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ABSTRACT

The recent global resurgence of measles in 2023-2024, despite vaccine

preventability, underscores a critical public health issue, largely due to reduced
vaccination coverage during the SARS-CoV-2 pandemic. In response, Ottawa Public
Health intensified vaccination efforts in 2023 and 2024. Additionally, a research
initiative began in April 2024 to monitor Ottawa wastewater for measles virus (MeV)
using established wastewater and environmental surveillance (WES) protocols.
Unexpected positive MeV detections through RT-qPCR in Ottawa wastewater —
despite no active regional cases — prompted genotypic and retrospective analyses of
archived RNA samples dating back to 2020. The genotypic analysis identified positive
detection to belong to genotype A, the progenitor strain of the viral vaccines, marking
the first report of MeV vaccine RNA in a large catchment area. Linear regression
analysis revealed detections aligned with intensified vaccination efforts by Ottawa
Public Health. These findings emphasize the importance of integrating genotypic
analysis into WES practices to mitigate possible confounding factors, such as vaccine
shedding into wastewater. Additionally, this research highlights potential public
health applications using MeV WES as a complementary tool. Implementing the
findings of this study for MeV WES, and for other re-emerging viruses, could improve

public health response and resource allocation.
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1. INTRODUCTION

1.1 Background

Wastewater and Environmental Surveillance (WES) is a field of study that
assesses the health of a community or population by analyzing wastewater for
indicators of disease or drug use, both pharmaceutical and otherwise. Although WES
has historically been used in the context of public health, it was not a widely
implemented tool until the 2019 coronavirus disease pandemic. The viral infection
from severe acute respiratory syndrome — coronavirus — 2 (SARS-CoV-2) spread
across the globe at an unprecedented rate, quickly overwhelming existing public
health measures for many countries, including Canada. WES posed an alternative,
non-invasive, unbiased method for monitoring population wide disease burden and
distribution. As such, monitoring SARS-CoV-2 using WES during the pandemic
became an important complimentary tool to clinical monitoring and fostered a
collaborative relationship between public health and researchers in the WES field of
study in Ottawa, Canada. This collaborative relationship ultimately led to monitoring
the community wastewater for other viral diseases and infections such as respiratory
syncytial virus (RSV), influenza A and B, and monkeypox (Mercier et al., 2022;
Mercier et al., 2023; Wong et al., 2023).

The pandemic led to other unforeseen challenges in the public setting such as
limited access to healthcare and the spreading of misinformation about regularly
scheduled immunizations. These challenges led to disruptions in the administration

of routine vaccinations, such as the measles vaccine. In 2022, there was a concerning
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surge in infections, compared to the previous year, with an 18% rise in estimated
measles cases and a 43% increase in measles-related deaths globally (World Health
Organization [WHO], 2001; WHO, 2015; Minta et al., 2023). The measles vaccine is
part of the publicly funded immunization program in Canada with the first dose
administered no earlier than a child’s first birthday and the second dose usually
provided through school-based immunization programs (Public Health Ontario,
2022). In order to halt the transmission of the measles virus, a population wide
vaccination rate of 95% or greater is necessary. Despite Canada being a measles non-
endemic country, widespread immunity for measles dropped below 95% following the
pandemic (Tam, 2023). The drop in widespread immunity increased the risk of
introduced infections rapidly spreading in many communities in Canada, as seen in
the past with the reemergence of polio when herd immunity falls below the epidemic
threshold (Sasaki et al., 2012). Thus, the risk of re-introduced measles infections in

Ottawa posed an opportunity to explore WES for the measles virus (MeV).

1.2 Problem Statement

There is presently no standardized approach to implementing MeV WES before
the onset of a measles outbreak within a measles non-endemic country. Though the
detection of wildtype MeV, that is naturally occurring non-vaccine strain MeV,
utilizing WES has been reported in current research, these studies were primarily
either reactive, initiating sampling and analysis after an outbreak was identified by
clinical surveillance, or by targeting priority populations with known low vaccination

coverage (Benschop et al., 2017; Rector et al., 2024; Ndlovu et al., 2024). It remains



unclear whether wildtype measles is detectable in large catchment areas. In addition,
the administration of live-attenuated measles vaccines in Canada and other countries
may confound the detection of MeV in wastewater through RT-qPCR. There is
presently no research into confounding effects of vaccine shedding when using WES

to quantify measles infections via RT-qPCR in a community (Ndlovu et al., 2024).
1.3 Research Objectives

The intent of this thesis is to advance the current state of knowledge on MeV WES
by measuring the signal of MeV in wastewater from a large catchment area in the
absence of known active measles cases. The specific objectives of this research are as
follows:

1. To validate the standard method developed by the CDC and employed by the

Global Measles and Rubella Laboratory Network for the detection of measles
RNA via RT-qPCR and the identification of the prevalent genotypes, by
assessing its applicability to wastewater samples as an alternative to clinical
specimens.

2. To evaluate the relationship between vaccination rates and the presence of

vaccine strain measles measurements in wastewater.

The results from this research highlight the importance of molecular
characterization of MeV signal in wastewater. It also shows the importance of a
collaborative relationship between WES and public health to identify factors

contributing to the signal of MeV in wastewater.



2. LITERATURE REVIEW

2.1 History of Measles & the Measles Vaccine

2.1.1 Clinical Manifestation of Measles

Measles, an illness primarily affecting children, results from a viral infection
by the measles virus (MeV) of the Morbillivirus genus in the family Paramyxoviridae.
MeV is an enveloped virus with a single-stranded, negative sense RNA genome
(Bankamp et al., 2011, Furuse et al., 2010). Measles infections are highly contagious
spreading through respiratory droplets, aerosolized transmission, or direct contact
with nasal or throat secretions of an infected individual (WHO, 2018). An
uncomplicated measles infection consists of four phases: the incubation phase, the
prodromal phase, the rash phase, and the convalescent phase (Ontario Ministry of
Health, 2024). A typical measles illness consists of a characteristic rash with a fever
of 38°C or higher and one or more of the following: cough, coryza, and conjunctivitis
(WHO, 2018). Although individuals are considered infectious approximately four
days before and after the onset of the rash; in Ontario, Canada, an individual is
defined as a suspected measles case only after presenting with fever, rash and at
minimum one of cough, coryza or conjunctivitis for at least three days (Ontario
Ministry of Health, 2024; WHO, 2018). Measles can have serious complications such
as deafness and blindness among immunocompromised individuals as well as severe
long-term neurological consequences resulting from acute encephalomyelitis leading
to death or permanent impairment for survivors (WHO, 2018). Additionally, measles

illness can cause subacute sclerosing panencephalitis (SSPE), a progressive



neurodegenerative disease that can manifest 4-10 years after acute infection. The
risk of SSPE is higher among children who contracted measles illness at less than

five years of age and is invariably fatal (WHO, 2018; Bankamp et al., 2011).

2.1.2 The Measles Vaccine

According to WHO, wild-type measles can be found classified into 24 genotypes
distributed across 8 clades (A-H) with all vaccine strains belonging to genotype A
(WHO, 2018). Since MeV derives from one genus and species with relatively stable
antigens, this means that it is potentially eradicable by immunization (Barrero et al.,
2001). Research into the development of the measles vaccine began in the 1950s when
the Edmonston strain, considered the prototype, was first isolated from a child with
measles in a primary culture of human kidney cells, subsequently giving rise to
several of the currently used highly attenuated, live measles vaccines (Bankamp et
al., 2011). The Edmonston isolate is not the only wild-type progenitor strain. Others
were isolated independently in Russia, Japan and China, giving rise to diverse
geographic origins and attenuation procedures (Bellini & Rota, 1998). Despite these
differences, the sequences of the different vaccines demonstrate remarkable
similarities (Parks et al, 2001; Bankamp et al., 2011).

Even though measles infections are highly contagious, measles outbreaks can
be prevented through a population-wide vaccination rate of 95%, leading to herd
immunity (WHO, 2018). Protective immunity is 89.6% from a single dose at 9 months
of age and is the recommended age of first administration for measles endemic areas

with ongoing transmission. The recommended age of first administration for areas



without ongoing transmission is 12 months. This 1s due to the waning of maternal
antibodies leading to an increase in protective immunity to 99% (WHO, 2018). In
Canada, the measles/mumps/rubella (MMR) and measles/mumps/rubella/varicella
(MMR-Var) vaccines are part of the publicly funded immunization programs for
people born in Canada as well as for new Canadians entering the school, childcare,
and healthcare settings (Public Health Ontario, 2022; Public Health Ontario, 2012).
All measles vaccines administered in Canada use the Schwarz and Moraten strains,

both deriving from the Edmonston isolate, and belonging to genotype A.

2.1.3 Measles Elimination

Measles elimination is defined as the absence of endemic measles transmission
in a defined geographical area for a period of 12-months or more in the presence of an
adequate surveillance system (WHO, 2015). The introduction of immunization
programs has greatly reduced the incidence of measles worldwide, however,
Immunization coverage greater than 95% is required to sustain elimination (WHO,
2018). For areas that have already achieved good control of measles infections
through immunization efforts, molecular epidemiological studies provide a means to
describe outbreaks and cases (Bellini & Rota, 1998). The WHO recommends
molecular surveillance via genotypic analysis to track endemic measles transmission,
global genotypic distribution, and verification of elimination of wild-type MeV (WHO,
2015; WHO, 2018). In Canada, isolation of MeV via PCR detection is strongly
recommended to allow for downstream amplification and genotypic analysis (Ontario

Ministry of Health, 2024). Additionally, using molecular epidemiology to compare the



variability of measles infections before and after a vaccine campaign has been
demonstrated to be an effective strategy for monitoring the efficacy of vaccination
campaigns (Mulder et al., 2001). While Canada maintains no ongoing transmission
of MeV and is therefore measles non-endemic, the risk persists due to incoming
travelers from measles endemic regions where the virus is prevalent (Government of
Canada, 2024). Consequently, susceptible populations, such as under-immunized
communities or individuals with fading immunity, remain vulnerable to introduced
infections (WHO, 2018). Therefore, early detection, genotypic analysis, and
containment of circulating infections within the community are crucial to preventing
widespread transmission.
2.1.4 Measles Vaccine Shedding

Despite being a respiratory virus, the MeV has been detected in the urine
samples of infected individuals. Previous research has shown that isolation of MeV
from urine specimens of infected individuals is possible for up to 10 days after the
rash onset (Rota et al.,, 1994). Additionally, in a fourteen-year study measuring
morning urine specimens from suspected measles patients admitted to hospital from
1965-1979, the highest positive rate of MeV detection was from urine before the rash
onset and second highest at the onset of the rash (Boyd, 1983). Furthermore, MeV
has been detected in urine of asymptomatic close contacts of infected individuals
(Boyd, 1983; Vardas & Kreis, 1999). In Canada, urine is considered an appropriate
clinical specimen for use in laboratory confirmation of infection with clinically

compatible signs and symptoms (Ontario Ministry of Health, 2024).



As previously mentioned in section 2.1.2, the measles vaccine is derived from
a live-attenuated wild-type strain of MeV. Past research has demonstrated the
occurrence of viral vaccine shedding with live-attenuated vaccines (Armas et al.,
2023). Research examining the shedding and persistence of MeV in vaccinated
individuals has demonstrated the presence of viral RNA in urine samples 7 to 15 days
post-vaccination (Eckerle et al., 2013; Kaic et al., 2010). Evidence from a 2019 study
indicates a slow clearance of the virus from the body, with positive detections in urine
persisting for up to 100 days post-vaccination (McMahon et al., 2019). Furthermore,
it has been suggested that the virus or viral antigens from a measles vaccine can be

detected in urine as little as one day post-vaccination (Rota et al., 1995).

2.2 Wastewater and Environmental Surveillance

Wastewater and Environmental Surveillance (WES) is an anonymous
approach for monitoring drug use, disease prevalence, and infection rates of a
community through molecular analysis of wastewater. In recent decades, wastewater
has been used to monitor consumption patterns of both regulated and unregulated
substances (Metcalfe et al., 2010; Erickson et al., 2021). In addition, WES has been
employed to monitor community infection rates of non-enveloped viruses transmitted
via the fecal-oral route, such as poliovirus, hepatitis virus, and norovirus (Brouwer et
al., 2018; Petrinca et al., 2009). WES of polio has been part of the United Nations
Polio Eradication Program since 1988 and has played a key role in documenting the
eradication of polio in India and Egypt as well as documenting re-emerging infections

in polio free countries such as the Netherlands (Medema et al., 2020a). Lessons



learned from the use of WES for polio supports the implementation of WES for other
respiratory viruses. During the pandemic, clinical surveillance was quickly
overwhelmed by the massive influx of infected individuals leading to the necessity of
alternative surveillance methods, such as WES. Implementation of WES for the
surveillance of SARS-CoV-2 was found to be a useful complementary tool to clinical
surveillance, with many programs initiated across the world (Ahmed et al., 2020;
D’Aoust et al., 2021a; Graham et al., 2020; Naughton et al., 2023). Research out of
Canada has contributed considerably to the WES field of study. For instance, SARS-
CoV-2 research out of Ottawa, Canada found a significant correlation between
normalized SARS-CoV-2 concentrations with regional public health metrics,
indicating viral signals precede laboratory confirmed cases by 5 days, hospitalizations
by 10 days, and deaths by 19 days (D’Aoust et al., 2021a; Hegazy et al., 2022). Parallel
findings of early detection of SARS-CoV-2 have also been reported in other developed
countries (Ahmed et al., 2021; Medema et al., 2020b). Across the world, wastewater
monitoring for SARS-CoV-2 has shown to be an effective predictive tool with online
dashboards displaying the latest data occurring in 72 countries (Naughton et al.,
2023).

WES has broadened to include the analysis of other respiratory viruses
including RSV, influenza, monkeypox, norovirus, and rotavirus (Mercier et al., 2023;
Mercier et al., 2022; Wong et al., 2023; Bucardo et al., 2011; Hughes et al., 2022;
Boehm et al., 2023). It has been found that concentrations of RSV and influenza in

the wastewater mirrors clinical surveillance data (Boehm et al., 2023). A finding that



has been corroborated through research out of Ottawa, Canada which demonstrated
the feasibility of WES for RSV and influenza by identifying lead-times of 12 and 17-
days, respectively (Mercier et al., 2023; Mercier et al., 2022). Wastewater surveillance
of the re-introduction of monkeypox has been demonstrated by researchers through
detection of MPOX viral signal in wastewaters with the ability to track outbreaks
and/or resurgences (de Jonge et al., 2022; Wolfe et al., 2022; Wong et al., 2023).
Although the research agenda for pathogen WES is region specific, advancements
and innovation in WES are contributed by research institutions across the world
(Han et al., 2023; Berry et al.,, 2022; Shaw et al., 2023; Benedetti et al., 2024).
However, the demonstrated use of different methodological approaches for WES
across research facilities, and therefore lack of reliable and timely data generation,
limits its future application (Chik et al., 2021; Kumblathan et al., 2021). Research is
ongoing to improve WES systems globally with the ultimate goal of improving the

understanding of the viral prevalence of infectious diseases in wastewater.

Traditional clinical surveillance of respiratory viruses generally relies on
individual testing, hospitalization and mortality data (Gracia-Lor et al., 2018). Often,
there are testing restrictions in place, such as testing only symptomatic individuals,
to avoid overwhelming the public health system. Other clinical testing biases, such
as unequal access to healthcare and testing avoidance due to stigma, may lead to an
underestimation of the disease prevalence within the community. WES is beneficial
in that everyone in the population uses bathroom facilities, allowing viral shedding

to make its way into the sewer system thereby allowing detection through wastewater
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analysis. Consequently, WES is a more comprehensive representation of true disease
burden in the community through overcoming individual, behavioral and systemic
biases within the clinical testing system by providing a non-invasive, anonymous,
cost-effective, and adaptable population-level monitoring tool (Medema et al., 2020a).
The systematic collection, analysis and interpretation of disease specific data using
WES has been found to be valuable for public health decision making and health
action plans (Benedetti et al., 2024). It has been suggested that a dynamic
surveillance system, including WES, would efficiently monitor trends in respiratory
diseases, allowing for the ability to rapidly detect emergence, re-emergence, and
resurgences of viral variants (Berry et al., 2022). The emergence and re-emergence of
viral outbreaks are becoming more frequent for various reasons, such as increased
International travel and suspected vaccine hesitancy, posing serious public health
threats and increasing the need for pandemic preparedness in the future (Han et al.,
2023). Continual monitoring of wastewater and timely sharing of data with public
health can be valuable for public health decision making and the overall community

health.

2.3 Measles Wastewater and Environmental Surveillance

MeV RNA has been detected in the urine of infected individuals, enabling its
detection in wastewater (Riddell et al., 2007; Moss & Griffin, 2012). Measles WES
has been presented in research conducted in the Netherlands, Belgium, and South
Africa. In 2013, a Dutch study detected the MeV D8 strain in wastewater samples

from sewage pits located in residential communities and schools within the
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Netherlands’ ‘Dutch Bible Belt’ (Benschop et al., 2017). This study demonstrates the
employment of targeted surveillance of priority populations by choosing wastewater
sampling sites with a small catchment area in a region with known low vaccination
rates. More recently, a Belgian study utilized WES during an active outbreak to
1dentify MeV hotspots and the circulating genotype D8 strain by testing wastewater
samples from three large regional wastewater treatment plants (Rector et al., 2024).
This study highlights the feasibility of measles WES by demonstrating successful
detections from large catchment areas during an active outbreak. However, both
European studies did not detect the MeV vaccine strain.

In 2024, a South African study utilized WES to co-detect both MeV genotype A
(the measles vaccine) and MeV genotype non-A through targeted surveillance during
an active outbreak by in-line sewer sampling within two large municipalities
following supplemental immunization activity (Ndlovu et al., 2024). This study
demonstrates the potential of MeV WES for tracking the efficacy of supplemental
immunization activity through targeted surveillance of a small catchment area in a
measles endemic country. Genotype A and genotype non-A were identified in
wastewater by employing a technique deemed ‘PCR genotyping’ using primers
specific for genotype A and the wildtype genotypes dominant in the region (B3, D8
and H1) to differentiate between vaccine and wildtype MeV. However, they lacked
sufficient material to sequence the wastewater samples positive for genotype non-A
and since their ‘PCR genotyping’ method identifies three dominant genotypes in the

region, they were unable to identify the circulating genotype. According to the World
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Health Organization, molecular characterization of the virus is a vital component of
verification of measles elimination, and particularly important when the source of the
infection 1s unknown (WHO, 2018). Moreover, performing sequencing on positive
genotype non-A wastewater samples would provide confirmation testing, a common
practice in microbiology. Despite this limitation, sequencing or PCR genotyping are

both good practice for routine testing of wastewater samples for MeV.
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3. MATERIALS AND METHODS

3.1 Wastewater Sampling

Twenty-four-hour composite primary clarified sludge wastewater samples
were collected from the City of Ottawa’s only water resource recovery facility (WRRF),
Robert O. Pickard Environmental Centre (ROPEC). ROPEC serves approximately
91% of the population (910, 000 of 1, 000, 000) with an average daily capacity of 545
million liters. The wastewater samples, comprised of four grab samples collected
every six hours and combined into a 500 mL bottle, were collected by process
technicians at ROPEC and stored at 4°C before being transported to the laboratory
onice. The samples were collected daily as part of an ongoing wastewater surveillance

program since 2020.
3.2 Sample Concentration and Nucleic Acid Extraction

Upon arrival at the laboratory, samples were processed within 48 hours for
nucleic acid extraction. Forty millilitres (mL) of well-homogenized wastewater
samples were concentrated by centrifugation at 10, 000 x g for 45 minutes at 4°C. The
supernatant was discarded, and 0.250 + 0.01 grams (g) of the resulting pellet was
immediately processed for RNA extraction using Qiagen’s AllPrep PowerViral
DNA/RNA kit with a combination of a manual and automated methodology. The
manual and automated methodology was created in conjunction with Qiagen
application specialists and engineers where the cell lysis and inhibitor removal steps
were performed manually before the sample was transferred to a microcentrifuge

tube then loaded into the QIAcube Connect instrument where all subsequent wash,
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DNase addition and elution steps were automated (Qiagen, 2018; D’Aoust et al.,

2021a, 2021b).

3.3 RT-qPCR

3.3.1 Sample Analysis

Daily samples collected between April 6, and May 31, 2024, were quantified for
viral MeV immediately following concentration and extraction procedures.
Retrospective analysis of a subset of archived previously extracted RNA from
wastewater samples were quantified for viral MeV after being stored at -80°C for
periods ranging from 1 to 45 months. The frequency of samples tested for
retrospective analysis is detailed in Table 3.1. Missing dates were due to lack of
archived RNA. The archived RNA samples from the year 2020 underwent a maximum
of two freeze- thaw cycles and the archived RNA samples from year 2021 to 2024
underwent a maximum of one freeze-thaw cycle. Viral MeV was quantified using
singleplex, probe-based, one-step RT-qPCR (CFX96, Biorad) using nucleoprotein (N)
specific primers and probes. Primers, probes and cycling conditions are summarized
in Table 3.2. Reactions were prepared using TagMan™ Fast Step Master Mix
(Thermo Scientific) according to the manufacturer’s guidelines for a final reaction
volume of 10 microlitres (ul). All daily samples were run in eight technical replicates,
while retrospective samples were run in triplicate, each with non-template controls
and a five-point standard curve, prepared with a MeV G-block (Integrated DNA
Technologies). The retrospective samples were run in triplicate instead of eight

technical replicates because of limited RNA of archived samples.
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Table 3.1: Frequency of retrospective analysis of archived wastewater RNA from
July 2020 to March 2024.

Year Number of Frequenc
Samples Analysed d y
2020 5 Starting July, once per month, missing December
2021 11 Once per month, missing December
Once per month, missing January, August, September
2022 8
and December
2023 40 Once per month January to June. Starting July, once
per week
2024 17 Once per week, ending March

Table 3.2: Amplification target regions, Primers/Probes and Cycling conditions

Amplicon

length Primers/Probes Cycling Conditions Reference
75 bp MVN 1139F 5' RT: 50°C for 5 min (1 cycle) Hummel et
TGGCATCTGAACTCGGTATCAC 3 RT Inactivation/ Initial al. 2006
MVN 1213R &' Denaturation: 95°C for 20s (1
TGTCCTCAGTAGTATCGATTGCAA 3’ | cycle) RT-qPCR for
MVNP 1136 5 FAM- Denature: 95°C for 30s (44 quantificatio
CCCCGAGGATGCAAGGCTTGTTTCA | cycles) Anneal/Extend: 60°C n
GA-BHQ1 3’ for 30s (44 cycles)
439 bp MVN 3 5' Initial Denaturation: 98°C for | Brzovic et
GGATGAGGCGGACCAATACT 3' 30s (1 cycle) al., 2022
MVN 6.1 5 Denaturation: 98°C for 10s (35
TGACCATGCTGCCATAGCTT 3' cycles) Nested PCR
Annealing: 55°C for 30s (35 for
cycles) Extension: 72°C for 60s | amplificatio
(35 cycles) n
Final Extension: 72°C for 120s
4°C, hold
695 bp MVN 5 5' GGAGTAGGAGTGGAACTTG | Initial Denaturation: 98°C for

37
MVN 6 5'
TCTGCCATCGGCTCCAATCG 3'

30s (1 cycle)

Denaturation: 98°C for 10s (35
cycles)

Annealing: 55°C for 30s (35
cycles) Extension: 72°C for 30s
(35 cycles)

Final Extension: 72°C for 120s
4°C, hold
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3.3.2. Quality Control Measures

The limit of detection of the quantification workflow was previously
determined using spiked viruses and was found to be 9% (D’Aoust et al., 2021a).
However, caution is advised in extrapolating these results, as spiked surrogates have
been found to not be representative of endogenous targets in wastewaters (Kantor et
al., 2021). The assays limit of detection (ALOD) and limit of quantification (ALOQ)
for MeV’s N gene region were approximately 3.66 and 3.74 copies/reaction
respectively following recommended MIQE guidelines (Bustin et al., 2009). PCR
efficiency ranged from 90 — 110% and RZ measurements were greater than 0.95. All
samples were analysed for pepper mild mottle virus (PMMoV) to assess possible
inhibition using previously described methods (D’Aoust et al., 2021a). It was
determined that inhibition was not evident in the wastewater samples and therefore
the results did not require normalization to the PMMoV faecal indicator. Despite
these quality control measures, the potential for false positive detections remains,
particularly at low target concentrations near the assays limit of detection. To
mitigate this, all reactions included non-template controls (NTCs) to monitor for
contamination, and results were only considered positive if amplification was
observed in a minimum of 2 replicates with appropriate amplification curves.
3.4 Sample Preparation for Sanger Sequencing
3.4.1 cDNA Synthesis, Nested PCR, Gel Electrophoresis and Purification

Select wastewater samples showing a positive detection for MeV through RT-

qPCR were further analysed to identify the strain circulating in the community via
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Sanger sequencing. The 450 nucleotides encoding the carboxylterminal 150 amino
acids of the N were sequenced according to the WHO guidelines as the minimum
amount of sequence data required for determining the genotype of MeV (WHO, 2018;
CDC, 2018). For these samples, a nested-PCR approach was used to increase the
sensitivity; two sequential amplification reactions were performed using two different
sets of primers. Complementary DNA (cDNA) was first synthesized using
SuperScript™ IV First-Strand cDNA Synthesis Reaction (Invitrogen) following the
manufacturer guidelines. The primary and secondary PCR of the nested PCR were
prepared using Q5 Hot Start High-Fidelity 2X Master Mix (New England Biolabs)
according to the user guide instructions in a final reaction volume of 50 pL. Primers
and cycling conditions are summarized in Table 3.2. The PCR product from the
primary PCR and the secondary PCR were visualized through gel electrophoresis
followed by gel purification using the QIAquick Gel Extraction Kit (Qiagen) as per

manufacturer’s instructions.

3.4.2 Sample Concentration, Sanger Sequencing & Analysis of Sequences

The concentration of the purified amplicon product was quantified using a Nanodrop
(Thermo Scientific) followed by dilution to a final concentration of 1 nanograms per
microlitre (ng/ul). The samples were then prepared for sequencing by combining 1
ng/uLi of concentrated sample with 2 micrometer (um) concentration of each primer
listed in Table 3.3 for a total volume of 50 uL.. Sanger sequencing was performed at
the Ottawa Hospital’s Research Institute StemCore Sequencing Facility using an ABI

Prism 3730 DNA Sequencer (Applied Biosystems). The sequences were compiled and
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edited using Snapgene Viewer version 7.2.0. Genotype and clade were determined by
comparing the sequences with the NCBI Blast database of sequences.

Table 3.3: Amplification Targets and Primers used for Sanger Sequencing

Amplicon

Lenoth Primers Reference
695 bp MVN 5 5' GGAGTAGGAGTGGAACTTG 3 Brzovic et al., 2022
MVN 6 5' TCTGCCATCGGCTCCAATCG 3'
634 bp MeV 216 5 TTGAGCTATGCCATGGGAGT 3 CDC, 2018
MeV 214 5 TAACAATGATGGAGGGTAGG 3

3.5 Analysis of Vaccination Data

3.5.1 Vaccine Administration Data

Analysis of the vaccine administration data was performed with permission
from the University of Ottawa Review Ethics Board (see appendix). The de-identified
aggregated data was collected and anonymized by Ottawa Public Health representing
the number of MMR and MMR-Var vaccinations administered in the Ottawa region
from January 2017 to July 2024. The data was organized in a way to exclude
individuals under the age of 4 receiving the vaccination as it was assumed that most
people at that age would be wearing a diaper and therefore not be contributing to the
wastewater. Only data collected between the years of 2020 to 2024 were used.
3.5.2 Vaccine Distribution Data

Due to a discrepancy between the date of administration and the date of
reporting in the vaccine administration data, the vaccine distribution data was used
as a proxy. Since the vaccine distributions have consistent zeros on weekends, the

data was smoothed with a 7-day endpoint moving average. This better aligns with
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the practical context, as weekends represent no activity, and avoids smoothing across
periods with known structural zeros. The MeV wastewater data has many zeros and
no clear periodicity; therefore, it was smoothed with a 7-day centered moving average
to maintain symmetry and better capture true trends amidst the noise. For the
correlation analysis, neither dataset was normally distributed, thus the Spearman’s
method was used over the Pearson’s method to identify the optimal lag between
vaccine distribution and MeV vaccine detections in Ottawa wastewater. Linear
regression analysis was carried out using MeV detections in wastewater as a function
of lagged distributions to determine whether the number of vaccine distributions had
an effect on the detection of MeV vaccine strain in wastewater samples. Another
linear regression analysis was performed to determine whether the vaccine
distributions changed significantly from 2020 to 2024, using monthly total

distributions for each month and year.
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4. RESULTS AND DISCUSSION

4.1 MeV Vaccine Shedding: Detection of Measles Genotype A

Positive MeV signal was detected in 8% of wastewater samples (11/135)
(Figure 4.1). The first positive detection was on August 4, 2023, and was the only
detection in 2023. All subsequent positive detections were in 2024. Nine of the
positive detections were from the daily samples and only two positive detections were
from the retrospective analysis of archived RNA samples. The samples exhibited low
concentrations, and detections were at the limit of detection corresponding to the 80%

confidence interval.

30000

x  Non Detect :
e Detect Archived Samples ; Daily Samples

20000

10000

MeV (Copies/Litre)

Figure 4.1: Genome copies of MeV per litre of wastewater sample from July 2020 to
May 31, 2024. The crosses (X) indicate non detects and closed circles indicate detects.

The dotted line indicates the distinction between the archived and daily samples.
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The detection of MeV in wastewater was a public health concern in the city of
Ottawa, particularly as there were no known active measles cases in the population
at the time (Public Health Ontario, 2024). As such, in accordance with WHO
framework, genetic characterization of MeV upon detection in wastewater was
carried out to distinguish the virulent strain and to confirm the reliability of our MeV
results at low concentrations (Kaic et al., 2010; WHO, 2015). Two of the wastewater
samples with positive MeV detection were Sanger sequenced for genomic analysis:
wastewater samples collected on April 6, 2024, and May 22, 2024. The selection of
these two samples was based on first detection of the daily samples and strength of
the signal. Sequence comparison with NCBI Blast database revealed a 100%
homology with the Moraten vaccine strain and the Schwarz vaccine strain (NCBI
Accension # AF266287 and AB591381, respectively). Phylogenetic analysis using the
measles typing tool on the Genome Detective website confirmed identification of
measles genotype A (Figure 4.2). Therefore, the positive detections of MeV were the
vaccine strain since all wildtype strains of genotype A are extinct, indicative of
vaccine shedding of the live-attenuated MeV (WHO, 2018). This outcome was
unexpected, as most reports of MeV detections in other regions involved circulating
wildtype strains during an active measles outbreak or, where MeV vaccine strain was
detected, resulted from sampling a smaller catchment area (Rector et al., 2024;

Ndlovu et al., 2024; Benschop et al., 2017).
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Figure 4.2: Phylogenetic analysis of Sanger sequencing results confirmed
identification of genotype A indicating MeV vaccine strain. The figure is adapted from
measles typing tool results from the Genome Detective website

(genomedetective.com).

Low recovery of MeV from RNA samples stored at -80°C, (July 2020 — March
2024) may have produced non-detects due to lower RNA volume limiting the number
of replicates to three. Hence, the archived samples in this study were analyzed in
triplicate instead of eight technical replicates that was used for the daily samples.
Additionally, it may be due to viral loss during storage as samples collected between
April 6, and May 31, 2024, were not archived and instead were processed and
analyzed within 48 hours of collection. Research on the effects of storage at -80°C of
SARS-CoV-2 RNA from wastewater samples found no significant difference in
recovery when re-quantified after 16 months storage (Williams et al., 2024). Research

has been done to understand the stability of MeV spiked raw wastewater samples
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stored at room temperature and 4°C which showed limited decay to the virus after 28
days storage (Wu et al., 2024). However, the effects of long-term storage of naturally
occurring MeV RNA, as opposed to spiked MeV RNA, in raw wastewater has not yet
been studied nor has the effects of long-term storage of previously extracted MeV
RNA from wastewater samples. Additionally, the viral signal from fresh samples was
already low, consequently it is stipulated that even a small amount of decay could

lead to loss of viral signal in the archived samples.

4.2. Public Health Measles Vaccine Initiatives Associated with

MeV Measurements in Wastewater

The measles vaccines available in Ontario, Canada, are Priorix (MMR),
Proquad (MMR-Var), and MMR II (MMR), all manufactured with either the Schwarz
or Moraten strain, both derived from the Edmonston isolate. Analysis of these strains
shows identical MeV genotype A coding sequences (Bankamp et al., 2011; Rota et al.,
1994; GlaxoSmithKline, 2022; Merck Sharp & Dohme, 2005). Research has shown
that live-attenuated vaccines can result in viral shedding, a phenomenon
demonstrated through the detection of live-attenuated viral vaccines for polio and
rotavirus in wastewater (Armas et al., 2023; Bucardo et al., 2011; Ito et al., 2021;
Pavlov, 2006). Previous studies examining the shedding and persistence of MeV in
vaccinated individuals has demonstrated the presence of viral RNA in urine samples
1 to 15 days post vaccination with the possibility of slow viral clearance from the body
persisting for up to 100 days post vaccination (Eckerle et al., 2013; McMahon et al.,

2019; Rota et al., 1995). In Canada, vaccines are disposed of by incineration;
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therefore, the viral signal detected in this study is likely from recently vaccinated
individuals and those continuing to shed the vaccine over extended periods, rather
than from disposal down the drain (Public Health Unit, 2018).

Reduced vaccination rates during the pandemic in combination with a global
rise in measles cases and reduced travel restrictions has led to an increase in the
number of measles cases seen in Ontario (Public Health Ontario, 2024). As of May
31, 2024, there were 23 confirmed cases of measles reported in Ontario occurring in
nine different public health units; no measles cases were reported in Ottawa to date.
Ottawa Public Health increased vaccination initiatives in 2023 and 2024 by sending
automated messages via text, email or phone call to households with one or more
children overdue for vaccinations. These messages, sent periodically between June
and October 2023 and January and March 2024, were intended to drive families to
the school clinics provided by Ottawa Public Health’s Immunization Program or to
primary care providers (Day, V., 2023). Additionally, due to increased risk of
exposure, health care workers often receive routine immunization booster shots,

including the MMR vaccine (Public Health Ontario, 2012).

Given that 91% (10/11) of MeV detections occurred in 2024, and none were
observed before 2023, the authors investigated potentially contributing factors by
analyzing vaccine administration and distribution data for Ottawa. Initial analysis
of the data revealed a notable delay in reporting vaccine administrations before and
after the SARS-CoV-2 pandemic years (Figure 4.3). For instance, on average, only

about 60% of vaccinations were reported within the same year they were
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administered, with remaining administrations being reported periodically in
subsequent years. Due to this delay in reporting, Ottawa Public Health’s data may
not reflect up-to-date totals. As a result, the distribution data was used as a proxy for
statistical analysis. Spearman’s rho correlation analysis identified the optimal lag
between vaccine distribution and MeV vaccine detections in Ottawa wastewater at 8
days (rho = 0.37, p = 0.008). However, the true correlation is likely under-estimated
due to the high number of zeros in the MeV detection data, which caused ties in the

ranks.

10000

I Same year 1year W 2+ years

Total Reported Administrations

2020 2021 2022 2023 2024
Year

Figure 4.3: A representation of the delay in reporting vaccine administrations. The
bar graph is comprised of three sections: blue represents the vaccine administrations
reported within the same year they were administered, orange represents vaccine
administrations reported within the year following the year they were administered,

and red represents vaccine administrations reported two or more years after they
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were administered. The total reported vaccine administrations for 2020 to 2023 are
from January to December, while total reported vaccine administrations for 2024 are

from January to June.

The study analyzed trends in vaccine distributions since 2020 and their impact
on detecting the MeV vaccine strain in Ottawa wastewater (Figure 4.4). Linear
regression revealed a significant year-over-year increase in vaccine distributions (p =
0.0006), likely reflecting expanded vaccination efforts or demand. A significant
positive relationship was observed between vaccine distributions and wastewater
detection (p = 0.0055), with every 100 vaccines distributed corresponding to a 2, 000
copies/litre increase in the 7-day moving average of MeV detections. This supports
the hypothesis that vaccine distributions contribute to detectable increases in
wastewater MeV levels. However, the model accounts for only 15% of the variance (R?
= 0.1469), suggesting other influential factors. Future studies should consider longer
observation periods, real-time vaccine administration data, and demographic

variables to better understand these effects.
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Figure 4.4: The relationship between MeV vaccine strain detection in wastewater
and vaccine distributions (A) and the year over year increase in vaccines distributions

(B). The linear regression analysis in graph A represents MeV vaccine detections as
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a function of lagged distributions (lag = 8 days). The linear regression analysis in

graph B represents monthly total distributions for each month and year.

4.3 Measles WES and Public Health Applications

WES has the potential to serve as an important public health tool by detecting
MeV RNA in wastewater and hence identifying risk of measles transmission in
communities prior to clinical cases presenting within the community. The time from
exposure to rash onset of clinical measles cases averages 14 days with patients
considered infectious during the prodromal phase approximately four days before
rash onset during the rash phase (WHO, 2018). In Ontario, individuals presenting
with fever, maculopapular rash for at least three days, and at least one of: cough,
coryza or conjunctivitis are suspected measles cases requiring confirmation via virus
1solation (culture) or RNA detection (PCR) from a collected clinical specimen (Ontario
Ministry of Health, 2024). Therefore, the earliest possible detection using clinical
surveillance is during the rash phase while the earliest possible detection using
measles WES is during the prodromal phase, potentially allowing for early warning

to public health.

In the event of a detected measles signal in wastewaters, public health
authorities would be notified and in turn swiftly mobilize resources, initiating urgent
clinical measures, including enhanced surveillance and rapid laboratory confirmation
via PCR or serology, leading to prompt isolation of suspected cases and immediate
contact tracing (Ontario Ministry of Health, 2024). These actions could be

accompanied by expedited vaccination efforts to prevent further transmission due to
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the highly contagious nature of measles and the risk of large-scale outbreaks
(Ramsay et al., 2019). However, accurately interpreting a MeV signal in wastewater
requires identifying the genotype because vaccination rates and recent immunization
efforts can confound results. As such, routine genotypic analysis of MeV in
wastewater, a process that spans approximately 7 days, is essential to ensure that
signals from the vaccine strain are correctly identified, allowing public health
resources to be directed appropriately. Advancements have been made to streamline
the process of distinguishing wildtype and vaccine strain MeV by using genotype
specific primers/probes (Ndlovu et al., 2024; Wu et al., 2024). However, when possible,

these results should be corroborated with sequencing and phenotypic analysis.

The detection of MeV signal in wastewater offers valuable insights, extending
beyond its potential use as an early warning system for measles re-emergence. It
could also provide real-time information on the presence of vaccine-virus in
wastewater following vaccine campaigns. Similar applications have been successfully
demonstrated for the live-attenuated poliovirus vaccine in Finland and Cuba
following a vaccine campaign, and more recently for the MeV vaccine in South Africa
following supplemental immunization activity during an active measles outbreak
(Ndlovu et al., 2024; Lago et al., 2003; Poyry et al., 1988). In Canada, maintaining
the elimination of endemic measles transmission relies heavily on strategies such as
effective surveillance and high immunization coverage. However, delays in reporting
vaccine administrations may render the clinical data outdated, particularly during

periods of intensified vaccination efforts. The observed positive relationship between
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vaccine distributions and MeV vaccine strain detections in wastewater highlights the
potential of WES as a complementary public health tool. Further research, including

more comprehensive modeling approaches, is needed to fully understand and refine

its applications.
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5. CONCLUSIONS & RECOMMENDATIONS

5.1 Conclusion

This thesis investigated positive MeV signal in wastewater from a large
contributing population without any known active measles cases in the region. The
results of molecular analysis revealed that the positive signal was due to the MeV
vaccine type rather than the wildtype virus. This marked the first report of MeV
vaccine type identified in wastewater from a large catchment area in a measles non-

endemic country.

One of the main conclusions drawn from this research is that vaccine shedding
is a confounding factor of WES. This highlights the importance of genotypic analysis
within WES practices to distinguish between vaccine type and wildtype viruses.
Routine genotypic analysis can prevent the misallocation of public health resources
in response to MeV WES signals that do not pose a transmission risk, as is also the

case with clinical surveillance.

Additionally, this research highlights potential complementary public health
applications of MeV WES. By ensuring accurate interpretation of a positive MeV
signal in wastewater, routine MeV WES has the potential to be used as a
complementary tool for public health officials such as an early warning system for
measles re-emergence, or to provide insights into the presence of MeV vaccine type

1in wastewater following vaccine campaigns. The findings in this study can be applied
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when investigating other re-emergent viruses using WES to enhance outbreak

preparedness, prevention, and response.

5.2 Recommendations for Further Research

The conclusions drawn from this research has led to the following
recommendations for future research to assist in optimizing WES for surveillance of
measles and other pathogenic diseases:

5.2.1 Advancement of MeV WES genotyping methods

As demonstrated through this research, the MeV vaccine may confound RT-
qPCR results necessitating genotypic analysis to differentiate between wildtype and
vaccine type. However, the process for genotypic analysis of MeV in wastewater is
lengthy and expensive, potentially requiring up to 7 days to process from sample
collection to sequencing. Rapid confirmation of vaccine type or wildtype signal in
wastewater is Important to avoid unnecessary public health response. ‘PCR
genotyping’ is a process of designing primers and probes to differentiate between the
dominant wildtypes of a region and the vaccine type. The use of PCR genotyping has
been demonstrated in research by Wu et al. (2024) to be effective at distinguishing
between the vaccine type (genotype A) and two dominant wildtypes (genotypes D8
and B3) of spiked wastewater samples, which was then validated using raw
wastewater collected outside a facility with a known measles outbreak (targeted
surveillance). Additionally, research by Ndlovu et al. (2024), demonstrated the
usefulness of PCR genotyping by distinguishing between the vaccine type and the

wildtype strains B3, D8, and H1. Both studies validated their methods using spiked

32



wastewater samples and then using wastewater samples from targeted surveillance,
usually during a known outbreak.

Investigating the usefulness of PCR genotyping in measles non-endemic
settings, from large-scale wastewater treatment plants in the absence of a measles
outbreak may save valuable resources by avoiding unnecessary genotyping of the
MeV vaccine strain. However, this approach is not without limitations since without
molecular epidemiology, clades that are considered inactive may resurface
unknowingly and could lead to false negatives in a PCR genotyping approach (Kremer

et al., 2004). Further research on this approach could be useful to enhance MeV WES.

5.2.3. Integration of MeV WES within public health

There has been a reduction in routine immunizations in Canada and many
countries, likely due to changes in access to healthcare caused by the SARS-CoV-2
pandemic and potentially due to the growing misinformation spread on the internet
regarding immunizations (Tam, 2023). This study detected and identified the MeV
vaccine strain (genotype A) within wastewater from a large catchment area. The
findings of this research reinforce previously published achievements of MeV WES
illustrating the potential of an alternate surveillance tool for public health officials.
Research by Ndlovu et al. (2024) also detected the MeV vaccine strain, but from
targeted surveillance in an area following supplemental immunization activity, thus
demonstrating the potential for MeV WES to be used to monitory efficacy of vaccine
campaigns. This phenomenon has been demonstrated with the detection of live-

attenuated poliovirus vaccine in wastewater in Finland and Cuba following vaccine
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campaigns (Lago, et al., 2003; Poyry, et al., 1988). A similar approach in monitoring
Ottawa wastewater for MeV could provide valuable insights, allowing researchers
and public health officials to track trends and fluctuations in the signal. For instance,
early detection of a wildtype MeV signal could trigger a vaccination campaigns to halt
the transmission.

Alternatively, there is a potential of WES to reflect the impact of vaccination
campaigns if, for instance, the dominating wildtype signal is no longer detected
following a vaccine campaign. Such an approach would require a thorough
experimental plan and cooperation of Ottawa Public Health as well as an active

measles outbreak in the Ottawa community.
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