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Abstract

Metrology, the study of measurement, is an emerging concept within molecular diagnosis of
infection. Metrology promotes high-quality, reproducible data to be used in clinical management
of infection, through characterisation of technical error and measurement harmonisation. This
influences measurement accuracy, which has implications for setting thresholds between healthy
and disease states, monitoring disease progression, and establishing cures. This thesis examines
the placing of metrology in molecular diagnosis of infectious diseases. Sources of experimental
error in advanced methodologies — dPCR and MALDI-TOF MS — that can influence measurement
accuracy for RNA, DNA and protein biomarkers were investigated for HIV-1, methicillin-resistant
Staphylococcus spp and organisms associated with hospital transmission. Measurement error
introduced at different stages of a method can directly impact upon clinical results. A 30% bias
was introduced between dPCR and gPCR quantification of HIV-1 DNA in clinical samples, owing
to instability in the qPCR calibration material. In addition, experimental variability was found to
influence classification of protein profiles which can limit the resolution of MALDI-TOF MS for
strain typing bacteria. This thesis also addresses the prospective role of these advanced methods
in supporting accurate clinical measurements. dPCR offers precise measurements of RNA and
DNA targets and could be used to support qPCR, or for value assignment of reference materials
to harmonise inter-laboratory results. MALDI-TOF MS demonstrated potential for strain typing
Acinetobacter baumannii; results correlated with epidemiological data and WGS, although were
not consistent with reference typing. Further work should examine the extent to which MALDI-
TOF MS can support or replace contemporary strain typing methods for identifying nosocomial
outbreaks. Molecular approaches possess a crucial role in the detection, quantification and
characterisation of pathogens, and are invaluable tools for managing emerging diseases.
Supporting accuracy and reproducibility in molecular measurements could help to strengthen

diagnostic efforts, streamline clinical pathways and provide overall benefit to patient care.



Impact statement
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laboratory collaboration with clinical partners, an international network of National Measurement
Institutes (NMIs), international External Quality Assessment (EQA) providers, and reference
material producers and distributors. This reveals a diverse network promoting metrology within
molecular diagnosis of infection, illustrating the further reaching impact of the work beyond this
thesis. Appreciable impact of the work presented here includes peer-reviewed publication in
internationally renowned journals. Much of Chapter 4 was included in a peer review publication
(Bushy et al., 2017), which has since been cited both in the academic literature and also on the
NIH AIDS reagent website for the 8E5 cell line
(https:/iwww.aidsreagent.org/reagentdetail.cfm?t=cell_lines&id=75, accessed 14th August
2020). The website details the findings of Chapter 4, highlighting that instability has been
observed in the cell line and informing prospective researchers. This represents a further-
reaching impact of the work not just within the measurement community, but for academics and
other groups working in the field of HIV research. Other manuscripts based on this thesis are
currently in draft, with a view to imminent submission for peer-review (Appendix 11).

The role of metrology within molecular biology is evolving. This is demonstrated by the recent
update to the 2013 digital MIQE guidelines to reflect developments in dPCR technologies, and
increased uptake of the method by laboratories for making advanced measurements of nucleic
acid (The dMIQE Group and Huggett, 2020). The importance of ensuring data reliability and
transparency is relevant to academia, industry and clinical laboratories (among others). This
thesis may contribute to the wider understanding of metrological principles for molecular
diagnosis of infection. This is through demonstrating the importance of standardising methods,
harmonisation of results and the role of emerging technologies for supporting measurement
accuracy using current methods. In addition, dPCR value assignment of candidate reference
materials in this work could represent a commercial benefit for producers and distributors,

especially if metrological traceability of their products can be assured.
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1. Introduction

1.1. Introduction to metrology

1.1.1. What is metrology?

Metrology, defined as the scientific study of measurement, is well established within
manufacturing, engineering and physical sciences (Lindqgvist et al., 2016, Ameta et al., 2011,
Stuart et al., 2016, Richard, 2014, Teague, 1989). Metrology supports quality consistency in
production, reliability of infrastructures and consumer safety by ensuring that measurements are
accurate. Accurate measurements help to ensure that pharmaceutical compounds present in
medicines are of high purity and within the therapeutic dose ranges, and ensure that ingredients
in food products are included at correct quantities and are of sufficient quality to maintain labelling
accuracy, nutritional value and appeal to the senses. Accuracy in measurement enables precise
determination of the quantity of fuel filling a car’s tank and the monetary cost associated with it,
and determine the distance subsequently driven in the car (Felton, 2013, Amato and Galvez,
2015, Losada-Urzaiz et al., 2015, Rychlik et al., 2018). Promoting the underpinning principles of
metrology in analytical science can assist in the development of new methodologies to produce
high-quality, reproducible data. This holds relevance for global health, particularly through clinical
diagnostics, where accuracy in measurements has implications for setting thresholds between

healthy and disease states, monitoring disease progression, and establishing cures.

1.1.1.1. A brief history of measurement

Measurement can be defined as the process of experimentally obtaining one or more values that
can be attributed to quantity by comparison with another entity (Joint Committee for Guides in
Metrology, 2012). Early records of measurement systems date back to the 3 or 4 millennium
BC, developed by ancient civilisations for the purposes of agriculture, trade and construction.
Details of the cubit, used to measure length of an object compared to the length of the forearm
from the elbow to the tip of the middle finger, have been found in Egyptian and Babylonian records
dating back to 2" millennium BC (Stone, 2014). Archaeological findings from Harappa, Pakistan,
serve as evidence of precise stone weighing apparatus from approximately the same era

(Petruso, 1981) (Figure 1.1).
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Figure 1.1: A set of Harappan weights displayed in Mumbai, India
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As civilisations expanded, so did industry and technology and with them the requirement for more
sophisticated and standardised measurement systems. Preliminary calculations for the meter and
kilogram were defined in the 18" century during the French Revolution, serving as precursors to
the metric system of measurement units which were enforced in France in 1795 (Hallerberg, 1973,
Moreau, 1953). The metric system of measurement became widely adopted as a unified, global
measurement system in science and commerce. This was reinforced by the signing of The Metre
Convention in Paris in 1875 by representatives of 17 nations, along with the foundation of the
International Bureau of Weights and Measures (BIPM), establishing a standardised organisational
framework to coordinate the international system of measurement.

The Convention was modified to expand scope within the discipline of physics in 1921, and in
1960 following the 11" General Conference on Weights and Measures (CGPM), the International
System of Units (SI) was formally introduced. Many of the Sl base units were initially defined by
physical objects, such as the kilogram (kg), which was defined by a mass of platinum-iridium alloy
kept under a specific set of conditions. However, the evolution and progression of the sciences
during the 20t century necessitated a system that is independent of physical entities (Stock et
al., 2019). The most recently revised Sl base units, as of 20" May 2019, are defined in terms of
constants that describe the natural world including the speed of light in a vacuum c, the Planck
constant h and the Avogadro constant Na (BIPM., 2019). The SI serves as the international

standard for measurements, enabling traceability and standardisation of values for time, length,
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mass, electric current, thermodynamic temperature, amount of substance and luminous intensity.
These units are widely implemented across various scientific fields, particularly within the physical

and chemical disciplines.

1.1.1.2.  Analytical accuracy in measurement

1.1.1.2.1. Reference materials and traceability

The most accurate measurements are those that best represent a true value, defined by a known
value or a standard (Joint Committee for Guides in Metrology, 2012) (further definitions of
metrological terms can be found in Appendix 1). Accuracy can be facilitated using reference
standards or materials against which measurements can be made. A reference material is defined
as a “material, sufficiently homogeneous and stable with respect to one or more specified
properties, which has been established to be fit for its intended use in a measurement process”
(Wise, 2018). Calibration of equipment and standardisation of analytical procedures using
reference materials can help to ensure measurement traceability (Akdogan, 2018), defined as
unbroken chain of calibrations relating back to a reference. Ensuring traceability enables 1) the
reproducibility of a measurement to be demonstrated by ensuring that it is traceable to a pre-
defined unit or process that can be repeated in future and 2) to establish the ‘trueness’ of a
measured value. Discussion of true metrological traceability often centres around the SI, where a
measurement can be traceable back to the defining constant of the Sl unit (De Biéevre, 2010).
Idealistically, a traceability chain can be followed from a clinical analyte back to the SlI via end-
user standard operating procedures (SOPs), secondary calibrators, reference measurement

procedures and primary reference materials as detailed in Figure 1.2.
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Figure 1.2: Calibration traceability chain for a clinical measurement (Gantzer and Miller, 2012)
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A primary reference material relates to a pure substance that is directly traceable to the Sl. This
material may be a single compound, such as cholesterol, which can be used to initiate traceability
for measuring cholesterol in serum and plasma (Thomas et al., 2012). Primary reference materials
are an important aspect of demonstrating traceability since they form the metrological foundation
for the value assignment of secondary reference materials (Bunk, 2007). Secondary, or matrix-
based reference materials, are used by manufacturers of commercial diagnostic platforms to
evaluate the accuracy and trueness of their own calibrators. Using the cholesterol example above,
a secondary reference material might be a pool of plasma from healthy donors spiked with known

guantities of the pure cholesterol standard.

1.1.1.2.2. Measurement error: precision and bias

To best represent a true value, the most accurate analytical measurements will be unbiased and
fall within the expected measurement range. In addition, an accurate measurement will be precise
with minimal variability between repeats. These factors are encompassed by the term

‘measurement error’, which contributes to the uncertainty surrounding a measurement.
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Measurement uncertainty is a statistical parameter representing a range within which the true
value lies (Meyer, 2007). In general, measurement error is classified as ‘random’ or ‘systematic’.
Random error is inherent to and expected of an experiment; it may occur due to changes in the
environment (e.g. laboratory temperature), instrument limitations and day effects (e.g. natural
variability in how an analyst would pipette between experiments), and how the data are analysed
(e.g. rounding up or down of values). This can be attributed to measurement precision between
replicates, within and between experiments, analysts or centres. Systematic error will impact upon
measurements to the same effect and is often the result of a controllable variable. For example,
systematic error may occur when instrumentation is calibrated incorrectly, such as a pipette or
balance, which can introduce bias and impact upon the trueness of downstream measurements.
Bias can also be introduced by measurement against an inaccurate or incorrect reference
standard, highlighting how each of these aspects function as a dynamic system to enable the

most accurate measurements (Hutcheon et al., 2010).

Figure 1.3: Schematic representation of random and systematic error in a set of measurements that can

Ed
o.

Figure 1.3 depicts a schematic representation of random and systematic error in a set of

result in reduced accuracy.

A

measurements that can contribute to measurement uncertainty and result in reduced accuracy.
The blue central circle represents the expected range for a value, and the shaded green area
represents values outside of this range. The crosses represent six replicate measurements in an
analytical process. In scenario A the replicate measurements fall within the expected range,
suggesting that systematic bias is small and could indicate that the procedure has been calibrated
correctly. However, the replicate measurements appear to be highly variable indicating reduced
precision. This could represent measurements made using a technique that is sensitive to subtle
changes in the laboratory environment. In this scenario, attempts to keep error to a minimum

could include keeping the instrumentation in a temperature-controlled laboratory. This may serve
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to improve precision and increase measurement accuracy. In contrast, scenario B represents a
set of precise measurements. However, they appear to be biased away from the expected range
which may have been introduced by inaccurate calibration. This situation could be controlled for
by ensuring that the reference material used to calibrate the instrument is within specification and
appropriate, and that the calibration procedure was followed correctly. In scenario C the set of

measurements appear to be unbiased and precise, suggesting that they are more accurate.

1.1.2. Metrology in the biological sciences

1.1.2.1. The concept of ‘bio-metrology’

Metrological concepts are relatively new within biological fields compared to the physical and
chemical sciences. Biological entities are complex and prone to variability, which can lead to
greater uncertainty in associated analytical measurements (Coxon et al., 2019). An example of
this is the measurement of bone density in humans using dual-energy X-ray absorption. The
method itself obeys physical parameters for density, volume, and weight. However, measurement
is complicated by inherent variations in physiological parameters such as bioavailability and
adsorption of nutrients into the bone, which can vary within and between subjects. This could
present difficulties for establishing ‘normal’ ranges and thresholds for healthy versus disease
states, where measurements may be influenced by significant variability even for an individual
patient (lyengar, 2007). This illustrates the necessity for systematic evaluation of method
variability to assign appropriate measurement uncertainties and set standard values, against
which other measurements can be compared. This could improve accuracy of measurements for
bone density and ensure that reproducible data are obtained.

Bio-metrology should be regarded and promoted as a critically important area of modern
metrology (Park et al., 2012). The field holds a key role in clinical care to ensure that erroneous
measurements do not, ultimately, jeopardise patient safety and public health (Squara et al., 2015).
This maintains relevance for techniques that utilise molecular biology, which are widespread
within clinical diagnostics. The introduction of molecular techniques to clinical diagnostics has
revolutionised how diseases are detected, treated and monitored (Tang et al., 1997, Speers,
2006). Biological macromolecules can be utilised as biomarkers, where determination of their

structure, sequence and number can assist with diagnosis of disease, and monitoring responses
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to treatment. A plethora of commercial molecular platforms are available to clinical and research
laboratories, alongside in-house protocols (Adams, 2015). To support such widespread adoption
and utilisation of these methods it is critical that measurements of molecular biomarkers are
accurate, reproducible and reliable. Implementation of sound metrological principles within
molecular diagnostics can facilitate accuracy in measurement and continue to support the field

within clinical diagnostics.

1.2. Molecular measurements and infectious diseases

1.2.1. Diagnosis of infectious diseases

Humans and diseases such as malaria, cholera, tuberculosis (TB) and leprosy have had long-
standing relationships with one another, with cases still being reported in the 21t century
(Karlsson et al., 2014). The introduction of antimicrobial drugs and vaccines to modern medicine,
along with improved hygiene practices, has reduced the impact of infections on humans and
contributed to a general increase in global life expectancy (Brachman, 2003). The development
of microscopy methods, staining protocols and culture-based techniques historically aided the
detection and diagnosis of micro-organisms responsible for disease. In addition, rapid and
specific diagnoses have been facilitated by the incorporation of molecular technologies into
clinical microbiology laboratories. Molecular approaches can provide alternatives to culture based
methods that rely on phenotypic characteristics of microorganisms (Pavsic et al.,, 2015,
Honeyborne et al., 2014, Benagli et al., 2011, Kothari et al., 2014). Suitable diagnostic methods
are necessary to continue to detect infections with long-established pathogens, which prevail
alongside newly emerging threats linked to increased human migration and travel.

Numerous viral diseases have emerged over the past century leading to national and international
epidemics, and pandemics, including the 1918 H1N1 ‘Spanish flu’, HIV/AIDS, Ebola, Zika, severe
acute respiratory syndrome (SARS), Middle East Respiratory Syndrome (MERS) and coronavirus
disease 2019 (COVID-19). Occasional smaller scale outbreaks of bacterial diseases including
plague and cholera are also reported in endemic regions such as Madagascar and Yemen,
respectively (Bloom and Cadarette, 2019). The mounting threat of antiviral and antimicrobial
resistance contributes to a weakened ability to control outbreaks, which could result in increased

mortality particularly within immunocompromised groups. The growing number of modern
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outbreaks has led to countries devising plans to cope with future epidemics or pandemics. In
particular, the 2003 SARS pandemic and 2014 Ebola outbreak in West Africa exposed gaps in
preparedness in terms of disease detection, contact tracing and quarantine procedures, among
other aspects. These shortcomings are particularly evident in resource-limited settings and
highlight the necessary role of diagnostic infrastructures for diseases that may present with
generalised indicators, such as respiratory symptoms or fever (Madhav et al., 2017).

Diagnostics are a fundamental part of outbreak containment, with each pathogen presenting
unique challenges (Kelly-Cirino et al., 2019). Molecular methods in particular have become an
essential tool in the detection and diagnosis of many emerging infectious diseases (Dong et al.,
2008, Dwivedi et al., 2017). The COVID-19 global pandemic, which emerged early in 2020 and is
caused by the pathogen SARS-CoV-2, has so far resulted in the infection of over 40 million people
with the novel coronavirus (World Health Organisation, 2020b); 08" November 2020. Detection
of the virus to track the spread of disease, and control the outbreak in lieu of cure or vaccination,
has largely been facilitated by rapid development of molecular approaches. These approaches
can be developed at short notice to detect the viral genome, even in the absence of
comprehensive sequence information. The pathogen shares similarities to SARS-CoV (Xu et al.,
2020), which served as a basis for development of assays whilst sequence data for the novel
virus were being obtained (Corman et al., 2020). Prompt design and publication of such
approaches enabled widespread adoption of assays for in-house testing, diagnostic use and
emergency release of commercial products. However, the rapidly evolving nature of the pandemic
and haste for new diagnostic methods presents a key opportunity to highlight the importance of
standardisation and analytical accuracy in measurement within molecular diagnostics; a
consideration for emerging infectious diseases both present and future (Huggett et al., 2020a,

Huggett et al., 2020b).

1.2.2. Molecular methods for detection, quantification and advanced
analysis of pathogens

Technological advances within molecular biology over the past 50 years have continued to

expand and improve upon diagnostic capabilities for infection. A growing repertoire of

methodologies is available for sensitive, specific and comprehensive analyses of molecular

biomarkers for viral, bacterial, fungal and parasitic diseases. Development of methods for
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detecting pathogen nucleic acids, including polymerase chain reaction (PCR) and high throughput
sequencing (HTS), has enabled rapid analysis of pathogen genetic sequences for numerous
diseases. Figure 1.4 shows a timeline illustrating how diagnostic methods for infectious diseases,
namely viruses and antimicrobial resistant bacteria, have developed over the past century.
Methods for detection of nucleic acids are prevalent in the latter portion of each timeline, following
the discovery of PCR. Nucleic acid amplification techniques (NAATSs) feature heavily in the
modern armoury of molecular tests for infectious diseases (Caliendo et al., 2013), and have
significantly influenced the landscape of diagnostic testing. Nucleic acid-based approaches offer
advantages over conventional culture-based methods for detecting fastidious organisms such as
Bartonella spp and Yersinia pestis (Fenollar and Raoult, 2004), or for pathogens that carry
infection risks during culture such as SARS-CoV and MERS-CoV (Ginocchio, 2016). In addition,
technologies such as matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS), which are capable of measuring proteins and other molecules, enable rapid
detection and identification of organisms responsible for symptomatic infections and sepsis.
Molecular methods can facilitate pathogen detection where organisms are present in low numbers
and are able to differentiate between strains where this would otherwise be unachievable, based

on phenotypic methods.

33



Figure 1.4: Development of methods for detection of (a) viral diseases (Rasmussen, 2015) and (b)

antimicrobial resistant bacteria (Shanmugakani et al., 2020) over the past century.
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Molecular methods are also used to quantify pathogens in a range of clinical sample types, which
can be of great benefit to infectious disease diagnostics (Turano and Pirali, 1988). Quantifying
changes in pathogen load over time can assist with monitoring response to therapy. In addition,
guantitative information may be correlated with disease severity, and may help to set thresholds
for pathogen carriage versus invasive disease. Virology possesses some of the furthest
advancements in quantitative molecular diagnostics for infection (Gullett and Nolte, 2015).
Commercially available assays and reference standards for quantifying nucleic acids are
employed for monitoring human immunodeficiency virus 1 (HIV-1), hepatitis B and C (HBV &
HCV) and human cytomegalovirus (HCMV) viral load (Watzinger et al., 2004), to assist in patient
management. Absolute quantification and measurement of log decline of HCV viral load has
directly been applied clinically as a marker for shortening antiviral strategies in treatment naive,
non-cirrhotic patients (Terrault et al., 2005). Quantitative viral load measurements for less

common filoviral diseases including Ebola and Marburg are also of interest to clinicians as they
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can be predictive of disease severity, survival and infectivity, and for establishing detection limits
for diagnostic assays (Cnops et al., 2016). The role of quantification in clinical microbiology is
relatively new compared to virology, and current applications tend to be research-led. However,
bacterial load quantification has been described for numerous pathogens and sample types
including TB in sputum (Honeyborne et al., 2011), total bacterial load in stool samples (Brukner
et al.,, 2015), airway microbiota in cystic fibrosis patients (Zemanick et al., 2010) and for
determining disease severity in meningococcal disease (Darton et al., 2009).

In addition to quantification, the role of advanced molecular analyses of microbes continues to
develop for understanding disease dynamics and surveillance of infections. This specifically
relates to emerging approaches in infectious diseases including next generation sequencing,
mass spectrometry methods such as MALDI-TOF MS, and Fourier-transform infra-red (FTIR)
spectroscopy. These methods are capable of processing large datasets for entire proteomes,
genomes and ‘moleculomes’ (i.e. analysis of unique, combined lipid, carbohydrate, protein,
nucleic acid, etc fingerprints by FTIR (Vogt et al., 2019)), respectively. Characterisation of these
complex biochemical repertoires can help to create unique profiles for pathogens, and to infer
relationships between organisms of the same species for the purposes of surveillance and

outbreak control.

1.2.3. Nucleic acid-based methods

1.2.3.1. Introduction to polymerase chain reaction (PCR)

Early approaches utilising DNA probe hybridisation technologies, such as colony hybridisation by
Southern blotting, were used for detecting nucleic acids from bacterial pathogens, including
enterotoxigenic Escherichia coli, Mycobacterium tuberculosis complex and Neisseria
gonorrhoeae (Moseley et al., 1980, Musial et al., 1988, Lewis et al., 1993). These approaches
enabled rapid, specific detection of microbial gene targets, circumvented the need for culture and
were able to demonstrate relatedness between bacterial strains (Tang et al., 1997). Many of these
approaches were superseded by polymerase chain reaction (PCR), which has been at the
forefront of the molecular revolution since its inception in 1983 (Mullis and Faloona, 1987). PCR
is an enzyme-driven method of amplifying a single DNA molecule through thermal cycling. A

segment of the target sequence referred to as the amplicon is amplified exponentially generating,
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in theory, billions of copies of DNA (Yang and Rothman, 2004). Following conventional PCR
cycling the resulting amplicon product is analysed at endpoint, which usually involves
electrophoretic methods using fluorescent dyes to detect that the correctly sized amplicon has
been produced.

PCR has had a significant impact on the diagnosis and management of infectious diseases. Early
assays for detection of Mycobacterium tuberculosis (MTB) demonstrated PCR to be comparable
to culture in terms of sensitivity, specificity and positive/negative predictive values, with results
obtainable after around 6.5 hours (D'Amato et al., 1995). Culture-based methods for diagnosing
MTB can take up to 14 days to be detected (Pfyffer and Wittwer, 2012), highlighting the potential
benefit to patient care if time-to-diagnosis can be reduced. The utility of PCR as an adaptable and
versatile technique for diagnosing infectious diseases can be demonstrated across a breadth of
applications. PCR can provide sensitive detection of pathogen genomic material in biological
samples that are difficult to obtain, or contain low numbers of organism, including: cerebral spinal
fluid (CSF), amniotic fluid, urine, saliva and respiratory secretions (Taberlet et al., 1996).
Adaptations of the technique such as nested PCR, which involves two sequential amplifications
using different primer pairs, have been applied for PCR detection of Plasmodium spp in
epidemiological surveys (Li et al., 2014). PCR can be used to target the bacterial 16S ribosomal
DNA (known as broad-range PCR) in clinical bacteriology as a pre-cursor to microbiome studies
(Patel et al., 2017). PCR can be effectively optimised to suit complex templates, including those
that are GC rich. The technique can also be applied in multiplex (i.e. detecting more than one
gene target at once) to conserve reagents, reduce time to results and infer possible relationships
between targets (Henegariu et al., 1997).

PCR can enable the detection of pathogen RNA by combining the technique with reverse
transcription, facilitating amplification of viral RNA genomes and transcripts from viable organisms
(Sheridan et al., 1998, Yang and Rothman, 2004). Reverse transcription possesses the general
purpose of converting RNA into complementary DNA (cDNA) (Baltimore, 1970). This is facilitated
by reverse transcriptase, an RNA dependent DNA polymerase. In the context of reverse
transcription PCR (RT-PCR), RNA is converted to cDNA as a more stable, RNase resistant
substrate for PCR amplification. This is often performed using a primer complementary to the 3’
end of the RNA template which directs the first-strand cDNA synthesis. PCR then proceeds as

described above. Reverse transcription can be performed as a separate reaction, and the cDNA
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subsequently added to the PCR reaction (known as two-step RT-PCR). Conversely the two
reactions can take place in the same tube, ensuring that an incubation step for reverse
transcription is performed prior to PCR (referred to as one-step RT-PCR). Commonly used
reverse transcriptases for RT-PCR include those of the Avian Myelomatosis Virus (AMV) or the
Murine Moloney Leukaemia Virus (MMLYV), and a vast catalogue of commercial enzymes are
available. Choice of reverse transcriptase, among other factors, is a key factor in the efficiency
and success of an RT-PCR experiment (Barragan-Gonzalez et al., 1997). Considerations for

choosing enzymes for RT-PCR are discussed in further detail in Chapter 3.

1.2.3.2. Real-time PCR (gPCR)

Further adaptation and evolution of conventional PCR involved the development of real-time PCR
(gPCR), enabling simultaneous amplification and detection of amplicon (Yang and Rothman,
2004). The ability to detect PCR amplification in real time reduces the length of the analysis phase
by eliminating the requirement for electrophoretic gels, which are necessary for conventional
methods. qPCR follows the same basic principles as conventional PCR, except that the
accumulation of new double stranded DNA (dsDNA) PCR product can be monitored in real time
by capturing changes in fluorescent signal after each PCR cycle. This is achieved using dsDNA
intercalating dyes such as SYBR® Green, or fluorescently labelled internally binding DNA probes
such as hydrolysis probes. Fluorescently labelled probes, which are specific to the sequence of
interest, have the benefit of improving specificity for target amplification. Probe-based qgPCR
assays have gained popularity for infectious disease diagnostics (Kralik and Ricchi, 2017). In
addition, commercial availability of numerous fluorophores with different emission spectra for
probe-based chemistries enables detection of several targets in multiplex and in real-time.

Initial detection of DNA amplification in the reaction is signalled by the point at which fluorescence
is distinguishable from the background, referred to as the quantification cycle (Cq) (Huggett et al.,
2013). The Cq value corresponds to the PCR cycle number at which a signal was detected for
the target sequence, representing a ‘crossing point’ or threshold for amplification. Positive
amplification of the target of interest can be used qualitatively to infer presence or absence. In
addition, Cq values can be used quantitatively. This is performed by comparing Cq values for an
unknown sample to that obtained for a calibration standard of known quantity, which is included

in the same experiment. A dilution series of the standard is constructed and analysed, and the
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instrument response (Cq values) plotted against the logarithm of the input quantity (for example,
in copies per reaction, or copies per uL in the initial sample). The Cq value obtained for the
unknown sample can then be extrapolated against the standard curve to determine the input
guantity, expressed in the same units as the calibration standard (Bustin et al., 2009, Kralik and
Ricchi, 2017). Accurate quantification by gPCR necessitates that the standard used for the dilution
series is well characterised, free from inhibition and representative of the unknown sample matrix,
where possible. gPCR has been described as the ‘current gold-standard method’ for quantitative
analysis of nucleic acids (Nolan et al., 2013). The ability to accurately quantify pathogen load by
gPCR has become essential for the detection and management of numerous infections. When
combined with reverse transcription, RT-gPCR has facilitated viral load quantification for
pathogens such as HIV-1, hepatitis C and coronavirus which can directly influence transmission
risk and clinical management of patients (Clementi et al., 1993, Berger et al., 1998, Gibellini,

2004, Yu et al., 2020).

1.2.3.3. Digital PCR (dPCR)

The concept of digital PCR (dPCR) was first described in the 1990s (Morley, 2014), however the
technique has predominantly emerged within the last decade as a hovel method for quantification
of nucleic acid (Huggett and Whale, 2013, Huggett et al., 2016). dPCR involves partitioning a
reaction so that a proportion of the partitions contain the nucleic acid template, and some do not.
Thermal cycling commences in a similar manner to gPCR using fluorescence-based chemistries
(most commonly hydrolysis probes, although dsDNA intercalating dyes can be used (Miotke et
al., 2014)), with individual PCR reactions occurring in each of the partitions. At end point of
amplification, binary counting of positive (k) and negative (w) partitions is performed based on
whether a fluorescent signal is detected or not (Figure 1.5). The average number of targets
present in a partition, lambda (A), can be calculated based on the number of negative partitions
relative to the total number of analysable partitions (n) (Huggett et al., 2013). The A value can
then be used to calculate the concentration of nucleic acid in the starting template, accounting for

partitions that may have contained more than one nucleic acid molecule prior to cycling.
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Figure 1.5: Sample partitioning, thermal cycling and detection of fluorescence that takes place during digital
PCR. A total reaction volume containing template (A) is split into multiple partitions under pressure (B). Each
partition hosts an individual PCR reaction (C), and the resulting fluorescent signal is detected. Partitions are

categorised as positive or negative (D) (Dongngam et al., 2015).
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As the technique has become more popular among the scientific community, a growing number
of commercial dPCR platforms have become available. These are broadly separated into those
involving fixed-volume chamber-based partitioning (Fluidigm™ Biomark, Applied Biosystems/Life
technologies™ QuantStudio™ 3D) and those that sequester the reaction into oil-based partitions
(Bio-Rad QX200™ Droplet Digital™ PCR system, Stilla Technologies Naica). Current
approaches offer between 765 and 10 million partitions that range from 5 pL to 6 nL volume per
partition, depending on the platform (Rutsaert et al.,, 2018a). dPCR has been validated for
absolute quantification of DNA (Sanders et al., 2011) and RNA (Sanders et al., 2013) templates,
and has become an attractive technique for molecular diagnostics. The method offers precise
quantification of target sequence that can be achieved without the need for a standard curve
(Kuypers and Jerome, 2017). dPCR can be applied to quantify targets that are present at low
copy number (Huggett et al., 2015), and is well suited to multiplexing to deduce complex
relationships between targets in a sample (Whale et al., 2016b, Taylor et al., 2017). There is
growing interest in using dPCR to value assign calibration materials for diagnostic gPCR assays,
and in integrating dPCR into clinical workflows (Huggett et al., 2015).

dPCR has a broad spectrum of potential applications within microbiology and pathogen
quantification (Powell and Babady, 2018). Numerous applications for dPCR have been
demonstrated within virology, particularly for rarer pathogens and those that lack suitable gPCR
reference materials (Salipante and Jerome, 2019). Absolute quantification offered by dPCR has

been used to explore viral load quantification compared with gPCR for HCMV (Hayden et al.,
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2013), numerous applications within HIV-1 research (Trypsteen et al., 2016), to detect rare
mutations associated with drug resistance in influenza (Whale et al., 2016a), and evaluate the
clinical significance of chromosomally integrated human herpesvirus (Sedlak et al., 2014). The
utility of dPCR is also described for quantification of bacterial gene targets, such as for
Staphylococcus spp (Kelley et al., 2013, Ziegler et al., 2019b), M. tuberculosis (Devonshire et al.,
2016a) and Chlamydia trachomatis (Roberts et al., 2013). Interest in dPCR applications extends
beyond viral and bacterial pathogens including; quantification of low-level fungal gene targets in
neonates (Li et al., 2019), detection of Schistosoma japonicum DNA in a range of clinical sample
types (Weerakoon et al., 2017) and Ascaris lumbricoides eggs in water sources (Acosta Soto et
al., 2017), as a tool to standardise quantitative studies for Plasmodium spp (Koepfli et al., 2016)
and numerous other parasitic infections (Pomari et al., 2019). This diverse set of examples
demonstrates the utility of dPCR in numerous fields of pathogen research, and the potential of

the technique as an emerging in vitro diagnostic (IVD) tool.

1.2.3.4. Isothermal nucleic acid amplification approaches

Isothermal nucleic acid amplification methods, such as loop-mediated isothermal amplification
(LAMP), transcription-mediated amplification (TMA) and nucleic acid sequence-based
amplification (NASBA), form the basis of many commercial tests for clinical quantification of
pathogen nucleic acids (Ginocchio, 2004). TMA, which is a popular technique for detection of C.
trachomatis and N. gonorrhoeae in clinical microbiology laboratories, is well established for
guantification of viruses such as HIV-1 (Oehlenschlager et al., 1996, Ginocchio et al., 2003,
Manak et al., 2016), HBV (Chevaliez et al., 2017a) and HCV (Hofmann et al., 2005, Chevaliez et
al., 2017b), using the Aptima Quant Dx (Hologic) and NucliSens (bioMeriéux) tests. TMA (which
is synonymous with NASBA (Singleton, 2000)) differs from gPCR in that amplification occurs at a
single temperature and targets the RNA template instead of DNA. Similarly to qPCR,
guantification using isothermal methods requires dilutions of a standard of known concentration
against which the unknown sample will be compared. The threshold time (Tt), a similar metric to
Cq for gPCR, is used for quantification of the unknown sample (Nixon et al., 2014b). The
instrument response for the unknown sample can be extrapolated from the standard curve,
enabling the results to be reported in the desired units (e.g. copies per uL). Advantages of
isothermal nucleic acid amplification methods over PCR-based approaches include the fact that
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thermal cycling equipment is not required, making these techniques an attractive option for
resource-limited settings. However, techniques such as LAMP have been demonstrated to be
several orders of magnitude less sensitive than gPCR for quantifying viral sequences (Nixon et
al., 2014a). This puts LAMP at a potential disadvantage for detection and quantification of low

numbers of pathogens.

1.2.3.5. Next generation sequencing (NGS)

Next generation sequencing (NGS) is an emerging genomic method that is gaining traction as a
key laboratory technique for diagnosis and monitoring of infectious diseases. An increasing
number of NGS methodologies have become available since the emergence of the Sanger DNA
sequencing method in 1977. Improved accessibility of sequencing platforms and reducing costs
have led to increased interest in applying NGS to clinical microbiology, particularly in laboratories
that already have molecular capabilities. Popular approaches for NGS include Solexa HiSeq and
MiSeq sequencing (lllumina, USA) and, more recently, Nanopore sequencing (Oxford Nanopore
Technologies, UK) (Kulski, 2016). Most sequencing studies for infectious diseases involve
targeted amplicon sequencing or whole genome sequencing (WGS). Both methods have been
applied to drug resistance mutation testing and surveillance, pathogen identification, microbiome
studies and genotypic characterisation (Lefterova et al., 2015). WGS, which offers de novo
assembly of genomes, has the potential to provide a broader analysis compared to amplicon
sequencing, offering more information on drug resistance through a full spectrum of genes,
facilitating better resolution (Brumfield et al., 2020). WGS has also emerged as a new reference
method for bacterial strain typing (Fitzpatrick et al., 2016). Application for this purpose tends to
be on an ad hoc basis by reference laboratories (Lewis et al., 2010, Izwan et al., 2015, Fang et
al., 2016, Alouane et al., 2017, Li et al., 2017), and the feasibility of adopting the technique into
routine practice is still to be fully evaluated (Willems et al., 2016, Venditti et al., 2018). NGS
technologies also hold a promising role for metagenomic analysis of clinical samples for a number
of diseases (Pallen, 2014, Miao et al., 2018, Dekker, 2018, Gu et al., 2019). Although not routinely
available in routine microbiology laboratories, NGS is used for variant detection in clinical
diagnosis of hereditary disorders and genetic testing (Hartman et al., 2019). Implementation may

presently be limited by cost of equipment and requirement for experience in bioinformatic
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analysis, however standardisation of protocols and guidance for data analysis could lead to a

more rapid uptake of the technique for routine microbiology laboratories (Olson et al., 2015).

1.2.4. Proteomic analysis of pathogens

1.2.4.1. Matrix assisted laser desorption/ionisation time of flight mass

spectrometry (MALDI-TOF MS)

In addition to the nucleic acid-based approaches described in Section 1.2.3, the emergence of
techniques for protein analysis has contributed to shaping the diagnostic landscape in infection
control. In particular, matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS) is a soft ionisation mass spectrometry technique that has revolutionised the
identification of bacteria and fungi in clinical microbiology laboratories within the last decade
(Singhal et al.,, 2015, van Belkum et al., 2017, Parchen and de Valk, 2019). Historically
microbiology has relied on culture-based methodologies for species identification, characterising
pathogens by their morphology and biochemistry. Whilst these methods still hold their place in
the microbiology laboratory, they have been complemented by the introduction of rapid, accurate
and inexpensive genomic and proteomic techniques (Marx, 2017). This has facilitated a reduction
in time to diagnosis, which can be of great benefit for making urgent clinical decisions in targeting
appropriate antimicrobial therapies. Bacterial species identification by MALDI-TOF MS relies on
the generation of a mass spectrum containing a mixture of proteins of different masses. The
proteins are co-crystallised within an organic matrix, ionised using a laser, and are subsequently
separated in a vacuum on the basis of their time-of-flight; a function of their mass-to-charge (m/z)
ratio. lons from ribosomal proteins predominate in the mixture, as they are readily isolated in the
acidic, organic matrix (Opota et al., 2017). The ions are detected at the end of the flight tube and
a mass spectrum generated for that sample; the m/z ratio is used to represent the molecular
weight of the proteins in Daltons (Da) since the charge of the ions is +1 (Shah and Gharbia, 2017)
(Figure 1.6). Detailed databases containing reference spectra are available against which the
unknown sample can be compared, enabling species identification within minutes. The number
of peaks in the unknown sample is compared to the number of peaks in the reference database
and reported as a log score, which represents how well the mass spectrum of the unknown

sample matches the reference spectrum.

42



Figure 1.6: Principles of MALDI-TOF MS. A: the co-crystallised sample-matrix is ionised by a laser beam, accelerated through the linear flight tube and detected based on time-of-flight.

B: an example mass spectrum with peaks of varying m/z values (Wieser et al., 2012).
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MALDI-TOF MS has been demonstrated as a robust method for bacterial identification across a
range of experimental variables, including choice of platform and culture medium (Carbonnelle et
al., 2012, Anderson et al., 2012). Routine approaches for species identification by MALDI-TOF
MS generally require organisms to be cultured prior to analysis. Bacterial colonies from cultured
isolates can be directly spotted onto the MALDI target plates, or proteins may be extracted. Formic
acid extraction is a commonly used approach that has been demonstrated to improve
identification accuracy for some species of bacteria, such as Gram-positive cocci (Alatoom et al.,
2011). Some studies have also evaluated MALDI-TOF MS analysis directly from urine samples,
with promising results (Ferreira et al., 2011, ifiigo et al., 2016). Although demonstrated to be
robust for species identification, standardisation of MALDI-TOF MS protocols should still be
considered within laboratory practices (Williams et al., 2003). Numerous experimental factors
including culture, instrument calibration and organism characteristics have the potential to
influence the quality of spectra. This, combined with the quality of spectra available in the
database, can impact upon the reliability of the species identification result (Croxatto et al., 2012).
MALDI-TOF MS methods are well optimised for identifying a range of bacterial species including
carbapenem resistant Enterobacteriaceae (CREs) (Sakarikou et al., 2017), Staphylococcus
aureus (Wolters et al., 2011) and other species of clinical relevance (Benagli et al., 2011). In
addition to identification of species associated with more common infections, further roles for
MALDI-TOF MS have been indicated. These include development of methods and databases to
characterise non-tuberculous mycobacteria (NTMs) (Mediavilla-Gradolph et al., 2015) and fungi
(Normand et al., 2017, Gorton et al., 2014). In addition, the applicability of MALDI-TOF MS has
been demonstrated for detecting protein peaks associated with hypervirulence and drug
resistance (Hart et al., 2015, Flores-Trevifio et al., 2019), and detection of biomarkers additional
to proteins such as peptides and lipids (Cho et al., 2015, Larrouy-Maumus et al., 2016). MALDI-
TOF MS has also been implicated for strain typing below the species level for a number of
organisms (Rafei et al., 2014, Mehta and Silva, 2015, Johnson et al., 2016). These examples
demonstrate the breath of potential applications for MALDI-TOF MS, highlighting an invaluable

role for advanced molecular analysis in better understanding the dynamics of infection.
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1.3. Improving measurement accuracy in molecular diagnosis of infectious

diseases

1.3.1. Harmonising molecular measurements

1.3.1.1.  Establishing metrological frameworks

Despite the widespread integration of molecular methods into diagnostics for infection,
metrological concepts have been relatively slow to catch up. Measurement variability between
tests, experiments and laboratories hinders the comparability of results between patients,
platforms and studies. For example, diagnosis of infection with the highly contagious bacterium
Clostridium difficile often includes blood toxin (TOX) testing to indicate symptomatic disease, and
a pathogen-specific PCR to confirm the presence of the etiological agent. Indication for invasive
infection is usually accepted when a patient is TOX and PCR positive. However, reliance on PCR
results in lieu of TOX outcomes in some centres has been reported to lead to overdiagnosis of
symptomatic C. difficile infection which may lead to inappropriate use of antimicrobial therapy.
The lack of standardisation in data interpretation between centres may put patients at risk,
highlighting the need for harmonisation of methods (Polage et al., 2015). Similar issues
surrounding disharmony of methods between diagnostic laboratories exist for response-based
treatment of HCV infection. The approach, which is based on qPCR quantification of viral load as
a marker for shortening of HCV treatment as discussed in Section 1.2.2, may not be reliable as a
global indicator because of variability between assays and patients (Vermehren et al., 2016).
Improved harmonisation of results could be achieved thorough the implementation of reference
measurement procedures (RMPs) and standardisation of workflows, facilitated through the
establishment of metrological frameworks for infection.

The importance of measurement traceability and standardisation has been recognised in clinical
diagnostic laboratories, and frameworks have been established to help laboratories achieve this.
Such frameworks enable an externally validated source of quality control, ensuring that clinical
laboratories are producing the most accurate measurements possible. This also means producing
uncertainty values to encompass random and systematic error associated with laboratory
methods, enabling confidence in measurements that underpins the quality of results for

diagnostics. It is upon recommendation that the uncertainty of patient results from diagnostic
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microbiological tests is known (Fuentes-Arderiu, 2002), and that laboratory-developed (i.e. non-
commercial) diagnostic assays endure full and thorough validation to ensure that they are fit for
purpose (Burd, 2010). National Measurement Institutes (NMIs) are designated centres
responsible for leading measurement science, and play a key role in establishing and maintaining
metrological frameworks to support clinical diagnostic measurements. Such institutes, including
the National Measurement Laboratory (NML) in Teddington, operate at a national and
international level through collaboration with other NMIs, government, industry, academia and
clinical partners. The role of the NMI is to ensure traceability and quality of measurements, and
to identify issues that can impact upon measurement accuracy to facilitate reliable metrics for
ensuring patient safety (Braybrook and Dean, 2012). This can be facilitated thorough NMI
engagement in international consortia for metrology in biological measurements, and participation
in international comparison studies for measuring amount of substance including nucleic acids
and proteins. This provides an opportunity to demonstrate measurement comparability for the
most sensitive applications (Whale et al., 2017, Devonshire et al., 2016b, Dong et al., 2020a).
NMls are also prolific in delivering EU funded projects for metrology in infection. Past projects
include Infect-Met (EURAMET, 2015) and AntiMicroResist (EURAMET, 2019), demonstrating the

reach of metrology within infection.

1.3.1.2. Inter-laboratory collaboration and comparison of clinical

measurements

In addition to NMIs, diagnostic laboratories for clinical testing can promote harmonisation of
molecular measurements from within. A platform for clinical laboratories to do this is through
participation in External Quality Assessment (EQA) schemes to support harmonised reporting of
results, especially those that are quantitative. This can promote improvements in metrological
accuracy between laboratories though analytical quality, and through standardisation in the way
results are reported — such as through the use of common nomenclature, measurement units and
reference intervals (Jones, 2017). Generally, participating laboratories will receive a set of
samples from an EQA provider such as INSTAND e. V. (Germany), Quality Control for Molecular
Diagnostics (QCMD, UK) and the National External Quality Assessment Service (NEQAS, UK).
Commercial companies such as Randox Laboratories (UK) and Bio-Rad Laboratories (USA) also

co-ordinate their own EQA programs (Jones, 2017). The samples have been pre-analysed using
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a reference method and have been characterised in terms of number or identity. The participating
laboratory will analyse the samples using their method of choice, such as their usual diagnostic
approaches in the case of clinical laboratories, and report back to the EQA provider. The results
of the participants can be compared, and any outliers identified. Following interlaboratory studies
for clinical biomarkers, the consensus value will be assigned an uncertainty and may be used as
a clinical range for healthy versus disease states. If the uncertainty on the value is large (indicating
imprecision), or the value has been skewed by inherent bias in the method, then the clinical
diagnostic range is unreliable and may jeopardise patient safety. A study by Patton et al (2014)
highlighted variability in reported results from a pilot EQA for somatic epidermal growth factor
receptor (EGFR) gene mutational analysis in non-small-cell lung cancer (NSCLC). The authors
speculate that variability was largely attributed to error from pre-analytical steps, which resulted
in false negatives being obtained by some of the participating laboratories. In addition, lack of
information given by laboratories on experimental procedures highlights the need for
transparency to enable sources of error to be identified. This study highlights that there is still
room for improvement within interlaboratory schemes for molecular analyses, which can improve
reliability of reporting and clinical care for patients where EGFR mutation analysis is used as a
first-line diagnostic test (Patton et al., 2014).

An important emerging role of NMIs in inter-laboratory studies is the value assignment of test
materials or calibrators that are to be included in proficiency schemes. Types of materials included
in these analyses range from purified nucleic acid in buffered solution to extractable matrices
containing whole organisms. Value assignment can be performed using a precise counting
method, such as mass spectrometry, direct counting or dPCR. This has been demonstrated for
an EQA scheme to quantify genomic RNA from SARS-CoV-2, for which reference values were
provided by three NMIs using RT-dPCR as a candidate reference method (INSTAND, 2020).
Prospective participants in the scheme can use this value as a benchmark for their own analyses,
promoting harmonisation of measurements between laboratories that are measuring nucleic acid
from SARS-CoV-2. This represents the first use of NMI-defined RT-dPCR values as reference in
an EQA scheme for RNA quantification, and highlights a pivotal role for measurement
harmonisation in achieving accuracy in clinical measurement of pathogen genomes. EQA

participation, or more generally inter-laboratory testing, can help to validate the repeatability and
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robustness of methods, or the commutability of a reference material used to calibrate clinical

diagnostic approaches.

1.3.1.3. Transparency in data reporting

The requirement for standardisation in molecular measurements exists alongside the necessity
for transparency in reporting of data to facilitate harmonisation. Although rare, misrepresentation
of scientific results in published studies may occur if the data contained within them are inaccurate
or lacking in scientific credibility. This can have a wider, sometimes catastrophic impact on public
opinion, as well as limiting method repeatability in the lab. A well-known example of this involved
the misrepresentation of results linking autism spectrum disorders (ASDs) with the measles,
mumps and rubella (MMR) vaccine (Wakefield et al., 1998). The report led to reduced public
uptake of the vaccine, resulting in multiple epidemics of measles which can be fatal. It was later
revealed that unreported contamination issues within the laboratory likely invalidated the findings
of the study (Cedillo v. HHS, 2007), contributing to the redaction of the published work. Importantly
this event also highlighted the importance of utilising rigorous laboratory controls, throwing a
spotlight onto the role of metrology in ensuring data integrity.

Numerous guidelines have since been published to encourage author driven transparency of
experimental protocols and data reliability. The purpose of these guidelines is to ensure a
minimum level of quality in reported results for molecular approaches. The Minimum Information
for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines (Bustin et al.,
2009), a collaborative effort between molecular biology laboratories and NMIs, discusses the
importance of harmonisation of gPCR data and associated terminology. The publication includes
a checklist that researchers can use to ensure that their experiments meet the minimum
requirements. As discussed in Section 1.2.3.2, the widespread use of qPCR and potential for
disharmony between quantitative data could be problematic (Bustin et al., 2013), and the
significance of producing high quality qPCR data is so great that comprehensive guidance for
conducting experiments has been published (Taylor et al.,, 2019). The importance of data
transparency extends to other areas of molecular diagnostics, particularly for emerging methods
such as dPCR (digital MIQE) (Huggett et al., 2013, The dMIQE Group and Huggett, 2020).
Minimum information guidelines exist for NGS from the genomic standards consortium; Minimum

Information about any x Sequence (MIXS) including Minimum Information about a Genome
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Sequence (MIGS) (Field et al., 2008, Bowers et al., 2017), and also for molecular epidemiology
(STROME-ID) and metagenomic studies (STROBE-metagenomics) of infectious diseases (Field
et al., 2014, Bharucha et al., 2020). Data transparency is also encouraged for proteomics/mass
spectrometry experiments to address reproducibility, via the Minimum Information About a
Proteomics Experiment (MIAPE) and supplemental Minimum Information About a Mass
Spectrometry Imaging Experiment (MIAMSIE) guidelines (Taylor et al., 2007, Gustafsson et al.,
2018). Guidance documents of this kind are not a concept unique to molecular diagnostics, as
other guidelines for reporting standards exist for randomised control trials (CONSORT) and
accuracy of diagnostic tests (STARD). Reports have demonstrated that implementing these
checklists improves the quality of reported data for clinical trials (Plint et al., 2006, Smidt et al.,
2006), supporting their usefulness in maintaining data integrity is all aspects of clinical and pre-

clinical research.

1.3.2. Development and characterisation of reference materials and

methods

1.3.2.1. International reference standards

To ensure that measurements in molecular diagnostics are reliable, laboratory results must be
traceable over space and time. This is particularly important for detection of pathogens that may
be present at low levels within complex biological matrices, and for diseases that require
monitoring over extended periods of time. Measurement variability in molecular diagnoses can
be attributed to sources of random and systematic error. These can result from differences in
instrument calibration within and between laboratories, analytical approaches and reagent
production batches, as well as biological variability related to the sample type. Uncontrolled or
uncharacterised measurement error can complicate measurement precision and, ultimately,
accuracy. The increasing application of emerging methods for making sensitive measurements
of pathogen biomarkers requires suitable quality metrics for comparing measurements and
validating workflows. Furthermore, an increasing number of diagnostic results are reported as
absolute values rather than relative changes, highlighting the need for the highest possible degree

of accuracy (Madej et al., 2010). Traceability and harmonisation of laboratory results, and
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validation of new workflows, can be facilitated through the availability of stable and well
characterised reference materials.

There is an urgent need for quantitative reference materials in infectious disease diagnostics. The
relative lack of well characterised and traceable reference materials available for detecting,
characterising and quantifying pathogens has been a limiting factor in affording measurement
traceability (Fryer et al., 2008, Madej et al., 2010, Rampling et al., 2019). Commutable reference
materials could help to harmonise findings between laboratories, establish new methods, and
help diagnostic laboratories maintain competency through provision of reference values, against
which performance can be compared. Whilst the repertoire of available reference materials for
nucleic acid quantification of pathogens has increased over the past decade, maintenance of
these must continue. Development of higher-order reference materials for nucleic acid
guantification in infectious diseases is required (Jing et al., 2018). A higher-order reference
material is one to which other measurements can be referenced because it sits high in the
traceability chain (Figure 1.2), and has an established measurement uncertainty associated with
its nominal value (Armbruster and Miller, 2007). A catalogue of reference materials including
those for HIV-1, HCV, HCMV and Epstein Barr virus (EBV) endorsed by the World Health
Organisation (WHO) exists for measuring biological activity, and for the purpose of downstream
standardisation of in vitro diagnostic approaches. Preparation and validation of these materials is
the responsibility of expert laboratories including the National Institute for Biological Standards
and Control (NIBSC), Paul-Ehrlich-Institut (PEI) and Centre for Biologics Evaluation and
Research (CBER). The application of the WHO-endorsed materials to diagnostic approaches
enables an internationally agreed unit of measurement, the International Unit (IU), to allow

worldwide comparison of data (World Health Organization, 2006).

1.3.2.2. Sl traceability in infectious disease diagnostics

Sl traceability, referring to the traceability of measurements to a base unit defined by a fixed
constant, is a relatively new concept to molecular diagnostics. The heterogenous nature of
biological materials and lack of suitable reference methods currently limits measurements of
infectious disease biomarkers being ubiquitously expressed in accordance with the Sl system of
units (World Health Organization, 2017b). The availability of primary reference materials for

infection traceable to the Sl through validated measurement procedures would further help to
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standardise quantitative analyses of pathogens. This would facilitate downstream traceability for
subsequent standards and calibration materials, allowing any resulting diagnostic measurements
that are indirectly traceable to the Sl to be comparable between studies and centres. Development
of traceable methods and materials for nucleic acid analysis could be of benefit for molecular
diagnostics, especially where quantification of nucleic acids directly influences clinical decisions
(Katto, 2017). The approach taken for value assignment of WHO International Standards allows
measurements to be standardised to the IU assigned to a primary reference material. The
development of more complex materials representative of clinical samples can allow matrix
effects to be factored in, and sources of measurement error to be characterised.

The concept of developing reference measurement procedures (RMPs) and Sl traceable
reference materials for assessing measurement trueness of biological entities in infection is
emerging. Primary RMPs are intended to give Sl traceability to primary reference materials,
initiating the traceability chain for production of subsequent reference materials and
measurements. ‘Count’ — expressed as the number of molecules of substance, such as copies of
a nucleic acid sequence — has come to be recognized as a dimensionless Sl unit. As a result,
formal traceability to the Sl can be established through an appropriate measurement procedure
for counting the number of molecular entities (BIPM., 2019). dPCR has been applied as an RMP
for DNA quantification in cancer models (Whale et al., 2018), and for quantification of HCMV DNA
(Pavsic et al., 2017). This is fitting given the development of the first HCMV DNA plasmid standard
that is traceable to the Sl expressed as DNA copies per uL (Haynes et al., 2013). Figure 1.7
shows a traceability chain for molecular quantification, adapted from Figure 1.2, demonstrating

the role of dPCR as a RMP for gPCR quantification of clinical biomarkers.
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Figure 1.7: Calibration traceability chain for quantitative molecular measurements, demonstrating the

positioning of dPCR as a reference measurement procedure (RMP). Figure adapted from Gantzer (2012)
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The application of dPCR as an RMP for absolute value assignment of primary reference materials
could eliminate measurement bias that may be introduced by other methods, potentially providing
a more accurate reference value. The emergence of Sl traceability within the realm of biological
standards for infectious diseases paves the way for the other disease models, and holds particular

value for quantification of RNA viruses as a future application.

1.3.2.3.  Biological complexity of reference materials

Reference materials and calibration standards for quantification of nucleic acids from pathogens
exist in numerous states of varying complexity (Figure 1.8). This refers not only to primary
standards at the top of the traceability chain, but also to secondary standards and those that may

be produced for validating and calibrating in-house assays.
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Figure 1.8: Varying complexity of microbiological standards and reference materials (Devonshire et al.,
2015). A material that closely resembles a complete organism within a clinical sample matrix (A) may be
used to assess the full analytical workflow including extraction. In some cases, pre-extracted material such

as genomic nucleic acid (B) or synthetic constructs (C) may be more appropriate options.
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Many of the WHO International Standards used for quantification of nucleic acids, predominantly

from viruses although some standards of this kind exist for protozoa (Padley et al., 2008), are
comprised of whole organism in a background of human plasma or serum. These materials
(Figure 1.8 A) best represent a clinical sample matrix, and incorporate measurement uncertainty
from extraction and other analytical steps in their analysis. However, samples containing
biological fluids may contain more inhibitors of NAATS including nucleases that can degrade the
target of interest. In addition, production of materials containing whole virus is not always possible.
In the case of haemorrhagic diseases including Lassa fever and Rift Valley fever, source materials
are yet to be obtained to prepare a whole virus material (Rampling et al., 2019). There are also
safety implications due to limited access to biosafety level (BSL) 4 facilities required to culture
these viruses. Where possible, reference material providers may distribute pre-extracted genomic
material for these pathogens (Figure 1.8 B), a safer option for enabling increased complexity in
nucleic acid analysis. One interesting additional workaround is the inclusion of synthetic viral
nucleic acid constructs encapsulated in a lentiviral envelope. These lentiviral materials contain no
infectious virus and therefore enable safe handling and extraction of nucleic acid from the
material. A WHO International Standard of this nature is already available for Ebola (Mattiuzzo et
al., 2015), and a similar material for SARS-CoV-2 is in development (SARS-CoV-2 RNA; NIBSC
19/304). In lieu of extractable material, laboratories may turn to synthetic plasmid constructs or in
vitro RNA transcripts containing the pathogen sequence of interest (Figure 1.8 C). The use of
these stable constructs benefits from standardised input quantity based on known molecular
weight, contributing to accurate quantification of target sequence. Synthetic standards are a

common choice of material for validating in-house assays, and may be designed by the end user

53



for validation against an existing primary (or secondary) reference material (Nolan et al., 2013).
This highlights the importance of reference material traceability at source to ensure that accurate

measurements can be made based on in-house controls downstream.

1.3.3. Characterising sources of experimental variability contributing to

measurement error

Characterisation of sources of experimental variability contributing to measurement error is a
fundamental activity at the core of achieving accurate measurements. Essentially, understanding
why measurements vary could help to prevent unnecessary error, or promote incorporation of the
error into measurement uncertainty budgets. Understanding sources of random and systematic
error is also essential when developing novel diagnostic approaches for molecular quantification
and characterisation of pathogens. Increased measurement error, defined as the variation of
measurements around the true value (Bland and Altman, 1996), can diminish measurement
quality through reduced accuracy, repeatability and reliability (Coggon et al., 2020). There
remains a need to ensure that diagnostic tests are fit-for-purpose, necessitating stewardship for
measurement reliability (Messacar et al., 2017). Measurements of molecular biomarkers should
be made with the highest technical accuracy (i.e. the performance of the molecular test under a
defined set of conditions, including analytical sensitivity, repeatability and reproducibility) to
support diagnostic accuracy (i.e. the ability of a diagnostic test to correctly detect or exclude a
disease) and impact upon clinical outcomes (Simundi¢, 2009). Evaluation of diagnostic tests
should therefore always include an assessment of technical accuracy in determining clinical
impact (Van den Bruel et al., 2007).

Measurement error can be introduced due to variability in numerous pre-analytical and analytical
processes. This can include sample storage and culture of organisms (pre-analytical), choice of
extraction method, efficiency of enzymatic processes, stability of calibration standards
(analytical), and choice of data analysis approach (post-analytical) (Narayanan, 2000, Sanders et
al., 2014, Adams, 2015, Bustin et al., 2015, Markus et al., 2018, Chavez, 2019). Sample
preparation and extraction, in particular, can significantly contribute to experimental variability.
Nucleic acid extraction has been demonstrated as a major contributing factor to experimental
variability in studies characterising microbiomes in humans (Greathouse et al., 2019).

Additionally, extraction efficiency of cell-free DNA (cfDNA) from plasma has been shown to vary
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by approximately 65% between specimens, as determined by qPCR quantification of a spike-in
oligonucleotide control. This has been proposed as a source of bias in quantifying cfDNA levels
that may be used for clinical prognosis following traumatic brain injury and stroke (O’Connell et
al., 2017). The authors discuss how properties of the individual specimens, including ion
concentrations, pH, protein levels, and lipid content, may contribute to variability in extraction and
quantification of the target sequence. This highlights the measurement challenges associated
with molecular analysis of biological entities, in that varying and unpredictable levels of potential
inhibitors can contribute to measurement error. Matrix-specific variability associated with DNA
extraction has also been observed for gPCR analysis of food samples (Cankar et al., 2006), and
in viral nucleic acid quantification (Pavsic et al., 2016). In addition, choice of extraction protocol
can impact upon yield as the quantity of extracted material is a function of extraction efficiency,
purity and intactness, which can vary by method (Olson and Morrow, 2012). This is an important
consideration when assessing the impact of nucleic acid extraction method on measurement
variability. This consideration is not limited to analysis of nucleic acids either, as Toh-Boyo et al
(2012) illustrated that sample preparation steps are key variables in MALDI-TOF MS analysis of
bacterial proteins that can influence experimental reproducibility (Toh-Boyo et al., 2012). Ensuring
continuity in upstream methods calls for implementation of standardised approaches, which

should be considered on a sample-dependent basis (Demeke and Jenkins, 2010).

1.4. Contribution to the field

Analytical accuracy in molecular measurements for diagnosis of infectious diseases can be
achieved through the practice and promotion of metrology. This can involve characterisation of
sources of experimental variability contributing to measurement error, development and use of
reliable reference materials, establishment of metrological frameworks for infection, contribution
to inter-laboratory comparisons of measurement, and transparency in data reporting.
Implementation of metrological principles by clinical laboratories, NMls, reference material
producers, EQA providers, commercial manufacturers, and policy makers can help to facilitate
improved accuracy in analytical measurements. This also highlights the importance of maintaining
collaborative metrology networks in ensuring the development and use of appropriate diagnostic
methods for managing and controlling infectious diseases. This is not only essential for the

management of current endemic diseases, but for emerging diseases posing the biggest threats
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to human health, including COVID-19, haemorrhagic fevers and presently unidentified pathogens
of the future (World Health Organisation, 2018).

In this thesis | explore the role of emerging technologies and the significance of measurement
research in molecular characterisation and quantification of pathogens. In each chapter | explore
possible contributions to measurement error through evaluation of experimental variables, and
the potential impact on measurement accuracy. This thesis investigates the measurement of
RNA, DNA and proteins using emerging technologies for molecular quantification and
characterisation of pathogen biomarkers. | examine the placing of emerging technologies for
making advanced measurements and discuss their potential role as complementary methods to
routine clinical management of pathogens. The work presented in this thesis complements
previously published data to support the role of metrology in infectious disease diagnostics, and
expands on measurement challenges specific to each of the disease models described in each
chapter. This work could help to address fundamental questions surrounding analytical error in
sensitive molecular measurements. As discussed in Section 1.3.3, an evaluation of the placing of
these methods in molecular diagnosis of infection must include scrutiny of the inherent sources
of measurement variability. Rigorous assessment of these parameters could influence the

adoption of emerging techniques into clinical practices.

1.5. Thesis aims

To explore the aims of my thesis within the broad context of infectious disease diagnostics, | have
focused on four distinct models for different diseases, molecular approaches and measurement
challenges. Briefly, the models presented in this thesis centre around quantification of viral and
bacterial nucleic acids, and qualitative analysis of bacterial proteomes for sub-species typing.
Clinically, nucleic acid quantification and protein characterisation may be applied to identify and
monitor infections, and for identifying transmission routes. In order to explore the analytical

accuracy of these measurements, | have set out the following thesis aims:

1. To determine which experimental variables contribute to measurement error and have
the potential to influence measurement accuracy.
2. To explore how metrological principles can be promoted and utilised to support the

accuracy of current methods for quantification and characterisation of pathogens.
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3. To establish how emerging molecular methods could improve confidence in
measurements for infectious disease diagnostics and be of benefit to clinical decisions

and patient outcomes.

1.6. Hypotheses

Specific hypotheses are presented for each of the results chapters to accommodate the

measurement challenges associated with each section.

Chapter 3. Investigating differences between reverse transcription (RT) digital PCR

methods for quantification of HIV-1 genomic RNA

HIV-1 RNA viral load is quantified in plasma of HIV positive individuals using reverse transcription
quantitative PCR (RT-gPCR). Response to treatment is monitored to help prevent the
development of drug resistance or viraemic relapse in these patients. Quantification of HIV-1 viral
load requires viral RNA to first be converted to complementary DNA (cDNA) through reverse
transcription, the efficiency of which has been shown to vary with choice of reverse transcriptase
enzyme. This could impact upon the quantitative result and method sensitivity when using RT-
gPCR. Discrepancies between laboratory results might lead to differences in patient management
between clinical centres and could contribute to the emergence and transmission of resistance.
Digital PCR (dPCR), which is an absolute nucleic acid counting method, can be used to compare
the cDNA vyield for different reverse transcriptases that influence subsequent HIV-1 RNA

quantification.

Hypothesis: Harmonisation of quantitative measurements of HIV-1 RNA could be improved
through characterisation of variability in the upstream reverse transcription process. This could

support accuracy in measurement of HIV-1 RNA viral load.
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Chapter 4. Calibrating quantitative measurements of HIV-1 DNA using digital PCR

Quantification of HIV DNA associated with the viral reservoir is increasingly used in research as
a tool to study latent disease. Such a target could potentially be used clinically to assist with
monitoring disease progression as it has been reported to correlate with viral outgrowth, and could
serve as a biomarker for monitoring chronic infection. In addition to measurement of RNA viral
load, gPCR is used as the method of choice for quantification of HIV DNA. Results are normalised
to a human genomic target and reported as HIV DNA copies per 1,000,000 cells using a standard
curve for calibration. Appropriately calibrated quantitative methods afford greater accuracy and
measurement harmonisation when using qPCR to measure a specific sequence. dPCR can
guantify nucleic acid in the absence of a standard curve and may have a role for accurate, clinical

guantification of HIV DNA.

Hypothesis: Measurements of the HIV-1 proviral reservoir can be achieved through quantification
of HIV-1 DNA. It is hypothesised that dPCR, which can quantify HIV-1 DNA without the need for
a standard curve, can perform with equivalent sensitivity to q°PCR and may facilitate greater

measurement accuracy in determining the number of copies of HIV provirus.

Chapter 5. Quantification of methicillin resistance in Staphylococcus spp using digital

PCR

Healthcare associated infections with methicillin-resistant Staphylococcus aureus (MRSA) remain
a clinical concern for numerous patient groups. Commercial PCR-based methods are widely used
as screening tools to detect MRSA colonisation by amplification of mecA, which confers methicillin
resistance. Molecular quantification of bacterial load is an emerging concept that can be used to
predict disease severity, and to distinguish between colonisation and invasive disease. This could
include quantification of mecA to determine which organisms are carrying drug resistance. Digital
PCR (dPCR) could enhance the performance of current molecular methods through absolute

guantification of model materials for MRSA that could be used for calibration.

Hypothesis: Methods for precise DNA quantification can be applied to measure ratios of methicillin
resistance genes relative to endogenous targets in MRSA and other Staphylococci. Such
approaches could be applied to characterise materials used to calibrate contemporary molecular

methods, supporting accuracy in quantitative measurements of MRSA.
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Chapter 6. Characterising sources of experimental variability in MALDI-TOF MS strain

typing and evaluating applicability of the technique to resolving nosocomial outbreaks

Colonisation and subsequent infections with drug resistant bacteria are a concern for vulnerable
patient groups within the hospital setting, with outbreaks involving multi drug-resistant strains
being a particular threat to patient outcome. Reliable molecular typing methods can help to trace
transmission routes and manage outbreaks. In addition to current reference methods, Matrix
Assisted Laser Desorption/lonisation-Time of Flight Mass Spectrometry (MALDI-TOF MS) may
have a role for making initial in-house judgements on strain relatedness. However, limited studies
on method reproducibility exist for this application. This could prevent the use of MALDI-TOF MS
as a reliable alternative to current genomic techniques. Rigorous assessment of sources of
experimental variability and their impact on spectral acquisition could support the incorporation of

MALDI-TOF MS into routine use for molecular strain typing.

Hypothesis: Standardisation of upstream workflows for protein analysis may improve
reproducibility of methods for strain typing of bacteria. These approaches could be used to
differentiate between bacterial strains to resolve nosocomial outbreaks, and in epidemiological

studies.
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2. General methods and preparation of reagents

2.1. Nucleic acid analysis

2.1.1. Plastic-ware for nucleic acid analysis

DNA LoBind® tubes (Eppendorf Ltd, Germany) were used for storing and diluting nucleic acids.

Tubes were certified PCR clean and free of nucleases.

2.1.2. Oligonucleotide design

Unless obtained from published literature or through collaborators specifically acknowledged in
each chapter, PCR oligonucleotides were designed in silico where required. An NCBI basic local
alignment search tool (BLAST, https://blast.ncbi.nlm.nih.gov/Blast.cgi) search was performed and
relevant FASTA sequences subjected to a PrimerBlast search. Primer selections were made on
the basis of melting temperature (°C), self-complementarity, amplicon size and primer dimer
formation. A manual design strategy was sometimes necessary, such as for selecting specific
gene regions containing particularly conserved or divergent regions. To perform manual design,
sequences were aligned using MultAlin multiple sequence alignment tool (Corpet, 1988) and
suitable primer and probe regions identified. Technical specifications were obtained using online

data tools.

2.1.3. Preparation of oligonucleotides for PCR

Oligonucleotides were obtained from Sigma-Aldrich (USA), Life Technologies — Thermo Fisher
Scientific (USA), Eurofins Genomics (Germany), LGC Biosearch Technologies (USA) and
Integrated DNA Technologies IDT (USA). Lyophilised oligonucleotides were reconstituted in
nuclease-free water (Ambion, USA), using the volume specified by the relevant manufacturer to
prepare 100 uM stocks. Primers and probes were subsequently combined in a 20X working

concentration, aliquoted for single use and stored at -20°C.

60



2.1.4. Calculating molecular weight (MW) and copy number of synthetic

constructs

Molecular weight of DNA and RNA templates for nucleic acid analysis (e.g. plasmids, in vitro
generated transcripts, genomic material) was determined by counting the respective humber of
nucleotides (nt) and multiplying by the average weight of a single base pair (bp) for DNA (660
g/mol) or individual nucleotide for RNA (A - 329.2 g/mol, C - 305.2 g/mol, G - 345.2 g/mol, U -
306.2 g/mol; https://www.thermofisher.com/uk/en/home/references/ambion-tech-support/rna-
tools-and-calculators/dna-and-rna-molecular-weights-and-conversions.html; Accessed
26/09/2020). Copy number calculations were determined using Avogadro’s number (6.022 x

1023).

2.1.5. General dPCR protocol for the Bio-Rad QX200 system

The Bio-Rad QX200 Droplet Digital PCR System was the main dPCR platform utilised in this
thesis. A general protocol is described here and referenced within each relevant chapter. All
QX200 digital PCR (dPCR) experiments were implemented in accordance with the dMIQE2020
guidelines (The dMIQE Group and Huggett, 2020). dMIQE compliance criteria were recorded on
the dMIQE checklist for each chapter (Appendix 9).

DNA, RNA or cDNA template was added to a total prepared reaction volume of 22 uL containing
PCR mastermix, sterile nuclease-free water (Ambion, USA) and specific primers and probes.
Primers and probes were added to a final reaction concentration of 900 and 200 nM, respectively,
unless stated otherwise. 20 pL of this total volume was pipetted into the sample well of a DG8
cartridge, and droplets generated using a manual droplet generator, as previously described
(Devonshire et al., 2015). Typical thermocycling conditions were as follows: 10 minutes at 95 °C,
40 cycles of 94 °C for 30 s, and 60 °C for 1 min, followed by 98°C for 10 min and a 4 °C hold.
Deviations from the standard protocol are described in the relevant chapters. The ramp rate for
each step was 2°C/s. Droplets were read using the QX200 Droplet Reader, and the data were
analysed using QuantaSoft versions 1.6.6.0320 & 1.7.4.0917. No Template Controls (NTCs) of
nuclease-free water were employed as controls in all cases. Other specific controls are described

in the relevant chapters.
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2.2. Protein analysis

2.2.1. Plastic-ware for proteomic analysis

Plastic-ware for MALDI-TOF MS experiments included 50 mL Greiner centrifuge tubes, 15 mL
Corning tubes and 1.5 mL microcentrifuge tubes (Eppendorf Ltd, Germany). Contact time of
organic solvents with plastics was kept to a minimum to prevent leaching of plastic residues that

can affect MALDI-TOF MS.

2.2.2. Preparation of 70% formic acid solution

For each MALDI-TOF MS experiment, an aqueous solution of formic acid was prepared by
combining 300 pL HPLC-grade HiPerSolv Chromanorm® water (VWR, USA) and 700 uL formic
acid (Honeywell, USA) in a 1.5 mL microcentrifuge tube. The solution was mixed by carefully

inverting the tube 12 times.

2.2.3. Preparation of Bruker Bacterial Test Standard (BTS)

40 pL of Organic Solvent (Honeywell, USA), a mixture of trifluoroacetic acid, water and
acetonitrile, was added to the lyophilized BTS material. The mixture was pipetted 20 times taking
care not to create air bubbles. The solution was allowed to equilibrate at room temperature for 5

minutes, followed by further pipette mixing. The tube was briefly centrifuged and stored at -20°C.

2.2.4. Preparation of Bruker a-Cyano-4-hydroxycinnamic acid (HCCA)

matrix

250 pL of organic solvent (OS) was added to the lyophilized HCCA material, which was promptly
dissolved by vigorous agitation for 30 seconds. The tube was briefly centrifuged and left to
equilibrate at room temperature for 30 minutes before use. Any HCCA matrix remaining following

an experiment was discarded.
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3. Investigating differences between reverse transcription (RT) digital PCR

methods for quantification of HIV-1 genomic RNA

3.1. Introduction

3.1.1. Human immunodeficiency virus type 1 (HIV-1)

Human immunodeficiency virus type 1 (HIV-1) is a retrovirus that can cause acquired
immunodeficiency syndrome (AIDS) if left untreated, leading to the eventual destruction of the
host’s immune system. There were approximately 37.9 million people worldwide living with HIV-
1 at the end of 2018 (UNAIDS, 2019). The HIV/AIDS epidemic remains one of the longest
standing epidemic diseases in human history following characterisation of the disease in 1983
(Barre-Sinoussi et al., 1983). The development of highly active antiretroviral therapy (HAART)
and combination ART (CART) has resulted in a dramatic reduction in the number of HIV infected
individuals who progress to AIDS by preventing viral replication (Bangsberg et al., 2001).
Numerous classes of antiretroviral drugs are used to control HIV-1 infection, including nucleoside-
analogue reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase
inhibitors (NNRTIs), integrase inhibitors, protease inhibitors (PIs), fusion inhibitors, and
coreceptor antagonists. They are grouped based on their mechanism of action and resistance
profiles, and target different stages of the HIV-1 life cycle (Arts and Hazuda, 2012). However,
despite the ability of antiretrovirals to control viral replication so that levels of circulating HIV-1 are
undetectable, a vaccine or cure is yet to be available. Management of the disease relies on

accurate monitoring of circulating viral RNA (viral load).

3.1.2. Clinical guantification of HIV-1 RNA viral load

HIV-1 RNA viral load (VL) is routinely quantified in the plasma of infected individuals to monitor
response to antiretroviral therapy (Steinmetzer et al., 2010, Pasternak et al., 2013). The number
of HIV-1 RNA copies per mL of plasma is used to monitor response to treatment and predict the
progression of infection, or detect viraemic relapse that could be due to antiretroviral resistance
(Mellors et al., 1997, Gullett and Nolte, 2015). Numerous commercial platforms exist for the
quantification on HIV-1 RNA which are based on reverse transcription (RT) gq°PCR (Amendola et

al., 2014, Ginocchio, 2001, Kiselinova et al., 2014), although RT transcription mediated
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amplification (TMA) is also used (Nair et al., 2016). Commonly used clinical platforms for HIV-1
RNA quantification include: RealTime HIV-1 Viral Load Assay (Abbott), COBAS®
AmpliPrep/COBAS® TagMan® v2.0 (Roche), GeneXpert® HIV-1 Viral Load (Cepheid), Aptima®
RT-TMA technology for Panther system (Hologic) and VERSANT® HIV RNA 1.0 (kPCR)
(Siemens) (Ochodo et al., 2018). Further platforms exist for HIV-1 viral load quantification both
on the market and in development (Gullett and Nolte, 2015, Ochodo et al., 2018, Mazzola and
Pérez-Casas, 2015). Measurement of HIV-1 viral load is mediated by reverse transcription of the
genomic viral RNA, followed by nucleic acid amplification and quantification in relation to a
reference standard or calibration curve. Clinical platforms utilise secondary calibrators that are
traceable to the WHO 4t HIV-1 RNA International Standard (NIBSC code: 16/194) (Falak et al.,

In preparation, World Health Organisation, 2020a).

3.1.3. Variability associated with reverse transcription and the potential

impact on RNA quantification

Reverse transcriptase enzymes were first identified as part of viral replication and subsequently
incorporated into molecular applications (Baltimore, 1970, Temin and Mizutani, 1970). This has
enabled detection and quantification of viral RNA genomes, which has been invaluable to
pathogen diagnostics. Reverse transcription prior to nucleic acid amplification can be performed
in a one-step format (i.e. immediately prior to amplification in the same reaction tube) or two-step
format (i.e. cDNA is generated in a separate reaction tube, an aliquot of which is then amplified
and detected). Each has advantages; simplicity, rapidity, ease of optimisation and ability to
multiplex one-step RT techniques, and the ability to produce large quantities of cDNA stock using
two-step formats. One-step approaches tend to feature in commercial approaches owing the fact
that extraction, reverse transcription and nucleic acid amplification take place within an automated
system (Mazzola and Pérez-Casas, 2015). However, despite having demonstrable benefits for
RNA amplification the process of reverse transcription has been shown to be inherently variable
for RNA quantification (Sanders et al., 2013, Sanders et al., 2014, Bustin et al., 2015, Miranda
and Steward, 2017). This is related in part to experimental variables associated with different
stages of the RT-PCR reaction, including properties of the reverse transcriptase enzymes
themselves (Barragan-Gonzalez et al., 1997). Wild-type reverse transcriptases possess intrinsic

RNase H activity to cleave RNA from the RNA:cDNA complex following polymerisation. This can
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be problematic for RT-PCR of longer templates as the RNA may be degraded by RNase H activity
before full-length cDNAs can be synthesized, which may lead to a heterogeneous population of
cDNAs. To circumvent this and improve cDNA synthesis, many commercial recombinant
enzymes have reduced or diminished RNase H activity. This has been well characterised in
reverse transcriptases derived from murine Moloney leukaemia virus (MMLV) (Gerard et al.,
1997), although several engineered, commercial enzymes derived from avian myeloblastosis
virus (AMV) are available. Enzyme processivity, RNase H activity, conversion efficiency and
fidelity are also important considerations for obtaining optimal yields of cDNA, as well as
performance at higher temperatures which can help denature strong secondary RNA structures
(Gerard et al., 2002). This can facilitate higher yields of full-length cDNA to be synthesised that
better represents the RNA populations present in the starting template.

Other experimental factors including RT priming strategy, PCR priming sites and gene target,
target RNA concentration and secondary structure, background RNA concentration and the
presence of inhibitors can impact upon RT-PCR performance (Gerard et al., 2002, Schwaber et
al., 2019, Kiselinova et al., 2014). This implies that choice of RT approach, enzyme and kit can
impact upon the quantification of HIV-1 RNA, which has been demonstrated previously for other
RNA targets (Sanders et al., 2013). Different commercial platforms for HIV-1 RNA quantification
will almost certainly utilise different enzymes for converting RNA to cDNA for clinical samples and
the calibration standard, and subsequently quantitative results will be reported relative to that
method. Whilst this allows for standardised intra-laboratory measurements, differences in enzyme
performance between different platforms could be reflected in discrepancies in inter-laboratory
comparisons, such as for EQA schemes and clinical studies. This could influence clinical
tolerance limits or threshold values between centres where quantitative bias is introduced owing
to differences in reverse transcriptase conversion efficiency, leading to disharmony in inter-

laboratory values.

3.1.4. Therole of digital PCR for quantification of viral RNA

Most commercial platforms for HIV-1 viral load quantification apply calibrators that are traceable
to a unified WHO International Standard. However, the assigned value of HIV-1 RNA in the WHO
standard is reported in international units (IU) where the convention in clinical laboratories is to

report in copies per mL (Prescott G et al., 2017). Reporting in copies per mL is enabled after
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applying a conversion factor from 1U, however each of the commercial platform manufacturers
report different conversion factors for this purpose (World Health Organisation, 2020a ), Falak et
al (Section 10.11.3). Better harmonisation of viral load values between platforms could be
achieved through direct use of a reference standard assigned in copies per mL. In addition,
characterisation of reverse transcriptase conversion efficiency between different kits and methods
could help to provide better analytical accuracy in quantification. Digital PCR (dPCR) could
facilitate this through absolute quantification of nucleic acid molecules. dPCR could be applied to
highlight variability in RNA quantification using different reverse transcriptase enzymes, and could
be developed as a reference method to value assign calibration standards. dPCR has previously
been demonstrated as an Sl traceable method for nucleic acid quantification (Pavsic et al., 2017,
Whale et al., 2018), which could in turn provide Sl traceability to calibration standards used to
quantify HIV-1 viral load. This could facilitate harmonisation and unification of approaches,
enabling better analytical accuracy in clinical methodologies.

The aims of this chapter were to investigate whether choice of reverse transcriptase enzyme
impacts upon quantification of HIV-1 RNA using dPCR. Absolute quantification using dPCR
eliminates the requirement for a calibration curve, and could facilitate more direct and unbiased
comparisons between enzymes. Understanding absolute differences in RNA quantification using
different enzymes could support characterisation of RT efficiency, which would in turn facilitate
better quantitative accuracy in terms of trueness (Appendix 1). In addition, this chapter explores
the development of RT-dPCR as a candidate reference method to support current approaches
for quantification of HIV-1 RNA genomes. Such a method could be useful for value assignment
of primary reference materials used in clinical platforms, which could facilitate better traceability

for HIV-1 viral load quantification and improve measurement harmonisation.
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3.2. Materials and methods

3.2.1. Study materials

3.2.1.1. Culture of cell lines

Cell culture experiments were performed by Dr Gary Morley (LGC). 8E5 (ATCC® CRL-8993™)
cell pellets were obtained as recommended by ATCC (USA), described in Section 10.11.2
(Appendix 11). In addition, Jurkat (ATCC® TIB-152™) cell pellets were obtained that were
cultured using ATCC recommended conditions and stored at -80°C in RNAlater stabilization

solution (Sigma-Aldrich, USA).

3.2.1.2. Extraction of RNA

Total RNA was extracted from approximately one million cells using the Qiagen RNeasy mini Kit
according to the manufacturer’s instructions, and eluted in a final volume of 50 pL in buffer AE
(Qiagen, Germany). The concentration of each RNA extract was estimated using a NanoDrop
2000 spectrophotometer to measure 1 L of solution (Thermo Scientific™, USA). Extracts were
assigned an RNA Integrity Number (RIN) out of 10 for intactness and fragmentation using an RNA
6000 Nano Bioanalyzer kit (Agilent Technologies, USA). 8E5 total RNA was diluted to a final
concentration of ~0.2 ng/pL in ~10 ng/pL Baker’s yeast tRNA (Sigma-Aldrich, USA) and Jurkat
total RNA was diluted to a final concentration of ~5 ng/pL in 1X TE (Sigma-Aldrich, USA). Diluted

RNA was divided into 20 pL single use aliquots and stored at -80°C.

3.2.1.3.  Synthetic construct for comparison of reverse transcriptase

enzymes

A region of the human immunodeficiency virus type 1 (HXB2) HIV1/HTLV-HI/LAV reference
genome (NCBI accession number K03455.1) was selected (positions 1 to 5,619) for generation
of a synthetic RNA test molecule. The region included gene sequences for the 5’ LTR, pol, gag
and vif. The 5,619 bp DNA insert, along with a T7 RNA polymerase promoter sequence and Xmal

restriction site (Appendix 2), was cloned into a standard pEX-A2 vector by Eurofins genomics
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(Germany). Gene insertion in the correct orientation was confirmed by Sanger sequencing by

Eurofins.

3.2.1.4.  Invitro transcription of synthetic RNA

One microgram of the HXB2 plasmid (Section 3.2.1.3) was linearised with 0.4 units/ uL Xmal, 1X
CutSmart buffer (New England Biolabs, USA) and nuclease-free water in a final reaction volume
of 50 uL for 1 hour at 37 °C. This was followed by purification using the QIAquick PCR purification
kit according to the manufacturer’s instructions (Qiagen, Germany), with elution into 50 uL elution
buffer. Linearisation was assessed using the 2100 Bioanalyzer with DNA 7500 series Il kit (Agilent
Technologies, USA), and the DNA concentration was estimated using the Qubit 2.0 fluorometer
with the dsDNA HS Assay Kit (Invitrogen, USA). To generate positive sense strand RNA in vitro
transcription (IVT) was performed using the MEGAscript T7 kit (Life Technologies, USA)
containing 7.5 mM of each of ATP, CTP, GTP and UTP, 1X Reaction Buffer, 2 uL T7 enzyme mix

and 8 uL of plasmid, with incubation at 37 °C for 4 hours. This was followed by incubation with

TURBO DNase (Life Technologies, USA) at 37°C for 15 minutes. The reaction was purified using
the RNeasy Mini Kit for RNA clean up protocol (Qiagen, Germany), which included an additional
on-column DNase treatment with an RNase-free DNase set (Qiagen, Germany). IVTs were eluted
into 50 L RNase-free water. Transcribed RNA concentration was estimated using the Qubit RNA
HS Assay Kit (Invitrogen, USA) and NanoDrop 2000. RNA was diluted 10- and 100-fold in The
RNA Storage Solution (Ambion, USA) and assessed using the 2100 Bioanalyzer with RNA 6000
Nano kit (Agilent Technologies, USA), which also provided an approximate RNA concentration in
ng/ uL. HXB2 IVT transcripts were diluted to approximately 10,000,000 copies per pL in 5 ng/ uL

Jurkat total RNA carrier, divided into 20 pL single use aliquots and stored at -80 °C.

3.2.1.5. Total HIV-1 genomic RNA reference material

Total HIV-1 genomic RNA extract was obtained from the National Institute for Biological
Standards and Control (NIBSC, UK). The virus strain had previously been used to prepare the 3
and 4™ HIV-1 WHO International Standards (Morris and NIBSC, 2019) (personal communication).
RNA extraction was performed by Clare Morris (NIBSC) using a QlAamp UltraSens Virus Kit

(Qiagen, Germany), having demonstrated inactivation of the virus following heating to 60°C for 1
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hour. The RNA was transported from NIBSC to NML on dry ice and stored at -80°C on arrival.
The material was analysed by RT-dPCR following the basic approach described in Section 2.1.5
using a One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad, USA) and an assay targeting
the HIV-1 gag gene (Bosman et al., 2015). Units of the material were gravimetrically prepared to
a concentration of ~188 copies of HIV-1 gag per pL in ~5 ng/ L human Jurkat total RNA (Ambion,

USA) based on RT-dPCR.

3.2.1.6. Whole viral External Quality Assessment (EQA) materials

A total of 11 materials were obtained from INSTAND e.V. (Germany) that were part of INSTAND
EQA Schemes 360 and 382 (2018; https://www.istand-ev.de; accessed on 22/07/20). Three of
the materials were part of a previous scheme (June 2017), for which the quantitative results were
known. The remaining 8 materials were for the March 2019 scheme, for which the results were
blinded and are yet to be published. The materials were certified as being non-infectious HIV-1
virus in plasma, making them suitable to be handled at biosafety level 2 (BSL 2). Total RNA was
extracted using a QIAmp viral nucleic acid kit (Qiagen, Germany) by following the manufacturer’s
protocol. Briefly, samples were reconstituted in 1.1 mL nuclease-free sterile water. 200 pL of this
solution was extracted using the Qiagen kit, and resulting RNA was eluted in 62 pL volume.
Duplicate units of the March 2019 materials were extracted across two days, and the resulting
RNA was analysed immediately by RT-dPCR (Section 3.2.4). A negative control, where the

extraction protocol was followed with no sample input, was included for each experiment.

3.2.2. Assays for quantification of HIV-1 RNA

3.2.2.1. Oligonucleotide sequences

Sequence information for the HIV-1 specific primers and probes is given in Table 3.1.
Incompatibility has been reported between the Bio-Rad Advanced One-step RT-ddPCR kit for
probes and standard dual-labelled hydrolysis probes (Pinheiro-de-Oliveira et al., 2019). Based on
these findings, a custom double-quenched probe for the LTR-gag assay was obtained from LGC
BioSearch technologies (USA) for use with the one step RT advanced kit. Additional
oligonucleotide sequences used for interlaboratory comparison of HIV-1 RNA quantification are

given in Table 3.2.
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Table 3.1: Primer and probe sequences for HIV-1 detection.

Genbank
Assay target Name 5to3 * Source
accession
Forward GCACTT TAAATT TTC CCATTAGTC CTA
(Strain et al.,
HIV-1 pol K03455.1 Reverse CAAATT TCT ACT AATGCT TTTATT TTT TC
2013)
Probe FAM — AAG CCA GGA ATG GAT GGC C - MGBNFQ
Forward GCC TCAATAAAG CTTGCCTTG A
. (Busby et al.,
Long Terminal Repeat — gag Reverse GGC GCC ACT GCT AGAGATTTT 2017)
junction of HIV-1 (HIV-1 K03455.1 Probe FAM — TGT GAC TCT GGT AAC TAG AGA TCC CTC AGA C — BHQL
LTR-gag) _
Double FAM — TCT GAG GGA-BHQnova™-TCT CTA GTT ACC AGA GTC Custom design
quenched probe | ACA - BHQL1 (LGC BioSearch)
Forward TGG GTA AAA GTA GTA GAA GAG AAG GCT TT
(Bosman et al.,
HIV-1 gag K03455.1 Reverse CCCCCCACTGTGTTT AGC AT
2015)
Probe FAM — TCA GCATTA TCA GAA GGA G — MGBEQ

* Refer to page 23 for abbreviations relating to fluorescent dyes and quenchers.




Table 3.2: Primers and probes used in interlaboratory analysis of HIV-1 RNA materials

Genbank
Assay target Name 5to3 * Source
accession
Forward AGT RGG GGG ACA YCA RGC AGC HAT GCA RAT
(Kondo et al.,
HIV-1 gag K03455.1 Reverse TAC TAG TAG TTC CTG CTATRT CACTTC C
2009)
Probe FAM — AT CAATGA R -ZEN™- G ARG CTG CAG AAT GGG A- IABKFQ
Forward TTT GGA AAG GAC CAG C
(Lim et al.,
HIV-1 pol-vif K03455.1 Reverse CTG CCATCT GTT TTC CATA
2016)
Probe HEX — TGG AAA GGT -ZEN™- GAA GGG GCA GT - IABKFQ

* Refer to page 23 for abbreviations relating to fluorescent dyes and quenchers.

T.




3.2.2.2.  Assay verification

The LTR-gag (single and double-quenched versions) and pol and assays were verified using a 5-
point dilution series of the plasmid DNA (pDNA) construct coding the HXB2 RNA transcript. Input
concentration ranged from 10,000 to 1 copy per pL. The aim of the experiment was to assess
assay linearity and compare quantitative estimates obtained using single versus double
fluorescence quenching chemistries. Samples were analysed in triplicate reactions by uniplex
assay (i.e. one assay per reaction) containing 5 uL DNA per reaction, using ddPCR Supermix for
Probes without dUTP (Bio-Rad). The gag (Bosman et al., 2015) assay was verified using a 4-
point dilution series of the HXB2 RNA transcript from 1,000 to 10 copies per uL. 5 uL of RNA
transcript was analysed using the One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad, USA).
The gag and pol-vif EQA assay duplex (Table 3.2) was then compared by RT-dPCR with the gag
(Bosman et al., 2015) assay using the HXB2 RNA transcript. Quadruplicate reactions were
analysed and differences in copies per uL compared. In addition, a single dilution of plasmid DNA
was included in triplicate alongside the HXB2 RNA transcript to compare performance for DNA

and RNA templates.

3.2.3. Evaluation of reverse transcriptase kits for absolute quantification

of RNA by dPCR

The performance of different reverse transcriptase kits was compared by digital PCR (dPCR). A
total of 4 kits were chosen which are listed in Table 3.3. All reverse transcriptase enzymes were
recombinant MMLV in origin. Prior to reverse transcription (RT), RNA templates (in vitro
transcribed RNA at a concentration of 10,000 copies per uL, or 0.2 ng per pL of 8E5 total RNA)
were heated to 65°C for 5 minutes and then quenched on ice for 1 minute to denature secondary
structures. For the two-step protocols, RT was performed on a DNA Engine Tetrad (Bio-Rad,
USA), and resulting cDNA was stored at -80°C. All RT experiments included controls without

reverse transcriptase added (RT negative) to monitor plasmid DNA contamination.
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Table 3.3: Reverse transcriptase enzymes and kits used in the study

Catalogue
Product Supplier Format

number
FIREScript RT cDNA synthesis kit Solis BioDyne 06-15-00050 Two-step
Maxima First Strand cDNA Synthesis Kit Thermo

K1641 Two-step
for RT-qPCR Scientific™
SuperScript™ IIl Reverse Transcriptase Invitrogen™ 18080093 Two-step
One-Step RT-ddPCR Advanced Kit for

Bio-Rad 1864021 One-step

Probes

3.2.3.1. FIREScript RT cDNA synthesis kit

RT was performed as per the manufacturer's recommended standard protocol. A final
concentration of 2 uM oligo dT primer, 2 uM random primers, 0.2 uM of either HIV LTR-gag or
HIV pol reverse primer (Table 3.1), nuclease-free water, 2 uL RNA sample and the remaining
reagents were combined in a 0.2 mL tube in a final volume of 20 uL. Reaction conditions were

50°C for 30 minutes and termination of the reaction at 85°C for 5 min.

3.2.3.2.  Maxima First Strand cDNA Synthesis Kit for RT-gPCR

RT was performed as per the manufacturer’s recommendations. In addition, 0.2 uM of either HIV
LTR-gag or HIV pol reverse primer was added along with 2 uL RNA sample in a final volume of
20 pL. Reaction conditions were 50°C for 30 minutes and termination of the reaction at 85°C for

5 min.

3.2.3.3.  SuperScript™ [I| Reverse Transcriptase

The following reagents were combined in a 0.2 mL tube: 0.2 uM of either HIV LTR-gag or HIV pol
reverse primer, 2 UM oligo dT primer and 2 uM random primers (both Solis BioDyne, Estonia), 10
mM dNTP mix, 1x First Strand sample buffer, 2 U/uL RNase inhibitor, 10U/uL SuperScript Il

reverse transcriptase, 5mM DTT (all Invitrogen™, USA), nuclease-free water (Ambion, USA) and
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2 pL RNA template to a final volume of 20 pL. Reaction conditions were 55°C for 30 minutes and

termination at 70°C for 15 minutes.

3.2.3.4. One-Step RT-ddPCR Advanced Kit for Probes

The reaction was performed as per the manufacturer’'s recommendations, with an initial RT step
at 47.5°C for 60 minutes followed by thermocycling as described below. The primers and probes
used are given in Table 3.1. Of note, a custom double-quenched HIV-1 LTR-gag probe, was used

with this kit in place of the standard LTR-gag probe.

3.2.4. General protocol for RNA quantification by dPCR

Following reverse transcription using the two-step or one-step protocols, dPCR was performed
as described in Section 2.1.5 using the QX200™ droplet digital PCR system (Bio-Rad, USA). 2
HL cDNA (or 2-5 pL RNA for the one-step protocol) was added to a total reaction volume of 20
pL. Thermocycling conditions were as follows: 10 minutes at 95 °C, 40 cycles of 94 °C for 30 s,
and 58 °C for 1 min, followed by 98°C for 10 min and a 4 °C hold. A partition volume of 0.85 nL
was used to calculate copy number concentration (Bio-Rad, USA).

For the EQA analysis, 7 uL RNA was added to a total volume of 20 uL containing the One-Step
RT-ddPCR Advanced Kit for Probes (Bio-Rad, USA), nuclease-free water (Ambion, USA) and the
oligonucleotides described in Table 3.2. In these experiments, each probe was added to a final
concentration of 250 nM. Cycling conditions were reverse transcription for 60 minutes at 50°C,
10 minutes at 95°C followed by 45 cycles of 95°C for 30 seconds and 55°C for one minute. The
remaining steps were as described in Section 2.1.5. A partition volume of 0.834 nL was used to

calculate copy number concentration (Corbisier et al., 2015).

3.2.5. Evaluating the sensitivity of different reverse transcriptase enzymes

by RT-dPCR

The respective sensitivities of the Maxima First Strand cDNA Synthesis Kit and Bio-Rad One-
Step RT-ddPCR Advanced Kit were evaluated. Briefly, a dilution series of the HXB2 RNA
transcript was prepared gravimetrically ranging from ~250 to ~0.1 copies per uL estimated using
Qubit. 2 pL each dilution was added to duplicate RT reactions in a total volume of 20 pL (Maxima),

or into RNase-free water to a final volume of 20 yL (Bio-Rad one-step). 2 pL of either cDNA or
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diluted RNA transcript, respectively, was then added to the dPCR reaction as described above in

a total of ten reactions per dilution. The pol assay was used for both reverse transcriptase kits.

3.2.6. Data analysis

Data from dPCR experiments were subject to threshold and baseline setting in QuantaSoft
version 1.7.4.0917 (Bio-Rad), and were exported as .csv files to be analysed in Microsoft Excel
2010. The average number of copies per droplet (A) was calculated as described previously
(Whale et al., 2016a). Differences in copies per puL were compared for statistical significance using

a Student’s t-test.
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3.3. Results and discussion

3.3.1. Design and in vitro transcription of a synthetic HIV-1 RNA molecule

for characterisation of reverse transcription (RT) dPCR

The HXB2 synthetic transcript was designed so that positive sense RNA representative of the
HIV-1 genome could be transcribed using the anti-sense strand of DNA as a template. This was
achieved by designing the molecule with a promoter sequence of T7 RNA polymerase upstream
of the start of the sequence (7 to 24 bp; Appendix 2). A Xmal restriction site at positions 5,652-
5,657 bp enabled linearisation of the DNA plasmid in preparation for in vitro transcription (Figure
3.1 A). Of note, the molecule was designed with additonal promoter and restriction site
sequences, namely BspHI restriction site (1-6 bp), Notl restriction site (25-32 bp) and a T3 RNA
polymerase promoter site in reverse complement orientation (5,657-5,675 bp). The respective
purposes of these sites was to enable the fragment to be fully excised from the plasmid vector
using BspHI if desired, and to enable transcription from the sense DNA strand using T3 RNA
polymerase and Notl should the orientation of the gene insert in the plasmid vector be found to
be incorrect.

Following synthesis and subsequent visualisation on the Agilent 2100 Bioanalyser, the in vitro
RNA molecule was estimated to be 6,000 nt, which is slightly larger than the expected size of
5,632 nt (Figure 3.1 B). The reason for this observation is unclear, and although not performed
on this occasion, an additional larger RNA ladder could be analysed in parallel with the RNA
transcript to confirm the expected fragment size (e.g. Millennium™ RNA Markers, Ambion, USA).
Figure 3.1 B also shows unexpected additional bands at approximately 2,800 to 3,000 nt that may
represent secondary RNA structures. This was unlikely as, prior to visualisation, templates were
denatured at 70°C for 2 minutes and immediately quenched on ice. To mitigate against the
possibility of resistant secondary structures fresh aliquots of the fragment were subjected to a
further heat denaturation step at 95°C with little to no effect. Lane 2 (Figure 3.1 C) shows that
95°C heat denaturation of the neat RNA transcript appeared to severely impact upon the integrity
of the RNA, with almost complete fragmentation observed. Lanes 1, 3 and 4 show that, despite

additional heating, the unexpected lower bands were still observed.
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Figure 3.1: Bioanalyzer 2100 gel-like images depicting (A) linearised plasmid DNA expected at 8,125 bp
visualised using a DNA7500 kit (B) in vitro transcribed RNA visualised using a RNA6000 nano kit. The three
lanes represent neat [1], 10-fold [2] and 100-fold [3] dilutions of the RNA (C) heat denaturation of the neat
RNA [lanes 1 & 2] and a 10-fold dilution [lanes 3 & 4] at 70 [1 & 3] and 95°C [2 & 4]. L indicates the molecular

weight ladder for each kit.
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It is possible that the unexpected products are truncated structures generated during in vitro
transcription. This can occur due to numerous factors including runs of single bases and the
presence of cryptic promoter or terminator sites, causing the T7 RNA polymerase to stop
generating RNA. Although a more thorough heat denaturation step was shown to have little effect
(Figure 3.1 C), the presence of highly resistant RNA secondary structures related to this particular
sequence still cannot be ruled out. Extensive in silico analysis of RNA folding was not performed
for this molecule, although could reveal sequence regions that are highly susceptible to complex
folding. Further investigation to explain this observation was not explored in this thesis, however
additional work could include sequencing of all products following agarose gel excision to identify
their origin. The ~6,000 nt HXB2 in vitro transcript was taken forward for use in this study,
accepting that heterogenous populations of transcripts or secondary structures could impact upon

RNA quantification.
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3.3.2. Verification of dPCR assays for comparing RT kits

The assays that were to be used for the RT kit comparison were verified for digital PCR using
HXB2 plasmid DNA, which was used to generate the in vitro transcribed RNA molecule.
Verification was to ensure that the assays were performing with good linearity across a dilution
series and whether quantitative values were comparable between assays for plasmid DNA. In
addition, a comparison between the performance of the single and double quenched LTR-gag
probes could be made in this way. Figure 3.2 illustrates that the initial assays evaluated for this
study were capable of quantification down to 1 plasmid DNA copy per uL. At the lowest point of
the dilution series, precision was notably poorer which is characteristic of PCR amplification at
this low level of quantification (Quan et al., 2018). Analysis of assay linearity is a valuable tool for
assessment of new assays by digital PCR to identify any template concentration related effects,
or inhibition. Assay validation holds additional importance for gPCR where quantification of
unknown samples relative to a standard curve can be highly biased by non-linearity in a dilution
series. Figure 3.2 shows that the assays performed comparably in terms of quantification of the
respective gene targets in the DNA plasmid. This is demonstrated by a 1:1 ratio between the LTR-
gag and pol gene copy numbers, which is expected since they are on the same molecule of DNA.
In addition, a 1:1 ratio was observed between copy numbers measured using the single and

double-quenched LTR-gag probes.
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Figure 3.2: Digital PCR verification of single and double-quenched HIV LTR-gag and pol assays using plasmid

DNA. Error bars represent standard deviation. The dashed line represents equivalence.
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3.3.3. Comparison of different kits for performing reverse transcription

using dPCR

Four commercially available reverse transcriptase kits (Table 3.3) were compared in terms of their
cDNA conversion efficiency. The comparison was performed using in vitro transcribed HXB2 RNA
template, the initial input quantity of which was standardised to ~10,000 copies per pL using a
Qubit 2.0 fluorometer. Reverse transcription was performed either in a one-step or two-step
format, and the resulting cDNA was quantified by digital PCR. The four enzymes were then
applied to total RNA extracted from the 8E5 cell line input at a standardised concentration of 0.2

ng per L to evaluate the impact of template complexity on reverse transcription.
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Figure 3.3: Comparison of RT kits for total RNA and synthetic RNA. HIV-1 cDNA copy number was found to
be dependent on assay target as well as RT kit. A HIV-1 pol assay o HIV-1 LTR-gag assay. Each data point

represents a single RT-dPCR replicate.
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HIV-1 cDNA copies per pL were found to differ significantly between the four kits - up to ~6-fold
in some cases. Furthermore, differences in cDNA copies per uL were observed between the two
assay targets chosen (LTR-gag and pol) (Figure 3.3). The assays were demonstrated to be
equivalent in performance when applied to plasmid DNA (Figure 3.2), suggesting that the
observed differences were not necessarily due to assay performance. The kits were ranked in
order of cDNA copy nhumber, and the Maxima kit was found to give the greatest yield for both the
HXB2 molecule and the 8E5 total viral RNA. The Bio-Rad one step was found to exhibit the least
amount of variability between replicate measurements for both assays, whereas more variability
was observed for the other kits. This is an important consideration when choosing a kit for the
most sensitive quantitative estimates, as high variability introduced by the RT kit will likely further
inflate stochastic effects for measurements at low copy number (such as for HIV viral load). It is
unsurprising that two-step RT formats exhibit higher variability, particularly at low levels, owing to
increased pipetting steps and requirement for dilution of cDNA template prior to analysis.

Figure 3.3 shows that the Maxima kit provided the highest estimation out of the four kits in terms

of RNA concentration. The reasons for the observed differences in copy number are unclear,
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however it was possible that the reverse transcriptase in this kit was highly efficient at converting
RNA to cDNA. Another possibility was that the RNase H activity is ineffective at cleaving the initial
RNA template, and so more than one cDNA copy was generated per RNA molecule. RNase H
has been shown to possess sequence-specific preferences for cleavage of the RNA:DNA
complex in reverse transcription, particularly for HIV-1 in vivo (Kielpinski et al., 2017). These
findings suggest that variability could exist within the RNase H activity inherent to numerous
commercial RT kits. cDNA copy numbers measured by dPCR were used to estimate the
concentration of the stock HXB2 RNA molecule concentration, assuming a 1:1 RNA to cDNA
conversion ratio. These values were compared with the orthogonal methods used to estimate

initial RNA concentration in the IVT stock.

Figure 3.4: Comparison of copy numbers per ul for the four reverse transcriptase kits compared with
orthogonal methods: NanoDrop (black), Qubit (dark grey) and Bioanalyser (light grey) for the LTR-gag (red)

and pol (pink) assays. Error bars represent standard deviation.
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Figure 3.4 shows a comparison of RNA copies per pL between the four reverse transcriptases
tested and the orthogonal methods used to quantify the HXB2 molecule following in vitro
transcription. These were the NanoDrop 2000 spectrophotometer which estimates nucleic acid
quantification using ultraviolet (UV) spectrophotometry; the Qubit 2.0 which binds nucleic acid

using an intercalating dye; and the BioAnalyser 2100 which performs capillary electrophoresis in
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a chip-based format. The Maxima kit was found to yield an estimation of RNA copy number that
was up to 2.2-fold higher than the NanoDrop, which often inflates estimations of concentration
due to being unable to distinguish between RNA and DNA at 260 nm absorbance (Koetsier and
Cantor, 2019). This raises further questions over the kinetics of the Maxima kit, and whether

misrepresentation of RNA copy number was indeed being observed.

3.3.3.1. Assessing the analytical sensitivity of RT dPCR

The Maxima two-step kit and the Bio-Rad one-step kit were chosen to evaluate the analytical
sensitivity and linearity of RT dPCR. An additional aim was to investigate RT efficiency for the two
kits by challenging the 1:1 RNA:cDNA conversion hypothesis discussed previously. Amplification
and detection of a single molecule of RNA by dPCR, following conversion to a single molecule of
cDNA, should be possible following this assumption. A dilution series from ~250 to ~0.1 copies
per UL of RNA stock solution (corresponding to ~50 to ~0.02 cDNA copies per reaction) based on
Qubit fluorometric analysis was gravimetrically constructed using the HXB2 synthetic RNA
fragment in a background of human Jurkat cell RNA carrier. A total of 20 puL of cDNA or diluted
RNA was analysed as ten separate dPCR reactions (each containing 2 uL template per reaction)
and expressed as copies of HIV pol per uL (in the 20 uL sample volume). The results were logio
transformed and compared with the expected cDNA copies per L. The pol assay was chosen
because it was common to all RT kits tested in this study, as opposed to the LTR-gag assay which

possessed different quenching moieties depending on which kit was used.
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Figure 3.5: Logio transformed observed versus expected cDNA copies per ul for the HIV pol assay using (a)

Maxima two-step and (b) Bio-Rad one-step kits. The dashed line represents equivalence.
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Figure 3.5 shows that the Bio-Rad one step kit was technically capable of detecting lower cDNA
copy numbers (corresponding to 0.025 copies per pL RNA input) compared with the Maxima kit
(corresponding to 0.05 copies per pL RNA input). However, when assessing the technical
sensitivity of a method measurement uncertainty estimates play a key role in analytical
confidence. Whilst lower dilutions in the series were detected using the Bio-Rad kit, only 1
technical replicate out of 10 produced a signal. The limit of detection (LOD), often defined as the

concentration at which 95% of technical replicates produce a positive signal, can be used to
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determine analytical sensitivity. Whilst the LOD of dPCR has been described as corresponding to
detection of a single molecule in a single partition (Quan et al., 2018), a formal statistical
estimation of sensitivity cannot reliably be based on the presence of one out of ten positive
replicates. A more robust estimation of the LOD would include data for a higher number of
replicates, which may be a reciprocal of the expected input copy number (Strain et al., 2013). The
sensitivity of the Bio-Rad kit in this study was proposed as < 25 copies per L, and <0.25 copies
per uL for the Maxima kit based on 100% of replicates containing the target template. Ten NTC
replicates were included in each experiment, none of which gave a positive signal for HIV RNA.
Additional replicate experimental runs would provide further statistical confidence for formal LOD
estimates. A limitation of these experiments is that false positive amplification associated with the
HIV pol assay at the lowest dilution points for the Bio-Rad one-step kit made it difficult to set a
cut-off between clusters of positive and negative droplets. This presented challenges for
differentiating between true and spurious positives (Appendix 3). For this reason, the baseline
guantity (i.e. the number of positive droplets in the no template control and carrier wells) was
subtracted from the number of positive droplets counted per reaction in the test material. This
may have caused a reduction in the perceived sensitivity of the Bio-Rad one step RT dPCR kit
using this assay. False positive amplification has been described in other studies utilising dPCR
for HIV DNA gquantification (Jones et al., 2014).

The theoretical 1 cDNA copy per reaction in this study corresponded to the third dilution point in
Figure 3.5 (expected -0.3 logio cDNA copies per pL). At this dilution 100% and 40% of replicate
wells for the Maxima and Bio-Rad kits, respectively, contained amplified target. Both Kkits
continued to demonstrate amplification past this point, which enabled detection of cDNA target
past the point of theoretical 1 copy per reaction. This is likely attributed to sampling dynamics
from the 20 uL total reaction. However, the Maxima kit demonstrated amplification in a high
proportion of reaction wells below the theoretical 1 copy per reaction which may indicate that a
greater cDNA yield is being detected. It is unclear whether this reflects the true RT efficiency of
the Maxima kit, and further work should aim to investigate this. A similar strategy to the one
implemented in this study was applied by (Schwaber et al., 2019) to characterise RT efficiency
for transcriptomics. A limitation of this kind of approach is that reliance on one method to assign
input quantity to synthetic transcripts prior to dPCR could introduce error into measurements

through any inaccuracies, and potentially invalidate calculations for RT efficiency.
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3.3.3.2. Considerations for selecting reverse transcriptase kits for

HIV RNA gquantification

The benefit of using an in vitro transcribed molecule for the comparison of different reverse
transcriptase kits compared with total RNA is that input copy numbers of HIV sequence are easier
to estimate than when using HIV present in total cellular RNA extracts. Pure RNA concentration
can be measured using non-specific optical methods such as fluorometric or spectrophotometric
methods and copy number calculated based on the known molecular weight of the synthesized
molecule. This can be more complicated for HIV total RNA where multiply spliced and un-spliced
versions of varying lengths may exist. This could be overcome by using full-length sequenced
transcripts from pure cultured HIV virus; a resource that was unavailable for this work. Using the
in vitro transcribed molecule to compare reverse transcriptases by dPCR led to the following
preliminary conclusions; (i) variability in efficiency to convert RNA to cDNA exists between
different commercially available reverse transcriptases. This was true between three different
enzymes present in two-step format, and additionally between these enzymes and a one-step Kkit.
This manifested as different yields of cDNA copy number from a standardised input of RNA,
suggesting that the conversion rate varies between kits. (ii) sequence-specific effects should be
taken into consideration when comparing RNA copy numbers as different dPCR assays can
generate significantly different values. This is particularly relevant for quantifying HIV genomes
which can be highly divergent, making assay design and selection difficult (Carneiro et al., 2017).
(i) ease of use, cost and labour should be considered. Whilst the high yields and enhanced
sensitivity offered by the Maxima two-step kit may be an attractive option, there are numerous
advantages to using a one-step RT kit over a two-step format. Some of these advantages include
preservation of cONA copy number and minimisation of measurement uncertainty by removing
additional dilution steps, ease of standardisation and overall simplicity; advantages which may
lend themselves to supporting HIV-1 viral load quantification in a clinical diagnostic setting.

The factors that can influence RT-dPCR quantification of HIV-1 RNA, including RT format and
assay sequence, were taken into consideration for the subsequent section of this chapter. An
externally specified approach was applied to a set of EQA materials to evaluate additional factors

affecting HIV-1 RNA quantification, which included RNA extraction and inter-laboratory effects.
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The purpose of this was to assess RT dPCR as a method for value assigning reference materials

to support clinical quantification of HIV-1 viral load.

3.3.4. Application of RT-dPCR to EQA materials for HIV-1 RNA

guantification

3.3.4.1. Characterisation of assays and materials

Inter-laboratory EQA assessment of HIV-1 RNA quantification helps to ensure that measurements
performed by different laboratories are comparable, robust and accurate. RT-dPCR can be
applied as a precise and sensitive method for nucleic acid quantification. Two assays were
stipulated for an inter-laboratory comparison of RT-dPCR HIV-1 RNA quantification; targeting HIV
gag and pol-vif to be assayed in duplex (Table 3.2). The performance of these assays was
compared with those previously evaluated in this study. The assays described so far were tested
on synthetic material derived from the HXB2 reference genome, and RNA extracted from the 8E5
cell line. To explore the performance of RT-dPCR for analysis of additional HIV-1 sequences that
represent a wider repertoire of samples, pre-extracted RNA was obtained from a whole viral
material resembling the WHO HIV-1 RNA International Standard (Section 3.2.1.5). An additional
assay was introduced as a reference control for these experiments; HIV gag (Bosman) (Table
3.1). This additional assay was introduced at this stage owing to a deletion in the sequence for
the HIV-1 NIBSC control material at the LTR region that was identified in silico (Gall et al., 2014).
A comparison of the HIV gag (Bosman) assay with the HIV LTR-gag assay by one-step RT dPCR
using triplicate replicates of the HXB2 transcript showed that there was no significant difference
in the number of copies per pL (HIV gag = 1135.5 copies per uL (SD 27.7), HIV LTR-gag = 1083.4
copies per uL (SD 28.7)) (p = 0.087). Following this the gag and pol-vif duplex was compared
with the HIV gag (Bosman) assay using the HXB2 transcript. There was found to be no significant
difference between the two HIV gag assays (p = 0.26), however the Bosman gag and pol-vif
assays were found to give significantly different quantitative values (p = 0.00039) (Figure 3.6a).
To investigate this further, the assay duplex was applied to plasmid DNA containing the HXB2

sequence in parallel with the RNA molecule and analysed by RT-dPCR.

86



Figure 3.6: The HIV gag (Bosman) and HIV gag (Kondo)/pol-vif assay duplex was applied to (a) the HXB2 synthetic RNA transcript and the viral RNA extract. A comparison was performed

between (b) the HXB2 RNA transcript and the corresponding DNA plasmid.
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Figure 3.7: QX200 dot plots showing the HIV gag (Bosman) assay applied to (a) the HXB2 RNA molecule and (b) the viral RNA extract and the HIV gag (Kondo)/pol-vif duplex applied to

(c) the synthetic HXB2 RNA molecule and (d) the viral RNA extract. Blue dots represent partitions containing HIV gag target, green dots represent HIV pol-vif.
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Analysis of plasmid DNA revealed that there was no significant difference in copy number
between the two assays (p=0.64), however when the assays were compared for RNA they were
significantly different (p=0.0037) (Figure 3.6b). This indicates an assay-dependent effect
associated with conversion of RNA to cDNA via reverse transcription, and suggests that any
differences in RT conversion efficiency are related to the reverse transcription step and not
necessarily PCR.

For the whole viral RNA material a statistically significant difference in copy number was observed
between both HIV gag assays (Figure 3.6a) (p=0.014). Following in silico analysis of the published
sequence of NIBSC-1, it was found that there were three mismatches between the probe and
degenerate reverse primer of the Kondo gag assay (2 substitutions and 1 insertion). Figure 3.7d
shows dPCR dot plots with reduced peak resolution in the FAM channel (compared with Figure
3.7¢), which corresponds to the HIV gag (Kondo) assay. In contrast Figure 3.7a & b show that the
peak resolution for the HIV gag (Bosman) assay, which has perfect sequence homology with both
materials, is comparable between the two templates. The finding of mismatched primers,
combined with the observed deletion in the HIV LTR region of the NIBSC1 sequence, raises
important questions surrounding assay design for highly heterogeneous and divergent HIV-1
sequences. In vivo, HIV reverse transcriptase is able to switch between the two copies of single
stranded RNA for dsDNA synthesis. Therefore, if the copies are heterogeneous a chimeric DNA
molecule may be produced, resulting in the eventual production of genetically novel virions (Hu
and Hughes, 2012). The high degree of sequence heterogeneity in HIV-1 viral sequences can be
problematic for assay design and ultimately affect quantitative results (Bosman et al., 2018,

Rutsaert et al., 2018b).

3.3.4.2. Analysis of test EQA materials

The Bio-Rad one step RT dPCR kit, offering more simplicity for setup and higher precision over
other formats including two-step RT, was chosen for the analysis of RNA extracted from the EQA
materials. To test the suitability of the chosen extraction method, RT kit and assay duplex the full
workflow was performed once for a set of three test EQA materials (Section 3.2.1.6). The HXB2

in vitro transcribed RNA molecule was chosen as an RT-dPCR positive control.
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Figure 3.8: Copies per uL for the gag and pol-vif assays and the expected values from the 2017 EQA scheme.

Upper and lower expected values are based on 95% confidence intervals given by the scheme providers.
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Figure 3.8 shows that the copies per pL observed for each material were towards the lower end
of the expected range, with the HIV pol-vif value for EQA 360113 falling just outside. These data
are based on a single experiment, and further experimental replicates are necessary to be able
to assign any statistical confidence to the values. However, based on comparisons of different
assays for RT dPCR using the same kit it (Figure 3.3) is unsurprising that differences exist
between the two assay targets due to sequence-specific effects. For this reason, it seems prudent
to report copy numbers for the individual assays as opposed to an average of the two. The HIV
gag (Kondo) assay was chosen to represent the copy number estimations for these materials

since it had previously been shown to give comparable copy numbers to the gag (Bosman) assay

using the HXB2 positive control.

3.3.4.3. Intra-laboratory analysis of EQA materials for HIV RNA

guantification

The method was subsequently applied to materials from a current EQA inter-laboratory study
(Section 3.2.1.6). Extraction was performed on duplicate units across two days (one unit per day),
with each extract analysed in triplicate by RT dPCR. The results were expressed as copies of HIV

gag per uL, and the HXB2 RNA fragment was included as a positive control for dPCR.
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Figure 3.9: HIV RNA EQA intra-laboratory results. (a) Copies of HIV gag per uL for 8 EQA samples across two
extraction batches represented on a logarithmic scale. (b) Mean copies gag per uL are plotted against %CV

indicative of an inverse relationship between the two.
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Figure 3.9a shows copy number estimates for HIV gag across duplicate extraction batches, which
ranged from 0.2 (sample 6) to 31.3 (sample 4) copies per pL. One sample (7) was found to contain
no HIV gag target across 6 dPCR replicates. Figure 3.9b illustrates an inverse relationship
between HIV gag copy number and % CV indicating higher variability in quantification in the
lowest concentration samples. Of these (samples 5 & 8), no HIV RNA was detected in 2 out of 6

dPCR replicates indicating a degree of dropout. This is likely owing to sampling effects at the
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lower concentrations. An important consideration when determining the extent of variability in
EQA materials is what the wider impact could be on participant results in terms of measurement
error. Effects related to extraction batch, RT kit choice, assay and the low concentration of HIV
molecules in the lower samples could result in variability in quantitative estimates of HIV-1 RNA
copy number. The impact of RNA extraction efficiency and variability was not extensively explored
as part of this thesis, although a comparison of the performance of different extraction kits on HIV-
1 RNA quantification in the EQA samples was performed as part of the wider collaborative study
(Falak et al., Section 10.11.3). The study demonstrated up to ~17-fold differences in RNA copy
number quantification between different extraction kits. The QIAmp viral nucleic acid kit (Qiagen)
was chosen for the interlaboratory comparison study based on these experiments performed by
Dr Samreen Falak. Further work to evaluate the impact of RNA extraction method on dPCR
guantification of HIV RNA could help to characterise measurement error, which in turn could
impact upon clinical quantification. Better measurement precision in inter-laboratory EQA
schemes may afford better result outputs from clinical laboratories, which could in turn enable

greater confidence in treatment decisions for patients on antiretroviral therapy.

3.3.4.4. Inter-laboratory analysis of EQA materials for HIV RNA

guantification

The analysis of the EQA materials discussed in Section 3.3.4.3 was also performed by another
NMI; Physikalisch-Technische Bundesanstalt (PTB), Germany. This enabled an inter-laboratory
comparison of HIV-1 RNA copy number quantification using RT-dPCR contributing to INSTAND

EQA Schemes 360 and 382 (2018; https://www.istand-ev.de; accessed on 22/07/20).
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Figure 3.10: dPCR results obtained by two NMlIs for the EQA samples. Bars show the acceptance range based
on the consensus value from all quantitative results for the respective sample for the whole INSTAND EQA
scheme, including calibration using the 4" WHO International Standard. Blue symbols represent PTB dPCR
results, black symbols represent NML dPCR results. Figure based on data provided by NML, PTB and
participants of Virus Genome Detection HIV-1 (RNA) Program 1 (360) and the Virus Genome Detection-HIV-
1 (RNA) additional Training Program 2 (382) (INSTAND) of the 2019 EQA scheme (Section 10.11.3; Appendix

11).
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Figure 3.10 shows overall good agreement between the HIV-1 gag RT-dPCR results for the two
NMlIs which are within the acceptance range, indicating that RT-dPCR performed comparably to
other methods implemented in the EQA scheme. In addition, RT-dPCR provided absolute
quantification of HIV-1 RNA copies per mL without the requirement for conversion from the WHO
Standard (reported in IU per mL). The 8" sample in Figure 3.10, which was shown by PTB to
contain approximately 100 HIV RNA copies per mL, represents sample 7 in Figure 3.9a for which
no HIV RNA copies were reported by NML. The results for this sample, which lie around the limit
of detection of the assay, demonstrate how detection of low copy samples may be missed by
some laboratories leading to discrepancies in reporting for the schemes where results fall outside
of the consensus range. Clinical quantification of HIV-1 RNA viral load is performed by different
laboratories using different platforms and techniques (Section 3.1.2), highlighting the importance
of ensuring measurement harmonisation between laboratories and studies. The work presented
here demonstrates how RT-dPCR, which does not require a calibration curve or conversion

between IU and copies per mL, may have a role in providing reference values for EQA schemes.
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This could support measurement accuracy, and help to identify results that deviate from EQA
consensus values, promoting measurement confidence. This can be a valuable tool in
demonstrating reliability of results for HIV-1 RNA viral load quantification (Senechal and James,

2012).

3.3.5. RT-dPCR analysis of clinical samples from HIV-1 positive

individuals

Improved measurement accuracy in HIV-1 RNA quantification (including plasma viremia and cell-
associated RNA) could help with harmonisation of patient results between studies and clinical
centres. In this study, dPCR quantification demonstrated that differences in RNA copy number
estimates can arise from choice of reverse transcriptase kits, different assays, and potentially
RNA extraction method. Another possible cause for variability in quantitative results could be
related to sequence diversity in the virus itself where multiple HIV-1 subtypes may exist within an
individual patient (Redd et al., 2013). There is interest in applying dPCR as a sensitive and precise
method for direct clinical quantification of HIV-1 RNA, which may be equivalent or even superior
to gPCR owing to better tolerance of primer-probe mismatches (Kiselinova et al., 2014, Sedlak et
al., 2017). Future work could aim to investigate the role of RT-dPCR in direct clinical quantification
of HIV viral load in samples obtained from patients. dPCR could also facilitate further
investigations into RT efficiency, which would provide a better understanding of differences in

RNA viral load quantification obtained using different kits and platforms.

3.4. Conclusions

Several factors can influence quantitative estimates of HIV-1 RNA, including choice of reverse
transcriptase enzyme and choice of assay. This can introduce measurement error and could
introduce bias between laboratories where different platforms or kits are used. Digital PCR can
be applied as an absolute quantification method for investigating discrepancies between
reagents, assays, and materials. In this chapter dPCR highlighted that up to ~6-fold differences
in quantitative values can exist between different commercial reverse transcriptases, which was
assay dependent. This was demonstrated using a standardised input of synthetic RNA transcript.
dPCR could be used to evaluate and correct for RT efficiency, which could help to eliminate

guantitative bias where different RT kits are used. RT-dPCR was also applied to different HIV-1
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RNA materials, including whole viral genomic RNA sequences, to highlight how sequence
diversity in viruses obtained from different sources can result in quantitative differences. In
addition to evaluating RT efficiency and the impact of choice of reverse transcriptase, this chapter
demonstrated that RT-dPCR exhibits good inter-laboratory reproducibility for analysis of EQA
samples and could be considered as a candidate reference method for HIV-1 RNA quantification.
Further work should aim to explore the role of RT-dPCR as a potential RMP that could be used
to value assign reference materials and influence EQA acceptance ranges. Ironically, this must
include further evaluation of the impact that variable RT efficiency may have on the application of
the reference method. This could help to harmonise quantitative results between different
laboratories and improve confidence in measurements of HIV-1 RNA, which could ultimately

improve clinical measurement accuracy of viral load.
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4. Calibrating quantitative measurements of HIV-1 DNA using digital PCR

4.1. Introduction

4.1.1. The proviral reservoir: a barrier to curing HIV-1

Although immense progress has been made in the response to the HIV epidemic, the disease
remains a global concern (Bekker et al., 2018). Improved access to testing, effective antiretroviral
therapy (ART) and sensitive molecular methods to monitor RNA viral load have contributed to
controlling the disease. However, a current barrier to curing HIV-1 infection is the presence of the
latent viral reservoir. Following entry into the host cell the HIV-1 RNA genome is subject to reverse
transcription into double stranded (ds) DNA for integration into the host chromosome. The
integrated DNA acts as a template for transcription of new viral RNA, utilising the host’s cellular
mechanisms as part of the viral life cycle (Craigie and Bushman, 2012). The integrated DNA copy
of the HIV-1 genome, along with an un-integrated portion, is widely thought to contribute to the
viral reservoir comprised of latently infected CD4+ T-lymphocytes and other cells (Kiselinova et
al., 2016, Avettand-Fenoel et al., 2016). Following discontinuation of (ART) latently infected cells,
which are not targeted by current therapies (Lorenzo-Redondo et al., 2016), have the potential to
become activated leading to the release of progeny virions (Richman et al., 2009, Bruner et al.,
2016). Accurate quantification of the latent reservoir using highly sensitive methods could assist
with the development of latency reversal strategies to eliminate infection (Margolis et al., 2016,
Spivak and Planelles, 2018), or allow HIV positive individuals the opportunity to reduce their intake
of antiretroviral medicines through accurate monitoring of the proviral reservoir (The BREATHER
Trial Group, 2016). The absence of HIV-1 DNA in patient samples could be a useful indicator of
functional cure from infection. To date, two individuals that were previously HIV positive have
been declared as having no measurable virus in their blood following stem cell transplantation
(Gupta et al., 2019). These examples demonstrate a real-world requirement for the application of

robust and reliable protocols to quantify HIV-1 DNA.

4.1.2. Quantification of HIV-1 DNA

gPCR quantification of HIV-1 DNA is increasingly being performed as a biomarker of the viral
reservoir (Bruner et al., 2015, Rouzioux and Avettand-Fenoél, 2018). Quantification of HIV-1 DNA

has been suggested to play a role in predicting disease progression and the potential for viral
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rebound through association with plasma viral load and CD4 T cell count (Williams et al., 2014).
Total HIV-1 DNA has additionally been shown to correlate with viral outgrowth assays (VOAS)
used to determine to size of the replication competent viral reservoir (Kiselinova et al., 2016). HIV-
1 DNA (total and unintegrated) can be detected in the in the absence of circulating plasma viral
RNA (Hatano et al., 2009, Mexas et al., 2012), making the molecule an attractive biomarker for
monitoring infection dynamics. HIV-1 DNA quantification may be a useful parameter for clinical
follow-up, following measurement at treatment initiation and at a suitable time-point post-initiation
(Mortier et al., 2018).

Quantification of HIV-1 DNA by qPCR is reported as number of copies per million cells. This is
through the use of a calibration curve containing an HIV-1 gene along with a host reference target.
The 8E5 cell line is a popular choice (Avettand-Fenoel et al., 2009, Beck et al., 2001, McFall et
al., 2015, Surdo et al., 2016) that is reported to contain one HIV-1 genome per diploid cell (Folks
et al., 1986, Deichmann et al.,, 1997, Desire et al.,, 2001). Unlike for HIV-1 RNA viral load
monitoring no WHO International Standard currently exists for HIV-1 DNA gPCR quantification,
and accurate measurement relies on reported assumptions about the 8E5 calibration standard.
In order to maintain reproducibility between experiments and ensure that data are comparable
between laboratories and studies, materials used to calibrate qPCR must be stable and
commutable. The impact of variability in gPCR studies for HIV-1 DNA quantification is often
ignored, making it difficult to compare data between studies (Strain et al., 2013). In addition,
measurements of HIV-1 DNA are often at the lower end of the dynamic range of qPCR. Very
small viral reservoirs have been characterised in peripheral blood of HIV positive individuals, that
are often indistinguishable from background signals (Galvez et al., 2020, Strain and Richman,
2013). It is therefore necessary that well characterised materials and methods for making highly
sensitive measurements are available for quantification of HIV-1 DNA associated with the latent

reservoir (Hatano et al., 2009, Mexas et al., 2012).

4.1.3. Arolefor dPCR in HIV-1 DNA quantification

Interest is growing in the application of dPCR for direct quantification of HIV-1 DNA (Bosman et
al., 2015, Eriksson et al., 2013, Henrich et al., 2012, Jones et al., 2014, Strain et al., 2013). In
contrast to qPCR, dPCR can provide sensitive, absolute measurements without the need for a

standard curve (Sedlak and Jerome, 2013). dPCR has been reported to have enhanced precision
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and better tolerance to primer-probe mismatches compared to qPCR; a desirable attribute for
measuring highly variable HIV-1 sequences (Strain et al., 2013, Rutsaert et al., 2018a). Precise
measurements could facilitate accuracy in HIV-1 DNA quantification by reducing experimental
error. dPCR has also demonstrated equivalent sensitivity to gPCR for HIV-1 DNA quantification,
indicating the potential utility of the technique for quantifying small viral reservoirs (Henrich et al.,
2012). The work presented in this chapter aimed to compare gPCR and dPCR for HIV-1 DNA
guantification in a cohort of clinical samples. dPCR was demonstrated in Chapter 3 to offer precise
quantification of HIV-1 RNA which was highly reproducible between laboratories, and may also
be a suitable technique for HIV-1 DNA quantification. It is hypothesised that dPCR can perform
with equivalent sensitivity to qPCR. dPCR can quantify nucleic acid without the need for a
calibration curve, which may afford better inter-laboratory reproducibility through comparison of
absolute measurements. The work presented in this chapter could help to establish a role for

dPCR in quantification of HIV-1 DNA.
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4.2. Materials and methods

4.2.1. Study materials

42.1.1. Patient samples

Peripheral blood mononuclear cell samples (PBMC) were obtained from HIV-positive individuals
as part of a recently published clinical trial comparing Short Cycle Therapy (SCT) with continuous
antiretroviral therapy. The original study had received appropriate ethical committee approval
(EudraCT number 2009-012947-40) (The BREATHER Trial Group, 2016). Each sample was
given a unique study identifier and provided as extracted DNA, which was stored at -20°C until

required.

4.2.1.2. Cell lines

8ES5 cell materials (Folks et al., 1986) were obtained from three separate sources and designated
Standard 1, Standard 2 and Standard 3. Standards 1 and 2 were obtained as pre-extracted DNA
from two different clinical diagnostics laboratories and had been used for research on HIV nucleic
acids. Standard 3 was obtained as cryo-preserved cells from the American Type Culture

Collection (ATCC® CRL-8993™).

4.2.2. Culture of 8E5 ‘Standard 3’ cells

Culture of the 8E5 ‘Standard 3’ cells was performed by Dr Gary Morley (LGC). One vial of 8E5
‘Standard 3’ cells (ATCC® CRL-8993™) was taken from liquid nitrogen and thawed at 37°C for
1-2 minutes. 500 pL of cells was removed from the vial for culture and the remaining 300 pL
(approximately 2.4x108 cells) retained for DNA extraction. The cells were cultured in growth
medium containing RPMI 1640 (ATCC ® 30-2001™) plus 10% foetal bovine serum (ATCC ® 30-
2020™) at 37 °C in the presence of 5% COg, as recommended by ATCC. A batch suspension
culture was maintained between 2.0x10° and 1.0x10° cells per mL for four successive passages
in triplicate (representing three separate culture flasks). Cell pellets were obtained representing
each passage, estimated to contain between 1.0x108 and 4.0x1068 cells per mL. Cell pellets were

stored at -80°C for approximately 1 month prior to DNA extraction.
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4.2.3. DNA extraction

DNA extraction for the PBMC samples was performed by Dr Bridget Ferns (UCLH). Briefly, DNA
was extracted on the QIAsymphony platform (Qiagen, Germany) using the DSP Virus/Pathogen
Mini Kit (Qiagen, Germany) as recommended by the manufacturer. Extracts were eluted in 60
pL of buffer AVE (Qiagen, Germany) and stored at -20 °C prior to analysis.

DNA was extracted from the 8E5 Standard 3 cell pellets (containing between 1x10% and 6x10°
cells per pellet) from each culture passage using the QIAamp DNA Blood Mini Kit (Qiagen,
Germany). Supplemental to the manufacturer’s protocol, extracts were treated with 4 L of RNase
A (Qiagen, Germany) prior to the addition of lysis buffer. Final elution volume was 200 uL in buffer
AE (Qiagen, Germany). The concentration the 8E5 cell line DNA extracts (Standard 1, 2 and 3)

was estimated using a Qubit 2.0 fluorometer (Invitrogen™, USA).

4.2.4. PCR assays

Assays targeting the HIV LTR-gag junction or HIV pol gene (Table 3.1) were used to measure
HIV DNA copies, and PDH (Busby et al., 2017) or RNAse P (Table 4.1) (Devonshire et al., 2014b)
to measure the number of reference gene copies. The PDH probe was adapted for digital PCR
(dPCR) from a previously unpublished version wused for qPCR (5-JOE-
CCCCCAGATACACTTAAGGGATCAACTCTTAATTGT-TAMRA-3’). dPCR and gPCR assays
were utilised in duplex format, and the number of HIV DNA copies detected was normalised to
one million cells using PDH or RNAse P reference targets. Of note, the LTR-gag assay reverse
primer site allows amplification of a single LTR region at the 5’ end of the HIV-1 genome, rather

than both the 5’ and 3’ LTR sequences (Zhang et al., 1998).
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Table 4.1: Primer and probe sequences for detection of human reference genes

Genbank
Assay target Name 5to3 * Source
accession
Forward TGA AAG TTA TAC AAA ATT GAG GTC ACT GTT
Pyruvate Dehydrogenase (Busby et al.,
NG_016860.1 ' poverse TCC ACA GCC CTC GAC TAA CC
(PDH) 2017)
Probe VIC - CCC CCA GAT ACA CTT AAG GGA — MGBNFQ
Forward GCG GAG GGAAGC TCATCAG
(Devonshire et al.,
RNase P (RNase P) NC_000014.8 Reverse GGA CAT GGG AGT GGA GTG ACA
2014b)
Probe VIC - CAC GAG CTG AGT GCG — MGBNFQ

* Refer to page 23 for abbreviations relating to fluorescent dyes and quenchers.
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4.2.5. gPCR analysis of clinical samples

gPCR analysis of 18 PBMC sample extracts was performed by Dr Bridget Ferns (UCLH) using
an Applied Biosystems® 7500 Real-Time PCR System. Experiments were implemented in
accordance with the MIQE guidelines (Bustin et al., 2009). Compliance criteria for these
experiments are available (Busby et al., 2017). To prepare a qPCR calibration curve consisting
of ~50,000 to ~5 HIV DNA copies per reaction (assuming 1 HIV DNA copy per 8E5 cell), DNA
extracted from the 8E5 cell line (Standard 1) was serially diluted using a tenfold dilution series in
nuclease-free water containing 5 ug/ mL polyA RNA carrier (Qiagen, Germany). 20 uL of each
clinical sample extract was added to a total reaction volume of 50 pL and analysed once as a
single replicate. The reaction mix contained 1x QuantiTect Multiplex PCR Master Mix (with ROX
dye) (Qiagen, Germany), sterile nuclease-free water and the PDH/HIV LTR-gag duplex assay.
Primer and probe concentrations were 0.1 uM of PDH and HIV LTR-gag primers and PDH probe,
and 0.2 uM of the HIV LTR-gag probe. Thermocycling conditions were: 15 minutes at 95 °C, then
45 cycles of 94 °C for 60 s and 60 °C for 60 s. Data were analysed using Applied Biosystems

SDS v1.4 analysis software.

4.2.6. Digital PCR basic protocol

Duplex format dPCR experiments were implemented in accordance with the dMIQE guidelines
(The dMIQE Group and Huggett, 2020). Two dPCR instruments were utilised during the study;
the RainDrop® Digital PCR System (RainDance Technologies, USA) and the QX200™ Droplet
Digital™ PCR System (Bio-Rad, USA). Positive (k) and negative (w) partitions (defined in Section
1.2.3.3) were selected for the RainDrop® and QX200™ manually using ellipse or quadrant gating,
respectively, as recommended by the manufacturer using the instruments’ software.

For dPCR using the RainDrop®instrument, 5.5 uL DNA extract (from approximately 55,000 cells)
was added to a total master reaction volume of 55 pL containing 1x TagMan® Genotyping Master
Mix ( Applied Biosystems™, USA), 1x droplet stabiliser (RainDance Technologies, USA), sterile
nuclease-free water (Ambion, USA) and the chosen primer assay duplex. 50 pL of reaction mix
was pipetted into a RainDrop® Source chip and oil emulsion droplets were generated (Milbury et
al.,, 2014) and cycled on a Tetrad PTC-225 Thermal Cycler (Bio-Rad, USA). Thermal cycling
conditions were: 10 minutes at 95 °C, 45 cycles of 95 °C for 15 s and 60 °C for 60 s, 10 minutes

at 98 °C and a 10 minute hold at 12 °C. A ramp rate of 0.5 °C/sec was maintained for all stages
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of thermal cycling. Following PCR amplification, droplets were read on the RainDrop® Sense and
the data analysed with RainDrop® Analyst Il. A partition volume of 0.005 nL was used to calculate
copy number concentration (Milbury et al., 2014).

For the QX200™ Droplet Digital PCR System 5.5 pL DNA extract was added to a master reaction
volume of 22 pL containing 1X ddPCR Supermix for Probes without dUTP (Bio-Rad, USA), sterile
nuclease-free water and the selected assay duplex. The remaining steps of the protocol are
described in Section 2.1.5. QuantaSoft version 1.6.6.0320 was used for data analysis. A partition
volume of 0.85 nL was used to calculate copy number concentration (Bio-Rad, USA). No template

controls (NTCs) were included in all PCR experiments.

4.2.6.1. Digital PCR analysis of clinical samples

5 uL (equivalent to approximately 50,000 cells) of the 18 PBMC extracts were analysed once as
a single replicate using the RainDrop® dPCR platform as described above. The samples were
amplified using the PDH/HIV LTR-gag duplex assay. NTCs of HIV-1 negative whole blood
extracts and sterile nuclease-free water (Ambion, USA) were included as controls. The extracts
were coded and the dPCR operator had no prior knowledge of the gPCR results on the same
samples. dPCR analysis of the patient samples was also performed using the Bio-Rad QX200

digital PCR system.

4.2.6.2. Digital PCR characterisation of 8E5 cells

The Standard 1, 2 and 3 8E5 DNA extracts were assessed using the RainDrop® platform with
duplex primer sets to PDH/HIV LTR-gag, PDH/HIV pol and RNase P/HIV LTR-gag. Results were
confirmed using the QX200™ platform and the PDH/HIV LTR-gag assay duplex. For the Standard
3 cells all four culture passage extracts to a Cumulative Population Doubling (cPD) of ~10, and
the initial passage zero extract, were analysed using both RainDrop® and QX200™ instruments

with the PDH/HIV LTR-gag duplex assay.
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4.2.6.3. Effect of different 8E5 calibrator sources on qPCR analysis

of clinical samples

Three different 8E5 cell standards (1, 2 and 3) were utilised simultaneously as calibrators in the
same run for analysis of an additional seven HIV-positive clinical sample PBMC extracts from the
clinical trial (The BREATHER Trial Group, 2016). qPCR was performed at UCLH by Dr Bridget
Ferns as described in Section 4.2.5 and the PDH/HIV LTR-gag assay duplex was applied. HIV
DNA copies were calculated per million cells using either the published quantity of 1 HIV DNA
copy per 8E5 calibrator for all three different 8E5 sources or, alternatively, the quantity determined

using dPCR during the present study.

4.2.7. Data Analysis

Data from dPCR and gPCR experiments were subject to threshold and baseline setting in the
relevant instrument software and were exported as .csv files to be analysed in Microsoft Excel.
For dPCR experiments the average number of copies per partition (A\) was calculated as described
previously (Whale et al., 2016a). dPCR and gPCR analyses of the clinical samples were
compared by using a paired t-test on the logio transformed HIV DNA copies per million cells. The
number of HIV DNA copies per 8E5 cell was calculated using the ratio of measured HIV copies

to reference gene copies.
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4.3. Results and Discussion

4.3.1. Measurement of HIV-1 DNA in patient samples by dPCR and qPCR

dPCR and gPCR were compared for quantification of HIV-1 DNA. All samples were positive for
HIV DNA by gPCR, and HIV DNA was detected in 15/18 and 12/18 extracts using the RainDrop
and QX200 dPCR instruments. Raw HIV DNA copy numbers measured by dPCR were up to 31-
fold (Sample 15) and 680-fold (Sample 4) lower than gPCR for the RainDrop and QX200,
respectively (Table 4.2a). The number of HIV DNA copies was normalised to one million cells by
calculating the ratio of HIV DNA to PDH reference gene copies for each sample. Normalisation
improved the agreement between dPCR and gPCR, with 2.7-fold and 46.1-fold differences in HIV
DNA copy numbers observed for the respective platforms (Table 4.2b). However, discrepancies
in HIV DNA guantification remained between the techniques. Some discrepancies are likely due
to differences in methodological workflow, including differences in template input volume
(Approximately 5uL for dPCR compared with 20uL for gPCR). This could explain the absence of
HIV DNA target in some dPCR-analysed samples that were positive by gPCR, particularly those
that were shown to be low concentration using the latter method. This presents a potential
limitation of dPCR, with low sample volume as a barrier to amplification of low copy targets (Whale
etal., 2013). However, the observation of low or no raw HIV DNA copies using dPCR was relevant
for samples that contained high concentrations of HIV DNA by gPCR (Sample 4, 5, 11, 12, 15,
17), suggesting other causative factors than sample volume. In addition, the HIV DNA copies per
million cells presented in Table 4.2b were found to be up to 19.6-fold different between the two

dPCR platforms (p=0.01) which warranted further investigation.
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Table 4.2: Number of HIV DNA copies measured in single replicates of 18 clinical samples using gPCR and the two dPCR platforms. (a) Raw HIV DNA copies measured by
GPCR, RainDrop® dPCR and QX200™ dPCR. (b) HIV DNA copies normalised to million cells for the three methods. Approximate input volumes for dPCR refer to the volume

loaded into the cartridge prior to droplet generation.

(a) Raw HIV DNA copies per reaction (b) HIV DNA copies per million cells
Method gPCR RainDrop® | QX200™ Method gPCR | RainDrop® | QX200™
Reaction volume (pL) | 50 ~50 ~20 Reaction volume (uL) | 50 ~50 ~20
Sample volume (pL) | 20 ~5 ~5 Sample volume (pL) | 20 ~5 ~5
Sample 1 22 0 0 Sample 1 80 0 0
Sample 2 204 7 6 Sample 2 579 215 181
Sample 3 263 31 5 Sample 3 724 784 141
Sample 4 2041 77 3 Sample 4 1660 704 36
Sample 5 2824 110 0 Sample 5 3590 1496 0
Sample 6 2 0 2 Sample 6 10 0 79
Sample 7 11 2 0 Sample 7 38 76 0
Sample 8 358 20 13 Sample 8 1780 915 539
Sample 9 16 3 2 Sample 9 40 76 43
Sample 10 3 0 0 Sample 10 21 0 0
Sample 11 1569 116 0 Sample 11 1100 721 0
Sample 12 109 4 2 Sample 12 100 47 25
Sample 13 171 12 4 Sample 13 1460 1023 229
Sample 14 52 4 2 Sample 14 473 358 123
Sample 15 2497 81 0 Sample 15 1670 776 0
Sample 16 108 12 8 Sample 16 1710 1700 803
Sample 17 392 16 2 Sample 17 657 296 34
Sample 18 185 16 7 Sample 18 1050 896 333




4.3.2. Investigating discrepancies between the two dPCR systems

Several samples that were found by gPCR and RainDrop® dPCR to contain HIV DNA returned a

low or even negative result by QX200™ dPCR. These samples are listed in Table 4.3.

Table 4.3: Samples flagged as discrepant following the gPCR-dPCR-dPCR comparison. (a) Raw QX200™ dPCR
data for HIV and PDH targets for all 18 samples. Saturation of partitions is indicated by a PDH lambda (A)
greater than or equal to 4.0 (highlighted red). A values were calculated by subtracting the natural logarithm
(LN) of the number of partitions containing no target (w) from LN of the total number of partitions accepted
by QuantaSoft for that sample (i.e. positive plus negative partitions in this instance, n). (b) Raw HIV DNA
copies per reaction for the ‘saturated’ samples for each of the three techniques. QX200™ dPCR results are

given before and after template dilution.

Total HIV PDH PDH
@ | pantons | parions | paritions | pargions | PPHA"
(n) (k) (k) (w)
Sample 1 13739 0 12942 797 2.8
Sample 2 14505 4 13784 721 3.0
Sample 3 14395 3 13686 709 3.0
Sample 4 14288 2 14281 7 7.6
Sample 5 14565 0 14551 14 6.9
Sample 6 14036 1 11511 2525 1.7
Sample 7 11550 0 10296 1254 2.2
Sample 8 12645 7 11020 1625 2.1
Sample 9 13861 1 13281 580 3.2
Sample 10 11918 0 9285 2633 15
Sample 11 13916 0 13796 120 4.8
Sample 12 12580 1 12550 30 6.0
Sample 13 12143 2 9177 2966 1.4
Sample 14 15613 1 10461 5152 11
Sample 15 15049 0 15045 4 8.2
Sample 16 15656 5 8650 7006 0.8
Sample 17 13966 1 13717 249 4.0
Sample 18 14412 4 11741 2671 1.7

* Average number of molecules per patrtition.
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Qx2o00™ Qx200™

gPCR raw RainDrop® raw HIV Dilution total raw

HIV DNA raw HIV DNA copies factor HIV DNA

®) copies per | DNA copies | perreaction | applied for | copiesin 22

reaction per reaction (before re-analysis uL (after

dilution) dilution)
Sample 4 2041 77 3 55 79
Sample 5 2824 110 0 55 100
Sample 11 1569 116 0 7.3 86

Sample 12 109 4 2 7.3 4

Sample 15 2497 81 0 8.8 39
Sample 17 392 16 2 55 15

The highlighted samples in Table 4.3a were observed to contain highly concentrated genomic
DNA, reflected by the high A values for PDH target for these samples (where each dPCR partition
contained, on average, 4 or more molecules of DNA). This also coincided with limited amplification
of the HIV-1 DNA target. Saturation of the dPCR patrtitions introduces bias towards the PDH target
and lowers the probability that HIV molecules will also be observed in the available partitions
(Quan et al., 2018). dPCR guantification obeys Poisson statistics, where the rate of occurrence
for detecting a molecule of DNA containing a particular sequence is estimated (Gart, 1975). To
improve the rate of occurrence and therefore detection of HIV-1 DNA in the six challenging
samples, each extract was diluted in nuclease-free water up to a volume of 22 pL and analysed
over quadruplicate reaction wells. The dilution factor for each sample is given in Table 4.3b. This
resulted in the differences in HIV copy number between the two platforms no longer being
significant (p=0.55). This saturation effect was not observed for the RainDrop system, possibly
owing to the increased reaction volume (50 pL rather than 20 pL for the QX200, therefore allowing
more dilution of the sample), and the higher number of available partitions (10 million rather than
23,000). This allows better partitioning of the highly concentrated genomic DNA, meaning that the
minority HIV DNA molecules have a better probability of being detected. The increased reaction
volume attributed to the RainDrop instrument, and the large number of partitions that can

subsequently be generated per well, enables this platform to benefit from a broad dynamic range.
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The linear dynamic range was demonstrated to be approaching that of q°PCR using the HIV LTR-
gag assay described in Table 3.1 (Jones et al., 2016). Highly concentrated, viscous genomic DNA
has been shown to alter droplet volume in emulsion-based dPCR, which can impact upon nucleic
acid quantification (Hindson et al., 2011). The review by Rutsaert et al (2018) also articulates the
challenges facing emulsion-based digital PCR as a tool to quantify minority targets in a
concentrated background, such as HIV DNA in human gDNA. The authors discuss in particular
the difficulties for threshold setting to accurately quantify minority targets, and the problems for
droplet formation that can be introduced by highly viscous genomic DNA (Rutsaert et al., 2018a).
This also introduces a potential challenge when measuring two targets that exist at opposing ends
of the dynamic range of the instrument; a situation that requires careful planning for future
experiments to ensure that both targets have equivalent A values. These findings are relevant for
approaches that seek to incorporate dPCR into routine diagnostics, particular for trace detection

of minority targets in a rich background of genomic DNA.

4.3.3. Investigating the discrepancies between dPCR and gPCR

quantification of HIV DNA

Owing to the analytical challenges presented when quantifying HIV-1 DNA in the clinical samples
using the QX200 dPCR system, only the values obtained using the RainDrop were carried forward
to investigate the discrepancies between gPCR and dPCR. Overall, there was a good correlation
of HIV DNA copies per million cells between dPCR and gPCR (Figure 4.1) (R2 = 0.87). However,
despite this agreement the dPCR results were approximately 60% of the gPCR results; a
statistically significant difference (p = 0.02). As aforementioned, reduced sample input volume for
dPCR may provide insight into this discrepancy. However, whilst this would account for observed
differences in raw HIV copy number, plotted results are normalised to the number of PDH copies
and reported as a ratio. This suggests that there may be an alternative hypothesis for the cause

of the observed discrepancies.

4.3.3.1. Digital PCR characterisation of the 8E5 cell line

Calibration of gPCR for quantification of the clinical samples was performed using DNA extracted
from the 8ES cell line, which is widely reported to contain one integrated HIV provirus per diploid

cell (Folks et al., 1986, Deichmann et al., 1997, Desire et al., 2001, Quillent et al., 1993, McFall
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et al., 2015, Jaafoura et al., 2014, Beck et al., 2001, Ghosh et al., 2003). Whilst this is taken to
be an assured characteristic of the cell line, inaccuracies in the nominal number of HIV proviruses
per 8E5 cell could bias quantitative results and may be the cause of the ~30% difference between
the gPCR and dPCR estimates. To determine the absolute number of HIV DNA copies per cell,
dPCR was applied to DNA extracted from the 8E5 cell line to determine the number of HIV DNA
copies per diploid cell. Initially, the source of 8E5 DNA used to calibrate the gPCR analysis of the
18 samples (Standard 1) was analysed using the RainDrop® dPCR platform. The cells contained
approximately 0.6 HIV DNA copies per cell, rather than the reported ratio of one. This result was
confirmed on the QX200 dPCR platform, and using additional assays targeting a different HIV
gene (pol) and human reference target (RNase P) to rule out the possibility that the observed
finding was due to under-quantification with the LTR-gag assay, or an over estimation of the
number of PDH copies. These findings clearly indicated that ‘8E5 Standard 1’ contains less than
one HIV DNA copy per cell. The HIV DNA copies measured in the 18 clinical samples by qPCR
were recalculated from the 8E5 standard curve assuming the dPCR value of ~0.6, and the
discrepancy between dPCR and qPCR measurements of HIV DNA was no longer statistically
significant (p = 0.42) (Figure 4.1). These data suggest that the number of HIV DNA copies in the
18 samples was over-estimated by qPCR as the result of inaccuracies in the standard 1
calibration curve.

To further explore whether these findings were unique to this particular source of 8E5 DNA, the
same dPCR approach was applied to additional standards from two separate institutes (Standard
2 and Standard 3). Standard 3 exhibited a similar ratio of HIV DNA per cell to Standard 1 (~0.8
HIV DNA copies per cell), whereas Standard 2 demonstrated even greater loss of HIV DNA (~0.02
HIV DNA copies per cell). The three 8E5 standards are compared in Figure 4.2a. Furthermore,
8E5 Standard 3 had been cultured to a cumulative population doubling (cPD) of approximately
10 (Roth, 1974). Cells were sampled at 5 distinct time-points representing each passage (P0-P4),
providing an opportunity to evaluate whether progressive loss of HIV DNA from the 8E5 cell line
occurred with serial passage. Analysis of the DNA extracts on the RainDrop and QX200 using
the PDH/HIV LTR-gag assay duplex demonstrated that HIV DNA quantity decreased in culture,

from ~0.8 to 0.6 HIV DNA copies per cell (Figure 4.2 b & c).
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Figure 4.1: Comparison between qPCR and dPCR measurements of HIV DNA copies per million cells for 18

PBMC samples. Red markers are where qPCR results were calculated assuming one HIV DNA copy per 8E5

cell. Blue markers are where qPCR results were calculated assuming 0.6 HIV DNA copy per 8E5 cell. Samples

in which HIV DNA was not detected are not plotted. The dashed line represents equivalence.
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Figure 4.2: HIV DNA copies per cell determined by dPCR for three different 8E5 cell line sources. (a)
Comparison of 8E5 Standards 1, 2 and 3 on the RainDrop® and QX200 platforms. (b) Effect of serial culture
on HIV DNA content per cell for 8E5 Standard 3 measured using the RainDrop® dPCR platform (c) Effect of
serial culture on HIV DNA content per cell for 8E5 Standard 3 measured using the QX200™ dPCR platform.

Mean values with standard deviations are plotted (Busby et al., 2017).
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The mechanism of this apparent loss of HIV DNA from 8E5 cells in culture is unclear, although
the presence of a contaminating human cell line could result in an increased number of human
genomes and therefore skew the ratio of HIV DNA per cell (i.e. copies of PDH or RNase P).
However, intra-species determination by short tandem repeat (STR) analysis was performed on
the Standard 3 cells by the supplier prior to culture. STR profiling is a technique developed for
forensic analyses that enables cell identification through PCR-based amplification of polymorphic
STR loci (Masters et al., 2001). The unique DNA profile for Standard 3 was concordant with the
cell line specification, suggesting that no contaminating cell lines were present. Coincidentally, a

recently published study also identified heterogeneous loss of HIV nucleic acid from different
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sources of 8E5 cells at various passages using RNA FISH:FLOW analysis (Wilburn et al., 2016).
The authors suggest that the integration of HIV DNA into a region of the human genome
containing fragile sites (13g14-g21) may be relevant to the loss of viral DNA from the cells, and
could be the result of selective pressure on the cells during culture. In the case of Standard 2, no
data were provided on the number of passages this sample had been subjected to upon dPCR

analysis, but it is hypothesised that these cells were at a high passage.

4.3.3.2. Evaluating the impact of the 8E5 calibrator on gPCR

guantification HIV DNA

To empirically determine the impact of varying quantities of HIV nucleic acid in different sources
of the 8E5 calibrator on gPCR HIV DNA quantification, 7 PBMC samples that were separate from
the original 18 were analysed and calibrated against standard curves constructed from 8E5
Standards 1, 2 and 3. Results were expressed in HIV DNA copies per million cells. When the
reported ‘one HIV genome per 8E5 cell’ was assumed the results calibrated against Standard 1
and Standard 3 demonstrated no significant bias, but HIV DNA quantities calculated using the
‘Standard 2’ calibrator were approximately 50 times higher (Figure 4.3a). However, when the
dPCR-determined HIV DNA copy number per extract for the three calibrators was applied,
complete concordance of results was observed between the three sources of 8E5 calibrator

(Figure 4.3b).
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Figure 4.3: Median HIV DNA copies per million cells of seven clinical samples assayed by gPCR and calibrated
using 8E5 Standards 1, 2 and 3 (boxplots shown with interquartile and range). (a) Calculated assuming one
HIV DNA copy per 8E5 cell for all three Standards. (b) Calculated using the dPCR-determined number of HIV

DNA copies per cell for each of the three different sources of 8E5 (Busby et al., 2017).
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dPCR value assignment of the three sources of 8E5 cell line DNA revealed that inaccuracies in
the calibrator can bias qPCR quantification of HIV DNA. gPCR is likely to remain the method of
choice for quantifying HIV DNA as the technique is well established in diagnostic laboratories.
However, in order for quantitative gPCR results to be reliable an accurate calibration curve is
essential (Bustin et al., 2009). dPCR holds significant value for characterizing reference materials
used to quantify nucleic acids, as has been demonstrated for other model systems (Bhat and
Emslie, 2016, Devonshire et al., 2016a, White et al., 2015). This indicates a potential role for the
method in further supporting gPCR quantification of HIV DNA where instability has been identified
in the calibration material. Since passage number had a likely impact on cell line stability, fresh
aliquots of the 8E5 cell line should be obtained and the HIV DNA copy number per cell verified by
dPCR prior to commencement of studies quantifying HIV DNA by qPCR. This will ensure that

laboratories obtain reproducible results that are comparable between diagnostic centres.

4.3.3.3.  Application of cell lines for calibration of gPCR quantification

of HIV-1 DNA

As demonstrated in this work, issues exist surrounding the genetic stability of the 8E5 cell line

used to calibrate gPCR measurements of HIV-1 DNA. Additional cell lines either containing HIV-
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1 genetic material or able to produce whole virions exist; namely, the J-lat 10.6 (Jordan et al.,
2003), J1.1 (Perez et al., 1991), U1 (Folks et al., 1987) and the ACH-2 cell lines (Clouse et al.,
1989, Folks et al., 1989). In contrast to the 8E5 cell line, these materials are capable of producing
infectious viral particles and so safety issues should be considered when choosing which
calibrator to use. A review of the current literature on quantification of HIV-1 DNA demonstrates
that the 8E5 cell line is most commonly used for constructing a standard curve. Table 4.4 lists
numerous studies utilising gPCR for HIV-1 DNA quantification that cite the use of an HIV-1
infected cell for standard curve calibration. There are limited reports of genetic instability in cell
lines other than 8E5, however one study demonstrated evidence of ongoing replication within
ACH-2 cells during passaging which resulted in an increase in HIV-1 copies per cell (Sunshine et
al., 2016). In addition, the article by Telwatte et al (2019) highlights how HIV-producing cell lines
differ from each other in their mechanisms governing viral latency. The authors recommend that
these differences be taken into consideration when choosing cell lines for HIV research (Telwatte
et al., 2019). In the context of HIV-1 DNA quantification, dPCR value assignment of commonly
used HIV-producing cell lines could help to promote harmonisation of results obtained between
studies, regardless of which cell line is used. This could enable better data comparability between
studies looking to quantify HIV-1 DNA, which could in turn promote greater confidence in

measurement of the HIV latent reservoir.
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Table 4.4: Variety of materials used to calibrate quantification of HIV-1 DNA in the literature.

Number of articles

HIV-1 DNA measurement

Material citing use for gPCR Source
calibration

(Avettand-Fenoel et al., 2009, Beck et al., 2001, Desire et al., 2001, Ghosh et al., 2003, Jaafoura
8E5 cell line 12 et al., 2014, Kabamba-Mukadi et al., 2005, McFall et al., 2015, Shiramizu et al., 2005, Sonza et

al., 2001, Surdo et al., 2016, Thomas et al., 2019, Gibellini, 2004)

ACH-2 cell line 3 (O'Doherty et al., 2002, Chun et al., 1997a, Ostrowski et al., 2015)

Ul cell line 4 (Bosman et al., 2015, Saha et al., 2001, Thomas et al., 2019, Chun et al., 1997a)
J-lat 10.6 or J1.1 cell lines 1 (Thomas et al., 2019)
Papers citing another calibrator* for 5 (Kellogg et al., 1990, Gibellini, 2004, Butler et al., 2001, Casabianca et al., 2007, Malnati et al.,

2008)

*another calibrator’ includes in-house HIV infected cell lines additional to those described here, and plasmid constructs. The literature search was carried out using

the following terms: hiv dna; real-time pcr; gPCR; quantitative; standard curve; 8E5; ACH-2; U1; J-lat; j1.1; plasmid.




4.3.3.4. General use of cell lines for gPCR calibration

Numerous studies indicate that over passaged, potentially contaminated and unstable cell lines
are responsible for poor or unreproducible laboratory results, inaccurate data and financial loss.
Issues with cells lines in research tend to focus on inconsistencies in culture or in gene
expression. However, genetic instability in laboratory cell lines is well documented and generally
considered to be an issue for research due to the unpredictably changing chromosomal structure
of the cells. This is the case because the majority of research cell lines are derived from
immortalised cancer cells, the chromosomal content of which tends to be both abnormal and
variable within a cell population (Geraghty et al., 2014). This becomes a particular issue where
cell lines are being used to calibrate qPCR for the most sensitive measurements of low-level
targets, such as the 8E5 cell line. A degree of stewardship over the use of cell lines for quantitative
nucleic acid research may be of benefit to the scientific community, affording more reliable and
reproducible results that could impact upon clinical decisions. In the context of the 8E5 cell line
for HIV DNA guantification, the cell line may benefit from DNA sequencing to further characterise
the integrated HIV provirus and identify any defects that may be causing the reported loss of HIV
copy number. Further work should also include analysis of extended passage of this cell line,
since the data presented in Figure 4.2 demonstrates that HIV DNA copy number decreased with
culture within a limited period of time. With this in mind it would be prudent to provide information
such as passage number when sharing cell line calibrators between laboratories (Hughes et al.,
2007). Digital PCR could also be applied as a reference method to verify the copy numbers of

particular targets in cell lines used to calibrate gPCR.

4.3.4. Comparison of qPCR and dPCR for HIV DNA quantification

Alongside gPCR, there is increased interest in the role of dPCR as an alternative method for
sensitive quantification of HIV-1 DNA in clinical and pre-clinical studies (Anderson and Maldarelli,
2018, Rutsaert et al., 2018a, Trypsteen et al., 2016). dPCR is a precise method with a dynamic
range demonstrated to be approaching that of qPCR (Jones et al., 2016). The work presented in
this chapter provides an opportunity to explore some of the relative advantages and limitations of

the two techniques (Table 4.5).
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Table 4.5: Attributes and limitations of the techniques evaluated in this study for HIV DNA quantification.

‘gPCR’ and ‘dPCR’ refer to the specific protocols described in this chapter, although other protocols and

platforms exist for these techniques.

Method Attributes Limitations
Well characterized in-house clinical Quantitative estimates can be biased
protocol by inaccuracies in standard curve
Large sample input volume (20 pL),
increasing probability of detection of | Inaccuracies in calibration curve can
gPCR
minority targets be difficult to identify without a well
Multiplex format can be applied characterised reference standard or
Medium sample throughput (96 method
samples per run)
Absolute quantification of single copy | Limitations on input sample volume
targets in multiplex format owing to number of available
Medium sample throughput (96 partitions (up to ~23,000 per reaction
QXx200™ samples per run) well)
dPCR Closed system i.e. only specific Bio-Rad reagents can be used. This can be
considered as both an advantage, where approaches can be standardized to
a single kit, and a limitation where scope to explore and optimize protocols is
limited.
Absolute quantification of single copy
targets in multiplex format
Limited sample throughput (8
Large number of partitions generated
samples per run)
in each reaction well (up to ~10
RainDrop®
million)
dPCR

Open system i.e. a range of reagents can be used with this platform, with

recommendations available from the manufacturer. This is both

advantageous, where scope exists to explore numerous options and

protocols, and a limitation where there is a risk of a lack of standardization.
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Issues surrounding the impact of limited sample input volumes for dPCR quantification of HIV
DNA have been described previously (Strain et al., 2013). Typically, a 50 pL gPCR reaction can
measure ~ 20 pL of sample. This 20 pL aliquot, which may be run in triplicate reactions and taken
from 60-100 uL DNA extract, facilitates a high probability of capturing the HIV DNA molecules
that may be present in that extract. In contrast, commonly used dPCR platforms including the Bio-
Rad QX200 only have capacity for a lower volume of sample. Initial preparation for a QX200
dPCR experiment typically involves pipetting 5 pL of sample into a 20 L total reaction volume
prior to partitioning. Calculations of expected copy numbers are based on the assumption that the
entire 20 pL reaction volume is emulsified into droplets, which is usually not the case, and that all
of these partitions pass the necessary quality criteria. Therefore, a considerable proportion of the
reaction volume and sample are lost to the so called ‘dead volume’ as illustrated in Table 4.6.
This puts the QX200 at a disadvantage to gPCR in terms of sampling an equivalent volume. A
higher number of replicates are required for dPCR to analyse an equivalent volume of sample to
gPCR, representing more ‘hands-on time’ for setup along with increased consumable
requirements and costs. As well as contributing to copy humber calculations, the number of
partitions accepted per QX200 dPCR reaction (Section 1.2.3.3) is a metric of run quality where
less than 10,000 partitions is usually considered to be a quality failure (Whale et al., 2017).
Accepted partition count depends on numerous factors; poor droplet handling and improper
reaction mix preparation are usually to blame for low counts (Bulletin-6407). Automatic generators
are available (AutoDG, Bio-Rad), however there is less user control over how the droplets are
handled by the robot. Factors intrinsic to the sample type can also influence droplet generation,
including the presence of inhibitors and high quantities of genomic DNA. Notwithstanding,
controlling the number of accepted partitions in a reaction is challenging and not always
predictable, which potentially limits the role of the QX200 dPCR platform for clinical quantification

of HIV DNA.
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Table 4.6: Approximate reaction and sample volumes analysed and lost depends on the number of accepted partitions per reaction well using the QX200™ dPCR platform. The maximum

number of partitions (23,981) is based on the assumption that all 20 ulL reaction volume is converted into droplets, and assuming a partition size of 0.834 nL (Corbisier et al., 2015). The

values given for ‘accepted number of partitions per reaction’ are examples based on typical experiments performed in this study.

Number of accepted

partitions per well (n)

Approximate sample
volume analysed per

well (uL) assuming 5 pL

Approximate total

reaction volume

analysed per well (pL)

Reaction volume lost

based on accepted

partition count (uL)

Percentage of reaction

lost to ‘dead volume’

Number of QX200

dPCR replicate wells

per sample per

initial input experiment required to
equal 20 pL (used in
qPCR)
23,981 5.0 20.0 0.0 0% 4
18,000 3.8 15.0 5.0 25% 5
15,000 31 12.5 7.5 37% 6
10,000 21 8.3 11.7 58% 10




4.3.5. Sensitive estimations of the size of the HIV proviral reservoir

normalised to one million cells

The widely adopted convention for reporting quantitative estimates of the proviral reservoir is to
normalise HIV DNA copy numbers to one million cells (Avettand-Fenoel et al., 2009). A review of
the literature suggests that the use of this denominator is largely historical, and possibly related
to the adaptation of molecular approaches from cell culture assays. Measurement of tissue culture
infective dose (TCID) is historically reported per million PBMCs (Daar et al., 1991, Ho et al., 1989),
along with viral outgrowth assays for estimating the size of the replication competent HIV reservoir
(Henrich et al., 2017). Studies utilising transposable elements for HIV integration assays estimate
that approximately one million Alu repeats are present in the human genome, enabling precise
quantification of integrated forms of HIV DNA normalised to one million cells (Chun et al., 1997a).
Furthermore the average number of latently infected cells containing replication competent virus
in an individual has been estimated at approximately one million (Chun et al., 1997b), inferring
that HIV DNA estimates per million cells could be indicative of the size of the total reservoir.

Absolute quantification by dPCR in this chapter revealed that very small numbers of HIV DNA
copies could be detected in samples from HIV positive individuals (Table 4.2a). Sample 7, which
contained 2 raw copies per reaction by RainDrop dPCR, contained 11 copies by gPCR.
Differences in sample input volumes contributing to this difference have already been discussed
(Section 4.3.1). However, when raw HIV DNA copies were normalised to one million cells dPCR
shows almost twice as many copies as gPCR (76 compared to 38, respectively). Similar results
were also observed for Sample 9. This could be misleading about the respective performances
of gPCR and dPCR, and may hide true copy numbers in a sample in the presence of high
background DNA concentrations. Table 4.3 shows that both of these samples exhibited PDH
(reference gene) A values of greater than 2.0, indicating that they may be approaching the limits
of precision in terms of HIV DNA quantification in a background of concentrated genomic DNA.
Discordances between dPCR and gPCR were also observed for other samples, where technically
sensitive measurements of low levels of HIV DNA were obtainable by dPCR (Sample 2, Sample
14). However, normalisation of these samples to one million cells resulted in disagreement
between the techniques which gives the impression that the methods possess different

sensitivities. Whilst normalisation of data in this way generally facilitates comparison between
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techniques, technical and biological limitations could lead to measurement error and prevent
comparability of results.

Normalising two unrelated targets, i.e. HIV DNA relative to human genomic targets, as an
absolute metric for quantifying the HIV reservoir could introduce bias within and between
individuals, as well as between laboratories. Differences in PCR assay dynamics, diurnal changes
in blood counts (Jones et al., 1996), and differences in reporting of CD4+ cell counts between
labs (Sax et al., 1995) may all contribute to measurement error. In addition, choice of reference
target must also be considered as copy numbers for different genes can vary within an individual
(Devonshire et al., 2014a). Combined with potential bias introduced by instability in the gPCR
calibrator discussed in Section 4.3.3.2, these issues suggest that the convention of reporting HIV
DNA copies per million cells may require review in the future. This denominator could contribute
to discrepancies between studies where low-level samples are masked by the cellular content.
Normalisation of HIV-1 DNA copy numbers quantified per million cells could respectively inflate
or diminish the estimated copy number in a sample when the ratio is calculated relative to low or
high concentrations of host DNA. Reporting of absolute copy numbers of HIV DNA and host
genomic targets in place of normalised values could provide a more accurate estimate, especially

where analytical sensitivity of a method is being investigated.

4.4. Conclusions

Clinical quantification of HIV-1 DNA could be a valuable tool in monitoring how individuals infected
with HIV-1 are managed and treated by estimating the size of the viral reservoir. The availability
of methods capable of sensitive and precise quantification could permit greater confidence in
measurements of low levels of HIV-1 DNA. In this chapter gPCR, the current method of choice
for HIV-1 DNA quantification, and dPCR were compared. The two approaches were generally
shown to perform comparably for a cohort of 18 clinical samples. However, numerous analytical
factors were found to contribute to measurement error for the two methods leading to
discordances between results. Sample volume of dPCR may have a limiting role for detection
compared to gPCR, and the convention of normalising HIV-1 DNA copy numbers to one million
cells may skew estimates of the viral reservoir using both methods. In addition dPCR, which can
guantify nucleic acid in the absence of a standard curve, revealed instability in the 8E5 cell line

gPCR calibrator which biased quantitative estimates. Bias was eliminated following re-calculation
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of results to the dPCR assigned value, allowing harmonisation of measurements between
different batches of the calibration standard. dPCR may have a role in supporting qPCR
quantification of HIV-1 DNA through value assignment of calibration materials, which could
improve measurement reproducibility between laboratories and studies. Further work addressing
the sensitivity of dPCR could help to establish a role for direct quantification of HIV-1 DNA in

patient samples to support clinical use.
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5. Quantification of methicillin resistance in Staphylococcus spp using

digital PCR

5.1. Introduction

5.1.1. Methicillin resistant Staphylococcus aureus (MRSA)

In 2017 the World Health Organisation (WHO) published the global priority pathogens list (global
PPL); a list of bacteria for which urgent research and development for new antibiotics is required
(World Health Organization, 2017a). The list was constructed to help prioritise research efforts
focussed on these pathogens as increasing levels of antimicrobial resistance threaten to
jeopardise human health. It has been suggested that by 2050, 10 million people will die every
year due to infections with antimicrobial resistant organisms unless a global effort to develop new
treatments is escalated (O'Neill, 2014). Organisms are categorised into three groups: medium,
high and critical priority. Methicillin resistant Staphylococcus aureus (MRSA) is a member of the
high priority group. Staphylococci are Gram-positive organisms that are ubiquitous colonisers of
human skin, nasal passages and axillae. In some instances, staphylococci can cause invasive
disease resulting in soft tissue infections and disseminated disease. The genus is broadly divided
into coagulase positive species including S. aureus, and coagulase negative species (Foster,
1996). Coagulase-positive organisms possess the ability to coagulate blood plasma, allowing
bacteria to persist within colonised tissue and therefore contributing to pathogenesis (McAdow et
al., 2012). Active disease caused by S. aureus has historically been successfully treated using 3-
lactam antibiotics. However, antimicrobial resistance to these drugs, including penicillin and
methicillin, has been documented in S. aureus since the 1960s. Subsequent, widespread
emergence of methicillin resistance has necessitated the introduction of other antimicrobial

classes to treat infections with this ubiquitous organism (David and Daum, 2017).

5.1.2. Colonisation and infection with MRSA

Approximately one third of the global population are colonised with S. aureus (Hassoun et al.,
2017), and about 1 in 30 people in the UK are colonised with methicillin resistant S. aureus
(MRSA) (NHS, 2017). Colonisation of the skin and nasal passages with MRSA can lead to soft
tissue infections that are difficult to treat. Complications of disseminated MRSA include bone and

joint infections, endocarditis and sepsis (Hassoun et al., 2017). Patients are screened for MRSA
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carriage upon or prior to admission into hospital, such as for elective surgical procedures (Coia
et al., 2006, Mehta et al., 2013). A positive result for MRSA can result in lengthy decolonisation
protocols, delays to procedures and potential isolation to prevent spreading the organism. This
may be troublesome for patients awaiting surgery, or those that experience prolonged hospital
stays as a result. Infection with MRSA can be particularly problematic for neonates in intensive
care (Nelson and Gallagher, 2012), transplant patients (Liu et al., 2018) and those who are
generally immunocompromised. Appropriate treatment of infections with MRSA is necessary to
prevent further transmission along with associated morbidity and mortality, and usually involves
administration of second-line antibiotics including vancomycin and linezolid (Welte and Pletz,
2010). Rare, but serious complications associated with MRSA treatment have been reported such
as myelosuppression resulting from linezolid treatment (Gorchynski and Rose, 2008) and
haemolytic anaemia after off-label treatment with ceftaroline (Verdecia et al.,, 2019). This
highlights the need for accurate detection of MRSA, particularly when administering treatment

regimens that may carry significant side effects.

5.1.3. Molecular diagnosis of MRSA and the clinical relevance of

coagulase-negative staphylococci (CoNS)

Molecular approaches including gPCR are utilised for detecting MRSA colonisation. Numerous
commercial tests are available, including the BD MAX™ MRSA Assay (Becton Dickinson),
LightCycler® MRSA Advanced Test (Roche) and the GeneXpert® MRSA range (Cepheid)
(Aydiner et al., 2012, Yam et al., 2013, Lee et al., 2017). Many assays target the SCCmec
cassette, a mobile genetic element which contains the mecA gene that confers methicillin
resistance by producing an altered penicillin-binding protein (PBP2a) (Fishovitz et al., 2014). The
cassette integrates at a known locus within open reading frame X (orfX) in S. aureus (Huletsky et
al., 2004, Ito et al., 2014), and is referred to as the staphylococcal cassette chromosome mec
(SCCmec)-orfX right-extremity junction (MREJ). The assays available can be applied directly to
clinical specimens where other species may be present since they only target MRSA (Huletsky et
al., 2004). However, there are limitations associated with these techniques; firstly, the primer
sequences used to amplify MREJ are patented and therefore proprietary, which limits the
availability for clinical microbiology laboratories to incorporate them into in-house assays. This

region is also prone to high levels of recombination, which could cause MRSA colonisation or

125



infection to be missed when only these assays are used (Hill-Cawthorne et al., 2014). In addition,
false positives can occur owing to the presence of ‘empty cassette variants’ of S. aureus, where
the mecA gene has been excised from the otherwise intact SCCmec cassette and could lead to
misclassification of these isolates which are phenotypically methicillin sensitive (Lee et al., 2017).
False positives could cause patients to be isolated unnecessarily, or surgical procedures to be
delayed. Furthermore, other opportunistic organisms that can also harbour mecA may be missed.
This includes coagulase negative staphylococci (CoNS), such as Staphylococcus epidermidis
(Becker et al., 2014). Although generally regarded as non-pathogenic, such organisms have been
increasingly recognized in central nervous system shunt infections, native or prosthetic valve
endocarditis, urinary tract infections, and endophthalmitis as well as in bloodstream infections
(Kelley et al., 2013, Méric et al., 2018). The majority of commercial platforms targeting the S.
aureus specific MREJ will not detect DNA sequences for CONS. As a result, clinical microbiology
laboratories resort to developing in-house gPCR assays for detection of multiple targets including

mecA, S. aureus targets and those specific to CoNS (Kim et al., 2013).

5.1.4. A role for DNA quantification in managing MRSA infections

Current in-house and in vitro diagnostic (IVD) assays for MRSA diagnosis are generally
qualitative. In addition to detection, quantification of MRSA (which has not yet been integrated
into routine diagnostic workflows) could be of benefit for management of infections. Heavy
bacterial load, particularly MRSA colonisation in the nasal passage, has been suggested to be a
risk factor for invasive disease (White, 1963, Kalmeijer et al., 2000). In addition, high bacterial
load from the nares may be indicative of colonisation of additional body sites, which in turn could
predict the effectiveness of decolonisation procedures (Mermel et al., 2011). Changes in bacterial
load could be used for monitoring response to treatment, and could contribute to setting
thresholds for colonisation versus disease states in patients. The latter has been demonstrated
for other organisms, where nasopharyngeal bacterial load has been suggested as a marker of
invasive disease in children with suspected pneumococcal infection. Individuals with invasive
infection were distinguishable from control groups based on a cut-off value of 6.5 logio genome
copies per mL (Brotons et al., 2017).

Existing in-house qPCR approaches could be used to quantify methicillin-resistant organisms in

samples. Determination of genome copy numbers could be used to accurately calculate ratios

126



between mecA and host genomic targets to determine the number and nature of drug resistant
organisms present. Such an approach could be used to precisely determine which species is
harbouring methicillin resistance. This could be of particular use in scenarios where S. aureus is
co-colonised with CoNS, which can also carry the mecA gene and exhibit methicillin resistance.
Measuring the bacterial load of the drug-resistant population could be of benefit to managing
patients with MRSA infections, including targeted treatment strategies and monitoring of patients

with heavy colonisation.

5.1.5. Arole for digital PCR in quantifying MRSA DNA

As demonstrated in Chapter 4, gPCR approaches for quantifying gene targets can be limited by
bias introduced through inaccurate calibration materials. dPCR was demonstrated in Chapters 3
and 4 to offer precise absolute quantification of DNA and RNA in the absence of a calibration
curve. In addition, dPCR was shown to be useful in value assigning reference materials used to
calibrate gPCR approaches. Since quantification of MRSA DNA is an emerging concept, dPCR
could be applied for absolute quantification of mecA and species-specific targets to support gPCR
approaches though value assignment of calibration materials. dPCR has been implemented in
studies assessing the relationship between magnitude of bacterial DNA load and bloodstream
infections/sepsis (Ziegler et al., 2019a, Ziegler et al., 2019b), also indicating a potential clinical
role for the technique. The work presented in this chapter describes the development of a
multiplex dPCR approach that could be used to determine which Staphylococcus species is
carrying resistance by comparing the ratio of mecA to host genomic targets. This is demonstrated
through the characterisation of candidate reference materials that could be used to support gPCR
assays, and through direct quantification applied to clinical samples. Accurate quantification of
MR-Staphylococcus spp could improve diagnostic specificity to assist with patient management
through administering appropriate antimicrobial therapies, improving infection control strategies

and limiting the need for isolation, representing an overall reduction in healthcare costs.
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5.2. Materials and methods

5.2.1. Study materials

5.2.1.1. ATCC genomic DNA controls

The following materials were obtained as pre-extracted genomic DNA from the American Type
Culture Collection (ATCC, USA): methicillin resistant Staphylococcus epidermidis (MRSE;
35984D-5), Staphylococcus aureus subsp. aureus Rosenbach both methicillin resistant (MRSA;
BAA-1556D-5) and sensitive (MSSA; BAA-1718D-5). Nucleic acid concentration was estimated
using a Qubit® 2.0 fluorometer and a dsDNA BR Assay Kit (Invitrogen™, USA). DNA was stored

at -80°C upon receipt.

5.2.1.2. Whole bacterial cell materials

Whole cell bacterial materials were prepared by LGC Microbiology Proficiency Testing (United
Kingdom) and Helios University Clinic Wuppertal (Germany). The materials were provided as
units of lyophilised organisms. The suite of materials included units of methicillin resistant and
sensitive S. aureus (MRSA and MSSA, respectively) and S. epidermidis (MRSE and MSSE,
respectively), including mixtures of these which were prepared based on estimated colony
forming units (CFU) per mL following colony counting at each centre. The materials were stored

at +4°C upon receipt.

5.2.1.3. Residual clinical DNA extracts

Residual DNA extracts from 22 culture-negative primary clinical samples, submitted to the
Department of Microbiology at Great Ormond Street Hospital for Children NHS Foundation Trust
(GOSH), were obtained for validation of the dPCR method. The residual extracts were surplus to
requirements having already been analysed as part of the routine diagnostic service at GOSH.
10 pL of each extract was analysed in a total reaction volume of 28 pL by the Department of
Microbiology using gPCR. Extracted DNA was stored at -20°C upon receipt. The qPCR result
was blinded prior to dPCR analysis, and any clinical sample identifiers had been removed prior

to receipt of the samples.
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5.2.2. Optimisation of a protocol for DNA extraction from bacteria

A comparison of DNA extraction protocols was performed using lyophilised whole cell MSSA
material. The comparison included the following kits: DNeasy® blood and tissue kit (Qiagen,
Germany); Wizard® Genomic DNA Purification Kit (Promega, USA); E.Z.N.A® Bacterial DNA Kit
(Omega Bio-Tek, USA). DNA was extracted in accordance with the manufacturer’s instructions
which included an enzymatic bacterial cell lysis step. Enzymes were added to the following final
concentrations prior to incubation: 20 mg/ mL lysozyme (DNeasy® blood and tissue kit), 2 mg/
mL lysostaphin and lysozyme mixture (Wizard® Genomic DNA Purification Kit), 5 mg/ mL
lysozyme (E.Z.N.A® Bacterial DNA Kit). Triplicate units of material were extracted on three
different days (three units per day) for each kit, along with extraction negative controls which
contained no sample input. DNA yield was quantified using a Qubit® 2.0 fluorometer and the
dsDNA HS Assay (Invitrogen™, USA) and by digital PCR (dPCR) using the QX200 droplet digital

PCR system (Bio-Rad, USA).
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5.2.3. Oligonucleotides

Table 5.1: Primer and probe sequences for detection of Staphylococcus spp

Genbank )
Target ] Assay Oligo Name | Sequence (5'-3") Source
accession
Forward TTA GAT TGG GAT CAT AGC GTC ATT AT Primer sequences:
Gene conferring (Pierpont, 2016)
methicillin resistance in | CP043916 mecA Reverse AAT TCCACATTG TTT CGG TCT AAA A Probe sequence:
Staphylococcus spp. (Nihonyanagi et al.,
Probe FAM-CCA GGA ATG CAG AAA GAC CAA AGC ATA CA-BHQ1 2012)
Forward GTA GAT TGG GCA ATT ACATTT TGG AGG
Coagulase gene )

. (O'Sullivan et al.,
specific to AB436985 COA Reverse CGC ATCTGC TTT GTT ATC CCATGT A 2014)
Staphylococcus aureus

Probe HEX or Cy5** -TAG GCG CAT TAG CAG TTG CAT C-BHQ1

Forward TGC AGG GAG CTATGC GGT TCA ATG
Staphylococcus
epidermidis species U23713 femA Reverse CGC CAG CAT CTT CAG CAT CTT CAC Present study
specific gene

Probe HEX-CCA TGT TCA ATT GCA TAG TTA ATC ATC T-BHQ1

* Refer to page 23 for abbreviations relating to fluorescent dyes and quenchers. ** the coA probe was labelled with HEX for analysis using the QX200 system (Bio-

Rad, USA) and Cy5 using the Naica system (Stilla, France).



5.2.3.1.  Staphylococcus epidermidis femA assay design

Suitable candidate sequences for assay desigh were searched in Genbank (Clark et al., 2016).
Sequences were aligned using MultAlin (Corpet, 1988) to ensure sufficient diversity from related
species in silico. A portion of the S. epidermidis femA gene (Accession: U23713) was identified
that was suitable for the design of a 119 bp amplicon (positions 1,398 to 1,516). Forward and
reverse primers were designed to the sense and anti-sense DNA strands, respectively, and a
dual-labelled hydrolysis probe designed to the anti-sense strand. In silico specificity of the assay
for S. epidermidis was confirmed using NCBI Blast, and later verified by dPCR. The intended
amplicon shared 100% homology and coverage with 22 sequences for S. epidermidis deposited
in GenBank with an e-value of 7e-54. Four additional entries shared 100% coverage of the
amplicon, but with 2 single nucleotide mismatches (one of which is in the reverse primer region

of the amplicon).

5.2.4. Quantification by digital PCR

5.2.4.1. Dynamic range of assays

The dynamic ranges of the assays (Table 5.1) were tested using the QX200™ droplet digital PCR
system (Bio-Rad) following the general protocol described in Section 2.1.5. QuantaSoft version
1.7.4.0917 was used for data analysis. Serial dilutions were prepared for the MRSA and MRSE
ATCC genomic DNA control materials over a 5-log interval linear range from 1.68E+04 to 1.68E-
01 copies per uL (based on quantitative estimates obtained following analysis using the Qubit
dsDNA BR Assay Kit). Each dilution point was tested in a single experiment in triplicate reactions.
7.7 uL of DNA template was added to a total prepared volume of 22 uL including 1X ddPCR™
Supermix for Probes without dUTP (Bio-Rad, USA). DNA was analysed using two assay duplexes

(i.e. two assay targets in one reaction): mecA and coA for MRSA, and mecA and femA for MRSE.
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5.2.4.2. dPCR quantification of methicillin resistance in genomic

DNA admixtures

MRSA and MRSE ATCC genomic DNA were mixed to a 1:1 copy number ratio based on the
Qubit so that each reaction contained an equivalent number of Staphylococcus genomes and
mecA targets per pL (750, 75 and 7.5 copies per L input concentration estimated using Qubit)
of the respective genomic targets (coA and femA). A dilution series was constructed by diluting
the 1:1 mixture 10-fold in nuclease-free water (Ambion, USA) and analysed using the assay
duplexes. This was followed by separate dilution series of MRSA genomic DNA (5-point range
from 400 to 10 copies per pL) in a constant background of MSSA and MSSE DNA (200 copies
per pL). Copy number calculations from the previous dPCR experiments were used for input
guantities. Specificity of the assays was confirmed using MSSA and MSSE genomic DNA, and
no template controls were included containing nuclease-free water. The DNA mixtures were
initially analysed using the QX200™, and subsequently using the Naica System™ for Crystal

Digital™ PCR.

5.2.4.3. General protocol for the Naica System™ for Crystal Digital™

PCR

5.5 uL of DNA template was added to a total prepared reaction volume of 27.5 uL containing
Perfecta Multiplex qPCR ToughMix (Quanta Biosciences, USA), sterile nuclease-free water
(Ambion, USA), 20X stock of each primer probe mix and 0.1 uM fluorescein (VWR, USA).
Fluorescein solution was prepared by weighing out fluorescein sodium salt (VWR, USA) and
solubilising in nuclease-free water (Ambion, USA) to a stock concentration of 200 uM. A working
stock of 2 uM fluorescein was prepared in nuclease-free water for use as a reference dye. 25 L
of total reaction volume was applied to a Sapphire chip (version 2) which was loaded into the
Naica Geode. Partitioning was achieved under 950 mbar of pressure at 40°C for 12 minutes as
described in (Madic et al., 2016). Typical PCR cycling conditions were 95°C for 10 minutes
followed by 60 cycles of 95°C for 30 seconds and 60°C for 30 seconds. A final decompression
step back to atmospheric pressure and room temperature was performed for 33 minutes. Chips

were scanned using the Naica Prism and Crystal Reader software version 2.1.6. The following
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parameters were applied; focus 0.9 mm, exposure time for blue channel 45 ms, green channel
125 ms, red channel 25 ms. Data were analysed using Crystal miner software version 2.1.6. An
initial experiment was performed to compensate spill over of the three reporter dyes into each
channel. This involved inclusion of a single positive control (MRSA or MRSE genomic DNA) for
each channel (red, green, blue corresponding to Cy5, HEX and FAM, respectively) and a negative
control (nuclease-free water). The bespoke compensation matrix file was applied to successive
experiments using the assay triplex in Crystal Miner and Crystal Reader software. A partition

volume of 0.59 nL was used to calculate copy number concentration (Stilla, France).

5.2.5. Inter-laboratory analysis of whole bacterial cell materials

Units of lyophilised materials containing varying quantities and mixtures of methicillin resistant
and sensitive Staphylococcal species were analysed as part of an inter-laboratory study involving
three national measurement institutes. The participating institutes were National Measurement
Laboratory (NML, UK), National Institute of Biology (NIB, Slovenia) and Physikalisch-Technische
Bundesanstalt (PTB, Germany). Lyophilised materials were reconstituted in 1 mL of sterile
nuclease-free water (Ambion, USA) and incubated at ambient temperature for 30 minutes. The
entire 1 mL suspension was transferred to a 2 mL DNA Lo-Bind tube and pelleted by
centrifugation. DNA was extracted from the pelleted material using the Qiagen® DNeasy blood
and tissue kit described in Section 5.2.2. PolyA RNA carrier (Roche, Switzerland) was included
at a concentration of 0.27ug/ uL in lysis buffer (AL). Extracts were eluted in 100 pL Qiagen elution
buffer (AE) and stored at 4°C. DNA extraction of triplicate units per material was performed across
three separate days (three units per day), followed by a single dPCR experiment per extraction
batch. dPCR was performed on the QX200™ system in duplex. 5.5 uL of each extract was added
to a prepared volume of 22 uL and analysed in triplicate reactions. A partition volume of 0.85 nL
was used to calculate copy number concentration (Bio-Rad, USA). MRSA and MRSE genomic
DNA controls were included in the dPCR experiment along with extraction negatives (i.e. eluates
from the extraction process but without sample added) and no-template controls (nuclease-free

water).
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5.2.6. dPCR analysis of clinical isolates

The 22 residual DNA extracts from primary clinical isolates (Section 5.2.1.3) were analysed by
dPCR using the QX200™ droplet digital PCR system and Naica System™ for Crystal Digital™
PCR. A single replicate of each sample was analysed using the assay duplexes or in triplex on
the QX200 and Naica platforms, respectively. MRSA, MRSE, MSSA and MSSE genomic DNA
controls were included along with no-template controls. 5.5 pL total volume of template was added

to prepared volumes of 22 uL for the QX200 and 27.5 uL for the Naica.

5.2.7. Data analysis

Data from dPCR experiments were subject to threshold and baseline setting in QuantaSoft
version 1.7.4.0917 (Bio-Rad, USA) and Crystal miner software version 2.1.6 (Stilla, France), and
exported as .csv files to be analysed in Microsoft Excel 2010. The average number of DNA copies
per partition (A) were calculated from these data as described in (Whale et al., 2016a). Statistical
significance was calculated within 95% confidence using Student’s t-test, and agreement between

groups was assessed using Bland Altman analysis.
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5.3. Results and discussion

5.3.1. Method development

5.3.1.1. Assay specificity

Specificity of the oligonucleotides listed in Table 5.1 was verified by analysing genomic DNA
materials for MRSA, MSSA, MRSE and MSSE using the QX200™ droplet digital PCR system.
The average number of input copies per uL calculated for each assay target is given in Table 5.2.

The mecA assay sequence is common to both methicillin-resistant S. aureus and S. epidermidis.

Table 5.2: Copies per uL for each of the assays analysed in duplex using genomic DNA as template.

Assay target average copies per pL (SD)
Organism mecA COA femA
MRSA 389.0 (8.7) | 377.6(18.9) 0.0
MSSA 0.0 171.8 (13.4) 0.0
MRSE 631.4 (19.0) 0.0 631.5 (43.7)
MSSE 0.0 0.0 198.6 (19.0)

Table 5.2 shows that, for the methicillin-resistant DNA templates, mecA and the respective
species-specific gene were detected. However, in each of the methicillin-sensitive templates only
the species-specific gene was detected demonstrating specificity of the mecA assay for the
resistance gene target. These data also demonstrate that there is no detectable cross reactivity
between the coA and femA assays that are specific for S. aureus and S. epidermidis, respectively.
Figure 5.1 depicts the QX200 dPCR dot plots corresponding to the results shown in Table 5.2.

mecA was detected in both MRSA and MRSE, but not in the methicillin-sensitive counterparts.
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Figure 5.1: Digital PCR dot-plots showing detection of (a) mecA & coA and (b) mecA & femA using MRSA
and MRSE ATCC genomic DNA controls, respectively, (c) and (d) represent MSSA ATCC genomic DNA and
MSSE extract, respectively. Blue dots represent presence of FAM-labelled target (mecA), green dots
represent HEX-labelled targets (coA & femA), orange dots represent both targets present in a droplet, grey

dots represent no amplification.
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5.3.1.2. Dynamic range

For methicillin resistant staphylococci, the ratio of mecA gene copy numbers to species-specific
copy numbers is expected to be 1 (Bode et al., 2012). dPCR quantification can exploit this ratio
to indicate which organism is carrying methicillin resistance. Dynamic range of the assay duplexes
was assessed using a 6-point dilution series of each gDNA material in triplicate, whilst

simultaneously assessing the fidelity of the 1:1 hypothesis.
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Table 5.3: Dynamic range of assays for analysis of (a) MRSA and (b) MRSE ATCC genomic DNA. Results are

expressed as copies per ulL in the neat extract.

mecA Mean COA Mean Ratio
L ean . Mean .
@ Sample positive mecA me(_:A positive COA coA mec_A.coA
partitions copies | partitions copies | copies per
(k) per pL (k) per pL ML
MRSA S1 16049 4.5 15073.4 16065 46  15298.0 1.0
MRSA S1 15744 15763
MRSA S1 16889 16885
MRSA S2 7955 0.5 1822.0 8129 0.5 1845.2 1.0
MRSA S2 7612 7732
MRSA S2 7584 7526
MRSA S3 1009 0.1 191.8 995 0.1 192.6 1.0
MRSA S3 1057 1107
MRSA S3 1097 1075
MRSA S4 91 0.0 16.0 107 0.0 17.7 0.9
MRSA S4 98 105
MRSA S4 74 79
MRSA S5 7 0.0 1.8 6 0.0 1.3 1.4
MRSA S5 13 8
MRSA S5 9 7
MRSA S6 1 0.0 0.2 1 0.0 0.1 15
MRSA S6 0 0
MRSA S6 2 1
me_c_A Mean Mean fer_nA Mean Mean Ratio
() Sample pogl'glve mecA mqu pos_mve femA femA mecA:femA
partitions copies | partitions copies | copies per
(k) per pL (k) per pL pL
MRSE S1 13387 3.2 10669.1 13330 3.1 10397.3 1.0
MRSE S1 15008 15014
MRSE S1 16864 16831
MRSE S2 5766 0.3 1173.0 5800 0.4 1184.6 1.0
MRSE S2 5460 5479
MRSE S2 5613 5698
MRSE S3 591 0.0 115.8 625 0.0 118.2 1.0
MRSE S3 646 668
MRSE S3 683 667
MRSE S4 60 0.0 10.8 60 0.0 11.2 1.0
MRSE S4 66 73
MRSE S4 54 54
MRSE S5 6 0.0 1.3 10 0.0 1.3 1.0
MRSE S5 9 5
MRSE S5 7 7
MRSE S6 0 0.0 0.1 0 0.0 0.1 1.0
MRSE S6 0 1
MRSE S6 1 0
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Table 5.3 shows that both assay duplexes (mecA in combination with either coA or femA) were
able to quantify less than 1.0 copy per pL, although not all replicate reactions at this dilution (S6)
gave a positive signal. Precision of dPCR decreases in proportion with target concentration copy
number, where there is increased stochasticity and reduced sampling of target (Bulletin-6407,
Deprez et al., 2016). The aim of this work was not to formally establish the limit of detection (LOD)
of these assays, negating the requirement for high replication in this respect. However, the
sensitivity of the assays may be estimated to be between 1.0 and 2.0 copies per pL based on the
results in Table 5.3 since target DNA was quantified in all three dPCR replicates at this level. For
dilution points S1-S5, the ratio between mecA and the species-specific gene target was between
0.9 and 1.4 (mean and mode = 1.0). Additionally, Figure 5.2 illustrates that there was good
linearity between the mecA assay and the species-specific assays for both MRSA and MRSE
across the dynamic range. These data support the hypothesis that the methicillin-resistant
species for which the ATCC genomic DNA has been tested contain one mecA target per genome,
and that this assumption retains fidelity across the dynamic range analysed in these experiments.
The ability to determine which species is carrying resistance at the lowest end of the dynamic
range could support the application of this model where sensitive quantification may be required

in instances of low bacterial load.

Figure 5.2: Dynamic range for MRSA and MRSE expressed as mecA versus species-specific gene (coA for

MRSA, femA for MRSE). The dashed line represents equivalence.
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5.3.1.3.  Application of assays to genomic DNA admixtures

Dilutions of 1:1 copy number ratio ad-mixtures of MRSA and MRSE ATCC genomic DNA (based
on measurement of the stock copy numbers using Qubit, Section 5.2.4.2) were analysed in duplex
by dPCR using the QX200 platform, and subsequently in triplex using the Naica System™ for
Crystal Digital™ PCR (Stilla Technologies). The copy numbers for mecA were compared with the
summed copy numbers for coA and femA in samples d1, d2 and d3. Figure 5.3 demonstrates that
the ratio of mecA copies per pL to the summed femA and coA copies per uL for dilution 1 (d1)

was 1.0 (QX200) and 1.1 (Naica).

Figure 5.3: Mean ratio of mecA copies per uL relative to the species-specific gene targets (coA and femA for
MRSA and MRSE, respectively) measured using the QX200™ (blue markers) and Naica™ (red markers) dPCR
platforms. For samples d1, d2 and d3, copy numbers for mecA were compared to the summed copy numbers
for coA and femA. For the MRSA and MRSE only controls, mecA copy numbers were compared directly to

coA or femA, respectively. The expected ratio in all cases is 1.0.
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The ratios for d2 and d3 (10- and 100-fold dilutions from d1) were 1.0 and 0.9, respectively. These
latter two dilutions were not analysed on the Naica platform. These data suggest that the dPCR
approach can be applied to mixtures of methicillin resistant Staphylococcus species to

demonstrate the 1:1 copy number hypothesis, which is repeatable across different dPCR
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platforms. Standard deviation was higher at lower copy numbers (d3), as expected where
increased measurement uncertainty is observed in dPCR quantification at low level.

To challenge the 1:1 copy number hypothesis further, a dilution series of MRSA ATCC genomic
DNA was constructed in a background of MSSA and MSSE genomic DNA and analysed using
the QX200 platform. The experiment demonstrated proof-of-principle for quantifying mecA in a
background of methicillin-sensitive organisms, which could be representative of clinical scenarios

involving co-colonisation of methicillin resistant and sensitive Staphylococcus spp.

Figure 5.4: dPCR quantification of mecA where MRSA is present alongside (a) MSSA and (b) MSSE. mecA
copies per ul correlates with % MRSA relative to a constant copy number concentration (200 copies per ul)

of methicillin sensitive population.
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Table 5.4: Mean copies per uL for each dilution point depicted in Figure 5.4. The observed % abundances based on the copy number ratios for each of the assays correlate strongly with

the expected values.

MRSA in MSSA MRSA in MSSE
Nominal
abundance Total Observed Observed
MRSA in mecA copies MSSA (coA abundance mecA copies COA copies femA copies abundance
o genomes (COA . . .
methicillin copies per piL) per pL copies per L) MRSA in per pL per pL per pL MRSA in
sensitive p1es pery MSSA (%) MSSE (%)
species (%)
200 600.5 406.0 194.5 209 370.4 373.2 205.6 180
100 397.9 200.4 197.5 101 194.2 198.3 194.5 100
50 281.8 94.7 187.0 51 93.4 96.7 197.9 47
10 222.8 20.1 202.8 10 16.8 17.6 201.8 8
5 196.6 8.2 188.5 4 6.7 8.4 207.3 3
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Figure 5.4a shows decreasing concentrations of mecA gene target (associated with methicillin
resistance), alongside decreasing concentrations of coA gene target (associated with S. aureus).
By comparing the copy numbers of mecA and coA, and assuming that each MRSA genome
contains one mecA gene, the coA copy numbers arising from both the MRSA and MSSA
populations were calculated. Table 5.4 shows how the % abundance of MRSA in a background
of MSSA was estimated; the observed values correlated strongly with the expected values. The
same principles were applied for estimating abundance of MRSA in a background of MSSE
(Figure 5.4b). Calculating % abundance of MRSA in this case was more simplistic since the
background species is both methicillin sensitive and involving a different gene target. Once again,
the observed values for % abundance MRSA in MSSE correlated strongly with the expected
values. These data demonstrate the dPCR duplex approach to be fit-for-purpose for quantifying
mecA as a marker for methicillin resistance in MRSA when the organism was present alongside

other genomes, using genomic DNA.

5.3.1.4. Optimisation of DNA extraction

A method comparison was performed to establish the optimal approach for extraction of genomic
DNA from S. aureus organism. Variability in DNA extraction efficiency can impact upon
downstream molecular applications (McOrist et al., 2002). Three commercial kits were selected,
and DNA was extracted from units of lyophilised MSSA. This organism was chosen since the coA
species-specific assay was the most established at the time of the experiments. The coA assay
was applied to the extracts for dPCR analysis of DNA yield, and Qubit fluorometric quantification

was performed as an orthogonal approach.
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Figure 5.5: DNA extraction was performed on lyophilised MSSA organisms using three commercial kits. DNA
yields expressed as coA copy number per ul were compared using dPCR and Qubit. Plotted results are based
on triplicate technical measurements performed on three extraction replicates, obtained across triplicate
experiments (3 extracts per day). The dashed line represents the expected copies per ulL based on CFU

estimates performed during material preparation (1 genomic copy = 1 CFU) (EURAMET, 2019).
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Figure 5.5 shows that the Qiagen DNeasy approach gave the greatest DNA yield when analysed
using both dPCR and Qubit, and that estimated coA copies per uL were close to the expected
value based on CFU estimation. The Promega Wizard approach yielded the lowest coA copy
numbers by dPCR, but the Omega E.Z.N.A kit demonstrated greater variability between dPCR
and Qubit estimates of DNA vyield. The intra-laboratory precision across all extraction replicates
across three days for each method was: Qiagen (CV 27%), Promega (CV 28%), Omega (CV
41%). dPCR precision within-extract (three replicates per sample per dPCR experiment) for the
three methods was never greater than 8%, highlighting how the DNA extraction step introduced
variability to quantitative estimates. Based on these data the Qiagen kit was chosen as the optimal
method which yielded the greatest quantity of DNA and offered the best precision compared to
the other kits. For each extraction approach, an enzymatic lysis step was performed which

included incubation with lysozyme. This helps to disrupt the peptidoglycan cell wall present in
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Gram-positive bacteria, enabling more effective isolation of DNA (Gill et al., 2016). Different input
concentrations of enzyme are stipulated for each kit, which could be a factor contributing to the

differences in yield observed between the three methods.

5.3.2. Intra-laboratory analysis of whole bacterial cell materials

The optimised DNA extraction protocol (Qiagen DNeasy) and verified duplex dPCR workflows
were applied to units of whole bacterial cell materials to evaluate the approach for analysis of
more complex matrices. The units, which represent candidate reference materials that could be
used to calibrate qPCR, contained varying quantities of methicillin resistant and sensitive
organisms. The suite of materials also included mixtures of these. DNA was extracted from
multiple units on three separate days and dPCR performed using the mecA/coA and mecA/femA

assay duplexes.
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Figure 5.6: dPCR quantification of methicillin resistance (mecA), S. aureus (coA) and S. epidermidis (femA)
in the four test materials. The materials were identified as a high (Material 1) and a low (Material 2)
concentration MRSA, MRSE in a background of MSSA (Material 3), and MRSA in MSSA (Material 4) by
comparing the copy number ratios for each gene target. Materials 3 and 4 represent more challenging

mixtures that could be representative of clinical scenarios involving co-colonisation of organisms.
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The materials were identified as a high (Material 1) and a low (Material 2) concentration MRSA,
MRSE in a background of MSSA (Material 3), and MRSA in MSSA (Material 4) by comparing the
copy number ratios for each gene target (Figure 5.6). Materials 3 and 4 were more challenging
mixtures representative of possible clinical scenarios involving co-colonisation of organisms.

Mean reported copy numbers ranged from ~1.4 to ~10.8 copies per pL across all units and
assays. The %CV values ranged from 26-67% which corresponded to mecA copy numbers in
Material 1 and Material 2, respectively. This shows an increasing trend from the variability
exhibited by this extraction kit in Figure 5.5 and supports the observation that, when applied to
more complex matrices incorporating DNA extraction into the workflow, increasing variability may
be observed in dPCR quantitative estimates. This was more pronounced for the materials that
contained lower concentrations of Staphylococcus genomic DNA. Reduced precision could
impact upon the performance of the approach when attempting to compare copy number ratios
to determine which species is exhibiting methicillin resistance. In addition, copy numbers of femA

that were below the suggested sensitivity of the assays (1.0 to 2.0 copies per uL, Section 5.3.1.2)
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were detected in Materials 1, 2 and 4 throughout the experiments indicating the presence of S.
epidermidis. The detection of this organism was unexpected in these particular materials, and the
reason for its presence is unclear. Potential contamination with skin flora may have occurred in
the preparation of the materials, which is feasible since S. epidermidis contributes to normal skin
flora (Widerstrom, 2016). It could also represent cross-contamination between materials,

highlighting the importance of good laboratory practices to prevent spurious contamination.

5.3.3. Inter-laboratory study of method reproducibility

The candidate reference materials described Section 5.3.2 were incorporated into an inter-
laboratory comparison to assess the reproducibility of the DNA extraction and dPCR approach.
The results of such studies could further support the use of dPCR for development of candidate
reference materials and international standards for quantification of MRSA genomes. Inter-
laboratory approaches involving dPCR have previously been described and used to validate
primary reference methods for quantification of cancer biomarkers (Whale et al., 2017), and used
to support commercial methods for quantitative diagnosis of Tuberculosis (Devonshire et al.,
2016a).

The work presented in this chapter demonstrates that the dPCR assays performed well when
using genomic DNA materials to determine the ratio of mecA to host genomic targets, and that
good measurement precision was observed. However, measurement precision declines when
DNA extraction is introduced into the workflow for analysis of more complex matrices and is
further reduced between different laboratories. Table 5.5 shows that laboratory 2 consistently
reported the highest copy numbers, and laboratory 3 the lowest with laboratory 1 as the
intermediate. Laboratory 1 reported the highest overall measurement uncertainty, and laboratory
2 the lowest. Calculated uncertainties account for triplicate extraction units replicated in each
dPCR experiment. Further work should aim to establish the cause of variability in copy number
observed between the three laboratories, including the DNA extraction step. Efforts to standardise
the extraction step between laboratories could help to develop the approach for value assignment

of reference materials for quantification of methicillin resistance in staphylococci.
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Table 5.5: Copies per ul reported from three laboratories obtained for four different materials. Each value represents the concentration obtained from the extraction of three different

units of each material across three different days and triplicate reactions analysed using dPCR. Relative standard uncertainties are shown expressed as a percentage. N/A: not applicable,

LOQ: limit of quantification, n.d.: not detected (EURAMET, 2019).

Mean concentration of target (copies per pL) reported by Laboratory

Material Duplex Target i i :
Lab 1 Uncertainty (%) Lab 2 Uncertainty (%) Lab 3 Uncertainty (%)

L mecA 10.20 12 21.17 7 6.16 11

) femA_SE <LOQ N/A <LOQ N/A n.d. N/A
(1) MRSA high

5 mecA 10.08 13 21.37 5.90 13

COA 11.61 8 21.64 7.20 11

1 mecA 1.42 19 2.48 1.02 6
femA_SE <LOQ N/A <LOQ N/A n.d. N/A

(2) MRSA low

5 mecA 1.37 22 251 1 0.96 7

COA 2.26 20 3.05 1 1.38 9

L mecA 8.13 30 29.43 13 4.28 16

(3) MRSE in femA_SE 7.23 25 24.72 11 5.04 14
MSSA ) mecA 7.87 28 28.51 13 4.28 16
COA 5.92 25 7.00 3 1.22 12

L mecA 2.78 34 5.88 1 1.09 7

(4) MRSA in femA_SE <LOQ N/A <LOQ N/A 0.52 6
MSSA 5 mecA 2.57 34 5.76 2 1.16 8
COA 7.15 33 12.66 3 413 11
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Figure 5.7: Ratio of mecA to species-specific (host) gene targets for the four materials for each of the

laboratories
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To test the 1:1 copy number ratio model, the respective ratios of mecA to host genomic targets
were calculated for each of the materials and labs. Figure 5.7 shows that, for the high MRSA
Material 1, copy number ratios were between 0.8 and 1.0 for the three labs. However, in
comparison Material 2 (low MRSA) copy number ratios were between 0.6 and 0.8. This was
similar to Material 4 (MRSA in MSSA), where copy number ratios were between 0.3 and 0.5.
These findings could highlight potential limitations of the model when applied to low copy number
materials, especially those that contain mixtures of sensitive and resistant organisms. Material 3,
a mixture of MRSE in a background of MSSA, proved to be more complicated with high variability
in copy number ratios between the three labs (1.3 — 4.1 for mecA:coA). The mecA:femA copy
number ratio range was 0.8 to 1.2, which better aligns with the 1:1 model. dPCR holds a potential
role in value assignment of candidate reference materials for quantification of methicillin
resistance in Staphylococcus spp. However, further work is required to evaluate the reliability of
the approach presented here for determining which species is carrying resistance by comparing
mecA copy numbers relative to host genomic targets, particularly at low copy numbers in complex

whole cell materials requiring DNA extraction.
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5.3.4. Analysis of clinical isolates

An additional aim in this chapter was to evaluate the role for dPCR in direct quantification of
methicillin resistant organisms in clinical samples. The dPCR approach was applied to a cohort
of residual DNA extracts from samples that had previously been analysed by qPCR at Great
Ormond Street Hospital for Children NHS Foundation Trust. The samples were analysed using
the QX200 and Naica dPCR platforms. Figure 5.8 shows that the logio transformed copy numbers
for the extracts measured using the mecA, femA and coA assays were well correlated between
the two platforms (r=1 for all assays). Agreement between methods was investigated using a
Bland-Altman analysis (Appendix 4) and found to agree between the two platforms with 95%

confidence.

Figure 5.8: Logio transformed copy number concentrations for the 22 clinical isolates analysed using the
Bio-Rad QX200 and Stilla Naica dPCR platforms. Note that mecA (a) and mecA (b) refer to the value returned
for mecA when measured in duplex with coA and femA, respectively, using the QX200. The assay targets

were analysed in triplex using the Naica platform, so a single value is plotted for mecA.
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The dPCR copy numbers for each of the assay targets are presented in Table 5.6. In some cases,
copy numbers were reported for the three assay targets that were around the proposed limits of
detection of the assays (1.0 to 2.0 copies per uL). dPCR is capable of detecting single molecules

of nucleic acid. However, the existence of partitions exhibiting fluorescent signal that are difficult
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to classify as positive or negative are often described for dPCR (Quan et al., 2018). These may
be referred to as ‘false positives’ and may be the result of poor assay design, spurious
amplification or adventitious contamination. It is unclear whether the low copy targets in this study
represented true positives, or adventitious contamination as discussed above. Owing to this and
the fact that a formal LOD was not established for the assays, any samples returning values below

2 copies per pL were deemed to be ‘not quantified’ and were not plotted in Figure 5.8.

Table 5.6: Analysis of clinical isolates on the Naica and QX200 dPCR platforms. Assays were applied in triplex

(all three assays in one reaction) and duplex (two in one reaction) on the respective platforms.

Naica (copies per pL) QX200 (copies per pL)

Sample mecA femA COA mecA femA mecA COA
Samplel 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sample4 | 140802.1 1.9 136986.5 | 104898.1 0.0 96981.2 08787.8
Sample5 422.7 256.6 0.8 253.9 144.5 232.7 0.0
Sample6 0.7 0.0 0.4 0.0 0.0 0.9 0.4
Sample? 226007.1 127631.6 0.0 198973.0 118974.1 207232.4 0.0
Sample8 1.2 0.0 196.8 0.0 0.0 0.0 190.4
Sample9 0.0 1.2 0.4 0.0 0.0 0.0 1.6
Samplel0 2727.3 2177.8 0.0 2532.8 2149.3 2771.0 0.0
Samplell 58.8 45.2 0.0 69.2 40.9 33.9 0.0
Samplel2 0.3 0.6 61.2 0.0 0.0 0.0 54.7
Samplel3 0.0 0.3 663.8 0.0 0.0 0.0 540.2
Samplel4 0.0 0.0 297876.0 0.0 0.0 0.0 156214.3
Samplel5 0.0 1.0 376.6 0.0 0.0 0.0 317.6
Samplel6 0.0 1.8 13945.1 0.0 0.0 0.0 9186.8
Samplel7 0.0 10761.7 0.0 0.0 7774.6 0.0 0.0
Samplel8 0.0 0.0 931.1 0.0 0.0 0.0 876.5
Samplel9 | 231212.3 0.0 227279.7 146711.3 0.0 188917.5 190206.4
Sample21 25288.7 16839.4 0.0 13038.9 9035.4 14415.9 0.0
Sample22 237.3 171.2 0.3 190.2 112.3 188.5 0.0
Sample23 0.0 0.0 6.4 0.0 0.0 0.0 3.6
Sample24 0.0 0.0 0.0 0.0 0.0 0.3 0.0
Sample25 0.0 3354.9 0.0 0.0 3556.6 0.0 0.0

Lower than expected copy numbers of femA relative to mecA were calculated for the 6 MRSE
samples (56-80% of the mecA copy number for the Naica system, 57-85% of the mecA copy
number for the QX200). MRSE ATCC genomic DNA, which was included as a positive control for

both platforms, exhibited the expected ratio of femA to mecA copy numbers (~1:1). The ratios
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between mecA and coA/femA correlated between the two platforms (r = 0.82). The ratios are
plotted in Figure 5.9. mecA:coA ratios for MRSA samples were 1.0 when analysed on both

platforms.

Figure 5.9: Ratios between mecA and coA/femA for samples identified as MRSA and MRSE. QX200 (blue
markers), Naica (red markers). Filled markers represent MRSA, unfilled represent MRSE. Expected ratio of

mecA to host genomic targets is 1.0.
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Ratio of mecA to species-specific gene

The reasons for the observed mecA:femA ratios may include: 1) a heterogeneous population of
S. epidermidis present in the samples, some of which may not contain the primer or probe
sequences used in this study. Assay specificity was tested in silico, although this does not rule
out potential sequence mismatches in the samples. Multilocus sequence typing (MLST) illustrates
that a considerable degree of diversity exists for this organism which has been described
previously (Jamaluddin et al., 2008, Du et al., 2013, Jolley et al., 2018). Further work to investigate
a potential mismatch could include sequencing of the femA gene in this cohort of samples. Of
note, although digital PCR has been demonstrated to have relative insensitivity to primer-probe
mismatches compared to other techniques such as gPCR, a reduction in quantitative estimates
has still been observed for dPCR analysis of HIV-1 DNA (Strain et al., 2013) and hepatitis A virus
(Persson et al., 2019) where mismatches exist. 2) Presence of additional mecA cassette(s). S.

epidermidis has been reported to act as reservoir for and can transfer mecA to S. aureus (Najar-
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Peerayeh et al., 2014), however there is limited evidence as to whether the organism can harbour
more than one mecA gene at once. 3) The presence of other methicillin resistant coagulase-
negative staphylococci (MRCoNSs), which could be investigated through culture, MALDI-TOF MS

or using PCR.

5.3.4.1. Comparison of dPCR and qPCR results

Absolute quantification of the three gene targets by dPCR enabled the samples to be identified
as MRSA (n=2), MRSE (n=6), MSSA (n=8) and MSSE (n=2). Four of the samples were classified
as not quantified (NQ). Table 5.7 shows a comparison of the gPCR findings and the dPCR

interpretation based on the copy numbers presented in Table 5.6.
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Table 5.7: Comparison of gPCR and dPCR interpretations following analysis of 22 residual DNA extracts from

clinical samples. gPCR data were obtained as part of the routine diagnostic service provided by the

Department of Microbiology at Great Ormond Street Hospital for Children NHS Foundation Trust. NQ — not

quantified, which was defined when copy number was < 2 cp/uL. ND — not done.

16S broad-

S. aureus

mecA

dPCR

Sample range PCR PCR PCR interpretation Comment
Samplel Staphylococcus ND ND Negative/NQ gPCR & dPCR
capitis agree

Sample4 ND + + MRSA gPCR & dPCR
agree

Sample5 S. epidermidis ND ND MRSE mecA detected by
dPCR

Sample6 ND + + Negative/NQ

Sample7 S. epidermidis ND ND MRSE meCAgnggted by

Sample8 ND + - MSSA gPCR & dPCR
agree

Sample9 ND + - Negative/NQ

Sample10  S. epidermidis ND ND MRSE mecA éﬂsgged by

Samplell S. epidermidis ND ND MRSE mECA(;iFe,Et:aF(;ted by

Samplel?2 ND + - MSSA gPCR & dPCR
agree

Samplel3 ND + ; MSSA gPCR & dPCR
agree

Samplel4 ND + + MSSA Discrepant

Samplel5 ND + - MSSA gPCR & dPCR
agree

Samplel6 ND + - MSSA gPCR & dPCR
agree

Samplel?  S. epidermidis ND ND MSSE qpczg%e(;PCR

Samplel8 ND + i} MSSA gPCR & dPCR
agree

Samplel9 ND + + MRSA gPCR & dPCR
agree

S. epidermidis;
Sample21l  Staphylococcus ND ND MRSE mecA detected by
homini dPCR
ominis

Sample22  S. epidermidis ND ND MRSE meCAgsg;ted by

Sample23 ND + - MSSA gPCR & dPCR
agree

Sample24 S. epidermidis ND ND Negative/NQ

Sample25  S. epidermidis ND ND MSSE qF’Cl;Qgc%ecéPCR
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Sample 1 was determined to be S. capitis which was not assayed for by dPCR. Sample 14 was
identified by gPCR as MRSA, but by dPCR as MSSA. It was deemed that this could be due to a
labelling error, and the sample is pending return to GOSH for re-analysis by qPCR. Out of the
four samples that were classified as negative/NQ by dPCR, two (Samples 6 and 9) returned a
positive gPCR result. In addition, Sample 24 was defined as S. epidermidis by gPCR but may
also represent a low concentration sample which returned a ‘negative/NQ’ result by dPCR. As
discussed in Section 5.3.4, a dPCR ‘negative/NQ’ result was determined based on the proposed
sensitivity of the assays, although a more thorough investigation is required to formally establish
LOD. Furthermore, gPCR may be benefitting from enhanced sensitivity in this scenario owing to
the larger volume of sample that was used for analysis (10 pL compared to up to 5 pL for dPCR).
Some samples were revealed by dPCR as being MRSE, whereas the qPCR interpretation was
MSSE as the samples were not tested for mecA. Hospital schemes such as CQUIN (Public Health
England, 2019) are implemented for reducing nosocomial cases of MRSA colonisation, and so
detection of this species could likely be prioritised over methicillin resistant CoONS during clinical

testing. This may explain why testing MSSE samples for the mecA target was ‘not done’ by gPCR.

5.3.4.2. Co-colonisation of S. aureus with CoNS

The role of dPCR in quantification of MRSA DNA has been explored previously (Kelley et al.,
2013, Luo et al., 2017), however it is yet to be implemented into clinical workflows. Analysis of
residual clinical extracts demonstrates how the dPCR approach described in this chapter could
be applied in the clinical diagnosis of infections with methicillin resistant Staphylococcus spp.
Multiplex dPCR approaches such as that offered by the Naica platform could enable detection of
several gene targets in a single reaction, which could save on time, reagents and cost by
streamlining current workflows. Furthermore, the approach could be applied to resolve cases
where co-colonisation of methicillin sensitive and resistant organisms is suspected.

dPCR analysis provided absolute quantitative values which could be used to determine which
Staphylococcus species is exhibiting resistance. Detection of methicillin resistance in CoNS such
S. epidermidis could be important as this organism can act as a carrier of the mecA cassette and
transfer to S. aureus and other species. Evidence exists suggesting that MRSA can co-colonise
with MSSA and CoNS (Shaw et al., 2013). Although no mixtures of resistant and sensitive
staphylococci were identified in the cohort of residual clinical extracts, the data presented in this
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chapter infer the potential for the dPCR method in the analysis of mixed clinical samples. Further
work could involve analysis of a broader cohort of isolates derived from primary clinical samples
(i.e. nasal swabs) to determine the prevalence of mixed staphylococcal infections, and to establish
whether dPCR can assist in resolving complex scenarios where genetic elements conferring drug
resistance have the potential to be transferred between organisms. This could potentially reduce

the time to diagnosis of infections with methicillin resistant staphylococci.

5.4. Conclusions

In this chapter, the utility of quantifying methicillin resistance in MRSA and other Staphylococcal
species was assessed. A digital PCR (dPCR) approach, which can enable precise DNA
gquantification in the absence of a standard curve, was developed. dPCR showed promise for
value assigning candidate reference materials that could be used to support qPCR detection of
MRSA. However, limitations associated with DNA extraction efficiency were found to potentially
inflate measurement error associated with the use of whole bacterial cell materials. The dPCR
approach was comparable with gPCR for detecting methicillin resistant species in clinical extracts.
dPCR offered simplicity over the qPCR approach for precise quantification of multiple gene
targets at once. This chapter demonstrates that quantification of MRSA, and other organisms that
can carry methicillin resistance, can be achieved by comparing the ratios of mecA copies to
genomic targets. This approach could be applied to better understand the dynamics of infection
with these pathogens. Accurate quantification of these species could be a useful tool for
monitoring bacterial load in response to treatment and predicting disease severity. This could
represent an overall benefit to patient management and healthcare costs by streamlining current

workflows, improving infection control strategies and reducing further transmission of MRSA.
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6. Characterising sources of experimental variability in MALDI-TOF MS
strain typing and evaluating applicability of the technique to resolving

nosocomial outbreaks

6.1. Introduction

6.1.1. Nosocomial transmission of bacterial infections

Nosocomial transmission, colonisation and subsequent infection with organisms that can exhibit
drug resistance poses a significant threat to global public health. This is of particular significance
for hospitalised patients, including those within Intensive Care Units (ICU), on oncology wards
and those that are immunocompromised (Haque et al., 2018). Organisms including Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacteriaceae that develop resistance to
carbapenem antibiotics are of critical concern for global health (World Health Organization,
2017a). Carbapenems are a class of 3-lactam antibiotic that possess a broad spectrum of activity
against pathogenic organisms, and are often reserved as a ‘last-line’ antibiotic (Papp-Wallace et
al.,, 2011). Carbapenem resistant organisms (CROs) acquire the means to produce
carbapenemase enzymes that break down the antibiotics, rendering them ineffective. Resistance
is often acquired through horizontal gene transfer of mobile genetic elements (Pagano et al.,
2016). Resistant organisms can transfer these mobile elements to otherwise susceptible
organisms, propagating multi-drug resistance throughout the hospital setting. CROs, along with
drug-resistant Gram-positive bacteria such as Staphylococcus aureus, are responsible for an
increasing number of difficult-to-treat respiratory tract, soft tissue and bloodstream infections
(Dryden et al., 2015). Risk factors for becoming colonised by these organisms, which could result
in bacteraemia, include length of hospital stay, ICU admission, having an intravenous catheter or
ventriculoperitoneal (VP) shunt, having surgery or having a ventilator fitted (Baran et al., 2008,
Blanco et al., 2017, Graffunder and Venezia, 2002, Chi et al., 2012). Minimising transmission of
these organisms amongst vulnerable patient cohorts undergoing long hospital stays is crucial.
The availability of reliable methods for determining transmission routes and tracing outbreaks can
help to improve infection control strategies, streamline antimicrobial therapy and reduce patient

morbidity.

156



6.1.2. Molecular strain typing of bacteria

Molecular strain typing enables organisms isolated from patients to be compared in terms of
transmission route, timeline and geographic location to ascertain whether there is a common
ancestor or point of origin (Dijkshoorn et al., 2000). The ability to strain type bacteria associated
with nosocomial acquisition and infection enables routes of transmission to be traced, outbreaks
to be monitored and the effectiveness of control measures to be evaluated (Ranjbar et al., 2014).
Molecular typing analyses are usually performed by a specialist reference laboratory using
genomic techniques including pulsed-field gel electrophoresis (PFGE), multiple locus variable
number of tandem repeat analysis (MLVA) and multi locus sequence typing (MLST) (Pourcel et
al., 2011, Oberle et al., 2016, Singhal et al., 2015, Adzitey et al., 2013, Salipante et al., 2015). As
discussed in Section 1.2.3.5, laboratories have also taken on whole genome sequencing (WGS)
as a reference method for strain typing in recent years. WGS can provide a broad analysis,
offering information on drug resistance and a full spectrum of genes, facilitating better resolution
between strains of bacteria. However, access to the method for some laboratories remains largely

limited by cost.

Limitations exist for other strain typing approaches, despite the methods being well established.
Protocols described for PFGE can take up to 4 days to complete, which could increase the time
taken to receive results to infer or rule out an outbreak (Sharma-Kuinkel et al., 2016). In addition,
disharmony between approaches could limit comparability of typing results between strains,
hospitals, and geographical locations. For example, two MLST schemes exist for strain typing of
A. baumannii, referred to as the 'Oxford' (Bartual et al., 2005) and 'Pasteur' (Diancourt et al.,
2010) schemes. Issues with these schemes have been identified including inconsistencies in
which genes are sampled for typing, limited use of the bacterial chromosome and discrepant
primer sequences (Hamidian et al., 2017). The two schemes have been found to yield different
strain typing results at an international level (Tomaschek et al., 2016). Interest has grown in
repurposing techniques that are already well established within clinical microbiology laboratories
for strain typing organisms from a range of species. Implementation of these approaches using
standardised workflows could yield typing results that are reproducible between centres, and

could save time and resources.
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6.1.3. Matrix Assisted Laser Desorption/lonisation-Time of Flight Mass

Spectrometry (MALDI-TOF MS) as a method for strain typing

Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS)
has revolutionised identification of bacterial species within the last decade (Singhal et al., 2015,
van Belkum et al., 2017, Parchen and de Valk, 2019), and is widely adopted within diagnostic
microbiology laboratories. In addition, the technique shows promise for molecular strain typing of
bacteria and has been successfully implemented to resolve nosocomial and foodborne outbreak-
associated bacterial strains (Christner et al., 2014, Barbuddhe et al., 2008, Stephan et al., 2011,
Egli et al., 2015, Steensels et al., 2017, Mencacci et al., 2013). The possession of existing MALDI-
TOF capabilities by most diagnostic microbiology laboratories presents an opportunity for in-
house epidemiological analysis. However, there is limited evidence supporting the robustness of
MALDI-TOF MS in this context, and conflicting evidence exists suggesting that MALDI-TOF MS
is unreliable and unsuitable for strain typing some species (Ghebremedhin et al., 2017, Sousa et
al., 2015, Rim et al., 2015).

Numerous experimental factors are known to affect the performance of MALDI-TOF MS including
upstream sample preparation, data acquisition and analysis (Williams et al., 2003). MALDI-TOF
MS has been criticised as a method for routine strain typing as being limited by poor reproducibility
(Albrethsen, 2007), insufficient discriminatory power (Lasch et al., 2014) and limited guidance for
data interpretation (Spinali et al., 2015). Investigation into the sources of experimental variability
and better characterisation of measurement bias in MALDI-TOF MS protocols could help to
demonstrate that the method is reliable for strain typing bacteria. This in turn could facilitate
adoption of the technique as an in-house method for bacterial strain typing and outbreak
surveillance. Laboratories with in-house capability could more rapidly obtain typing data that could
influence clinical decisions, such as isolating high-risk patients, reviewing infection control
procedures or altering treatment regimens.

In this chapter, the experimental robustness of MALDI-TOF MS for bacterial typing was explored
by evaluating numerous stages in the protocol that can introduce variability and influence a typing
result. Demonstrating sufficient data reproducibility could facilitate adoption of MALDI-TOF MS
strain typing where instrumentation is already present in microbiology laboratories. The MALDI-
TOF MS typing method was applied to clinical organisms (A. baumannii and S. aureus) collected

during outbreaks at the Royal Free London NHS Foundation Trust. An outcome of this work was
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to evaluate the discriminatory power of MALDI-TOF MS for differentiating between strains within
an outbreak in comparison to existing reference methods. MALDI-TOF MS strain typing could
provide better discrimination than existing genomic methods, and could be quicker than

outsourcing typing to reference laboratories to confirm or rule out hospital outbreaks.
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6.2. Materials and methods

6.2.1. Study materials

6.2.1.1. Clinical isolates

Isolates were collected between 2014 and 2015 at the Royal Free London NHS Foundation Trust
as part of the routine microbiological diagnostic service. This included 18 isolates of multi drug
resistant (MDR) Acinetobacter baumannii associated with a multi-ward outbreak, collected from
15 patients. The outbreak was associated with a single surgery ward (ward A) however patients
had migrated between 15 wards over the two year period (wards B-L), including an
intensive/critical care unit (ICU/CCU) and an outpatient department (OPD). Length of stay on
ward A varied between 1 and 184 days. In addition, 8 isolates of methicillin resistant
Staphylococcus aureus (MRSA) associated with an outbreak in a neonatal unit at the hospital
were collected. Antimicrobial susceptibility testing (AST) was implemented for all isolates
according to EUCAST breakpoint guidelines as part of routine testing (Brown et al., 2015). AST
was performed using a BD Phoenix™ platform (Becton Dickinson, USA) and minimum inhibitory
concentrations (MICs) were established using ETEST® AST reagent strips (bioMérieux, France).
A clinical isolate of NDM Klebsiella pneumoniae was also selected for a comparison of different
culture conditions. Species identities of the isolates were confirmed using the MALDI-TOF
Microflex (Bruker UK) following the manufacturers protocol. Isolates were assigned a unique

study identifier to remove patient information (e.g. MBT16-001) (Appendix 5).

6.2.1.2. Commercial reference strains

Commercially available Staphylococcus aureus subsp. aureus Rosenbach reference strains
(MRSA ATCC® 29213™ MRSA ATCC® 43300™ and MSSA ATCC® 25923™) were obtained,

corresponding to ID numbers: MBT16-070, MBT16-071 and MBT16-072, respectively.

6.2.2. Bacterial culture

All isolates were recovered from storage at -80°C onto pre-poured Colombia blood agar (CBA)
containing 5% horse blood (ThermoFisher Scientific, USA) and incubated aerobically at 37 °C for

24 hours. Where required, a second passage was performed by streaking a single colony onto
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fresh pre-poured Colombia blood agar (CBA) containing 5% horse blood (Thermo Fisher
Scientific, USA) and incubating at 37°C for a further 24 hours to ensure that a pure culture was
obtained. All organisms were stored at -80°C in Cryobank™ tubes (Thermo Scientific, USA)

containing cryopreservation medium.

6.2.3. Reference laboratory strain typing of isolates

As part of the routine microbiological service, A. baumannii isolates were sent on nutrient agar
slopes to Public Health England (PHE, UK) for reference laboratory characterisation. Pulsed-field
gel electrophoresis (PFGE) and variable number tandem repeat (VNTR) profiling was performed
at four loci (1, 10, 845,3468) (Turton et al., 2009, Pourcel et al., 2011). All 18 isolates were
classified as belonging to European clone Il lineage OXA-23 clone 1. PFGE data and VNTR
profiles are included in Appendix 6. Isolate MBT16-062 was not sent to the reference laboratory
but was included in this study for prospective analysis. MALDI-TOF MS strain typing analysis was

performed blind to the reference laboratory typing results.

6.2.4. General protocol for formic acid extraction of proteins from bacterial

cells

For each isolate being tested, 300 pL of HPLC-grade water was added to a 1.5 ml microcentrifuge
tube. Enough single colonies were selected to fill a 1 pL sterile plastic loop (Fisher Scientific,
USA), which was transferred to the tube containing the HPLC-grade water. The biomass was
emulsified in the water, and homogenous cell suspension produced by gentle mixing. 900 pL
absolute ethanol was added to each tube and mixed by vigorous agitation followed by brief
vortexing. The tubes were centrifuged for 2 minutes at 13,000 rpm in a microcentrifuge to remove
residual ethanol and cell pellets allowed to dry at room temperature. Dried pellets were re-
suspended in a 50:50 mixture of 70% aqueous formic and acetonitrile (Honeywell, USA) and
thoroughly mixed by pipetting. The volume added was relative to the size of the dried pellet as
recommended by the manufacturer. The mixture was vortexed and tubes centrifuge for 2 minutes

at 13,000 rpm in a microcentrifuge ready for MALDI-TOF MS analysis.

6.2.5. Spectral acquisition for strain typing using MALDI-TOF MS

Detailed protocols for reagent preparation for MALDI-TOF MS can be found in Section 2.2.

Isolates were recovered from -80°C onto pre-poured blood agar and incubated aerobically at 37
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°C for 24 hours. Proteins were extracted as described in Section 6.2.4. Strain typing was
performed using a MALDI-TOF Microflex LT (Bruker UK) according to the Bruker MALDI Biotyper
protocol which has been described elsewhere (Holzknecht et al., 2018). Measurements were
obtained using flexControl software (version 3.4). Replicate spots of extracted protein solution
were overlaid with 1 pL fresh a-Cyano-4-hydroxycinnamic acid (HCCA) matrix (Bruker UK),
allowed to air dry, and each spot measured in triplicate. Spectra were recorded in positive linear
mode within the range of 2 and 20 kDa, capturing peak position (m/z) for each protein present
and the associated peak intensity value in arbitrary units (a.u.). Peaks with intensity values above
the nominal threshold of 500 a.u. were included in the analysis. External calibration of each
MALDI typing experiment was through measurement of Bacterial Test Standard (BTS) solution
(Bruker UK). Where applicable, Minimum Information About a Proteomics Experiment (MIAPE)

criteria for MALDI-TOF MS experiments are described in Appendix 10.

6.2.6. Characterising sources of variability in sample preparation for

MALDI-TOF MS typing

6.2.6.1.  Variability from culture-subculture cycle

Spectra were obtained from organisms at different stages of the culture-subculture cycle (Section
6.2.2). The stages were as follows:

0] Fresh colonies of K. pneumoniae were recovered from a new Cryobank™ bead per
MALDI-TOF MS experiment, representing one culture cycle of 24 hours duration.

(i) Three different agar plates from the same initial bead sub-cultured onto fresh
Colombia Blood agar every 24 hours followed by immediate analysis, representing
three culture-subculture cycles.

(i) A single culture cycle lasting 72 hours, with measurements recorded every 24 hours
with no sub-culture.

MALDI-TOF MS spectra were analysed in FlexAnalysis software (Bruker UK); peak positions
were visually observed and recorded, including the presence or absence of expected peaks along

with peak ‘shifts’ between 2 and 20 kDa.
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6.2.6.2.  Variability from formic acid protein extraction

6.2.6.2.1. Preparation of a 0.5 McFarland standard

MRSA reference strain ATCC® 29213™ was cultured as described in Section 6.2.2. 1-2 colonies
were selected from the agar plate and re-suspended in 3 mL glass vial containing 0.9% sterile
saline ensuring thorough mixing. The optical density (OD) of the solution was measured using a
WPA CO8000 cell density meter (Biochrom Ltd., UK) and the concentration adjusted to give a
value of 0.1, which is roughly equivalent to a McFarland 0.5 standard (~108 colony forming units
(CFU) per mL) (McFarland, 1907). Colony counting of the suspension was performed by serially

diluting to ~10* CFU per mL following a previously described approach (Miles et al., 1938).
6.2.6.2.2. Comparison between two biomass collection and delivery methods

To prepare the 0.5 McFarland suspension for protein extraction, a 1 mL aliquot of the McFarland
solution was pelleted at 13,000 rpm in a microcentrifuge for 3 minutes. The supernatant was
removed and 300 puL HPLC grade water added. The extraction protocol was continued as
described in Section 6.2.4. A1 pL filled loop of bacteria (approximately 2-3 colonies per loop) was

prepared in parallel and proteins extracted.
6.2.6.2.3. Varying volumes of extraction reagents

Varying volumes of 70% formic acid (FA) and acetonitrile (ACN) at a 50:50 ratio were added to
each of 0.5 McFarland and the 1 pL-loop cell pellets. 60, 80 or 100 L total volume of extraction
reagent was added to the dried cell pellets following removal of ethanol. The cells pellets were
homogenised into suspension and centrifuged. Mass spectra were analysed in FlexAnalysis

(Bruker) and m/z peak lists exported for analysis in MS Excel.

6.2.6.3.  Assessing day-to-day stability of the bacterial test standard

(BTS)

BTS was prepared as described in Section 2.2.3. The freshly reconstituted vial contents were
spotted five times on a MALDI target plate, allowed to dry, and then overlaid with HCCA. The
MALDI Biotyper method was performed for each spot measured in triplicate, and the remaining

BTS stored at -20°C. The process was repeated over a total of three days using the same vial of
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BTS. Mass peak lists were exported from FlexAnalysis software for analysis in MS Excel. The
presence of the expected mass peaks (m/z), along with ionisation efficiency represented by peak

intensity (a.u.) was compared across the three days.

6.2.7. Assessing peak intensity at different stages of the typing protocol

The MALDI Biotyper protocol was applied to 18 clinical isolates of A. baumannii (Section 6.2.1).
The stages of the protocol investigated were defined as (i) technical — where spectra were
acquired from individual spots of protein extract in triplicate and treated as distinct datasets (ii)
co-crystallisation — separate 1 uL spots of protein extract deposited on a MALDI target plate in
triplicate and overlaid with HCCA matrix and (iii) temporal — the day-to-day variability between
experiments, incorporating sub-culture of isolates onto fresh agar. Mass spectra were exported
from FlexAnalysis (Bruker UK) for peak matching in BioNumerics 7.6 (Applied Maths, Belgium).
Peak profiles were exported for analysis in MS Excel; intensities for each peak class were
normalised to the total intensity for each spectra, and a mean, SD and relative standard deviation
(rsd) of peak intensity calculated for selected peaks. Following an initial experiment, the protocol

was repeated for the same isolates after one year in storage at -80°C.

6.2.8. Data handling and analysis of typing spectra

6.2.8.1.  Bruker FlexAnalysis method

Spectra were processed as described in the MALDI Biotyper protocol using the
MBT _standard.FAMSMethod in FlexAnalysis (version 3.4). Peaks were detected using a centroid
algorithm within a 2.0 m/z width range. Baseline subtraction and curve smoothing were performed
using TopHat and SavitzkyGolay algorithms, respectively. Replicate spectra were visually
inspected and any peaks below 500 arbitrary units (a.u.), or deviating outside of a mass tolerance
of ~+0.025% of the estimated m/z value, were excluded. MALDI ‘biotypes’ were allocated for
strain typing analyses based on the presence or absence of biomarker peaks. A biomarker peak
was assigned as such if the following criteria were satisfied: (i) above 500 a.u. for at least two out
of three technical replicate spectra (ii) at least 5.0 m/z (Da) difference from peaks of a similar size

(iii) present for at least one but not all of the isolates.
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6.2.8.2. Bioinformatics software

Processed spectra files (referred to as mzXml files) were exported from FlexAnalysis for each
isolate for analysis in BioNumerics software (Applied Maths, Belgium. Version 7.6) and Clover
MS data analysis software (Clover BioSoft, Spain. http://www.clovermsdataanalysis.com/,
accessed 09/08/2020). Analysis using Clover MS data analysis software was performed by Gema
Mendez-Cervantes (Clover BioSoft, Spain). Peak matching was performed in each program
based on m/z data with a constant tolerance of 0.5, linear tolerance of 300 parts per million (ppm)
and a detection rate of 50 new peak classes per spectra. For strain typing, similarity matrices
were generated based on the Pearson correlation coefficient and isolates clustered using the
unweighted pair group method with arithmetic mean (UPGMA). The cophenetic correlation

between isolates was calculated and expressed as a percentage on the resulting dendrograms.

6.2.9. Whole genome sequencing and phylogenetic analysis

Whole genome sequencing analysis was performed by Dr Ronan Doyle (GOSH) as described in
Section 10.11.4 (Appendix 11). Briefly, DNA was extracted from all isolates as previously
described (Shaw et al., 2019). 50 ng of DNA was prepared using NEBNext Ultra Il FS DNA Library
Prep Kit for lllumina (New England Biolabs, USA) and post-PCR clean-up was carried out using
Ampure XP beads (Beckman Coulter, UK). Library size was validated using the Agilent 2200
TapeStation with Agilent D1000 ScreenTape System (Willoughby, Australia) and 75bp paired-
end reads were sequenced on a NextSeq 550 system (lllumina, USA). Fastq files containing
paired end sequences for each isolate were screened against all complete A. baumannii
reference genomes found on NCBI Refseq database using Mash (Ondov et al., 2016) to identify
the closest matching reference sequence. The best matching genome was A. baumannii strain
BALO62 (Accession: NZ_LT594095) and all samples were mapped to this reference using BBmap
(Bushnell, 2014). Single nucleotide variants (SNVs) were called against the reference using
Freebayes (Garrison and Marth, 2012) and variants were only taken forward if (i) read depth >5,
(i) mapping quality >30, (iii) base quality >20, (iv) alternate read frequency >80%, (v) if there were
>2 reads on both strands and (vi) >2 reads with variant present at both the 5’ and 3’ ends of the
fragments. Variant positions were also masked if not present at >5 read depth in 90% of samples.

Possible recombination sites were identified and masked using Gubbins (Croucher et al., 2015)
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and a maximum likelihood phylogenetic tree was inferred from the aligned variant sites using

RAXML under the GTRCAT model (Stamatakis, 2014).
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6.3. Results and Discussion

6.3.1. Part 1: Evaluating sources of variability in the MALDI-TOF MS strain

typing protocol

6.3.1.1. Variability in spectra attributed to sample preparation

6.3.1.1.1. Culture-subculture cycle and phase of bacterial

growth

MALDI-TOF MS spectra used for bacterial strain typing can vary depending on cell culture
(Sauget et al., 2017). This variable was investigated for the Bruker Biotyper protocol to ensure
that spectra obtained between multiple culture passages, Cryobank™ storage beads and
experiments were repeatable. Homogeneity of spectral profiles within each storage tube, which
contains approximately 25 Cryobank™ beads available for bacteria to adhere to, was assessed.
Heterogeneity of bacterial clones could exist within a storage tube as a result of recombination,
spontaneous mutations and horizontal gene transfer (Robertson and Meyer, 1992). This could
result in organisms within a population exhibiting different protein profiles adhering to different
beads and might introduce bias when characterising protein spectra using MALDI Biotyping,
depending on the bead selected. The organism K. pneumoniae was chosen for this investigation
because a high number of mass peaks were observed within the 2-20 kDa range (Appendix 7),

providing good resolution for the analysis.
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Figure 6.1: (a) Comparison of spectra between six individual Cryobank™ beads; condition i (Section 6.2.6.1). (b) Comparison of spectra obtained for three fresh cultures from a single
Cryobank™ bead with fresh sub-culture every 24 hours; condition ii (Section 6.2.6.1). (c) Example of changes to mass spectra plots for condition iii (Section 6.2.6.1). Spectra in red
represent organisms at 24 hours; green and blue spectra represent organisms at 48 and 72 hours, respectively. Common peaks were observed at approximately 6150 (*) and 6300 (**)

m/z Note the presence of an additional peak at 6100 m/z (indicated by the arrow) after 48 and 72 hours that is absent at 24 hours, and absent in (a) and (b).
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Visual interpretation indicated that spectra obtained for individual freshly recovered beads
(Section 6.2.6.1, condition i) were comparable to one another. This included characteristic peaks
at approximately 6150 and 6300 m/z (Figure 6.1a). In addition, the impact of daily subculture
originating from a single bead on MALDI-TOF MS typing spectra was explored (condition ii).
Figure 6.1b shows that spectra were also comparable between each culture, with the same
characteristic peaks being observed in Figure 6.1a. These initial findings suggest that
homogeneity of profiles obtained from different Cryobank beads within a tube are comparable to
spectra obtained from fresh sub-culture of organisms from a single initial bead.

A time course experiment was performed using a single agar plate containing established
colonies originating from a single bead that was not sub-cultured and analysed across three days
(condition iii). Figure 6.1c shows that, when the culture was analysed at 48 and 72 hours, a new
peak was observed at 6100 m/z that was not observed in the initial spectra obtained after 24
hours in culture when cells are growing exponentially. These changes in mass spectra may
represent the expression of new proteins as the result of an organism’s adaptation to a changing
chemical environment (Arnold et al., 1999). Changes to protein spectra related to bacterial cell
senescence have been suggested to relate to inconsistencies in mass peak spectra (Egli et al.,
2015), highlighting the importance of obtaining spectra from bacteria at a defined point in their
growth cycle. These data suggest that changes in protein spectra can result when bacteria are
under stress, possibly due to nutrient depletion (Poole, 2012). Cultured cells should therefore be
used for MALDI-TOF MS typing when they have been incubated for no longer than 24 hours at
37°C. It has also been noted that experiments performed using different batches of culture
medium can result in variable expression of bacterial proteins, which could lead to discordant
results between typing experiments (Jabbour and Snyder, 2014). This highlights the importance
of ensuring that common reagents batch numbers are utilised between repeat experiments to
ensure that comparable results are obtained. Incorporation of MALDI-TOF MS strain typing into
the workflow of a busy microbiology laboratory should take these findings into consideration when

assessing the feasibility of performing such analyses in-house.
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6.3.1.1.2. Formic acid extraction of proteins

To extract proteins from bacterial cells for MALDI-TOF MS typing analysis, added volumes of
extraction reagents must be proportional to cell pellet size following centrifugation. This process
is based on visual interpretation (Section 6.2.4). Misjudgement of the volume required could
influence the final concentration of bacterial cells in the extraction mixture, and the subsequent
number of extracted proteins that are deposited on the MALDI target plate. Variability in bacterial
cell concentration in the extraction mixture has been shown to affect the quality and reproducibility
of MALDI-TOF MS spectra (Williams et al., 2003). An investigation was performed to compare
the effect of varying the input amount of biomass as either a 1 pL filled sterile loop, or a bacterial
suspension made up to a 0.5 McFarland standard. Proteins were extracted from the 1 pL loop or
0.5 McFarland inputs using different volumes of extraction reagents to make the final bacterial
suspension more or less concentrated prior to analysis on the MALDI target plate. The volumes
of reagent chosen were tailored to the amount of biomass input, which gave different sized pellets

owing to varying initial input CFU per mL (Table 6.1).

Table 6.1: Bacterial cell concentration was shown to impact upon the number of peaks that were identified
in MALDI-TOF MS spectra. Note that lower volumes were added to the 0.5 McFarland pellets, which were

smaller than with the 1 uL loop pellets owing to lower initial input CFU per mL.

Estimated
Number of
Sample concentration of Volume of extraction
Reference peaks
input cells in pellet reagent added (uL)
called
(x108 CFU per mL)
0.5
(Kralik et al., 60 210
McFarland ~1.5
2012)
pellet 80 137
. 80 320
1 pL loop (Lodish et al.,
~2-3
pellet 2000) 100 274
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Table 6.1 shows that the 1 pL loop input method yielded greater numbers of peaks when
compared to the 0.5 McFarland standard method. This finding is unsurprising given that greater
numbers of bacteria were present in the 1 L loop pellet initially, providing a greater quantity of
extracted proteins for MALDI-TOF MS analysis. Furthermore, bacterial concentrations were lower
owing to greater volumes of extraction reagent which resulted in fewer peak calls. This was
observed for both the 0.5 McFarland pellet and the 1 pL loop input method. In the case of the 0.5
McFarland pellet this manifested in a 2-fold difference in number of peaks called. These findings
support the hypothesis that the concentration of bacterial cells, associated with either the biomass
input method or the volume of extraction reagent added, influences the number of potential peak
calls that can be made. This could bias interpretation of spectra for typing where peaks that may
represent strain-specific biomarkers are omitted from the analysis. In addition, Figure 6.2 shows
that there was inter-experimental variability in the number of peak calls for each of the extraction
conditions (17 to 88 %CV across the four different conditions). This suggests that variability from
the extraction step could influence MALDI-TOF MS spectra obtained from different experiments,

further confounding the reproducibility of MALDI-TOF MS for strain typing.

Figure 6.2: Inter-experimental variability in the number of peaks called for different concentrations of
bacterial cell preparations. Key: o 1 ul loop + volume of extraction reagent (uL) ¢ 0.5 McFarland standard

+ volume of extraction reagent (ul).
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Although both biomass input methods represent ‘standardised’ quantities, these data support the
importance of maintaining further rigour in extraction approaches between typing experiments,
where biomarker peaks could be lost due to varying concentrations of bacterial proteins in
solution. Optimising the concentration of bacteria present in the matrix can ensure that high quality
MALDI-TOF MS spectra are yielded from whole cell preparations (Williams et al., 2003). Figure
6.2 indicates that the 1 pL loop input method was less variable than the 0.5 McFarland standard
in terms of number of peaks called, and that this method should be used for performing MALDI-
TOF MS typing experiments. The data also suggests that using a more concentrated solution of
bacterial cells for protein extraction yields more reproducible numbers of peaks, despite the
subjectivity associated with the preparation method. Quantitative approaches for standardising
input protein concentrations could be of benefit for obtaining reproducible spectra for typing, such
as Bradford or UV absorption (De Mey et al., 2008). However, incorporation of these approaches

into the MALDI Biotyper workflow would require further characterisation and optimisation.

6.3.1.2. Peak intensity as a metric for evaluating robustness of

replicate spectra

6.3.1.2.1. Evaluating inter-experimental variability in peak

intensity for a standardised protein solution

The number of mass peaks per spectra can vary across experiments for proteins extracted from
freshly cultured organisms (Figure 6.2). Peak classification by MALDI-TOF MS largely relies upon
peak intensity to establish thresholds for acceptance of a peak. Peak intensity, or peak height, is
reported to be a useful indicator of ionisation efficiency (Duncan et al., 2016), and could be highly
indicative of the matrix-to-analyte interactions unique to an experiment along with laser energy,
crystal morphology and detector performance (Wang et al., 2016). In a review by Albrethsen
(2007) it was reported that peak intensities varied by up to 26% (Given as %CV) between studies
that published precision data for protein profiling by MALDI-TOF MS (Albrethsen, 2007). This
suggests that peak height can vary considerably between experiments and could introduce bias
when discriminating between isolates based on the presence or absence of peak classes. The

MALDI Biotyper protocol was applied to the Bruker bacterial test standard (BTS), a solution of 8
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characterised bacterial proteins used to calibrate the MALDI-TOF MS detector, over three days

to evaluate the impact of inter-experimental variability on peak intensity.

Figure 6.3: Evaluating variability in peak intensity and the stability of the bacterial test standard (BTS) across

three days. Mean peak intensity is plotted for the summed 15 replicate spectra per day.
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Figure 6.3 shows the mean peak intensity summed for 15 technical replicates per day. There was
no significant difference in total intensity across the three days by one-way ANOVA (p = 0.86),
suggesting that ionisation efficiency was equivalent between the triplicate experiments for the
bacterial test standard. This experiment also demonstrated stability of a single vial of BTS that
was analysed across the three days, which included two freeze-thaw cycles. This could represent
a financial benefit to microbiology laboratories potentially implementing the technique where

costly reagents can be conserved across multiple typing experiments.

6.3.1.2.2.  Variability in peak intensity for clinical isolates

A cohort of 18 clinical A. baumannii isolates associated with an outbreak in a surgery ward at the
Royal Free London NHS Foundation Trust were selected for typing using MALDI-TOF MS.
Variability in peak intensity, the chosen metric for robustness of spectra both within and between
typing experiments, was evaluated for these isolates. In the context of strain typing, better
reproducibility of spectra might result in improved resolution for sub-species differentiation owing
to more reliable, better quality spectra containing potential biomarker peaks for discrimination

(Kang et al., 2017, Schumaker et al., 2012, Sauget et al., 2017). Spectra were imported from
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FlexAnalysis into BioNumerics 7.6 for the calculation of peak metrics, which were later used to
generate strain comparisons for typing (Chapter 6.3.2). Mean relative standard deviation (rsd)
was calculated for replicate spectra for selected peak classes to represent the variability in peak
intensity at various stages of the typing protocol. Two peaks were selected for the comparison
that may represent species-specific biomarkers i.e. that were detected in the spectra of all 18
clinical isolates (m/z 5178 and m/z 5751). In addition, two peaks that might represent strain-
specific biomarkers (i.e. present in some, but not all, of the isolates) were chosen; m/z 3073 and
5433.

Figure 6.4 shows that for all peak classes included in the comparison, mean rsd was lowest
between technical replicates (i.e. replicate ionisations) of MALDI-TOF MS typing spectra and
increased between co-crystallisation replicates (i.e. replicate sample spots overlaid with matrix).
Mean rsd was greatest between different days which represent replicate experiments. This effect
was more pronounced for some peak classes than others. Maximum mean rsd ranged from 0.32
(technical) to 1.27 (temporal) for m/z 5178 compared to m/z 5751, which ranged from 0.036
(technical) to 0.29 (temporal) mean rsd. When the typing experiment was repeated for the isolates
after one year in storage at -80°C, the same effect was observed between technical and co-
crystallisation replicates; however, temporal replicates were not included in this analysis (Figure
6.4b). To include a more comprehensive analysis of the variability across the whole spectra after
one year in storage, a total of 7 peaks were chosen which included some of the same peaks
selected for the initial analysis (Figure 6.4a). Mean rsd was higher for the isolates analysed after
one year, however this analysis was performed following freeze-thawing of isolates and using
different reagent batches which could introduce additional variability for typing. Viability and,
indirectly, stress response of organisms can be affected during freezing due to the formation of
ice crystals which can rupture cell membranes (Koh, 2013). This could therefore impact upon the

peak classes that are identified for MALDI-TOF MS strain typing.

174



Figure 6.4: Evaluating variability in peak height at (a) different stages of MALDI-TOF MS typing of A. baumannii isolates and (b) repeated after one year in storage at -80°C. Each coloured

marker represents an isolate of A. baumannii. Keys contain lists of the m/z peaks chosen for the comparison.
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Variability in peak intensity increased as a function of time, and suggests that different stages of
the MALDI Biotyper protocol including long-term storage of isolates could influence ionisation
efficiency (Arnold et al., 1999). Other factors might include: 1) the ionisation mechanisms of
particular mass peaks, which could vary with molecular weight and protein conformation 2)
differences in sample-matrix co-crystallisation between (as well as within) replicate spots in an
experiment 3) differences in preparation and extraction of samples between days, which was
demonstrated in Section 6.3.1.1.2 to influence the number and nature of peak classes observed.
Variability in spectral acquisition between experiments could become problematic when trying to
assign biomarker status to certain peak classes that are not reliably classified, resulting in poor

reproducibility when experiments are repeated on different days or by different laboratories.

6.3.1.3. Choice of data analysis method for MALDI-TOF MS strain
typing

Choice of data analysis method can impact upon how spectra are interpreted and reported for
strain typing (Spinali et al., 2015). The following section aims to address this by comparing the
two different data analysis approaches that were used for performing strain typing of the clinical

cohort of A. baumannii described above.

6.3.1.3.1. Bruker FlexAnalysis method

The Bruker FlexAnalysis method, described in the Bruker Biotyper strain typing protocol, involves
visual inspection and subsequent classification of mass peaks. This approach has been described
previously for strain typing with varying levels of success (Oberle et al., 2016, Holzknecht et al.,
2018). Following acquisition of spectra, the Bruker FlexAnalysis approach was used to assign
MALDI ‘types’ to the 18 A. baumannii isolates based on presence or absence of particular peak

classes that had been assigned biomarker status (Table 6.2).
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Table 6.2: MALDI-TOF MS peak classes identified as potential biomarkers for strain typing isolates of A.
baumannii using the Bruker FlexAnalysis method. Shaded boxes indicate the presence of a peak, blank boxes

represent absence.

Peak class (m/z)

Isolate

MBT16-003
MBT16-005
MBT16-008
MBT16-011
MBT16-015
MBT16-016
MBT16-018
MBT16-025
MBT16-029
MBT16-030
MBT16-031
MBT16-033
MBT16-039
MBT16-040
MBT16-042
MBT16-059
MBT16-060
MBT16-062

There are several limitations associated with this method of interpreting spectra for strain typing
bacteria; analysis is based on non-normalised spectral data, which may result in subjective
classification of peaks owing to variable baseline signals between spectra. Furthermore, it is
difficult to determine whether these peaks represent strain-specific biomarkers since the method
is time consuming and relies on subjective interpretation. Since the analysis is highly labour
intensive, requiring manual processing of data and visual interpretation of peak profiles, there is
potential for analyst error which could bias a typing result and lead to unsupported conclusions.
For the technique to become accessible to busy clinical microbiology laboratories, an element of
automated data handling might be of benefit to enable objective interpretations of spectra to be

made for strain analysis.
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6.3.1.3.2. Bioinformatics approaches

Access to bioinformatic software could be of benefit for interpreting MALDI-TOF MS strain typing
data by offering more objectivity, ease of data handling and the ability to normalise data for
accurate assignment of peak classes (Spinali et al., 2015, Oberle et al., 2016). This could improve
the downstream analysis workflow by limiting operator hands-on time and potentially enhance
strain typing resolution through better discrimination of biomarker peaks. Furthermore, hierarchal
cluster analyses can be performed based on similarity matrices calculated in the software
(Vranckx et al., 2017). These can be used to estimate and visualise the degree of relatedness
between isolates of related and unrelated strains. Spectra obtained for the 18 A. baumannii
isolates were analysed using BioNumerics (Applied Maths, version 7.6) and Clover MS Data
Analysis Software (Clover BioSoft) and the breadth of peaks identified compared with the
FlexAnalysis method. Each of these software programs can access peak data for the entire
spectrum rather than just a handful of subjectively chosen peaks. Automated processing,
normalisation and peak matching algorithms are applied, and further downstream analyses such

as hierarchal clustering can be performed.
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Table 6.3: UniProtKB/Swiss-Prot search results for A. baumannii (Tax ID: 470) performed using Tagldent tool (https.//web.expasy.org/tagident/) compared with the full range of peaks
for the 18 isolates classified using each method. MW range for the search was 2 to 9 kDa. Presumed matched ribosomal proteins (Da) and corresponding m/z peaks (+20 Da) detected

using each approach are highlighted in green.

MW (Da) Protein Peaks identifi.ed using the Pea!<s assign?.d in Peaks assigned. in Clover MS Data
FlexAnalysis method BioNumerics Analysis Software

2805 Aspartate 1-decarboxylase beta chain. 2256 2150 2256
2938 Coenzyme PQQ synthesis protein A. 2585 2873 2585
3980 Phosphatidylserine decarboxylase alpha chain. {EC0:000025... 5434 3073 3073
3996 Phosphatidylserine decarboxylase alpha chain. {ECO:000025... 5448 3317 3723
4265 50S ribosomal protein L36. 3338 4245
5175 50S ribosomal protein L34. 3444 5178
5189 50S ribosomal protein L34. 3723 5434
5462 UPF0391 membrane protein A1S_3910. 4245 5448
6090 50S ribosomal protein L33. 4257 5751
6642 50S ribosomal protein L30. 4267 5771
7080 50S ribosomal protein L32. 4492 8487
7402 50S ribosomal protein L35. 5034
7435 50S ribosomal protein L29. 5178
7719 Sec-independent protein translocase protein TatA. 5434
8360 ATP synthase subunit c. 5751
8451 30S ribosomal protein S21. 5772
8492 Translation initiation factor IF-1. 6094
8669 Acyl carrier protein. 6330
8992 30S ribosomal protein S18. 7439

8490

8723

8984

Total number of peaks identified for strain analysis 4 22 11
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Peaks identified for strain analysis were recorded for the three data analysis methods in parallel
with a putative protein search using Tagldent Tool (ExPASy) (Gasteiger et al., 2005). Peaks
identified by MALDI-TOF MS and analysed using the three methods correlated with the protein
repertoire returned following the Tagldent search (Table 6.3). 0, 5 and 2 peak classes
corresponding with ribosomal subunit proteins were returned following analysis using the
FlexAnalysis, BioNumerics and Clover methods, respectively. The fact that more peaks identified
using these analysis approaches matched with the proteins deposited in public databases
suggests that the latter two (bioinformatic) methods could provide better discrimination of potential
biomarker peaks for differentiating between bacterial strains. In addition, the observation that at
least twice as many discernible peaks were identified using the bioinformatic methods compared
with the FlexAnalysis approach indicates that these methods could provide better resolution and
objectivity for strain typing. Current commercially available software programmes for analysis of
MALDI-TOF MS spectra have been criticised for being biased towards only the most abundant
and reproducible peaks, potentially limiting the resolution of MALDI-TOF MS for strain typing
(Sindt et al., 2018). However, bioinformatic methods also appear to offer relative ease in the data
analysis workflow over the visual method. Further work to explore the capability of additional
commercial software for data analysis, such as the ClinProTools™ software (Bruker), could be of
benefit for future studies on spectra-based typing methods. In addition, the availability of
affordable or open-access software programs could allow MALDI-TOF MS strain typing to be

accessible to hospitals and microbiology laboratories.

6.3.1.4. Practical implications of variability in the MALDI-TOF MS

strain typing workflow

To strain type bacteria using MALDI-TOF MS, characteristic spectra of predominantly ribosomal
proteins that are representative of a particular clone, strain or lineage are generated. The spectra
could then be compared with a custom database of strains previously characterised in-house to
identify or rule out potential outbreaks. Reliable identification is therefore dependent on spectra
being reproducible and representative of the organism in question (Oberle et al., 2016). Studies
suggest that the quality and reproducibility of MALDI-TOF MS fingerprints can be influenced by
sample preparation steps, matrix choice and instrumental performance, among other factors (De

Bruyne et al., 2011, Zhang et al., 2014). Highly variable acquisition of spectra could bias the
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capture of a particular protein contained within the spectra, which may result in misleading profiles
being obtained for an isolate. In addition, spectra obtained between different extraction batches
and different experiments can exhibit variability rendering the typing data as unreliable (Steensels

etal., 2017).

Figure 6.5: Workflow for spectral acquisition from bacteria using MALDI-TOF MS. The central arrow
represents the overall experimental process from bacterial isolate to characteristic mass spectrum for that
organism. Peripheral branches represent various stages of the experimental process that have the potential

to introduce variability. Aspects addressed in this chapter are highlighted in green.

Extraction Data acquisition
Biomass input 7—) Inter-run
variability

Colony selection

Reagent volumes Inter-lot variability

Extract concentration Calibrator

Inter-lot variability Lab temperature

Reagents Environment —>

MALDI typing
spectra

Isolate

Co-crystallisation Experience

lonisation

.. Analyst ————>,
efficiency

Gram +/- 5

Visual

Method 7\]—>

Bioinformatics

Threshold

Maintenance

Media/agar

type —>, Source cleaning

Maintenance

Growth
phase —_—> Laser power setting 7_>
Peak intensity
Organism Instrument Analysis

Figure 6.5 illustrates the workflow for obtaining a characteristic mass spectrum for a particular
isolate, and highlights the aspects that can influence spectral acquisition at each step. The steps
of the experimental workflow highlighted in green were investigated in this chapter. It was found
that variability associated with each of these steps can introduce measurement error in spectral
acquisition, which can influence whether a peak is called or not and subsequently bias a typing
result. Analysis of isolates at different growth stages, unsuitable protein extraction, choice of data
analysis tool and inter-experimental effects contribute to random and systematic error associated
with the MALDI-TOF MS typing approach. It is worth nothing that the variables highlighted in

Figure 6.5 are not exhaustive and many other variables in the protocol could be candidates for
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future exploration. The review by Sauget et al (2017) explores the placing of MALDI-TOF MS for
strain typing bacteria, discussing the numerous variables that can influence a typing result. The
authors suggest that, whilst MALDI-TOF MS presents as a promising tool for strain clinically
relevant typing bacteria, improved control over the upstream processes of the workflow including

sample preparation are needed (Sauget et al., 2017).

6.3.2. Part 2: Can MALDI-TOF MS be used to strain type bacteria?

6.3.2.1. MALDI-TOF MS strain typing of Acinetobacter baumannii

Part 1 (Section 6.3.1) of this chapter examines the sources of variability associated with MALDI-
TOF MS as a method for strain typing bacteria. It was found that different aspects of the protocol
can influence the number and range of mass peaks that are identified. To investigate how the
variables discussed in Part 1 may influence performance of MALDI-TOF MS typing of clinical
samples, the Bruker Biotyper protocol was applied to the cohort of A. baumannii isolates (n=18)
and compared with the reference laboratory findings. All isolates were classified as being identical
in terms of strain (OXA-23 clone 1) by the reference laboratory (Appendix 6). The Bruker
FlexAnalysis and two separate bioinformatics software programmes were applied for analysis
peaks. 27 spectra were included for each isolate across a total of three days to provide high

replication and infer greater confidence in measurements of protein biomarkers.
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Table 6.4: Bruker MALDI Biotyper groups assigned to each of the 18 A. baumannii isolates based on presence

or absence of visually chosen mass to charge (m/z) peak classes.

MALDI Biotype

Isolate

MBT16-003
MBT16-008

MBT16-005
MBT16-011
MBT16-039

MBT16-016
MBT16-025
MBT16-042
MBT16-060
MBT16-062

MBT16-018
MBT16-031

MBT16-029
MBT16-059

MBT16-033
MBT16-040

MBT16-015

I ®Om nim m O O O O OO0 0O ® W W >» >

MBT16-030
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Figure 6.6: Hierarchal clustering of A. baumannii isolates calculated in (a) BioNumerics and (b) Clover MS
data analysis software using UPGMA based on MALDI-TOF MS spectra. The isolates clustered into two main
groups: Group | and Group Il. The coloured key represents the 8 MALDI Biotypes listed in Table 6.4 (Groups

A-H). Note: For (a) cophenetic correlation is indicated at base of each node (Section 10.11.4; Appendix 11).
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The Bruker FlexAnalysis approach revealed four peaks that satisfied the inclusion criteria for
strain typing (Table 6.2), and the isolates were grouped into a total of 8 classes representing
different ‘MALDI Biotypes’ (Table 6.4). Two of the isolates (MBT16-015 [G] and MBT16-030 [H])

were classified as unique Biotypes since their spectral profiles did not match with any of the other
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isolates. Following baseline subtraction and curve smoothing in FlexAnalysis, the pre-processed
spectra were imported into BioNumerics 7.6. Spectra were summarised for each isolate and
clustered using the unweighted pair group method with arithmetic mean (UPGMA). Two main
clusters were identified using this method; designated Group | and Group Il (Figure 6.6a). Of note,
the isolates that clustered into Group Il using the BioNumerics analysis method also fell within the
same MALDI Biotype ‘group B’ designated in Table 6.4 (isolates MBT16-005, MBT16-011 &
MBT16-039). This finding was confirmed when the same spectra were clustered using Clover MS
data analysis software (Figure 6.6b).

Overall, there was poor correlation of the MALDI Biotypes with the UPGMA clusters generated in
the bioinformatics software programmes. The exception to this is the group of three isolates which
formed a distinct cluster for the three analysis methods. The FlexAnalysis method was based on
non-normalised spectral data which may result in subjective classification of peaks owing to
variable baseline signals between spectra. Analysis was performed on a small number of peak
classes; 4 out of approximately 9 observable peaks per spectra. Similar numbers of mass peaks
for A. baumannii have been observed previously (Sousa et al., 2015, Jeong et al., 2016), which
potentially limits the usefulness of the FlexAnalysis method for strain typing this organism due to
the limited resolution offered. However, analysis using bioinformatics software allows access to
peak data for entire spectra, applies pre-defined peak height normalisation algorithms and
removes subjectivity from visual peak calling. This could help to more reliably distinguish peaks

that may represent strain-specific biomarkers in future studies of this nature.

6.3.2.1.1. Peak intensity as a metric for discrimination of peak

classes using MALDI-TOF MS typing

The Group II/MALDI Biotype B isolates clustered together using both the Bruker FlexAnalysis and
bioinformatic methods and could represent a diverse group of organisms. These isolates could
possess mass peaks that offer better typing resolution, or are more reproducible, therefore
enabling more consistent clustering between the three analysis methods. Peak intensity for the
Group II/MALDI Biotype B isolates was examined to determine whether better reproducibility of

spectra enables improved strain typing resolution.

185



Figure 6.7: Variability in peak height at different stages of the MALDI-TOF MS typing protocol. The ‘Group
II/MALDI Biotype B’ isolates are represented by the following coloured spots: Red — MBT16-005, Yellow —
MBT16-011, Grey — MBT16-039. Unfilled spots represent the other 15 isolates. m/z 5178 and 5751 represent
peak classes common to all isolates; m/z 3723 represents a peak only observed for the Group II/MALDI

Biotype B isolates following analysis in BioNumerics (Section 10.11.4; Appendix 11).
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For peaks that were shared among the 18 A. baumannii isolates (m/z 5178 and 5751 determined
using BioNumerics), the Group |l isolates exhibited the lowest relative standard deviation (rsd)
compared to the other isolates (< 0.30 rsd, 30% CV) (Figure 6.7). This finding could suggest that
better reproducibility between spectra for these peak classes permitted discrimination of these
isolates from the rest of the cohort. However, when this approach was applied to a peak at m/z
3723, identified by BioNumerics as unique to these three isolates, the mean rsd was up to 10-fold
higher indicating a decrease in reproducibility between peak height values. Regardless of peak
class there was an overall trend of increasing variability in peak height at progressive stages of
the experiment protocol, with technical replicates exhibiting the lowest variability and between-
day replicates exhibiting the highest. These findings support the data presented in Figure 6.4.
Further work comparing variability of peak intensity at progressive stages of the MALDI Biotyper
protocol should be extended to additional peak classes and other isolates in this cohort. This
could enable a more detailed understanding of how the inherent variability in the protocol can

influence reproducibility of spectra, and as a result, resolution for typing.
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6.3.2.1.2. Potential identification of a nosocomial transmission

event

MALDI-TOF MS bioinformatics analysis approaches clustered the isolates into two groups, with
the ‘Group I’ isolates appearing to be closely related. All 18 isolates were classified by reference
laboratory VNTR profiling as belonging to European clone Il lineage OXA-23 clone 1 (Appendix
6). Therefore, any observed differences such as different peak classes assigned to different
isolates could be representative of the typical diversity between isolates of the same strain (Ueda
et al., 2015). However, 3 of the 18 isolates were classified as being separate from the main group
by all of the MALDI analysis methods (respectively denoted as Group Il /MALDI Biotype B by
bioinformatics & Bruker FlexAnalysis method). Sufficient diversity could exist between groups | &
Il to indicate that they are not identical and possibly not from the same transmission route.
Epidemiological data associated with this outbreak were obtained in order to explore the
hypothesis that two strains may, in fact, exist in this cohort.

The outbreak in question was identified as being associated with a single surgical ward, multiple
beds of which were inhabited by the patients during this time period (Appendix 8). Patients had
also spent time on numerous other wards of varying specialties within the hospital including
intensive care units. There were overlaps in time in which patients stayed on ward A, presenting
possible opportunities for transmission to occur. It is worth noting that for the three ‘Group
II/MALDI Biotype B’ isolates, MBT16-005 and MBT16-039 were obtained from the same patient.
MBT16-011 was obtained from another individual who stayed on ward A in the same male 4-
bedded bay during this time period. MDR A. baumannii was identified first in patient 4, followed
by patient 2 thirteen days later. As a follow-up to this work the 18 isolates were also sequenced
by WGS to evaluate genomic relatedness of the organisms using an alternative method, and to

determine whether the three isolates in question remained divergent from the main group.
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Figure 6.8: WGS SNV analysis compared with MALDI Biotype (Section 10.11.4; Appendix 11).
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Figure 6.8 indicates that, similarly to BioNumerics and Clover MS data analysis software, WGS
SNV analysis clustered the three A. baumannii isolates into a group that was distinct from the
other isolates in the cohort (labelled as Group I1). Similarly to Figure 6.6, there was little correlation
between the WGS clustering and MALDI Biotype ID for the Group | isolates. This may further
support the hypothesis that any observed differences between these isolates are within the realms
of typical diversity for isolates of the same strain. These data, in combination with epidemiological
information, provide evidence that the Group Il isolates represent an incidental transmission event
between two patients within ward A. This event is separate from the main outbreak cluster yet
occurred at the same time. This finding could have implications for future infection control

strategies where isolated transmission events can be disassociated from larger outbreaks.
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6.3.2.2. MALDI-TOF MS strain typing of Staphylococcus aureus

As illustrated in Table 6.2, MALDI-TOF MS typing of A. baumannii may be limited by the fact that
a small number of peaks could be distinguished as strain-specific biomarkers. This is reflected in
several publications suggesting that MALDI-TOF MS is unsuitable for strain typing this organism
due to insufficient discriminatory power (Ghebremedhin et al., 2017, Sousa et al., 2015, Rim et
al., 2015). In contrast, the utility of MALDI-TOF MS for successful sub-typing of Staphylococcus
aureus lineages has been described (Steensels et al., 2017, Lindgren et al., 2018, Wolters et al.,
2011). This suggests that success of MALDI-TOF MS strain typing is dependent on the organism
in question, and better resolution may be obtained for genera other than Acinetobacter sp. To test
this hypothesis, the performance of the Bruker Biotyper protocol was evaluated for 8 clinical
isolates of methicillin-resistant S. aureus that were associated with a nosocomial outbreak on a
neonatal ward, alongside 3 ATCC reference strains. The isolates were tested using a single
experimental workflow (similarly to the A. baumannii isolates) and data analysed using the Bruker
FlexAnalysis and BioNumerics approaches.

Using the Bruker FlexAnalysis method for data handling, 13 peak classes were identified as
potential strain-specific biomarkers (Table 6.5). In terms of resolution for strain typing, more than
three times the number of peaks could be identified for S. aureus in comparison with A.
baumannii, where only 4 biomarker peaks were assigned (Table 6.2). This highlights how species-
specific differences could influence resolution and therefore the ability of the method to reliably
characterise relatedness between strains. The mass peaks identified for S. aureus in Table 6.5
enabled the classification of isolates into five MALDI Biotype groups (Table 6.6). These groups
were then used in a comparison with UPGMA clustering analysis performed using BioNumerics

(Figure 6.9).
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Table 6.5: Biomarker peak classes for strain typing Staphylococcus aureus isolates identified using the Bruker FlexAnalysis Biotyper approach. Shaded boxes represent the

presence of a peak, blank represents absence.

Peak class (m/z)

Isolate 4496 | 4511

MBT16-014

MBT16-017

MBT16-034

MBT16-046

MBT16-057

MBT16-067

MBT16-068

MBT16-069

MBT16-070

MBT16-071

MBT16-072




Table 6.6: Bruker MALDI Biotyper groups assigned to each of the 11 S. aureus isolates based on presence or

absence of visually chosen peak classes.

MALDI Biotype Isolate
A MBT16-014
A MBT16-017
A MBT16-046
A MBT16-057
A MBT16-034
B MBT16-067
B MBT16-070
B MBT16-072
C MBT16-071
D MBT16-068
E MBT16-069

Figure 6.9: Hierarchal clustering of S. aureus isolates calculated in BioNumerics using UPGMA based on

MALDI-TOF MS spectra. The key represents the 5 MALDI Biotypes listed in Table 6.6 (Groups A-E). Cophenetic

correlation is indicated at base of each node.
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UPGMA cluster analysis identified two groups of isolates, denoted Group | and Group Il (Figure
6.9). There was some correlation between the Bruker FlexAnalysis and bioinformatics analyses,
although the FlexAnalysis method appeared to inflate the number of groups present compared to
BioNumerics. MBT016-071 stood out as divergent for both methods. This isolate represents a
reference strain that is likely to be divergent from the other isolates in this cohort. However, the
two other reference strains that were included in the analysis (MBT16-070 and MBT16-072)
appeared to cluster with the clinical strains in Group |. Of note, reference laboratory spa typing
data (Koreen et al., 2004) were available for four of the isolates (MBT16-014, MBT16-017,
MBT16-046 and MBT16-057) which clustered together in Group I/MALDI Biotype A; these
isolates were identified as spa type 07-23-21-16-34-33-13. Typing data are unavailable for the
remaining four clinical isolates, making it difficult draw comparisons between MALDI-TOF MS and
reference laboratory typing methods. Care must be taken at this stage not to speculate on the
ability of MALDI-TOF MS to correctly differentiate between related and unrelated strains in this
cohort. However, these initial data suggest that MALDI-TOF MS typing (combining two data
analysis methods) can distinguish between clinical and reference isolates of S. aureus in a limited
setting. Further work should include a greater number of isolates from multiple outbreaks to
include a highly diverse cohort of organisms which could be compared with reference laboratory

typing data including spa typing.

6.3.2.3. The potential for integration of MALDI-TOF MS typing into

routine clinical diagnostics

The work presented in Section 6.3.1: Part 1 of this chapter demonstrates that variability is inherent
to numerous stages of the MALDI-TOF MS typing protocol, and could influence a strain typing
result. Technical (i.e. intra-spot) reproducibility of the MALDI-TOF MS typing protocol employed
in this study was demonstrated to be superior compared to the sample-matrix co-crystallisation
step (i.e. inter-spot), and between days. However, whilst every effort can be made to ensure that
a standardised workflow is followed (for example, ensuring that organisms are cultured to a set
point in their life cycle at the time of analysis and that freshly prepared reagents are used
throughout), typing spectra can lack reproducibility and reliability. This must be taken into
consideration if the techniqgue would be used to compare strains from different outbreaks,

hospitals, or even geographical regions. Furthermore, the work presented in this chapter
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demonstrates that different approaches to analysis and interpretation of spectral data can
influence a typing result. Whilst the Bruker FlexAnalysis approach might be more accessible to
clinical diagnostic laboratories since the software modules are included with the instrument, the
analysis workflow is labour intensive and relies on subjective interpretation. Whilst bioinformatics
software programmes may offer more objectivity owing in part to a more automated workflow,
most of these come at cost and may require specialist training. It has been argued that inclusion
of all peaks within entire spectra, as calculated using commercial bioinformatics programmes,
could influence sub-species typing analysis because not all peaks will be attributed to strain or
clonal differences, therefore potentially over-embellishing the perceived spectra and biasing
hierarchal clustering analyses (Ueda et al., 2015). The authors of this study discuss an approach
for increasing specificity of the peak calling approach for typing by excluding peak classes that
could bias the analysis i.e. those that are species specific and common to all isolates. Other
software programmes, such as ClinProTools, exist for analysis of MALDI-TOF MS spectra that
have been applied for sequence typing of clinical MRSA isolates (Wang et al., 2018).

Section 6.3.2: Part 2 of this chapter presents an evaluation of MALDI-TOF MS for discriminating
between organisms belonging to different strains for two different species; A. baumannii and S.
aureus. Peaks that may potentially be used as strain-specific biomarkers were identified using
MALDI-TOF MS, and the technique showed promise for identifying unique organisms within each
of the cohorts that is supported by epidemiological and typing data. However, limited context is
available since the sample cohorts are small, contain groups of closely related organisms and do
not all have reference laboratory typing data available. In addition, the MALDI-TOF MS matrix
used in this study could hinder typing of organisms including A. baumannii since greater
heterogeneity can be observed in ribosomal proteins over 10 kDa (Hortin, 2006). Matrices such
as sinapinic acid are better suited for higher molecular weight proteins compared with HCCA. The
results presented in this chapter suggest that, regardless of whether standardisation of
experimental protocols could yield more reproducible spectra, the resolution of MALDI-TOF MS
for strain typing bacteria may be limited. The method has been demonstrated in this work, and
elsewhere (Oberle et al., 2016), by rigorous evaluation of sources of experimental error to have
the potential for technical robustness. Such robustness has clearly supported the widespread

application of MALDI-TOF MS for species identification in routine diagnostics. However, the work
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presented here does not fully satisfy the hypothesis that MALDI-TOF MS could become an

alternative approach for strain typing bacteria in the routine diagnostic setting at this stage.

6.4. Conclusions

MALDI-TOF MS is an appealing technique for bacterial strain typing in the advent of nosocomial
outbreaks, and could be readily accessible to the majority of clinical diagnostic laboratories.
However, measurement error is introduced at different stages of the experimental protocol, which
may impact upon resolution when assigning biomarker status to peaks. Variability in spectral
acquisition is introduced during culture of organisms, protein extraction and data analysis
workflow, which can be observed both intra- and inter-experimentally. Culture and sample
preparation stages affect peak intensity, which correlates with ionisation efficiency. Variability in
ionisation efficiency increases with the progressive stages of the protocol, suggesting that whilst
high replication (technical, co-crystallisation and temporal) serves to ensure a robust workflow,
care should be taken when interpreting spectra obtained over time as peaks that could be used
as strain specific biomarkers could be lost. Furthermore, measurement variability and subsequent
biases could result in the appointment of epidemiological significance where none exists in reality
(or vice versa). Bioinformatic solutions can remove subijectivity of visual peak calling and offer a
less intensive workflow than the Bruker FlexAnalysis method. MALDI-TOF MS strain typing
showed promise in identifying potentially unique isolates in two different bacterial models.
However, further work on a larger cohort of more diverse organisms is required to establish
whether MALDI-TOF MS typing is appropriate for incorporation into routine practice. In-house
applicability of MALDI-TOF MS as an initial epidemiological screening tool prior to reference
laboratory typing could help to reduce the time taken to make clinical decisions whilst awaiting

reference laboratory results, providing an economic overall benefit to patient care.
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7. Final discussion

7.1. Experimental variability impacts upon accuracy of molecular

measurements of pathogen biomarkers

In Chapters 3, 4, 5 and 6, aspects of experimental workflows that can impact upon the accuracy
of molecular measurements were evaluated. Upstream processes were assessed for emerging
molecular techniques that could be used to support contemporary diagnostic methods. Accurate
measurement of molecular biomarkers for infectious diseases including nucleic acids and proteins
permits detection, identification, and quantification of pathogens. This enables monitoring of
responses to treatment, prediction of disease severity and outcomes, tracing and controlling
disease outbreaks and profiling of organisms to strengthen future responses to pathogenic
threats. Understanding the causes of measurement error could improve robustness of methods
and allow them to be more reproducible, and enable better harmonisation of results between
laboratories. Exploration of these themes is timely, given the fundamental role of molecular
diagnostics in line with increasing emergence of global epidemics - including the advent of the
COVID-19 pandemic. Discussions surrounding the importance of standardising molecular tests
for SARS-CoV-2, namely RT-gPCR, and addressing sources of technical error to promote
measurement accuracy have come to light (Huggett et al., 2020a, Dong et al., 2020b, Bustin and
Nolan, 2020, Woloshin et al., 2020). These discussions highlight how measurement research can
help to promote analytical accuracy in molecular testing, which can assist in the management of

existing and emerging infectious diseases.

7.1.1. Sample preparation and extraction of nucleic acids and proteins

Experimental variability in the analysis of nucleic acids and proteins can contribute to
measurement error, which can bias interpretation and subsequent reporting of data. In Chapter
5, sample preparation and extraction were identified as contributors to experimental variability in
the quantification of Staphylococcus spp genomes. Intra- (Figure 5.6) and inter- (Table 5.5)
laboratory variability in quantitative estimates of methicillin resistant and sensitive organisms was
introduced. This manifested in up to a 7-fold increase in variability following DNA extraction from
whole bacterial cells compared to dPCR analysis of pre-extracted genomic DNA (Figure 5.4).
Nucleic acid yield has been shown to vary following extraction as a result of differences within
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and between extraction protocols (Olson and Morrow, 2012). Previous studies have also
suggested that variability is introduced by fragmentation and degradation of nucleic acid during
extraction, which has the potential to reduce quantitative accuracy (Sedlackova et al., 2013). This
can occur due to physical shearing during pipetting or vortexing of samples, or through chemical
shearing (Klingstrom et al., 2018). Nucleic acids are also vulnerable to degradation by nucleases
that can be present in the sample, and in the laboratory environment. The organism
Staphylococcus aureus features an extracellular nuclease that acts as a virulence factor in
infection (Kiedrowski et al.,, 2014), and it could be hypothesised that this contributes to
degradation of nucleic acids isolated from this organism following extraction. Specific challenges
also exist when extracting bio-molecules from samples containing Gram positives such as S.
aureus, which has a peptidoglycan cell wall that requires additional processing to liberate cellular
components (Sahin et al.,, 2016). Similar challenges have been described for extraction of
biomolecules from organisms that are phenotypically mucoid such as K. pneumoniae. These
organisms can be resistant to pelleting by centrifugation, which may interfere with sample
preparation (Domenico et al., 1992, Brinkworth et al., 2015, Xiao et al., 2011).

In addition to extraction of nucleic acids, sample-specific challenges were demonstrated in
Chapter 6 to be relevant for the extraction of proteins. Variability in the extraction step was
demonstrated in Figure 6.2, where different biomass input quantities and unstandardised
guantities of extraction reagents resulted in varying numbers of peaks for bacterial strain typing.
The sample collection methods used (a solution of cells in saline equivalent to a 0.5 McFarland
standard and a 1 uL loop-full of bacterial colonies) rely on subjective interpretation and are limited
in their abilities to produce homogenous solutions containing consistent numbers of bacterial
cells. Efforts have been made to enhance the quality of spectra obtained during MALDI-TOF MS
analysis of bacteria through improved sample preparation. Additional sample preparation steps,
such as the addition of glass beads during protein extraction to obtain more homogenous
solutions, can improve ID spectra for a range of bacteria including mucoid Gram negatives (Zhou
et al., 2017). Standardisation of protocols in MALDI TOF MS analysis, including the extraction
step, could help to improve reproducibility for MALDI TOF typing experiments (Oberle et al.,
2016).

Considerations surrounding the extraction of molecular analytes within infectious diseases are

not limited to bacteria. Further complications can arise when extracting from biological fluids that
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contain target which may be present at low levels and be highly fragmented, as can be the case
for viruses. Nucleic acids from viral pathogens such as HIV-1, which features in Chapters 3 and
4, require extraction from blood and plasma. Yield and integrity of nucleic acid extracted from
plasma samples has been shown to vary considerably between protocols, with pre-analytical
variability in handling of plasma samples notably affecting analytical results (Markus et al., 2018).
As discussed above, some of this variability was attributed to fragmentation of cfDNA; a
phenomenon associated with this type of analysis that is more commonly utilised in cancer liquid
biopsy studies (Bronkhorst et al., 2019). In the context of infection, DNA fragmentation has been
demonstrated to be a particular issue for quantification of viruses such as human cytomegalovirus
(HCMV) (Boom et al., 2002). In addition, interest in utilising cfDNA as a biomarker for infection
with M. tuberculosis has been described (Fernandez-Carballo et al., 2019) indicating the need for
careful consideration when selecting DNA isolation protocols for development of these type of
assays. Variability in nucleic acid extraction from samples containing viruses was not extensively
explored in this thesis. However, it is worth mentioning that efforts have been made to optimise
extraction protocols for clinical analysis of HIV-1 which features prominently in Chapter 3
(Verhofstede et al., 1996). Modern extraction protocols for isolating HIV-1 RNA for viral load
testing are largely automated; a technology that lends itself to high throughput capabilities
required of diagnostic laboratories. However, despite automated approaches for sample
preparation and extraction becoming commonplace in clinical laboratories, challenges can arise
owing to limited opportunities for manual troubleshooting in the event of erroneous results (Tan

and Yiap, 2013).

7.1.2. Efficiency of enzymatic processes for molecular biology

Enzymatic processes are widely utilised within molecular diagnostics, involving DNA/RNA
polymerases, restriction endonucleases and reverse transcriptases (Rittié and Perbal, 2008).
Enzymes work most efficiently within specific temperature and pH ranges, which vary depending
on the enzyme. Any variations in reaction conditions can alter the efficiency of enzymatic
reactions (Zippelius et al., 2000). This could become problematic when enzymatic processes are
required for accurate and sensitive quantification of low levels of target, such as for HIV-1 RNA
viral load quantification (Levesque-Sergerie et al., 2007). In Chapter 3, the efficiency of different

reverse transcriptases for converting HIV-1 RNA to cDNA were evaluated using RT-dPCR.
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Quantitative estimates of HIV-1 copy humbers varied between enzymes, which were dependent
on the assay sequence used (Figure 3.3). Differences in copy number estimates due to variability
in enzymatic processes could result in inaccuracies in reported HIV-1 RNA copy numbers
following RT PCR. Ideally, a reverse transcriptase enzyme would be 100% efficient at converting
RNA to cDNA, enabling all viral genomes to be converted, amplified during PCR and detected.
However, variability in the reverse transcription step has been described previously at magnitudes
great enough (differences of up to 100-fold) to warrant caution over maintenance of data validity
(Bustin et al., 2015). Variability in reverse transcription efficiency is a widely acknowledged
complication associated with RNA quantification (Bustin and Nolan, 2004, Sanders et al., 2013,
Zucha et al.,, 2019). This merits consideration when utilising the technique in diagnostic
approaches to permit the highest degree of measurement accuracy for the most sensitive
applications. The findings in Chapter 3 support those of Okello et al., (2010), who performed a
comparative RT-gPCR analysis of 11 commercially available reverse transcriptase enzymes
addressing their sensitivity for quantification of low copy numbers of HIV-1 RNA. The authors
describe how although some enzymes were sufficiently sensitive, they lacked reproducibility and
suffered reduced overall amplification efficiency. Comparisons were made based on gPCR, which
relies on an accurate and stable calibration curve to make relative estimates of copy number
concentration in a sample (Okello et al., 2010). RT-dPCR can provide absolute copy number
estimations of HIV-1 RNA based on a standardised input of RNA (Figure 3.4). This may allow
enzyme efficiency to be evaluated, and could improve the accuracy of gPCR calibration curves
by factoring this in.

Technical challenges exist that are inherent to quantification of viral RNA genomes, including
those of HIV-1, influenza, and SARS-CoV-2. RNA is susceptible to hydrolysis by highly stable
RNase enzymes, and clinical quantification requires careful consideration surrounding its
handling and storage (Relova et al., 2018). Efficient reverse transcription represents a key aspect
of analytical accuracy in RNA quantification. Facilitating an understanding of the fundamental
sources of measurement error related to key steps in clinical molecular approaches could help to
ensure data traceability, reliability, and quality. Studies employing strategies similar to those
presented in Chapter 3 have been applied to assess reverse transcription efficiency for
transcriptomics experiments using dPCR (Sanders et al., 2013, Schwaber et al., 2019).

Concurrent with the work presented in this thesis, the authors discuss how reverse transcription
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can be strongly influenced by choice of gene sequence, and advocate for the inclusion of RNA

standards in quantitative RT-PCR experiments.

7.1.3. Variability in analysis and interpretation of molecular data

Reproducible data analysis workflows are necessary to ensure accurate interpretation of results
for molecular diagnostics. Variability could arise from differences in analyst experience, lack of
guidance in data handling, and storing large volumes of complex data that are challenging to
handle. Ensuring consistency in data analysis between laboratories, such as through
standardised workflows, could help to ensure that results are interpreted in a reproducible
manner. In Chapter 4, measurement bias was evidenced for gPCR quantification of HIV-1 DNA
when following the assumption that the 8E5 cell line calibrator contained one integrated copy of
HIV-1 DNA per cell. dPCR characterisation of three different sources of this cell line, and
subsequent re-calculation of gPCR estimates, enabled harmonisation of gPCR results for
quantification of HIV-1 DNA calibrated against an 8E5 cell line standard curve (Figure 4.3). This
work illustrates how empirical characterisation of reference standards, combined with guidance
on how gqPCR is calibrated using these standards, could improve measurement accuracy through
better comparability between results. Future work briefly discussed in Chapter 4 would also aim
to address the adopted convention of hormalising HIV-1 DNA copies to one million cells, which
could skew estimates of HIV-1 total DNA contributing to the viral reservoir.

In addition to nucleic acid analysis, there is an increased need for reproducible analysis pipelines
to interpret the large and complex data outputs from proteomic techniques such as MALDI-TOF
MS (Kulkarni et al., 2018, Kim et al., 2018). In Chapter 6, choice of data analysis method was
shown to impact upon peak classification and subsequent strain profiling using MALDI-TOF MS.
Analyses using bioinformatics software programmes including BioNumerics were compared to
the Bruker FlexAnalysis approach, the latter method involving user interpretation of mass spectra.
MALDI-TOF MS spectral profiles, which are analogue in nature, are visually inspected to ascertain
which peaks may represent strain-specific biomarkers. Differences in how isolates were classified
in terms of ‘Biotype’ were observed between the two methods attributed to the relative degrees
of subjectivity in the approaches (Table 6.2, Table 6.3). In addition, the FlexAnalysis method was
found to be more laborious to perform in this study, which possibly contributes to a high user error

rate in comparison to the bioinformatics approaches. Little information is available in terms of user
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guidance from which MALDI-TOF MS data analyses could benefit (Spinali et al., 2015). Efforts
have been made to develop tools for reproducible analysis of spectral data, such as that produced
during MALDI experiments (Palarea-Albaladejo et al., 2018, Veselkov et al., 2018). The study by
Mitchell et al (2015) suggested that a major component of variability in MALDI-TOF MS analyses
relates to the algorithms used for binning of raw data in TOF experiments, and proposed that
such issues could be circumvented by applying a spectrum averaging approach. The authors
suggest that this approach could be readily incorporated into existing automated acquisition
software to enhance the performance of MALDI-TOF MS (Mitchell et al., 2015). Further studies
introducing novel matrix-mining workflows for analysis of spectral data have been conducted to
facilitate reproducibility in MS results (Zhvansky et al., 2019). Standardised approaches to data
analysis can help to make results more reproducible between analysts, experiments, and
laboratories. Understanding sources of error introduced during the data analysis step could also

assist in the development of new methods for molecular diagnosis of infections.

7.2. Development of reference methods and materials holds a key role in

promoting measurement accuracy

Clinical quantification of nucleic acids from pathogens is performed using techniques such as
gPCR. This requires a standard curve to be constructed from a reference material containing a
known quantity of the target of interest. Measurement error associated with the calibration curve
will be reflected in quantitative estimates for clinical samples, highlighting the importance of using
a stable calibration standard where the target quantity can be assured with a high degree of
confidence. In Chapter 4, the impact of instability in gPCR calibration materials was explored for
guantification of HIV-1 proviral DNA. dPCR analysis of the widely used 8E5 cell line revealed a
previously undetected loss of HIV-1 DNA from the cells which was exacerbated by culture (Figure
4.2). This instability, which was heterogeneous between different sources of the cell line,
contributed to measurement error when quantifying HIV-1 DNA in clinical samples due to bias
introduced by the calibration curve (Figure 4.1). The differences observed between three sources
of 8E5 cell line DNA could be representative of different calibration standards used by laboratories
for quantification of HIV-1 DNA. dPCR value assignment of the three standards permitted
recalculation of HIV-1 DNA copy numbers in clinical samples, allowing harmonisation of results

(Figure 4.3). Harmonisation of quantitative estimates between standards, laboratories or studies
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would permit better comparability of data. In the context of Chapter 4, this could provide greater
confidence in measurements of HIV-1 DNA to predict correlations with the size of the proviral
reservoir, the impact of treatment cessation and, potentially, cure.

The requirement for stable, high quality reference standards to facilitate accuracy in qPCR
measurements has been discussed (Réder et al., 2010, Lin et al., 2011, Nolan et al., 2013). Better
accessibility of reference standards could permit better harmonisation of quantitative findings
between laboratories to demonstrate method reproducibility (Pavsic et al., 2015, Devonshire et
al., 2016a). dPCR has been implicated for supporting existing gPCR-based quantitative
diagnostic methods through characterisation of reference materials used for standard curve
calibration (Bhat and Emslie, 2016). dPCR could be used to assign copy number values to
existing reference materials, such as the 8E5 cell line for HIV-1 DNA quantification in Chapter 4.
Similarly, the technique could be used as a reference method to characterise novel materials for
nucleic acid quantification during their development. In Chapter 5, novel materials that could be
used to support current contemporary approaches for diagnosis of MRSA were introduced and
analysed using dPCR. These consisted of lyophilised units of bacteria (Staphylococcus spp) that
could potentially be developed as candidate reference materials. However, despite the precision
offered by dPCR quantification, variability in DNA extraction efficiency was suspected to lead to
low intra- and inter-laboratory reproducibility between quantitative values. Further work to
evaluate the experimental variables contributing to measurement error for these materials could
aid their development as quantitative reference materials. In Chapter 3, RT-dPCR was also
evaluated as a reference method for quantification of HIV-1 RNA that could be used to value
assign prospective reference materials. Analysis of whole viral EQA materials by two National
Measurement Institutes (NMIs) demonstrated good intra- and inter-laboratory reproducibility,
supporting the development of RT-dPCR as reference method for this application (Figure 3.10).
However, issues surrounding analysis of samples containing low concentrations of HIV-1 RNA
could hinder reporting of results where there is a high incidence of molecular dropout (Whale et
al., 2013).

Despite these challenges, the findings in Chapters 3, 4 and 5 illustrate a potential role for dPCR
to value assign nucleic acid reference materials and characterise issues such as cell line
instability and sequence heterogeneity. This could make dPCR a valuable tool for development

of reference materials for new and emerging infectious diseases that could be used to harmonise
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results of molecular testing. The role of dPCR in the value assignment of reference materials has
been described for numerous pathogenic organisms including HCMV, E. coli, BK and JC viruses
(Kuypers and Jerome, 2017), genetically modified organisms (Dobnik et al., 2018) and plasmid
standards (Sivaganesan et al., 2018), and for cancer variants including KRAS (Whale et al., 2018,
Dong et al.,, 2018, He et al.,, 2019). The precision of dPCR could help to characterise
measurement uncertainty values assigned to materials. Large measurement uncertainty ranges
on reference standards could limit measurement confidence, which could impact upon
guantitative accuracy when analysing unknown test samples.

There is a pressing need for biologicals and reference materials for molecular analysis of
infectious diseases, along with suitable methods to characterise them ready for the end user. In
addition to standards for nucleic acid quantification, availability of suitable materials for qualitative
analyses are also important because they enable processes to be monitored for quality (i.e.
positive and negative controls). This is important for spectral techniques, including MALDI-TOF
MS, where characteristic profiles are generated within defined measurement tolerances
calibrated using a standard solution. Any inaccuracy in the standard could invalidate or bias the
test sample results, potentially reducing the accuracy and reproducibility of the spectral data. The
role of qualitative reference materials for molecular diagnosis of infection was not extensively
studied in this thesis, though there remains a need to ensure their availability. Efforts to develop,
characterise and promote the use of reference materials for infectious diseases are underway
(Morris et al.,, 2019). Emerging molecular methods can present as useful tools to develop
reference materials where pathogens are novel or emerging, or where assays and methodologies

lack thorough standardisation (Mattiuzzo et al., 2019).

7.3. Advanced molecular approaches can support measurement accuracy for
current diagnostic methods, and may hold a future role for direct analysis

of clinical samples

Chapters 3, 4 and 5 demonstrated that dPCR, an emerging method for precise quantification of
nucleic acid, can be utilised to explore sources of error in quantification of pathogens and improve
measurement accuracy. This includes the role of dPCR for value assignment of reference
materials that can be used to calibrate current methods. However, the desire to implement
advanced molecular methods for direct analysis of patient samples is prevalent within the field of
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infectious disease diagnostics. Methods offering high sensitivity, increased throughput, high
resolution for comprehensive analyses of genomes and proteomes, and the potential for improved
measurement accuracy may present as attractive options for analysing complex samples (Gwinn
etal., 2017).

Chapters 4 and 5 examined the applicability of dPCR for direct analysis of clinical samples.
Interest in this application has increased owing to the analytical sensitivity, declining running costs
and perceptions of the accuracy of dPCR results (Bizouarn, 2014). dPCR can offer precise
measurements, quantification independent of a calibration curve, intra and inter-laboratory
reproducibility and the potential for sample analysis without the need for nucleic acid extraction
(Kuypers and Jerome, 2017). However, the work presented in these chapters (along with Chapter
3) has highlighted the sources of measurement error specific to dPCR that are introduced by
variability within the methodology, along with biological variability from the sample. Issues
surrounding reduced sample volumes may limit accuracy and therefore hinder uptake of the
technique, particularly for measurement of low-level targets. False positive amplification in dPCR
reactions has also been reported as a potential limitation compared to other methods (Strain et
al., 2013, Rutsaert et al., 2018b). False positives are often attributed to contamination of a reaction
with positive control template. However, in some cases there could be other reasons such as
coalescence of oil emulsion droplets (Sreejith et al., 2018) or improper assay design (Quan et al.,
2018).

Chapters 4 and 5 respectively demonstrated that dPCR analysis of residual clinical extracts
containing HIV-1 DNA and Staphylococcus spp targets was comparable to qPCR. However,
additional work utilising a larger sample cohort and demonstrating a clear advantage of the
technique over gPCR is required before suggestions can be made towards its incorporation into
routine practices. This may be within reach since the commercialisation of the IVD/CE-IVD QXDx
BCR-ABL %IS Kit for dPCR quantification of BCR-ABL fusion transcripts in patients with Chronic
Myeloid Leukaemia (CML) (Chung et al., 2020). In line with current opinion (Huggett et al., 2015),
dPCR is promoted in this thesis as an available tool for supporting current clinical methods
through characterisation of reference materials and inter-laboratory comparisons. This can offer
improvements to the accuracy of clinical measurements in patient samples.

In contrast to dPCR, MALDI-TOF MS is already widely utilised in clinical diagnostics as a

reproducible method for species identification (Mellmann et al., 2009). The work presented in
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Chapter 6 aimed to characterise the applicability of the technique for sub-species strain analysis
to help resolve nosocomial outbreaks. The method was demonstrated in Section 6.3.1 to be
inherently variable owing to culture and sample preparation steps, which could contribute to poor
strain typing performance. As presented in Section 6.3.2, MALDI-TOF MS typing potentially
revealed a distinct cluster in a group of A. baumannii isolates that were classified as being the
same strain based on VNTR profiling. The MALDI-TOF typing result, supported by
epidemiological data and whole genome sequencing, suggests that MALDI-TOF MS could have
a supporting role in discriminating between different strains of bacteria. However, the strain typing
results lacked reliability which may be attributed to poor repeatability of spectra. This, combined
with limited availability of reference isolates available for the typing comparison, limits the use of
MALDI-TOF MS for sub-species analysis of clinical isolates in this work. Advocating steps towards
reproducibility in MALDI-TOF MS analyses could improve the uptake of the method for the most

precise and sensitive applications (O'Rourke et al., 2016).
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8. Concluding remarks and future work

The ‘perfect’ diagnostic tool has been described as one which is rapid, specific, sensitive, easy
to perform and interpret, cost-effective and high throughput (Chen et al., 2018). Many of these
criteria are underpinned by the ability of the diagnostic method to perform measurements that are
of the highest possible analytical accuracy. In a metrological sense, measurement accuracy might
imply that the method exceeds the necessary standards for measurement precision and sources
of bias are minimised, enabling the highest degree of measurement trueness. Defining the
sources of error that can impact upon measurement trueness in analytical processes can help to
ensure that measurements of pathogen biomarkers for diagnosis of infection are accurate. The
work presented in this thesis illustrates for different molecular techniques and diseases that
measurement error is introduced at various stages of the workflow including: pre-analytical
variables such as sample preparation and extraction, variability in data analysis, unstable
reference materials and inherent variability in certain sample types. The themes explored in this
thesis support the hypothesis that no one aspect of an experimental workflow is the ultimate
contributor to making the most accurate measurements.

Molecular approaches capable of making advanced measurements of nucleic acids and proteins,
such as dPCR, MALDI-TOF MS and NGS, are becoming highly sought after for analysis of
pathogens in clinical samples. Whilst these approaches may offer advantages over currently used
methodologies, laboratories must adopt stringent practices for characterising performance before
incorporating them into routine workflows. Rigorous assessment can help to identify stages in
experimental protocols that can introduce variability and, subsequently, measurement error into
analytical methods. These approaches can themselves be applied to support existing methods in
infectious disease diagnostics, such as through characterisation of reference materials used for
calibration. Improved accuracy in molecular measurements of pathogens could be facilitated by
laboratories that strive to 1) evaluate sources of experimental variability, such as extraction or
enzyme efficiency, that contribute to measurement error and subsequently inform decisions on
the best reagents or protocols to use, 2) strive to use well characterised reference materials that
are of the highest quality to enable proper calibration and verification of methods, 3) take
advantage of advanced methodologies to complement current workflows through characterisation

of reference materials, or as orthogonal approaches. This will help to ensure method reliability
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and facilitate confidence in measurements, which could permit greater measurement accuracy
for the most sensitive applications.

This thesis contributes to the field by exploring measurement challenges for quantifying and
characterising pathogen biomarkers for different diseases. Each chapter discusses how these
challenges can be met, through the application of methods capable of making advanced
measurements. The work also demonstrates the importance of standardised methodologies, data
transparency and harmonisation of results that will strengthen collaborative efforts in achieving
the most accurate measurements of pathogens. Future developments leading on from this work
could include: further interlaboratory collaboration for measuring nucleic acids and proteins to
develop quantitative reference standards for molecular testing, including for SARS-CoV-2,
empirical characterisation of the intermediate precision of gPCR and dPCR to further define their
respective roles in measurement of the HIV-1 proviral reservoir, and further exploration of the
analytical accuracy associated with methods for making advanced measurements of pathogen
biomarkers, including NGS and FTIR. Furthermore, the metrological themes presented in this
thesis can be applied to challenge current and future threats within infection. This includes
detecting antimicrobial resistance (AMR), identifying sepsis, and controlling future outbreaks,
epidemics and pandemics, as well as applications for non-infectious diseases including precision
medicine for cancer. Ultimately, facilitating measurement accuracy in disease diagnostics holds
the most benefit to patient care, quietly contributing to improving and sustaining global human

health.
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10.Appendices

10.1. Appendix 1

Glossary of definitions for metrology
Further definitions can be found in the International Vocabulary of Metrology (Joint Committee for

Guides in Metrology, 2012).

Term Definition

Represents a measurement with minimal error (both random and
Measurement accuracy
systematic) that is close to the true value.

Reflects random error; sometimes referred to as ‘noise’.
Measurement error Individual values within a set of measurements may vary but the

overall mean of those measurements will not be affected.

Reflects systematic error, where a particular result for a
Measurement bias measurement may be favoured over another. This may alter the

mean value of a set of measurements.

Reflects the variation in a measurement of a single quantity (i.e.
Reproducibility between experiments, analysts, laboratories, or any given

condition).

The closeness of agreement of replicate measurements
Measurement precision
(biological or technical) on the same object.

Characterisation of the dispersion of values surrounding a
Measurement uncertainty
measurement.

Establishes a relationship between nominal input value and

Calibration

instrument response based on the measurement of a calibrator.
Calibrator A measurement standard used for calibration.

A method for analysis of a molecule, chemical or physical
Orthogonal method property that is based on different fundamental properties from

the primary method

Masking the identity of a sample’s origin by using a unique
Pseudonymisation
pseudonym, such a code containing numbers of letters.
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10.2. Appendix 2

Synthetic HXB2 HIV-1 molecule design

DNA sequence of synthetic molecule for human immunodeficiency virus typel (HIV-1). Key to
sequences - 1: BspHlI restriction site 2: T7 RNA polymerase promoter sequence 3: Notl restriction
site 4: DNA sequence for HIV-1 (HXB2) HIV1/HTLV-HI/LAV reference genome (NCBI accession
number K03455.1), positions 1 to 5,619. 5: Xmal restriction site 6: T3 RNA polymerase promoter

sequence in reverse complement orientation.

TCATGA'TAATACGACTCACTATAG?GCGGCCGC3TGGAAGGGCTAATTCACTCCCAACGAAGACAAGAT

ATCCTTGATCTGTGGATCTACCACACACAAGGCTACTTCCCTGATTAGCAGAACTACACACCAGGGCC

AGGGATCAGATATCCACTGACCTTTGGATGGTGCTACAAGCTAGTACCAGTTGAGCCAGAGAAGTTAG

AAGAAGCCAACAAAGGAGAGAACACCAGCTTGTTACACCCTGTGAGCCTGCATGGAATGGATGACCCG

GAGAGAGAAGTGTTAGAGTGGAGGTTTGACAGCCGCCTAGCATTTCATCACATGGCCCGAGAGCTGCA

TCCGGAGTACTTCAAGAACTGCTGACATCGAGCTTGCTACAAGGGACTTTCCGCTGGGGACTTTCCAG

GGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGCGAGCCCTCAGATCCTGCATATAAGCAGCTGCTTTT

TGCCTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACC

CACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGAC

TCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAAC

AGGGACCTGAAAGCGAAAGGGAAACCAGAGGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCGCG

CACGGCAAGAGGCGAGGGGCGGCGACTGGTGAGTACGCCAAAAATTTTGACTAGCGGAGGCTAGAAGG

AGAGAGATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGAATTAGATCGATGGGAAAAAATTCGGTT

AAGGCCAGGGGGAAAGAAAAAATATAAATTAAAACATATAGTATGGGCAAGCAGGGAGCTAGAACGAT

TCGCAGTTAATCCTGGCCTGTTAGAAACATCAGAAGGCTGTAGACAAATACTGGGACAGCTACAACCA

TCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAGTAGCAACCCTCTATTGTGTGCA

TCAAAGGATAGAGATAAAAGACACCAAGGAAGCTTTAGACAAGATAGAGGAAGAGCAAAACAAAAGTA

AGAAAAAAGCACAGCAAGCAGCAGCTGACACAGGACACAGCAATCAGGTCAGCCAAAATTACCCTATA

GTGCAGAACATCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGAACTTTAAATGCATGGGTAAA

AGTAGTAGAAGAGAAGGCTTTCAGCCCAGAAGTGATACCCATGTTTTCAGCATTATCAGAAGGAGCCA

CCCCACAAGATTTAAACACCATGCTAAACACAGTGGGGGGACATCAAGCAGCCATGCAAATGTTAAAA

GAGACCATCAATGAGGAAGCTGCAGAATGGGATAGAGTGCATCCAGTGCATGCAGGGCCTATTGCACC

AGGCCAGATGAGAGAACCAAGGGGAAGTGACATAGCAGGAACTACTAGTACCCTTCAGGAACAAATAG
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GATGGATGACAAATAATCCACCTATCCCAGTAGGAGAAATTTATAAAAGATGGATAATCCTGGGATTA

AATAAAATAGTAAGAATGTATAGCCCTACCAGCATTCTGGACATAAGACAAGGACCAAAGGAACCCTT

TAGAGACTATGTAGACCGGTTCTATAAAACTCTAAGAGCCGAGCAAGCTTCACAGGAGGTAAAAAATT

GGATGACAGAAACCTTGTTGGTCCAAAATGCGAACCCAGATTGTAAGACTATTTTAAAAGCATTGGGA

CCAGCGGCTACACTAGAAGAAATGATGACAGCATGTCAGGGAGTAGGAGGACCCGGCCATAAGGCAAG

AGTTTTGGCTGAAGCAATGAGCCAAGTAACAAATTCAGCTACCATAATGATGCAGAGAGGCAATTTTA

GGAACCAAAGAAAGATTGTTAAGTGTTTCAATTGTGGCAAAGAAGGGCACACAGCCAGAAATTGCAGG

GCCCCTAGGAAAAAGGGCTGTTGGAAATGTGGAAAGGAAGGACACCAAATGAAAGATTGTACTGAGAG

ACAGGCTAATTTTTTAGGGAAGATCTGGCCTTCCTACAAGGGAAGGCCAGGGAATTTTCTTCAGAGCA

GACCAGAGCCAACAGCCCCACCAGAAGAGAGCTTCAGGTCTGGGGTAGAGACAACAACTCCCCCTCAG

AAGCAGGAGCCGATAGACAAGGAACTGTATCCTTTAACTTCCCTCAGGTCACTCTTTGGCAACGACCC

CTCGTCACAATAAAGATAGGGGGGCAACTAAAGGAAGCTCTATTAGATACAGGAGCAGATGATACAGT

ATTAGAAGAAATGAGTTTGCCAGGAAGATGGAAACCAAAAATGATAGGGGGAATTGGAGGTTTTATCA

AAGTAAGACAGTATGATCAGATACTCATAGAAATCTGTGGACATAAAGCTATAGGTACAGTATTAGTA

GGACCTACACCTGTCAACATAATTGGAAGAAATCTGTTGACTCAGATTGGTTGCACTTTAAATTTTCC

CATTAGCCCTATTGAGACTGTACCAGTAAAATTAAAGCCAGGAATGGATGGCCCAAAAGTTAAACAAT

GGCCATTGACAGAAGAAAAAATAAAAGCATTAGTAGAAATTTGTACAGAGATGGAAAAGGAAGGGAAA

ATTTCAAAAATTGGGCCTGAAAATCCATACAATACTCCAGTATTTGCCATAAAGAAAAAAGACAGTAC

TAAATGGAGAAAATTAGTAGATTTCAGAGAACTTAATAAGAGAACTCAAGACTTCTGGGAAGTTCAAT

TAGGAATACCACATCCCGCAGGGTTAAAAAAGAAAAAATCAGTAACAGTACTGGATGTGGGTGATGCA

TATTTTTCAGTTCCCTTAGATGAAGACTTCAGGAAGTATACTGCATTTACCATACCTAGTATAAACAA

TGAGACACCAGGGATTAGATATCAGTACAATGTGCTTCCACAGGGATGGAAAGGATCACCAGCAATAT

TCCAAAGTAGCATGACAAAAATCTTAGAGCCTTTTAGAAAACAAAATCCAGACATAGTTATCTATCAA

TACATGGATGATTTGTATGTAGGATCTGACTTAGAAATAGGGCAGCATAGAACAAAAATAGAGGAGCT

GAGACAACATCTGTTGAGGTGGGGACTTACCACACCAGACAAAAAACATCAGAAAGAACCTCCATTCC

TTTGGATGGGTTATGAACTCCATCCTGATAAATGGACAGTACAGCCTATAGTGCTGCCAGAAAAAGAC

AGCTGGACTGTCAATGACATACAGAAGTTAGTGGGGAAATTGAATTGGGCAAGTCAGATTTACCCAGG

GATTAAAGTAAGGCAATTATGTAAACTCCTTAGAGGAACCAAAGCACTAACAGAAGTAATACCACTAA

CAGAAGAAGCAGAGCTAGAACTGGCAGAAAACAGAGAGATTCTAAAAGAACCAGTACATGGAGTGTAT

TATGACCCATCAAAAGACTTAATAGCAGAAATACAGAAGCAGGGGCAAGGCCAATGGACATATCAAAT

TTATCAAGAGCCATTTAAAAATCTGAAAACAGGAAAATATGCAAGAATGAGGGGTGCCCACACTAATG
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ATGTAAAACAATTAACAGAGGCAGTGCAAAAAATAACCACAGAAAGCATAGTAATATGGGGAAAGACT

CCTAAATTTAAACTGCCCATACAAAAGGAAACATGGGAAACATGGTGGACAGAGTATTGGCAAGCCAC

CTGGATTCCTGAGTGGGAGTTTGTTAATACCCCTCCCTTAGTGAAATTATGGTACCAGTTAGAGAAAG

AACCCATAGTAGGAGCAGAAACCTTCTATGTAGATGGGGCAGCTAACAGGGAGACTAAATTAGGAAAA

GCAGGATATGTTACTAATAGAGGAAGACAAAAAGTTGTCACCCTAACTGACACAACAAATCAGAAGAC

TGAGTTACAAGCAATTTATCTAGCTTTGCAGGATTCGGGATTAGAAGTAAACATAGTAACAGACTCAC

AATATGCATTAGGAATCATTCAAGCACAACCAGATCAAAGTGAATCAGAGTTAGTCAATCAAATAATA

GAGCAGTTAATAAAAAAGGAAAAGGTCTATCTGGCATGGGTACCAGCACACAAAGGAATTGGAGGAAA

TGAACAAGTAGATAAATTAGTCAGTGCTGGAATCAGGAAAGTACTATTTTTAGATGGAATAGATAAGG

CCCAAGATGAACATGAGAAATATCACAGTAATTGGAGAGCAATGGCTAGTGATTTTAACCTGCCACCT

GTAGTAGCAAAAGAAATAGTAGCCAGCTGTGATAAATGTCAGCTAAAAGGAGAAGCCATGCATGGACA

AGTAGACTGTAGTCCAGGAATATGGCAACTAGATTGTACACATTTAGAAGGAAAAGTTATCCTGGTAG

CAGTTCATGTAGCCAGTGGATATATAGAAGCAGAAGTTATTCCAGCAGAAACAGGGCAGGAAACAGCA

TATTTTCTTTTAAAATTAGCAGGAAGATGGCCAGTAAAAACAATACATACTGACAATGGCAGCAATTT

CACCGGTGCTACGGTTAGGGCCGCCTGTTGGTGGGCGGGAATCAAGCAGGAATTTGGAATTCCCTACA

ATCCCCAAAGTCAAGGAGTAGTAGAATCTATGAATAAAGAATTAAAGAAAATTATAGGACAGGTAAGA

GATCAGGCTGAACATCTTAAGACAGCAGTACAAATGGCAGTATTCATCCACAATTTTAAAAGAAAAGG

GGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTAAAG

AATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAAATCCACTT

TGGAAAGGACCAGCAAAGCTCCTCTGGAAAGGTGAAGGGGCAGTAGTAATACAAGATAATAGTGACAT

AAAAGTAGTGCCAAGAAGAAAAGCAAAGATCATTAGGGATTATGGAAAACAGATGGCAGGTGATGATT

GTGTGGCAAGTAGACAGGATGAGGATTAGAACATGGAAAAGTTTAGTAAAACACCATATGTATGTTTC

AGGGAAAGCTAGGGGATGGTTTTATAGACATCACTATGAAAGCCCTCATCCAAGAATAAGTTCAGAAG

TACACATCCCACTAGGGGATGCTAGATTGGTAATAACAACATATTGGGGTCTGCATACAGGAGAAAGA

GACTGGCATTTGGGTCAGGGAGTCTCCATAGAATGGAGGAAAAAGAGATATAGCACACAAGTAGACCC

TGAACTAGCAGACCAACTAATTCATCTGTATTACTTTGACTGTTTTTCAGACTCTGCTATAAGAAAGG

CCTTATTAGGACACATAGTTAGCCCTAGGTGTGAATATCAAGCAGGACATAACAAGGTAGGATCTCTA

CAATACTTGGCACTAGCAGCATTAATAACACCAAAAAAGATAAAGCCACCTTTGCCTAGTGTTACGAA

ACTGACAGAGGATAGATGGAACAAGCCCCAGAAGACCAAGGGCCACAGAGGGAGCCACACAATGAATG

GACACTAG*CCCGGG°CTTTAGTGAGGGTTAATT®
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10.3. Appendix 3

Spurious positives observed for RT-dPCR

HIV-1 pol assay (Strain et al., 2013) using the Bio-Rad one-step RT-ddPCR Advanced kit. Blue
dots represent FAM-positive partitions, grey dots represent no amplification. The expected Chl
(FAM) amplitude (peak resolution) is indicated by the red box.
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10.4.

Appendix 4

Bland-Altman plots to compare Naica and QX200 clinical sample results.

Logio-transformed copy number concentrations are plotted for each assay (a) mecA duplexed

with femA (b) mecA duplexed with coA (c) femA and (d) coA. The solid red line represents the

mean difference, dashed lines represent +1.96 SD.
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10.5. Appendix 5

Clinical isolates included MALDI-TOF MS analysis along with randomly assigned study

identifiers

Unique study identifier | Species identity | Experiment

MBT16-003 A. baumannii Peak intensity/data analysis method/typing
MBT16-005 A. baumannii Peak intensity/data analysis method/typing
MBT16-008 A. baumannii Peak intensity/data analysis method/typing
MBT16-011 A. baumannii Peak intensity/data analysis method/typing
MBT16-014 S. aureus MALDI typing

MBT16-015 A. baumannii Peak intensity/data analysis method/typing
MBT16-016 A. baumannii Peak intensity/data analysis method/typing
MBT16-017 S. aureus MALDI typing

MBT16-018 A. baumannii Peak intensity/data analysis method/typing
MBT16-025 A. baumannii Peak intensity/data analysis method/typing
MBT16-029 A. baumannii Peak intensity/data analysis method/typing
MBT16-030 A. baumannii Peak intensity/data analysis method/typing
MBT16-031 A. baumannii Peak intensity/data analysis method/typing
MBT16-033 A. baumannii Peak intensity/data analysis method/typing
MBT16-034 S. aureus MALDI typing

MBT16-035 A. baumannii Peak intensity/data analysis method/typing
MBT16-039 A. baumannii Peak intensity/data analysis method/typing
MBT16-040 A. baumannii Peak intensity/data analysis method/typing
MBT16-042 A. baumannii Peak intensity/data analysis method/typing
MBT16-046 S. aureus MALDI typing

MBT16-057 S. aureus MALDI typing

MBT16-059 A. baumannii Peak intensity/data analysis method/typing
MBT16-060 A. baumannii Peak intensity/data analysis method/typing
MBT16-062 A. baumannii Peak intensity/data analysis method/typing
MBT16-067 S. aureus MALDI typing

MBT16-068 S. aureus MALDI typing

MBT16-069 S. aureus MALDI typing
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Reference laboratory typing results
Pulsed-field gel electrophoresis (PFGE) and variable nucleotide tandem repeat (VNTR) profiles

of the 18 A. baumannii isolates from the Royal Free London NHS Foundation Trust.

Study ID Year isolated PFGE result VNTR profile

MBT16-003 2014 OXA-23 clone 1 10,20,12, 6
MBT16-005 2015 OXA-23 clone 1 9,20,10, 6
MBT16-008 2014 OXA-23 clone 1 9,20,11, 6
MBT16-011 2015 OXA-23 clone 1 9,20,10, 6
MBT16-015 2015 OXA-23clone1 -,20,12,6
MBT16-016 2014 OXA-23 clone 1 10,20,12, 6
MBT16-018 2014 OXA-23 clone 1 10,20,12, 6
MBT16-025 2015 OXA-23 clone 1 10,20,12, 7
MBT16-029 2015 OXA-23 clone 1 10,20,12, 6
MBT16-030 2015 OXA-23 clone 1 10,20,12, 6
MBT16-031 2015 OXA-23 clone 1 10,20,13,6
MBT16-033 2014 OXA-23 clone 1 10,20,12, 6
MBT16-039 2015 OXA-23 clone 1 9,20,10, 6
MBT16-040 2015 OXA-23 clone 1 10,20,12, 6
MBT16-042 2014 OXA-23 clone 1 10,20,12, 6
MBT16-059 2014 OXA-23 clone 1 10,20,12, 6
MBT16-060 2015 OXA-23 clone 1 10,20,12, 6

MBT16-062 2015 - -
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MALDI-TOF MS peaks recorded at different culture stages
MALDI-TOF MS peaks recorded in FlexAnalysis (version 3.4) for a clinical isolate of K.
pneumoniae at different culture stages. Conditions i, ii and iii refer to those described in Chapter

6, Section 6.2.6.1.

Peak class (m/z) per condition

2179.7 2179.4 2689.4
2689.3 2264.2 2855.8
2855.7 2688.9 3048.1
3076.1 2855.4 3076.3
3144.3 3075.3 3144.3
3580.0 3143.7 3711.2
3623.0 3579.4 3853.6
3662.1 3622.2 4156.4
3853.6 3661.5 4366.2
4156.5 3852.8 4740.8
4366.1 4155.2 4772.6
4498.7 4341.1 5013.9
4740.6 4365.2 5070.1
a4772.7 4739.4 5143.2
4927.5 4771.6 5281.8
5145.2 4926.1 5383.2
5383.3 5144.2 6098.4
6154.9 5382.1 6155.2
6292.2 6153.4 6292.4
6386.9 6290.7 7162.0
7162.2 7160.2 7247.2
7248.1 7245.5 7432.0
7432.8 7430.3 7708.5
7710.0 7706.5 8314.9
8317.2 8312.7 8377.5
8377.4 8374.5 9485.8
9486.7 9481.6 9547.4
9549.8 9545.0 9858.3
9859.5 9851.4
n=29 n=29 n=22
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Timeline of patient migration within ward A and other hospital wards.

The red box highlights the time point in which Patients 2 & 4 crossed on ward A; green arrows indicate approximate date of first MDR A. baumannii isolation. Patient

ID is given along with isolate number.

Dates of stay on ward A
11/01/2014 20/02/2014 01/04/2014 11/05/2014 20/08/2014 30/07/2014 08/09/2014 18/10/2014 27/11/2014 06/01/2015 15/02/2015 27/03/2015 06/05/2015 15/06/2015 25/07/2015

MBT16-042 (13
« [ o 1ot bed
MET16-008 (10) m 2nd bed
MBT16-059 (16) o 3rd bed
MBET16-016 (12) m 4th bed
MET16-018 (15) ® 5th bed
—_ MBT16-003 (14
g, (14) | W 6th bed
MEBT16-011 (4
= 1 4) | m 7th bed
i MBT16-031; MBT16-025 (3) 8th bed
— MBT16-033 (11
o (11) | = 9th bed
E MET16-030 (7) | Another ward
3 MET16-062 (9)
MET16-023; MBT16-D60 (6)

MBT16-040 (1)

MET16-03%; MBT16-005 (2)

MBT15-015 (5)
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10.9. Appendix 9

dPCR MIQE (dMIQE2020) table

dMIQE2020 checklist for authors, reviewers, and editors. Authors should fill detail whether information is provided. Where ‘yes’ is selected use comment box to detail

location of information or to include the information. Where ‘no’ is selected use comment box to outline rationale for omission. Sections 4 and 5 may not apply depending

on experiment.

ITEM TO CHECK

PROVIDED COMMENT

Y/N

1. SPECIMEN

Detailed description of specimen type and numbers

Chapter 4, 5

Sampling procedure (including time to storage)

Residual samples received as pre-extracted
nucleic acid after primary analysis had been
performed by initial laboratory

Sample aliquotation, storage conditions and duration

Residual samples received as pre-extracted
nucleic acid after primary analysis had been
performed by initial laboratory

2. NUCLEIC ACID EXTRACTION

Description of extraction method including amount of sample processed

Chapter 3,4, 5

Volume of solvent used to elute/resuspend extract

Chapter 3,4, 5

Number of extraction replicates

Chapter 3,4, 5

Extraction blanks included?

-<-<-<-<I = Z2 <




3. NUCLEIC ACID ASSESSMENT AND STORAGE

Method to evaluate quality of nucleic acids Y Qubit 2.0 fluorometer, NanoDrop 2000, Agilent
Bioanalyzer 2100

Method to evaluate quantity of nucleic acids (including molecular weight and Y Section 2.1.4

calculations when using mass)

Storage conditions: temperature, concentration, duration, buffer, aliquots Y Chapter 3,4, 5

Clear description of dilution steps used to prepare working DNA solution Y Chapter 3,4, 5

4. NUCLEIC ACID MODIFICATION

Template modification (digestion, sonication, pre-amplification, bisulphite etc.) n/a

Details of repurification following modification if performed n/a

5. REVERSE TRANSCRIPTION

cDNA priming method and concentration Y Chapter 3

One or two step protocol (include reaction details for two step) Y Chapter 3

Amount of RNA added per reaction Y Chapter 3

Detailed reaction components and conditions Y Chapter 3

Estimated copies measured with and without addition of RT* Y Chapter 3, Appendix 3

Manufacturer of reagents used with catalogue and lot numbers Y Chapter 3

Storage of cDNA: temperature, concentration, duration, buffer and aliquots Y Chapter 3

6. dPCR OLIGONUCLEOTIDES DESIGN AND TARGET INFORMATION

Sequence accession number or official gene symbol

Chapter 3,4, 5

Method (software) used for design and in silico verification

Chapter 3,4, 5

Location of amplicon

Chapter 5, also in relevant source publications

Amplicon length

Chapter 5, also in relevant source publications

Primer and probe sequences (or amplicon context sequence)**

Chapter 3,4, 5

Location and identity of any modifications

<< =< =< =< =<

Chapter 3,4, 5

GG¢
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Manufacturer of oligonucleotides

<

7. dPCR PROTOCOL

Section 2.1.3

8. ASSAY VALIDATION

Manufacturer of dPCR instrument and instrument model Y Chapter 3,4, 5

Buffer/kit manufacturer with catalogue and lot number Y Chapter 3,4, 5

Primer and probe concentration Y Section 2.1.5

Pre-reaction volume and composition (incl. amount of template and if restriction Y Section 2.1.5

enzyme added)

Template treatment (initial heating or chemical denaturation) Y Chapter 3

Polymerase identity and concentration, Mg++ and dNTP concentrations*** Y Included in manufacturer’s specifications
Complete thermocycling parameters Y Section 2.1.5, Chapter 3,4, 5

9. DATA ANALYSIS

Details of optimisation performed N Details can be provided as supplementary
methods

Analytical specificity (vs. related sequences) and limit of blank (LOB) Y Chapter 5, also in relevant source publications

Analytical sensitivity/LoD and how this was evaluated Y Chapter 3, 5, (Busby et al., 2017)

Testing for inhibitors (from biological matrix/extraction) Y Chapter 3, 5; linear dilution series analysed

Description of dPCR experimental design Y Chapter 3,4, 5
Comprehensive details negative and positive of controls (whether applied for QC Y Chapter 3,4, 5

or for estimation of error)

Partition classification method (thresholding) Y Chapter 3,4, 5
Examples of positive and negative experimental results (including fluorescence Y Chapter 3, 5, (Busby et al., 2017)
plots in supplemental material)

Description of technical replication Y Chapter 3,4, 5
Repeatability (intra-experiment variation) Y Chapter 3,4, 5




Chapter 3, 5
Chapter 4, 5

Chapter 3,4, 5

Chapter 3,4, 5

Chapter 3, 4, 5; Section 2.1.5
Chapter 4
Chapter 3,4, 5
Can be provided as supplementary data

Reproducibility (inter-experiment/user/lab etc. variation)

Number of partitions measured (average and standard deviation)
Partition volume

Copies per partition (A or equivalent) (average and standard deviation)
dPCR analysis program (source, version)

Description of normalisation method

Statistical methods used for analysis

Data transparency

Z < << =< =< =< =<

* Assessing the absence of DNA using a no RT assay (or where RT has been inactivated) is essential when first extracting RNA. Once the sample has been
validated as DNA-free, inclusion of a no-RT control is desirable, but no longer essential.

** Disclosure of the primer and probe sequence is highly desirable and strongly encouraged. However, since not all commercial pre-designed assay vendors provide
this information when it is not available assay context sequences must be submitted (Bustin et al. Primer sequence disclosure: A clarification of the mige guidelines.
Clin Chem 2011;57:919-21.)

*** Details of reaction components is highly desirable, however not always possible for commercial disclosure reasons. Inclusion of catalogue number is essential

where component reagent details are not available.

JAST4
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10.10. Appendix 10

MIAPE-MS checklist

Supplementary Guidelines. The MIAPE-MS Reporting guidelines for mass spectrometry (MIAPE-MS version 2.24).

1. General features

a) Global descriptors

— Date stamp (as YYYY-MM-DD)

— Responsible person (or institutional role if more appropriate); provide name, affiliation, and stable contact
information

— Instrument manufacturer and model

— Customisations (summary)

b) Control and analysis software

— Software name and version

— Switching criteria (tandem only)

— Isolation width (global, or by MS level)

— Location of ‘parameters’ file

Chapter 6; Section 6.2.5
Institute
Instrument manufacturer and model

Control and analysis software: name and version




2. lon sources

As each spectrum is acquired using only one ionisation source, select the one that applies
a) Electrospray lonisation (ESI)

— Supply type (static, or fed)

— Interface manufacturer, model, and catalog number (where available)

— Sprayer type, coating, manufacturer, model, and catalogue number (where available)

— Relevant voltages where appropriate (tip, cone, acceleration)

— Other parameters if discriminant for the experiment (such as nebulising gas and pressure)
b) MALDI

— Plate composition (or type)

— Matrix composition (if applicable)

— Deposition technique

— Relevant voltages where appropriate (Grid, acceleration)

— PSD (or LID/ISD) summary, if performed

— Operation with or without delayed extraction

— Laser type (e.g. nitrogen) and wavelength (nm),

— Other laser related parameters, if discriminating for the experiment (such as pulse energy (J), attenuation,

focus diameter (m), pulse duration (ns at FWHM), frequency (Hz) and average shots fired per spectrum)

Chapter 2; Section 2.2.4

Chapter 6; Section 6.2.5

Matrix composition

Deposition technique

Additional information:

lon source voltages: 20.0 kV, 18.1 kV
Laser frequency: 60.0 Hz

Typical shot count: 40

6G¢
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3. Post-source component

As a MS experiment performed on one instrument cannot be acquired using all existing analysers and
detectors, select the elements that apply

a) lon optics, ‘simple’ quadrupoles, hexapoles

— No parameters to be captured

b) Time-of-flight drift tube (TOF)

— Reflectron status (on, off, none)

c) lon trap

— Final MS stage achieved

d) Collision cell

— Gas type and pressure (bar)

— Collision energy

e) FT-ICR

— As for ‘lon trap’ (3c) and ‘Collision cell’ (3d) combined, no further parameters required
f) Detectors

— Detector type

— Detector sensitivity




4. Spectrum and peak list generation and annotation

For this section; if software other than that listed in 1b (Control and analysis software) is used to perform a
task, the producer, name, and version of that software must be supplied in each case

a) Spectrum description

— Location of source (‘raw’) file including file name and type

— Identifying information for the target area (MALDI-like methods only)

— MS level for this spectrum

— lon mode for this spectrum

— Precursor m/z and charge, with the full mass spectrum containing that peak (for MS level 2 and higher)

b) Peak list generation

— Parameters triggering the generation of peak lists from raw data, including filtering for exclusion of peak
lists from raw spectra, where appropriate

— Acquisition number (from the ‘raw’ file) of all acquisitions combined in the peak list, the total number
combined and whether summed or averaged

— Smoothing; whether applied, parameters

— Background threshold, or algorithm used

— Signal-to-noise estimation and method

— Percentage peak height for centroiding; or algorithm used, if appropriate

Chapter 6; Section 6.2.5 & Section 6.2.8

lon mode: positive

T9¢
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methods described as appropriate)

— Relative times for all acquisitions combined in the peak list (electrospray only)
— Base peak m/z, where appropriate

— Metastable peaks removed, if applicable

— m/z and intensity values

¢) Quantitation for selected ions (in addition to 4a) and 4b)

Only applicable if a quantitation experiment has been performed

— Experimental protocol, canonical reference where available with deviations
— Number of combined samples and MS runs analysed

— Quantitation approach (e.g. integration)

— Normalisation technique

— Location of quantitation data, with file name and type (where appropriate)

— Whether charge states were calculated, spectra were deconvoluted and peaks were deisotoped (with
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Digital PCR (dPCR) has been reported to be more precise and sensitive than real-time quantitative PCR
(gPCR) in a variety of models and applications. However, in the majority of commercially available dPCR
platforms, the dynamic range is dependent on the number of partitions analysed and so is typically
limited to four orders of magnitude; reduced compared with the typical seven orders achievable by qPCR.

Using two different biological models (HIV DNA analysis and KRAS genotyping), we have demonstrated
that the RainDrop Digital PCR System (RainDance Technologies) is capable of performing accurate and
precise quantification over six orders of magnitude thereby approaching that achievable by qPCR.

© 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Digital PCR (dPCR) is a sensitive, precise and robust method that
could enable quantification of a range of novel biomarker measure-
ments [1]. However, the method is not without its disadvantages
that include cost, technical complexity and a reduced dynamic
range when compared with real-time quantitative PCR (qPCR).

For dPCR, quantification is typically performed by determining
the proportion of positive partitions in the reaction and applying a
Poisson correction to account for the fact that at higher DNA con-
centrations, a positive partition will be more likely to contain more
than one molecule [2]. Alternatively, if the DNA concentration is
low enough to ensure single molecule occupancy of each positive
partition, the Poisson correction is not necessary and the number
of positive partitions alone enables quantification.

With both approaches, the dynamic range is determined by
the total number of partitions in the reaction. When considering
dynamic range, the RainDrop Digital PCR System (RainDance Tech-
nologies) could theoretically compete with qPCR as it can generate
up to ten million partitions per reaction, giving a potential upper
limit in excess of 100 million molecules per reaction if Poisson cor-
rection is applied. However, current the recommendations from
RainDance are to use low partition occupancy (<10% positive parti-

* Corresponding author.
E-mail address: alexandra.whale@lgcgroup.com (A.S. Whale).
T These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.bdq.2016.10.001

tions) which makes Poisson correction unnecessary but lessens the
dynamic range.

dPCRaccuracy is dependent on a number of physical factors such
as the partition volume and, when applying a Poisson correction,
the partition volume variation should either be small or factored
into the calculation [3,4]. We hypothesised that the low occupancy
recommendation for the RainDance platform could be due to the
challenge of maintaining precise volume of the very small ~5 pL
partitions at higher DNA concentrations, as increased volume vari-
ation would result in an underestimation of the DNA copy number
concentration [3].

To investigate this hypothesis, we performed a series of dynamic
range experiments using two target molecules based on HIV DNA
analysis and KRAS genotyping (Fig. S1). Both target molecules were
dsDNA fragments: a 300 bp fragment containing a region of the LTR-
gag junction from the HIV HXB2 reference genome (NCBI Accession
K03455.1, bases 451 to 750) and a 186 bp fragment containing the
KRAS G12D point mutation (NCBI Accession NG_007524.1, bases
10458 to 10671) (Fig. S1). The target fragments were initially quan-
tified using the Qubit 2.0 fluorimeter with the High Sensitivity DNA
assay (ThermoFisher Scientific) and converted to copy number con-
centration using a standard method [5].

For each target fragment, a seven-point 10-fold calibration curve
was volumetrically prepared from ~50 million to ~50 copies per
50 wL PCR reaction (approximate A range of 5 to 0.000005) before
storing each dilution as single use 50 L aliquots at —20°C(Table 1).
To mimic the interfering sequences that are present in samples

2214-7535/© 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).


dx.doi.org/10.1016/j.bdq.2016.10.001
http://www.sciencedirect.com/science/journal/00000000
www.elsevier.com/locate/bdq
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bdq.2016.10.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:alexandra.whale@lgcgroup.com
dx.doi.org/10.1016/j.bdq.2016.10.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

32 G.M. Jones et al. / Biomolecular Detection and Quantification 10 (2016) 31-33

Table 1
Template Dilutions Workflow.

Nominal copies/reaction [Plasmid] (c/pL)

Plasmid vol (L)

Diluent vol (L) Total vol (L)

N/A 1.00E+08 200.00
N/A 1.00E+07 20.0 180.0 200.0
50000000 2.50E+06 100.0 300.0 400.0
5000000 2.50E+05 40.0 360.0 400.0
500000 2.50E+04 40.0 360.0 400.0
50000 2.50E+03 40.0 360.0 400.0
5000 2.50E+02 40.0 360.0 400.0
500 2.50E+01 40.0 360.0 400.0
50 2.50E+00 40.0 360.0 400.0
0 0.00E+00 0.0 400.0 400.0

Each dilution was prepared volumetrically from a master stock of 1 x 108 copies/pL. The dilutions were stored in single use 50 L aliquots at 20 °C for the duration of the
study (1 month). For each dPCR and qPCR experiment, 20 p.L was added to the 50 L reaction.

Table 2
Experimental set up.
Platform qPCR dPCR
Mastermix TagMan Genotyping mastermix (ThermoFisherScientific) TagMan Genotyping
mastermix
(ThermoFisherScientific)
Other reagents N/A RainDrop Stabilizer (2 pL per
50 wL rxn)
KRAS G12D/WT duplex assay [9] 900 nM KRAS Forward: 5'-AGGCCTGCTGAAAATGACTGAATAT-3’
900 nM KRAS Reverse: 5'-GCTGTATCGTCAAGGCACTCTT-3'
250 nM KRAS WT Probe: 5'-[VIC[TTGGAGCTGGTGGCGT[NFQ/MGB]-3’
250 nM KRAS G12D Probe: 5'-[FAM|TGGAGCTGATGGCGT[NFQ/MGB]-3
HIV LTR-gag/PDH duplex assay 900 nM LTR-gag Forward: 5’-GCCTCAATAAAGCTTGCCTTGA-3’
900 nM LTR-gag Reverse: 5’-GGCGCCACTGCTAGAGATTTT-3’
200 nM LTR-gag Probe: 5’-[FAM]TGTGACTCTGGTAACTAGAGATCCCTCAGAC[BHQ1]-3’
900 nM PDH Forward: 5-TGAAAGTTATACAAAATTGAGGTCACTGTT-3’
900 nM PDH Revers: 5'-TCCACAGCCCTCGACTAACC-3’
200 nM PDH Probe: 5'-[VIC]CCCCCAGATACACTTAAGGGA[MGB]-3’
Oligonucleotide purification method HPLC
Sample volume 20 L 22.5pL
Total reaction volume prepared 50 nL 55l
Consumable 96-well plate RainDrop source chip
Reaction volume loaded 50 nL 50 uL
Partition volume N/A 5pL
Partition number N/A Up to 10 million

Instrumentation

KRAS Cycling Parameters

HIV/PDH Cycling Parameters

Analysis software

Analysis parameters

Droplets generated: RainDrop
Source Instrument
(RainDance). Thermal cycling:
DNA Engine Tetrad (Bio-rad).
Droplets read: RainDrop Sense
instrument (Instrument
Control Software v2.1.3.11157)
(RainDance)
95°C for 15 min, followed by 45 cycles of 94 °C for 60's and 64 °C for 95°C for 10 min, followed by
60s 45 cycles of 95°C for 15s and
64°C for 60s, then 98°C for
10 min, 12°C for 15 min, and
4°C hold
95°C for 15 min, followed by 45 cycles of 94 °C for 60s and 60 °C for 95°C for 10 min, followed by
60s 45 cycles of 95°C for 15s and
60°C for 605, then 98 °C for
10 min, 12°C for 10 min, and
4°C hold
RainDrop Analyst II software
(1.0.0.520)
Droplets classified
independently using polygonal
gates, which were then
universally applied across all
samples within an experiment

ABI 7900HT (ThermoFisherScientific)

SDS v2.4 (ThermoFisherScientific)

Auto baseline setting, thresholds set manually and applied to all
samples within an experiment

used for HIV analysis and KRAS genotyping, a constant background
of fragmented human gDNA (Cambio; 0.25 ng/p.L final concentra-
tion), prepared in TE buffer, was added to the dilution series. The
fragmentation state was chosen to enable droplet formation (high
concentration, high molecular weight gDNA interferes with droplet
formation and must be fragmented prior to droplet generation) as

well as mimicking the template sizes commonly found in cell free
DNA [6]. The dilution series was analysed simultaneously by qPCR
(ABI 7900HT) and dPCR (RainDance RainDrop) with single repli-
cates for each dilution and the whole experiment was repeated on
five days (Tables 2 & S1, Figs. S2, S3 & S4).
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Fig. 1. Dynamic range experiments using qPCR and dPCR to measure HIV DNA and the KRAS G12D single nucleotide variant. Each plot compares measured versus expected
copies per 50 L reaction mix of a 10-fold standard curve performed by qPCR and dPCR. Each standard curve dilution was measured with a single reaction and repeated on

five different days.

Quantification by qPCR was performed and the slope and inter-
cept of the calibration curve was calculated from the dilution
series. The copy number concentration for each dilution point was
re-calculated from the slope; a good linear dynamic range was
observed over six orders of magnitude for both target fragments
(Fig. 1 and Table S2). Quantification by dPCR was performed by
applying the Poisson correction to the proportion of positive par-
titions in each reaction. Comparable linear dynamic ranges were
observed between both targets and platform (Fig. 1) demonstrating
firstly, that the partition volume precision is high in the RainDrop
Digital PCR System and secondly, that the Poisson correction is
suitable for this instrument with high occupancy partitions.

In previous applications of dPCR, dilution has been necessary to
quantify higher copy number samples [7]. Crucially this requires
a prior knowledge of the concentration range necessitating some
initial analysis of the sample. We have demonstrated here that dPCR
is capable of directly quantifying DNA over a six log linear dynamic
range thereby approaching the seven logs typically achievable by
qPCR. A further benefit is that dPCR is an absolute method as the
DNA molecules are being directly counted.

A method that can precisely quantify specific nucleic acid
molecules over a large dynamic range has numerous applications,
which is one of the main reasons that qPCR is widely used in
research and clinical laboratories. While qPCR can be precise, its
accuracy is dependent on a calibrator. Quantification of the initial
calibrator, its commutability, and the fact that the uncertainty of
the calibration is seldom considered, limits the accuracy and repro-
ducibility of qPCR. As dPCR directly counts the number of DNA
molecules in a sample it does not need the same level of calibration
as qPCR and so is more reproducible [8]. Current dPCR experiments
are more complex to perform than qPCR, but the digital readout is
much simpler to analyse.

With further development to reduce the technical complexity,
dPCR could become the method of choice for research and clinical
use. Furthermore the digital readout would also make the method
suitable for automation both in routine testing laboratories and
ultimately point of care. The data presented here demonstrates that
a commercially available dPCR platform can perform quantification
over a broad dynamic range approaching that achievable by qPCR
in a single reaction.
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Instability of 8E5 calibration
standard revealed by digital PCR
‘risks inaccurate quantification of
e HIV DNA in clinical samples by

Eloise Busby?!, Alexandra S. Whale?, R. Bridget Ferns?, Paul R. Grant?, Gary Morley?, Jonathan
Campbell}, Carole A. Foy?, Eleni Nastouli®*, Jim F. Huggett'-* & Jeremy A. Garson?®

. Establishing a cure for HIV is hindered by the persistence of latently infected cells which constitute

. the viral reservoir. Real-time qPCR, used for quantification of this reservoir by measuring HIV DNA,

. requires external calibration; a common choice of calibrator is the 8E5 cell line, which is assumed to be
stable and to contain one HIV provirus per cell. In contrast, digital PCR requires no external calibration
and potentially provides ‘absolute’ quantification. We compared the performance of qPCR and dPCR in

. quantifying HIV DNA in 18 patient samples. HIV DNA was detected in 18 by qPCR and in 15 by dPCR,

. the difference being due to the smaller sample volume analysed by dPCR. There was good quantitative

. correlation (R? = 0.86) between the techniques but on average dPCR values were only 60% of qPCR

. values. Surprisingly, investigation revealed that this discrepancy was due to loss of HIV DNA from the
8ES5 cell calibrant. 8E5 extracts from two other sources were also shown to have significantly less than

. one HIV DNA copy per cell and progressive loss of HIV from 8E5 cells during culture was demonstrated.

. We therefore suggest that the copy number of HIV in 8E5 extracts be established by dPCR prior to use

. as calibrator.

: HIV continues to be a major issue for global health, with approximately 36.7 million people living with HIV at
. the end 0of 2014 and about 2 million individuals becoming infected each year (WHO 2015). Despite the advent of
. effective combination antiretroviral therapy (cART), establishing a cure is hindered by the persistence of latently
infected host cells, even in the absence of detectable plasma viraemia® 2 These cells, usually CD4+ resting T cells,
- constitute the viral reservoir® and have the potential to release progeny virions, therefore being responsible for
- viral rebound after discontinuation of therapy* °. With the advent of novel strategies for HIV cure that include
. latency reversing agents®” accurate and robust methods are required for measurement and monitoring of the
: latent reservoir®.
: A routine method for quantification of HIV RNA viral load, real-time quantitative PCR (qPCR), is also
increasingly being used for measuring HIV DNA associated with the viral reservoir®. qPCR requires calibration
: and for this to be reproducible it is essential that the calibrator must be stable when shared between laboratories.
© A popular choice of calibrator for quantifying HIV DNA by qPCR is 8E5 (ATCC® CRL-8993)'%'7, a lympho-
. blastic leukaemia cell line which has been reported by several studies to contain one integrated HIV genome per
. cell'> 1819,
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Digital PCR (dPCR) is a more recently developed method that offers absolute quantification. It has been used
to value assign a variety of qPCR calibrators, including those for BCR-ABL* and Mycobacterium tuberculosis?.
dPCR has also been used in the direct quantification of HIV DNA from patients in a number of studies**?” and
unlike qPCR has the advantage of not requiring an external calibration standard. However, false positives and
issues surrounding threshold determination have been reported to limit the usefulness of dPCR when employed
for the most sensitive measurements of HIV DNA?. In this study we investigated the application of dPCR instru-
ments in the context of HIV DNA measurement, both for comparison with qPCR analysis of patient samples and
as a method for value assigning 8E5 calibration standards from three different sources.

Methods

Patient samples and 8E5 cell calibration standards. Anonymised peripheral blood mononuclear
cell samples (PBMC) were obtained from HIV-positive individuals receiving antiretroviral therapy as part of a
recently published clinical trial* comparing Short Cycle Therapy (SCT) with continuous antiretroviral therapy.
The study had received appropriate ethical committee approval.

Aliquots of DNA extracted from the 8E5 cell line'® were obtained from three separate institutions and desig-
nated Standard 1, Standard 2 and Standard 3. Standard 1 had been used for clinical research on HIV DNA levels;
Standard 2 had been used in research as a source of HIV RNA; Standard 3 was a freshly obtained 8E5 cell culture
from the American Type Culture Collection (ATCC® CRL-8993™) distributed by LGC, Teddington, UK. The
passage numbers of the 8E5 cells from which Standard 1 and Standard 2 were obtained were unknown.

Culture of 8E5 cells (Standard 3).  Briefly, one vial of 8E5 cells (ATCC® CRL-8993™) was taken from
liquid nitrogen and thawed at 37 °C for 1-2 minutes. 500 uL of cells was removed from the vial for culture and the
remaining 300 uL (approximately 2.4 x 10° cells) retained for DNA extraction as passage 0 (P0). The full culture
methodology is described in Supplementary Information. Following the single initial flask (designated passage
1), successive passages were maintained in triplicate (three separate flasks for passages 2, 3 and 4). During each
passage cells were taken, pelleted and stored at —80 °C prior to DNA extraction.

DNA extraction. 120 pL of each PBMC sample was lysed in 120 uL. ATL buffer and the nucleic acid extracted
on the QIAsymphony platform (Qiagen) using the DSP Virus/Pathogen Mini Kit (Qiagen) according to man-
ufacturer’s protocols. Extracts were eluted in 60 uL and stored at —20 °C prior to analysis. DNA was extracted
from the 8E5 Standard 3 cell pellets from each culture passage using the QIAamp DNA Blood Mini Kit (Qiagen).
Supplemental to the manufacturer’s protocol, extracts were treated with 4 uL of RNase A (Qiagen) prior to the
addition of lysis buffer. Final elution volume was 200 uL in buffer AE.

PCR assay design and primer sequences. Sequence information for the primers and probes used in the
study is given in Table S1 of Supplementary Information. All PCR assays were performed in duplex format (i.e.
two PCRs in the same reaction tube) consisting of one human reference gene assay (either pyruvate dehydroge-
nase, PDH or RNase P) and one assay specific for HIV-1. The HIV LTR-gag assay was designed to span a highly
conserved region of the LTR-gag junction to allow amplification of a single Long Terminal Repeat.

gPCR analysis of clinical samples. qPCR analysis of 18 PBMC sample extracts was performed using an
Applied Biosystems® 7500 Real-Time PCR System. Experiments were implemented in accordance with the MIQE
guidelines® (Table S2, Supplementary Information). To prepare a qPCR calibration curve consisting of ~50,000
to ~5 HIV DNA copies per reaction (assuming 1 HIV DNA copy per 8E5 cell), DNA extracted from the 8E5
cell line Standard 1, (DNA concentration initially established by Qubit fluorometric quantitation; ThermoFisher
Scientific Inc.), was serially diluted using a tenfold dilution series in 5 pg/mL carrier RNA (Qiagen) dissolved in
nuclease-free water. Twenty uL of each clinical sample extract (~1.2 ug DNA, equivalent to approximately 200,000
cells) was added to a total reaction volume of 50 uL. Full details of the PDH/HIV LTR-gag duplex qPCR assay
protocol, cycling parameters and primer/probe sequences are given in Supplementary Information.

Digital PCR basic protocol. Duplex format dPCR experiments were implemented in accordance with the
dMIQE guidelines (Supplementary Information)*". Two dPCR instruments were employed during the study; the
RainDrop® Digital PCR System (RainDance Technologies) was used to measure the clinical samples and 8E5
extracts, and the QX200™ Droplet Digital™ PCR System (BioRad) was used to measure the 8E5 extracts only.
Positive and negative partitions were selected for the RainDrop® and QX200™ manually using ellipse and quad-
rant gating, respectively, as recommended by the manufacturer using the instruments’ software. Full experimental
protocols for both dPCR instruments and details of primers and probes used in the duplex assays are given in
Supplementary Information. No template controls (NTCs) were included in all experiments.

Digital PCR analysis of clinical samples. 5uL (equivalent to approximately 50,000 cells) of the same 18
clinical sample extracts that had previously been analysed by qPCR were analysed using the RainDrop® dPCR
platform as described above. The samples were amplified using the PDH/HIV LTR-gag duplex assay and NTCs of
nuclease-free water were included as controls. The extracts were coded and the operator had no prior knowledge
of the qPCR results on the same samples.

Digital PCR characterisation of 8E5 cells. The 8E5 DNA extracts from Standards 1, 2 and 3 were assessed
using the RainDrop® platform with duplex primer sets to PDH/HIV LTR-gag, PDH/HIV pol and RNase P/HIV
LTR-gag (Table S1). For the Standard 3 cells all four culture passage extracts and the initial passage zero (P0)
extract were analysed using both RainDrop® and QX200™ instruments with the PDH/HIV LTR-gag duplex assay.
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Figure 1. Comparison between dPCR and qPCR results from 18 PBMC samples from HIV-positive patients,
expressed as HIV DNA copies per million cells. The three samples in which HIV DNA was not detected by
dPCR are not plotted. (a) qPCR quantities calculated assuming one HIV DNA copy per 8E5 cell. (b) gPCR
quantities calculated assuming 0.6 HIV DNA copy per 8E5 cell as determined experimentally by dPCR NB. The
dashed line represents equivalence.

Effect of different 8ES5 calibrator sources on qPCR analysis of clinical samples. Analysis of an
additional seven HIV-positive clinical sample PBMC extracts was performed using qPCR as above. This experi-
ment utilised the three different 8E5 cell Standards 1, 2 and 3 (passage 2) simultaneously as calibrators in the same
run. HIV DNA copies were calculated per million cells using either the published quantity of 1 HIV DNA copy
per 8E5 cell'> 1819 for all three different 8E5 sources or alternatively, the quantity determined empirically for the
respective 8E5 extracts by dPCR during the present study.

Data Analysis. Data from dPCR and qPCR experiments were subject to threshold and baseline setting in the
relevant instrument software, and were exported as .csv files to be analysed in Microsoft Excel 2010. For dPCR
experiments the average number of copies per droplet (X\) was calculated as described previously*’. dPCR and
qPCR analyses of the clinical samples were compared by using a paired t-test on the log transformed HIV DNA
copies per million cells. Agreement between methods was investigated using a Bland-Altman analysis and data
evaluated for linearity using linear regression.

Results

Analysis of clinical samples by gPCR and dPCR. 18 PBMC DNA samples from HIV-positive patients
were analysed by dPCR and qPCR using the PDH/HIV LTR-gag duplex assays. HIV DNA was detected in all
18 samples by qPCR but in only 15 samples by dPCR. The three dPCR negative samples were near the lower
limit of detection by qPCR (Supplementary Information, Table S3) and were probably undetected by dPCR due
to the lower volume of template used (RainDrop® dPCR used ~5 pL whereas the qPCR used 20 uL, an approx-
imately 4 fold greater volume of template). When the HIV DNA copies per million cells were calculated the
dPCR and qPCR results correlated well (R>=0.86), however the dPCR results were on average only ~60% of the
qPCR results, a statistically significant difference (p=0.02) (Fig. 1a). Linear regression on the data generated
from Bland-Altman analysis found no evidence of a trend in the observed bias which was independent of HIV
DNA concentration (Figure S3). No false positive dPCR results were observed in the NTCs (Supplementary
Information, Table S$4).

Discrepancy between qPCR and dPCR due to loss of HIV DNA from 8E5 cells.  In order to deter-
mine whether the ~60% discrepancy between dPCR and qPCR results might have been due to erroneous calibra-
tion of the qPCR, we investigated the calibrator (8E5 Standard 1) that had been used to calibrate the gPCR assay.
Surprisingly, RainDrop® dPCR analysis of 8E5 Standard 1 with the PDH/HIV LTR-gag duplex assay revealed a
ratio of PDH copies to HIV copies of approximately 3.2:1, whereas according to the literature!> '3 1° the expected
PDH:HIV ratio should have been exactly 2:1. This surprising finding was confirmed by repeating the dPCR
analysis of 8E5 Standard 1 with a different dPCR instrument (QX200™) and with a different region of the HIV
genome (pol) as PCR target. To exclude the possibility that the unexpected PDH:HIV ratio in 8E5 Standard 1
might have been caused by an increase in the PDH reference gene copy number we repeated the assays using a
different human reference gene (RNase P) located on a different chromosome. In all cases the results confirmed
that the PDH:HIV ratio in 8E5 Standard 1 was approximately 3.2:1 which is equivalent to approximately 0.6 HIV
DNA copies per 8E5 cell. These findings are summarised in Fig. 2a. When the qPCR results on the 18 clinical
samples were corrected to take into account the actual HIV DNA content of the 8E5 Standard 1 used as calibrator,
the ~60% discrepancy between qPCR and dPCR findings became statistically insignificant (p = 0.41) (Fig. 1b).
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Figure 2. HIV DNA copies per cell calculated for different 8E5 sources. (a) Comparison of 8E5 Standards

1, 2 and 3 analysed by dPCR. (b) Effect of culture passage on HIV DNA content per cell for 8E5 Standard 3
measured using the RainDrop® dPCR platform (c) Effect of culture passage on HIV DNA content per cell for
8E5 Standard 3 measured using the QX200™ dPCR platform. Mean values with standard deviations are plotted.

To establish whether this loss of HIV DNA from the 8E5 calibrator was unique to the particular source of
8ES5 that had been used, we obtained additional aliquots of 8E5 (designated Standard 2 and Standard 3 for the
purposes of this study) from two independent institutions. 8E5 DNA extracts from Standard 2 and Standard 3
were analysed with both RainDrop® and QX200™ dPCR instruments by duplex assays using both regions of the
HIV genome as target and both human reference genes. Remarkably, the magnitude of the loss of HIV DNA from
8E5 Standard 2 proved to be even greater (~0.02 HIV DNA copies per cell) than for Standard 1. In contrast, the
loss of HIV DNA from 8E5 Standard 3 (~0.8 HIV DNA copies per cell) was less marked. The results of this dPCR
characterisation of 8E5 Standards 2 and 3 are shown in Fig. 2a.

For the ATCC stock (8E5 Standard 3) five separate culture passages were analysed starting from baseline
(PO) to passage 4. One DNA extract representing each culture flask per passage was analysed on RainDrop® and
QX200™ dPCR platforms using the PDH/HIV LTR-gag duplex assay. The HIV DNA copies were observed to
decrease relative to PDH copies with successive passages, equating to a fall in HIV DNA copy number from ~0.8
to ~0.6 copies per cell (Fig. 2b and c). Short Tandem Repeat (STR) analysis was performed by the supplier prior to
culture, with the unique DNA profile being concordant with the cell line specification, suggesting proliferation of
an additional non related clonal population was unlikely to be the source of this HIV DNA copy number change.
No false positive results were observed for either instrument during these comparisons (Table S4).

Different sources of 8E5 calibrator may generate significant inaccuracies in HIV DNA quanti-
fication of clinical samples. To assess the effect of using different sources of 8E5 calibration material on
the qPCR quantification of HIV DNA in clinical samples, three separate standard curves were constructed from
8E5 Standards 1, 2 and 3 in the same experimental run. Seven additional patient PBMC samples were tested in
duplicate by qPCR using the PDH/HIV LTR-gag duplex assay and the means (expressed in HIV DNA copies per
million cells) calculated for each sample (Fig. 3). When the previously reported one HIV DNA copy per 8E5 cell
was assumed for all three Standards, the values calculated using 8E5 Standard 2 as calibrator were approximately
45 times higher than those calculated using the 8E5 Standards 1 and 3 which agreed with each other (Fig. 3a).
When the dPCR derived values of HIV DNA copies per 8E5 cell were applied to the respective 8E5 Standard 1, 2
and 3 extracts the results with all three sources of 8E5 calibrator became concordant (Fig. 3b).

Discussion

Detection of total cellular HIV DNA, comprising integrated proviral DNA and unintegrated forms such as LTR
circles, offers a means of monitoring the latent viral reservoir in the absence of circulating HIV RNA®. However, it
should be noted that HIV DNA assays are unable to differentiate between replication competent and incompetent
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Figure 3. Median HIV DNA copies per million cells (boxplots with interquartile and range) of seven clinical
samples assayed in duplicate by qPCR using 8E5 Standards 1, 2 and 3 for calibration. (a) Calculated assuming
one HIV DNA copy per 8E5 cell for all three Standards. (b) Calculated using the actual number of HIV DNA
copies per 8E5 cell as determined by dPCR for each of the three Standards.

HIV genomes and therefore do not actually measure the functional viral reservoir, which is most directly assessed
by viral outgrowth assays?%. Notwithstanding these reservations, HIV DNA assays have been widely used as an
alternative to viral outgrowth assays because the latter are disadvantaged by being relatively expensive, labour
intensive, technically demanding and requiring large amounts of blood. There is data supporting the use of HIV
DNA assays and reports indicating a correlation between HIV DNA levels and clinically important parameters
such as disease progression, post-treatment virological control and time to viral rebound on stopping cART".
qPCR is a widely used method for measuring total cellular HIV DNA? as it is a versatile technique that is already
well established for HIV RNA viral load measurement. It is comparatively inexpensive and readily scalable both
in terms of reaction volume and throughput.

More recently, digital PCR has also been applied for HIV DNA measurement with some success but concerns
have been raised regarding its sensitivity®. In this study we aimed to compare qPCR with dPCR for measuring
total cellular HIV DNA in clinical samples and attempted to explain why discrepancies between the techniques
may have occurred. We found that the results were broadly comparable, but that dPCR had reduced sensitiv-
ity related to the lower sample volume protocol employed. We did not observe the false positive dPCR results
reported by others®® with either RainDrop® or QX200™ platforms (Table S4) and so did not have the challenge
associated with setting thresholds to omit false positives. This demonstrates that dPCR could be effective as an
alternative to qQPCR for measurement of HIV DNA in patient samples if adequate sample volumes are used and
strict contamination control measures maintained.

While dPCR may offer a powerful alternative ‘absolute’ method to qPCR for research use, the fact that the
latter technique is so well established means it is likely to remain the method of choice for most clinical analyses
of HIV DNA in the short term at least. However, this study has demonstrated that dPCR has an important role
in improving qPCR accuracy and reproducibility by characterising and value assigning the calibration materials
used for gPCR quantitation; we identified that PCR overestimated the amount of HIV DNA per million cells due
to unexpected instability of the 8E5 cell calibrator. The 8E5 cell line has been repeatedly reported and assumed
to contain one HIV DNA proviral genome per cell'> %1 but our findings suggest that this assumption is unsafe
and that different batches of 8E5 may contain different amounts of HIV DNA per cell (varying in this study from
~0.02 to ~0.8 copies per cell).

To determine the HIV DNA copy number in the master stock and investigate the effect of culture on HIV
DNA copies, a fresh culture was obtained from ATCC and serially passaged four times. This experiment demon-
strated that HIV DNA copies were being lost in culture with serial passage (Fig. 2b and c). Coincidentally, during
the preparation of the present manuscript, a study by Wilburn and colleagues was published, also raising concerns
over the use of 8E5 for calibrating HIV DNA assays®’. Wilburn’s study, based on fluorescent in situ hybridisation
(FISH) and flow cytometry also concluded that, contrary to expectation, deletion of the HIV proviral genome
could occur during culture of 8E5 cells and that different batches of 8E5 cells could contain dramatically varying
numbers of cells lacking viral genomes. The mechanism of HIV DNA loss is unclear but it may be relevant that the
provirus in 8E5 cells is inserted at 13q14-q21 which contains common fragile sites'® and could therefore render
8E5 susceptible to proviral loss through genomic instability.

Although qPCR is applied routinely in clinical virology, for the method to be reproducible it is widely recog-
nised that reference materials are needed®* from which calibration standards can be derived. Reference materials
do not currently exist for HIV DNA measurement, however the 8E5 cell line, with a reported single HIV DNA
copy per cell, has been widely used as a calibrator over many years'’-'”. We demonstrate here that using the
8E5 cell line and assuming one HIV DNA copy per cell could lead to inaccuracies which could in turn result in
misleading quantitative estimates of the HIV reservoir. Although 8E5 is commonly employed for calibration of
HIV DNA qPCR assays, alternative calibrators such as the U1 cell line and HIV plasmids have been used in some
studies®>?’. Bias of the type described here with 8E5 calibration has not to our knowledge been reported in studies
that have utilised these alternatives, however the dPCR approach that we describe can also be used to determine
the HIV content of different calibrators.

SCIENTIFICREPORTS |7: 1209 | DOI:10.1038/s41598-017-01221-5 5


http://S4

www.nature.com/scientificreports/

While we have identified this potential problem and demonstrated the significant bias that may ensue (Fig. 3a)

we have also demonstrated how dPCR can be used to rectify any bias and harmonise the quantitative findings
from 8ES5 sources containing different quantities of HIV DNA (Fig. 3b). It would seem prudent to recommend
that laboratories embarking on new quantitative studies into HIV DNA using qPCR obtain a fresh stock of 8E5 or
other chosen calibrator and establish its actual HIV DNA content empirically using dPCR. Previous studies that
may have used 8E5 with potentially varying HIV DNA quantities can apply the dPCR methods described here to
determine the HIV DNA content of the batch used and, if necessary, recalculate their findings based on the new
value assignment.

References

1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

. Churchill, M. J,, Deeks, S. G., Margolis, D. M, Siliciano, R. F. & Swanstrom, R. HIV reservoirs: what, where and how to target them.

Nature reviews. Microbiology 14, 55-60, doi:10.1038/nrmicro.2015.5 (2016).

. Richman, D. et al. The Challenge of Finding a Cure for HIV Infection. Science 323, 1304-1307, doi:10.1126/science.1165706 (2009).
. Siliciano, J. M. & Siliciano, R. F. The Remarkable Stability of the Latent Reservoir for HIV-1 in Resting Memory CD4+ T Cells. The

Journal of infectious diseases 212, 1345-1347, d0i:10.1093/infdis/jiv219 (2015).

. Bruner, K. M. et al. Defective proviruses rapidly accumulate during acute HIV-1 infection. Nature medicine, doi:10.1038/nm.4156

(2016).

. Williams, J. P. et al. HIV-1 DNA predicts disease progression and post-treatment virological control. eLife 3, 03821, doi:10.7554/

eLife.03821 (2014).

. Barton, K. M. et al. Selective HDAC inhibition for the disruption of latent HIV-1 infection. PloS one 9, 102684, doi:10.1371/journal.

pone.0102684 (2014).

. Margolis, D. M., Garcia, J. V., Hazuda, D. J. & Haynes, B. F. Latency reversal and viral clearance to cure HIV-1. Science 353, aaf6517,

doi:10.1126/science.aaf6517 (2016).

. Bruner, K. M., Hosmane, N. N. & Siliciano, R. F. Towards an HIV-1 cure: measuring the latent reservoir. Trends in microbiology 23,

192-203, doi:10.1016/j.tim.2015.01.013 (2015).

. Sedlak, R. H. & Jerome, K. R. Viral diagnostics in the era of digital polymerase chain reaction. Diagnostic microbiology and infectious

disease 75, 1-4, doi:10.1016/j.diagmicrobio.2012.10.009 (2013).

Avettand-Fenoel, V. et al. LTR real-time PCR for HIV-1 DNA quantitation in blood cells for early diagnosis in infants born to
seropositive mothers treated in HAART area (ANRS CO 01). Journal of medical virology 81, 217-223, doi:10.1002/jmv.21390 (2009).
Beck, I. A. et al. Simple, sensitive, and specific detection of human immunodeficiency virus type 1 subtype B DNA in dried blood
samples for diagnosis in infants in the field. Journal of clinical microbiology 39, 29-33, doi:10.1128/JCM.39.1.29-33.2001 (2001).
Desire, N. et al. Quantification of human immunodeficiency virus type 1 proviral load by a TagMan real-time PCR assay. Journal of
clinical microbiology 39, 1303-1310, doi:10.1128/JCM.39.4.1303-1310.2001 (2001).

Ghosh, M. K. et al. Quantitation of human immunodeficiency virus type 1 in breast milk. Journal of clinical microbiology 41,
2465-2470, doi:10.1128/JCM.41.6.2465-2470.2003 (2003).

Jaafoura, S. et al. Progressive contraction of the latent HIV reservoir around a core of less-differentiated CD4(+) memory T Cells.
Nature communications 5, 5407, doi:10.1038/ncomms6407 (2014).

Kabamba-Mukadi, B. et al. Human immunodeficiency virus type 1 (HIV-1) proviral DNA load in purified CD4+ cells by
LightCycler real-time PCR. BMC infectious diseases 5, 15, doi:10.1186/1471-2334-5-15 (2005).

McFall, S. M. et al. A simple and rapid DNA extraction method from whole blood for highly sensitive detection and quantitation of
HIV-1 proviral DNA by real-time PCR. ] Virol Methods 214, 37-42, doi:10.1016/j.jviromet.2015.01.005 (2015).

Shiramizu, B. et al. Circulating proviral HIV DNA and HIV-associated dementia. Aids 19, 45-52, doi:10.1097/00002030-200501030-
00005 (2005).

Deichmann, M., Bentz, M. & Haasa, R. Ultra-sensitive FISH is a useful tool for studying chronic HIV-1 infection. Journal of
Virological Methods 65, 19-25, d0i:10.1016/S0166-0934(96)02164-7 (1997).

Folks, T. et al. Biological and Biochemical Characterization of a Cloned Leu-3- Cell Surviving Infection with the Acquired Immune
Deficiency Syndrome Retrovirus. The Journal of Experimental Medicine 164, 280-290, doi:10.1084/jem.164.1.280 (1986).

Day, E., Dear, P. H. & McCaughan, E Digital PCR strategies in the development and analysis of molecular biomarkers for
personalized medicine. Methods 59, 101-107, doi:10.1016/j.ymeth.2012.08.001 (2013).

Cross, N. C., White, H. E., Muller, M. C,, Saglio, G. & Hochhaus, A. Standardized definitions of molecular response in chronic
myeloid leukemia. Leukemia 26, 2172-2175, d0i:10.1038/leu.2012.104 (2012).

Devonshire, A. S. et al. The use of digital PCR to improve the application of quantitative molecular diagnostic methods for
tuberculosis. BMC infectious diseases 16, 366, d0i:10.1186/s12879-016-1696-7 (2016).

Bosman, K. J. et al. Comparison of digital PCR platforms and semi-nested gPCR as a tool to determine the size of the HIV reservoir.
Scientific reports 5, 13811, d0i:10.1038/srep13811 (2015).

Eriksson, S. et al. Comparative analysis of measures of viral reservoirs in HIV-1 eradication studies. PLoS pathogens 9, 1003174,
doi:10.1371/journal.ppat.1003174 (2013).

Henrich, T. J., Gallien, S., Li, . Z., Pereyra, F. & Kuritzkes, D. R. Low-level detection and quantitation of cellular HIV-1 DNA and
2-LTR circles using droplet digital PCR. J Virol Methods 186, 68-72, doi:10.1016/j.jviromet.2012.08.019 (2012).

Jones, M. et al. Low copy target detection by Droplet Digital PCR through application of a novel open access bioinformatic pipeline,
‘definetherain. J Virol Methods 202, 46-53, doi:10.1016/j.jviromet.2014.02.020 (2014).

Strain, M. C. et al. Highly precise measurement of HIV DNA by droplet digital PCR. PloS One 8, 55943, doi:10.1371/journal.
pone.0055943 (2013).

Trypsteen, W., Kiselinova, M., Vandekerckhove, L. & De Spiegelaere, W. Diagnostic utility of droplet digital PCR for HIV reservoir
quantification. Journal of Virus Eradication 2, 1-8 (2016).

BREATHER (PENTA 16) Trial Group. Weekends-off efavirenz-based antiretroviral therapy in HIV-infected children, adolescents,
and young adults (BREATHER): a randomised, open-label, non-inferiority, phase 2/3 trial. The lancet. HIV 3, e421-430,
doi:10.1016/52352-3018(16)30054-6 (2016).

Bustin, S. A. et al. The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments. Clinical
chemistry 55, 611-622, doi:10.1373/clinchem.2008.112797 (2009).

Huggett, J. E. et al. The digital MIQE guidelines: Minimum Information for Publication of Quantitative Digital PCR Experiments.
Clinical chemistry 59, 892-902, doi:10.1373/clinchem.2013.206375 (2013).

Whale, A. S. et al. Detection of Rare Drug Resistance Mutations by Digital PCR in a Human Influenza A Virus Model System and
Clinical Samples. Journal of clinical microbiology 54, 392-400, doi:10.1128/JCM.02611-15 (2016).

Wilburn, K. M. et al. Heterogeneous loss of HIV transcription and proviral DNA from 8E5/LAV lymphoblastic leukemia cells
revealed by RNA FISH:FLOW analyses. Retrovirology 13, 55, d0i:10.1186/s12977-016-0289-2 (2016).

Fryer, J. F. et al. Development of working reference materials for clinical virology. J Clin Virol 43, 367-371, doi: S1386-
6532(08)00298-9 [pii] 10.1016/j.jcv.2008.08.011 (2008).

SCIENTIFICREPORTS |7: 1209 | DOI:10.1038/s41598-017-01221-5 6


http://dx.doi.org/10.1038/nrmicro.2015.5
http://dx.doi.org/10.1126/science.1165706
http://dx.doi.org/10.1093/infdis/jiv219
http://dx.doi.org/10.1038/nm.4156
http://dx.doi.org/10.7554/eLife.03821
http://dx.doi.org/10.7554/eLife.03821
http://dx.doi.org/10.1371/journal.pone.0102684
http://dx.doi.org/10.1371/journal.pone.0102684
http://dx.doi.org/10.1126/science.aaf6517
http://dx.doi.org/10.1016/j.tim.2015.01.013
http://dx.doi.org/10.1016/j.diagmicrobio.2012.10.009
http://dx.doi.org/10.1002/jmv.21390
http://dx.doi.org/10.1128/JCM.39.1.29-33.2001
http://dx.doi.org/10.1128/JCM.39.4.1303-1310.2001
http://dx.doi.org/10.1128/JCM.41.6.2465-2470.2003
http://dx.doi.org/10.1038/ncomms6407
http://dx.doi.org/10.1186/1471-2334-5-15
http://dx.doi.org/10.1016/j.jviromet.2015.01.005
http://dx.doi.org/10.1097/00002030-200501030-00005
http://dx.doi.org/10.1097/00002030-200501030-00005
http://dx.doi.org/10.1016/S0166-0934(96)02164-7
http://dx.doi.org/10.1084/jem.164.1.280
http://dx.doi.org/10.1016/j.ymeth.2012.08.001
http://dx.doi.org/10.1038/leu.2012.104
http://dx.doi.org/10.1186/s12879-016-1696-7
http://dx.doi.org/10.1038/srep13811
http://dx.doi.org/10.1371/journal.ppat.1003174
http://dx.doi.org/10.1016/j.jviromet.2012.08.019
http://dx.doi.org/10.1016/j.jviromet.2014.02.020
http://dx.doi.org/10.1371/journal.pone.0055943
http://dx.doi.org/10.1371/journal.pone.0055943
http://dx.doi.org/10.1016/S2352-3018(16)30054-6
http://dx.doi.org/10.1373/clinchem.2008.112797
http://dx.doi.org/10.1373/clinchem.2013.206375
http://dx.doi.org/10.1128/JCM.02611-15
http://dx.doi.org/10.1186/s12977-016-0289-2

www.nature.com/scientificreports/

Acknowledgements

The work described in this paper was funded by the UK government Department for Business, Energy &
Industrial Strategy (BEIS). RBF received funding from the NIHR Biomedical Research Centre and the UCLH/
UCL BRC funded NIHR Health Informatics Collaborative Study. We also acknowledge the contributions of
Karina Butler, Dianne Gibb, Deenan Pillay (PENTA BREATHER Clinical Trial), Sarah Watters (UCL), Simon
Carne and David Bibby (Virus Reference Department, Public Health England, London, UK). Finally, we are
grateful to Simon Cowen (LGC) for his assistance with the statistical analysis.

Author Contributions

J.A.G. and J.EH. jointly designed the study and interpreted the data E.B., A.S.W,, R.B.F. and G.M. performed
laboratory assays and interpreted data. P.G. contributed to assay design and development, and E.N., ].].C.
and C.A.E contributed to design of the study and sample procurement. E.B., ].EH. and J.A.G. prepared the
manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01221-5

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 1209 | DOI:10.1038/s41598-017-01221-5 7


http://dx.doi.org/10.1038/s41598-017-01221-5
http://creativecommons.org/licenses/by/4.0/

MANUSCRIPT IN DRAFT

An Assessment of the Reproducibility of Reverse Transcription Digi-
tal PCR Quantification of HIV-1 Viral RNA Genome.

Samreen Falak*!, Rainer Macdonald?, Eloise J Busby?, Denise M O’Sullivan?, Mojca Milavec*, Annabell Plauth?,
Martin Kammel®8, Heinz Zeichhardt>®, Hans-Peter Grunert’, Jim F. Huggett™3, Andreas Kummrow ™.,

1. Physikalisch Technische Bundesanstalt, Abbestr. 2-12, D-10587 Berlin, Germany
2. National Measurement Laboratory, LGC, Queens Road, Teddington, Middlesex, TW11 OLY, United Kingdom

3. School of Biosciences & Medicine, Faculty of Health & Medical Science, University of Surrey, Guildford, GU2 7XH,
United Kingdom

4. Department of Biotechnology and Systems Biology, National Institute of Biology, Ljubljana, Slovenia

5. INSTAND, Gesellschaft zur Foerderung der Qualitaetssicherung in medizinischen Laboratorien e.V., Ubierstr.20, D-
40223 Dusseldorf, Germany

6. IQVD GmbH, Institut fuer Qualitaetssicherung in der Virusdiagnostik, Potsdamer Chaussee 80, D-14129 Berlin, Germany
7. GBD Gesellschaft fuer Biotechnologische Diagnostik mbH, Berlin, Potsdamer Chaussee 80, D-14129 Berlin Germany
* Shared first authors

ABSTRACT: Viral load monitoring in human immunodeficiency virus type 1 (HIV-1) infection is often performed using reverse
transcription quantitative PCR (RT-gqPCR) to observe response to treatment and identify the development of resistance. Traceability
is achieved using a calibration hierarchy traceable to the International Unit (IU). 1U values are determined using consensus agreement
derived from estimations by different laboratories. Such a consensus approach is necessary due to the fact that there are currently no
reference measurement procedures available that can independently assign a reference value to viral reference materials for molecular
in vitro diagnostic tests. Digital PCR (dPCR) is a technique that has the potential to be used for this purpose. In this paper, we
investigate the ability of dPCR to quantify HIV-1 genomic RNA without calibration. Criteria investigated included the performance
of HIV-1 RNA extraction steps, choice of reverse transcription approach and selection of target gene with assays performed in both
single and duplex format. We developed a protocol which was subsequently applied by two independent laboratories as part of an
external quality assurance (EQA) scheme for HIV-1 genome detection. Our findings suggest that RT-dPCR could be used as reference
measurement procedure to aid the value assignment of HIV-1 reference materials for routine calibration of HIV-1 viral load testing.

Antiretroviral therapy (ART) has rendered infection by HIV,
which initially had high mortality, a manageable chronic condi-
tion. Approximately 37.9 million people are currently living
with HIV, and globally 62% of adults and 54% of children liv-
ing with HIV receive lifelong antiretroviral therapy [1]. Effec-
tive ART can enable sustained suppression of viral load in the
plasma (to below 50 copies/mL) [2, 3]. To ensure ART is being
effective, the patient’s viral load is monitored by measuring the
quantity of the RNA genome in response to treatment [4,5]. Re-
verse transcription quantitative PCR (RT-gPCR) is the routine
method for measuring HIV RNA [6] which relies on calibration
for quantitative measurement [7,8]. For these measurements to
be reproducible the calibration must be traceable to support
standardization.

Traceability of HIV-1 load measurements is supported by the
World Health Organization (WHO) via the development and
distribution of reference materials (RMs), called WHO Interna-
tional standards [9, 10]. The WHO RMs have enabled global
comparisons of the viral load of HIV-1, and other viruses like
hepatitis B and C viruses, to be made with traceability to the

international unit (1U), the value of which is assigned by con-
sensus. These reference materials enable harmonization of the
associated quantitative measurements, allow performance as-
sessment during the development and routine application of
tests, and comparison of the diagnostic services offered at na-
tional and international levels [11].

Although the WHO International standards for HIV-1 are as-
signed to U, diagnostic reporting is frequently still based on
copies/mL taking into account a conversion factor [9]. This is
due to the introduction and application of quantitative PCR sys-
tems for HIV-1 viral load testing before the development of the
first WHO International standard for HIV-1. While interna-
tional standards have revolutionized global viral measurement,
where traceability relies on a reference material challenges oc-
cur when it runs out and requires replacement. In clinical chem-
istry this challenge is often resolved by using units that are
traceable to either a reference measurement procedure or, pref-
erably, the International Standard System of Units [11,12]. Ref-
erence measurement procedures provide an accurate character-
ization of reference material to a high metrological order. To
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date, it is not clear whether such an approach could assist in
improving the harmonization of global viral load measurements
as suitable reference measurement procedures have not existed.

Digital PCR (dPCR) is a method that can be performed as an
Sl traceable reference measurement procedure when measuring
DNA in buffered solution [13] and can perform with high re-
producibility when incorporating extraction protocol to meas-
ure DNA from whole bacteria [14] and viruses [15]. When com-
bined with reverse transcription (RT), dPCR also has the poten-
tial to provide accurate and robust quantification of HIV RNA
in plasma samples in the clinically relevant low concentration
range [16]. Previous dPCR studies reported to date have quan-
tified HIV-1 DNA as well as cell associated and synthetic RNA
[7]. In several studies, dPCR has been used in the measurement
of HIV DNA from patients and was found to be more robust to
mismatches between primers and probes and target sequence of
HIV [17-22].

Despite these promising studies, the measurement of RNA by
RT-dPCR has not been investigated to the same extent as for
DNA. Such assessments are required if the method is to support
reference material production as a reference measurement pro-
cedure for HIV-1, hepatitis C or coronavirus. In this study, we
developed a procedure incorporating extraction and RT-dPCR
to reproducibly quantify HIV-1 RNA from whole virus samples
and evaluated it on EQA samples and the WHO 4" HIV-1 inter-
national standard.

EXPERIMENTAL SECTION

The "Minimum Information for Publication of dPCR experi-
ments" (dMIQE) checklist [23] is given in Supporting Infor-
mation (Table S1).

Sample collection. HIV-1 positive samples (group M, sub-
type F) derived from External Quality Assessment (EQA)
schemes performed by INSTAND e.V. (https://www.instand-
ev.de). The sample sets corresponded to panels of the
INSTAND EQA schemes No. 360 and No. 382, distributed in
June 2017, March 2018 and March 2019 (https://www.instand-
ev.de). The samples were prepared by the manufacturer spiking
HIV stock material (heat inactivated) into human plasma at dif-
ferent dilution levels. Viral loads are available as consensus
value from the EQA schemes. In addition, the WHO 4" HIV-1
international standard of HIV-1 subtype B virus was included
in the study (WHO-IS NIBSC code: 16/194, NIBSC Hertford-
shire UK). The nominal concentration for the WHO standard is
5.10 logio IU/mL [9].

HIV-1 RNA extraction methods. Three different RNA ex-
traction kits were assessed for HIV-1 RNA extraction from
plasma samples: i) QlAamp viral RNA mini kit (Qiagen
#52904), ii) High Pure Viral RNA kit (Roche Applied Science
#11858882001) and iii) NucleoSpin RNA virus (Macherey-
Nagel #740956.50). All kits used silica gel membrane columns
for extractions and centrifugation. Six replicate extractions
were performed on three different days, for each of the three
methods. For evaluation of these RNA extraction methods, the
EQA sample 360126 (term March 2018) was used. For each ex-
traction, 200 pL of reconstituted plasma sample was processed
following the manufacturer instructions for the respective kit. A

negative control for the extraction method was included con-
sisting of 200 pL deionized water instead of plasma sample.
DNase digestion was performed on-column using RNase-Free
DNase Set (50), (Qiagen #79254) according to manufacturer in-
structions. The RNA was eluted applying 60 pL elution buffer.
Following extraction, the RNA concentration was measured us-
ing a NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific), and either used immediately or stored for up to seven
days at -20 °C until subsequent use.

HIV-1 primers and probes. Previously published primers
and probe sequences targeting the HIV-1 gag (targeting the p24
sequence of gag) and pol (targeting the exon/intron boundary
of pol and vif genes) were chosen [24, 25]. Sequence of primers
and probes and reaction parameters are listed in Table S2. The
assays were selected to target specific sequences from various
HIV-1 groups M, N, O with major subtypes. The duplex assays
annealing temperature optimization is shown in Supporting In-
formation Figure S1.

RT-dPCR methods. For two-step RT-dPCR, RNA was re-
verse transcribed to cDNA using the SuperScript IV First-
Strand Synthesis System (Invitrogen #18091050) details shown
in Supporting Information (Table S3 A, B and C).

One-step RT-dPCR reaction details are listed in Supporting
Information Table S3D.

All dPCR (singleplex, duplex) reaction mixtures were pre-
pared for EQA samples and controls (no-template control con-
taining nuclease-free water instead of RNA, and an RT-
negative control). Droplets were generated in DG8 cartridges
using QX200 Droplet Digital System manual droplet generator
(Bio-Rad, QX200). The generated water-in-oil emulsions were
transferred to a 96-well PCR plate and amplified in a cycler
(Bio-Rad, C1000). The thermal cycling conditions for two-step
dPCR are shown in Supporting Information (Table S3 C). After
PCR cycling, the plates were transferred to a QX200 Droplet
Digital System droplet reader (Bio-Rad). Thermal cycling con-
ditions for one-step RT-dPCR were exactly the same as for two
step dPCR (Table S3 C) except addition of the reverse transcrip-
tion step (60 min at 50 °C) prior to amplification.

WHO 4™ HIV-1 international standard. The WHO 4"
HIV-1 standard material based on subtype B virus (WHO-IS
NIBSC code: 16/194, NIBSC Hertfordshire UK) was evaluated
by duplex assay for gag and pol by one-step RT-dPCR assay
format. The lyophilized plasma sample of WHO 4" HIV-1
standard was reconstituted in 1 mL of ddH0 and left at RT for
20 min prior to the RNA extraction followed by duplex one-step
RT-dPCR.

Intermediate precision. Repeatability (inter- and intra-assay
variation) of HIV-1 dPCR assays was assessed measuring the
WHO 4" HIV-1 international standard material. Five extracts
were prepared on different days and RT-dPCR was performed
with a duplex assay of gag and pol primers and probes. Coeffi-
cient of variation (CV) of the concentration was calculated
based on a total of 31 replicates. The influence of extraction was
assessed by comparing the averaged concentration of extracts
that had at least four replicates.

Limit of detection and quantification. For a duplex RT-
dPCR assay characterization, eleven dilution series of extracted
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RNA were produced from the reference WHO 4" HIV-1 Inter-
national Standard material using nuclease free water. Eleven di-
lution steps 2x, 4x, 8x, 16x, 32x, 64x, 128x, 256x, 512x,
1024x, 2048x and a negative template control (NTC) consisting
of nuclease free water were tested. Sixteen replicates of each
dilution were measured by dPCR in four separate runs in con-
secutive days, containing four technical replicates except for di-
lutions series 2x, 1024x and 2048x which were measured once,
and each contained four technical replicates. The verified val-
ues from RT-dPCR were used to calculate the assigned copy
number of the targets for the dilution series is shown in Sup-
porting Information Table S5.

EQA participation. In EQA scheme March 2019, 118 labor-
atories have participated in the Virus Genome Detection HIV-1
(RNA) Program 1 (360) and 40 laboratories in the Virus Ge-
nome Detection-HIV-1 (RNA) additional Training Program 2
(382). Each program covers samples with four different dilution
levels. The target value for each EQA sample is determined as
consensus value from all quantitative results for the respective
sample (based on the robust average according to algorithm
A/DIN ISO 13528/Annex C).

Data acquisition and analysis. The dPCR data acquisition
and processing was performed using the QuantaSoft™ Analysis
Pro version 1.0.596 and 1.7.4 (Bio-Rad) using absolute quanti-
fication. Software counts the number of valid droplets and rec-
ords the associated fluorescence signals of positive droplets
(amplified products) and negative droplets without the amplifi-
cation product as described previously [26]. The threshold was
applied automatically by the software or set manually (if re-
quired) for both channels FAM and HEX. The data generated
by the QX200 droplet reader were excluded from subsequent
analysis if the number of accepted droplets were below 10000
per well. Exported data were further analyzed using Microsoft
Excel spreadsheets. Coefficient of variation (CV) was calcu-
lated as relative standard deviation and expressed as percentage
value. Grubbs outlier test was performed using Origin 2019
software. Respective examples for positive and negative sam-
ples are shown in Supporting Information (Figure S2 and S3).

RESULTS AND DISCUSSION

Singleplex and duplex RT-dPCR. To characterize and com-
pare the performance of a singleplex and a duplex assay, the
absolute concentration of HIV-1 RNA was determined for an
EQA plasma sample (360126), and the reference WHO 4" HIV-
1 international standard. RNA was extracted using QlAamp vi-
ral RNA mini kit. For both assays, copy number ratios of duplex
to singleplex assays are presented in Table 1.

Table 1. Performance of singleplex and duplex assays

Sample Target | Mean concentration | Ratio
(cp/pL)
Singleplex Duplex
EQA  plasma | gag 135 125 0.93
?gﬁmopl'gﬁ) pol | 108 101 0.94
gag 322 30.9 0.96

WHO 4" HIV-1 | pol 28.9 27.2 0.94
Standard

Typical CV values for the results shown in table 1 were 10 %
to 12 %. The ratio between duplex to singleplex shows that the
concentration measured by the duplex assay is on average lower
by 5 % compared to the singleplex approach (Table 1) which is
less than the observed CV. This shows that the duplex assay
does not compromise quantification when compared to the sin-
gleplex approach and the former was chosen for the remainder
of the study. Duplex formats provide an additional level of con-
fidence and are commonly used for a wide range of molecular
testing applications [14, 27-28].

RNA extraction methods for RNA quantification of HIV-
1 using one-step duplex RT-dPCR. When different extraction
procedures were compared, we observed that the choice of
RNA extraction kit resulted in a clear difference in the meas-
ured viral concentrations (Figure 1). A large difference in the
viral RNA concentration was observed between High Pure Vi-
ral RNA kit and the other two kits. The QlAamp Viral RNA
mini kit and NucleoSpin RNA Virus yielded comparable con-
centration for both assays and days. This demonstrated that se-
lection of the extraction method is critical as it can influence
copy number concentration estimates following downstream
molecular analyses as it has been observed in mycobacterium
tuberculosis [14].
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Figure 1. Evaluation of extraction methods with commercial Kits.
Absolute RNA concentrations were shown in cp/mL for (A) gag
and (B) pol genes separately. Error bars depict standard deviations
with the numbers above bars outlining coefficient of variation.
(n=6).

Overall, extraction analysis showed that the QlAamp viral
RNA mini kit consistently yielded the highest signal for the
plasma-based samples, and consequently was chosen for the
subsequent HIVV-1 RNA measurements performed in this study.
It is known that the extraction can contribute towards a major
source of bias in dPCR [14]. The matrix complexity could be
due to the confound mixture of genomic background and or
RNA secondary structure. Therefore, different RNA extraction
Kits used in this study contributed to some order of discordance
in RNA extraction and differences have been observed in the
copy number concentration obtained from different extraction
kits.

Reverse transcription RT-dPCR assay for HIV. A com-
parison of the one-step RT-ddPCR Supermix for probes with
the SuperScript IV reverse transcriptase was performed (Figure
2). All four dilution levels of EQA 2018 samples and the WHO
4™ HIV-1 standard were included in the analysis. The concen-
trations measured when using the one-step RT-dPCR Supermix
were consistently higher, despite matched input concentrations
of RNA. Our results demonstrate that the Supermix for one-step
RT-ddPCR provided greater efficiency (Figure 2).
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Figure 2. Assessment of one-step dPCR on X-axis and two-step
dPCR on Y-axis. A) representing gag and B) pol targets (1: WHO
4" HIV-1 international standard; 2: INSTAND EQA (March 2018)
sample 360126; 3: 360128; 4: 360125; 5: 360127).

In one-step format, both the RNA conversion and gene spe-
cific PCR amplification occur in a single tube. In contrast, two-
step needed two separate reactions for RNA conversion and am-
plification. In addition, gene-specific primers in one-step have
revealed an efficient cDNA synthesis compared to using ran-
dom hexamers and oligo dT primers in two-step particularly for
samples like HIV-1 with low copy number concentrations. This
observation has previously been reported for one- and two-step
RT-qPCR [32].

This observation is in line with recent findings of Myerski et
al. [29]. The studies of Racki et al. [30] and Sedlack et al. [31]
reported that one-step RT-dPCR had higher precision, repeata-
bility and reduced susceptibility to inhibition in low waterborne
RNA virus samples in line with observations found here for
HIV plasma samples. In addition, one-step reaction is time ef-
ficient and minimizes the risk of contamination. Based on this,
one-step format was chosen for the remaining experiments in
this study

Intermediate precision of RT-dPCR. The intermediate pre-
cision of the selected RT-dPCR measurement procedure was



MANUSCRIPT IN DRAFT

assessed by repeated experiments including repeated extrac-
tions conducted on separate days within the same laboratory

The intermediate precision of the duplex assay was analyzed
using the WHO 4" HIV-1 standard material at a nominal con-
centration of 125900 IU/mL. The intermediate precision was
examined by measuring 31 replicates in five days. Grubbs out-
lier testing did not indicate outliers at a significance value of
0.05 when applied to all replicates or when applied to average
values characterizing individual extracts. The intermediate pre-
cision expressed as % CV was 8.8 % for gag and 12.3 % for pol
as shown in Table 2 (for details see Table S4).

Table 2. Intermediate precision of duplex one-step RT-
dPCR assay.

Inter-assay variability (cp/uL) CV%
Gene | #1 #2 #3 #4 #5
gag 36.5 37.0 32.6 40.5 334 8.8

pol 33.0 28.6 29.3 36.3 27.0 12.3

The variation of results reflected by the intermediate preci-
sion is negligible when compared to the variation allowed in
EQA for virologic laboratories discussed below. The interme-
diate precision found here is clearly lower than the interlabora-
tory variation of 0.43 on a log10 scale reported by Prescott et
al. for the same material [9].

Limit of detection and limit of quantification. The limit of
detection (LOD) and limit of quantification (LOQ) are im-
portant for measurement of RNA concentration. These parame-
ters can be influenced by various steps involved in detection of
viral RNA including preanalytics ending in extraction, reverse
transcription and the final detection by dPCR. The specific con-
tribution of dPCR to LOD and LOQ is discussed here by ana-
lyzing the underlying counting procedure The LOD is defined
as the HIV RNA concentration, for which the probability of
falsely claiming the absence of HIV RNA is 5 % [34]. In digital
dPCR, the statistical distribution in repeat measurements is not
Gaussian at low sample concentration but discrete (Figure S4).
Therefore, it is not possible to derive the LOD from the standard
deviation of repeat measurements. In the absence of a blank
value (BV) the theoretical LOD for dPCR can be calculated
from counting statistics assuming Poisson distribution (see Sup-
porting Information). The LOD concentration for RNA in the
sample material is
—1n0.05
Niot'Vg'D ' (1)
where N, is the number of accepted droplets and V; is the drop-
let size. In Equation (1) the LOD is corrected by the dilution
factor D that results from concentration changes introduced by
extraction and addition of reagents (D =1.29 in the present
measurements). For N, = 13000 and V; = 0.85 nL this gives
cop = 210 cp/mL in the reaction. The limit of detection can
be improved by averaging replicate measurements, which ef-
fectively increases N,,. The blank value determined by meas-
urement of negative template controls was determined to be in
the range of 16 cp/mL for the plasma sample (sample number
should be added).

CLop =

The limit of quantification (LOQ) is defined here as the min-
imum concentration for which the relative standard deviation
(RSD) is smaller than a predefined value R, e.g. R =0.2. The
ultimate limit for LOQ is given by counting statistics and can
be calculated (Supporting Information) from

1
R2NyoVgD @
For R = 0.2, N,,; = 13000 and V; =0.85nL Eq. (2) gives
CLoq = 1750 cp/mL. The averaged results shown in Figure 3A
demonstrate that the LOQ can also be improved by averaging
replicate measurements.

The average quantity of HIV-1 target concentration measured
by duplex RT-dPCR was approximately 32000 cp/mL in the
plasma sample (sample number should be added). The LOQ
was calculated and compared on a serial dilution of WHO 4%
HIV-1 international standard the highest concentration being a
1:2 dilution (Figure 3).
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Figure 3. A dilution series using the WHO 4™ HIV-1 standard
measured by the duplex one-step RT-dPCR in the plasma for gag
and pol genes: A) observed average concentration (symbols)
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closely follow expected concentration in plasma calculated from
dilution factor (solid line); B) plot of the relative standard deviation
of replicate measurements to determine limit of quantification.

Our data demonstrate that the observed concentration deter-
mined by averaging all replicate measurements followed the ex-
pected concentration down to about 100 cp/mL for the assay
used here (Figure 3A). In Figure 3B, the vertical dashed line
indicates the theoretical LOQ determined assuming a threshold
level of R =20%. Counting statistics was assumed in deriva-
tion of above formulas. The observed relative standard devia-
tion does not exceed the threshold level of 20% significantly
above the calculated LOQ expected from Eq. (2), (Table S5).
This demonstrates that quantification is limited by counting sta-
tistics.

Averaging over replicate measurements reduces the uncer-
tainty contribution from counting statistics by effectively in-
creasing the number of droplets contributing to the result. It can
be inferred from Eq. (2) that the LOQ would be improved in
proportion to the number of replicate measurements used for
averaging, provided that counting statistics would be the only
limiting factor. Figure 3A demonstrates that this is indeed pos-
sible here. However, it should be noted that the efficiency of
other procedures involved in the complete detection process
should be factored in to describe LOD and LOQ for viral detec-
tion by dPCR in the same way as for gPCR, e.g. reverse tran-
scription or extraction efficiency.

Measurement of WHO 4" HIV-1 international standard
by duplex one-step RT-dPCR. The concentration of the WHO
4" HIV-1 standard material was measured using the digital PCR
method described here. The average concentration measured by
RT-dPCR was for gag 35300 cp/mL + 700 cp/mL and for pol
31100 cp/mL %900 cp/mL. The numerical concentration deter-
mined by dPCR in cp/mL was lower by a factor of 3.57 for gag
and 4.05 for pol when compared to the specified concentration
given as IU/mL. However, this factor can be used to convert
concentration measured by dPCR into 1U/mL.

Concentrations determined by commercial assays are re-
ported in cp/mL. The conversion factor of those concentrations
values into 1U/mL values is routinely determined as part of the
WHO prequalification of in vitro diagnostic products. Typical
conversion factors for a number of manufacturers are listed in
Table 3. The conversion factors for commercial assays are
smaller than the value determined here for the dPCR assay.
Thus, the HIV concentration reported by using a commercial
assay will be correspondingly larger, e.g. by a factor of 2.1 for
assays from Abbott, Roche and Cepheid.

Table 3. Typical conversion factor to 1U.

manufacturer conversion factor Ref.
Abbott 1.74 1Ulcp [35]
Roche 1.67 IU/cp [36]
Cepheid 1.73 1U/cp [37]
Hologic 2.86 IU/cp [38]
Siemens 1.00 IU/cp *

* assays calibrated by 15t HIV international standard

Interlaboratory comparison. In 2019, PTB and NML par-
ticipated in EQA schemes organized by the German EQA pro-
vider INSTAND e.V. for HIV-1 virus genome detection. Both
participants were blind to the content of the respective samples
and used the protocol developed by the study. Results are shown
as symbols in Figure 4A. RT-dPCR results demonstrate good
reproducibility between laboratories (target gag). The ac-
ceptance range in these EQA schemes is + 0.6 on a log 10 con-
centration scale in respect of the target value [39]. In this EQA
scheme, the centre of the acceptance range is calculated as the
robust average of the concentrations of all participating labora-
tories (107 clinical laboratories used RT gqPCR, two used RT-
dPCR). The EQA scheme covers a wide concentration range of
42 cp/mL to 37000 cp/mL as required for medical diagnosis
[40]. Direct comparison of concentration determined in cp/mL
resulted in both dPCR results being below the mean value, how-
ever, all were within the acceptance range with the exception of
one result (Figure 4a).

Participants of the EQA scheme have to report their results in
cp/mL, and not relative to the accepted WHO international
standard [9,39]. Digital PCR measured the concentration in
cp/mL without calibration while qPCR used by other partici-
pants obtained results based on difference calibration material.
Thus, the gPCR results implicitly include a conversion factor
such as listed in Table 3. Figure 4B shows the effect of inclu-
sion of the conversion factor 3.57 determined above. When
dPCR values were also converted in this way (Figure 4b) all
results were still within the acceptance range and with data gen-
erally closer to the mean value.

Overall, results obtained by two metrological laboratories us-
ing RT-dPCR with and without applying conversion factors to
determine 1U were in good agreement and fit well to the results
obtained by conventional gPCR and met the requirements of the
EQA scheme.
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Figure 4. Results of the EQA schemes performed in March 2019
by INSTAND: A) represents the HIV-1 EQA scheme results di-
rectly obtained by digital PCR; B) HIV-1 EQA scheme results in-
voking a calibration with WHO 4" HIV-1 standard. Bars show the
acceptance range based on the consensus value from all quantita-
tive results for the respective sample for the Virus Genome Detec-
tion HIV-1 (RNA) Program 1 (360) and the Virus Genome Detec-
tion-HIV-1 (RNA) additional Training Program 2 (382)
(INSTAND) of the EQA scheme. The acceptance range is £0.6 on
alog10 concentration scale [27]. Symbols represent the results sub-
mitted by the two laboratories using duplex RT-dPCR assay
demonstrating reproducibility between metrological laboratories.

CONCLUSION

This paper demonstrates that RT dPCR has the potential to
be a reference measurement procedure for HIV-1 RNA meas-
urement. Sources of bias affecting HIV-1 RT-dPCR measure-
ments were identified including comparison of different meth-
ods for HIV RNA extraction from whole virus, comparison of
different RT enzymes performed one- or two-step formats. In-
termediate precision (performed in between and within days)

and reproducibility (performed between two laboratories partic-
ipating in clinical EQA scheme) was determined. These data
demonstrate applicability and reproducibility of the developed
RT-dPCR assay for HIV-1 RNA quantification in a complex
genomic background.

To the best of our knowledge, this study is the first study to
apply RT-dPCR for absolute quantification of viral HIV-1 RNA
in terms of copies /mL as well as IU applied to plasma-based
EQA samples and the WHO HIV-1 4" standard. Our results
demonstrated the applicability of simultaneous use of gag and
pol primers for detecting HIV-1 RNA in a duplex RT-dPCR as-
say. Our findings support that RT-dPCR offers good linearity,
repeatability (within laboratory) in measurement of HIV viral
load. The experiments did not require specific modifications on
technical instrumentation so that measurements should also be
feasible for a range of other laboratories. Good reproducibility
(in between laboratories) can be expected from the results re-
ported here.

This approach was demonstrated here to achieve sufficient
sensitivity required for medical diagnosis as demonstrated by
successful participation in the INSTAND EQA schemes 2019.
Digital PCR is a promising method for implementation of a ref-
erence measurement procedure to quantify viral RNA and as a
method for value assignment of reference materials and calibra-
tors.
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Abstract

Colonisation and subsequent infections with Acinetobacter baumannii are a concern for
vulnerable patient groups within the hospital setting, with outbreaks involving multi drug-resistant
strains being described as a particular threat to patient outcome. Reliable molecular typing
methods can help to trace transmission routes and manage outbreaks. In addition to current
reference methods, Matrix Assisted Laser Desorption/lonisation-Time of Flight Mass
Spectrometry (MALDI-TOF MS) may hold a role for making initial in-house judgements on strain
relatedness however limited studies on method reproducibility exist for this application. We
applied MALDI typing to 18 A. baumannii isolates associated with a nosocomial outbreak and
evaluated different methods for data analysis. An evaluation applying high replication was
implemented to evaluate peak reproducibility for MALDI typing. In addition, we analysed the
isolates using whole genome sequencing (WGS) and Fourier-transform infrared spectroscopy
(FTIR) as orthogonal methods to further explore the applicability of emerging techniques for
bacterial strain typing. Despite all isolates being classified as the same strain by reference
methods, a related group of isolates was consistently observed for all methods that clustered
away from the main group. This finding, combined with epidemiological data from the outbreak,
indicates that we have identified a separate transmission event unrelated to the main outbreak.
Our study suggests that there could be a role for these emerging methods in supporting
microbiological diagnoses in hospitals to more quickly confirm or rule out transmission events,
however limitations exist surrounding sample size and method reproducibility; particularly for
MALDI-TOF MS. Further studies are necessary to characterise these techniques before they can
be integrated into routine services.
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Introduction

Carbapenem resistant organisms (CRO) including Acinetobacter baumannii are a significant
threat to patients within Intensive Care Units (ICU), on oncology wards and those that are
immunocompromised. A. baumannii possesses the ability to form biofilms and colonize the
respiratory tract (Howard et al., 2012), and it poses a significant transmission risk within the
hospital setting. A. baumannii is responsible for an increasing number of difficult-to-treat
respiratory, soft tissue and bloodstream infections. Risk factors for acquisition of A. baumannii
colonization and subsequent bacteraemia, particularly with multi drug resistant organisms,
include length of hospital stay, ICU admission and having an intravenous catheter or
Ventriculoperitoneal (VP) shunt (Baran et al., 2008, Blanco et al., 2017). Minimisation of
nosocomial transmission of A. baumannii amongst vulnerable patient cohorts is critical. Reliable
and robust methods for molecular strain typing of nosocomial A. baumannii isolates can assist
with determining transmission routes and tracing outbreaks (ECDC, 2016).

Matrix Assisted Laser Desorption/lonisation-Time of Flight Mass Spectrometry (MALDI-TOF MS)
has been widely reported as a method for identifying bacterial species, and as a promising
technigue for strain typing bacteria (Rafei et al., 2014, Mehta and Silva, 2015, Johnson et al.,
2016). MALDI-TOF MS has been successfully implemented to resolve nosocomial and
foodborne outbreak-associated bacterial strains (Christner et al., 2014, Barbuddhe et al., 2008,
Stephan et al., 2011, Egli et al.,, 2015, Steensels et al., 2017), including for A. baumannii
(Mencacci et al., 2013). However, there is limited evidence supporting the robustness of MALDI-
TOF in this context, and conflicting evidence exists suggesting that MALDI-TOF MS is unreliable
and unsuitable for strain typing A. baumannii (Ghebremedhin et al., 2017, Sousa et al., 2015,
Rim et al., 2015). Numerous experimental factors are known to affect the consistency of MALDI-
TOF MS performance (Williams et al., 2003); including upstream sample preparation, data
acquisition and analysis. However, development of in-house capability for strain typing using
modified MALDI-TOF MS protocols could improve diagnostic outputs and outbreak surveillance;
an attractive option as many clinical microbiology services already possess the necessary
instrumentation.

Pulsed-field gel electrophoresis (PFGE), Multiple locus variable number of tandem repeat
analysis (MLVA) and multi locus sequence typing (MLST) are methods favoured by many
bacterial reference laboratories for molecular typing of A. baumannii (Pourcel et al., 2011).
However, these methods can be labour-intensive and costly with lengthy lead times for hospitals
to receive results. In addition, two MLST schemes exist for typing A. baumannii; denoted ‘Oxford’
(Bartual et al., 2005) and ‘Pasteur’ (Diancourt et al., 2010). Whilst both schemes are valuable
tools they have only three out of seven housekeeping gene targets in common (Tomaschek et
al.,, 2016), making typing of A. baumannii in this way difficult to standardise and harmonise.
Whole genome sequencing (WGS) is also gaining traction as a new reference method for
bacterial strain typing (Fitzpatrick et al., 2016) although application for this purpose tends to be
on a case-by-case basis (Lewis et al., 2010, Izwan et al., 2015, Fang et al., 2016, Alouane et al.,
2017, Li et al., 2017), and the feasibility of adopting the technique into routine practice is still to
be fully evaluated (Willems et al., 2016, Venditti et al., 2018). WGS could provide a broader
analysis, offering information on drug resistance and a full spectrum of genes, therefore
facilitating better resolution between strains of A. baumannii. Similarly to the reference methods,
WGS is not presently available in the typical routine diagnostic laboratory. Another emerging
technique, Fourier-transform infrared spectroscopy (FTIR), shows potential for strain typing of
bacteria in the clinical laboratory setting (Quintelas et al., 2018). A study by (Dinkelacker et al.,
2018) highlighted a potential role for FTIR to recognize clonal relationships between isolates of
Klebsiella pneumoniae owing to high discriminatory power offered by the technique.

We hypothesise that MALDI-TOF MS, along with these emerging molecular methods, may hold a
supporting role for in-house identification of outbreaks of A. baumannii in a nosocomial setting.

2



MANUSCRIPT IN DRAFT

Our study explored the technical robustness and reproducibility of MALDI-TOF MS for bacterial
typing. An approach to assess the reproducibility of different stages of the experimental protocol
was followed to introduce metrics for peak discrimination. We compared outputs from different
MALDI-TOF MS data analysis methods with WGS and FTIR to ascertain whether these methods
offered equivalent resolution for typing compared with the reference methods. The work was
performed on a cohort of A. baumannii isolates obtained from patients following stays of varying
lengths on a surgery ward over a two year period.

Materials and Methods

Drug resistant clinical isolates

Isolates of multi drug resistant (MDR) Acinetobacter baumannii (n=18) associated with an
outbreak at the Royal Free London NHS Foundation Trust were collected from 15 patients
between 2014 and 2015. The outbreak was associated with a single surgery ward (ward A)
however patients had migrated between 15 wards over the two year period (wards B-L),
including an intensive/critical care unit (ICU/CCU) and an outpatient department (OPD). Length
of stay on ward A varied between 1 and 184 days. The isolates were confirmed as A. baumannii
species using the MALDI-TOF Microflex (Bruker UK) following the manufacturers protocol.
Antimicrobial susceptibility testing (AST) was implemented according to EUCAST breakpoint
guidelines (Brown et al., 2015). AST was performed using a BD Phoenix™ platform (Becton
Dickinson) and minimum inhibitory concentrations (MICs) were established using ETEST® AST
reagent strips (bioMérieux). Isolates were assigned a unique study identifier to remove patient
information (e.g. MBT16-001) and stored on Cryobank™ beads (ThermoFisher Scientific Inc.) in
glycerol at -80 °C.

Reference laboratory strain typing of isolates

Organisms were sent on nutrient agar slopes for reference laboratory characterisation by pulsed-
field gel electrophoresis (PFGE) and variable number tandem repeat (VNTR) profiling at four loci
(1, 10, 845,3468) (Turton et al., 2009, Pourcel et al., 2011). All 18 isolates were classified as
belonging to European clone |l lineage OXA-23 clone 1. PFGE data and VNTR profiles are
included in Table S1. Isolate MBT16-062 was not sent to the reference laboratory but was
included in this study for prospective analysis. The authors were blind to the reference laboratory
typing results prior to commencing experimental work.

MALDI-TOF MS strain typing protocol

Isolates were recovered from -80°C onto pre-poured Colombia blood agar containing 5% horse
blood (ThermoFisher Scientific) and incubated aerobically at 37 °C for 24 hours. Strain typing
was performed using a MALDI-TOF Microflex (Bruker UK) according to the Bruker MALDI
Biotyper protocol and described previously (Holzknecht et al.,, 2018). Measurements were
obtained using flexControl software (version 3.4). Triplicate spots of formic acid extracted protein
solution were overlaid with 1 pyL fresh a-Cyano-4-hydroxycinnamic acid (HCCA) matrix (Bruker
UK), allowed to air dry, and measured in triplicate over three separate days to obtain 27 spectra
per isolate. Spectra were recorded in positive linear mode within the range of 2 and 20 kDa.
External calibration of each MALDI typing experiment was through measurement of Bacterial
Test Standard (BTS) solution (Bruker UK).
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Whole genome sequencing

DNA was extracted from all isolates as previously described (Shaw et al., 2019). Total DNA
concentration was estimated using a Qubit fluorometer (ThermoFisher). 50 ng of DNA was
prepared using NEBNext Ultra Il FS DNA Library Prep Kit for lllumina (New England Biolabs) and
post-PCR clean-up was carried out using Ampure XP beads (Beckman). Library size was
validated using the Agilent 2200 TapeStation with Agilent D1000 ScreenTape System
(Willoughby, Australia) and 75bp paired-end reads were sequenced on a NextSeq 550 system
(Mlumina).

Fourier-transform infrared spectroscopy (FTIR)

The 34 A. baumannii isolates were recovered from cryo-storage onto pre-poured Tryptic Soy
Agar (VWR) and incubated aerobically at 37°C for 24 hours. A second passage from a single
colony of each isolate was performed and, after 24-hours, an overloaded 1 pL loop of confluent
growth collected. The cells were added to a 1.5 mL suspension vial containing inert metal
cylinders (Bruker IR Biotyper Kit) and 50 pL 70% (v/v) ethanol and vortexed to obtain a
homogenous suspension. 50uL of HiPerSov Chromanorm® water (VWR) was added and each
vial vortexed for 1 min. Quintuple 15 pL spots of each isolate were pipetted onto a 96-spot
microtiter plate. Duplicate 12 pL spots of Bruker Infrared Test Standards 1 and 2 (IRTS1 and
IRTS2) were included during each run. The standards were prepared according to the
manufacturer’s instructions. The microtiter plate was dried above a 37°C hotplate for 30 minutes
and strain typing was performed using an IR Biotyper and the IR Biotyper Software (Bruker UK).

Data analysis

Bruker FlexAnalysis method

Following acquisition each of the 27 spectra were analysed as described in the MALDI Biotyper
protocol using the MBT_standard. FAMSMethod in FlexAnalysis (version 3.4). Peaks were
detected using a centroid algorithm within a 2.0 m/z width range. Baseline subtraction and curve
smoothing were performed using TopHat and SavitzkyGolay algorithms, respectively. Replicate
spectra were visually inspected and any peaks below 500 arbitrary units (a.u.), or deviating
outside of a mass tolerance of ~+0.025% of the estimated m/z value, were excluded. Mass peak
lists for all isolates were recorded in Excel (Microsoft) and peaks potentially representing unique
biomarkers for individual strains were recorded (Table 1). Peaks that satisfied the following
criteria were considered as strain specific biomarkers: (i) above 500 a.u. for at least two out of
three technical replicate spectra (ii) at least 5.0 m/z (Da) difference from peaks of a similar size
(iiif) present for at least one but not all of the 18 isolates.

Bioinformatic analysis of MALDI-TOF MS spectra

Processed spectra files (referred to as mzXml files) were exported from FlexAnalysis for each
isolate for analysis in BioNumerics software (Applied Maths, version 7.6). Peak matching was
performed in BioNumerics based on m/z data with a constant tolerance of 0.5, linear tolerance of
300 parts per million (ppm) and a detection rate of 50 new peak classes per spectra. Similarity
matrices were generated based on the Pearson correlation coefficient and isolates clustered
using the unweighted pair group method with arithmetic mean (UPGMA). The cophenetic
correlation between isolates was calculated and expressed as a percentage on the dendrogram.
For each isolate, peak classes with intensity values were exported into MS Excel for further
analysis.
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Confirmatory bioinformatic analysis of spectra was performed using Clover MS data analysis
software (Clover BioSoft). Spectra were summarised for each isolate and a peak matrix
generated. Summarised spectra were clustered by UPGMA.

Calculating variability in peak height as a metric for reproducibility of MALDI spectra

Using the numerical data exported into MS Excel from BioNumerics, two peak classes that were
common to all 18 A. baumannii isolates and one that could represent a strain-specific biomarker
were identified. Peak height (intensity) values were normalised to the total intensity for each
spectra, and a mean value with relative standard deviation calculated. This was performed for
triplicate technical replicates, triplicate ‘spots’ of co-crystallised matrix and protein extract, and
triplicate days of experiments. A mean of the relative standard deviation (rsd) at each of these
three time points was calculated for each isolate and plotted.

Whole genome phylogenetic analysis

Fastq files containing paired end sequences for each isolate were screened against all complete
A. baumannii reference genomes found on NCBI Refseq database using Mash (Ondov et al.,
2016) to identify the closest matching reference sequence. The best matching genome was A.
baumannii strain BAL062 (Accession: NZ_LT594095) and all samples were mapped to this
reference using BBmap (Bushnell, 2014). Single nucleotide variants (SNVs) were called against
the reference using Freebayes (Garrison and Marth, 2012) and variants were only taken forward
if (i) read depth >5, (i) mapping quality >30, (iii) base quality >20, (iv) alternate read frequency
>80%, (v) if there were >2 reads on both strands and (vi) >2 reads with variant present at both
the 5’ and 3’ ends of the fragments. Variant positions were also masked if not present at >5 read
depth in 90% of samples. Possible recombination sites were identified and masked using
Gubbins (Croucher et al., 2015) and a maximum likelihood phylogenetic tree was inferred from
the aligned variant sites using RAXML under the GTRCAT model (Stamatakis, 2014).

Results

MALDI-TOF MS strain typing of A. baumannii

The Bruker MALDI Biotyper protocol was applied to the 18 OXA-23 clone 1 A. baumannii
isolates. Although a single practical approach was followed, data were analysed using two
methods; Bruker FlexAnalysis to analyse spectra, and subsequently using two separate
bioinformatics software programmes for analysis of exported peak data. To evaluate MALDI-TOF
MS as a robust typing method, 27 spectra were included for each isolate across a total of three
days. The Bruker FlexAnalysis method involved visual identification of peaks that could represent
strain-specific biomarkers. Four peaks that satisfied the inclusion criteria for strain typing were
identified (Table S2a), and the isolates were grouped into a total of 8 classes representing
different ‘MALDI Biotypes’ (Table S2b). Two of the isolates (MBT16-015 [G] and MBT16-030 [H])
were unique Biotypes, as their MALDI profiles did not match with any of the other isolates.

Following baseline subtraction and curve smoothing in FlexAnalysis, the pre-processed MALDI
spectra were imported into BioNumerics 7.6. Spectra were summarised for each isolate and
clustered using the unweighted pair group method with arithmetic mean (UPGMA). Two main
clusters were identified using this method; designated Group | and Group Il (Figure S1). Of note,
the isolates that clustered into Group Il using the bioinformatics analysis method also fell within
the same MALDI Biotype ‘group B’ designated in Table S2b (isolates MBT16-005, MBT16-011 &
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MBT16-039). This finding was confirmed when the same spectra were clustered using additional
data analysis software (Figure S2).

Peak intensity as a metric for discrimination of peak classes using MALDI-TOF MS typing

The Group II/MALDI Biotype B isolates clustered together using both the Bruker FlexAnalysis
and bioinformatic methods and could represent a diverse group of organisms. MALDI-TOF MS is
often criticised for being limited in terms of reproducibility for its application to strain typing. We
examined peak height (intensity) for these isolates to ascertain whether better reproducibility of
spectra enables better MALDI strain typing resolution. For peaks that were shared among the A.
baumannii isolates (m/z 5178 and 5751 determined using BioNumerics), the Group Il isolates
exhibited the lowest relative standard deviation (rsd) compared to the other isolates (< 0.30 rsd,
30% CV). This finding could suggest that better reproducibility between spectra permitted
discrimination of these isolates from the rest of the cohort due to higher resolution of MALDI-TOF
MS for typing. However, when this approach was applied to a peak at m/z 3723, identified by
BioNumerics as unique to these three isolates, the mean rsd was up to 10-fold higher indicating
a decrease in reproducibility between peak height values. Regardless of peak class there was an
overall trend of increasing variability in peak height at progressive stages of the experiment
protocol, with technical replicates exhibiting the lowest variability and between-day replicates
exhibiting the highest (Figure 1).

Figure 1: Variability in peak height at different stages of the MALDI-TOF MS typing
protocol. The ‘Group IIIMALDI Biotype B’ isolates are represented by the following
coloured spots: Red — MBT16-005, Yellow — MBT16-011, Grey — MBT16-039.
Unfilled spots represent the other 15 isolates. m/z 5178 and 5751 represent peak
classes common to all isolates; m/z 3723 represents a peak only observed for the
Group II/MALDI Biotype B isolates following analysis in BioNumerics.
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Comparison of methods for strain typing A. baumannii

The 8 MALDI Biotypes (Table S2b) and 2 bioinformatic MALDI groups (Figures S1 and S2) were
compared with WGS and FTIR typing (Figure 2). There was limited correlation between The
MALDI Biotypes and the other methods, with the exception of the group B isolates (MBT16-005,
MBT16-011 & MBT16-039) which consistently clustered together as a distinct group for all four
methods. The bioinformatic MALDI analysis and WGS clustered the isolates into two main
nodes, whereas FTIR identified three clusters (331, 328 & 323). The FlexAnalysis method
appears to overinflate the isolate diversity compared to the other methods, with 8 groups being
identified based on visual inspection of spectra. There was limited correlation in the order in
which the ‘Group I’ isolates were clustered in relation to each other by MALDI bioinformatics
(BioNumerics) and WGS, with the exception of isolates MBT16-003 & MBT16-029 and MBT16-
018 & MBT16-040. However, these same relationships were not observed when MALDI spectra
were clustered using an orthogonal bioinformatics approach (Figure S2).

Figure 2: (a) UPGMA hierarchal clustering of MALDI-TOF MS spectra compared with
MALDI Biotype (i) and IR Biotyper cluster (ii). (b) WGS SNV analysis compared with
MALDI Biotype (i) and FTIR cluster (ii).
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Discussion

Can MALDI-TOF MS strain type A. baumannii? Data analysis method and peak
matrix algorithm play a key role

Our study initially aimed to determine whether MALDI-TOF MS had sufficient reproducibility and
resolution to identify biomarker peaks that could be used to strain type clinical isolates of A.
baumannii. A single experimental approach was followed using a cohort of closely related
isolates with a number of shared peaks (Table S1), and spectra were analysed using different
methods. Analysis was performed on a small number of peak classes; 4 out of approximately 9
observable peaks per spectra which was similar to that observed by (Sousa et al., 2015) and
(Jeong et al., 2016). The Bruker FlexAnalysis method, which involved visual inspection of peak
classes, yielded 8 MALDI Biotype groups for the isolates that were assigned based on the
presence or absence of particular peak classes (Table S2). This approach has been described
previously for strain typing with varying levels of success (Oberle et al., 2016, Holzknecht et al.,
2018). Overall there was poor correlation with the other methods, with the exception of three
isolates which formed a distinct cluster for all methods tested in this study (Figure 2). The
FlexAnalysis method was based on non-normalised spectral data which may result in subjective
classification of peaks owing to variable baseline signals between spectra.

Bioinformatic analyses and machine learning may be of benefit when handling MALDI strain
typing data (Spinali et al., 2015, Oberle et al., 2016). In our hands, the MALDI analysis approach
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using BioNumerics offered more objectivity because the software is able to access peak data for
the entire spectrum rather than the 4 classification peaks for the FlexAnalysis method and apply
peak height normalisation algorithms. This may enable a more robust approach to typing, and as
a result potentially offer better resolution. The bioinformatics analysis workflow was repeated for
the MALDI spectra using additional software (Clover MS data analysis software), which
demonstrated good agreement with the BioNumerics method in terms of isolate clusters (Figure
S2). Several peaks identified using the MALDI bioinformatics workflows can be attributed to
published ribosomal proteins for A. baumannii (Table S3). This suggests that the peak finding
algorithms of these methods are fit-for-purpose for finding reference peak masses, and could be
applied to identify additional strain-specific peaks and those attributed to drug resistance. Further
work to explore the capability of additional commercial software for data analysis could be of
benefit for future studies on spectral typing methods.

Following bioinformatic analysis of spectra, we evaluated how different stages of the
experimental protocol could influence typing of A. baumannii by impacting upon peak
identification. Studies suggest that the quality and reproducibility of MALDI-TOF MS fingerprints
can be influenced by sample preparation steps, matrix choice and instrumental performance,
among other factors (De Bruyne et al., 2011). This could influence the ionisation of a protein and
therefore whether it is included in subsequent strain typing analysis. Our chosen metric, peak
height (intensity) has been correlated with ionisation efficiency (Duncan et al., 2016). Figure 1
shows that peak height became increasingly variable between co-crystallisation and day-to-day.
The height of peaks common to all A. baumannii isolates (e.g. 5751 m/z) appeared to be more
reproducible across the experiments for these three isolates, whereas a peak chosen to
represent a potential strain-specific biomarker (3073 m/z) exhibited higher variability with some
individual spectra failing to be called by the software. This suggests that variability introduced
during sample preparation could directly influence discrimination of isolates by particular peak
classes. Studies have advocated that standardising MALDI-TOF MS workflows could permit
better typing resolution (Singhal et al., 2015, Spinali et al., 2015, Oberle et al., 2016). Future
work incorporating a cohort of diverse strains could provide an opportunity to further evaluate the
reproducibility of MALDI typing for a larger number of peak classes.

Potential identification of a nosocomial transmission event using four independent
methods

We compared the MALDI-TOF MS FlexAnalysis and bioinformatics A. baumannii strain typing
results with WGS and FTIR (Figure 2). WGS, which is increasingly used for bacterial strain typing
(Schurch et al., 2018, Salipante et al., 2015), and MALDI bioinformatics approaches clustered
the isolates into two groups, with the ‘Group I’ isolates appearing to be closely related in line with
reference laboratory interpretation (Figure S3a). Any observed differences, such as MALDI peak
classes assigned by bioinformatics software or SNP differences by WGS, may represent the
typical diversity between isolates of the same strain. Further comparisons with a broader cohort
of isolates from this hospital would further help to contextualise the relatedness between these
isolates. The outbreak in question in this study was identified as being associated with a single
surgery ward (ward A), multiple beds of which were inhabited by the patients during this time
period (Figure S3b). However, patients had also spent time on numerous other wards of varying
specialties within the hospital including intensive care units. There were overlaps in time in which
patients stayed on ward A, presenting possible opportunities for transmission to occur. This
shapshot of the typical high level of patient migration within a hospital highlights the requirement
for timely and adequate cross infection control strategies, and how accurate typing methods can
help to quickly confirm or rule out a potential outbreak.

Of the 18 isolates tested in this study, three isolates were classified as being separate from the
main group by all of the methods (respectively denoted as Group ll/cluster 331/MALDI Biotype B
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by MALDI bioinformatics & WGS/FTIR/MALDI FlexAnalysis method). These isolates were also
identified as belonging to European clone Il lineage OXA-23 clone 1 following reference typing.
However, according to the methods applied in our study diversity could exist between groups | &
Il indicating that they are not identical and possibly not from the same transmission route. It is
worth noting that for these three isolates, MBT16-005 and MBT16-039 were obtained from the
same patient (Patient ID: 2). MBT16-011 was obtained from another individual (Patient ID: 4)
who stayed on ward A in the same male 4-bedded bay during this time period. MDR A.
baumannii was identified first in patient 4, followed by patient 2 thirteen days later. It is possible
that we have identified an incidental transmission event between these two patients within ward
A that is separate from the main outbreak cluster. This finding, identified by in-house methods
independently to reference laboratory typing, could have implications for future infection control
strategies where isolated transmission events can be disassociated from larger outbreaks.

Our study introduced the use of FTIR for strain typing A. baumannii, which classified the isolates
into three clusters. Similarly to MALDI and WGS, FTIR grouped the three ‘Group II’ isolates into
cluster 331 along with an isolate not grouped by the other methods (MBT16-003). 16 reference
isolates of A. baumannii collected from clinical samples obtained from the Royal Free London
NHS Foundation Trust during 2014 and 2015 were included in the FTIR analysis. Figure S4
indicates that these reference isolates cluster disparately from the 18 outbreak isolates which
cluster within close proximity to one another. This result further supports the reference laboratory
interpretation that the isolates are closely related, if not the same strain. Our results show
promise for FTIR as a typing method; however given the relative infancy of the technique further
studies should be conducted before the method can be considered for routine clinical use.

Integration of emerging molecular strain typing methods into routine clinical
diagnostics

We have evaluated three emerging techniques and multiple data analysis workflows for bacterial
strain typing from the point of view of clinical diagnostic laboratories, who may wish to acquire in-
house capabilities for analysis of possible transmission events. The potential identification of a
distinct clonal group using independent methods in our study might suggest that a combination of
molecular tests, along with bioinformatic analyses, could help to more reliably assign A.
baumannii strain types. This could be applied where transmission events are suspected prior to
sending isolates for reference laboratory typing. Further work utilising a larger number of diverse
organisms is required to more scrupulously evaluate the applicability of the methods to typing, in
particular MALDI-TOF MS and FTIR. Whilst there may be a promising role for these emerging
technigues in-house, further reviews such as that conducted by (van Belkum et al., 2007) on
selecting methods for strain typing bacteria could help to guide laboratories in choosing suitable
methods.
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Conclusions

Using MALDI-TOF MS with different data analysis approaches and orthogonal methods for
molecular strain typing of A. baumannii (WGS and FTIR), we have detected a transmission event
between two patients that appears to be distinct from a cohort of isolates associated with a
nosocomial outbreak. This finding is supported by epidemiological data and patient migration
information within the hospital indicating opportunities for transmission. However, we have
empirically demonstrated that the MALDI-TOF MS experimental protocol introduces variability at
different stages, which may impact upon resolution of the technique when assigning a particular
peak class biomarker status. This work demonstrates how new and emerging methods might be
incorporated to provide faster epidemiological data during outbreak scenarios, however further
work on a larger cohort of more diverse organisms is required to select which method is most
appropriate for incorporation into routine practice. In-house applicability of these methods as
initial epidemiological screening tools prior to reference laboratory typing could help to reduce the
time taken to make clinical decisions whilst awaiting reference laboratory results, providing an
economic overall benefit to patient care.
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