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Introduction

The past decade has shown considerable development in the diagnostic application of non-
culture methods, including nucleic acid amplification-based methods and mass spectrometry, for
the diagnosis of infectious diseases. The implications of these new culture-independent
diagnostic tests (CIDTs) include bypassing the need to culture organisms thus potentially
impacting public health surveillance systems, which continue to utilize isolates as the basis of
their surveillance programs and to assess phenotypic resistance to antimicrobial agents. CIDTs
may also affect the way public health practitioners detect and respond to a bioterrorism event. In
response to a request from the Department of Homeland Security, Los Alamos National
Laboratory and the Centers for Disease Control and Prevention co-sponsored a workshop to
review the impact of CIDTs on the rapid detection and identification of biothreat agents. For this
purpose we considered diagnostics in broad sense to include true clinical diagnostics as well as
detection assays used in biosurveillance systems. The workshop was held concurrently with the
March 8-13, 2015 Gordon Research Conference on Chemical and Biological Terrorism Defense
to draw upon subject matter experts attending this meeting. Additional experts from the fields of
nucleic acid amplification technologies, mass spectrometry, antibody-based diagnostics and next
generation sequencing were also invited. A list of workshop participants is in Appendix 1. To
address the impact of CIDTs on the ability to detect and identify the agent of a biological event,
four panel discussions were held that covered nucleic acid amplification-based diagnostics, mass
spectrometry, antibody-based diagnostics and next generation sequencing. Exploiting the
extensive expertise available at this workshop, we identified the key features, benefits and

limitations of the various CIDT methods for providing rapid pathogen identification that are



critical to the response and mitigation of a bioterrorism event. After the workshop we conducted
a thorough review of the literature, investigating the current state of these four culture
independent diagnostic methods. This report combines information from the literature review
and the insights obtained at the workshop. It is clear from this review that despite the many
recent advances in culture-independent diagnostics that a single technology does not yet exist
that can meet the majority needs of both clinical diagnostics and environmental biosurveillance.
Many CIDTs are well suited for particular diagnostic or detection questions and this review may
help direct the reader to these best use application spaces. Features of an ideal platform for

clinical diagnostics and environmental biosurveillance are provided in the summary.

Nucleic Acid Amplification-Based Diagnostics.

The polymerase chain reaction (PCR) and real-time PCR are the most widely used nucleic acid
amplification based methods for diagnostics. However, in this session, a broad range of nucleic
acid amplification-based technologies were discussed; including self-sustained sequence
replication (3SR), nucleic acid sequence based amplification (NASBA), strand displacement
amplification (SDA), ligase chain reaction (LCR), transcription-mediated amplification (TMA),
rolling circle amplification (RCA), loop mediated isothermal amplification (LAMP), smart
amplification (SmartAmp), helicase-dependent amplification (HDA), multiple displacement
amplification (MDA), single primer isothermal amplification (SPIA), and recombinase
polymerase amplification (RPA). Many of these alternatives to traditional PCR amplify nucleic
acid targets under isothermal conditions, eliminating the requirement for thermal cycling and
potentially simplifying the incorporation of diagnostics into point of care devices. We refer the

reader to several reviews that provide details of these alternative methods (1-6).



Nucleic acid amplification-based diagnostics or Nucleic Acid Amplification Tests (NAATSs) are
very well suited for environmental surveillance, clinical diagnostics, food and water safety and
other situations where DNA or RNA analytes provide suitable targets for amplification and
detection. NAATS are highly scalable from single assays to hundreds or even thousands of
assays with currently available instrumentation. Analytical sensitivity is excellent, routinely
ranging from 10 to 50 genome copies for most nucleic acid amplification based methods, and
even to below single copy sensitivity for digital PCR methods employing thousands of replicate

reactions in parallel (7).

Clinical sensitivity is different than analytical sensitivity and is dependent on the amount of
agent or its nucleic acids in the sample as well as the sample type. Clinical sensitivity for
NAATS can be higher than culture-based methods in some matrices, such as the detection of
Chlamydia trachomatis and Neisseria gonorrhoeae in urine (8), and for the detection of
respiratory viruses in nasopharyngeal secretions (9, 10). PCR diagnosis of extrapulmonary
tuberculosis has been shown to be more sensitive than acid-fast smears examined by fluorescent
microscopy (11). However, given NAATS inability to discriminate between live and dead
organisms and the variability in persistence of nucleic acids from dead pathogens, clinical
interpretation of the state of an infection is not straightforward or even possible based solely on
the results of these diagnostics (12-14). The question of pathogen viability also impacts
interpretation of NAATS in food, water and environmental samples. Alternative strategies have
been developed to provide a molecular assessment of microbial viability (15), but these are more
complex and are not currently incorporated in commercially available NAATs for pathogen

diagnostics.



Specificity is also a strong point of nucleic acid based diagnostics, which can readily provide
species and/or strain level detection or discrimination without detecting near neighbors.
However, specificity is entirely dependent on the design of primers and probes, which is in turn
dependent on the availability of sufficiently representative genome sequences of the targeted
pathogen and its most closely related near neighbors. Confidence in specificity requires
experimental demonstration of assay specificity through testing of diverse screening panels to
validate performance. PCR performance standards developed to support government programs
include the Standard Method Performance Requirements (SMPRs) developed by the Stakeholder
Panel on Agent Detection Assays (SPADA) and assay performance standards developed by the
Public Health Actionable Assays (PHAA) program and Federal Standards for Assay

Performance and Equivalency (FSAPE) (16).

Among nucleic acid amplification based diagnostic methods, real-time PCR (also known as
quantitative PCR or qPCR) is the “gold standard” for quantitative analysis, offering quantitative
results over a broad dynamic range of up to 8-orders of magnitude. Relative quantitation among
samples is straightforward using the AAC; method (17, 18). Absolute quantitation with real-time
PCR requires use of a standard curve. End point amplification methods, including those based
on conventional PCR (e.g. Luminex xXTAG RVP and Genmark Respiratory Viral Panel assays)
or isothermal amplification methods, are not reliably quantitative over the same range and have

reduced sensitivity compared to 5' nuclease real-time PCR (19).

The portability of nucleic acid amplification based diagnostics is dependent on both the
technology and the platform used. Real-time PCR is performed in clinical or research

laboratories using bench top instruments that cost in the vicinity of $50,000 (without automation)



for sample preparation, and over $100,000 when including upstream instrumentation to handle
sample preparation. Portable, battery powered, real-time PCR instruments (e.g. Tetracore’s T-
Core 8, BioFire’s Razor EX, and R.A.P.I.D.; Smiths Detection’s Bio-Seeq) are available for field
use, but are not FDA approved for clinical use. Significant advances are being made in the
miniaturization of both real-time PCR and isothermal amplification based diagnostics for use as
point of care devices (20-24). Portability and miniaturization are simplified for isothermal
amplification methods, making these easier to engineer as “lab-on-a-chip” devices than real-time
PCR assays. Further, isothermal methods requiring lower temperatures (e.g., SDA, NASBA,
RCA, and RPA) need less power than the high-temperature isothermal technologies, such as
LAMP, SmartAmp, and HDA, but these methods generally have reduced sensitivity and require
more complex assay design than real-time PCR. Lab-on-a-chip technologies for NAATS are
rapidly maturing, with a number of commercial options for point-of-care testing now available,
and many more on the horizon. Reviews of commercially available POC diagnostics for
detection of infectious disease have been recently published (25-28); however, many of these
devices have certain limitations and are not able to serve as the optimal POC device. A recent
report from the UC Davis Point-of-Care Technologies Center pointed to deficiencies in the
available POC tests for infectious diseases for use in United States disaster caches (29),

suggesting the need for further development.

Despite the progress in NAATS, most all FDA-cleared nucleic acid amplification test kits to-date
are still categorized as high or moderate complexity under Clinical Laboratory Improvement
Amendments (CLIA). Notable exceptions are the Alere™™ i Influenza A & B Test, and the
Cepheid Xpert Flu+RSV Xpress Test for use on the GeneXpert® Xpress™ System, both of

which has been granted waived status under CLIA. High or moderate complexity NAATs may



require nucleic acid preparation from complex sample matrices (e.g. whole blood, stool, etc.),
skilled personnel to perform nucleic acid purification and set up of nucleic acid amplification
reactions, dedicated instrumentation and laboratory space and qualified personnel to interpret test
results. The FilmArray® (BioFire Diagnostics) provides a fully integrated solution including
sample preparation, nested RT-PCR followed by multiplex PCR and detection by melt curve
analysis (30). Notably, the automated all-in-one device requires little hands-on time and
provides an answer in less than 1 hour. Currently FilmArray® Blood Culture Identification
(BCID) Panel, Respiratory (RP) Panel, Meningitis Panel (MP), and the Gastrointestinal (GI)
Panel are FDA-cleared, and BioFire is pursuing CLIA-waived classification, which would allow
the device to be used with minimal training by non-laboratory personnel. While FilmArray®
achieves moderate levels of multiplexing of assays (20, 22, 14, and 27 targets in the RP, GI, MP,
and BCID Panels respectively), throughput is low, since only one clinical sample can be
analyzed per run, and results are qualitative rather than quantitative. In two studies of blood
borne infections, the FilmArray® BCID Panel was unable to identify pathogens detected by
culture in 8 of 102 cases (31) and in 14 of 167 cases (32). Thus, ~8% of blood borne infections,
which are not currently targeted by the FilmArray® BCID Panel will be missed and there is no
provision for researchers to add assays to this system. The BCID panel is not a direct specimen
test, but provides identification from a positive blood culture, thus pre-culture is required to
perform this test. Only pathogens which are targeted by the BCID panel will be identified in this

test.

A major limitation of NAATS is the inability to detect an unknown agent that is not targeted by
the assays deployed. However, once a novel or emerging agent is identified by next generation

sequencing, a NAAT can be designed and used in the laboratory in as little as two weeks



(however, distribution of the test reagents to other laboratories may be subject to FDA regulatory
oversight). Another limitation is the ability to multiplex, which is limited to 4-6 targets in a
single reaction for real-time PCR, due to the limited number of fluorophores for probes and
filters in real-time PCR instruments. Higher levels of multiplexing are readily possible with end-
point PCR and post-PCR detection methods. FilmArray®, reviewed above, provides assay
multiplexing in the 20-30 target range, but at low throughput. Much higher levels of
multiplexing (up to 50-100 targets) is possible with either multiplex ligation-dependent probe
amplification (MLPA) (33, 34), multiplexed oligonucleotide ligation-PCR (MOL-PCR) (35) or
end-point PCR in combination with Luminex xXMAP beads. MLPA and MOL-PCR achieve high
levels of multiplexing in a ligation reaction rather than a PCR and the ligation products are
subsequently amplified in a single universally primed PCR reaction. The specificity of the
ligation reaction in MLPA and MOL-PCR can be applied toward multiple types of genetic
markers, including unique sequences, indels, variable repeats or single nucleotide
polymorphisms (SNPs) in a single multiplex reaction. Multiplexed readout of PCR products
following MLPA, MOL-PCR, or conventional PCR is possible by using capture tags in
combination with xXMAP beads on the Luminex platform, and this can be performed at high
throughput (96 samples per run) when using a liquid handling robot for DNA prep and reaction
set-up, providing results in about 5 hours. Currently, XTAG® Gastrointestinal Pathogen and
xTAG® Respiratory Viral Panels are available from Luminex for clinical use, providing
multiplexed detection for 15 and 12 pathogens respectively. The xXTAG procedure involves
nucleic acid extraction, multiplex PCR and reverse transcriptase PCR, hybridization to the bead
array, and detection on a Luminex or Magpix instrument. Test sensitivity and specificity is

between 90 and 100% depending on the pathogen (36). The main advantages of Luminex tests



are the capability for high sample throughput with multiplexed detection, and the ability to create
custom designed assays with xMAP beads. However, this system is not an integrated platform,
and disadvantages include reduced sensitivity, increased risk of amplicon contamination, less
quantitative results, and longer time to results in comparison to real-time PCR. Assay specificity
can also be reduced since capture probes may not contribute as much additional specificity as

hydrolysis probes.

Microarray-based detection offers another format for multiplexed NAATs. Amplified targets or
genomes are detected by hybridization to solid-based or liquid bead-based microarrays. Shorter
probes (<25 nucleotides), used in re-sequencing arrays are designed discriminate between
pathogens and closely related species and are limited to detecting and differentiating among
known agents (e.g. 37, 38). Longer probes (60-70 nucleotides) used in other arrays are able to
tolerate sequence mismatches and as such are able to detect novel agents that are similar to
known pathogens represented in these arrays (39-42). Arrays can accommodate tens of
thousands of probes to hundreds of thousands of probes depending on the array technology used
and have been designed to be encompass all viral pathogens, all bacterial pathogens up to pan-
microbial arrays that are comprehensive for all known viruses and bacteria (42). Random
amplification strategies are used for these arrays and thus host DNA or RNA can be a
confounder. Methods of depleting host nucleic acids described in the Next Generation
Sequencing section are applicable to enhancing sensitivity for pathogen identification and
discovery using microarrays, but this adds further complexity and cost. Microarray-based
detection is also poorly suited for complex metagenomic samples. Microarray based methods
are not rapid, requiring up to 16 hours for hybridization alone, and 2-3 days for results. Table 1

summarizes many of the important features for NAATS.



Mass Spectrometry Based Assays

Mass spectrometry (MS) provides highly accurate and sensitive analysis of various biomolecules
including proteins, lipids, carbohydrates and nucleic acids. MS offers a wide dynamic range in
addition to medium- to high-throughput capabilities. Two mass spectrometry technologies are
rapidly becoming adopted in clinical diagnostics: matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) MS and electrospray ionization (ESI) MS. Protein-based MS
technologies offer a complementary approach to NAATSs by providing detailed analysis of the
protein content of complex samples. Two MALDI-TOF-MS systems (BioM¢érieux's VITEK MS
and Bruker's MALDI Biotyper) are currently FDA approved for the identification of bacteria and
yeast. Identification is based on matching the measured spectra of protein and peptide molecular
weights to a reference database of spectra from known organisms. Advantages over phenotypic,
culture-based identification include: rapid identification in minutes, ease-of-use and reduction in
hands-on time, low cost per sample, high throughput and sensitivity. These positive features
have led to the expanded use of MALDI-TOF-MS for bacterial identification in many clinical
laboratories. Microorganism identification by MALDI-TOF-MS still requires a culture of the
organism, which remains the rate-limiting step. The accuracy of MALDI-TOF-MS systems for
bacterial identification is dependent on the databases they utilize. Gaps in commercial databases
can lead to misidentifications (e.g. 43, 44), highlighting the importance of well curated
databases, particularly for distinguishing biothreats from their close neighbors. A comparative
study of MALDI-TOF-MS with automated microbial growth and detection technology (VITEK
2) found a slightly lower error rate at both the genus and species level of identification with
MALDI-TOF-MS (45). However, identification of strain differences within a species by

MALDI-TOF-MS remains a challenge.



PCR in combination with ESI-MS can identify bacteria, fungi, viruses, and protozoa using the
mass-to-charge ratio of the PCR amplicon to determine its base composition (in conjunction with
a database of known organisms). Assays use broad-range primers that target viral, bacterial, and
fungal pathogens, with reverse-transcription PCR used for RNA viruses. Unlike NAATS,
PCR/ESI-MS uses the nucleic acid amplification only for target amplification, with a separate
detection step by ESI-MS. The recently available Abbott PLEX-ID (based on the initial
prototype Ibis T5000) PCR/ESI-MS provides additional utility for epidemiological surveillance
and environmental biosurveillance over MALDI-TOF-MS systems by directly detecting
amplified nucleic acids from complex matrices, such as clinical specimens, food matrices and
environmental samples (46, reviewed in 47). The PLEX-ID system has the potential to identify
emergent pathogens, in cases where PCR primers amplify a new pathogen strain, and a novel
mass is detected. This was demonstrated in the initial identification of influenza virus in the first
reported cases of the pandemic 2009 HIN1 pandemic (48). While the time needed for culturing
microorganisms is eliminated with the PLEX-ID system, microbial identification requires 6 to 8
hours, depending on the nucleic acid type. An added benefit of PCR/ESI-MS is the ability to
detect the presence of specific antibiotic resistance genes contained in the genomes of pathogens
of interest. However, the presence of an antibiotic resistance gene does not always equate to
phenotypic resistance. PLEX-ID Assays are multiplexed using between 8 PCR primer pairs for

the food—borne bacteria kit to 36 PCR primer pairs for the biothreat detection kit.

The limit of detection for PCR/ESI-MS is largely dependent on the PCR amplification step and
as such should be similar to that of other multiplex PCR assays. Clinical sensitivity of PCR/ESI-
MS has been observed to vary with specimen type. Sensitivity has been reported to be about

50% of the culture-based sensitivity when using 1-ml whole-blood specimens, but a new

10



integrated specimen preparation technology has been developed that improves the sensitivity to
83% of that of culture (49). The sensitivities for spiked biothreat DNA in bronchoalveolar
lavage specimens, compared to standard clinical methods, was 98.5%, while the sensitivity for
bacterial, viral and fungal pathogens was 81.8%, 93.3%, and 42.6%, respectively (50). The limit
of detection (LOD) for PCR/ESI-MS assays specific for biothreat agents has been estimated by
using serial dilutions of purified threat agent nucleic acids, and found to be between 7 and 250
genome equivalents (GE) per well, with most organisms detected at between 15 and 62.5
GE/well (48). The LOD for threat agents spiked into air filter nucleic acid extracts ranged from
40 to 1000 GE/well, with 37.5% (6/16) of the threat agents having LODs of 40 GE/well, 50%
(8/16) with LODs of 200 GE/well, and 12.5% (2/16) with LODs of 1000 GE/well (51). At these
LOD:s, the false negative rates were less than 5% for 14 of 16 threat agents and less than 10% for

two of 16 agents (51).

Specificities of PCR/ESI-MS versus standard culture-based clinical microbiology methods in
bronchial-alveolar lavage specimens has been reported as follows: for spiked biothreat agent
DNA 100% specificity; for bacterial pathogens 73.6% specificity; for viral pathogens 97.3%
specificity; for fungal pathogens 97.8% specificity (50). In the Sampath ef al. study, the false
positive rates for 15 of 16 threat agents tested was 0%, except for Rickettsia prowazekii, which
was 14% and was attributed to the presence of near neighbor signatures in the environmental
matrix used as a background (51). Similar to MALDI-TOF/MS systems, the accuracy of
PCR/ESI-MS systems is dependent on the quality and comprehensiveness of available reference

databases.

11



The Plex-ID system has recently been discontinued by Abbott and is being replaced with the
more compact IRIDICA system, which is currently CE Marked (Conformité Européenne) for in
vitro diagnostic use in Europe. Similar assays are carried over from the Plex-ID system. A
significant criticism of Plex-ID system was its six-figure cost, substantial yearly maintenance
expenses and down time associated with equipment failure. Another potential disadvantage for
PCR/ESI-MS is the possibility of PCR contamination, and thus strict adherence to segregation of

pre- and post-PCR processes and workflows is critical.

While the applications summarized above have focused on pathogen identification, mass
spectrometry is also particularly well suited for the detection of biological toxins (52). MS can
identify protein-based toxins by their molecular mass, amino acid sequence (including
posttranslational modifications), and enzymatic activity (53). Enzymatic activity is determined
by measuring the concentrations of the substrate and the resulting cleavage products, which can
be done quantitatively by either MALDI-TOF/MS or ESI-MS. The Endopep-MS assay
developed by the Centers for Disease Control and Prevention (CDC) for detection and
differentiation of the endoproteinase activities of botulinum neurotoxins (BoNT) A-G uses either
LC-ESI-MS or MALDI-TOF-MS to detect the synthetic peptides mimicking the target proteins
SNAP-25 and VAMP-2, and their cleavage products formed after incubation with BONT/A-G
(54). The incorporation of an antibody affinity method for purification and concentration of
BoNT/A, /B, /E, and /F from serum and stool significantly improves the sensitivity of the
Endopep-MS assay for use with complex clinical samples (55). The Endopep-MS assay
provides excellent sensitivity and specificity, detecting only biologically active toxin. Another
major advantage of BoNT Endopep-MS assay is speed: results are provided in hours, compared

to the gold standard mouse bioassay, which takes days. Following this same strategy, activity

12



based MS assays has also been developed for detection of Bacillus anthracis lethal factor (LF)

(56), B. anthracis lethal toxin (LTx) (57) and ricin toxin (58, 59).

The use of antibodies for toxin capture greatly facilitates protein identification by tryptic
digestion and amino acid sequencing. This approach has facilitated subtype identification of
BoNT/A (60) and has been applied in the forensic identification of ricin (61, 62). A summary of

many of the important features of mass spectrometry based assays is presented in Table 2.

Immunological Assays

Immunological assays are widely used in the diagnosis of infectious disease and for the
identification of potential biothreat and infectious disease agents. Immunological assays with
defined antibodies can be used to detect bacterial cells, spores, viruses and toxins, while
serological tests are used to monitor the immune response to such agents by detecting and
measuring circulating antibodies recognizing these agents. Conventional serology can be
performed using variety of techniques including enzyme-linked immunosorbent assays (ELISA),
agglutination, precipitation, complement-fixation, and fluorescent antibodies—supporting both
direct and indirect fluorescent antibody tests. Serology is important for epidemiological studies
when exposure without development of disease is an important parameter in the spread and
control of disease. Serology provides an indirect diagnosis of infectious disease by measuring
the humoral immune response, which is typically polyclonal and varies among individuals
depending on their genetic background, their prior history of exposure to infectious agents and
the time interval since the most recent infection (63). A further complexity can arise from

antigenic variation of an infectious agent, which can lead to different serotypes. Therefore,
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reactivity of patient serum samples in serological tests may not be precise, predictable or

definitive.

Automated systems that are compatible with a variety of commercially available assays are
available for agglutination tests (e.g., OC Sensor series, Eiken Chemical Co., Japan; FluHema™
Hemagglutination Analyzer, SciRobotics; Cypher One™, InDevR, Boulder and described in (64,
65), complement-fixation tests (Seramat system, Diesse, Monteriggioni, Italy) and ELISA
(JANUS, PerkinElmer; EL406, BioTek; Agility®, Dynex; ThunderBolt®, Gold Standard

Diagnostics).

ELISA provides a format that is not only amenable to high throughput automation but can be
formatted to detect either antibodies produced during an immune response or the pathogen.
Other commonly used formats for immunoassays include:, lateral flow immunoassays (LFA),
time-resolved fluorescence (TRF) assays, and immunomagnetic separation-

electrochemiluminescence (IMS-ECL) assays (66).

ELISAs for infectious agents have had a dramatic impact on disease diagnosis by simplifying
detection and shortening the time required to reach conclusive results to 2-4 hrs, compared to
days for culture-based methods. ELISAs are versatile, robust, economical and relatively simple
to perform. Having the capture antibody immobilized to a solid surface facilitates separation of
bound from non-bound material during the assay. This ability to wash away nonspecifically
bound materials makes the ELISA a powerful tool for measuring specific analytes within
complex or crude preparations. Specificity and sensitivity of ELISAs, and other formats of
immunological assays, are significantly enhanced by the use of capture and detector antibodies

that recognize orthogonal epitopes allowing simultaneous binding to the antigen. The use of two
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antibodies to provide detection signals in a single assay significantly reduces background by
effectively reducing false positives due to non-specific binding. Monoclonal antibodies can
further increase specificity and reduce background, while polyclonal antibodies can increase
coverage to detect a broader range of isolates belonging to a given species and usually have
higher affinity. Combinations of monoclonal and polyclonal antibodies can be used to balance
sensitivity and specificity. High throughput ELISAs can also be performed, using microtiter
plates or microarray formats (67), although no more than ~35 microarray sandwich assays can be
multiplexed simultaneously in a single volume, as interfering cross talk between different

capture and detection antibodies may occur above this level.

ELISAs can be configured to either detect antibodies in the case of antibody-capture ELISA
(antigen is immobilized) or antigens in antigen-capture ELISA (antibody is immobilized).
Antibody-capture ELISAs are useful in the diagnosis of several infectious diseases (e.g. rubella,
measles, toxoplasmosis, Lyme disease, HIV, dengue and West Nile virus). Antibody-capture
ELISAs are particularly sensitive for detecting [gM responses early in an infectious disease.
Antibody-capture ELISAs can be antibody isotype specific, involving affinity purification of the
specific immunoglobulin isotypes (i.e. IgM, IgG or IgA) from the patient specimen, followed by
detection of each antibody isotype to the specific infectious agent. The IgM/IgG ratio obtained
from antibody capture ELISAs can be very useful in distinguishing primary from secondary
dengue virus infections (68). Antigen-capture ELISAs are useful in detecting acute infection
(e.g. avian influenza, Ebola, salmonella, dengue NS1, and amoebic colitis), and can often be
used earlier, as the pathogen itself is detected, and there is no need to wait for the development of

specific antibodies.
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One of the factors which may limit the use of ELISA assays is the need to coat plates with
capture antibodies before use and the requisite incubation time needed for detection. Pre-coated
plates are available for some assays but have a limited shelf life, which could result in additional

costs associated from replacing expired stock.

Lateral flow immunoassays (LFAs) are among the simplest to perform, with results in 15-30
minutes. Such handheld assay devices are well suited for point of care testing and field use.
LFAs are typically performed on nitrocellulose or cellulose acetate membranes using sandwich-
type assays, with gold nanoparticle labeled antibodies used for the colorimetric readout.
Reliability of test results may be improved with the addition of reader device. Multiplexing at
modest levels in LFAs has been described for botulinum neurotoxin serotype-A and —B (69),
three serogroups of Shiga toxin-producing Escherichia coli (70), and for the viral bloodborne
pathogens HIV, HCV, and HAV (71). Tetracore and InBios have a series of biological threat
agent kits available which combine lateral flow immunoassay test strips with a handheld reader
device. Singleplex LFAs are currently available for abrin toxin, ricin toxin, botulinum toxin A,
SEB, Bacillus anthracis, Brucella sp, Yersinia pestis, Francisella tularensis and Orthopox
viruses from Tetracore and Burkholderia mallei, Burkholderia pseudomallei, and Dengue fever
virus from InBios (72). However, recent examination and comparison of immunological field
tests for ricin (73) or bolutinum toxin (74) show that most of these commercial assays perform
very poorly. However recent evaluations of LFAs for ricin and abrin have found these to be both
sensitive and specific (75, 76). LFAs have the convenience of portability and speed (15-30
minutes to result) but usually have reduced sensitivity compared to NAAT or ELISA tests.

LFAs are designed for individual tests, not for high-throughput screening and results are
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qualitative or at best semi-quantitative. Also regulatory agencies often require that independent

testing be performed on samples that test positive with a LFA test.

Despite evidence of modest sensitivity in medical settings, rapid antigen tests are available to
clinics and the public for POC or home testing. Rapid antigen tests for influenza A and B,
respiratory syncytial virus, and group A streptococcus are among the most widely used (77-79).
Sensitivity of these tests varies depending on the target analyte, timing of testing after onset of

symptoms, and other factors including skill of the person performing the test (79, 80).

Time-resolved fluorescence (TRF) assays are designed to detect the presence of a biomolecule
using lanthanide chelate labeled reagents and separating the unbound reagent using wash steps
(e.g. 81). TRF assays are flexible, compatible with a variety of plate readers, and employ a
wash-based technology that remains compatible with most sample types. The fluorescence

decay time of lanthanide chelate labels is much longer than traditional fluorophores, allowing
efficient use of temporal resolution for reduction of auto-fluorescent background. A large Stokes’
shift between excitation and emission wavelengths and the narrow emission peaks contribute to
improved signal-to-noise ratio. TRF assays are well suited for clinical immunoassays but have
limitations with environmental samples that contain naturally occurring lanthanides and which

result in increased background and reduced sensitivity.

Immunomagnetic separation-electrochemiluminescence (IMS-ECL) assays combine
immunomagnetic separation with electrochemiluminescence detection. This method has been
applied toward the detection of E. coli O157 and Salmonella typhimurium in foods with
detection limits of 10%-10° bacteria/ml of food sample (82) and of B. anthracis spores in soil with

a detection limit of 10” to 10° spores in buffer (83). Total processing time for IMS-ECL assays
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is 1-1.5 h. A summary of many of the important features of immunological-based assays is

presented in Table 3.

Next-Generation Sequencing

Advances in next-generation sequencing (NGS) have fueled the exponential growth of high
quality draft and complete genome sequences of bacterial, viral and fungal pathogens and also
thousands of non-pathogenic species representing much of the phylogenetic diversity of bacteria
and archaea (84, 85). Generation of more complete genome datasets for pathogens and their near
neighbors in turn, leads to improved nucleic acid-based diagnostics, which are designed with an
improved representation and understanding of the targeted genome diversity and the non-
targeted neighbor genomes. The massive-throughput made available by NGS has spurred the
development and application of metagenomic shotgun sequencing to community genomics,
which focuses on elucidating the genomic content of microbial communities in complex
environments such as soils (86) and the human gut (87). The development of these capabilities
and approaches laid the groundwork for the Human Microbiome Project (88), providing
significant insights into the function and diversity of the healthy human microbiome (89, 90).
Recently there has been great interest in applying metagenomic shotgun sequencing of DNA or
RNA from patient samples to detect the full range of infectious agents: from bacteria and viruses

to eukaryotic pathogens (91).

Next-generation sequencing can fill an important gap in identifying the etiological agent of an
infectious disease in cases where existing diagnostics fail. In particular, NGS can identify new
or emerging agents for which diagnostics are not available, as in the cases of Bas-Congo

rhabdovirus (92), MERS (Middle East Respiratory Syndrome) coronavirus (93), Lujo virus [a
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new hemorrhagic fever-associated arenavirus from southern Africa (94)], a novel polyomavirus
in human Merkel cell carcinoma (95), and novel neuroinvasive astroviruses causing encephalitis
in two immunocompromised patients (96, 97). As early as 2003, random PCR and a
degenerative coronavirus primer strategy were used to amplify fragments of a viral genome, with
subsequent sequencing resulting in the identification of the novel SARS coronavirus in patients
with a severe acute respiratory disease (98, 99). Viral metagenomics has also been applied in
several relevant settings, including: a public health enterovirus surveillance program (to
investigate unidentified viruses in cell cultures from clinical isolates where standard PCR assays
failed to detect viruses) (100), in a veterinary diagnostic laboratory (to identify viral etiological
agents directly from clinical specimens without culturing) (101), and in a virology research
laboratory (to identify novel viruses in homogenized tissues of acutely infected mice) (102).
These studies demonstrate that random nucleic acid amplification followed by unbiased next-
generation sequencing directly from complex samples, including clinical specimens, is an
effective strategy to identify novel pathogens, especially viruses. The identification of novel or
emerging pathogens by NGS of clinical samples can provide a correlation with a disease but fails
to fulfill Koch’s postulates for disease causation. However when NGS is applied toward
appropriate controlled sets of samples, and the data is interpreted with a current understanding of
the biology of the pathogen, establishing whether a correlation is causal or opportunistic can
become more scientifically based (103, 104). Great care should always be exercised in
eliminating or accounting for possible contaminating nucleic acids, which can arise from

laboratory reagents (105-109).

The choice of NGS platform and conditions affecting read length and depth of sequencing are

important parameters in pursuing an unbiased next-generation sequencing strategy. There are
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also methods for pathogen enrichment or host depletion that can increase sensitivity for
identification of novel agents in clinical samples. Relatively simple viral particle purification
procedures include: repeated freeze/thaw cycles to release virus from infected cells, low speed
centrifugation to pellet cellular debris followed by ultrafiltration, and high speed centrifugation
to concentrate virus particles. More specific purification methods may be used, including
affinity chromatography or density gradient centrifugation. Viral capsid and viral envelope
protect viral nucleic acid from nuclease digestion and thus nuclease digestion before purification
of viral nucleic acids can significantly enrich for viral nucleic acid by eliminating much of the
host DNA and/or RNA (110). The effectiveness of these rapid and simple techniques for the
enrichment of viruses prior to metagenomic sequencing has been recently published (111, 112).
Additional strategies to deplete background host nucleic acids can also be implemented,
including the use of methylation-specific restriction endonucleases to selectively degrade host
DNA (113), the use of methyl-CpG binding domain antibodies to separate methylated host DNA
from microbial DNA based on differential CpG methylation density (114), the use of Cot
reassociated DNA and double strand specific nucleases to remove abundant human DNA (115),
and the removal of host ribosomal RNA by subtractive hybridization and exonuclease digestion
(116). Methods to reduce host DNA add more labor, costs and complexity to the process

however.

Target enrichment strategies can also be applied to metagenomic approaches when looking for
known or closely related pathogens. These methods were originally developed for selective re-
sequencing of the human exome or collections of genes involved in cancer (117). Target
enrichment can be achieved by targeted amplification methods involving multiplexed PCR or

highly parallel microdroplet singleplex PCR or molecular inversion probes and by hybrid
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capture, either on arrays or in solution (113). A whole genome hybrid capture method has been
shown to effectively enrich for Plasmodium vivax DNA from contaminating human DNA for
more efficient whole genome sequencing and analysis (118, 119). Solution hybrid capture has
also been used for the enrichment of Borrelia burgdorferi DNA from an arthropod vector (120).
Given the large target size of up to 200 Mb that can be captured with current technology it
should be relatively straightforward to design broad range capture kits designed to cover
genomic regions providing diagnostic value for a wide range pathogens responsible for
bacteremia, gastrointestinal infections, pulmonary infections, etc. But such an approach would

be take more time, require more labor and be more expensive than detection by real-time PCR.

Even with the use of target enrichment or background depletion approaches, sequence-
independent amplification is frequently needed to amplify the enriched or depleted nucleic acid
preparations to generate sufficient material for metagenomic sequencing. A variety of methods
are available for sequence independent amplification of DNA and RNA including: sequence-
independent single primer amplification (SISPA; an adapter-ligated PCR method which has been
further developed to amplify single stranded or double stranded DNA or RNA) (121), random
PCR [rPCR; developed to make random-primed cDNA libraries from low amounts of RNA (122,
123), and further adapted to randomly amplify DNA (124)], degenerate oligonucleotide-primed
PCR (125), and primer extension PCR (126). However, PCR-based methods of random
amplification may introduce sequence-dependent bias resulting in uneven coverage of amplified

targets (125).

Commercially available whole genome amplification (WGA) kits include REPLI-g (Qiagen) that

is based on multiple displacement amplification using phi29 polymerase in an isothermal
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amplification reaction (127, 128), and GenomePlex (Sigma-Aldrich) or PicoPLEX (NEB)
developed by Rubicon Genomics (129) which uses a proprietary amplification technology based
upon random fragmentation of genomic DNA (~1.5Kb) and conversion of the resulting small
fragments to PCR-amplifiable molecules flanked by universal priming sites. Experimental
comparisons of these two whole genome amplification techniques have been reported (130, 131).
A review of how each of the sequence-independent amplification methods has been applied

toward the discovery of novel viruses is available (132).

Whole genome sequencing of bacterial isolates can also be used as a strategy to serotype isolates.
This approach has been demonstrated by the Gastrointestinal Bacteria Reference Unit at the
Public Health England national reference laboratory in the serotyping of 682 E. coli strains
(133). This group developed SerotypeFinder, a user-friendly Web-based analysis tool for whole-
genome sequencing (WGS) data (133). They show that E. coli serotyping performed solely from
WGS data, provides faster and cheaper typing than current routine procedures and making WGS

typing a superior alternative to conventional typing strategies (133).

While metagenomic shotgun sequencing has the potential to detect a wide range of infectious
agents, the identification of that agent in a background of human or commensal flora remains a
challenging problem. For clinical diagnosis, computational methods to handle the large next-
generation sequencing data sets need to be both fast and accurate. A number of computational
tools have been developed for classification of metagenomic datasets. These include short read
alignment tools (134-137) and sequence composition tools (138-143). Reviews of metagenomic
sequence classification tools were published in 2012 (142, 143) and include a comparative

evaluation of many of the tools available at that time (143). These comparative evaluations
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showed that NBC, a naive Bayes classification tool (138) exhibited the highest accuracy and
sensitivity at the genus level (among 134-136 and 139), but that NBC, as well as other

probabilistic methods (135) and BLAST-based methods (134, 136) are computationally

expensive.

Several faster methods such as Genometa, which uses the Bowtie aligner (144); RITA, a hybrid
classifier based on Discontiguous MEGABLAST and Naive Bayes (145); KRAKEN, using exact
alignment of k-mers (141); Sequedex, using exact matches to a precomputed set of peptide 10-
mers (146); GOTTCHA, using exact matches to a unique signature database (147); and
WGSQuikr, based on k-mer frequency (148) have been developed but their performance still
does not match NBC’s sensitivity. Thus there appears to be a trade off in sensitivity versus
speed for classification tools. LMAT (140) leverages large single address space memory to
efficiently assign taxonomic labels to individual reads in large metagenomic datasets and uses a
reduced pathogen library (having removed non-informative regions) that fits in conventional-
sized memory. Some tools such as MetaPhlAn (137) and WGSQuikr (148) calculate the
proportion of each organism present in the sample based on read classification which may help
in determine the state of an infection and contribute toward the diagnosis of co-infections. These
and other quantitative metagenomic analysis methods, normalize read counts based on average

genome size, which improves accuracy (149-152).

While many of the first tools developed for metagenomic analysis were designed for analysis of
bacterial communities, several of the more recent tools such as LMAT (140), Sequedex (146)
and GOTTCHA (147) also support detection and classification of viruses. There are also a

number of tools available that are designed exclusively for virus detection and discovery in
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metagenomic datasets, including those from clinical samples (153-158). Beyond virus
identification and discovery, NGS enables studies of viral dynamics during the course of
infection that have not previously been possible (159). These viral dynamics studies are
particularly relevant to human immunodeficiency virus (HIV), hepatitis B virus (HBV), and
hepatitis C virus (HCV), where many genetically related variants, called quasi-species, evolve
over time due to immune pressure and antiviral therapy (160). Evolutionary dynamics of the
Ebola virus during the 2014 epidemic in Sierra Leone was revealed by NGS studies (161-163)
providing insights into virus evolution during human to human transmission and showing how
purifying selection acts at different timescales. NGS also provides an effective tool for the
detection of virus integration events in host genomes, which is clinically relevant for a number of
viruses (164). For example, integration of HIV at specific genomic locations can lead to clonal
expansion and persistence of virus-infected cells under combination antiretroviral therapy (165)
and integration of HBV into specific gene targets is associated with the development of HBV-

related hepatocellular carcinomas (166).

Despite the promise and proven utility for NGS in clinical microbiology and public health
surveillance, its “widespread implementation in clinical and public health microbiology
laboratories is limited by the need for effective semi-automated pipelines, standardized quality
control and data interpretation, bioinformatics expertise, and infrastructure” (167). The
complexity of data analyses on very large NGS data sets, remains a significant barrier for non-
bioinformaticians. To meet clinical microbiology and public health needs, NGS data analysis
pipelines will need to provide quick and accurate results, a user-friendly interface for laboratory
staff, and automatic tracking of samples and data analyses for data provenance and audit

purposes (168). Additionally, stringent protocols for sequencing and analysis that mitigate
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contamination from environmental sources and between experiments are essential for clinical
analysis (169). Good laboratory practices for clinical next-generation sequencing and
informatics pipelines have been described (170-172), and cover the production of sequencing
reads and assignment of base quality scores, the de-multiplexing of reads, their alignment to a
reference sequence and variant calling, but these have been focused on variant calling for clinical
genetics and have not adequately addressed the additional complexities associated with
metagenomic sequencing for the clinical diagnosis of infectious diseases. The National Institute
of Standards and Technology (NIST) recently convened a workshop to identify priority areas for
standards activities to facilitate the development of a measurement infrastructure for NGS-based
pathogen identification (173). Bioinformatic challenges and solutions associated with bacterial
isolate whole genome sequencing (WGS) as a molecular diagnostic have been addressed (167,
174, 175). WGS has contributed significantly to outbreak investigations involving Clostridium
difficile, enterohemorrhagic E. coli, carbapenem-resistant Klebsiella pneumonia, Methicillin-
resistant Staphylococcus aureus, Legionella pneumophila and Mycobacterium tuberculosis
(reviewed in 174-176). WGS provides the highest resolution of information for strain
characterization and epidemiological analyses, and over time can be expected to replace
traditional typing methods, resistance gene detection and other sequence-based methods (e.g.,
MLST, 16S rDNA, etc.). However, while WGS can readily detect acquired antibiotic resistance
genes such as beta-lactamases and aminoglycoside modifying enzymes, there remain limitations
for predicting resistance mechanisms conferred by mutations in regulatory systems (reviewed in
167). While antimicrobial susceptibility testing cannot currently be replaced with WGS, current

limitations will diminish as genomic variants responsible for drug resistance phenotypes are
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further compiled. WGS resistance gene profiles have been shown to be clinically relevant for

slow growing (e.g. Mycobacterium tuberculosis) or difficult to culture organisms (177).

There are additional bioinformatics challenges associated with metagenomic sequencing for
clinical diagnosis of infectious disease. Recently a number of groups have developed
bioinformatics tools and pipelines attempting to address some of these challenges (178-187). In
general, these tools begin with a subtractive phase in which reads aligning to the human genome
are removed and then remaining reads are aligned to microbial reference sequences and used to
create alignment-based assemblies and unaligned reads are assembled de novo. Assembled
sequences failing to align to microbial reference sequences can be further analyzed for evidence
of being novel viruses or pathogens. Early tools (178-180) largely followed this approach, using
fast alignment algorithms for host subtraction, while relying on traditional BLAST for final
pathogen determination. Pathoscope (181) omitted the time-consuming assembly step and
instead uses a Bayesian statistical framework to match reads to a known database of target
genomes. Clinical PathoScope (184) incorporates the original PathoScope algorithm into an
improved pipeline incorporating removal of contaminating sequences from the host and
commensal microbes for host-dominated clinical samples. CoMPASS (182) provides a dual
approach for analysis of pathogen and host meta-transcriptome (RNA-seq) datasets using largely
open source programs. The SURPI pipeline for pathogen detection (183) speeds this up further
by leveraging the fast alignment tools SNAP and RAPSearch in a fast mode against viral and
bacterial databases and in a comprehensive mode against the entire NCBI nt database. Novel
pathogens may be identified through the use of more sensitive amino acid alignments to protein
databases. The MetaGeniE pipeline (185) generates an all-against-all comparison dataset

between the reads and the reference database and then uses these results to generate cumulative

26



statistics from combined local and global alignments. The GOTTCHA (147) algorithm has been
incorporated into a highly adaptable bioinformatics platform called EDGE (187) that allows
laboratories to quickly analyze and interpret metagenomic sequence data for a wide range of use
cases including clinical samples, and complex environmental samples. The SEAR pipeline (186)
is designed for the detection of horizontally acquired antimicrobial resistance genes in
metagenomic sequencing data. A summary of many of the important features of next-generation

sequencing based assays is presented in Table 4.

Summary

The features, benefits, and limitations of 4 different types of CIDTs for detection and
identification of pathogens, including biothreat agents, have been summarized. These include
nucleic acid amplification assays, mass spectrometry assays, immunological assays and next
generation sequencing. A fundamental feature of CIDTs over traditional culture based methods
is that results can generally be obtained more rapidly, which can be critical for clinical decision-
making. Other benefits of CIDTs include greater sensitivity than culture (in many
circumstances), ease of use (for many of the CIDTs), ability to detect new, emerging or rarely
seen pathogens, and a better ability to detect co-infections (188). However, most CIDTs in use
today remain narrow in scope and can fail to detect the etiological agent in a significant
percentage of cases. In these cases, in particular, unbiased next-generation sequencing holds
great promise for comprehensive detection of pathogens from clinical samples. All of these
benefits can contribute toward improved pathogen and disease surveillance. Current limitations
of most CIDTs include: 1) an inability to distinguish live from dead organisms, which may be

important in characterizing the state of disease in a patient or the threat posed by an infectious
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agent in food or other matrix; and 2) limited ability to access antimicrobial resistance and other

microbial characteristics.

Culture-based diagnostics remain widely in use to support diagnosis and characterization of
bacterial and fungal pathogens causing bacteremia, fungemia, meningitis and food borne
diseases, in part due to some of the current limitations of CIDTs and in part to fulfill case
reporting requirements. Culture-based diagnostics have also advanced with a number of
automated microbiology growth and detection systems available (e.g., VITEK 2 (bioMérieux),
MicroScan (Siemens Healthcare), Phoenix and BACTEC (Becton Dickinson)) to support

pathogen identification and characterization.

The four CIDT technologies reviewed here are complementary and augment traditional culture-
based diagnostics. Large clinical diagnostic laboratories will have use for all four of these
technologies. POC diagnostic tests are best represented by NAATSs and various formats of
immunological assays. Syndromic formats of POC tests in which assays simultaneously detect
the most common etiological agents of a given syndrome are becoming increasingly available

and offer greater opportunity to identify the cause of disease in POC settings (189).

For biosurveillance, NAATS in general, and real-time PCR specifically, offers the widest
application space in terms of sample matrices (clinical, food, water, environmental) due to their
specificity in complex matrices. NAATS also tend to be more sensitive than antibody-based
detection methods, with real-time PCR assays being able to detect 10 or fewer microorganisms
in a little as 30 minutes. The limitation or rate-limiting step is the need for sample preparation to
isolate and purify nucleic acids. The other limitation is the ability to multiplex, which is limited

to 4-6 targets at the current time for real-time PCR. Much higher levels of multiplexing is
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possible with end point PCR methods using the Luminex system, but sensitivity, quantitative
dynamic range and specificity is reduced. The availability of fully integrated systems,
incorporating sample processing prior to NAATs with high multiplexing capability, providing
quantitative information with high sensitivity and specificity is lacking and remains an
opportunity for further commercial development. The Cepheid GeneXpert® System, which fully
integrates and automates sample extraction, amplification, and detection in a single cartridge is

perhaps the most advanced system to date, but remains limited to multiplexing of 6 assays.

Immunological assays are generally quick and convenient and are used in a wide variety of tests,
but are only applicable for known pathogens or antibodies. To detect a particular antibody or
antigen, a known reciprocal antigen of antibody must be generated. Quality of assays is highly
reagent specific with nonspecific binding of poor quality antibody or antigen leading to false
positive results or high backgrounds. Detection by immunological assays is limited by the
affinity and specificity of the antibodies used and the abundance of the target antigen. Also,
antibodies can have limited stability affecting shelf-life. Until recently, antibodies were
generated by traditional immunization and B cell immortalization by fusion to partner myeloma
cell lines to create hybridomas producing monoclonals. However, recent advances in the
generation of monoclonal antibodies using in vitro methods of phage and yeast display (190,
191) has reduced the time and expense of generating specific reagents. Furthermore the
availability of the sequences of selected recombinant clones enables the use of in vitro evolution
approaches to improve stability, specificity and/or affinity of respective heavy and light chain
genes, which may lead to better performance in this area in the future. It has been recently been
proposed (192, 193) that the use of antibody sequences as barcodes to unequivocally identify

antibodies used in research or diagnostics, will go a long way toward improving reproducibility.
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Mass spectrometry based technologies have seen an increased role in laboratory-based
diagnostics by automating identification of bacteria and yeast with commercial systems and are
also ideally suited for identification of biologically active toxins. However, instrument cost and

service contracts remain high, limiting their use to large diagnostic laboratories.

Next-generation sequencing fills a vital role in characterization of disease outbreaks by whole
genome sequencing of isolates and in the identification of infectious agents when other
diagnostics fail, particularly for rare, emerging and novel pathogens. New sequence of novel and
emerging pathogens enhance GenBank and support the development of new NAATS for
detection and diagnosis. NGS is also well suited for forensics. Instrument costs are significant
however and data interpretation can be complex. Currently NGS is not as well suited for
environmental biosurveillance for specific pathogens compared to real-time PCR due to the

complexities of metagenomic sequence analysis and the cost of metagenomic sequencing.

It is clear from this review that despite the many recent advances in culture-independent
diagnostics that a single technology does not yet exist that can meet the majority needs of both
clinical diagnostics and environmental biosurveillance. Many CIDTs are well suited for
particular diagnostic or detection questions and this review may help direct the reader to these
best use application spaces. Also as CIDTs continue to mature, it is likely that some of these
could be plugged early warning systems for disease surveillance, by incorporating wireless
reporting of results through smart phones to online surveillance systems. Such a scenario would
be applicable to both the developed world and developing nations. What would an ideal
platform for clinical diagnostics and environmental biosurveillance look like? Some features

may be unique to biosurveillance and others will be useful for most clinical diagnostic situations.
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Ideally a platform should be portable, easy to use, and capable of detecting multiple agents
simultaneously. Platforms that integrate sample processing will have the benefit of reduced
complexity for the operator. The sample processing method should be applicable for all sample
types and all target analytes. Assays employed by the platform should be: configurable for both
clinical and select agent detection, sensitive, specific, and capable of detecting low
concentrations of target agent without interference from diverse background materials (reviewed
in 194). For the platform to be commercially viable it would need to be affordable and easily
utilized in biothreat situations, national emergencies, or naturally occurring epidemics, in

addition to routine clinical diagnostic use.
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Table 1. Summary of important features for NAATSs

Criteria Nucleic Acid Based (PCR and isothermal amplification)

Best Application | Environmental surveillance, clinical diagnostics, food and water safety.

Space Limited utility for molecular epidemiology when detect (yes/no) is sufficient.

Other key Assay/throughput are .h.ighly scalable

advantages Does not require Ylab111ty of path(?gen . o
Increased sensitivity over culture in some matrices (e.g. Chlamydia in urine)
Poorly suited when PCR inhibitors are abundant and not adequately removed by
sample prep.

Limitations Can't readily distinguish live from dead pathogens.
FDA-approved PCR assays for clinical diagnosis is limited for biothreat agents, but
are available for research purposes.

Analytes DNA and RNA

Detected

Ability to Detect | Only using universal primers, followed by sequencing or mass spectrometry.

Unknowns
Matrices with PCR inhibitors can be problematic if appropriate extraction protocol

Impact of is not used. E.g. soils can contain varying amounts of humic acids which are

Sample Matrices

known to inhibit PCR and blood can be problematic. Matrix specific specimen
protocols are required for specific commercial tests.

Analytical sensitivity is theoretically single copy, in practice 20-50 genome copies.

Sensitivity Clinical sensitivity is different from analytical sensitivity, and in certain clinical
applications it can be difficult to assess to the clinical sensitivity.
Specificity Highly specific.
Reproducibility | Highly reproducible
Highly quantitative, over 6 log for real-time PCR, which is excellent for relative
quantitation. Absolute quantitation in real-time PCR requires a standard curve.
Quantitative Digital PCR permits very low quantitation below single copy levels per reaction.
Ability Isothermal methods are not reliably quantitative over the same range. Endpoint
PCR methods such as Luminex and Genmark are also lacking in quantitative
ability.
Varies by method of nucleic acid amplification. Moderate complexity for qPCR,
Ease of Use low complexity for most isothermal amplification based detection kits. The

Alere™ i Influenza A & B, which is CLIA-Waived, is a good example of a low
complexity test.

Lab based or
Field deployable

Lab based for most qPCR, while some smaller battery powered units are field
deployable. Many isothermal methods are both field deployable and POC.

Time to Fast, less than 1 hr. Rate limiting step is extraction (sample prep).
detection
Yes/no results are less complex than quantitative results. All results must consider
Ease of the possibility of contamination (or controls to exclude contamination). Clinical
interpretation interpretation may also need consider detection of living vs. dead pathogen in cases
following antibiotic therapy.
From low (1-8 samples ) for most isothermal based kits and field deployable
Throughput battery operated instruments to high (96-384 or greater samples) for laboratory

based instruments.
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Varies per technology. As cheap as $1 per assay for bulk assays/reagents to $50

Cost per test per test for some commercial assays. Reagent expiration, as for most methods can
add cost.

. Approximately $50K for instrument without automated sample preparation.
!Equlpment >$100K with automated sample prep. (Equipment investment is more than
investment serology, but less than mass spec and NGS.)

Time and Assay design requires knowledge of pathogen genomic sequences. Two weeks
prerequisites to | from sequence to deployed assays was possible for the SARS outbreak for public
design new health emergency use.

assay
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Table 2. Summary of important features for Mass Spectrometry based Diagnostics

Criteria Mass Spectrometry
Best Application Clinigal, epidemiology, forensics, food safety, universal and adaptable to many
Space questions/problems
MALDI - best for rapid screening, high throughput, and ease of use. e.g. Biotyper
Other key LC MS/MS; electrospray MS is best suited for untargeted (proteomics) and
advantages targeted, quantitation, sensitivity. Greater complexity than MALDI.
Proper sample preparation for MS-based analysis is a critical step and can be both
Limitations variable and time consuming. The quality and reproducibility of sample extraction
and preparation significantly impact MS results, especially for non-targeted MS
analysis.
Analytes Primarily proteins (e.g. toxins) and enzyme activity. But also chemical agents,
formulations, viruses, bacteria and DNA mass analysis of PCR amplified
Detected .
amplicons (e.g. TIGR)
Ability to Detect | Can detect both targeted knowns as well as untargeted unknowns.
Unknowns
Complex matrices not a problem for targeted detection of known. It is a limitation
Impact of

Sample Matrices

for untargeted MS analysis. But can also be an advantage for identifying extra
formulation components.

For targeted enzyme activity (attomoles/mL)
For organism detection (Biotyper), 10e5 cells/ul

Sensitivity For proteomics (femtomoles)
Broad spectrum and targeted multiple reaction monitoring (MRM) (femtomoles)
Highly specific. Specific identification of target and components, pathways, amino
Specificity acid substitutions. Specific for actual protein being expressed. Specific
identification of pathogen dependent on presence in database.
Reproducibility | Highly reproducible and precise. MS does not add random error into experiment.
L Yes for targeted isotope dilution and the quality of the quantitation is only
Q“f‘fltltatwe dependent on the quality of the reference materials, quantitation for untargeted
Ability analytes is very complex and not a given.
Ease of Use Full spectrum, targeted MALDI MS is quite easy. Untargeted MS are more

complex and depends on the operator and the capabilities of the laboratory.

Lab based or
Field deployable

Predominantly lab based, working towards portable versions. Current portable MS
detectors are limited to specific chemical analytes and are not capable of analyzing
unknowns or biologicals.

Time to Sample prep is time limiting for targeted, time to first results 4-8 h for targeted,
detection mass spec rate limiting 1-2 days for untargeted.
Ease of Targeted (minutes), untargeted (1 day)
interpretation
Throughput Targeted (100-1000/day), untargeted (5/day)

Targeted $40, need more info from service providers, dependence on throughput,
Cost per test higher throughput reduces cost.

g ghp

Equipment $100K to $600K for low to high end instruments.
investment

61




Time and
prerequisites to
design new
assay

A month to deployment with validation for the best case, where standards are
readily available.
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Table 3. Summary of important features for Antibody/Antigen based Diagnostics

Criteria Antibody/Antigen based assays
Best Application Em@ronmental, cl'1nlcal, serqloglcal apalyms, epldemlologlcal gnalysm, f(.)od.
testing, water testing, forensics. Applicable wherever rapid, quick screening is
Space . o
needed. Poorly suited for unknown situation.
Can provide detection of a specific host response. Can tune specificity based on
Other key . o 1 . . .
selection of antibodies to be specific to a particular pathogen serotype or generic
advantages f .
or a pathogen species or genus.
Limitations Poorly suited for unknowns, unless you want to rule in or out specific agents.
Analytes Small molecules, proteins, lipids, carbohydrates, organisms, antibodies from
Detected immune response.
Ability to Detect Targ§t specific assays — gnalytes restpcted to the specificity of the antibody.
Unknowns Applicable to known antigens, organisms.
Depends on the intended use, larger spectrum of antibodies can be designed.
Sample prep may be simpler than that required for other technologies. Therefore,
Impact of impact of sample matrix maybe less. Used on any sample matrix. Preparation of

Sample Matrices

sample is dependent on the target - intracellular v/s extracellular, membrane bound,
whole microbe.

Sensitivity

Dependent on antibody used. Less sensitive than PCR or other nucleic acid based
technologies. However, influenced by detection/readout format and assay
chemistry. E.g. Suspension arrays v/s ELISA v/s lateral flow. Range of sensitivity
is nM or pM. Varies from target to target. Depends on epitope selected.

Specificity

Dependent on quality of antibodies or antigens used. Specificity can be increased
by sandwich assays employing separate capture and detection reagents.
Combination of polyclonal and monoclonal used to balance sensitivity and
specificity.

Reproducibility

Variable. Lot to lot antibody variation requires rigorous validation for each new
lot. Likely to be resolved by a switch to recombinant sequenced antibodies.

Quantitative
Ability

Usually standard curve run for reference. No internal standard. Depends on assay
design. Semiquantitative. Is still an indirect measurement. Some disagreement on
definition of “quantitative” assay. Is assay dependent. Sample loss or variability
impacts quantitation. Depends on reference standard used. External reference
standard accepted in analytical world.

Ease of Use

Depends on the assay chemistry and detection platform. Fairly standard protocols.
LFA simple, ELISA maybe more complex.

Lab based or
Field deployable

All applications possible.

Time to Fairly rapid, 15-30 minutes for LFA, 2-4 hours for ELISA

detection

Ease of Fairly simple — visual interpretation for LFA, ELISAs use standard readers, have

interpretation set thresholds.

Throughput Low for LFA (1), medium to high — ELISAs, suspension arrays (100s to 1000s)
LFA $2-20 — one sample, no instrumentation

Cost per test ELISA - $10-$50 — depends on how many samples, analytes

Suspension array - $30-$1000 — depends on how many samples, how many
analytes.
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Equipment
investment

Instrument cost is 30-50K

Time and
prerequisites to
design new
assay

Moderate to Complex. 3-6 months. Antibody development is the longest process,
particularly because of the need to ensure specific binding.
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Table 4. Summary of important features for Next Gen Sequencing based Diagnostics

Criteria Next Gen Sequencing

Best Application Epic.lemiology. Detection of unsuspe.cted, emerging or unknown pathogens in

Space chmcgl samples and vectors. Forensics. Poorly suited for environmental
surveillance.
Amplicon sequencing is ready for many applications; deep metagenomics is useful

Other key for bagic research for .detect'ion of novel pathogens, including engineered .
organisms. The Illumina MiSeq and ION PGM platforms are useful for amplicon

advantages . . . . . . .
sequencing, while the HiSeq platform is appropriate for metagenomics. PacBio
long-range sequencing is suitable for complete genome assembly.
Poorly suited for environmental surveillance since genome coverage and sequence

Limitations depth for pathogens will be very poor while the complexity of the normal diversity
from natural environments will be quite high.

Analytes All DNA or RNA or both in any sample.

Detected

Ability to Detect | Excellent ability to detect unknown samples

Unknowns

Impact of High impact of sample matrices on sample complexity as this increases the

Sample Matrices | background genomic sequences

Sensitivity Good.

Specificity Need to target appropriate amplicons to achieve good specificity.

Reproducibility | Good, but dependent on bioinformatics analysis and standardized databases.

Quantitative Within a sample excellent; across samples can be difficult.

Ability

Ease of Use Requires expertise

Lab based or
Field deployable

Not currently field deployable, but perhaps in the future. Ability to analyze data
remotely could be limiting depending on connectivity bandwidth

Time to Day to week depending on sample prep and data analysis. Library prep can be rate
detection limiting step.
Varies — data from some samples are easy to interpret, while other samples require
Ease of . S - . .
. . extensive analysis time. Can be limited by quality of available annotated sequence
interpretation . . . . . .
for a particular question, but this continues to improve over time.
Throughput Scalable to an extent but library prep can be limiting for metagenomics uses.
Amplicon sequencing can be cost effective; metagenomics is costly. Cost benefit
Cost per test is realized on a higher scale.
Equipment 125K for MiSeq (amplicon sequencing), 750K for HiSeq (metagenomic).
investment
Time and Amplicon sequencing test can be designed in a few weeks (similar to PCR);
prerequisites to | metagenomics tests for all nucleic acid sequences.
design new
assay
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