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ABSTRACT

Introduction There is considerable variability in
symptoms and severity of COVID-19 among patients
infected by the SARS-CoV-2 virus. Linking host and virus
genome sequence information to antibody response

and biological information may identify patient or viral
characteristics associated with poor and favourable
outcomes. This study aims to (1) identify characteristics of
the antibody response that result in maintained immune
response and better outcomes, (2) determine the impact
of genetic differences on infection severity and immune
response, (3) determine the impact of viral lineage on
antibody response and patient outcomes and (4) evaluate
patient-reported outcomes of receiving host genome,
antibody and viral lineage results.

Methods and analysis A prospective, observational
cohort study is being conducted among adult patients
with COVID-19 in the Greater Toronto Area. Blood samples
are collected at baseline (during infection) and 1, 6 and
12 months after diagnosis. Serial antibody titres, isotype,
antigen target and viral neutralisation will be assessed.
Clinical data will be collected from chart reviews and
patient surveys. Host genomes and T-cell and B-cell
receptors will be sequenced. Viral genomes will be
sequenced to identify viral lineage. Regression models
will be used to test associations between antibody
response, physiological response, genetic markers and
patient outcomes. Pathogenic genomic variants related to
disease severity, or negative outcomes will be identified
and genome wide association will be conducted. Immune
repertoire diversity during infection will be correlated with
severity of COVID-19 symptoms and human leucocyte
antigen-type associated with SARS-CoV-2 infection.
Participants can learn their genome sequencing, antibody
and viral sequencing results; patient-reported outcomes
of receiving this information will be assessed through
surveys and qualitative interviews.

Ethics and dissemination This study was approved by
Clinical Trials Ontario Streamlined Ethics Review System
(CTO Project ID: 3302) and the research ethics boards at

1,2,3

Strengths and limitations of this study

» This study will link serological, genomic and patient
characteristics to provide a comprehensive under-
standing of factors that contribute to variability in
clinical symptoms and outcomes among patients
with COVID-19.

» Data will be generated using multiple methodol-
ogies, including multiple serological assays, host
genome sequencing, T-cell and B-cell receptor se-
quencing and viral genome sequencing in order to
provide real-time genetic and immunological risk
factor information needed for the prevention, treat-
ment and management of patients with COVID-19
disease.

» We will broadly share study data to enhance inter-
national collaborative efforts aimed at mitigating the
spread of COVID-19.

» Use of a surrogate neutralisation ELISA will allow us
to identify which antibodies have neutralising ability,
which could aid in the selection, development and
implementation of appropriate serology immunoas-
says for detection of patients that have and maintain
viral neutralising ability.

» A limitation is that patients who do not return to pro-
vide convalescent samples could limit our ability to
evaluate trends in immune response over time, and
may introduce attrition bias; follow-up calls will be
made to patients to help increase rate of return for
convalescent samples.

participating hospitals. Study findings will be disseminated
through peer-reviewed publications, conference
presentations and end-users.

INTRODUCTION
SARS-CoV-2 causes COVID-19, which spread
rapidly to become a global pandemic.'
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There is considerable variability in symptom severity and
outcomes among patients infected by SARS-CoV-2.* While
some infected individuals are asymptomatic or experi-
ence only mild symptoms, others have severe symptoms
requiring hospitalisation.” Known risk factors include age
and pre-existing comorbidities,* however, there are likely
additional risk factors that have yet to be characterised,
including immunity, host genetics or viral lineage.

Serological antibody testing can identify individuals
with active COVID-19 and those who have previously
been infected.” However, the presence of antibodies
does not necessarily indicate immunity® as some patients
produce antibodies that do not neutralise the virus.
However, it is also possible to have protection without
neutralisation, such as through Fc-mediated complement
activation, antibody-dependent cell-mediated cytotoxicity
and antibody-dependent cellular phagocytosis. Serology
assays primarily target two of the virus’s four main struc-
tural proteins; the spike protein (containing the receptor-
binding domain which may be targeted directly) and the
nucleocapsid protein. Patients show variable immune
response to COVID-19,° which has been shown correlate
with disease severity. The variable immune response
observed in patients can include differences in antibody
titres, isotype, antigen target and viral neutralisation. The
adaptive immune system responds to infection through
a process of gene translocation or gene-shuffling to
produce antibodies against antigens. Molecular profiling
of T-and B-cell receptor (TCR/BCR) dynamics over time
can provide a comprehensive examination of immune
response that cannot be determined from serological find-
ings (antigenic epitopes) alone.” Cataloguing TCR/BCR
repertoire among patients with COVID-19 could inform
diagnostics and vaccine development,” and monitoring
T-cell response is important as a correlate of immunity.”

The host genome may also affect susceptibility to
COVID-19 and severity of infection,9 10 however, the rela-
tionship between common and rare genetic variation,
COVID-19 antibody production, developed immunity
and patient outcomes (eg, respiratory failure, kidney
failure, death) has yet to be determined. Genetic factors
are known to contribute to differences in response to
other viral pathogens."™ For example, human leuco-
cyte antigen (HLA) haplotypes have been associated with
susceptibility and severity of infectious diseases including
HIV, tuberculosis, hepatitis B, influenza, dengue and
SARS-CoV-2."*"!7 Several studies have identified familial
clustering of severe COVID-19, further suggesting that
there may be a hereditary basis to severe outcomes.” ' '?
Additionally, there are genetic disorders which may affect
COVID-19 outcomes® including conditions that predis-
pose to thrombotic crises (eg, hereditary thrombophilia)
or cardiopulmonary complications (eg, cystic fibrosis)
that may be induced by severe illness.”

Over time, new variants of the SARS-CoV-2 virus have
emerged, including lineage B.1.1.7 first identified in
England,” B.1.351 first identified in South Africa and P.1
first identified in Brazil. New lineages are associated with

increased transmission, disease severity and mortality.*
Correlating viral genome data to infection and severity
has important implications for the development of
vaccines and therapies and managing the response to
SARS-CoV-2.%

Variable physiological responses in SARS-CoV-2-infected
patients can be identified clinically through symptom
monitoring, or through biochemistry and haematology
laboratory testing. There are now recommendations to
measure specific laboratory testing profiles and efforts
to identify symptoms and other related clinical condi-
tions* *** to better characterise physiological responses
that lead to poor or favourable outcomes.

In the context of COVID-19 research and clinical
care, biomarkers that are used to assess COVID-19 may
be returned to patients (eg, antibody results, genome
sequencing (GS) results, viral lineage). For example, host
GS to identify genetic markers associated with SARS-CoV-2
susceptibility or severity may reveal information about
inherited predispositions to multiple other diseases. It is
recommended that medically actionable genomic results
(results associated with established treatments or preven-
tive strategies) should be offered to patients undergoing
clinical GS*” and additional results be offered based on
patients’ preferences. Recent policy supports the return
of clinically actionable genomic results to research partic-
ipants.”® Previous research has found that participants
value learning a broad range of genomic results, beyond
results that are clinically actionable.*** It is unknown how
returning this information to patients with COVID-19 will
impact patients’ well-being and behaviour, and ultimately
how these factors may impact the healthcare system
(eg, health service utilisation). While previous studies
have assessed return of results among patient popula-
tions affected by hereditary conditions,” ** less work has
addressed return of results in the general population.

In summary, outcomes among patients with COVID-19
may be influenced by differences in short-term and long-
term immune response, acute physiological response
to infection, host genetic variation and viral lineage.
Returning information on biomarkers associated with
COVID-19 to patients may impact patients’ well-being,
behaviour and healthcare service use. This prospective
cohort study aims to (1) identify the characteristics of
the antibody and TCR/BCR response that result in main-
tained immune response and better patient outcomes, (2)
identify host genetic differences that impact COVID-19
infection severity and immune response, (3) assess the
impact of viral lineage on antibody response and patient
outcomes and (4) evaluate patient-reported outcomes of
receiving host genome, antibody and viral lineage results.

METHODS

Study design overview

A prospective cohort study is being conducted at six
hospitals in the Greater Toronto Area in Ontario, Canada,
with a target recruitment of 1500 positive patients with
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Figure 1 Study flow diagram with data collection time points. DA, decision aid; GC, genetic counsellor; T/BCR, T/B cell

receptor.

COVID-19. Enrolment began in October 2020, and is
anticipated to be completed by November 2021; data
collection is expected to be completed by November
2022. Participants are consented for blood draws at base-
line (for inpatients), and at 1, 6 and 12 months since PCR
positive date (figure 1). Antibody isotype, titre, antigen
targets and viral neutralisation will be assessed at all time
points alongside TCR/BCR sequencing. Host and virus
genomes will be sequenced. Chart review and surveys
will be performed to obtain patient characteristics (age,
sex, ancestry, symptoms, outcome, comorbidities, treat-
ment) and biological response via laboratory test results.
Immune response, genetic variation, viral variation,
biochemical response and patient characteristics will be
correlated with clinical outcomes. Participants will have
the option to learn their own results from host GS, anti-
body testing and/or viral lineage results; we will assess
patient-reported outcomes of receiving this information.

Study setting

The primary study site is Mount Sinai Hospital, part of
Sinai Health (SH) in Toronto, Ontario, Canada. Patients
with COVID-19 seen at SH, Mackenzie Health, University
Health Network and William Osler Health System will be
recruited.

Patient population and recruitment

Over 1 year, 1500 patients will be enrolled in the study
across four health systems, comprising six individual hospi-
tals. We will recruit patients admitted to hospital (~300

patients) as well as those with mild or no symptoms that
test positive for COVID-19 seen in the emergency depart-
ment or COVID-19 assessment centres (~1200 patients).
The inpatient cohort will also include deceased patients
(~100-150), from whom samples will be obtained retro-
spectively or prospectively from participating GENCOV
study sites. Inclusion criteria are as follows: age 18 years
or older, and have a positive result from a COVID-19
nasopharyngeal, nasal or oral swab taken at one of the
participating sites. Patients who have received COVID-19
vaccination or are vaccinated during the course of the
study are still eligible to participate. A population that
has not had COVID-19 but has received a Health Canada
approved SARS-CoV-2 vaccine will be enrolled as a control
group to compare immunological responses (antibody
response and TCR/BCR repertoire) to patients who have
had COVID-19. As there are currently only four Health
Canada approved vaccines, and three in widespread use,
we will recruit ~300 patients in this cohort with ~100 from
each vaccine.

Sample collection

For participants in the COVID-19 cohort, blood samples
will be collected at 1, 6 and 12 months post-COVID-19
diagnosis. For COVID-19 inpatients, blood from routine
in-hospital testing will also be collected, if available, or a
new blood sample will be drawn if the patientis in-hospital
and within 14 days of a COVID-19 diagnosis. At each time
point, 10 mL of blood per tube (two tubes: one EDTA and
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Table 1 Sample collection overview for COVID-19 cohort

Activity Sample type

Sample requirements

Sample collection
time points

Serology Blood (Li-plasma or serum) 500 pL

Host genome Blood or DNA

sequencing

Blood: 2-5 mL blood needed at minimum for DNA
extraction .

Baseline, 1 month,
6 months, 1 year

1 month

DNA: 1 pg DNA minimum.
1-2 ug of DNA. Minimum volume of 20 pL. Minimum
concentration of 20 ng/uL

T/B cell receptor
sequencing

Buffy coat, blood or DNA,
genomic DNA library

Blood: 10 mL preferred (2 mL acceptable)
DNA: 500 ng library accepted;

Baseline, 1 month,
6 months, 1 year

Buffy coat: derived from 2 to 10 mL of blood

Viral genome
sequencing

Nasopharyngeal, nasal or oral
swab

Baseline

one Li-Heparin) will be collected (table 1). COVID-19
viral swabs will be retrieved to isolate and sequence the
virus. For the vaccine cohort, a sample will be taken at 1
month following the first dose and at 1, 6 and 12 months
following the second dose. For vaccines requiring only
one dose, samples will be taken at 1, 6 and 12 months.

Aim 1: identify the characteristics of the antibody response
that result in maintained immune response and better patient
outcomes

Assessing antibody levels

Total antibody levels will be assessed on two Health
Canada approved Roche immunoassays: (1) the Elecsys
Anti-SARS-CoV-2 qualitative assay targeting the nucle-
ocapsid protein and (2) the Elecsys Anti-SARS-CoV-2-S
quantitative assay targeting the spike protein. Both have
undergone a method evaluation (assessment of the assay
and approval for clinical use) in the core biochemistry
laboratory at SH. Serology reports from the assays accom-
panied by a summary letter will be released back to the
patient by registered mail or email, depending on partic-
ipant preference (online supplemental appendix 1). In
the COVID-19 cohort, when the two results do not match,
the results will be considered inconclusive. This can occur
due to borderline samples, potential false positive or false
negative results on one platform, or the possibility of
having antibodies with stronger affinity to spike vs nucleo-
capsid antigens. In the vaccinated cohort, the presence of
spike antibodies will be reported as a positive result, as all
Health Canada approved vaccines currently generate anti-
bodies to spike but not nucleocapsid proteins. Therefore,
discordance between the two assays would be expected
and not considered inconclusive in this cohort.

Further antibody characterisation (isotype, rela-
tive levels and antigen target) will be performed at the
Lunenfeld-Tanenbaum Research Institute on a high
throughput, research developed, automated ELISA.
The assay has been validated on samples from conva-
lescent and active patients, including panels obtained
through the National Microbiology Laboratory, the Cana-
dian Blood Services and the Toronto Invasive Bacterial

Diseases Network‘%; assays were recently standardised with
the National Research Council of Canada. In parallel, a
surrogate neutralisation ELISA has been developed that
evaluates the inhibition of the spike-ACE2 interaction,®
providing a scalable assay for neutralising antibodies. The
results of this assay correlate well with those of virus-based
assays, including plaque reduction neutralisation titre
assays and pseudotyped lentiviral assays, on samples from

the Canadian Blood Services.

Chart extraction and intake questionnaires
Clinical data including COVID-19 symptoms and comor-
bidities will be obtained for the COVID-19 cohort
through chart review and questionnaires. Participants’
medical chart information will be accessed from the
recruiting hospital and any clinics to which referrals
were made. At each site, study personnel will extract data
from charts using a standardised data extraction sheet
(online supplemental file 2). Data will be collected on the
date of PCR positivity, date of symptom onset, symptom
severity (based on triage data, vital signs, chief complaint
and ward admitted into), whether supportive care was
required (eg, intensive care unit (ICU) admission, venti-
lation, oxygen therapy), treatment (eg, ACE inhibitors,
interleukin 6 inhibitors, antivirals), comorbidities and
outcome (discharge, death), as recommended by the
International Severe Acute Respiratory and emerging
Infections Consortium.” *® Data on viral load as indicated
by Ct values from the PCR instrument will be obtained
from the microbiology laboratory where PCR testing
was conducted. For inpatients, we also will assess a panel
of 10 laboratory tests at baseline to help define patient
physiological response as recommended by the Inter-
national Federation of Clinical Chemistry*® and others
(table 2).** ® For the deceased cohort, no personally
identifying health information will be provided to the
study team, and data will only be collected on age, sex
and ancestry.

Intake questionnaires will be administered to partic-
ipants online, and will assess patients’ characteris-
tics including age, sex assigned at birth, self-reported
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Table 2 Clinical data points and collection methods

Questionnaires 6
Baseline (Intake months after return
Chart review questionnaires) of results

Underlying conditions

X X

Hypertension, chronic cardiac disease, coronary artery disease, congestive heart
failure, obesity, chronic metabolic disease, chronic lung disease, chronic neurologic
disease, dementia, renal disease, chronic immunosuppressive disease, liver disease,
blood disorder, autoimmune/rheumatological disorder, chronic haematological/
blood disorder, liver disease, pregnancy, endocrine disorder, cardiovascular disorder,
cancer/malignant neoplasm, gastrointestinal disorder, lipid disorders, viral infection,

tuberculosis.
COVID-19 symptoms and duration

Cough, fever, sore throat, runny nose wheezing, shortness of breath, lower chest
wall in-drawing, chest pain, conjunctivitis, lymphadenopathy, headache, loss of
smell (anosmia), loss of taste (ageusia), seizures, fatigue/malaise, anorexia, altered
consciousness/confusion, muscle aches (myalgia), joint pain (arthralgia), inability
to walk, abdominal pain, diarrhoea, vomiting/nausea, skin rash, bleeding, other

symptoms.
COVID-19 complications

Pneumonia, acute respiratory distress syndrome, pneumothorax, pleural effusion,
bronchiolitis, seizure, stroke, congestive heart failure, heart infection, cardiac
arrhythmia, cardiac ischaemia, cardiac arrest, bacteraemia, coagulation clotting
disorder, anaemia, rhabdomyolysis/myositis, kidney failure/injury, gastrointestinal
haemorrhage, pancreas infection, liver injury/failure, hyperglycaemic, hypoglycaemic,

other.

Procedures performed during hospitalisation

Non-invasive ventilation (eg, BIPAP, CPAP), invasive ventilation, extra corporeal
life support, high-flow nasal canula oxygen therapy, dialysis/haemofiltration,
medications (eg, dopamine, epinephrine, vasopressin, neuromuscular blocking
agents, antibiotics), tracheostomy, nitric oxide inhalation, prone positioning, other

intervention or procedure.

Tests performed during hospitalisation
Chest CT, chest X-ray, ECG, ultrasound, other tests

Laboratory tests to assess physiological response

Haemoglobin, white cell count, lymphocyte count, neutrophil count, haematocrit,
platelets, blood gases, activated partial thromboplastin time ratio, prothrombin time,
ALT/SGPT, total bilirubin, AST/SGOT, procalcitonin, BNP, NT-pro-BNP, C reactive
protein, ferritin, cytokine IL-6, glucose, lactate, sodium, potassium, albumin, LDH,

creatinine, urea, cardiac troponin |, D-dimer, fibrinogen
Risk factors
Smoking/vaping, diet, BMI

COVID-19 vaccination
Vaccination status, vaccine type, number of doses, side effects.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BIPAP, bilevel positive airway pressure; BMI, body mass index; BNP, B-type
natriuretic peptide; CPAP, continuous positive airway pressure; LDH, lactate dehydrogenase; NT-pro-BNP, N-terminal pro b-type natriuretic peptide;
SGOT, serum glutamic-oxaloacetic transaminase; SGPT, serum glutamic-pyruvic transaminase.

ethnicity/ancestry, clinical conditions, risk factors (eg,
smoking, body massindex), as well as COVID-19 symptoms
and complications. Clinical data points are summarised
in table 2, and the full questionnaire is available in the
supplemental materials (online supplemental file 3).2

Statistical analysis

Analyses will be hypothesis-generating and exploratory; a
sample size of 1500 is sufficient for hypothesis-generation.
Appropriate regression models (eg, linear regression
for continuous outcomes and logistic regression for
dichotomous outcomes) will be used to test associations
between antibody response, physiological response (labo-
ratory and clinical characteristics) and patient outcome

(eg, severity of COVID-19 disease), adjusting for patient
characteristics (eg, age, ancestry, comorbidities) and
stratifying by sex. COVID-19 severity will be defined as
recommended by the Host Genetics Initiative.” Severe
disease will be defined as laboratory confirmed SARS-
CoV-2 infection and hospitalisation for COVID-19.*” Non-
severe disease will be defined as laboratory-confirmed
SARS-CoV-2 infection and not hospitalised 21 days after
the test.* Mixed effect models will be used to account for
within-patient measurements that change over time.

We expect that variations in severity of COVID-19 infec-
tion will correlate with differences in antibody response
(eg, antibody titre, duration of antibodies). We further
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expect that the antibody response will correlate with
change in biochemical, haematological and/or clin-
ical characteristics when the patient is acutely infected.
Furthermore, we expect antigen targets (nucleocapsid
and spike) to result in differential ability to neutralise
virus. Patients who have non-neutralising antibodies may
correlate with different biochemical/haematological
responses or patient outcomes.

Aim 2: determine impact of host genetic differences on
COVID-19 infection severity and immune response

Host GS

DNA will be extracted from blood lymphocytes for
sequencing; RNA may also be extracted for confirma-
tory or sequencing validation purposes. Genomes will be
sequenced through the Canadian Genomics COVID-19
Network (CanCOGeN) at the Centre for Applied
Genomics at the Hospital for Sick Children. GS data
will be generated from DNA libraries according to the
manufacturer’s protocol (Illumina) and sequenced on
the NovaSeq6000 S4 flow cell to an average depth of at
least 30x. Illumina provided software, bcl2fastq, will be
used to convert the per-cycle binary base call files gener-
ated by the Illumina Sequencing systems to standard
primary sequencing output in FASTQ format. During
the conversion step, demultiplexing of samples will also
be performed. Quality control (QC) metrics will be
computed to assess the quality of the experiments. Reads
will be aligned to the reference human genome using
Burrows-Wheeler Aligner. Germline variant detection
using Genome Analysis Toolkit (GATK) and copy number
variant (CNV) and structural variant (SV) detection using
read-depth and paired-end/split-read based methods will
be performed. Variants will be annotated using a custom
pipeline developed in-house. Files in standard output file
formats will be generated including gvcf/vcf files for SNV
and indel variants, vcf files for SV and CNV calls, tsv for
annotated variants, and Binary Alignment Map (BAM)
and index files for visualisation of the data. Per sample
alignment and variant summaries will also be generated.
Genome data will be stored in the CanCOGeN infrastruc-
ture with access control and linkable to administrative
and other national databases and transferred to SH for
clinical analysis by JL-E’s laboratory.

Host GS interpretation

Participants’ whole genome data will be analysed for
pathogenic variation according to current clinical stan-
dards®! using a suite of software tools, disease and
control databases, including both public sources and
those housed locally at SH and The Hospital for Sick
Children. Data will be analysed using custom in-house
bioinformatics pipelines that follow GATK best practices
and a third party software platform. The genome will be
examined for clinically significant variation (eg, antibody
deficiency, complement system, immune dysregulation,
innate immunity, phagocyte defects, combined immu-
nodeficiencies; autoinflammation, haematological, lung

or cardiovascular function and metabolism). We will
also analyse HLA status, ABO blood group and genetic
ancestry.

Reanalysis of genomic data will be feasible as new infor-
mation is learnt from larger association studies. The
reanalysis of any genomic results is patient-centric and
will be initiated if there are any additional symptoms
being reported by the patient or through their recruiting
physician at the recruiting hospital to the study team,
provided this occurs within the study time frame and
sufficient resources are available.

Data analysis

We will assess if host genomic variations contribute to
differences in antibody response and disease severity.
Logistic mixed models will be used for binary traits, and
linear mixed models will be used for quantitative traits,
according to the Host Genetics Initiative protocols.”? ** *2
Logistic mixed models will be used to test associations
between molecular markers (eg, HLA subtypes; blood
group genotype) and severe or non-severe illness (as
described under aim 1). We will also test variants previ-
ously found to be associated with COVID-19 severity
(eg, rs10735079, rs74956615, 152236757)* to determine
if these findings can be replicated in our sample. To
correlate genomic and serological data, mixed linear
regression models will be used to test associations between
molecular markers (eg, HLA subtypes; blood group geno-
type) are and differences in antibody titre, adjusting for
covariates (eg, age, comorbidities) and stratifying by sex.
Per recommendations from the Host Genetics Initiative,
analyses will also be run separately for males and females,
participants over and under 60 years of age at time of
SARS-CoV-2 infection, and for each major ancestry
group.*

To identify novel genetic loci associated with COVID-19
severity, genome-wide association studies (GWAS) will
be conducted iteratively as new data becomes avail-
able through CanCOGeN using a variety of packages
depending on outcome measures and custom meth-
odology (Variant Integration Kit for NGS [VikNGS])
for rare and common variants.** GENCOV data will be
combined with other data collected through HostSeq to
increase statistical power for GWAS.*> GWAS will aim to
identify genetic variants associated with severe or mild
disease, using phenotypes defined by the Host Genetics
Initiative. Per the HostSeq protocol, all results will be
shared in an outward-facing permission-based control
access portal and summary statistics will be shared with
the international community.

TCR/BCR sequencing and analysis

TCR/BCR sequencing will be performed on inpatients
(n=300) and vaccinated patients at three different time
points (baseline, 1 month, 6 or 12 months). To enable a
high-resolution map of T/B-cell clonality and dynamics
over time, we will profile T/B-cell repertoire in the serial
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blood samples from patients during and after resolution
of COVID-19 infection or postvaccination.

Samples from the first time point undergoing GS will
follow the genome library preparation described above.
At subsequent time points, Illumina-compatible next-
generation sequencing libraries will be constructed from
100 to 1550 ng of fragmented DNA using the KAPA Hyper-
Prep Kit (Sigma).® Hybrid capture will be performed
according to the CapTCR-seq sequencing protocol.
Hybrid capture probes will be directed against all V and
J regions from all four TCR/BCR loci (alpha, beta, delta
and gamma) annotated by the international ImMunoGe-
neTics database (http://imgt.cines.fr), following Roche
SeqCap (Roche) conditions with xGen blocking oligos
(IDT) and human Cot-1 blocking DNA (Invitrogen).8
Following hybridisation, libraries will be amplified by PCR
and sequenced on an Illumina NextSeq 500 instrument.”
Clonotypes will be called using the MiXCR algorithm and
clonal diversity calculated for every sample and compared
within each patient over time.® Deidentified TCR/BCR
sequences will be analysed in part using a third party soft-
ware vendor.

Patients with intact (more diverse) immune systems
may have a more robust immune response compared with
those with compromised immune systems. We will deter-
mine if infection with SARS-CoV2 has a consistent diver-
sifying or bottlenecking effect on the immune repertoire
relative to controls. The immune repertoire diversity will
be scored at the beginning of infection with duration and
severity of COVID-19 symptoms. We will compare specific
complementarity determining region three sequences
across patients of the same HLA-type to nominate TCR
sequences and potential immunogenic peptides associ-
ated with SARS-CoV-2 infection that may be leads for early
diagnostics and second-generation vaccine development.

Aim 3: determine impact of viral lineage on antibody response
and patient outcomes

Viral GS

Viral samples will be taken from participants’ primary naso-
pharyngeal, nasal and oral swabs, which are frozen and
banked by the testing laboratory. Samples testing positive
for SARS-CoV-2 RNA with qPCR cycle threshold <30 will
be whole GS at the Ontario Institute for Cancer Research
(OICR) as part of CanCOGeN Virus-Seq, the national
SARS-CoV-2 sequencing initiative. Library construction
and sequencing will follow the amplicon-based ARTIC V.3
protocol.”® ARTIC V.3 primers will be used to amplify the
viral genome, which will then be sequenced using Illu-
mina instruments. The sequencing data will be processed
with pipelines developed by CanCOGeN (https://github.
com/oicr-gsi/ncov2019-artic-nf). QC will be performed
using ncov-tools (https://github.com/jts/ncov-tools/).
The use of this standardised protocol will allow the
genomes sequenced in this project to be integrated
with similar QC to the large collection of viral genomes
produced by CanCOGeN and international projects,
and deposited in the National Center for Biotechnology

Information (NCBI) and GISAID (https://www.gisaid.
org/). Viral sequences will be assigned to viral lineages
using pangolin.

Data analysis

Viral lineage will be associated with viral load (low/
medium/high or as a continuous trait) and with other
interactions. Recurrent viral mutations will be associated
with serological response (eg, antibody titre, duration of
antibody response, neutralisation) and clinical outcomes
(eg, COVID-19 severity). We will evaluate how viral lineage
interacts with the host genome findings and if it is associ-
ated with serological response. For example, we will assess
whether novel variants in the spike protein are correlated
with differences in viral neutralisation ability or patient
symptom severity. Among patients in our cohort who have
been reinfected by SARS-CoV-2, we will assess which viral
variants are present in each lineage of SARS-CoV-2 by
which they were infected, to identify variants or lineages
associated with reinfection. Viral lineage will be reported
to the clinician and participant in the genome report.

Aim 4: evaluate patient-reported outcomes of receiving host
genome, antibody and viral lineage results
GS results reporting
GS is performed on all participants in the COVID-19
cohort, however, participants have a choice as to
whether they would like to learn their individual GS
results, and the types of results that they would be
willing to learn. Protocols are in place at SH to return
genomic data to patients and to share variant classifi-
cation data in public databases.*™* Participants will
speak with a genetic counsellor and use an online
decision aid” *' to decide which types of GS results
they would like to learn. Reports will be issued to the
participants, and results requiring clinical follow-up
may be shared with their family doctor, with partic-
ipant consent. Participants with clinically actionable
or rare disease results will have their results commu-
nicated over the phone or by videoconference by the
study genetic counsellor. All other results (eg, HLA
status, ABO blood group, ancestry, viral lineage) will
be communicated through the genomic report and
summary letter only, and participants will be able to
contact the genetic counsellor if they have questions.
The study genetic counsellor and medical geneticist
will determine the recommendation for each result
and coordinate any necessary follow-up care.
Genome reports will include reason for referral,
elected gene panels, genomic findings by disease
group (eg, cardiology, neurology, metabolic, immu-
nology, HLA status, blood group genotype, ancestry
information, polygenic risk scores, viral lineage type),
variant information, disease and inheritance informa-
tion, treatment options, management recommenda-
tions and testing methods and limitations. Benign or
common sequence variants of unlikely clinical signif-
icance will not be reported. Variants of uncertain
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Table 3 Patient-reported outcomes of returning genome, serology and viral lineage results and data collection time points

Baseline
(Intake survey) pretest counselling return of results

Immediately after Immediately after 6 months after

return of results

Decisional Conflict Scale® X

Knowledge of genome sequencing (GS) benefits and X
limitations®®

Knowledge of antibody testing
Knowledge of viral lineage
Expectations for antibody results

X X X X

Hospital Anxiety and Depression Scale (HADS)*?
Feelings About genomiC Testing Results (FACToR)>®
Quality of Life (12-Item Short Form Survey [SF-12])*°

Perceived personal and clinical utility of GS results® *®  x

X

Clinical actions taken based on GS, antibody and viral
lineage results

Health behaviour change based on GS, antibody and
viral lineage results

Genetic discrimination®®

Brief Health Literacy Screening Tool (BRIEF)®
Attitudes toward genetics®

Attitudes toward healthcare®

COVID-19 vaccination questions (vaccination status,
vaccine type, number of doses, side effects)

X X X X

X
X X
X X
X X
X X
X X
X X
X
X X
X
X
X
X

significance may be reported if they occur in genes
that match or are related to a specific clinical pheno-
type. Pathogenic and likely pathogenic variants will
be reported. Secondary findings or variants in genes
unrelated to the clinical phenotype may be included
on the report based on the participant’s preferences.
A research consult letter will be drafted by the study
genetic counsellor and made available to the partici-
pant, to summarise their findings and any recommen-
dations based on their results.

Patient-reported outcome measures

In the COVID-19 cohort, we will assess patient-
reported outcomes of learning GS results, anti-
body results and viral lineage through quantitative
measures administered at multiple time points. We
hypothesise that patient-reported outcomes will differ
between patients who receive results requiring clin-
ical follow-up and those who do not. Surveys will be
administered at baseline (before pretest counselling),
immediately after pretest counselling, immediately
after the return of results, and 6 months following
return of results (table 3). Novi Survey will be used for
data collection and management. Each participant will
be sent a unique link to complete the survey online;
surveys will be self-administered. Surveys include vali-
dated questionnaires and measures as well as items
developed by the study team. The outcomes that we
will assess are distress (Hospital Anxiety and Depres-
sion Scale),’® genetic-test related emotions (Feelings
About genomiC Testing Results),” decisional conflict

(decisional conflict scale),’* quality of life (12-Item
Short Form Survey [SF—12]),55 genetic discrimina-
tion,56 perceived utility of GS results,57 % Clinical
actions and health behaviour changes attributable to
GS results/antibody results/viral lineage, knowledge
of GS,59 knowledge of antibody testing and knowledge
of viral lineage. We will also assess health literacy,ﬁo
attitudes towards genetics61 and attitudes towards
healthcare,62 to be included in analyses as covariates
as these characteristics may influence how participants
respond to and act on their results. A limitation is that
patients are not randomised, which increases the risk
of bias. All measures and collection time points are
listed in table 3, and the full survey can be found in
online supplemental file 3.

Qualitative interviews

We will conduct qualitative interviews with a subset
of participants (up to n=50) approximately 6 months
after the return of GS results. Through semistruc-
tured qualitative interviews (online supplemental file
4), we will explore participants’ experiences related
to learning GS, antibody and viral lineage results, and
the clinical, behavioural and psychosocial impacts of
their results. Participants will be purposively sampled
to participate in interviews based on the type of
results they received (eg, results that required clinical
follow-up).
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Data analysis
The yield of reported results from GS and the
proportion of cases for which GS results required
clinical follow-up will be reported descriptively.
Participants’ responses for each outcome measure will
be summarised using descriptive statistics. To assess
the impact of GS results, antibody results and viral
lineage results on each outcome described above, we
will compare each outcome between participants who
receive different types of results (eg, for GS medically
actionable results vs other categories of results; for
antibody results, positive vs inconclusive vs negative
results) using appropriate regression models to adjust
for covariates that may also influence the outcomes
(eg, attitudes toward genetics, health literacy). For
all measures administered at multiple time points
(table 3), we will use mixed-effects models to examine
whether trajectories over time differ between groups.
Qualitative data analysis will draw on interpretive
description methodology; interviews will be analysed
thematically using constant comparison.63 Interviews
will be audiorecorded and transcribed. Two or more
coders will review transcripts to generate a coding
framework, which will be applied to transcripts and
updated iteratively as new themes are identified in the
data.” We will integrate quantitative and qualitative
data using a mixed-methods matrix to better under-
stand the impact of receiving GS, serology and viral
results.”*

Patient and public involvement

Patients and the public were not involved in the design of
the study. One aim of the study is to assess patient-reported
outcomes related to receiving genome (including COVID-
19-related results, and secondary findings), serology and
viral lineage results.

Data storage and sharing

Deidentified data will be shared through the HostSeq
Databank (table 4). Sequence data can be deposited
in the research domain such as dbGAP in the future.

Data will be shared with other researchers that request
it and that are using it for research, for example, gene-
disease linkages. Linkages will be made between labo-
ratory data (eg, diagnostic/biochemical, sequencing
data, serology; viral and host genome data) genomic
sequences and HostSeq database. Viral GS performed
by OICR through CanCOGeN funding requires
mandatory data sharing. Viral genomes with deiden-
tified metadata (including sample collection date,
originating lab, host age and host sex), but without
any supporting raw data, will be submitted to GISAID
(https://www.gisaid.org/), the standard repository
for SARS-CoV-2 genomes. Viral genomes and raw
sequencing reads, excluding any host reads, will be
uploaded to the NCBI and archived at the National
Microbiology Laboratory.

Chart extraction data and laboratory data generated
outside of the SH core lab will be stored securely in a
centralised excel database and entered in a local instance of
REDCap software on the Mount Sinai Hospital server. Roche
data will be securely stored in the laboratory information
system with the unique study ID of each patient. All samples
will be deidentified on collection or receipt in the core lab
at SH.

ETHICS AND DISSEMINATION

Ethics

This study has been approved at participating sites by the Clin-
ical Trials Ontario Streamlined Ethics Review System (CTO-
3302), with Mount Sinai Hospital as the board of record and
which conducts ethical review and provides oversight for
studies involving multiple sites in the province of Ontario.
All participants provide informed consent to participate.
A member of the research team reviews the consent form
with participants over the phone or in person and answers
participants’ questions prior to obtaining consent. All partic-
ipants consent to blood draws, GS, viral sequencing, serology
testing, access to their banked samples and medical records,
and data sharing.

Table 4 Databases and privacy

Data type Site data generated

Storage location

How data is securely

Where data is sent transferred

Host genome data
Sick Children
Hospital

Third party genome analysis N/A US Server

software

OICR-Ontario Institute
for Health Research

Viral genome data

Deidentified clinical data Mount Sinai Hospital

Survey data (Novi Survey) Mount Sinai Hospital/

Novi Survey

TCAG/The Hospital for The Hospital for Sick
Children and Mount Sinai

OICR/Mount Sinai Hospital

REDCap - Mount Sinai
and recruiting hospitals Hospital Server

Novi Survey-Mount Sinai
Hospital server

Lunenfeld Tanenbaum Research Secure download link
Institute, Mount Sinai Hospital

Uploaded via secure portal Secure upload link

Lunenfeld Tanenbaum Research Secure download or

Insitute, Mount Sinai Hospital/  upload link
NCBI/GISAID
Mount Sinai Hospital N/A

St. Michael’s Hospital Secure download link

N/A, not available; OICR, Ontario Institute for Cancer Research; TCAG, The Centre for Applied Genomics.
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Dissemination

Results from this study will be disseminated through peer-
reviewed publications and presented at national and inter-
national conferences. Our knowledge translation strategy is
to include the clinicians and laboratory professionals directly
involved in patient care as members of the research team to
inform the design, implementation and evaluation of the
research findings, and to aid with prompt dissemination and
application of results to clinical care. Members of the team
are involved and can coordinate with other initiatives with
established funding, including CanCOGeN, through which
viral and host genome data will be shared, and the Canadian
Open Genetics Repository47 % through which host genome
variant data will be shared. Study data will be shared with the
scientific community through open access and controlled
access databases.

Significance

This study will link serological, genomic, virology and
patient characteristics to provide a comprehensive under-
standing of factors that contribute to variability in clinical
symptoms and outcomes among patients with COVID-
19. Healthcare systems and public health will be able
to: (1) determine clinical utility of serology testing and
aid in development and implementation of appropriate
serology assays (2) select treatments based on under-
standing the antibody response and (3) identify priority
populations for vaccinations if there is limited supply.
Genomic approaches will (1) amplify the CanCOGeN
research platform making data directly available to clini-
cians and patients, (2) enable harmonisation of genomic
analyses methodologies and enable data sharing through
existing clinical research platforms and (3) allow for
strategic patient treatment and management plans
and provide a resource for future analysis of secondary
disease complications and long-term economic evalu-
ation. Correlating viral genome data to infection and
severity has important implications for the development
of vaccines and therapies and managing the response to
SARS-CoV-2. This research will also generate evidence on
the patientreported impact of learning results from GS
as well as antibody results, and viral lineage, which could
inform the adoption of GS and COVID-19 serological
testing in clinical practice.
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