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Abstract

The currently accepted gold standard for molecular diagnostic testing of high-consequence
pathogens (HCPs) such as viral hemorrhagic fevers (VHFs), polymerase chain reaction (PCR), has
limited feasibility at the point-of-care (POC) due to its centralized location, high cost, and
relatively long turnaround time. POC tests (POCTs) provide rapid results in the field during
outbreak response, helping to reduce transmission and time to patient care, and lower the overall
impact on the population. POCTs have the potential to be especially useful in rural or remote
locations where laboratory testing may have additional logistical constraints, such as in West
Africa where VHFs are frequent. Several clustered regularly interspaced short palindromic repeats
(CRISPR)-based POCTs have been developed for VHFs such as Lassa fever (LASV) and Ebola
virus (EBOV). CRISPR-based POCTs boast quick turnaround times, high sensitivity and
specificity, adaptability, and user-friendly designs. Often, CRISPR-based detection is paired with
an isothermal amplification method, such as recombinase polymerase amplification (RPA) or
loop-mediated isothermal amplification (LAMP). However, many of the CRISPR-based
diagnostic tests for LASV and EBOV use RPA paired with the CRISPR-associated (Cas) enzyme
Casl3, creating a limited toolbox of potential POCTs. To address this gap, reverse-transcription-
coupled LAMP (RT-LAMP) and Cas12b were explored as potential alternatives for LASV and
EBOV detection by adapting the STOPCovid.v2 (SHERLOCK testing in one pot) protocol
developed by Joung et al. in 2020 to detect severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2). In this thesis, RT-LAMP primers and CRISPR guide RNA (gRNA) were designed
to develop an RT-LAMP/Cas12b one-pot assay to detect LASV and EBOV. The RT-LAMP assay
was explored on its own and paired with Cas12b in both two-step and one-pot reactions to detect

LASV and EBOV, and the STOPCovid.v2 protocol was further optimized for EBOV detection. In

Vil



this study, it was found that false positive results were common and could possibly be attributed
to the high sensitivity of LAMP to non-specific amplification or contamination. Therefore, it is
concluded that while CRISPR-based tests are rapid and user-friendly, the realistic use of RT-

LAMP/Cas12b to develop a reliable, sensitive, and specific POCT must be further explored.
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1.0 Literature Review

1.1 Introduction

The viral hemorrhagic fever (VHF) disease group consists of many viruses from various
families, including Filoviridae, Arenaviridae, Bunyaviridae, and Flaviviridae, which can cause
severe diseases with high fatality rates in human populations [1, 2]. The term ‘viral hemorrhagic
fever’ is often used to describe these viruses due to similarities in disease progression and
characteristics, including the onset of non-specific “flu-like” symptoms, followed by severe
disease progression, as well as increased transmissibility, high fatality rates, and lack of treatment
options [1-3]. As the term ‘VHF’ suggests, hemorrhage is possible, however it occurs infrequently
and depends on the pathogen [2].

Notably, certain pathogens within the VHF disease group are categorized as high-
consequence pathogens (HCPs) which are a broad group of pathogens characterized by high
fatality rates, high transmission, minimal treatment options, and requiring rapid detection and
control of outbreaks that can threaten public health and security [4-6]. The term ‘VHF’ rather than
‘HCP’ will be used in this introduction to clarify the specific viral families being discussed.

The high transmissibility of VHFs was exemplified during the 2014-2016 West African
Ebola virus (EBOV) outbreak, affecting mainly Guinea, Liberia, and Sierra Leone, resulting in
over 28,000 cases and 11,000 deaths, with a fatality rate of 39% [7]. The magnitude of this
outbreak also led to imported travel-associated cases to other countries, including Europe and
North America, reinforcing the broader public health threat these viruses pose [7].

Other VHFs, such as Dengue virus (DENV) and Lassa Fever (LASV), are endemic. DENV,
which has the potential to develop into severe dengue and hemorrhaging, is an endemic disease in

over 100 countries [8, 9]. Similarly, LASV is endemic in West Africa, with 100,000 to 300,000



cases reported annually, although the true number of cases is likely underreported [10, 11].
Crimean-Congo hemorrhagic fever (CCHF) is another important VHF spreading outside its
ecological niche, with contributing factors such as climate change and host migration increasing
the risk of cases [12].

In addition to transmissibility, high fatality rates are also of concern for some VHFs. DENV
shows a global fatality rate of less than 1%, while LASV demonstrates an overall fatality rate of
1%, which can increase to approximately 15% in severe cases [13, 14]. Other viruses, such as
CCHF and EBOV, show fatality rates of up to 40% and 90%, respectively [15, 16].

This thesis focuses on detection of LASV and EBOV. Therefore, this introduction will

describe these viruses in more depth.

1.1.1 Ebolavirus

Ebolavirus belongs to the Filoviridae family, of which six viral species have been identified
[17]. In chronological order, two unrelated outbreaks occurred in 1976 in Zaire (now the
Democratic Republic of the Congo) and Sudan, leading to the identification of Ebola virus (EBOV)
and Sudan virus (SUDV) [9, 18]. Following this, Reston virus (RESTV) was identified as the cause
of an outbreak in cynomolgus monkeys imported from the Philippines to Reston, Virginia, United
States of America (USA) in 1989. Since then, RESTV has been responsible for several sporadic
outbreaks in monkeys, and in some cases pigs (2008, 2012), with the last recorded outbreak in
2015 [19]. RESTV is not known to be pathogenic in humans, causing only asymptomatic
infections [19]. In 1994, Tai Forest virus (TAFV) was identified as the cause of illness in a
researcher who conducted an autopsy on a chimpanzee from the Tai National Forest in Cote-
d’lvoire [20]. This non-fatal case has been the only recorded case of TAFV [18]. Several years

later in 2007, Bundibugyo virus (BDBV) was first identified during an outbreak in the Bundibugyo



district of Uganda [21]. Most recently, Bombali virus (BOMV) was identified in 2018 as the sixth
species, named after the Bombali district where the bats which tested positive for BOMV were
located. Analysis suggests BOMYV can infect humans, but in practice it remains unknown if BOMV

causes disease [17].

EBOV is a negative sense, single-stranded ribonucleic acid (ssRNA) virus [22]. Seven
genes are included in the approximately 19 kilobase (kb) long genome, in order: nucleoprotein
(NP), virion protein (VP) 35, VP40, glycoprotein (GP, including soluble GP and small soluble GP),
VP30, VP24, and RNA dependent RNA polymerase (L) [22]. The proteins NP, VP35, VP30, VP24,
and L form a filamentous ribonucleoprotein (RNP) that surrounds the viral RNA and is enveloped
by a host-derived membrane with GP and VP40 [22]. The main virulence factors include GP, VP35,
and VP24 due to their effects on the immune system, including inhibiting the interferon anti-viral

response and activating pro-inflammatory mediators [22].

Several hosts of EBOV have been identified; however, the true reservoir has remained
elusive [23]. It is thought that the reservoir may have certain characteristics, such as the ability to
tolerate infection and support viral replication [23]. Fruit bats have long been suspected of being
the reservoir due to the detection of antibodies and partial nucleic acids, as well as occurrence of
asymptomatic infections which allow for host survival [23, 24]. However, live virus has not been
detected, possibly due to latency or a high rate of viral clearance [23, 24]. To fully identify the
reservoir, a list of candidates has been put forward with the recommendation that experts across
disciplines work together and sample immune privileged sites during specific reproductive and

nutritional periods that support high viral titer [23].



1.1.2 Lassa Fever

Lassa virus belongs to the family Arenaviridae and is categorized as an Old World
arenavirus [2]. Analysis suggests the origin of LASV occurred over 1,000 years ago in Nigeria
[25]. The highly diverse strains of LASV are divided into seven lineages based on their location
across Africa [25, 26]. Lineage I was discovered in 1969 in Lassa, northeastern Nigeria, and was
named the Pinneo strain after one of the nurses who was helping a LASV patient [25-27]. It is
thought that lineage I spread into southern Nigeria creating lineage I, which then diverged into
clade IIA in the southeast and clade IIB in south-central Nigeria [25]. Lineage III is also found in
Nigeria in the north-central regions, and lineages II and III contain several sub-lineages [25, 27,
28]. Lineage IV expands across West Africa in Seirra Leone, Guinea, and Liberia, and also
contains clades IV.A and IV.B [25, 27, 29]. Lineages V, VI, and VII are more recently proposed
as new lineages [28]. Lineage V is located in Mali and Cote d’Ivoire, lineage VI was first identified

in Kako, and most recently lineage VII was identified in Togo [26, 30-32].

The LASV is a small, enveloped virus that appears sandy due to its ribosomes [9, 26]. The
genome is ambisense and encodes a small fragment (S) which contains the GP precursor (GPC)
and NP and is approximately 3.4 kb long. The large fragment (L) contains L (RNA dependent

RNA polymerase) and a zinc-binding protein gene (Z), and is approximately 7.2 kb long [2, 9, 26].

Unlike EBOV, the reservoir was identified as the rodent Mastomys natalensis in 1974, through
testing several rodents, bats, and other animals in Seirra Leone for LASV [33]. However, M.
natalensis is reported to have a smaller geographical range than LASV, prompting research into
other species as hosts of LASV, such as Hylomyscus pamfi and Mastomys erythroleucus [30].
LASYV is known to spread from the reservoir to humans via direct contact with an infected rodent
or through contaminated food or water, with one report indicating most infections spread from the
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reservoir opposed to human-to-human transmission [26, 34]. Identification of the reservoir allows
for targeted measures to reduce contact with rodents through trapping or awareness of seasonal

rodent behavior such as seeking food, water, or shelter [26, 33].

1.2 Point-of-Care Tests

The presentation of non-specific symptoms and limited treatment and vaccination options
available for VHFs add to the public health threat that these viruses pose. During early infection,
symptoms often present as general and non-specific, including fever, chills, diarrhea, myalgia, and
malaise, making it difficult to clinically differentiate between VHFs and other circulating diseases,
such as malaria [1-3]. This difficulty can potentially lead to misdiagnosis, further spread, and
delayed patient care [1, 3, 9, 35, 36]. In addition to diagnostic uncertainty, lack of treatment options
contributes to the difficulty in developing treatment plans and therefore often relies on supportive
care and variably effective antiviral medications to address symptoms [14, 16, 37]. As well, there
are no available vaccines for some VHFs, such as CCHF and LASV [14, 16]. Although vaccines
have been developed against others, such as DENV and EBOV, they come with specific
recommendations and limitations [8, 15]. With the increasing frequency of outbreaks, severity of
infections, high fatality rates, and the presentation of non-specific symptoms, national and
international efforts to control infections and prevent deaths through improved point-of-care
(POC) diagnostic capabilities are of paramount concern.

Early detection and differentiation of circulating viruses support public health by enabling
timely testing, accurate diagnosis, appropriate treatment, and rapid isolation of VHF cases to
prevent further transmission [1, 38]. The World Health Organization (WHO) originally provided
requirements for an ideal POC test (POCT) termed ASSURED (Affordable, Sensitive, Specific,

User-friendly, Rapid and Robust, Equipment-free and Deliverable to end-users), which has since



been updated by researchers to REASSURED, adding Real-time connectivity, Ease of specimen
collection, and Environmental friendliness to reflect modern technology and current challenges
[39]. In essence, the ideal POCT would be connected in real-time using minimal equipment or
mobile phones for streamlined data collection and consistent results, have simplified collection
methodology, be manufactured using recyclable materials, have a low cost per assay, limit false
positives and negatives, be easily used by the layperson, have a quick turnaround time, withstand
logistics associated with travel, and be accessible in low resource settings [39, 40].

Serological POCTs that detect antibodies have been developed for VHFs such as DENV
(SD Dengue Duo, combined antigen and antibody test) and ebolavirus (antibody test; SUDV,
BDBYV, and EBOV); however, there are several disadvantages to using antibody-based tests to
diagnose acute infections [41, 42]. For example, seroconversion can take days to weeks, with some
patients succumbing to VHF infection before producing detectable antibodies, thus severely
limiting the use of antibody-based testing at the POC [38, 43, 44]. Other disadvantages of antibody-
based testing in the POC setting include difficulty differentiating current or past infection status
and the effects of cross-reactivity [1, 45, 46]. However, it is important to note during some
infections such as DENV, the virus is rapidly cleared and therefore antibody detection remains an
invaluable standard for diagnosis [1, 2].

Recently, the use of clustered regularly interspaced short palindromic repeats (CRISPR) in
POC diagnostics has gained traction due to its ability to meet the REASSURED requirements,
such as low cost per assay, adaptability, high sensitivity and specificity, and short turnaround time,
in addition to deliverability to isolated communities and minimal equipment usage [47, 48]. The
goal of CRISPR-based diagnostics is to meet the REASSURED criteria in developing a rapid,

field-deployable test for persons with limited laboratory skills to perform the test at the POC.



The introductory section of this thesis will discuss the current molecular-based diagnostic tests
for VHFs and outline the CRISPR technology currently being investigated for use in diagnostic
testing. In addition, isothermal pre-amplification methodologies, specifically those used in VHF
detection, such as recombinase polymerase amplification (RPA), the closely related recombinase
aided amplification (RAA), and loop-mediated isothermal amplification (LAMP), will be
discussed. Finally, the current development of CRISPR-based diagnostic tests for VHFs that have

demonstrated progress toward meeting the POC criteria will be summarized.

1.3  Current Diagnostics

1.3.1 Polymerase Chain Reaction

Current diagnostic tests for VHE’s include the “gold standard” for nucleic acid detection of
pathogens, polymerase chain reaction (PCR) [1, 2, 49]. Historically, the standard was considered
to be viral culture; however, this method is time consuming and while it remains useful in detecting
or identifying viruses, the standard has since shifted to PCR [1]. In the context of VHFs, which
are all RNA-based, quantitative reverse-transcription PCR (RT-qPCR) uses a reverse transcriptase
enzyme, followed by temperature cycling for probe-based detection that tracks the fluorescence
produced in real-time, to quantify samples as the complementary deoxyribonucleic acid (cDNA)
template is amplified [2, 50]. The use of probes allows for multiplexing, which can detect multiple
targets at once [50]. While PCR is highly sensitive and specific, it typically lacks feasibility as a
POC option due to the complexity of reactions and machinery [48, 49]. PCR tests offer higher
sensitivity than antigen-based rapid tests but are still prone to false negatives in the early stages of
infection [3, 51]. For example, it can take 3-10 days post-symptom onset for an RT-PCR test to

display a positive EBOV result [3]. A false negative may be encountered if the test is administered



too early during an infection as there may not be enough RNA present to elicit a positive result,
necessitating repeat testing at a later time-point [3].

Other disadvantages of using PCR during an outbreak include its lengthy cycling times,
reliance on expensive laboratory-based equipment and trained technicians, and the logistical
challenges of transporting samples to a laboratory capable of performing diagnostics on risk group
4 pathogens [3, 48, 49, 52, 53]. In resource-limited regions, there may not be adequate or stable
power sources to run specialized equipment such as a thermocycler or appropriate cold storage for
samples and reagents [48, 54]. As well, PCR can be costly, with a single reaction costing up to 125
US dollars (USD) [55]. These factors highlight the need for improved diagnostic tests and reinforce
the importance of developing accurate, reliable, and robust POCTs that can be deployed in the

field to provide results in a timely fashion without these special considerations.

1.3.2 Antigen-based Tests

Antigen-based tests, including lateral flow-based tests or enzyme-linked immunosorbent
assays (ELISAs), can detect circulating viral proteins in the body to indicate acute infections, a
factor which is especially beneficial during outbreaks [53, 56]. The benefits of antigen-based
diagnostic tests include their ease of use outside the laboratory with minimal resources and training,
affordability, rapid detection capabilities at the POC compared to PCR, and ability to be combined
with antibody testing for further sensitivity and specificity [38, 41, 53, 56]. In some cases, such as
EBOV, antigen-based tests have been described as preferable to antibody-based tests due to a
detectable level of antigen that occurs prior to antibody development [44].

Antigen-based rapid tests have been developed for EBOV, LASV, and DENV [41, 53, 56].
The ReEBOV Antigen Rapid Test detects VP40 in whole blood and plasma with a sensitivity and

specificity of 100% and 92.2% when performed at the POC, respectively [53]. The ReLASV Pan-



Lassa Antigen Rapid Test detects NP in whole blood, plasma, and serum with a sensitivity and
specificity over 80% and 90%, respectively [56]. Similarly, the Bio-Rad NS1 Ag Strip was shown
to detect DENV with 61.6% sensitivity and 100% specificity [41].

However, antigen-based rapid tests do not meet all the qualities desired for a diagnostic
tool in the POC setting. The limitations of antigen-based tests include cold storage considerations,
long production times, and variable sensitivity and specificity compared to PCR [2, 53, 56-59].
While potentially useful for triage, antigen-based tests may produce false negative results during
early infection if the virus is not circulating in levels above the detection threshold, which may
necessitate a follow-up test with PCR [53, 58]. In other cases, infections may be cleared too rapidly,
rendering antigen-based tests unsuitable, such as during DENV infection [2]. These limitations
could result in repetitive testing, potentially leading to further spread of the pathogen and delayed
patient care, both of which are of great concern in the case of a VHF infection [43, 59].

Although these tests are unsuitable for POC diagnostics, they remain invaluable when used
in specific contexts and in conjunction with other tests and clinical information. An easy-to-use,
rapid, and reliable CRISPR-based POCT that can address the limitations of current diagnostic tests
could contribute to limiting transmission and increasing effective early patient management for

future outbreaks [12, 59].

1.4 CRISPR

1.4.1 CRISPR Background

CRISPR was first identified in Escherichia coli in 1987 as a distinctive genetic feature, but its
role as a prokaryotic adaptive immune system was not recognized until years later [60]. Since its
discovery, researchers have found that the characteristic short repetitive DNA sequences of the

CRISPR array and its CRISPR-associated (Cas) enzymes protect prokaryotes against foreign

9



genetic material that phages and plasmids can introduce [61, 62]. It was soon realized that the
unique ability of the CRISPR system to create genetic modifications could be exploited in genetic
engineering and therapeutics. The applications of CRISPR range from preventing the transfer of
gain-of-function elements such as antibiotic resistance, as a therapy for sickle cell disease, to
agricultural benefits, such as increased tolerance of crops to environmental or disease stressors,
increased yield, or biofortification [61, 63, 64]. CRISPR technology has expanded into molecular-
based detection of infectious diseases and has since gained traction in POC diagnostics for its
potential to meet the requirements of an ideal POC assay [47, 48, 65].

Briefly, the CRISPR complex is composed of the CRISPR array, which contains alternating
spacer and repeat sequences which transcribe into CRISPR RNA (crRNA), and are adjacent to the
trans-activating ctrRNA (tracrRNA) and Cas enzyme sequences [61, 62, 66—68]. The CRISPR
response is commonly divided into three stages: adaptation, expression, and interference (figure
1.1)[61, 66-69]. In the adaptation stage, the CRISPR system identifies and stores unique segments
of foreign genetic material (spacers) between series of short repetitive host DNA sequences
(repeats) in the CRISPR array “library”, where it is stored for the next encounter with the same
pathogen or gene [67, 68]. To differentiate invading foreign nucleic acid, a short nucleotide
sequence on the end of the spacer sequence, termed protospacer adjacent motif (PAM), is often
identified to recognize the foreign pathogen and aid in binding [62, 69, 70]. If the same genetic
material is reencountered, the expression stage begins, and the unique spacer sequences are then
transcribed into crRNA, which pairs with a tracrRNA to form a guide RNA (gRNA) [67, 71]. The
gRNA then pairs with the Cas enzyme to form a RNP, which guides the Cas enzyme to the targeted,
complementary sequence from the invading pathogen, termed the protospacer [67, 71]. Once the

target sequence and PAM site are detected, the Cas nuclease cleaves the target to destroy the
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foreign material and prevent infection of the cell, called the interference stage [67]. This property
has been applied to POC diagnostic tests where certain Cas enzymes can alert the user of the results

of the test using their trans-cleavage properties on fluorescent reporters, which will be discussed

further below.
Adaptation
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Figure 1.1 Three stages of the CRISPR adaptive response. Adaptation: foreign genetic material is
incorporated into the CRISPR array. Expression: RNP is formed following tracrRNA, crRNA, and
Cas expression. Interference: foreign genetic material is cleaved. Adapted from [61, 67]. Created
in BioRender.com.
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1.4.2 Cas Enzymes

CRISPR-Cas enzymes display endonuclease activity responsible for cleaving foreign genetic
material, of which several types and subtypes have been identified and formally organized into
two classes by Makarova et al. (2015): class I and 11 [62, 67, 68, 72]. Class I enzymes function as
a multi-unit complex and characterize the majority of CRISPR loci, and are further divided into
three subtypes: I, I1I, and IV [62, 67, 68]. Class I enzymes, which are most relevant to this review,
function as a single enzyme and are also divided into three subtypes: II, V, and VI [62, 67, 68].
Class 11 type V CRISPR-Cas enzymes include the DNA-cleaving Cas12 and Cas14, while type VI
includes the RNA-cleaving Cas13 enzyme [62, 67, 68, 73]. Certain enzymes within class II, such
as Cas12, Cas13, and Cas14, have demonstrated trans-effects, also known as off-target, collateral,
or indiscriminate cleavage [62, 67]. Once the Cas enzyme becomes activated by target recognition,
the enzyme demonstrates trans-cleavage activity of surrounding nucleic acids [62, 68]. This
property has been exploited by including nucleic acid reporters coupled with a fluorophore and
quencher into the diagnostic test, which produces fluorescence once cleaved [62, 68]. Activation
of the Cas enzyme by target acquisition and the resulting off-target activity in a CRISPR-based
POC diagnostic test can be measured by the increase in fluorescence due to the cleavage of a

nearby probe, indicating a positive pathogen detection in the sample [62, 68].
1.4.2.1 Class II Type V-B

The Cas12b enzyme (previously C2cl (Class 2 candidate 1)) is classified as a type V-B
enzyme in class II due to the presence of a single effector molecule and distinct features from other
type V-A or V-C enzymes [74]. The Casl2b enzyme uses a dual-guided RNA with a tracrRNA
[75]. Casl2b targets both double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA)

followed by trans-cleavage of ssDNA, with a preference for targeting ssDNA for activation [76,
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77]. It was also found that Cas12b shows a preference for the PAM site, 5> — TTN — 3°, when
targeting dsDNA but can trans-cleave ssDNA without a PAM site [75, 76]. Cleavage occurs using
a RuvC nuclease 17 base pairs (bp) upstream on the strand containing the PAM site, the non-target
strand (NTS), and 23 bp upstream on the complementary target strand (TS), leaving a 5’ overhang

[75].

1.4.3 Pre-amplification Methods

Amplification is a crucial step in nucleic acid-based detection to reach a clinical level of
detection, including during CRISPR-based diagnostics [48, 78]. Several pre-amplification
methods can be used to increase the genetic material present for detection. Specifically, isothermal
pre-amplification methods are attractive for use in CRISPR-based POCTs because of their minimal
equipment requirements [48]. Many isothermal amplification methods have been paired with the
CRISPR-Cas system for sensitive and specific pathogen detection, such as LAMP, RPA, the
closely related RAA, nucleic acid sequence-based amplification (NASBA), strand displacement
amplification (SDA), helicase-dependent amplification (HDA), and exponential amplification
reaction (EXPAR) [12, 57, 59, 70, 76, 79-98]. While PCR is often considered the gold standard
for molecular-based diagnostics, PCR is not a viable option as a pre-amplification method prior to
CRISPR-based detection at the POC due to the limitations previously discussed. This review will
focus on the pre-amplification methods commonly used in CRISPR-based POC diagnostics, such

as RPA/RAA and LAMP.

1.4.3.1 Recombinase Polymerase Amplification

RPA is one method of isothermal pre-amplification that can exponentially amplify targeted
DNA in under 30 min [78]. This amplification method uses phage T4 uvsX recombinase, strand-

displacing Bacillus subtilis (Bsu) polymerase I, adenosine triphosphate (ATP), and gp32 proteins
13



for stabilization of ssDNA (figure 1.2) [78]. The isothermal capabilities of RPA allow the reaction
to run at 37 °C using only minimal equipment such as a fluorometer or lateral flow strips [78]. Due
to the relatively low operating temperature, RPA could potentially run at ambient temperature or
utilize body heat alone in locations where a heat block may not be feasible, creating a useful POC
option [12]. RPA is highly sensitive, detecting as little as 10 copies of methicillin-resistant
Staphylococcus aureus (MRSA) using lateral flow strips [78]. RPA also demonstrates
multiplexing capabilities, allowing for the amplification and detection of multiple targets at once,
as shown with MRSA, Zika virus (ZIKV), and DENV [78, 87]. As well, one study found that most
inhibitors of PCR do not affect RPA, even at high concentrations [99]. However, out of the
inhibitors tested, whole blood and sodium dodecyl sulfate impeded the reaction [99]. Other
limitations include RPA reagent sensitivity diminishing if not stored properly, which can be
problematic in resource-limited areas; however, lyophilization is a possibility [48, 94, 100]. In
terms of VHFs, RPA pre-amplification has been paired with Cas12 and Cas13 for the detection of
DENV, EBOV, LASV, and CCHF, which are discussed in further detail below [12, 57, 59, 98,

101].
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Figure 1.2 RPA-based isothermal amplification. RPA creates one new copy of the template using
strand-displacing Bsu polymerase, UvsX recombinase, and stabilizing gp32 proteins. With the
addition of ATP, the recombinase displays cooperative binding of the forward and reverse primers
and forms a nucleoprotein complex that scans the template for the target site. Once identified,
strand invasion occurs, and the polymerase extends the DNA from both primer sites, synthesizing
one new copy of the template. Adapted from [78]. Created in BioRender.com.

1.4.3.2 Recombinase Aided Amplification

RAA is similar to RPA and has been comprehensively reviewed in ref. [102]. In summary,
RPA and RAA share similarities in the reaction temperature, sensitivity, specificity, and rapid

diagnostic capabilities at the POC [102]. RAA employs a highly similar mechanism to RPA,
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involving recombinase binding of the primers and strand invasion of the target site aided with
single-stranded DNA binding proteins (SSB), followed by a strand-displacing polymerase for
isothermal amplification [95, 102]. However, RAA has been more widely developed and differs
in the origin of the enzymes used, such as bacterial- or fungal-derived recombinase, as opposed to
the phage T4-derived proteins found in RPA [95, 97, 102]. RAA and reverse-transcription-coupled
RAA (RT-RAA) have been used alone to detect EBOV and paired with Cas12 and Cas13 to detect

LASV, DENV, and EBOV [95-97, 103].

1.4.3.3 Loop-Mediated Isothermal Amplification

Similar to RPA, LAMP or reverse-transcription-coupled LAMP (RT-LAMP) is another
isothermal method of nucleic acid amplification that can produce billions of copies of DNA in
under 1 h [104]. LAMP shows high specificity by using four to six primers that target six to eight
regions of the target strand [104]. The primers are termed forward inner primer (FIP), backward
inner primer (BIP), forward outer primer (F3 or FOP), and backward outer primer (B3 or BOP)
[104]. It was later found that by adding two additional loop primers, loop forward (LF) and loop
backward (LB), amplification can occur even more rapidly [105]. Using these primers and a strand-
displacing polymerase, LAMP amplifies and elongates the target sequence, creating many stem-

loop and cauliflower-like structures of various sizes (figure 1.3) [104].
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Figure 1.3 LAMP with additional loop primers. Binding of FIP synthesizes a complement to the
target strand. F3 performs strand displacement synthesis, releasing a new strand containing the
complement to the F1 region. The process is repeated with BIP and B3, forming a strand with
complement regions on both ends that fold and form a dumbbell structure. Self-priming initiates
the formation of stem-loop structures, followed by the amplification and elongation cycling of
LAMP structures [104, 105]. Created in BioRender.com.

The benefits of LAMP include its fast reaction time and minimal equipment requirements,
such as a water bath or heating block, to maintain the reaction at approximately 60-65 °C, unlike
PCR, which requires the use of a laboratory-based thermocycler [104]. While LAMP runs at a

higher temperature than RPA, it can be paired with the thermostable Cas12b for CRISPR-based
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diagnostics [76, 83]. LAMP constituents can also be lyophilized, and multiple real-time and end-
point readout types have been reviewed, such as turbidity, intercalating dyes, and gel
electrophoresis [106]. As well, multiple techniques for multiplexing have also been developed and
thoroughly reviewed [106, 107]. In terms of sensitivity, several studies have shown LAMP to
outperform conventional PCR or real-time PCR in some contexts, while in other cases, LAMP is
comparable to or less sensitive than PCR [11, 106, 108—119]. Similar to RPA, LAMP is inhibited
by the same inhibitors as PCR but is more robust and can function at higher concentrations than
PCR [120]. For example, urea is a well-known inhibitor of PCR, but LAMP can function at higher
concentrations than what would normally be found in a clinical sample, surpassing the capability
of PCR [120].

The limitations of LAMP include lack of cloning ability and complicated sequencing due
to the stem-loop and cauliflower-like structures LAMP produces, and risk of false positives [106,
109]. Due to its high sensitivity, LAMP is prone to carryover contamination and is susceptible to
amplification in non-template controls (NTCs) due to primer hybridizations, potentially
contributing to false positives [106]. Care must be taken to reduce aerosol production and prevent
contamination by using dedicated spaces with ventilation, sterile techniques, and filtered pipette
tips [106, 109]. As well, easily confirming the amplified target by band size through gel
electrophoresis is prevented by the “ladder” effect of LAMP, which can be mediated by running a
restriction enzyme digest instead [104, 106]. In addition, primer design can be difficult, so primer
design tools are available, such as New England Biolabs (NEB) LAMP Primer Design Tool (NEB

LAMP) and PrimerExplorer V5 (PrimerExplorer V5), but the primer design may still need to be

performed by hand if targeting a very specific area, or redesigned in the case of non-template

amplification [106, 121, 122]. In terms of VHFs, and to the best of our knowledge, RT-LAMP has
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only been used alone and not paired with CRISPR to detect LASV, Rift Valley fever virus (RVFV),

Marburg virus (MARV), and EBOV [11, 108, 111119, 123-126].

1.4.3.3.1 Current EBOV RT-LAMP Assays

A Pubmed search of “Ebola RT-LAMP" assays yielded 20 results, 11 of which discussed

original research on developing an RT-LAMP assay to detect EBOV, which are summarized in

table 1. From these 11 results, two primer sets had all six LAMP primers and the space for potential

gRNA addition, which have been bolded in table 1. However, the current rVSVAG-ZEBOV-GP

vaccine can create GP RNA, which could lead to false results in vaccinated persons and create

uncertainty around diagnosis, therefore the assay targeting the NP gene was selected for further

testing instead [59]. The RT-LAMP primers and corresponding gRNA used in this study to detect

EBOV are listed in table 3.

Table 1. Summary of EBOV RT-LAMP Publications.

Author Target LAMP Primers

[115] NP F3, B3, FIP, BIP, LF, LB

[114] NP F3, B3, FIP, BIP, LF, LB (unlisted)
[123] NP F3, B3, FIP, BIP, LF, LB

[124] GP F3, B3, FIP, BIP, LF, LB

[108] NP F3, B3, FIP, BIP, LF, LB

[116] L F3, B3, FIP, BIP

[117] GP F3, B3, FIP, BIP, LF, LB

[125] GP F3, B3, FIP, BIP, LF, LB
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[112]

Trailer region

NP

F3, B3, FIP, BIP, LF

F3, B3, FIP, BIP, LF, LB

[118]

NP

F3, B3, FIP, BIP, LF, LB

[126]

Trailer region

F3, B3, FIP, BIP

1.4.3.3.2 Current LASV RT-LAMP Assays

A similar Pubmed search for “Lassa RT-LAMP” yielded five results, three of which

described original research on developing an RT-LAMP assay for LASV. Of these sets, two listed

all six LAMP primers and could potentially accommodate the addition of a gRNA, which are

bolded in table 2. However, phase 2 clinical trials are underway for a similar vaccine, r'VSVAG-

LASV-GPC, so the NP target was chosen instead to alleviate potential cross-reactivity in the future

(Mutua et al. ID #NCT05868733) [127]. The RT-LAMP primers and gRNA sets used in this study

are listed in table 3.

Table 2. Summary of LASV RT-LAMP Publications.

Author Target LAMP Primers

[115] NP F3, B3, FIP, BIP, LF, LB

[113] GP F3, B3, FIP, BIP, LF, LB (3 sets)
[11] NP F3, B3, FIP, BIP, LF, LB (2 sets)

1.4.3.4 Amplification-free Methods

Amplification-free CRISPR-based tests have been considered in order to streamline the

process by removing the pre-amplification step for targets such as severe acute respiratory
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syndrome coronavirus-2 (SARS-CoV-2), human papillomavirus (HPV), and Monkey Pox viral
plasmids [128—130]. The use of a pre-amplification method may introduce errors such as non-
specific amplification, and extra steps in the workflow may introduce contamination, leading to
false results [130, 131]. Logistics such as running temperature of the assay and appropriate cold
storage of reagents must also be considered for ease of use at the POC [100, 132]. Additionally, a
pre-amplification step may add extra time to the assay when rapid results are desired [130].

To circumvent these challenges, amplification-free tests have been explored, and high
sensitivity and quick detection times can still be achieved at the POC. One method pairs Casl3
with the Csm6 enzyme for increased signal amplification [87, 132]. The Csm6 enzyme is classified
as a type Il nuclease and is activated by cyclic oligoadenylate molecules [87, 132]. In this method,
Casl13 is first activated by target recognition, which then cleaves the Csm6 oligoadenylate activator,
enabling the activation of the Csm6 enzyme and subsequent amplified reporter cleavage, followed
by fluorescence [132]. Using this method, with Cas13 and Csm6 working in tandem, 31 copies/pL
of RNA could be detected in under 1 h, highlighting its potential usefulness during an outbreak
[132]. Removing the pre-amplification reagents could potentially lower the cost of the test as well
[132].

In some contexts, removing the pre-amplification step may not be beneficial and may require
more research into the feasibility of amplification-free methods on testing clinical samples [94,
100]. For example, one study showed the combination of RPA and Casl3a could detect a
concentration of 2 attomolar (aM) of viral RNA, while running the assay without the pre-
amplification step showed a sensitivity in the 50 femtomolar (fM) range, demonstrating that
combining the reaction with RPA resulted in a significant increase in sensitivity [94]. Similar

results were found with Casl2a, where the combination with RPA provided aM sensitivity, but
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not with Casl2a alone [86]. The ability to detect a lower concentration of viral RNA when

combined with RPA shows that a pre-amplification step may continue to be a valuable addition to

POC testing, especially during infections when the viral titer may be in the low aM range [94].
Amplification-free methods for VHFs such as EBOV and DENV are discussed in more detail

in their respective sections below [100, 133].

1.4.4 CRISPR-based Detection Methods

As discussed, CRISPR-based diagnostic tests endeavor to meet the
ASSURED/REASSURED criteria, as they are easily adaptable to circulating strains or pathogens,
provide faster results than PCR at the POC, and demonstrate similar sensitivity and specificity as
PCR in some contexts [48, 57, 59, 86]. Furthermore, CRISPR-based tests demonstrate low cost,
with two studies quoting less than 1 USD per test, and another quoting 6 USD per test [59, 94,
100]. CRISPR-based POCTs may also use minimal equipment and non-invasive sampling
methods, such as saliva [59]. Even though PCR testing is at a disadvantage at the POC compared
to other methodologies such as CRISPR or antigen-based assays, it remains the gold standard for
diagnostic sensitivity and specificity to which new diagnostic assays are compared.

Several CRISPR-based tests that use different variations of pre-amplification methods and Cas
enzymes have been developed, most notably DETECTR (DNA endonuclease-targeted CRISPR
trans reporter), SHERLOCK (Specific High-Sensitivity Enzymatic Reporter UnLOCKing),
HOLMES (one-hour low-cost multipurpose highly efficient system), and STOP (SHERLOCK
Testing in One-Pot, version 2) [76, 86, 87, 94, 134, 135]. These methods will be briefly described
in this section.

The DETECTR method combines Cas12a and RPA in a one-pot format to detect DNA targets

within 1 h [86]. It was discovered that Cas12a targets dsSDNA and trans-cleaves ssDNA, and this
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method was applied to rapidly detect two types of cancer-associated HPV, HPV16 and HPV 18,
from patient anal swabs with high concordance with PCR [86].

Similar to DETECTR, the SHERLOCK method combines RPA or reverse-transcription-
coupled RPA (RT-RPA) and Cas13a coupled with T7 transcription to cleave RNA [94]. Using this
method, ZIKV was detected in clinical serum and urine samples at aM concentrations [94]. As
well, two different strains with single-nucleotide polymorphisms (SNPs) could be differentiated
for both ZIKV and DENV [94]. The SHERLOCK method is inexpensive, sensitive, and maintains
performance when lyophilized and reconstituted, showing promise for POC diagnostics [94].

In SHERLOCKV2, the multiplexing and signal amplification capabilities of SHERLOCK were
further developed [87]. Multiplexing was achieved by combining four different Cas enzymes with
their respective reporters containing their preferred motifs in the same reaction [87]. By using
multiple fluorescent channels, different targets were detected, which can be applied to identify co-
circulating viruses such as influenza or SARS-CoV-2 at the POC [87]. As well, quantitation and
lateral flow readout were explored [87]. The combination of RPA, Cas13, and Csm6 was applied
to lateral flow strips, which allowed for rapid, sensitive, and mobile detection [87].

Another method that was developed using the Cas12a enzyme is known as HOLMES [134].
Similar to SHERLOCK, HOLMES could detect SNPs to differentiate between virus and vaccine
strains and could also detect DNA and RNA viruses with aM sensitivity [134]. However, PCR was
used as the pre-amplification method, which is unsatisfactory for POC diagnostics as previously
discussed [134].

HOLMESV2 overcame the limitation of HOLMES by combining the thermophilic Cas12b
enzyme with LAMP/RT-LAMP and further explored a one-pot system and quantitation [76].

Cas12b is thermostable and demonstrates nuclease activity at higher temperatures, with the optimal
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temperature determined to be 55 °C for Alicyclobacillus acidoterrestris Cas12b (AacCas12b) in a
one-pot reaction with LAMP, and up to 64 °C for Brevibacillus sp. Cas12b (BrCas12b) [76, 83].
Therefore, Cas12b pairs well with LAMP, which functions optimally at 60-65 °C [76, 83, 104].
HOLMESv2 demonstrates the practicality of LAMP in a fast, one-step CRISPR-based format for
ease of use at the POC [76].

Lastly, the STOPCovid.v2 method also combines LAMP with Cas12b for rapid, sensitive, and
specific detection [135]. The one-pot test uses magnetic bead-based extraction, which increased
the sample input and resulted in the detection of concentrations as low as 33 copies/mL, much
lower than the RT-qPCR test the assay was compared to [135]. The STOPCovid.v2 assay detected

SARS-CoV-2 in less than 45 min with 93.1% sensitivity and 98.5% specificity [135].

1.5 CRISPR-based Diagnostic Tests for VHFs at the POC

To the best of our knowledge, CRISPR-based diagnostic tests for VHFs that address use in the
POC setting have been developed for DENV, EBOV, LASV, and CCHF, which are outlined below.
This section will focus on those that employ the isothermal amplification methods RPA or RAA,

and LAMP.

1.5.1 Dengue Virus

A field-deployable diagnostic test for ZIKV and DENV was developed using the
SHERLOCK method combining RPA and Casl3 [57]. In this study, a new technique was
developed to bring viral nucleic acid extraction outside the laboratory environment, termed
HUDSON (Heating Unextracted Diagnostic Samples to Obliterate Nucleases) [57]. HUDSON
uses a mix of tris(2-carboxyethyl)phosphine hydrochloride—ethylenediaminetetraacetic acid
(TCEP-EDTA) followed by a two-part heating procedure to extract viral nucleic acid and

inactivate ribonucleases and virus straight from a clinical sample [57]. Using SHERLOCK, DENV
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was detected in 24 RT-PCR-positive samples of extracted RNA, while the combination of
SHERLOCK and HUDSON detected DENV in eight clinical serum samples and three clinical
saliva samples in under 1 h [57]. Out of the different sample types, saliva demonstrated a lower
viral load but also potential for a rapid and non-invasive sample type, which meets one of the
REASSURED POCT characteristics discussed above [57]. The assay was further developed to
detect a positive sample out of a panel of flaviviruses (ZIKV, DENV, West Nile virus, and Yellow
Fever), as well as any combination to detect a possible co-infection [57]. Similarly, the assay can
detect which serotype (or multiple) of DENV is present [57]. The ability to differentiate between
multiple viruses or serotypes that may be co-circulating with indistinguishable symptoms would
be greatly beneficial in a readily deployable POCT. Lastly, to highlight the adaptability of
SHERLOCK and its ability to detect SNPs, a successful new test was created within one week of
identifying a new ZIKV mutation, demonstrating the usefulness of CRISPR-based POC diagnostic
tests in future outbreaks [57].

In another study, Cas13a and Cas12a were combined to develop a field-deployable lateral
flow test to detect DENV [133]. The assay did not use pre-amplification of the DENV RNA, rather
it was found that using both Cas13a and Cas12a increased the sensitivity to 190 fM versus 741 fM
when Cas13a was used alone, not quite reaching aM concentrations that other assays described
here have demonstrated [94, 133, 134]. The assay was also highly specific to DENV-1, detecting
serotype 1 and not serotypes 2, 3, or 4 [133]. While the trans-cleavage activity of the Cas enzymes
is still taken advantage of, this test works differently in that fluorescence is observed when the
pathogen is not present [133]. When DENV RNA is present, Cas13a is activated and the Cas12a

gRNA is consequently degraded, leaving the DNA-based reporter intact to display the test line of
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the flow strip [133]. When DENV RNA is not present, Cas12a degrades the reporter, illuminating
only the control line [133].

Recently, a unique one-pot system was developed to detect all four serotypes of DENV
(serotypes 1-4) using RT-RPA and Cas12a [101]. In this reaction, RT-RPA was run at its optimal
temperature (38 °C) in the reaction tube, while the Cas12a components were stored in the lid of
the closed tube [101]. The tube was then centrifuged and the temperature increased (48 °C) for the
Casl12a detection of the amplified targets [101]. The test detected plasmids containing DENV 1-4
in under 1 h in both tube-based and lateral-flow formats [101]. In this study, no cross-reactivity
was observed, and the detection limit was assessed to be lower for the tube-based format at
approximately 91.7 copies/test (95% probability), while the lateral-flow test was found to be
reliable above 250 copies/test [101].

Another one-pot test was recently developed, combining RAA with Casl3a, termed
CRISPR-based Rapid and Efficient Test (CRISPRET) [97]. The one-pot test achieved high
sensitivity and specificity when tested on plasma samples of all four serotypes, with an average of
95.8% and 96.6% when compared to qPCR, respectively [97]. As well, each assay was specific to
only the serotype tested for [97]. It was noted that while the one-pot system is rapid and reduces
the possibility of contamination, combining amplification and detection may result in lower

sensitivity and specificity than if these reactions were performed separately [97].

1.5.2 Ebola and Lassa Virus

The SHERLOCK method was again employed to develop an inexpensive and easy-to-use
POCT to successfully detect EBOV and clades II and IV of LASV from clinical samples in West
Africa (figure 1.4) [59]. The assay used both fluorescence and lateral flow readouts and showed

that fluorescence-based tests were 10 times more sensitive than lateral flow strips for the detection
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of LASV, similar to the DENV test described above [59, 101]. Fluorescent readout detected LASV
clades IT and IV to 10 copies/uL and 100 copies/uL, respectively, and EBOV to 10 copies/uL [59].
The assays were also tested on 16 EBOV and 10 LASV clinical samples and found to agree 100%
with RT-qPCR, with the LASV clade IV assay outperforming RT-qPCR [59]. Aside from
sensitivity, both LASV and EBOV assays were highly specific and showed no cross-reactivity
with other VHFs [59]. As well, the safety and practicality of HUDSON as a POC
extraction/inactivation technique was further assessed [59]. It was found that using either 70 °C
for 30 min or 95 °C for 10 min worked to inactivate viruses in whole blood, urine, and saliva [59].
Among these sample types, saliva again showed the highest sensitivity [59]. Lastly, a smartphone
application (app) was developed to ensure bias-free, consistent readings of the lateral test strips
[59]. The HandLens app maintains high accuracy and demonstrates progress towards real-time

connectivity, one of the REASSURED characteristics [59].
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Figure 1.4 SHERLOCK and HUDSON workflow. Patient samples (such as saliva) are collected,
and the HUDSON technique is employed to inactivate and extract viral RNA. Reverse-
transcription and isothermal amplification of DNA occur, followed by transcription back into RNA.
Recognition and cleavage by RNA-based enzyme Cas13 can be read through lateral flow strips or
real-time fluorescent readout. Adapted from [59]. Created in BioRender.com.

Due to drawbacks of RPA, such as the complexity and stability of reagents, an
amplification-free method was chosen in another study, where a small microfluidic device was
developed for Cas13a POC detection of EBOV [100]. Compared to PCR, the assay is quick and
inexpensive, with the ability to run 24 samples in 30 min and low cost of approximately 6

USD/assay [100]. Furthermore, the assay does not require complicated sampling procedures, as it
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is compatible with finger prick tests, making it attractive for use in the POC setting [100]. The
assay works by first extracting viral RNA from blood prior to running the sample on the
microfluidic chip system, which is also capable of multiplexing and quantitation [100]. The Cas13a
gRNA is first added to the detection reservoir, followed by extracted EBOV RNA, and the
resulting fluorescence is measured using a small benchtop fluorometer aligned with the
microfluidic chip [100]. Without target amplification, the assay has a limit-of-detection (LOD) of
5.45x107 copies/mL [100]. This can be compared to the mean viral load found in initial blood draw
samples from patients who presented to the Liberian Ebola Treatment Unit and later succumbed
to infection of 1.55x107 copies/mL [136]. Due to the amplification-free nature, it is possible that
not all infections will be detected, and the application of the device on clinical samples during the
early stages of infection, as well as incorporation of RNA extraction into the system, should be

further studied [100].

Recently, a so-called “tube-sleeve-tube” one-pot assay was developed to detect a conserved
region of the EBOV VP40 gene using RT-RAA paired with Casl2a [96]. In this assay, the RT-
RAA reaction is run in the bottom of the tube, while a smaller, uncapped tube containing the
CRISPR reaction is placed into the larger tube upside down [96]. Centrifugation allows the
reactions to mix, and the resulting fluorescence can be measured [96]. The test is rapid, detecting
3.6 copies/uL of linearized plasmid in under 1 h [96]. As well, the assay did not detect other viruses
of concern, and when tested with extracted EBOV RNA, it showed high concordance with RT-

qPCR [96].

RT-RAA has also been paired with Cas13a to detect LASV [95]. In this study, lateral flow
strips termed easy-readout and sensitive-enhanced (ERASE) strips were developed and used to

detect plasmids containing the targeted NP region [95]. The detection limit was determined to be
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100 copies/uL, which was less sensitive than the 10 copies/uL that fluorescence-based readout and
gPCR achieved, a trend seen in other assays described here [59, 95, 101]. The test is also rapid,
uses portable equipment for the POC, and does not detect other viruses such as DENV or ZIKV

[95].

1.5.3 Crimean-Congo Hemorrhagic Fever Virus

In this proof-of-concept study, RPA and Casl3a were combined to target all clades of
CCHEF [12]. The high sequence diversity between the multiple CCHF clades creates difficulty in
targeting a conserved region [12]. However, it was found that using degenerate nucleotides in the
gRNA allowed the test to overcome the diversity between clades while maintaining high
specificity, as the test did not detect other related viruses, including RVFV [12]. The two-step
assay showed high sensitivity with a detection limit of 1 copy/uL and a fast turnaround time of
under 40 min, making the assay a strong candidate for further development as a one-pot POCT
[12]. It was also noted that the degenerate gRNA demonstrated similar efficacy as other non-
degenerate-based gRNAs, while maintaining a greater ability to detect CCHF despite mutations
[12]. Although the study did not include testing clinical samples, it successfully detected samples
contaminated with DNA, a known contributor to false positives that could be found in clinical
samples [12].

Due to the competitive nature and temperature difference of the components involved in
designing a one-pot test, a microfluidic device with separate chambers for isothermal amplification
and CRISPR—-Cas detection was developed, termed the lift-heater centrifugal microfluidic
platform (Lift-CM) [98]. The device is potentially suited for the POC, as it is quick, portable,
compatible with lyophilization, and low cost [98]. As well, the device is linked with a smartphone

app to set up and monitor the activity of the assay such as the temperature and fluorescence
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produced in real-time [98]. The Lift-CM platform uses a spatially encoded centrifugal disc (termed
SEC-disc) containing eight channels where the extracted samples are added, and dual-heating and
centrifugation elements allow for pre-amplification and Cas detection to be carried out separately
[98]. Plasmids containing the target such as CCHF and EBOV (10* copies/uL) were detected using
RPA combined with Casl2a [98]. The microfluidic device was also compatible with

LAMP/Cas12a, highlighting its adaptability for the POC [98].

1.6 Discussion

The diagnostic landscape for VHFs has historically relied on established modalities such as
PCR, antigen detection assays, and antibody-based tests [1, 2]. While these platforms have proven
indispensable in outbreak settings, each carries inherent limitations, including requirements for
specialized infrastructure, time-intensive workflows, or reduced sensitivity during early infection
[1]. In recent years, CRISPR technology has emerged as a promising alternative, offering rapid,
highly specific, and potentially field-deployable POCTs [48, 65]. By leveraging isothermal
amplification strategies and Cas-mediated nucleic acid recognition, CRISPR-based assays present
a paradigm shift in POC testing [48]. A critical comparison of these approaches highlights not only
the strengths and shortcomings of conventional diagnostics for VHFs but also the potential of
CRISPR-based platforms to expand capacity for timely and decentralized detection in future

outbreak responses.

1.6.1 Strengths and Limitations

CRISPR-based diagnostics show promise in meeting the REASSURED criteria, as they boast
low cost and minimal equipment requirements, as well as demonstrate rapid detection times,
characteristics that are of great importance when developing a POCT for areas with limited

infrastructure [39, 48, 59]. As well, the CRISPR-based tests described here have demonstrated
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high sensitivity and specificity. The SHERLOCK test developed to detect DENV demonstrated
100% agreement with RT-PCR when tested on 24 DENV-positive samples [57]. When applied to
10 clinical samples of LASV, SHERLOCK again achieved 100% agreement with sequencing and
RT-gPCR [59]. Specifically for LASV clade IV, this level of sensitivity outperformed two
different PCR assays, a Nikisin RT-qPCR assay (40% sensitivity) and an in-house RT-qPCR assay
(50% sensitivity), which was attributed to differences in primer design [59]. The same results were
found when tested on 16 clinical samples of EBOV, with SHERLOCK in 100% agreement with
sequencing [59]. Furthermore, detection of concentrations as low as 1 copy/uL were achieved [12,
57]. Each test was also shown to be highly specific to their respective target of DENV, LASV,
EBOV, or CCHF after testing for cross-reactivity with other viruses [12, 57, 59, 95-97, 101, 133].
Lastly, most of the assays showed rapid detection times under 1 h [12, 57, 95-98, 100, 101, 133].
While these tests show high sensitivity and specificity, the number of clinical samples tested is
low and could benefit from greater sampling to better showcase the accuracy and reliability of
CRISPR-based diagnostic tests.

It is important to note the conversion between the different concentrations described in these
CRISPR-based diagnostic tests, such as molarity versus copy number. Many of these articles report
the LOD of the CRISPR assay in molarity, often seen so far in this introduction to be in the aM or
fM range, while others report the LOD in copies/volume. The concentration in copies/pL can be
converted to molarity using Avogadro’s number (6.022 x 10?* molecules/mol) and converting the
volume. For example, the LOD of 1 copy/uL is approximately equal to 1.66 aM, demonstrating
that CRISPR-based assays reporting LODs in the low aM range are comparable to single copy

numbers [12, 57].
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There are other VHF’s that were not addressed in this review, including those that the WHO
previously described as high-priority pathogens such as MARYV or RVFV, for which no CRISPR-
based POC diagnostic assays have been developed [137]. Furthermore, the assays described here
for DENV, EBOV, LASV, and CCHF commonly use the RPA/RAA pre-amplification method
paired with the Cas13a enzyme, with some variations including Cas12a [12, 57, 59, 95-98, 101].
Evidently, on top of the limited number of CRISPR-based POCTs for VHFs, there is also an
absence of variety in these assays. To circumvent this, other pre-amplification methods and Cas
enzymes could be further explored as potential POCTs. For example, LAMP and Cas12 enzymes
have unique features that may advance CRISPR-based POCTs for VHFs by adding more options
to the CRISPR-based toolbox. The successful combination of LAMP and Casl2 has been
previously demonstrated with several pathogens, which can be leveraged to contribute to a wide

variety of CRISPR-based POCTs for future outbreaks of VHFs [76, 83, 85, 135, 138].

1.7 Conclusion

CRISPR-based assays are a valuable tool for the development of POC diagnostics tests due to
their ability to be easily adapted to the current circulating strain of the pathogen and their feasibility
for use in the field due to minimal, low-demand equipment, low cost per assay, and high sensitivity
and specificity. CRISPR-based assays provide faster results than traditional molecular-based tests
like RT-qPCR, enabling more rapid responses, which is especially critical in resource-limited
settings where timely diagnosis can significantly improve outbreak control and patient
management. VHFs such as DENV, EBOV, LASV, and CCHF have successfully been detected
using CRISPR-based diagnostics [12, 57, 59, 95-98, 100, 101, 133]. However, more development
of CRISPR-based POCTs is needed to explore different combinations of pre-amplification

methods and Cas enzymes to ensure public health safety in the event of future VHF outbreaks.
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1.8 Aim and Hypothesis

Aim: This study aims to expand the CRISPR-based toolbox by adapting and optimizing the
STOPCovid.v2 protocol by Joung et al. (2020) to develop a rapid and user-friendly RT-
LAMP/Cas12b one-pot test to separately detect two VHFs, LASV and EBOV. The assay aims to
use minimal, field-deployable equipment to provide quick and accurate diagnosis at the POC in

low-resource and outbreak prone settings, helping to reduce transmission.

Hypothesis: It is hypothesized that RT-LAMP and Cas12b can be combined to develop a one-pot

assay to successfully detect LASV and EBOV in a sensitive and specific manner.

1.9 Objectives

Objective 1: Optimize the current CRISPR-based diagnostic assays in the literature, such as the
STOPCovid.v2 method, for application to LASV and EBOV using RT-LAMP and Cas12b for

successful one-pot detection.

a) Design RT-LAMP primers and gRNA to amplify and detect LASV and EBOV.

b) Optimize the assay for successful amplification and detection in a one-pot format.

Objective 2: Optimize the sensitivity of the RT-LAMP CRISPR-Cas12b assay by measuring the

LOD and limiting the number of false positives and negatives.

a) Apply and test these parameters on infected containment level 4 (CL4) animal samples.

b) Apply and test these parameters on spiked matrices.
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2.0 Materials and Methods

2.1 In-house AapCas12b Production and Purification

The Alicyclobacillus acidiphilus Cas12b (AapCasl2b) enzyme was produced in-house
following a modified version of the Kellner et al. (2019) and Yang et al. (2023) protocols [131,
139]. First, 100 pL of bacterial BL21 (DE3) competent cells were transformed with 50 ng of
pAGO01 His6-TwinStrep-SUMO-AapCas12b (Addgene #153162). The cells were incubated for 5
min on ice, heat shocked at 42 °C for 45 s and then returned to ice for 2 min. Next, 400 pL of pre-
warmed (37 °C) Super Optimal broth with Catabolite repression (SOC) medium was added to the
cells, and the cell suspension was spread on pre-warmed (37 °C) Luria broth agar plates containing
100 pg/mL ampicillin (amp) and incubated at 37 °C overnight. A single colony was inoculated
into 10 mL of Terrific broth (TB) supplemented with 100 pg/mL of amp and incubated overnight
at 37 °C and 300 revolutions per min (rpm). The following morning, four 2 L flasks were prepared
with 2 mL starter culture and 400 mL TB with amp and were incubated at 37 °C and 220 rpm. The
suspension was monitored every 30 min until the optical density at 600 nm reached 0.4-0.6 (no
unit). Protein expression was induced using 250 uM isopropyl B-D-1-thiogalactopyranoside after
cooling the suspension on ice for 30 min. The cells were then incubated for 20 h at 16 °C and 160
rpm. The pellet was collected by centrifuging at 3,000 relative centrifugal force (RCF, or g) for 30

min at 4 °C and stored at -80 °C until purification.

Protein purification was performed using a gravity flow column and fast protein liquid
chromatography (FPLC) with the proteins stored at 4 °C in between steps to avoid repetitive
freezing and thawing. If required, the proteins were stored in storage buffer at -80 °C. Cell lysis
was performed using 4X (w/v) supplemented lysis buffer (lysis buffer supplemented with 1

cOmplete tablet/10 mL, 0.5 mg/mL lysozyme, and 1 pL/100 mL benzonase) and mixed at 4 °C for
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30 min until homogeneous. The cells were lysed using sonication set up on ice with an amplitude
setting of 75% for 10 s on and 60 s off for a total of 4 min of sonication time. Care was taken to
avoid heat denaturation or foam production. Cell lysate was collected after centrifugation at 13,000
g for 30 min at 4 °C. The Strep-Tactin resin was prepared and mixed with the cell lysate for 2 h at
4 °C with gentle shaking. A 50 mL Bio-Rad Glass Econo-Column was washed twice with cold
lysis buffer (20 mM Tris-HCI, 0.5 M NaCl, 1 mM dithiothreitol (DTT), pH 8) and equilibrated
with 20 mL of cold lysis buffer. The lysis buffer was drained, and the resin was washed eight times
with 5 mL of lysis buffer. The resin was resuspended with 15 mL of SUMO cleavage buffer and
incubated overnight at 4 °C with gentle shaking. The protein was collected by draining the column

and rinsing with 5 mL of lysis buffer three times.

Further purification was performed using ion-exchange and size exclusion FPLC (AKTA
system) to ensure removal of any contaminating proteases or nucleases. The buffers were filtered,
and the protein was prepared by centrifugation (3,000 g, 10 min) or filtration (0.45 um) and diluted
with binding buffer (10 mM sodium phosphate, pH 7) to lower the NaCl concentration for efficient
binding. Ion-exchange chromatography was performed using a HiTrap Heparin HP column with
the following program set at 5 mL/min: 10 column volumes (CV) binding buffer wash, load sample,
10 CV binding buffer wash, 10 CV elution buffer gradient (0% to 100%; 10 mM sodium phosphate,
2 M NaCl, pH 7; 0.25 mL fractions), 10 CV 100% binding buffer wash, 5 CV milliQ water wash,
followed by 5 CV 20% ethanol for column storage. The fractions containing the protein were
identified and pooled. If size exclusion chromatography was performed next, the buffer was
exchanged with the size exclusion buffer (10 mM HEPES buffer (pH 7), 5 mM MgCl,, 1 M NaCl,

2 mM DTT) and concentrated to < 2 mL using a 20 mL 50 kDa MWCO (molecular weight cut-
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off) concentrator and spun at 3,000 g for 5-15 min intervals at 4 °C and then stored at 4 °C.

Otherwise, the buffer was exchanged with storage buffer and stored at -80 °C.

To prepare for size-exclusion chromatography (SEC), the protein was centrifuged (10,000 g,
10 min) or filtered (0.22 um), buffer exchanged with the size exclusion buffer, and concentrated.
SEC was performed using a Superdex 200 Increase 10/300 GL column with the following program
set at 0.75 mL/min: 2 CV milliQ water equilibration, 2 CV exclusion buffer equilibration, load
sample, 1.2 CV size exclusion buffer elution (0.25 mL fractions), 1 CV milliQ water wash, 1 CV
NaOH wash, 2 CV milliQ water wash, followed by 2 CV 20% ethanol for column storage. The
fractions containing the protein were identified and pooled. The buffer was exchanged with storage
buffer (50 mM Tris-HCI (pH 7.5), 0.6 M NaCl, 5% glycerol, 2 mM DTT) and concentrated using
a 50 kDa MWCO concentrator and spun at 3,000 g for 5-15 min intervals at 4 °C until the protein

volume was 0.5-1 mL and then stored at 4 °C.

The total protein yield was determined to be 665.25 pg, and aliquots were stored at -80 °C until

use.

2.2 RT-LAMP Primer and CRISPR gRNA Design

2.2.1 RT-LAMP Primer Design

The LAMP primers were designed by using the online tools NEB LAMP or PrimerExplorer

V5 and following the guidelines and considerations outlined below by Lucigen Corporation and
Eiken [121, 122, 140, 141]. The LAMP primers were synthesized by Integrated DNA
Technologies (IDT) and ordered as “LabReady” in 100 uM IDTE buffer (10 mM Tris, 0.1 mM
EDTA, pH 8.0) or lyophilized. Lyophilized primers were preferred to avoid introducing additional

buffers to the RT-LAMP or one-pot reactions.
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Stability:

Gibbs free energy AG < -4.0 kcal/mol, calculated using the 6 bp on the 3’ and 5’ ends of

the following primer regions:

3’ -F2,B2,F3, B3

5’ —Flc,Blc

Primer length:

F3/B3 =15-25bp

F2/B2=15-25bp

Flc/Blc=15-25bp

LF/LB=15-22bp

Melting Temperature (Tm):

ATm =5 °C

F3/B3=55-63°C

F2/B2=55-63°C

Flc/Ble =60 - 68 °C

LF/LB =64 - 66 °C

Distance between bases:

F2 - F3/B2-B3=0- 60 bp

F2-B2=120- 180 bp
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Flc-Blc=0-100 bp*

Loops (F1 - F2/B1 - B2) =40 - 60 bp

*It was found during this project that a bigger space, closer to 100 bp, leaves room for a
gRNA to be designed without overlapping with a primer, which can contribute to

background noise [139].

GC content:

40 - 60%

If GC rich: 50 - 60%

If AT rich: 40 - 50%

Amplicon size:

<300 bp for optimal efficiency [104]

Dimers:

AG > -3.5 kcal/mol

Avoid:

Runs of >3 of the same type of nucleotide, especially GGG, or dinucleotide repeats

Secondary structures

AT rich regions at the 3° end

Complementary sequences at the 3’ end
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2.2.2 CRISPR gRNA Design

CRISPR gRNAs were designed by following the previous findings for Cas12b, outlined

below, and were synthesized by IDT:
Constant region (scaffold) [85, 135]:

5’-GUCUAGAGGACAGAAUUUUUCAACGGGUGUGCCAAUGGCCACUUUC

CAGGUGGCAAAGCCCGUUGAGCUUCUCAAAUCUGAGAAGUGGCAC -3’
Length of target region (spacer) [75, 76]:

17 —24 bp
PAM site:

5 —TTN - 3’, located immediately upstream of the spacer on the NTS, opposite of the TS that
the spacer binds to [75].
2.3 List of RT-LAMP Primers, gRNAs, and Reporters Used in This Study

Table 3. Summary of LASV and EBOV RT-LAMP primers, gRNA candidates, and reporters used
for this study.

Set Name and Author RT-LAMP Primers AapCas12b gRNA
Kurosaki_2016_NP F3: Kurosaki2016_gRNA
[112] TGAAGTCAAGAAGCGTGATGG (designed for this study)
Target: B3: GCUUCAGUCGUCUC
Makona strain, NP AGTCCTTGCTCTGCATGTACT cucuuc

Accession No.

KJ660348.2
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FIP:

CATGGCAGCAAGTGTTCTCTTTTT

AGTGAAGCGCCTTGAGGAA

BIP:

CAGTTTCTCTCCTTTGCAAGTCTT

TTTGAACCTTCTCAAGGCAAGCC

LF:

TGTTTTTTCCACTAGATACTGCTG

G

LB:

TCCTTCCGAAATTGGTAGTAGGA

Ebo TTT L2
(designed for this study)
Target:

Makona strain, L

Accession No.

MG572234.1

F3:

ATCAGGAATGACTACTCCTAG

B3:

TTCGTACAATTTCGATCTGTT

FIP:

TGGCTTGCTGAGTTGTTAAGAATA

AGATGCTTCTACCTGTTATGTCA

BIP:

TACTTGGTTTAAAGACCAAAGAG

CAGTCGTCTCTGCATCCATG

LB:

GGCTACCTAGGCAAGTCGAGG

Zaire_TTT_L2 (gRNA)
(designed for this study)
AAAGACCAAAGAGC

AAGGCU

Ebo TTT L2 gRNA2
(designed for this study)
TGCTCTTTGGTCTTT

AAACCA
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Ebo TTC L2
(designed for this study)
Target:

Makona strain, L

Accession No.

F3:

CGACAGCAATATTATTTTCCAGA

A

B3:

TTCATTTTCTCGGTATCTTGTT

Zaire TTC L2
(designed for this study)
AUCUAACUAAGUGU

UGCACC

MG572234.1 FIP: Ebo_TTC_L2 gRNA2
TGGATATCTGTAGCCTCAGTGTAT | (designed for this study)
AAATTATGCAGTTGCACTGTT GAUGAAGGUGAGCA
BIP: CGAUUAU
TCGTGCTCACCTTCATCTAACTAA
GATCTAAATCCAATGTAGATGTG | Ebo_TTC_L2 gRNA3
T (designed for this study)
LB: GUUAGAUGAAGGUG
GGGAGGTACCAGCTCAGTACTTA | AGCACGA
A

Fukuma F3: Fukuma_ KWgRNA

[11] ATTCTCAGCTGATGACCCTC (designed for this study)

Target: B3: GGGUCAAGUUGCAG

Josiah strain, NP GTCTGTGACATCAATCCCATGT CAUUGC

Accession No. J04324

FIP:

TCCACTGGATCTTCAGGTCTTCCT

TTTTAAGGATGCAATGCTGCAAC
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BIP:

GCCCTCTATCAACCAAGTTCAGG

CTTTTGCATCCTGCTTGAACTGCT

LF:

AATGTCCATCCAGGTCTTAGC

LB:

TGCTACATACACTTCTTCCGTG

Jos NP2

(designed for this study)
Target:

Josiah strain, NP
Accession No.

JN650517.1

F3:

CTGGAATCAGATGGGAAGCC

B3:

GCAGCCTGAACTTGGTTGAT

FIP:

TAAGCCCAGCGGTAAACCCTGAC

AGAAAGCTGACAGCAACA

BIP:

GCAATGCTGCAACTTGACCCAAG

GGCAATTTCCACTGGATCT

LF:

CTGGAATTGTTGCTGTCAGC

LB:

AAGACCTGGATGGACATTGAAGG

Jos_NP2_gRNA
(designed for this study)
CAGCAUUGCAUCCU

UGAGGG

FAM_6T BHQI

[82]

TTTTTT
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HEX N12 BHQI NNNNNNNNNNNN ---

[76]

FAMTTTTT3IABKFQ TTTTT —

[135]

Note: RT-LAMP primers and gRNA are listed in 5° — 3°. Only the spacer of the gRNA is listed.

2.4 RNA Inactivation and Extraction

The viral stocks were stored in CL4, with EBOV grown in Vero cells and LASV grown in
Vero E6 (VE6) cells. Standard operating procedures were followed to inactivate the samples by
CLA4 trained biologists. The samples were then brought to CL2 for purification. The QIAamp®
Viral RNA Mini Kit (Cat. #52906) was used to inactivate the majority of the samples with viral
lysis buffer (AVL buffer) throughout this project. Briefly, 140 uL. of sample was added to 560 pL
of AVL buffer with carrier RNA, unless linear acrylamide was substituted as a potentially better
alternative for downstream application. The mixture was incubated for 10 min and mixed with 560
pL of 100% ethanol. The protocol for spin column purification of viral RNA was followed. As an
alternative to column-based purification, the bead-based MagMAX Viral/Pathogen II (MVP II)
Nucleic Acid Isolation Kit (Cat. #A48383) was thought to provide a gentler method of extraction
with the KingFisher System following AVL inactivation. In this method, 1 deep-well block was
set up with binding beads and solution, sample, and proteinase K. The washes were set up as 1 mL

wash buffer, 1 mL 80% ethanol, 0.5 mL 80% ethanol, and 60 pL elution buffer.

It was later thought that another method might provide a purer RNA product for application to

the one-pot assay. Therefore, the Direct-zol RNA Mini Prep Plus Kit (Cat. #R2072) was used as
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an alternative to inactivate samples in CL4 with TRIzol instead. Samples were then purified in

CL2 using the kit protocol.
Extracted RNA was aliquoted and stored in the freezer until further use.
2.5 RNA Quantification

2.5.1 EBOYV Quantification

To quantify the EBOV RNA, plasmids containing the EBOV L gene, and associated equations
outlined below, were prepared prior to this study by the Special Pathogens group. The insert size
was 6639 bp, and the plasmids were serially diluted from 6.3x10' to 6.3x107'° ng/uL. These
plasmids were used to create a standard curve on the QuantStudio 5 of CT (cycle threshold) values
versus logio (Genome Equivalents (GEQ)/5 pL) to which the unknown concentration of extracted
EBOV RNA was compared. To create the standard curve, the concentration of plasmid DNA in
ng/ul. was converted to logio (GEQ/5 pL) using equation 1. The standard curve produced a CT
value of the extracted EBOV RNA, 14.45, which was used in equation 2 to calculate the unknown
concentration. The dilution factor from the AVL inactivation was accounted for by using equation

3 to calculate the GEQ/pL of the extracted RNA, which was found to be 2.69x10® GEQ/pL.

3 molecules

Bot ),X= [plasmid]
)

5uL x X 29 x 6.022x102
ulL

ion 1: log. (°52) —
Equation 1: 10g1o(5 uL) logyo < 6639 bp X 660 % x 109

Equation 2: loglo(%) = d=b

T’b = intercept; m = slope

Elution volume 60 uL

X +1 PCRvolume 5 uL
+10810 Extracted volume 140 uL

. GEQ )] GEQ
Equation 3: —= = 10 X =Xlogio())
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2.5.2 LASYV Quantification

There was no plasmid standard available for LASV, therefore the Nanodrop
spectrophotometer provided an estimate of RNA concentration. The Nanodrop was cleaned, and a
blank solution was run prior to loading 1 uL. of sample to measure the concentration of RNA in

ng/uL.

2.6 RNA Integrity

As RNA is susceptible to ribonuclease degradation, and the quality of RNA may affect the
performance of the assays, the Agilent Bioanalyzer was used to assess the integrity of the RNA
for optimal one-pot performance. The Bioanalyzer is a microfluidic electrophoretic device which
produces an electropherogram, a laser-induced fluorescence-based measurement of RNA
molecules separated by molecular weight over time. Also produced is the gel image, and an
algorithm calculated RNA Integrity number (RIN) ranging from 1 (completely degraded) to 10

(intact) [142].

The Agilent RNA 6000 Pico Kit (Cat. #5067-1513) was used which measures a range of 50 —
5000 pg/uL of RNA (in water), and the assay protocol was followed. Briefly, the instrument
electrodes were cleaned, and the gel-dye mix was prepared by adding 1 pL of intercalating dye to
65 pL of filtered gel and centrifuged at 13,000 g for 10 min. The microfluidic chip was prepared
by adding the gel-dye mix, pressurizing the system, and then adding the rest of the gel-dye mix,
conditioning solution, prepared ladder, and 1 pL of heat denatured RNA samples to the appropriate
wells. The chip was then run on the instrument and the RIN, electropherogram, and gel image were
collected. The RNA samples for each virus were run in duplicates, one of which is shown for

LASV and EBOV in figure 3.5 and figure 3.15, respectively.
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2.7 RT-LAMP Reactions

The RT-LAMP reactions were performed using reagents and protocols from NEB.
Reagents included Bst 2.0 WarmStart® DNA Polymerase (Cat. #M0538L), 10X Isothermal
Amplification Buffer (Cat. #B0537S), WarmStart® RTx Reverse Transcriptase (Cat.
#MO0380L), 10 mM Deoxynucleotide (ANTP) Solution Mix (Cat. #N0447L), 100 mM
Magnesium Sulfate (MgSOs) Solution (Cat. #B1003S), LAMP Fluorescent Dye (Cat.
#B1700S), Control LAMP Primer Mix (rActin) (Cat. #S0164S), WarmStart® LAMP Kit
(DNA & RNA) (Cat. #E1700L), WarmStart® Colorimetric LAMP 2X Master Mix (DNA &
RNA) (Cat. #M1800S), as well as nuclease-free water from Invitrogen (Cat.
#AM9939/10977015).

A 10X LAMP primer pool was prepared by mixing 16 uM of FIP/BIP, 4 uM LF/LB,
and 2 uM of F3/B3. If primers were lyophilized, they were reconstituted in nuclease-free water
to a concentration of 100 uM to avoid introducing buffers to the reaction, as per NEB (protocol
#M1800). The 10X primer pool was prepared by adding 16 uL of 100 uM FIP/BIP, 4 uL of
100 uM LF/LB, 2 pL of 100 uM F3/B3 and bringing the volume to 100 pL with nuclease-free
water [135].

The reactions were run following the appropriate NEB RT-LAMP protocols.
Reactions were run for 30 min or 1 h, at 60 °C or 65 °C, and assessed for amplification using
the LAMP Fluorescent Dye, turbidity, 1-3% agarose gel electrophoresis, or the WarmStart®
Colorimetric assay. The reactions were run using the Dialunox ESEQuant TS2.4, Thermo
Fisher Scientific QuantStudio 3/5 Real-Time PCR Systems, conventional ProFlex PCR

System, or Bio-Rad CFX96 Real-Time System.
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2.7.1 Melting Curve Analysis

Melting curve analysis, a technique used to differentiate LAMP amplicons, was run on the
QuantStudio 3/5 system to assess potential non-specific amplification or contamination [107, 120].
RT-LAMP reactions were run using the intercalating LAMP Fluorescent Dye for 30 min at 65 °C,
with a ramp rate of 1.6 °C/s, followed by a melting curve analysis of 95 °C for 15°s, 1.6 °C/s; 60 °C
for 30 s or 1 min, 1.6 °C/s; 95 °C for 15 s, 0.1 °C/s. A melting curve analysis was run for both

LASV and EBOV, shown in figure 3.9 and figure 3.30, respectively.

2.7.2 Sanger Sequencing

To confirm the false positives results in some reactions were caused by contamination in the
LASV (Josiah) reactions, Sanger sequencing was performed by the National Microbiology
Laboratory Genomics Core. First, new reagents were opened and used to run 50 pL RT-LAMP
reactions containing 2 pL template or water (NTC) for 30 min at 65 °C, followed by an inactivation
period of 10 min at 85 °C. After the RT-LAMP reaction, 1 pL from the template-containing
reaction and NTC reaction was used as a template in PCR, using the Invitrogen IV One-step RT-
PCR kit (Cat. #12595010). The kit protocol was followed and the RT-LAMP F3 and B3 primers
were used as the forward and reverse primers. After PCR, a 3% agarose gel was run to confirm the
expected band size, and the DNA was extracted from the gel using the NucleoSpin® Gel and PCR
Clean-up kit (Cat. #740609.50). The product was then sent for sequencing and the DNASTAR
Lasergene SeqMan Ultra and MegAlign Pro program (version 18.1.1) was used to analyze the

results.
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2.8 Cas Enzyme and gRNA Activity

After the AapCas12b enzyme was produced in-house, the activity was assessed to ensure the
enzyme was working properly and its activity was compared to the activity of the SignalChem

(Cat. #C12B1-E311U) enzyme (figure 3.1 and figure 3.2). The Cas enzyme activity was assessed

by following a modified protocol from the HOLMESv2 method containing 250 nM AapCas12b,
250 nM gRNA, 1 uL. DNA template or water (NTC), 500 nM HEX N12 BHQI reporter, and 10X
Isothermal Amplification Buffer [76]. The total volume was brought to 25 puL. with nuclease-free
water and the assay was run on the Dialunox ESEQuant TS2.4 reader for 60 min at 60 °C. For this
reaction, DNA templates were made from the LASV and EBOV RNA by using the One-Step
Ahead RT-PCR kit (Cat. #220213) and the LAMP F3 and B3 primers. The DNA was then
extracted from a 1% agarose gel and purified using the NucleoSpin® Gel and PCR Clean-up kit

(Cat. #740609.50) and used as template for the reaction described above.

2.9 RT-LAMP/Cas12b Two-step Reactions

While LAMP has been used on its own as a POCT, it is theorized that CRISPR may provide a
level of specificity to overcome any non-specific amplification that may occur in the LAMP
reaction [48, 81, 82]. So-called two-step reactions have been discussed in the literature, however
true one-pot reactions are desired for the POC for a few reasons, such as reducing the number of
steps and time, decreasing the risk of carryover contamination, and increasing user-friendliness
[82, 83, 135]. However, combining reactions may come at the cost of sensitivity, as the one-pot
requires coordination of two reactions [82]. Nevertheless, running a two-step reaction ensures that
the CRISPR-part of the reaction, including the Cas enzyme, gRNA, and associated buffers can

detect the RT-LAMP amplicon amid other enzymes, salts and buffers.
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A modified version of the STOPCovid.v2 one-pot method was used to run the two-step reaction.
First, the RT-LAMP reaction was run for 30-60 min at 60-65 °C. Aliquots of the RT-LAMP
reaction, typically 1-3 uL, were then added to the CRISPR part of the reaction, typically containing
31.25 nM AapCas12b, 31.25 nM gRNA, 250 nM reporter, 10X Isothermal Amplification Buffer
and nuclease-free water to a total volume of 50 puL. Reactions were run for 1 h at 60-65 °C on a
device that measures fluorescence such as the Dialunox ESEQuant TS2.4 or Thermo Fisher

Scientific QuantStudio 3/5 Real-Time PCR System.

Detection of the RT-LAMP reaction containing the amplified target and no detection of the
RT-LAMP NTC reaction shows that the Cas-gRNA complex can identify and cleave the correctly

amplified target, which is reflected in figure 3.31.

2.10 RT-LAMP/Cas12b One-pot Reactions

The RT-LAMP/Cas12b one-pot reactions were typically run at 60-65 °C for 30-60 min on the
Dialunox ESEQuant TS2.4, Thermo Fisher Scientific QuantStudio 3/5 Real-Time PCR Systems,
or Bio-Rad CFX96 Real-Time System. Reagents followed the STOPCovid.v2 protocol, including
1 M Tris-HCI, pH 8 (ThermoFisher Scientific, Cat. #AM9855G), 2 M Ammonium sulfate
(Millipore Sigma, Cat. #76399), 1 M MgSO4 solution (Millipore Sigma, Cat. #M3409), Tween 20
(Millipore Sigma, Cat. #P9416), Taurine (Millipore Sigma, Cat. #86329), Proteinase K inhibitor
(Millipore Sigma Cat. #539470), Dimethyl sulfoxide (DMSO) (Millipore Sigma Cat. #D2650),
100 mM MgSO4 Solution (NEB, Cat. #B1003S), NEB Bst 2.0 WarmStart® DNA Polymerase,
NEB WarmStart® RTx Reverse Transcriptase, NEB 10 mM dNTP Solution Mix, nuclease-free
water (Invitrogen, Cat. #AM9939/10977015), as well as the LAMP primer pool, AapCas12b,

gRNA, and reporter [135]. Most reactions were run using the AapCas12b enzyme produced in-
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house, otherwise the Cas12b enzyme was ordered from NEB (special order) or SignalChem (Cat.

#C12BI1-E311U).

The one-pot reactions followed the STOPCovid.v2 method, or a modified version [135]. The

modified version included the optimizations made in section 3.4.3.2.1, such as 8 mM MgSOQOy4, 240

units/mL Bst 2.0 WarmStart® DNA Polymerase, 0.5X LAMP primer pool, and 500 nM reporter.
Other changes included removal of proteinase K inhibitor and Tween 20, and addition of 2 mM

DTT and 1% Brij-35.

2.11 Statistical Analysis and Equipment

The results were graphed using GraphPad Prism 10.6.1 for Windows, GraphPad Software,

Boston, Massachusetts USA, www.graphpad.com. For the context of this study and purpose of

optimization, the assay was assessed via the presence or absence of fluorescence in the template-
containing reactions compared to the NTCs. Otherwise, a positive result was considered as 3x
greater than the read-out value (Relative fluorescence units (RFU), fluorescence, or mV) of the
NTC, with the mean + 2 or 3 standard deviations or 3x the mean also considered if technical

replicates were run.

It is important to note the different machines used to run the RT-LAMP or RT-LAMP/Cas12b
assays measured the resulting fluorescence in different units, such as mV when using the Dialunox
ESEQuant TS2.4 reader, fluorescence when using Thermo Fisher Scientific QuantStudio 3/5 Real-
Time PCR Systems, and RFUs when using the Bio-Rad CFX96 Real-Time System, which are

displayed in their corresponding graphs below.
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3.0 Results

3.1 Casl12b Enzyme Activity

The Casl2b enzyme activity was assessed after it was produced in-house to ensure it was
working correctly and was compared to the purchased SignalChem enzyme. It was found that the
Cas12b enzyme produced in-house demonstrated a faster signal in figure 3.1 than the SignalChem
enzyme in figure 3.2. It is unknown why this was the case and could be attributed to differences
in the enzyme insert or production and purification methods, as well as the in-house produced
enzyme may have been produced more recently than the purchased enzyme was. Therefore, the

in-house produced enzyme was used for the majority of this study.

In-house Cas12b

— Josiah-NP
2000 Josiah-L
1500 EBOV-NP
EBOV-L
>
£ 1000
— Josiah-NP (NTC)
500 — Josiah-L (NTC)
i’; ——— | EBOV-NP (NTC)
0 1 ! I ! I ! 1
0 20 40 60 EBOV-L (NTC)

Time (Min)

Figure 3.1 AapCasl2b produced in-house and associated gRNA can detect PCR pre-amplified
LASV and EBOV DNA templates. Primer sets targeting LASV or EBOV NP or L and associated
NTC, primer sets are not shown. Reaction run at 60 °C on TS2 reader.
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SignalChem Cas12b

30007 — Josiah-NP
Josiah-L
2000 EBOV-NP
> EBOV-L
£
1000 — Josiah-NP (NTC)
— Josiah-L (NTC)
. — . . | | | ' | EBOV-NP (NTC)
0 20 40 60 EBOV-L (NTC)
Time (Min)

Figure 3.2 SignalChem AapCas12b and associated gRNA can detect PCR pre-amplified LASV
and EBOV DNA templates, although slower than in-house produced enzyme. Primer sets are not
shown. Reaction run at 60 °C on TS2 reader.

3.2 Current LASY and EBOV Assays

The published LASV and EBOV RT-LAMP assays that had potential for gRNA addition for

one-pot testing chosen in table 1 and table 2 (and listed in table 3) were tested. These primer sets

were ordered and a gRNA was designed. It was found that these sets had less desirable activity,
and other RT-LAMP/gRNA sets were chosen for further testing instead. The LASV one-pot using
the RT-LAMP primers designed by Fukuma et al. (2011) is shown in figure 3.3 [11]. In this
reaction the fluorescence occurs late, the intended target is not detected, and high variability is
seen between reactions. The EBOV one-pot using RT-LAMP primers designed by Kurosaki et al.
(2016) is shown in figure 3.4 [112]. In this reaction, the activity is slow with low distinction

between template-containing reactions and the NTC.
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LASYV One-pot

8000+ o
T LASV (Nigeria)
il LASV (Soromba)
6000 ] LASYV (Josiah)
FE 1| NTC (water)
4000 Tl#"--"-ﬁ_
ﬁﬁﬁj—rlIIIIIII|I|III|IIIIF||II+|||| 7_:_ C
2000 T I r | . |
0 20 40 60

Time (Min)

Figure 3.3 LASV one-pot run in triplicate using primers by Fukuma et al. (2011). Reaction run at
60 °C on CFX96 system.

EBOV One-pot

8000

96 hours PI (CT 32.9)
120 hours PI (CT 22.5)
6000 159 hours PI (CT 15.6)
E LASV (Nigeria)
NTC (water)
4000
— EBOV (TRIzol ext. RNA)
2000 T I L] I L] I
0 20 40 60
Time (Min)

Figure 3.4 EBOV one-pot run in triplicate using primers by Kurosaki et al. (2016). Reaction run
at 60 °C on CFX96 system.

3.3 Lassa Fever

The reactions in this section detect LASV using the primer set “Jos_ NP2” listed in table 3.
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3.3.1 LASYV Quantification

The LASV RNA concentration was measured using the Nanodrop spectrophotometer and

the results are listed below.

Table 4. LASV Quantification.

Template Concentration (ng/pL)
LASV (Josiah) 14.5

LASV (Soromba) 33

LASV (Nigeria) 16.8

3.3.2 LASV RNA Integrity

Several tests on the TS2 reader showed results in the low mV range when running EBOV

titrations in section 3.4.3.2.1. To assess the RNA quality as a possible reason for the low mV output,

the Bioanalyzer was used to generate a RIN. The LASV RNA was found to be of low quality, as

the RIN was determined to be 2, indicating a high level of degradation [142].

[FU] ‘ ‘ »
40-

3571
30
25+
20
154

10

| RIN: 2

Figure 3.5 RNA Integrity and RIN of LASV (Josiah). The RIN was determined to be 2.
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3.3.3 RT-LAMP Assay

RT-LAMP assays were run separately from the one-pot reaction to ensure the RT-LAMP
primers were suitable to amplify and detect the intended target without side effects, as described
in section 2.7. The figures below demonstrate the RT-LAMP detection of LASV compared to the
NTC, using fluorescence (figure 3.6) and gel electrophoresis (figure 3.7). The gel electrophoresis
demonstrates the LAMP “ladder” effect seen in lane 2 (template-containing) compared to lane 3
(NTC). Note that the marker in lane 1 is unlabeled as LAMP amplicons are not measured by a

specific banding size.

RT-LAMP
4x107= .
LASYV (Josiah)
| NTC (water)
o 3x107
=
3]
6 2x107-
=
=}
=
[
1x107
0 T I L] I L] I
0 20 40 60
Time (Min)

Figure 3.6 RT-LAMP assay of LASV (Josiah). Reaction run at 65 °C on QuantStudio system.
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Figure 3.7 LASV RT-LAMP gel electrophoresis. Lane 1: marker, lane 2: LASV (Josiah) template,
lane 3: NTC. Reaction run at 65 °C, 30 min, 2% agarose gel electrophoresis.

3.3.3.1 DMSO

After seeing false positive results in the one-pot reactions (section 3.3.4), it was tested if
adding DMSO or increasing the temperature would resolve the false positives, as 7.5% of DMSO
has been shown to inhibit non-specific amplification in LAMP reactions [143]. Two temperatures,
65 °C and 67 °C, were tested with 7.5% DMSO. Lanes 1 (template-containing) and 2 (NTC) show
the RT-LAMP reaction at 67 °C, lanes 3 (template-containing) and 4 (NTC) show the reaction
with 7.5% DMSO at 65 °C, while lanes 5 (template-containing) and 6 (NTC) show the reaction
with 7.5% DMSO at 67 °C. It was found that the combination of 67 °C and DMSO affected the
reaction as these are dimmer than the others; however, the template-containing reaction in lane 5

1s dimmer than the NTC in lane 6.
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Figure 3.8 LASV RT-LAMP assay with DMSO. Lane 1 and 2: 67 °C template-containing and
NTC, Lane 3 and 4: 65 °C + 7.5% DMSO template-containing and NTC, Lane 5 and 6: 67 °C +
7.5% DMSO template-containing and NTC.

3.3.3.2 Melting Curve Analysis

A melting curve analysis was also run to address the cause of the false positives. The RT-
LAMP reaction was run in duplicate with both the template and water (NTC). Theoretically, if the
melting temperatures are similar this indicates contamination from the template, as the RT-LAMP
reaction is producing the same amplicon. If the melting profiles are different, this indicates non-
specific amplification [107, 120]. The melting curve analysis below indicates that the template-
containing reactions had similar melting temperatures at approximately 85 °C, while the NTCs
showed temperatures of 86.49 °C and 87.30 °C. As well, one of the NTCs showed activity at

approximately 80 °C, which could potentially be due to primer dimer interactions [120].
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Figure 3.9 Melting curve analysis of LASV (Josiah). Reaction run on QuantStudio system.

3.3.3.3 Sequencing

While the melting curve analysis in figure 3.9 provided insight into potential non-specific
amplification due to the difference in melting temperatures and occurrence of primer artifacts, it
could not be confidently confirmed to be either non-specific amplification or contamination as the
cause of false positives. Consequently, the false positive results shown in the LASV RT-LAMP
and one-pot reactions were confirmed to be contamination by Sanger sequencing, as it was found
that the NTC was 98.3% similar to the template-containing reaction, indicating contamination in

the LASV reaction (data not shown).

3.3.4 RT-LAMP/Cas12b One-pot

The CRISPR-based one-pot reactions were successful until false positive results occurred,
which were confirmed to be contamination. Figure 3.10 demonstrates a successful one-pot reaction

with detection of LASV occurring rapidly.
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Figure 3.10 LASV (Josiah) one-pot run in singlicate. Reaction run at 65 °C on TS2 reader.
3.3.4.1 Cross-Reactivity

The cross-reactivity of the LASV one-pot assay was assessed by running the assay with
other LASV and EBOV targets, as well as VE6 cell lysate and supernatant, as the LASV was

grown in VEG6 cells. The reaction in figure 3.11 did not detect other targets; however, several

NTC’s with water were run (x6), one of which showed activity after 40 min.
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LASYV Cross Reactivity

2000
LASV (Josiah)
1500 VEG6 Cell Lysate
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0 20 40 60
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Figure 3.11 Cross-reactivity of LASV one-pot assay. LASV assay does not detect VEG6 cell lysate
or supernatant, EBOV, or other LASV targets. NTC was run six times with one replicate detected.
Reaction run at 65 °C on TS2 reader.

3.3.4.2 NHP Samples

To test the one-pot assay on animal samples, non-human primate (NHP) blood samples
were obtained from a previous LASV study in the Special Pathogens laboratory. The extracted
blood RNA samples ranged from 1 day prior to infection to 14 days post-infection (DPI), which
are listed with their corresponding CT values from 14.09 to > 40 in figure 3.12. The one-pot
showed false positive results, as the assay detected both the NTC and the sample with the CT >40,

which was 1 day prior to infection, and is therefore not expected to contain the targeted RNA.
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Figure 3.12 LASV one-pot with NHP extracted blood samples. Reaction run at 65 °C on TS2
reader.

3.3.4.3 One-pot Without Cas12b and gRNA

As another way to assess the false positive results, the one-pot was run with and without
template, as well as without the Cas12b and gRNA (-cas12b, -gRNA). Unsurprisingly, it was found

that Cas12b and gRNA are necessary to produce a false positive result.
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Figure 3.13 LASV one-pot without Cas12b and gRNA does not produce false positive. Reaction
run at 65 °C on TS2 reader.

3.3.4.4 Primer-gRNA Interaction

To assess the primer-primer interactions and primer-gRNA interactions as a possible

reason for the false positive results, the primers and gRNA were assessed with the Multiple Primer

Analyser, ThermoFisher Scientific. Interestingly, there was a theoretical interaction between the

BIP and two gRNAs, with an overlap of 9 bp and 20 bp. This theory was tested by inserting each
LAMP primer (F3, B3, FIP, BIP, LF, and LB) as the “template” into the CRISPR reaction
containing the gRNA with the 20 bp complement. However, this was not the gRNA used in the
one-pot assays, and the BIP concentration was increased by 6.25X before the interaction below in
figure 3.14 was seen in the one-pot reaction. Therefore, while it is possible that the gRNA can

detect the primer, this is not likely the cause of the false positives.
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Figure 3.14 LASV one-pot detects LAMP primer BIP. Reaction run at 65 °C on QuantStudio
system.

3.4 Ebola Virus

3.4.1 EBOYV Quantification

The LAMP primer and gRNA sets outlined for EBOV titled “Ebo TTT L2” and

“Ebo TTC L2 in table 3 are designed to detect the L gene. Therefore, the concentration of the L

gene was calculated to be 2.69x10% GEQ/uL, by using the previously designed plasmid standards
and the equations outlined in section 2.5.1.
3.4.2 EBOYV RNA Integrity

The EBOV RNA integrity was assessed at the same time as the LASV RNA and also found
to be of low quality. The RIN was calculated to be 2.2, which corresponds to a high level of

degradation [142].
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Figure 3.15 RNA integrity and RIN of EBOV. The RIN was determined to be 2.2.

3.4.3 EBOV Set1
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65
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The EBOV reactions displayed in this section refer to the set labeled “Ebo TTC L2” in

table 3.

3.43.1 RT-LAMP Assay

Similar to the LASV reactions, the EBOV RT-LAMP assays were run separately from the

one-pot reaction to ensure the LAMP primers were suitable to amplify and detect the intended

target without side effects, as described in section 2.7. The figure below demonstrates the RT-

LAMP detection of EBOV compared to the NTC run in duplicate, using fluorescence. In this

reaction, the NTC also shows activity shortly after 20 min, and there is high variability between

the replicates.
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Figure 3.16 EBOV RT-LAMP assay run in duplicate. Reaction run at 65 °C on QuantStudio.
3.4.3.2 RT-LAMP/Cas12b One-pot
This section demonstrates the optimization of the STOPCovid.v2 one-pot protocol by

assessing a range of concentrations of various reagents, such as enzymes, primers, and reporters

in section 3.4.3.2.1, followed by a comparison of the post-optimized protocol to the original

STOPCovid.v2 protocol in section 3.4.3.2.2, and finally an assessment of the cross-reactivity in

section 3.4.3.2.3.

3.4.3.2.1 Titrations

Here, various concentrations of MgSO4, ANTPs, LAMP primers, Bs¢ 2.0 polymerase, RTx
reverse transcriptase, and the reporter are assessed to determine the fastest or strongest signal on
the Dialunox ESEQuant TS2.4 reader in an effort to optimize the STOPCovid.v2 one-pot protocol

for EBOV detection.
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3.4.3.2.1.1 MgSO4

The concentration of MgSO4 was assessed from 0 mM to 11 mM. The optimal
concentration was determined to be the original 8 mM, as it had the best combination between the

strongest and earliest signal.

MgSO, Titration 0 mM
3 mM
4 mM
5mM
6 mM
— 7mM
— &mM
— 9mM
s — 10mM
0 ' ' ' ! ' 1 — 11mM

0 20 40 60 NTC (water)
Time (Min) water

3004

200

mV

100

Figure 3.17 MgSOatitration. Reaction run at 60 °C on TS2 reader.

3.4.3.2.1.2 dNTP

The concentration of ANTP was assessed from 0 mM to 2.8 mM. The optimal concentration

was determined to be the original 1.4 mM, as it had the strongest signal.
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dNTP Titration

600
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Figure 3.18 ANTP titration. Reaction run at 60 °C on TS2 reader.
3.4.3.2.1.3 LAMP Primers

The LAMP primer pool was assessed from 0.0X to 2.0X. The optimal concentration was

determined to be 0.5X, instead of the original 1X, as it had the strongest signal.

LAMP Primers Titration

800 — 0.0X
0.5X
6007 1.0X
- 1.5X
g 400
2.0X
200 NTC (water)
0 T T T T T 1
0 20 40 60
Time (Min)

Figure 3.19 RT-LAMP primer titration. Reaction run at 60 °C on TS2 reader.
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3.4.3.2.1.4 RTx Reverse Transcriptase

The concentration of RTx reverse transcriptase was assessed from 0 units/mL to 600
units/mL. The optimal concentration was determined to be the original 300 units/mL, as it had the

best combination between the strongest and earliest signal.

RTx Titration

400 - 0 units/mL
200 units/mL
300 300 units/mL
E 200 L= / 400 units/mL
v 500 units/mL
100 / — 600 units/mL
e — NTC (water)

0 T T T T T 1
0 20 40 60
Time (Min)

Figure 3.20 RTx reverse transcriptase titration. Reaction run at 60 °C on TS2 reader.

3.4.3.2.1.5 Bst 2.0 Polymerase

The concentration of Bst 2.0 polymerase was assessed from 0 units/mL to 640 units/mL.
The optimal concentration was determined to be 240 units/mL, instead of the original 320 units/mL,

as it had the strongest signal.
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Figure 3.21 Bst 2.0 polymerase titration. Reaction run at 60 °C on TS2 reader.

3.4.3.2.1.6 Reporter

The concentration of the FAM-6T-BHQ1 reporter listed in table 3 was assessed from 0 nM

to 500 nM. The optimal concentration was determined to be 500 nM, instead of the original 250

nM, as it had the strongest signal. However, it was noted as a risk that doubling the concentration

of reporters could affect the background signal in the NTC.
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Figure 3.22 Reporter titration. Reaction run at 60 °C on TS2 reader.
3.4.3.2.2 STOPCovid.v2 Protocol Versus Post-Optimized Protocol

After the one-pot protocol had been optimized, it was compared to the original
STOPCovid.v2 protocol by Joung et al. (2020) [135]. It was found that optimization of the selected

reagents resulted in a stronger signal in both the template-containing and NTC reactions.

Updated One-pot Performance

600
Updated Protocol -
EBOV
Updated Protocol - NTC

400
(water)

E STOPCovid.v2 - EBOV

2004 STOPCovid.v2 - NTC

(water)
0 T I T I L] I
0 20 40 60

Time (Min)

Figure 3.23 Post-optimized one-pot protocol compared to STOPCovid.v2 protocol. Reaction run
at 60 °C on TS2 reader.
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3.4.3.2.3 Cross-Reactivity

The cross-reactivity of the EBOV one-pot reaction was assessed with LASV targets,
SARS-CoV-2, and other potentially relevant viruses such as DENV and MARYV. The one-pot assay

was found to specifically detect EBOV, as shown below.

EBOV Cross Reactivity
2000 EBOV
LASYV (Josiah)
15004 LASYV (Soromba)
LASV (Nigeria)
Z 10007 DENV
— MARYV
2007 — SARS-CoV-2
o . | — | — ** } :'I — NTC (water)
0 20 40 60
Time (Min)

Figure 3.24 Cross-reactivity of EBOV one-pot assay. Reaction run at 60 °C on TS2 reader.
3.44 EBOYV Set2
The EBOV reactions displayed in this section refer to the set labeled “Ebo TTT L2” in

table 3.

3.44.1 RT-LAMP Assay

As described before, the EBOV RT-LAMP assays were run separately to assess the LAMP
primer suitability according to section 2.7. The RT-LAMP assays in this section are shown using
different readout methods, such as fluorescence, color change, or gel-based. The RT-LAMP

detection of EBOV compared to the NTC in triplicate, using fluorescence, is shown in figure 3.25.
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In figure 3.26, the NEB colorimetric assay is used to show the successful detection of EBOV,

followed by gel electrophoresis in figure 3.27.

EBOV RT-LAMP
3x107—

EBOV
IIIIIIIIIIIIIII NTC (water)

o 2x107- III
3 7
S =
E 1x1074

N I e

0 10 20 10
Time (Min)

Figure 3.25 EBOV RT-LAMP assay run in triplicate. Reaction run at 65 °C on QuantStudio system.

The colorimetric assay by NEB changes the color of solution from pink to yellow in a
positive reaction. This occurs as amplification creates a drop in pH, as each nucleotide addition
releases a proton into the solution [ 144]. Six replicates of EBOV and NTC (water) were run, shown
below. The EBOV replicates in the top row turned yellow, indicating amplification, while the NTC

replicates in the bottom row remained pink.
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Figure 3.26 EBOV colorimetric RT-LAMP assay. Six each of EBOV (top) and NTC (bottom).
Reaction run at 65 °C for 30 min.

};ij/

Similarly, the successful RT-LAMP detection of EBOV is shown on the agarose gel in the
figure below. In lane 2, the “ladder” banding pattern is demonstrated in the template-containing

reaction indicating amplification of EBOV, while lanes 3 to 15 demonstrate no amplification of

the NTC.

Figure 3.27 EBOV RT-LAMP gel electrophoresis. Lane 1: empty, lane 2: EBOV, lanes 3-15: NTC
(water). Reaction run at 65 °C for 30 min.

73



3.4.4.1.1 NHP Samples

To test the RT-LAMP assay on animal samples, NHP blood samples were obtained from a
previous EBOV study in the Special Pathogens laboratory. The three extracted blood RNA
samples included 94 h PI, 120 h PI, and 159 h PI, with corresponding CT values of 32.9, 22.5, and
15.6, respectively. In the first run, the assay detected all samples as well as the NTC (figure 3.28).

The second time, the assay did not detect the NTC, as well as the CT value of 32.9 at 96 h PI

(figure 3.29).

EBOV NHP Ext. Blood Samples RT-LAMP

2.5%107
96 hours PI (CT 32.9)
2x107- 120 hours PI (CT 22.5)
g 159 hours PT (CT 15.6)
5 1.5%1074
2 EBOV Ext. RNA
§ 1%107- NTC (water)
2
5)(10()_
0 L] I L] I L] I
0 10 20 30

Time (Min)

Figure 3.28 RT-LAMP of extracted EBOV blood RNA from NHP samples. Reaction run at 65 °C
on QuantStudio system.
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Figure 3.29 RT-LAMP of extracted EBOV blood RNA from NHP samples, run in duplicate.

Reaction run at 65 °C on QuantStudio system.

3.4.4.1.2 Melting Curve Analysis

Similar to LASV, a melting curve analysis was run after the EBOV assay started producing

intermittent false positive results, as a way to distinguish between RT-LAMP amplicons. The

melting curve analysis below shows a melting curve for the EBOV template, but does not indicate

non-specific amplification in the NTCs, which were run in triplicate, as well as another control run

without LAMP primers. This indicates the possibility of the false positive results originating from

the CRISPR part of the reaction instead.
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Figure 3.30 Melting curve analysis of EBOV. NTC (water) run in triplicate. Reaction run on
QuantStudio system.

3.4.4.2 Two-step Reaction

A two-step reaction was run to determine if the two parts of the reaction, RT-LAMP and
CRISPR-Cas12b, can work together to detect the target before combining into a one-pot reaction.
In this reaction, RT-LAMP was run first, and the DNA products were then used as template for
Cas12b/gRNA detection, as described in section 2.9. This is demonstrated in the figure below,

where the gRNA rapidly detects the pre-amplified RT-LAMP product.
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Figure 3.31 RT-LAMP and Cas12b two-step reaction detects EBOV. Reaction run on QuantStudio
system.
3.4.4.3 RT-LAMP/Cas12b One-pot
In this section, the EBOV one-pot results are demonstrated across various assessments,
such as testing a singular one-pot reaction in figure 3.32, testing the extracted NHP blood RNA

samples in figure 3.33, assessing the LOD in figure 3.34, troubleshooting with unrelated SARS-

CoV-2 RNA in figure 3.35, and assessing the variability of the one-pot reaction in figure 3.36.
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EBOYV One-pot

1.5%106
EBOV
NTC (water)
8 1x106-
[P
2
2
=]
= 5x1054
0 L] I L] I L] I
0 20 40 60

Time (Min)

Figure 3.32 EBOV one-pot run in singlicate. Reaction run at 60 °C on QauntStudio system.
3.4.4.3.1 NHP Samples

The EBOV one-pot assay was also tested on the extracted blood RNA from the NHP
samples. The findings were similar to the RT-LAMP reaction in figure 3.29, as the one-pot also

did not detect the CT of 32.9 at 96 h PI.
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Figure 3.33 One-pot of extracted EBOV blood RNA from NHP samples. Run in triplicate, error

bars not shown. Reaction run at 60 °C on QuantStudio system.

3.4.4.3.2 Limit-of-Detection

The LOD of the one-pot reaction was also assessed by serially diluting the RNA and

calculating the corresponding GEQ/uL. Unfortunately, the signal from the NTC was quite high

and needed to be reduced to accurately measure the LOD.
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Figure 3.34 One-pot assessing range of EBOV RNA concentrations. Reaction run at 60 °C on
QuantStudio system.

3.4.4.3.3 One-pot with SARS-CoV-2

It was hypothesized that running the assay with an unrelated RNA target would help reduce
the background noise in the NTC. To test this, a one-pot reaction was run with extracted SARS-
CoV-2 RNA in the NTC instead of water. However, this did not reduce the background signal, as

shown below in figure 3.35.
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Figure 3.35 EBOV one-pot with SARS-CoV-2 RNA in the NTC. Reaction run on CFX96 system.

3.4.4.3.4 One-pot Variability

Lastly, we wanted to test the one-pot assay with respect to the number of false positive

results obtained. To test this, 12 replicates containing the EBOV template and 12 NTCs containing

water were run, shown in figure 3.36. Interestingly, the template-containing reactions showed

more variability in their signal than the NTCs, as indicated by the large error bars.
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Figure 3.36 EBOV one-pot variability. Reaction run at 60 °C on QuantStudio system.

4.0 Discussion

This study was the first step in developing a CRISPR-based POCT using RT-LAMP and
Cas12b. To the best of our knowledge, an RT-LAMP/Cas12b one-pot test has not yet been
developed to detect LASV or EBOV. First, this study addressed the hypothesis described in section
1.8 by showing that RT-LAMP/Cas12b can detect LASV and EBOV in a one-pot format, although
not as reliably as expected, as several reactions showed false positive results or large variation
across replicates. Next, the objectives listed in section 1.9 were partially met. The first objective
of this thesis was to optimize the STOPCovid.v2 one-pot method to detect LASV and EBOV using
RT-LAMP and Cas12b. This objective was met by designing LAMP primers and gRNA to amplify
and detect LASV and EBOV (listed in table 3), which were tested through running several RT-
LAMP reactions, two-step and one-pot reactions, and assessing gRNA activity. Furthermore, the
STOPCovid.v2 protocol was optimized by running several titrations to select the optimal

concentrations of reagents in section 3.4.3.2.1, which resulted in better performance of the one-

pot reaction compared to the original protocol as shown in figure 3.23. The second objective of
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this project was to optimize the sensitivity of the one-pot assay by measuring the LOD and limiting
the number of false positives and negatives, as well as test the assay on animal samples and spiked
matrices. The LOD was assessed in figure 3.34, however high background noise and false positive
results hindered this assessment. As well, extracted RNA from NHP blood samples from previous
LASV and EBOV studies were tested, which showed better results for EBOV than LASV. Lastly,
testing the one-pot assay on spiked matrices was not met due to many false positive results. The
false positive results created a futile environment for optimizing the assay or meeting objectives,

and the root cause needed to be addressed first.

It is important to note that there are many factors included in optimizing the one-pot assay
for the POC. The LAMP primers and gRNA must be carefully designed to avoid non-specific
amplification or detection, as reflected in figure 3.14 where the gRNA detected the BIP. As well,
there are many enzymes, buffers, and temperatures that must be optimized to work together in a

one-pot format. This was outlined in section 3.4.3.2.1, where selecting the most optimal

concentrations of MgSQO4, dNTPs, LAMP primers, Bst 2.0 polymerase, RTx reverse transcriptase,
and the reporter led to better performance of the assay, shown in figure 3.23. As well, the
thermostable Cas12b was chosen for this assay as it functions at the higher temperatures that RT-
LAMP runs at [76]. However, intermittent false positive results and low signals were still seen,

which are discussed in further detail below.

In this study, the CT value of 32.9 in the NHP samples was not detected in either the EBOV
RT-LAMP (figure 3.29) or one-pot reaction (figure 3.33). This finding is similar to another
published LASV RT-LAMP assay that was only able to detect CT values less than 32 [113].
However, this finding is in contrast to an EBOV RT-LAMP assay that could detect CT values up

to 37.5. Of note, they did report one negative result that corresponded with a CT value of 36.3
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[112]. The differences in assay performance described here could be attributed to differences in
LAMP primer design and efficiency, as this discrepancy has been seen before between RT-

LAMP/CRISPR-based assays and PCR assays [59, 113].

4.1 False Positives

As seen in the LASV and EBOV assays, false positive results were frequent regardless of the
actions taken to impede this, including implementing the sterile workflow outlined below in
section 4.1.1, using different machines (ESEQuant TS2.4, QuantStudio 3/5 Real-Time PCR
Systems, or Bio-Rad CFX96 Real-Time System), testing different RNA extraction methods,
assessing the RNA quality, and assessing multiple LAMP primer sets and gRNAs for non-specific
activity. Other troubleshooting techniques included the use of DMSO in RT-LAMP reactions,
running melting curve analyses, running one-pot reactions without Cas12b or gRNA, assessing
primer-gRNA interactions, and finally, confirmation of contamination through sequencing for the

LASV assay.

As discussed in the introduction, LAMP is highly sensitive to non-specific amplification and
contamination, especially due to the high stability of LAMP amplicons and the risk for carryover
contamination [106]. In the assays, it was common to see the NTC fluorescence reach a higher
value or fluoresce quicker than the template-containing reaction, suggesting a false positive result
rather than high background noise. In other cases, false positive results showed the NTC trending
upward, which could be due to non-specific amplification, contamination, or high background
noise. To assess the cause of the false positive results in the LASV assay, a melting curve of the
RT-LAMP reaction was run which did not address the question as the melting profiles could not
be confidently identified to be the same amplicon or not (figure 3.9). Therefore, the samples were
sent for Sanger sequencing which confirmed contamination, as the NTC and template-containing
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reactions were a 98.3% match (data not shown). For the EBOV assay, the melting curve suggested
there was no non-specific amplification occurring (figure 3.30), which is suggestive of an issue
occurring in the CRISPR part of the reaction. In this case, sequencing could be done to confirm if

there is contamination causing the false positive result or non-specific Cas12b activation.

One theory for the cause of the false positive results is activation of the Cas12b enzyme outside
of the typical DNA-based activation. It has been shown for Cas12a, AacCas12b, and AapCas12b
that both dsDNA (PAM-dependent) and ssDNA (PAM-independent) can activate the enzyme to
trans-cleave non-specific ssDNA [76, 77, 86]. This is the basis of the CRISPR-based assay, where
dsDNA amplified by RT-LAMP is cis-cleaved, followed by trans-cleavage of the ssDNA reporter.
Aside from this, other aspects have been explored for their effect on the reaction. It has been shown
for Cas12a that low ionic strength buffers and shorter targets for cleavage promote higher enzyme
efficiency [145]. As well, AapCas12b maintains optimal activity between 31 °C — 59 °C, across a
wide pH range from 1.0 - 8.0, and with many divalent cations, except for Zn*" and Cu®" [75].
However, there is no evidence in the literature to support the theory that these factors could

inadvertently activate the Cas enzyme, only that these parameters are important in enzyme function.

On the same note, it was previously observed that Cas12a did not show activity towards RNA,
either through enzyme activation or trans-cleavage [86]. In contrast, other Cas12 orthologs such
as Casl2a2 display trans-cleavage of ssRNA, ssDNA, and dsDNA through RNA activation, while
Casl2g displays similar activity except without dsDNA-cleavage [146, 147]. With respect to the
enzyme used in this thesis, AapCas12b, one study reported a non-specific signal which did not
resolve when steps were taken to address what was assumed to be contamination, similar to the

findings in this thesis. Interestingly, it was discovered that AapCas12b also displays trans-cleavage

85



of RNA reporters [148]. Therefore, the RNA cleaving activity of Casl2b should be further

explored as a potential source of false positives.

As Cas12b can become activated via ssDNA, it was hypothesized there could be activation by
a LAMP primer creating template-free positive results. The LAMP primers are rather small,
typically < 50 bp, although the gRNA is smaller, typically < 24 bp. A 15 bp complement is
sufficient to generate cleavage, as previously demonstrated with Cas12a [86]. To explore this idea,

the primers were assessed using the Multiple Primer Analyser, ThermoFisher Scientific to see if

there were any primer dimers or primer-gRNA interactions that could affect the results of the one-
pot assay. Several theoretical primer-primer and primer-gRNA interactions were found (data not
shown). For the LASV assay, the BIP could potentially interact with two gRNAs (9 bp vs 20 bp
match). The LASV assay was tested, and it was shown that the BIP could generate fluorescence
with one of the gRNAs (20 bp match) (figure 3.14). Although, this was not the gRNA used in the
one-pot assays and the primer concentration had to be increased by 6.25X, and therefore this result
does not reflect realistically as the source of false positives. Nevertheless, strong theoretical
primer-gRNA complementary in the EBOV assay could also be explored as a source of false
positive results. As well, primer redesign is recommended in the case of primer-primer interactions,

which can lead to non-specific amplification [106].

4.1.1 Sterile Workflow

A sterile workflow was implemented to help prevent contamination from occurring after the
LASYV assay was confirmed to be contaminated. A dedicated CleanSpot PCR workstation with
ultraviolet (UV) light was used to prepare the master mix in a separate location away from template
addition, with a separate lab coat. The CleanSpot station also contained a set of dedicated and
recently cleaned pipettes with filtered tips for master mix preparation only [106] . When pipetting,
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proper technique was practiced to reduce potential aerosol contamination. The CleanSpot station
was cleaned with 70% ethanol and UV after use, and 1% bleach before use, as these reagents have
demonstrated strong ability to remove DNA from plastic [149]. As well, dedicated pre- and post-
LAMP spaces were used for when tubes must be opened after a LAMP reaction, such as when
running a gel-electrophoresis [106]. All reagents were aliquoted into smaller volumes to reduce
the effects of freeze-thawing and possibility of contamination. Lastly, fresh primers were ordered,
and new reagents and/or lot numbers were opened frequently. Even though these steps were

implemented, false positive results continued to be sporadic into the EBOV assay.

Ultimately, while this study showed that RT-LAMP and Cas12b can be paired to create a
successful one-pot assay, this study also showed these methods are prone to non-specific

amplification and contamination, which undermines the reliability and usefulness of the assay as

a field deployable POCT.

4.2 False Negatives

False negative results were also seen, although less frequently than false positives, and
occurred when template was added and fluorescence did not increase. In other cases, fluorescence

was quite low overall, such as in section 3.4.3.2.1, which could have affected the ability to discern

positive signals when using the cut-off values outlined in section 2.11, such as 3x the NTC signal.
This could be attributed to several factors, one being inefficient LAMP primers or poorly designed
gRNA, therefore several primer sets and gRNAs were designed and tested. It is also possible that
other reagents such as enzymes, buffers, or salts could have been ineffective, however this is less
likely as they were recently ordered, unexpired, and correctly stored. Another possibility could be
the poor quality of the template RNA, of which the RIN was found to be low, or the method used
to extract the RNA, which could introduce inhibitors of the downstream applications. In this case,
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different RNA extraction methods were used as outlined in section 2.4. However, the different
methods were not directly compared to assess their effectiveness. As well, the Cas12b enzyme
activity and reporters were assessed and found to be working. Therefore, false negative results
were mitigated by running RT-LAMP only reactions to ensure the primers were working and
running two-step reactions shed light on whether the Cas12b enzyme and gRNA could detect the

RT-LAMP amplified target.

4.3 Future Directions and Conclusion

This study was the first step in developing a CRISPR-based one-pot test using RT-LAMP and
Cas12b to detect LASV and EBOV and provided many insights into the workings of RT-LAMP,
Casl2b, and the optimization required to develop a one-pot POCT. There are many future
directions this project could take to further develop the assay as a user-friendly and field
deployable POCT including lyophilizing the formula, integrating both the HUDSON method and
lateral-flow detection, further assessing the LOD for clinical sensitivity, and comparing the
sensitivity of RT-LAMP to the more traditional diagnostic test, PCR. Lyophilization and lateral-
flow tests have been explored for RT-LAMP and Cas12b one-pot detection prior to this study and
found to be feasible [83, 135]. The use of these technologies could further develop the user-
friendliness of this test at the POC, as lyophilized formulas can travel well without a cold chain,
and lateral-flow strips provide an easy readout [83, 138]. As well, it would be beneficial to
integrate an inactivation and extraction method such as HUDSON for a true POCT [57]. The
HUDSON method was not tested as an addition to this project as it requires the use of CL4 to fully
assess its suitability for the POC. However, the ability of HUDSON to inactivate nucleases could
still be assessed using spiked matrices in CL2. The LOD was narrowed down for EBOV in figure

3.34, but was derailed by false positive results which made further testing of the LOD futile.
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Assessing the LOD would shed light on the ability of the test to be feasible in the clinical setting
during complex outbreaks of HCPs. Lastly, several studies have found LAMP to be competitive
with or in agreement with PCR [11, 106, 108—119]. Therefore, future directions should include
testing clinical samples across a range of CT values and comparing the RT-LAMP results to the
PCR results to further elucidate the clinical usefulness of LAMP and/or CRISPR-based assays as

a POCT.

Other extensions of this project could include comparing the effects of different inactivation
and extraction methods on the one-pot test, as different extraction methods were employed in this
thesis but not directly compared to each other. As well, the second objective could be completed
by testing different spiked matrices such as urine, blood, or saliva and comparing the results to
published findings, which found saliva to be a sensitive and non-invasive method to detect LASV

and EBOV [59].

This study also had limitations. First, this study was limited by the lack of clinical samples.
Assessing both positive and negative clinical samples through PCR and comparing the results with
RT-LAMP and the CRISPR one-pot test would enhance the study by determining the realistic
feasibility of the assay to perform up to standard at the POC. Second, this study was limited by the
lack of proper positive (or internal) and negative controls which could further demonstrate the
feasibility of the test. For example, the EBOV-tobacco mosaic virus probe, which can function
alone as a positive control or be added to samples as an internal control, as well as plasmids, MS2
phage, and ribonuclease P have been developed as positive and/or internal controls for RT-LAMP
and CRISPR-based tests [96, 116, 117, 148]. While water can be used as a template-free negative
control, the cells from the cell line used to prepare the RNA samples could also be used a negative

control [96, 148].
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4.4 Conclusion

This study demonstrated that the STOPCovid.v2 method using RT-LAMP and Cas12b can be
adapted to detect LASV and EBOV, helping to expand the CRISPR-based toolbox of POCTs
against future outbreaks of HCPs. As well, this study shed light on the realistic feasibility of this
method as a future POCT. It was determined that technical limitations of the RT-LAMP and/or
CRISPR-based detection method such as non-specific amplification/activation and risk of
contamination merit special considerations such as a sterile workflow including dedicated spaces,
as well as primer and gRNA analysis for potential interactions. Further work into the ideas listed
here as future directions or limitations of this study such as implementing lyophilization, lateral-
flow strips, and the HUDSON technique, assessing clinical samples, and adjusting the controls of
this project will continue to refine this method as a reliable POCT able to meet the REASSURED

characteristics.
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