Chapter 11
Deep Sequencing Applications for Vaccine
Development and Safety

David Onions, Colette Coté, Brad Love and John Kolman

11.1 Introduction

The introduction of deep sequencing or massively parallel sequencing (MPS)
technologies has resulted in a qualitative, as well as a quantitative, change in the
information that can be gained from nucleic acid sequencing. It has revolutionised
virus discovery by revealing new species and new genera of viruses that had gone
undetected by conventional means. While the sequencing technologies are elegant,
the key to their application is in the development of robust, automated, bioinfor-
matics; the combination of sequencing and bioinformatic interpretation being
termed MP-Seq. In the field of vaccine safety, another level of complexity is
validating the many individual steps to ensure that the overall process is in com-
pliance with Good Manufacturing Practice (GMP).

The underpinning principle of MPS is that many hundreds of thousands of strands
within a nucleic acid population are sequenced without bias. These might be indi-
vidual viral genome sequences or, mRNA transcripts in a transcriptome (RNA-seq)
analysis. Consequently, the inherent variation in the population is recorded rather
than a consensus sequence obtained by traditional sequencing methods. At the same
time, the burden of identifying sequences of interest shifts. While DNA cloning or
sequence specific PCR amplification defines the target for traditional sequencing, in
an MPS analysis the targets of interest are extracted using bioinformatics.

MPS is used today as an adjunct to regulated nucleic acid based biosafety tests.
It can be applied directly to virus seed stocks to establish virus genome identity and
genetic stability. More challenging is the use of MPS to support vaccine devel-
opment by evaluating cell substrates, raw materials and virus seed stocks for
adventitious agents. Contamination of vaccines by adventitious viruses has a long
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history and includes the finding of SV40 in early poliovirus vaccines, avian leukosis
(leukemia) virus in yellow fever virus grown in eggs, bovine viral diarrhoea virus in
veterinary vaccines and the feline retrovirus, RD114, in canine parvovirus vaccines.

As a result of early contamination events, a rigorous set of overlapping, specific
and broad based, detection methods for adventitious agents was introduced to
enhance biosafety safety. These include in vivo assays in eggs and animals and
in vitro infectivity assays. Since the early 1990s, polymerase chain reaction (PCR)
assays for specific viruses or families of viruses have been incorporated into the
testing regime of vaccine seeds and cell substrates. In the latter case, the assays may
be linked to induction protocols to enhance the expression of latent or endogenous
viruses (Khan et al. 2009; Onions et al. 2010).

Despite the breadth of these assay systems, new contaminations occur, either
because the virus was unknown or, because specific testing was not incorporated.
One of the most recent examples was the finding of porcine circovirus sequences in
rotavirus vaccines using MPS (Victoria et al. 2010). In one vaccine, the sequences
were shown to be associated with infectious circovirus indicating a failure of tra-
ditional testing strategies to detect the virus. Two lessons should be drawn from this
recent example. It illustrates the power of MPS to detect agents without any
assumptions of the nature of the agent. Secondly, technology on its own, is not a
solution, testing needs to be incorporated into a holistic, quality by design (QbD)
approach that evaluates the potential risks of each element of production including
raw materials, the cell substrate and virus seed.

11.2 New Sequencing Methods

11.2.1 Sequencing Platforms and Read Length

Massively parallel sequencers are often referred to as next generation platforms but
already a further generation of single molecule sequencers that do not require a
DNA amplification step, are becoming available. One of the most critical factors for
virus detection is the available read length. Relatively short reads (50-100 bp) were
obtained from first generation sequencers like Illumina’s Genome Analyzer and
similar read lengths were produced by Applied Biosystem’s (Life Technology’s)
SOLiD. Shorter read length machines have particular value in other genomic
applications like re-sequencing since, the proportion of reads that can be uniquely
mapped to the human genome grows with the increase in read length but reaches a
plateau after the first ~40 nucleotides (Whiteford et al. 2005).

However, the types of analysis discussed here require longer read length platforms
and our discussion is limited to the use of these long-read machines. Roche’s 454, and
Life Technology’s Ion Torrent offer 400 bp reads with new Roche chemistries
extending this towards 800-1,000 bp. Of the single molecule sequencers, Pacific
Bioscience’s instrument offers ~ 1,000 bp read lengths on a circular template that is
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re-sequenced multiple times to provide a consensus sequence of a single molecule.
The studies reported below were conducted on Roche’s 454 which is now being
phased out. More recent platforms like Illumina’s MiSeq offer appropriate read length
with excellent depth of coverage and lower sequencing costs per base.

Three key steps are involved in obtaining the raw sequence on Roche’s 454
sequencer family: generation of a double stranded DNA library by adapter ligation,
emulsion based clonal amplification of the library and sequencing by synthesis. The
last step utilises pyrophosphate release to drive the generation of a chemilumi-
nescent signal, the record of a successful extension.

The DNA adaptors added during library preparation bind the library strands to
complementary sequences on beads, with the aim of one strand per bead. The beads
are then coated in an emulsion, containing reagents required for a PCR reaction,
resulting in amplification of the original target on the bead by several million fold.
After the emulsion is stripped from the bead and the beads are enriched for successful
PCR reactions, they are deposited into individual picowells of the sequencing plate
called a PicoTiterPlate or PTP. The wells are only 40 microns in diameter so only one
bead is accommodated in each well. Further small beads are then added which
contain the enzymes required for a pyrophosphate sequencing reaction. As one of the
four dNTPs is added in a cycle, pyrophosphate is released into those wells incor-
porating the dNTP into the nascent complementary DNA strand. The released
pyrophosphate activates luciferase resulting in a chemiluminescent signal which is
detected in camera capable of resolving the signal from each well.

The Ion Torrent sequencer is also based on a high density array of microwells
each of which incorporates a target sequence. As dNTPs are added, in a controlled
cycle, their incorporation into the daughter strand of a particular target is detected
through the associated release of hydrogen ions. Each well has an ion sensitive base
layer overlying proprietary detectors, the strength of the signal detected being
proportionate to the number of nucleotides incorporated in that cycle. Many of the
features of the Ion Torrent, including the short preparation to sequence acquisition
time, make this an attractive platform for viral sequence analysis. Because it relies
on hydrogen ion release for detection rather than labelled dNTPs it can accom-
modate a wide range of library preparation methods.

Pacific Biosciences technology is a radically new system that enables single
molecule real time (SMRT) sequencing by direct detection of nucleotide incorpo-
ration into the replicating nucleic acid strand. The key to the technology is the use
of zero-mode waveguides (ZMWs). These are holes a few tens of microns in
diameter in a fine metal film overlying a transparent silicon dioxide substrate. The
target nucleic acid and DNA are immobilized in the bottom of the well. When a
laser beam illuminates the wells through the transparent layer, the volume affected
by the beam is limited to the bottom 20 zL of the well as, the ZMW is smaller than
the cut-off wavelength of the laser light. In this miniscule volume, only the fluo-
rophore labelled nucleotide being incorporated is activated by the laser beam. As
the nucleotide is incorporated, the phosphate bonds linking the fluorophore are
cleaved by the polymerase and a new cycle with a differently labelled nucleotide
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can begin. The targets for sequencing are circularized DNA templates and the single
circularized molecule is sequenced multiple times to provide a consensus sequence,
reducing the overall error rate.

11.2.2 Errors in the Primary Data

Each of the systems has its own biases leading to sequencing errors. Both the
SOLiD sequencer and Illumina’s genome analyzers have been reported to under
represent GC and AT rich regions with substitutions being the major error (Metzker
2010; Harismendy et al. 2009). For the 454 instruments the main problem has been
insertions or deletions (indels) in homopolymer regions. In homopolymeric regions,
multiple nucleotides are incorporated in each cycle; newer chemistry in which the
signal is proportional for up to six nucleotides reduces the error rate and enables
longer reads (Metzker 2010).

The vast majority of machine-specific sequence errors are removed during an
important initial processing of the raw sequence data that accounts for these errors.
The first step in this process is filtering to remove low quality reads revealed by
base quality scores of the instrument. Other technical parameters like the light
intensity of sequential pyrosequencing data can be used to asses quality, which
often falls towards the end of the sequence.

Errors can be introduced into the library prior to the sequencing. Reverse
transcription, and PCR have known error rates and selective PCR amplification
could alter the frequency of variant sequences. These errors as well as the remaining
known machine-specific error types can be detected after the reads are aligned with
one another. For example, indels in homopolymeric regions seen in pyrosequenc-
ing, can be accommodated in the alignment of the reads by using reduced gap costs
in those regions (Wang et al. 2007). A direct method of determining the errors due
to reverse transcriptase and PCR steps can be achieved by tagging primers with a
string of eight degenerate nucleotides that creates 65,536 distinct sequence com-
binations. Under conditions where each primer is used only once in reverse tran-
scription, re-sequencing provides an indication of the error rate and the number of
reads enables an accurate determination of variant frequency (Jabara et al. 2011).

11.2.3 Studying a Virus Stock by MPS

The “depth” or “coverage” of the sequencing run, which is the average number of
times that a nucleotide is actually sequenced, varies based on the complexity of the
source. Typically, a bacterial genome may be sequenced to a depth of 50 fold in a
single run while for viral genomes the depth can be large, possibly 1,000-20,000
times, enabling the identification of variants or quasispecies within the population
(Archer et al. 2012).
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When investigating the genetic stability of virus seeds it is important to be able
to define variant sequences and distinguish these from technical errors. In a series of
600 bp reads, with a 0.1 % error rate per nucleotide, 45 % of the sequences will
have at least 1 error. Given the caveats described above, sequencing errors are
largely randomly distributed and are assumed to be less common than valid single
nucleotide polymorphisms. Clustering algorithms are used to define groups of
common variant sequences or haplotypes within the population and the random
errors removed (Zagordi et al. 2010; Quince et al. 2011); using a Bayesian
approach, a posterior probability can be derived for each variant (Zagordi et al.
2010). Other methods of error correction involve multiple alignments (Salmela and
Schroder 2011) which, while efficient, are computationally time consuming. All of
these methods assume random distribution of errors but algorithms developed by
Skums et al. (2012) allow for the non-random distribution of errors in homopol-
ymeric regions as does the V-Phaser algorithm which distinguishes the co-variation
between observed variants and process errors (Macalalad et al. 2012). After
applying these error correcting procedures in control experiments, the limit of
detection (LOD) of variants within the population is ~0.1-0.2 % and the limit at
which variants can be quantitatively assessed is (LOQ) is typically at ~1 %
(Tsibris et al. 2009; Maclalalad et al. 2012).

Once error corrected, each of the individual haplotypes can then be assembled
into longer full length genome sequences. There may not be a unique solution to
this global assembly if, there is less genetic diversity in the bridging regions linking
variant sequences but algorithms have been developed that define the minimum
number of global haplotypes that explain all the observed reads (Eriksson et al.
2008; Astrovskaya et al. 2011; Prosperi and Salemi 2012). For instance, if the
sequence ABC has variants A’ and C’ it may not be certain in whether all 4 or, the
minimum 2 haplotypes exist.

11.2.4 Two Ways to Use MPS for Detecting Adventitious
Agents

Broadly, two types of MPS analysis are required in biosafety testing. The first is
identifying replicating or, more challengingly, latent viruses within a cell substrate.
In latent virus infections or, in infections where the viruses are defective and
integrated, no virions are produced but latency associated transcripts and trans-
forming genes, like polyomavirus T-antigen, may be expressed. In order to detect
these sequences, the cellular transcriptome is sequenced and the viral sequences
have to be detected amidst the far more numerous cellular sequences.

In a complicated source, like the entire transcriptome of a mammalian cell, one
overnight MPS run will provide coverage of just over one. Nevertheless, house-
keeping genes expressed at very low levels like GOLGA1 (<100 copies per cell) are
detected and serve as internal controls of the sensitivity of the analysis. This “needle
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in a haystack” problem is a complex bioinformatics challenge which requires the
development of appropriate algorithms, as discussed below.

Moore and colleagues have identified several novel human tumor viruses using
transcriptome analyses. They approximate that a single expressed transcript in a
human cell occurs at a rate of about five per million, whereas, in their experience,
novel viral transcripts are been seen at rate no lower than nine per million (Feng et al.
2008; Moore et al. 2011), thus setting a threshold for transcriptome biosafety testing.

The proper application of MPS must address sampling error and the statistical
likelihood that a low incidence target, such as described above, will be seen by at
least one read in a given sample size. The statistical argument is presented in
Fig. 11.1. Here we assume that the typical mammalian cell contains 200,000
transcripts and are roughly the same size. If a million reads are collected and the
human tumor virus occurs nine times out of a million, then the row labelled 1 in
200,000 best represents the statistics for detection of the rare event. Using one
million reads, or a single plate on a 454 (PTP), has a confidence of 99.33 %; two
PTPs has a confidence of ~100 %.

The second type of analysis required in biosafety testing is detecting free virions
in cell-free test articles. When evaluating raw materials like serum or screening the
supernatant from a cell culture, the objective is to identify encapsidated viral
sequences. The initial step is to reduce the complexity of the system by nuclease
treatment and, after disrupting the capsids with chaotropic agents, the remaining
DNA and RNA targets are amplified and sequenced. Low incidence sequences are
easily seen in libraries built from low complexity sources, such as any cell-free
material and fewer overall reads are required.

Virus seeds have low complexity but are sequence rich. Thus, adventitious agent
testing of virus seeds resembles a transcriptome analyses rather than a cell-free
analysis and sensitivity and read density are inversely related.

Unique mRNA to total | Probability of obtaining at Probability of obtaining at
mRNA ratio least one AA read (1 PTP) least one AA read (2 PTP)

1in 1,000,000 63.21% 86.47%
1in 800,000 71.35% 91.79%
1in 600,000 81.11% 96.43%
1in 500,000 86.47% 98.17%
1in 400,000 91.79% 99.33%
1in 300,000 96.43% 99.87%
1in 200,000 99.33% 100.00%
1in 100,000 100.00% 100.00%

Fig. 11.1 Confidence that adventitious agent (AA) low frequency events (column 1) would be
detected using one (column 2) or two (column 3) plates (PTP) on the Roche 454 GS FLX
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11.3 GMP Massively Parallel Sequencing

11.3.1 Overview

MPS is a complex procedure involving myriad devices and many steps starting with
nucleic acid extraction from different matrices and ending with automated bioin-
formatic analysis. Implementation of MPS as a GMP process requires attention to
the same requirements required of other analytical tests: accuracy, precision,
(repeatability, intermediate precision), specificity, detection limit, quantitation limit,
linearity and range, as well as robustness i.e. the response to deliberate small
alterations in the test method. However, for most of MPS applications, robustness,
specificity and detection limit are the most important attributes.

MPS assays extend well beyond the molecular biology bench top. As such, we
defined MPS validation to be composed of three components: equipment including
computer system validation (CSV) and 21CFR11 compliance (platform), laboratory
processes (platform-specific “‘modules’) and data reduction (bioinformatics).

11.3.2 Validation of the MPS Platform

Our approach to validating an MPS platform included CSV for all PCs connected to
data generating devices as well as establishment of a 21CFR Part 11 compliant
environment for data security and data transfer integrity. The development and
execution of the validation plan included user requirement specifications (URS),
system risk assessments (SRA), installation qualifications (IQ), operational quali-
fications (OQ), and performance qualifications (PQ) for every piece of instrumen-
tation that was deemed critical to the MPS workflow.

The data intensive nature of the MPS workflow necessitates viewing the process
as a hybrid workflow/dataflow, and requires particular attention to 21CFR11
compliance and CSV requirements. 21CFR11 compliance gap analysis was per-
formed on all systems, including vendor-supplied CSV packages, and documented
procedural controls were implemented, as required, to maintain compliant data
tracking (audit trails), archiving and retrieving. This comprehensive approach,
including the validation of laboratory processes and data reduction discussed in
detail below, ensured that the full MPS workflow, from instrument installation to
final data output and analyses, met or exceeded cGMP requirements.

11.3.3 Validation of MPS Laboratory Processes

We designed the validation of the MPS laboratory process to reflect how MPS is
conducted: in modules (Fig. 11.2). Since individual laboratory modules are selected
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Fig. 11.2 Modular nature of MPS platforms. Core modules include sample preparation, nucleic
acid quantitation and qualification, platform-specific library preparation and quality control
assessments, additional library processing steps as applicable, sequence generation, and finally
data analysis. Relevant process controls such as nucleic acid or viral ‘spikes’ may be introduced at

any point (or module) of the process to assess critical performance metrics, an essential feature for
validation of the system

and strung together based on matrix type, sample complexity and type of analysis, it
was important that each module’s validation be designed to stand alone. Further-
more, certain features of GMP validation, such as robustness, are not viable at the
total system level and are best addressed as modules.

The laboratory core modules included sample preparation: nucleic acid isolation,
library preparation, including platform-specific library processing steps, and
sequence generation. Each module validation was designed to contain all of the
relevant processes, quality control assessments and metrics (acceptance criteria) so
that material of suitable yield and quality was generated. Though the modules were
independently validated, each was broadly challenged to ensure that they could be
integrated to accommodate diverse sample types and analyses.

Finally, we required that the validation plan bridge the modules by evaluating
the complete assay for several key parameters. This was done first, by repeated
sequencing of a reference Escherichia coli strain on different days with different
operators and different reagent lots to provide data on accuracy, specificity and
precision of the system. Second, we established the system sensitivity using a panel
of controls spiked with known amounts of virus or viral sequences.
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11.3.3.1 Selection of Control Materials

Samples used for biosafety testing range from cell substrates, culture fluids, bulk
harvests, virus seed stocks, plasmid or vector preparations and raw materials.
Although ideal, it is not feasible to validate every single material type. Therefore, a
portfolio of relevant and well characterized materials were validated. Selection of
‘real-world’ control samples was based on a three key characteristics: (1) sample
complexity—the total mass and sequence diversity of the nucleic acid strands in the
sample, (2) sample volume—as a requirement for an adequate assessment, and (3)
sample integrity.

In addition to these reference materials, a series of exogenous controls were
spiked into one or more modules of the assay (Fig. 11.2) to track assay performance
characteristics such as sensitivity and specificity. The intent was to provide the most
comprehensive assessment and challenge to the system.

Spikes represented the range of expected biological attributes, for example,
virion size, envelope type and genome type (RNA/DNA, single-stranded/double-
stranded, small/large and circular/linear). Spikes consisted of defined synthetic or
natural nucleic acid sequences such as purified viruses, characterized cell substrates
(e.g. latently infected or chemically induced companion cell lines), or other
biologicals.

11.3.3.2 System Contaminants

Understanding the intrinsic (contaminating) nucleic acid content of the system is
crucial. For example, reagents, particularly enzymes used for sample processing
and library preparation are often contaminated with nucleic acid fragments as by
products of production. Even certified reference materials from reputable suppliers
have been discovered to be misidentified after MPS characterization (Cote and
Kolman, unpublished observation).

Animal derived materials, whether test articles or components of the assay
matrix, are carriers of unanticipated and variable nucleic acid contaminants. It is
vital to identify sequences that are intrinsic to control material or to the system itself
in order to avoid misidentification in test articles.

11.3.3.3 Acceptance Criteria and Executing Module Validation

Acceptance criteria were defined to act as clear gateways of adequate and sufficient
sample processing. By necessity, we used a range of acceptance criteria to
accommodate the myriad sample types supported by a module. We also found it
important to include tests to differentiate between system biases (e.g. system errors
due to the nature of the sample processing or sequencing chemistry, or platform-
specific methodologies) from true test failures.
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11.3.3.4 The Assay Modules

Items validated in each module are outlined in Fig. 11.3. In general, the early
modules encompass multiple optional processes which gradually coalesce into three
identical procedures in the later modules that differ only by reagent volume.

The first module included multiple, parallel sample preparation methods for
assay-specific nucleic acid isolation using customized or commercially available
(kit-based) methods (e.g. viral nucleic acid-specific methodologies or total DNA- or
RNA-specific kits). The isolation of RNA from cell substrates for transcriptome
analyses is a relatively straightforward process whereas, isolation of encapsidated
viral sequences from cell-free substrates, including raw reagents, poses unique
challenges due to sample volume variability and potential biases in the efficiency of
virus particle recovery.

The second module included quantitation and quality assessments of the highly
selective nucleic acid populations isolated by module one. This included absorbance
and fluorescence-based RNA and DNA-specific assays for concentration, purity and
integrity determinations. This was followed by validation of multiple library prep-
aration modules used for the conversion of the material into a sequencing-compatible
double-stranded DNA library (e.g. standard ‘shotgun’ or RNA-Seq libraries, and
customized amplicon- or other targeted-based methodologies).

Validation of the fourth, fifth and sixth modules was simpler as these were based
on established methods using mostly commercially available kits and established
processes. This included library quantitation using a robust and highly sensitive
quantitative PCR assay, library amplification by an emulsion-based PCR, and
sequence generation (the latter two validated using all available formats from
Roche). The end result of this extensive process is absolute confidence in the
quality and integrity of the raw sequence data for analysis.

Sample Preparation

Nuchoic Acid Isolation:

Total RNA [ Hucleic Ackd Quantitation 7 r r
Total DNA & Qualification e P Litsrary Quantitation Bmudelon PCH. Sequence
Tolsl Nodeia Aokl (B ™ M1 e (] e Generation
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Fig. 11.3 Validation of custom and core modules on the Roche GS FLX/FLX+ Sequencer
system. Each block represents a distinct module of the process and is illustrated in the order
required to complete a sequencing run on the Roche system. All modules may be further divided
into sub-modules for flexibility of the system and to address the varied nature of starting materials
and desired level of sequence data generation. Any material generated from a module that meets all
acceptance criteria is then used for subsequent module validation
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As advancements in technologies and chemistries are made or, as improvements
and new modules are identified, this validation approach will continue to expand.
Continued validation of methods tailored to specific sample types is required to
ensure optimal recovery of the sequences of interest. Furthermore, use of an
appropriate set of controls is absolutely essential for a robust validation that can be
applied to the broadest range of input materials.

11.4 Algorithmic Methods to Identify Viruses

As mentioned previously, MPS methods shift the burden of identification from the
design stage of the assay to the data reduction stage. As a result, a whole new aspect
of performance control and validation are needed. The process of MPS data
reduction is described below. The control structure and validation program is then
discussed in context.

11.4.1 The Basis of Read Identification

The objective of data reduction is rapid and accurate sequence identification with
minimal downstream data manipulation. This precludes the use of short-read
platforms which require de novo read self assembly, prior to comparison with a
database.

One-step read identifications are made using a public, version controlled, soft-
ware tool maintained and provided by the National Center for Biotechnology
Information (NCBI) called the Basic Local Alignment Search Tool or BLAST. The
tool can used remotely, at the NCBI website, or can be downloaded and run on a
local host (Altschul et al. 1990).

BLAST accepts input sequences or “queries” and compares them to a specified
NCBI or local database of “known” sequences. There are several different kinds of
BLAST algorithms that have different purposes and different capabilities. They are
named as variants of the term BLAST and are listed in Table 11.1. For example, if
one is comparing a newly sequenced human genome with the NCBI human ref-
erence, the appropriate algorithm is megablast since the two will be practically
identical.

BLASTN is the best choice for virus detection since it is designed to identify
similar sequences rather than nearly identical sequences. BLASTN offers another
accommodation for virus hunting—a small Word Size trigger. All BLAST identi-
fications start with an initial scan that looks for a short, perfect match between
contiguous bases in the query and an element in the database. One can think of it as
the nucleation site for the sequence identification. The required length of this initial
match is the Word Size. The Word Size match becomes the site from which a
broader, possibly much weaker, sequence homology is revealed. Conversely, no
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Table 11.1 NCBI BLAST algorithm and a few key parameters

Program Purpose Word size

Megablast Identify the query sequence 16, 20, 24, 28, 32, 48,
64, 128, 256

Discontiguous Find sequences similar to query sequence 11, 12

megablast

BLASTN Find sequences similar to query sequence 7,11, 15

Translated BLAST | Find similar proteins to translated query in a

(tblastx) translated database

Taken from NCBI help

BLAST identification is made if there is no sequence identity of length specified by
the Word Size. Finally, the longer the Word Size, the greater the expectation of
identity between query and database; short Word Size allows for greater sequence
divergence between query and database.

All BLAST analyses produce several measures of the quality of a sequence
match or “hit”. The most common of these is the e-value. The e-value is a measure
of the chance that the sequence hit in the database could have been generated at
random in a database of the given size. Though we limit our analyses to hits that
have e-values of 107> or less, the analysis can be done with reduced stringency.
Since FLX/FLX+ reads are so long, this has no impact on the identifications made.

The other common measure of the quality of a hit is the score. The score is a
measure of the quality of the match and is influenced by mis-matches, insertions
and deletions (indels) and, importantly, by the length of the match. Scores of short
reads deteriorate quickly as mis-matches and indels collect, to the point that they are
difficult to discern from non-matches.

Long reads counter-balance mis-matches and indels, such that scores remain
high and identifications can be made above background. One-hundred base reads
can suffer a base change approximately once every five bases and still make an
identification; for 300 base reads, the rate is a base change every three bases. Eight
hundred base reads will extend accuracy of detection even further.

The concept is illustrated in Fig. 11.4 using two parallel BLAST analyses. An
artificial parental sequence and a series of progressively more degenerate relatives
were generated to provide a continuous series from 99.20 to 55.90 % identity. The
percent match is listed as the first four digits in column two, “Description”. In panel
A, 300 base reads are BLASTed and clear matches to the parental sequence are seen
down to the strand with 66.60 % homology. In this case, the score of 156, column 3
“Max score”, is easily distinguished from low level sporadic matches in the strands
with less homology. In panel B, the same test is done using 100 base reads of the
same starting sequences and the last clear identification is made with a score of 145,
corresponding to only 84.6 % identity.
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(a)
Accession Description Max Total Query Evalue Max
score score coverage ident
22182 99.20 1000 450 450 100% 8e-131 93%
22183 84.70 1000 354 354 100% 5e-102 86%
22184 73.90 1000 264 264 100% 6e-75 80%
22185 70.10 1000 284 284 99% 7e-81 81%
22186 68.20 1000 197 197 99% 8e-55 75%
22187 66.60 1000 156 156 93% 2e-42 73%
22188 65.30 1000 98.7 98.7 93% 6e-25 68%
22189 64.00 1000 96.9 96.9 94% 2e-24 67%
22190 63.50 1000 107 107 95% le-27 68%
22191 61.80 1000 82.4 82.4 75% 4e-20 68%
22192 60.00 1000 73.4 73.4 75% 2e-17 67%
22193 58.20 1000 50.0 50.0 30% 3e-10 72%
22194 55.90 1000 42.8 42.8 10% 4e-08 90%

(b)
Accession Description Max Total Query Evalue Max
score score coverage ident
62416 99.20 1000 187 187 100% 5e-52 94%
62417 84.70 1000 145 145 99% 2e-39 87%
62418 73.90 1000 113 113 99% le-29 81%
62419 70.10 1000 129 129 95% le-34 84%
62420 68.20 1000 105 105 85% le-27 83%
62421 66.60 1000 84.2 84.2 58% 5e-21 86%
62422 65.30 1000 59.0 59.0 53% 2e-13 80%
62423 64.00 1000 60.8 60.8 66% Se-14 77%
62424 63.50 1000 69.8 69.8 72% le-16 77%
62425 61.80 1000 53.6 53.6 90% 8e-12 71%
62426 60.00 1000 53.6 53.6 90% 8e-12 71%
62427 58.20 1000 44.6 44.6 57% 4e-09 74%
62428 55.90 1000 42.8 42.8 25% le-08 90%

Fig. 11.4 A study of the ability of BLAST to identify unknown (degenerate) sequences. Panel A
is a re-construction using 300 base reads; Panel B uses 100 base reads

11.4.2 Databases

Database resources are critical for the successful identification of unknowns. Public
databases are comprehensive collections of sequences and are easy to access, but
there are hidden pitfalls. Some are listed in Table 11.2.

None of the issues listed in Table 11.2 prohibit the identification of true viral
signatures. However, they can delay and add unnecessary confusion to automated
systems and regulated operations. For these reasons, databases become curated or
modified. In our case, none of the confounding sequences are removed from our
curated viral database, but we tag them with a note that describes the issue so that
mis-identifications are avoided.
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Table 11.2 Examples of confounding annotations in viral sequences

Detection

Actual

Not uniformly
annotated

“Parvovirus” versus “parvo virus”

Under-annotated

BLAST for “parvo”

Hit: “Ureaplasma urealyticum
strain 67 MB multiple banded
antigen”—a bacterium

Correctly identified
but non-viral

AF104019 Bovine viral diarrthea
virus-2 subgenome A polyprotein
mRNA, partial cds

Includes host ubiquitin gene

Incorrectly identified

Stealth virus

Typically bacterial, no
viral matches

11.4.3 The Algorithm

Biosafety testing and adventitious agent detection can suffer neither false positives
nor false negatives. At the same time, multi-day computational analyses must be
performed efficiently, so that problems can be identified and remediation begun as
soon as possible. For this reason, the BioReliance Reliant Algorithm™ for
adventitious agent detection uses multiple, sequential redundant BLAST analyses.
The process is illustrated in Fig. 11.5 with the bounded area in red being subject to
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Fig. 11.5 Outline of the Reliant Algorithm™. The area bounded by the red box is subject to

validation whereas processes outside the box are investigational
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validation with the areas outside forming investigational procedures. The key
advantage of long reads is that assemblers are not necessary to obtain an identifi-
cation avoiding the complexity of validating their use.

The first analysis is versus a ribosomal sequence database. The intent is to
remove ribosomal sequences from the MPS dataset so that it can be analyzed more
quickly. Ribosomal sequences are well conserved as a whole, and bear no resem-
blance to viral signatures.

In the second analysis, the ribosomal-free sequences are BLASTed versus the
curated Viral database. Sequences that “hit” are considered putative viral and fur-
ther challenged to ensure they are not false-positives. The challenge is to BLAST
them versus GenBank nr/nt, the master repository of all nucleotide sequences. At a
minimum, the queries that hit the Viral database will hit the same sequence in
GenBank nr/nt with the same score. In this case, the identification as a viral sig-
nature holds. The other possibility is that the query hits a non-viral sequence in
GenBank nr/nt with a higher score that it hit the Viral database. In this case, the
identification fails—it is a false positive.

In the second analysis, ribosomal-free sequences that do not hit the Viral
database are challenged to ensure they are not false-negatives. The challenge is also
versus GenBank nr/nt, but here, a match represents confirmation that the query is
either a host sequence or perhaps, a trace contaminant. If no match is made to
GenBank nr/nt, we have a putative false-negative.

Apparent false negatives are of two kinds—short and long. As discussed, short
reads are difficult to identify because of their length and may be artifacts. Long
reads are true false-negatives and represent genomes that may be less than 66 %
homologous to a known viral genome.

In order to confirm the false-negative as viral sequences, all reads in this dataset
are subjected to self assembly. Assembly is an important tool in unknown identi-
fication because it permits extremely long artificial sequences—contigs—to be built
from raw data. As the contigs get longer, the more they can diverge from a known
sequence and still support a statistically significant identification. This is exactly the
same principle outlined above. The problem is that assemblers are idiosyncratic;
two assemblers can give dramatically different results starting from the same
dataset. It is for this reason that we do not assemble raw data until it is absolutely
necessary.

The expectation is that contigs will permit an identification of most unknowns,
even confirmation that a false negative is a new virus. But there will always be
unidentified reads. Many will be short—and some will be sequencing artifacts that
are unidentifiable.

The last chance for identification of reads such as these is tblastx, in which
nucleotide queries are translated in all six frames into the amino acid equivalent and
then BLASTed versus a protein database. The intention is that converting the
simple nucleotide code into a high-complexity code, with internal redundancy, can
result in a definitive call. Unfortunately tblastx analyses are extremely processor
intensive and, typically, the results are difficult to interpret.



460 D. Onions et al.

The output of the Reliant algorithm is a list of queries that are virus signatures. It
is left to expert virologists to conclude whether the signatures are sufficient to
warrant an orthogonal analysis in search of an active infection.

11.4.4 The Algorithm, Automation, Performance Control
and Two Levels of Validation

While the logic of the Reliant Algorithm™ can be listed as a step by step procedure,
the requirement is that this process, like all of the laboratory processes, must be
performance controlled. Since the algorithm is executed entirely through software,
its operational execution requires CSV and a 21CFR Part 11 compliant environ-
ment. Moreover, as the software is entirely custom and internally authored, it must
be validated and version controlled. This requires compliance with and validation to
standards established in Software Development Life Cycle (SDLC) control SOPs.

Validation of the Reliant Algorithm™ was performed according to SDLC SOPs.
The result provides confidence that the operation can be performed reproducibly
and will generate the same result within specific tolerances.

What is not tested in this process is the ability of the algorithm to identify
unknowns of specific levels of sequence divergence. This was validated as a
robustness test by using the algorithm to identify a modified, known virus. This is
illustrated in Fig. 11.6 for poliovirus. The poliovirus genome was randomly mutated
several thousand times and then randomly sheared to defined lengths several
thousand times. Each of these mutated, sheared genomes was run through the Reliant
Algorithm™. The data reinforced the importance of read length in obtaining an
identification and allowed us to establish confidence limits on the ability of the
algorithm to detect diverged genomes at a defined percent identity and genome size.
For a given mutation rate base substitutions and indels were incorporated at a ration
of 4 to 1, in line with published data for viral variants (Sanjudn et al. 2010).
However, an overall mutation rate of say 30 % is a much stricter test of detection
than the real situation as, variant viruses usually display areas of conservation in
some non-structural genes with hypervariation in capsid or envelope protein genes.

11.4.5 Comparability, Community, and Proficiency Testing

The safety of vaccines and biologics is preeminent. Performance of biosafety assays
in different locations must be controlled and the results across sites must be
equivalent. But, as with diagnostic tests for clinical use, different labs will imple-
ment assays in different ways. Complex assays such as MPS and associated data
reduction are clearly more difficult to standardize than an off-the-shelf QPCR assay.
Furthermore, MPS datasets are not terminal. They are neither destroyed upon
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Fig. 11.6 a Probability of detection of a variant poliovirus with an overall mutation rate of 30 %
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¢ Illustrates the effect of word size and E-value on detection for a randomly sheared 300 bp
sequence of a mutated poliovirus genome with 4 to 1 ratio of base substitutions to indels

analysis nor modified while detecting limited targets, for example, like QPCR and
infectivity assays. MPS datasets can be revisited when new viruses enter public
databases.
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A good solution is to require periodic proficiency testing of providers of MPS
assays for adventitious agent detection using standardized controls. Data should be
submitted to regulators in a format that permits analysis by publically available
algorithms to ensure uniformity in analysis. Admittedly, solutions such as these
require considerable discussion and the support of the commercial and regulatory
communities.

11.5 Application of Sequencing in Virus Discovery
and Vaccine Development

11.5.1 Virus Discovery

The advent of massively paralleled sequencing technology has initiated a renais-
sance in the discovery of micro-organisms resulting in the identification of new
pathogens and new genera of viruses (Li et al. 2010, 2011a, b; Phan et al. 2012).
The power of MPS in identifying etiological agents was illustrated by the identi-
fication of a new arenavirus in a transplant recipient, through unbiased high-
throughput sequencing, after it had eluded detection by PCR and microarray
strategies by Palacios et al. (2008). The rate of development is exemplified by the
discovery of new human polyomaviruses. Just over a decade ago only BK and JC
viruses were recognised as human polyomaviruses. With the discovery of MW
polyomavirus (Siebrasse et al. 2012), the number stands at 10 with the Merkel cell
polyomavirus linked to the carcinoma of the same name (Feng et al. 2008).

In some cases, single sequencing runs can identify multiple new viruses. In fecal
samples the interpretation of the data can be challenging because, in addition to
bacteriophages, viral sequences from animal or plant food may be present (Li et al.
2010, 2011a, b; Kapoor et al. 2011). This problem is illustrated by the recent
finding of a new parvovirus genus, in 4 % of rotavirus negative diarrhoea cases in
African children (Phan et al. 2012). This new virus is likely to be the aetiological
agent of the diarrhoea but additional prevalence data and serological data will be
needed to confirm that.

MPS is being used in diagnostic settings where a significant proportion of cases
do not have a known etiological agent, like childhood respiratory disease. One of
the problems of MPS analysis from nasopharyngeal swab samples and tissues is the
high content of ribosomal RNA which can reduce the sensitivity of detection of
RNA viruses. One solution is to reduce the background by priming with hexamers
that do not anneal to rRNA sequences (de Vries et al. 2011). Other clinically
challenging areas that are being subjected to MPS approaches include hepatitis
cases with no known viral etiology and unexplained Dengue-like febrile illness
where pathogens remain unidentified in 40 % of cases (Yozwiak et al. 2012). The
wave of discoveries arising from MPS will inform diagnostic and clinical
approaches to disease and fuel the pipeline of vaccine candidates.
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11.5.2 MPS in Vaccine Research and Development

Vaccines against monotypic viruses like measles virus have been amongst the most
successful but there are continuing challenges in developing vaccines against
viruses that display frequent variation like influenza virus, which undergoes sig-
nificant antigenic shift through genetic reassortment and antigenic drift through
mutation. Manfred Eigen and colleagues first formulated the concept that variation
in a population of RNA viruses could be conceived as a cloud of variants or,
quasispecies, and was inherent due to the absence of the proof reading capacity of
RNA polymerases (Eigen and Schuster 1977; Biebricher and Eigen 2006). This
concept was supported by pioneering analysis of variation in replication of RNA
molecules (Domingo et al. 1978). Mutation rates of RNA polymerases have been
estimated at 107 and 10> mutations, per nucleotide, per replication cycle. At
slightly higher levels of mutation all information content would be lost so these
viruses can be viewed as evolving at the edge of chaos (Domingo et al. 2006).
Inherent in the initial concept of a quasispecies was that the ensemble of quasi-
species, rather than individual viruses, formed the replicating unit; an hypothesis
that leads to the prediction that populations with a restricted fitness can outcompete
those with a wider range of fitness values. The evidence for this formal definition of
a quasispecies has come under criticism (Holmes 2010) and it is notable that the
term is often more loosely used simply to refer to intra-population variation.

Antigenic change has proved to be a particular challenge in the development of
certain vaccines. Escape mutants to both neutralising antibody and CD8+ T cell
responses have been well documented in HIV infections (Borrow et al. 1997; Price
et al. 1997; Richman et al. 2003; Allen et al. 2005; Fischer et al. 2010; Haynes et al.
2012). The introduction of MPS has enabled the evolution of immune escape
variants to be monitored during the course of an infection. Henn et al. (2012)
showed that escape from the immunodominant Vif B38-WI9 and Nef A24-RW8
epitopes of HIV, occurs at rates of just under 0.1 day™ ' and by day 59, 56.6 % of
the viral population expressed one of four intra-epitope variants of B38-WI9.
Similar analyses of neutralizing antibody epitopes reveal that low level neutralizing
antibody develops as early as 2 weeks and selects for escape variants (Bar et al.
2012). MPS enabled identification of the full sequence of transmitted-founder
viruses and their trajectory of escape from neutralising antibody. Both the initial
monotypic neutralizing response and the pattern of escape varied between indi-
viduals. In one subject the initial antibody response was to V1 region of the
envelope glycoprotein but, by day 16 post sero-conversion, V1 variants were
detectable in the virus population. These may have been driven by APOBEC as the
neutralizing antibody region was enriched for mutations at APOBEC motifs (Bar
et al. 2012). Effective immunisation strategies for HIV are going to be dependent on
an understanding of the pattern of immune escape that MPS is revealing.

Similar MPS data for other viruses is providing important information about the
evolution of virus variants during infection (Cordey et al. 2010; Parameswaran et al.
2012; Tapparel et al. 2011), the development of drug resistance (Verbinnen et al. 2010;
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Ghedin et al. 2011; Fonseca-Coronado et al. 2012; Jabara et al. 2011; Svarovskaia
et al. 2012), the diversity of antigenic variants (Bull et al. 2011; Hoper et al. 2012)
and the risk of generating new pandemic viruses (Russell et al. 2012). In the latter
case, recent work on avian A/H5N1 influenza viruses has shown that as few as five
amino acid substitutions, four with reassortment, might result in mammal-to-
mammal transmission. MPS of avian influenza virus populations indicated that two
of these substitutions are common in avian A/H5N1 viruses (Russell et al. 2012).

11.6 Application of MPS in Quality by Design Strategies
for Raw Materials

The majority of contamination problems in the biotechnology and vaccine industry
have a root cause associated with adventitious agents in raw materials. In animal
origin free systems plant derived materials, like peptones, need to be considered as
possible sources of contamination by a range of agents including, spiroplasmas and
animal viruses derived from fertilizers.

As the biotechnology industry matures, there is increasing emphasis on QbD
principles as formulated in ICH guidance document Q8 (R2) Pharmaceutical
Development (2009). Encompassed within QbD is a control strategy designed to
ensure that a product of required quality will be produced consistently. Elements of
the control strategy focus on input materials and the “design space” that affects
control of those materials. The difference between the traditional approach and a
QbD approach to raw materials is worth examining; fetal bovine serum (FBS) is
used in the example below but the principles apply to all raw materials.

An inherent part of traditional testing strategies was the belief that it was pos-
sible, with a high degree of certainty, to select sera free of adventitious agents and
that if a material passed a Code of Federal Regulations (9 CFR Section 113.53) or,
CPMP test, it was safe to use. A typical batch of FBS can consist of one to two
thousand, individual, 1 L samples. Consequently, certain viruses like Bovine Viral
Diarrhoea virus, which occurs as a persistent infection in 1 in 100-500 fetuses, is
present in the majority of batches. In contrast, other virus infections, particularly
those transmitted by arthropods, are only sporadic. This is well illustrated by Cache
Valley virus contamination of US origin FBS. Four major episodes of fermenter
contamination by this virus have been recorded (Onions 2004; Nims et al. 2008).
While contaminations by this virus are uncommon, they are very serious as Cache
Valley virus (CVV) is a zoonotic virus associated with fatal encephalitis. Con-
tamination by CVV reveals the limitations of standard serum testing. Detailed
analysis of one episode indicated only 10-100 virions entered the fermenter in 20 L
of serum indicating that it was unlikely to be detected by testing a standard
50-100 mL of the main pool (Onions 2004).

Many of the assumptions about the frequency of particular viruses in serum have
had to be radically revised following the introduction of MPS. Allander et al. (2001)



11 Deep Sequencing Applications for Vaccine Development and Safety 465

first applied this approach to bovine serum resulting in the surprising discovery of
two new bovine parvoviruses BPV-2 and BPV-3. More recent studies using
MP-Seq™ confirmed these findings and resulted in the finding of a new parvovirus
BAAV-2, a member of the dependovirus genus (Onions and Kolman 2010). As
discussed below, these are very frequent contaminants of serum and parvoviruses
are amongst the most resistant viruses known, posing a challenge for inactivating
procedures. Little is known of the tropism of BPV-2 and 3, even within their host
species, but this family of viruses have shown major changes in host range. The
onset of the Canine parvovirus pandemic around 1979 is believed to have followed
cross transmission of a feline virus following three mutations in the capsid gene. In
contrast, BAAV-2 and possibly the other bovine dependovirus BAAV-1, has a wide
host range with BAAV-2 able to infect human cells.

New parvoviruses were not the only surprising discoveries. In a survey of four
different FBS serum lots from major manufacturers, 2 out of 4 batches had complete
sequences of bovine noroviruses and 2 also had sequences of kobuviruses (Onions
2011). In both cases it was possible to reconstruct the complete genomes of these
viruses and, as the samples had been nuclease treated, these genomes were con-
tained within capsids and therefore potentially infectious (Fig. 11.7).

The greater understanding of viruses present in serum that has come from new
technologies like MP-Seq, emphasises the need for a quantitative risk based
approach.

A new approach to raw material quality control involves three or four steps:

1. Understanding the universe of potential contaminants in the raw material.

2. Developing specific, quantitative, assays for those viruses, taking account of the
statistical limitations of sampling from the raw material pool.

3. Relating the potential viral load in a given batch of raw materials to inactivating
procedures like gamma-irradiation or, high temperature short time (HTST).

4. Where no inactivating steps are in place for the raw material, adding monitoring
assays later in the process to ensure the viruses are eliminated.

Understanding the range of contaminants that may be present is best determined
through the use of new technology like MP-Seq™ that makes no assumptions about
the nature of the virus (or other biological contaminant) or, its ability to replicate in
a set of pre-determined indicator cells. MP-Seq™ is not likely to become a routine
batch by batch quality control tool until sequencing costs fall further. However,
several manufactures are now embracing the concept of reviewing the data from
MP-Seq™ on several batches of raw materials from a given supplier. This approach
should be linked to agreements that tightly specify the geographical source of the
materials so that the MP-Seq™ data are reflective of the universe of contaminants
from that supply source.

As discussed above this technology provided indications that new viruses like
BPV-2, BPV-3, BAAV-2, Bovine norovirus and Bovine kobuvirus were frequent
and often high level, contaminants of serum. The next stage is to develop specific
assays for these viruses. In the case of BPV-2 and 3 permissive cell systems have
not been identified and therefore specific PCR assays have been used to determine
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Fig. 11.7 Detection of bovine norovirus (fop) and bovine kobuvirus (bottom) in bovine serum
pool using by MP-Seq. Individual sequences forward in green, reverse in red, are shown
scaffolded against a reference sequence

the frequency and level of viral genomes in serum. Quantitative PCR analysis has
indicated that the encapsidated genome count is variable but can be very high, up to
10* ge/ml for BPV-3.

Finally, the viral load should be linked to inactivating procedures. In Europe it is
now a requirement to use gamma-irradiated serum in, the manufacture of veterinary
medicinal products but in a QbD approach it is important to understand the limi-
tations of inactivation by irradiation. Standard irradiation involves treatment with
30 kGy, but where batch irradiation is used, outer parts of the batch may receive
higher doses impairing the quality of the serum. The kinetic inactivation curves for
gamma irradiation are essentially first order. The dose required to produce a 1 logl0
inactivation of the virus, or D value, varies between viruses but lies in the range of
3.9-5.3 kGy for several major groups (Sullivan et al. 1971). Protection in a serum
environment is likely to increase protection for viruses and, as Plavsic and Bolin
(2001) demonstrated, ssDNA viruses like circoviruses and parvoviruses are
remarkably resistant to irradiation. This has important consequences for analysing
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FBS which may contain BPV-2 and BPV-3 genomes at levels above the capacity of
irradiation to inactivate. An appropriate approach is to screen batches by quanti-
tative PCR using only those batches with a low level of genomes. For instance, the
control might specify an inactivation capacity 3 logl0 greater than the virus load.
Where no serum inactivating steps are in place then, as part of the QbD
approach, appropriate in process tests should be conducted. An evaluation of the
capacity of a downstream purification process to inactivate or remove the con-
taminants identified in serum should also be undertaken. Implementation of this
approach would have avoided the catastrophic contamination of rotavirus vaccines
by porcine circoviruses introduced in contaminated trypsin (Victoria et al. 2010).

11.7 Characterizing Cell Substrates by MP-Seq
11.7.1 Cell Identity and Cell Productivity

Characterising cell lines involves two key elements, verifying the identity of the
cells and ensuring their freedom from adventitious agents. The former requirement
comes from the known history of mis-identified cells, particularly HeLa being
deposited in repositories. However, the problem still exists (Nardone 2008) and
newer methods, like analysis of microsatellite short tandem repeats (STR) markers
with high heterozygosity values, are being used to identify human and simian cells
in place of older methods like isoenzyme profiling (Almeida et al. 2011; Eltonsy
et al. 2012). Sequence analysis of STR markers or, mitochondrial D-loop
sequences, can also provide data on the genetic stability of the cell line on passage.

Additional data from MPS based transcriptome analysis can supplement data on
identity and can be used to provide information on important alleles like the PRNP
gene in human cell lines. Sequencing the PRNP genes or, their transcripts, can be
used to exclude mutations associated with familial forms of transmissible spongi-
form encephalopathy or polymorphisms like 129™™" associated with a higher risk
of vCJD/BSE transmission (Lloyd et al. 2011).

One of the most exciting applications of MPS is in identifying gene expression
or miRNAs signatures associated with highly productive cells. These data can be
used to select clones or, to engineer cells using zinc finger technology that permits
precise, high efficiency, knock out or insertion of genes (Klug 2010). Several
classes of interrelated targets may enhance performance:

e Genes involved in the antiviral response particularly interferon and interferon
stimulated genes (ISGs).

e Genes regulating apoptosis.

e Genes affecting viral entry or replication.

In Vero cells, which display defective interferon induction (Mosca and Pitha.
1986) other stress response genes including heat shock proteins and genes associated
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with the oxidative stress response are upregulated and these may be amenable to
engineering (Vester et al. 2010). MDCK cells do produce class I interferons on
infection by influenza virus but the main antiviral proteins that affect influenza
replication in other cells, Mx1 and Mx2, do not appear to very effective in canine
cells (Frensing et al. 2011) although, a transfected canine Mx2 gene but not Mx1, has
activity against VSV in murine cells (Nakamura et al. 2005). Overall the interferon
response in MDCK cells has not been shown to limit influenza virus titre Seitz et al.
2012).

Apoptosis of virus infected cells is a potential defence mechanism reducing virus
yield from infected cells and in response some viruses have evolved or, captured
cellular, anti-apoptotic genes. The position can be complex with apoptosis late in
viral replication being a method to enhance virus release. Similarly other mecha-
nisms leading to cell death like autophagy can be an important part of the repli-
cation strategy of certain viruses (Meng et al. 2012). In addition, other targets in the
apoptotic pathway may be applicable for certain virus vaccines. For instance, the
CCCTC-binding factor (CTCF) and the EGFR-coamplified and overexpressed
protein genes (ECOP) are down regulated by a micro-RNA in infected cells.
Transfection of these genes into cells can enhance the production of West Nile
Fever virus (Smith et al. 2012).

11.7.2 MP-Seq™ of Cell Substrates to Demonstrate Their
Freedom from Adventitious Agents

11.7.2.1 Exogenous Viruses

The ability to detect latent viruses and defective transforming viruses, as well as
replicating viruses, is the key attribute of MP-Seq™ analysis. With the exception of
dependoviruses, a latency associated transcript or, transforming gene, like the
T-antigens of polyomaviruses, are expressed in infected cells. A transcriptome
analysis is conducted in parallel with an analysis of the supernatant media which
confirms the presence of replicating viruses and excludes viruses that are present in
the media but have not infected the cell line.

Another key attribute of MP-Seq™ analysis is the ability to detect viruses in cell
lines where there is little or no genomic sequence data. This is exemplified by the
analysis of insect cell lines. For instance, MPS methods have been used to detect a
novel rhabdovirus in the widely used Sf9 cell line (Ma et al. 2014). Similarly, in our
validation of MP-Seq™ we analysed a Trichoplusi ni cell line (BTI-TN-5B1-4
“High Five™”; Invitrogen), known to contain a sub-clonal infection with an
alphanodavirus (Onions et al. 2011). A total of 468,579 reads were recorded in
untreated High Five™ cells and 365,299 in heat shocked cells which, after removal
of ribosomal RNA sequences, fell to 207,419 and 131,051 respectively. Of these,
470 reads from the untreated cells and 326 from the heat shocked cells were
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recorded as unique hits against our virus sequence database. As for mammalian
viruses, an algorithmic approach was required to filter out false hits. For instance,
multiple hits against baculovirus genomes were recorded, but these were to a
transposable element, piggyBac, found in baculoviruses and expressed in 7.ni cells.

These hits enabled complete reconstruction of the total bipartite genome of the
alphanodavirus. The complete sequence of this virus was already known so to test
the capacity of the method to detect unknown viruses, this sequence was removed
from the curated database. Scaffolding the sequences against other nodaviruses and
assembly of contiguous sequences enabled the complete genome of the virus to be
reconstructed with ease. For RNA2, which encodes the capsid, the intact genomic
sequence appeared to be a minor population with the dominant species containing
deletions. This partial defective genome may account for the very low frequency of
intact virions observed in this cell line. However, insect cell lines have another
mechanism, RNA interference (RNAi), that ensures a high frequency of silent
infections. Dicer acts as the sensor recognizing and cleaving dsRNA into 22 bp
length siRNA fragments, these are then used by the effector Argonaute protein to
silence the target viral RNA (Wang et al. 2006). Consequently, for insect cell lines
it may be useful to supplement standard transcriptome analysis with specific
sequencing of siRNAs, an approach that led to the finding of four new RNA Viruses
in a Drosophila Schneider 2 cell line (Wu et al. 2010).

11.7.2.2 Endogenous Viruses

Endogenous, i.e. genetically transmitted viruses, require special consideration.
Most attention is directed at retroviruses and errantiviruses, their counterparts in
insect cells. However, it is important to consider other viruses that may be
endogenous. It is now well recognised that about 1 % of children have congenital
Human herpesvirus 6 (HHV-6) infections and 86 % of these are the result of
germline transmission of chromosomally integrated virus (Hall et al. 2004; Leong
et al. 2007; Hall et al. 2008).

An essentially full length endogenous parvovirus genome has been identified in
rats and other species; viral mRNA is expressed from the rat virus although it is
defective (Kapoor et al. 2010). Human and other species cells, contain endogenized
Borna disease virus like sequences that presumably have been reverse transcribed
by LINE or other retroelements. (Horie et al. 2010; Belyi et al. 2010). The genomes
are defective with N protein integrants predominating. Filovirus sequences are the
only other RNA virus sequences that appear to be widely integrated as chromo-
somal DNA copies (Taylor et al. 2010; Beyli et al. 2010). An interesting question is
whether expression of these sequences has been associated with a protective effect
against cognate virus infection during evolutionary history.

All vertebrate cells contain endogenous retroviral sequences and they constitute
a significant part of the genome, up to 8 % in human cells. Different retroviral
species are represented and some of these may be expressed at the mRNA and
protein level. In human cells all the endogenous retroviral proviruses are defective
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and unable to produce virions capable of infecting other cells but in other species,
like cats, infectious endogenous retroviruses can be produced. The feline endoge-
nous virus RD114 has been found as a contaminant of both canine parvovirus seeds
grown in feline cells and in vaccines produced, in non-feline cells, from these seeds
(Yoshikawa et al. 2010). It is of particular concern that this retrovirus replicates
efficiently in canine cells and careful monitoring of the recipients will be required.
Retroviruses have contaminated other vaccines in the past including: contamination
of, yellow fever, distemper and Marek’s disease virus vaccines by avian leukosis
virus (Draper 1967; Payne et al. 1966; Zavala and Cheng 2006), babesiosis vac-
cines by bovine leukemia virus (Rogers et al. 1988) and fowlpox vaccines by
reticuloendotheliosis virus (Fadly and Garcia 2006). In addition, endogenous avian
retroviral sequences (ALV-E and EAV) may be present in egg or chicken fibroblast
produced vaccines although, after extensive evaluation, these are not believed to
pose a hazard (Robertson and Minor 1996; Weissmahr et al. 1997; Khan et al.
1998; Shahabuddin et al. 2001; Hussain et al. 2003).

The recent episode involving contaminated parvovirus vaccines highlights the
importance of screening adequately for retroviruses. This involves induction studies
to initiate the expression of transcriptionally silent viruses and monitoring for their
presence by orthogonal methods (Khan et al. 2009; Onions et al. 2010). MPS of the
transcriptome and MPS of the supernatant media is a valuable adjunct in the
evaluation of retroviral contamination. In human cells, and other cells where full
genomic data is available, the method enables one to exclude exogenous retrovi-
ruses, both known and unknown. But the strength of the method is best exemplified
for cell lines where genomic information may be limited. Vero cells have been
extensively used in the production of vaccines although the genomic data is limited.
Vero cells were not thought to express a retrovirus but application of MPS and
other approaches resulted in the surprising discovery that this widely used and
monitored cell line could be induced to express a full length betaretrovirus genome
and produce viral particles. (Ma et al. 2011; Onions et al. 2011). MPS was able to
show that another retrovirus genome in this cell line, related to baboon endogenous
virus, showed no changes in expression on induction and was defective posing no
threat to biosafety (Onions et al. 2011). However, it should be noted that even
defective retroviruses may be of concern. For instance, an attenuated flavivirus,
produced in cells expressing a defective retrovirus, could pseudotype the retrovirus
enabling the retroviral genome to infect otherwise non-permissive cells.

11.8 MPS for the Genetic Stability of Bacterial and Viral
Vaccines and Viral Vectors

Genetic stability analyses have usually relied on indirect and partial information
like PCR of selected regions and restriction enzyme analysis. For bacterial seed
stocks it is now routine to sequence the whole genome rather than rely on imprecise
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methods. MPS methods produce sequences of thousands of individual viruses
within a seed, enabling the detection of variant viruses.

The high mutation rate in RNA viruses can theoretically lead to high levels of
variant viruses. This is a critical issue for certain viruses, like oral polio vaccines
(OPV), where reversion to neurovirulence can occur. As part of the quality control
of OPV, the vaccine is tested for neurovirulence in monkeys or, transgenic mice, as
well as by PCR and restriction enzyme analysis for known mutations affecting
neurovirulence. Neverov and Chumakov (2010) have shown that MPS can effec-
tively replace the standard molecular methods and additional information is pro-
vided like the rapid outgrowth of a capsid mutant when the seed is propagated in
cells. In their studies they demonstrated a 0.05 % mutation frequency in control
plasmids and 0.1 % in amplified product from the plasmid but 0.12 % in the
rederived virus which increased to 0.197 % on culture in Vero cells. Based on this
information they used 0.1 % as the threshold to define valid genotypic variants. In
analysing a neurovirulent versus a non-neurovirulent OPV, there was 0.35 % of the
virulence-associated 472-C mutant in the lot that passed the neurovirulence test,
versus 2.4 % in the lot that failed.

In our own evaluation of virus seed stocks on a Roche 454 GS-FLX/FLX+ we
have been able to demonstrate a surprising stability in viruses like reoviruses.
Reovirus contains 10 dsRNA genomic segments and coverage across the 10 seg-
ments varied from 3,000 to 20,000 fold; consequently, unlike Sanger sequencing,
the process identified rare variants required for oncolytic activity (Chakrabarty et al.
2014). MPS has also been applied in clinical settings to identify chromosomal
integration sites of retroviral vectors and to monitor the clonal evolution of trans-
duced cells. MPS will also play an important role in evaluating vectors for partial
recombinants that can lead to replication competent viruses. Modern adenovirus,
lentivirus and gammaretrovirus vector systems are far less likely to generate rep-
lication competent viruses then their first and second generation counterparts.
However, the methods for detecting replication competent virus (RCV) require the
use of high volumes of vector material and the sensitivity of detection of RCV can
be reduced by the presence of high titre vector. Before replication competent virus
is generated there are usually partial non-replication recombinants generated. This
is particularly evident for retroviruses because of their diploid genome and capacity
for strand switching during reverse transcription. MPS affords a method of
detecting these partial recombinants before the generation of RCV and provides
additional data on the genetic stability of the vector system.

11.9 Conclusion

As indicated in the recent revision to the WHO guidance on cell substrates
(Knezevic et al. 2010), MPS is going to play an increasing part in the safety
evaluation of cell substrates and vaccines. While in some cases it will replace older
molecular methods it will remain part of a comprehensive panel of orthogonal
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assays that include traditional infectivity assay systems (McClenahan et al. 2011;
Kolman 2011).

MPS systems are amenable to GMP validation although this is a complex and
requires a module by module validation as well a total system validation. However,
the power of the technology has already been shown in the discovery of new viruses
in raw materials, the finding of novel viruses in insect and primate cell substrates
and the discovery of an unexpected contaminant in rotavirus vaccines.
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