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A Canadian perspective on severe acute respiratory syndrome
coronavirus 2 infection and treatment: how prevalent
underlying inflammatory disease contributes to pathogenesis
Steven Willows, Syed Benazir Alam, Jagdeep K. Sandhu, and Marianna Kulka

Abstract: The coronavirus disease 2019 (COVID-19), a serious respiratory illness caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), has emerged as a global pandemic. Canada reported its first case of COVID-19 on the
25th January 2020. By March 2020, the virus had spread within Canadian communities reaching the most frail and vulnera-
ble elderly population in long-term care facilities. The majority of cases were reported in the provinces of Quebec, Ontario,
Alberta, and British Columbia, and the highest mortality was seen among individuals aged 65 years or older. Canada has the
highest prevalence and incidence rates of several chronic inflammatory diseases, such as multiple sclerosis, inflammatory bowel
disease, and Parkinson’s disease. Many elderly Canadians also live with comorbid medical illnesses, such as hypertension, diabe-
tes, cardiovascular disease, and chronic lung disease, and are more likely to suffer from severe COVID-19 with a poor prognosis.
It is becoming increasingly evident that underlying inflammatory disease contributes to the pathogenesis of SARS-CoV-2. Here,
we review the mechanisms behind SARS-CoV-2 infection, and the host inflammatory responses that lead to resolution or pro-
gression to severe COVID-19 disease. Furthermore, we discuss the landscape of COVID-19 therapeutics that are currently in devel-
opment in Canada.

Key words: Canada, COVID-19, coronavirus, inflammation, therapeutics, chronic disease.

Résumeé : La maladie a coronavirus 2019 (COVID-19), une maladie respiratoire grave causée par le coronavirus 2 du syndrome
respiratoire aigu sévere (SRAS-CoV-2), a émergé comme pandémie mondiale. Le Canada a signalé son premier cas de la
COVID-19 le 25 janvier 2020. En mars 2020, le virus s’était propagé au sein des communautés canadiennes, atteignant les
personnes agées les plus fragiles et les plus vulnérables dans les établissements de soins de longue durée. La majorité des
cas ont été signalés dans les provinces de Québec, de I’'Ontario, de I’Alberta et de la Colombie-Britannique, et la mortalité la
plus élevée a été observée chez les personnes dgées de 65 ans ou plus. Le Canada présente les taux de prévalence et d’inci-
dence les plus élevés de plusieurs maladies inflammatoires chroniques, telles que la sclérose en plaques, les maladies
inflammatoires de I’intestin et la maladie de Parkinson. De nombreux Canadiens agés vivent également avec des maladies
concomitantes, telles que I’hypertension, le diabéte, les maladies cardiovasculaires et les maladies pulmonaires chroniques,
et sont plus susceptibles de souffrir de formes graves de la COVID-19 associées a un mauvais pronostic. Il est de plus en plus
évident que la maladie inflammatoire sous-jacente contribue a la pathogenése du SRAS-CoV-2. Les auteurs examinent ici les
mécanismes de I’infection par le SRAS-CoV-2 et les réponses inflammatoires de I’héte qui conduisent a la résolution ou a la
progression vers une forme grave de la COVID-19. En outre, ils examinent le spectre des thérapies contre la COVID-19 en
cours de développement au Canada. [Traduit par la Rédaction]

Mots-clés : Canada, COVID-19, coronavirus, inflammation, thérapeutique, maladie chronique.

Most recently, SARS-CoV-2 has impacted our world medically,
socially, and economically. As of 8th September 2020, SARS-CoV-2
has spread to 188 countries, infected more than 27 million people
worldwide, and led to more than 890 000 deaths (Johns Hopkins

Introduction

In the past two decades, three novel human coronaviruses (HCoVs)
have caused millions of infections worldwide and resulted in hun-

dreds of thousands of deaths: severe acute respiratory syndrome
coronavirus [SARS-CoV; 8096 confirmed cases, mortality rate
~9.6% (World Health organization 2015 (WHO)|; Middle East respi-
ratory syndrome coronavirus (MERS-CoV; 2494 confirmed cases,
mortality rate ~35%; World Health Organization 2019); and the
most recent, severe acute respiratory syndrome coronavirus 2.

University 2020b). SARS-CoV-2 was first identified in Wuhan,
China, in December 2019 and by the 11th March 2020, the WHO
declared COVID-19 (the disease caused by SARS-CoV-2) a world-
wide pandemic. Canada reported its first case of COVID-19 on the
25th January 2020, but by March 2020 the virus had spread through-
out Canadian communities, reaching every province and all but one
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territory, with over 1000 confirmed and presumptive cases and
12 deaths (Government of Canada 2020a). As of the 8th September
2020, there are now over 132000 confirmed cases in Canada and
there have been more than 9146 deaths (Government of Canada
2020a). This rapid spread of COVID-19 in Canada has been
approached with various public health interventions, including
increased testing to identify infected individuals, increased contact
tracing, and general public quarantine, all with various degrees of
success. There is still much to learn about the biology of COVID-19,
specifically how SARS-CoV-2 infects host cells and creates an
uncontrolled inflammatory immune response in some patients
while producing almost no symptoms in others. In this review, we
will focus on the molecular mechanisms of SARS-CoV-2 infection
and the inflammatory disease associated with COVID-19. We will
begin with a brief exploration of the etiology of COVID-19 disease
in Canada, including the risk factors that may increase the suscep-
tibility of Canadians to developing serious COVID-19 complications.
Lastly, we will survey some of the made-in-Canada treatments and
resources used to fight this mounting health pandemic that has
put Canada and the rest of the world on pause.

The Canadian context and the burden of inflammatory disease

Like many western countries, Canada has one of the highest
socio-demographic indexes in terms of life expectancy (82 years)
and health-adjusted life expectancy (71 years), reflecting an aging
population with increasing morbidity (Lang et al. 2018). Yet,
while Canada has been relatively successful at controlling the
spread of infection, Canada’s death rate due to COVID-19 is rela-
tively high compared with some other nations (e.g., Japan, Korea,
New Zealand, and Australia), with the majority of deaths occur-
ring in long-term care homes (Government of Canada Public
Health 2020; Johns Hopkins University 2020a). While more men
than women are dying from COVID-19 worldwide, in Canada the
reverse is true: ~55% of those that have died from COVID-19 were
women (Government of Canada Public Health 2020). There may
be several factors that have contributed to this difference, and
once the most active phase of this pandemic has passed, a compre-
hensive examination of its spread may reveal areas that were of
particular concern in Canada relative to other countries. However,
it is possible that at least two factors are contributing to the epidemi-
ology of COVID-19 in Canada. First, Canada has a very large land
mass, but a relatively small population, and while Canada is the
second largest country in the world, its 38 million inhabitants
occupy 9970 610 km?; a population density of about 4 persons/km?
(Populationofnet 2020). Second, it is becoming clear that severe
COVID-19 disease is associated with uncontrolled inflammation
(Zhang et al. 2020a), and that patients with chronic inflammatory
disease such as obesity (Chiappetta et al. 2020) are more likely to
have a poor disease outcome. Statistically, Canadians are more
likely to suffer from underlying inflammatory diseases — a situa-
tion that has sometimes been referred to as an “epidemic of inflam-
matory disease” (Stamper et al. 2016).

Persistent, low-grade inflammation is a risk factor for the de-
velopment of many chronic diseases. In Canada, the incidence of
chronic diseases has increased by ~14% every year over the past
decade, imposing a major burden on the health care system (Elmslie
2016). Approximately 44% of adults over 20 years old in Canada have
at least 1 of the 10 most common chronic conditions such as hyper-
tension, osteoarthritis, osteoporosis, diabetes, asthma, chronic ob-
structive pulmonary disease, ischemic heart disease, cancer, and
dementia (Public Health Agency of Canada 2019). Three chronic
inflammatory diseases are particularly prevalent in Canada and will
be important for understanding how COVID-19 will impact the Cana-
dian population: multiple sclerosis (MS), inflammatory bowel dis-
ease (IBD), and Parkinson’s disease (PD). Canada has one of the
highest rates of MS in the world, with almost 100 000 Canadians
estimated to be living with the disease in 2018, which is 28% more
than in Denmark, the country with the second highest rates of MS
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(Tracy 2015). Canada also has among the highest incidence and
prevalence of IBD in the world (Kaplan et al. 2019) with approxi-
mately 270 000 Canadians living with the disease in 2018, and this
number is predicted to rise to 403 000 Canadians by 2030. In 2017,
19.3% of Canadians aged 15 and older had arthritis, and women
were 50%-60% more likely to suffer from this disease (Ngo et al.
2014; Government of Canada Statistics Canada 2018). Canada has
the highest prevalence of PD in the world (G.B.D. 2016 Parkinson’s
Disease Collaborators 2018). Epidemiological, genetic, and experi-
mental evidence suggests that chronic neuroinflammation con-
tributes to the progressive loss of neurons seen in chronic
neurodegenerative diseases, including PD (Hirsch et al. 2012).
Among the neurological disorders examined in the Global Burden
of Disease, Injuries, and Risk Factors Study (GBD) 2015 (G.B.D. 2015
Neurological Disorders Collaborator Group 2017), PD was identi-
fied as the fastest growing neurological disorder in the world. Fur-
thermore, genome-wide association studies (GWAS) and several
epidemiological studies have identified a link between IBD and
PD (Brudek 2019), suggesting that intestinal inflammation could
be the silent driver of PD pathogenesis. Therefore, inflammatory
disease is already a major concern in Canada and with the arrival
of SARS-CoV-2, these pre-existing health conditions are likely to
make the spread of this infection a unique challenge. Currently,
many of the confirmed COVID-19 infections appear to be in Que-
bec and Ontario, but the majority of COVID-19-associated deaths
(>80%) appear to be in long-term care homes in an aged popula-
tion with several chronic conditions (Comas-Herrera et al. 2020)
(Fig.1). Interestingly, while more men than women are dying from
COVID-19 worldwide, in Canada the reverse is true: ~55% of
COVID-19 deaths were women, mainly because the vast majority of
residents in long-term care homes are older women (Government
of Canada 2020b; Government of Canada Public Health 2020) (Fig. 1).
The Canadian population is unique in many ways from the rest of
the world, and it is not surprising that COVID-19 would manifest
itself differently in Canada compared with the rest of the world.
Here, we will discuss the biology and pathogenesis of SARS-CoV-2
infection, with a focus on how the Canadian population could be
affected.

The biology of coronaviruses

Coronaviruses (CoV) belong to the Coronaviridae family of
viruses in the order Nidovirales, and within the Coronavirinae
subfamily there are four genera: alpha, beta, gamma, and deltaCoV
(King et al. 2018). Recent epidemics or pandemics have been
caused by three highly pathogenic betaCoVs: SARS-CoV, MERS-
CoV, and SARS-CoV-2, which replicate in the lower respiratory
tract and can cause fatal pneumonia (Table 1). In addition to these
three highly pathogenic HCoVs, there are four less pathogenic
HCoV strains: namely, HCoV-OC43, HCoV-HKU1, HCoV-229E, and
HCoV-NL63, which replicate in the upper respiratory tract and
only cause mild symptoms (Gaunt et al. 2010; Shirato et al. 2014).
With the exception of HCoV-229E and HCoV-NL63 (AlphaCoV’s),
HCoV’s belong to the betaCoV genus.

Coronaviruses are spherically shaped enveloped viruses of approx-
imately 60-125 nm in diameter. They contain the largest known
non-segmented positive-sense single stranded RNA genome of
approximately 27-32 kilobases (Gorbalenya et al. 2006) (Fig. 2).
Coronaviruses infect a wide range of species, including cattle,
swine, birds, felines, and humans (Cavanagh 2005; van der Hoek
2007; Pedersen et al. 2008; Fulton et al. 2011; Mora-Diaz et al. 2019;
Vlasova et al. 2020) but have a propensity for zoonotic transmis-
sion, which makes them especially difficult to contain (Woo et al.
2009; Graham et al. 2013). Pathogenic HCoVs are associated with a
wide range of respiratory illnesses, including common colds, pneu-
monia, and bronchiolitis (Matoba et al. 2015). Additionally, several
studies have shown that HCoVs are also associated with a range of
neurological (Arbour et al. 2000; Lau et al. 2004) and gastrointesti-
nal symptoms (Wong et al. 2020) (Table 2).

<. Published by NRC Research Press
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Fig. 1. Demographics of COVID-19 in Canada. Data are based on that from health-infobase (https://health-infobase.canada.ca/covid-19/
epidemiological-summary-covid-19-cases.html), which were accessed on the 8th September 2020 and were provided by the Government of
Canada. (A) Proportion of cases in Canada that were recovered, deceased, or active. (B) Proportion of cases of a given severity that were
male and female. (C) Proportion of cases in Canada that resulted in hospitalization, admittance to the intensive care unit, or death in
each age group. (D) Proportion of cases that were recovered, deceased, or active in each province and territory. BC, British Columbia;

AB, Alberta; SK, Saskatchewan; MB, Manitoba; ON, Ontario; QC, Quebec; NL, Newfoundland and Labrador; NB, New Brunswick;

NS, Nova Scotia; PE, Prince Edward Island; YK, Yukon; NT, Northwest Territories; NU, Nunavut. In September, Nunavut had reported
no confirmed cases, but as of November 2020, COVID-19 has spread to all provinces and territories.
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SARS-CoV-2 entry and replication in target cells

The spike (S) protein is expressed on the surface of coronavi-
ruses, giving the characteristic “crown” appearance, and plays a
critical role in determining tissue tropism (Hulswit et al. 2016).

Similar to SARS-CoV, the S protein of SARS-CoV-2 binds with
a strong affinity to human angiotensin converting enzyme 2 (ACE2)
(Yan et al. 2020). A recent study shows that neuropilin-1 (NRP1)
could also act as a receptor for SARS-CoV-2 (Cantuti-Castelvetri

<. Published by NRC Research Press
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Table 1. Characteristics of the most common betaCoV.

Biochem. Cell Biol. Vol. 00, 0000

Target receptors on

Virus host cells Host cell Reference
SARS-CoV ACE2 Airway epithelia, lung parenchyma, vascular endothelia, Lietal. 2003
kidney cells, and small intestine
Unknown Hepatocytes Hofmann et al. 2004
MERS-CoV DPP4 Lower respiratory tract, lung epithelial cells, kidney, Raj et al. 2013; Zhou et al. 2017

small intestine, liver and macrophages
Airway epithelia, lung parenchyma, vascular endothelia,
kidney cells and small intestine

SARS-CoV-2 ACE2

Integrins Unknown

NRP1 Respiratory and olfactory epithelium
HCoV-0C43 HILA class I antigen Unknown

9-0O-Ac-Sia Unknown
MHV mCEACAM Liver, epithelial cells of the intestinal and respiratory

tracts, macrophages, neural cells and lymphocytes

PHEV NCAM Respiratory tract and central nervous system
HCoV-HKU1 Unknown Upper respiratory tract, lung epithelial cells

Hoffmann et al. 2020b; Zhou et al. 2020a

Sigrist et al. 2020

Cantuti-Castelvetri et al. 2020

Vlasak et al. 1988; Collins 1993; Krempl
et al. 1995; Dijkman et al. 2013

Krempl et al. 1995

Williams et al. 1991; Nedellec et al. 1994

Mora-Diaz et al. 2019
Dijkman et al. 2013; Huang et al. 2015

Note: SARS-CoV, severe acute respiratory syndrome coronavirus; MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; HCoV-OC43, human coronavirus OC43; MHV, mouse hepatitis virus; PHEV, porcine hemagglutinating encephalomyelitis coronavirus;
HCoV-HKU1, human coronavirus HKU1; ACE2, angiotensin-converting enzyme 2; DPP4, dipeptidyl peptidase 4; NRP1, neuropilin-1; APN, human aminopeptidase N;
HLA class 1 antigen, human leukocyte antigen class I antigen; 9-0-Ac-Sia, 9-O-acetylated sialic acid; mCEACAM, murine carcinoembryonic antigen-related cell adhesion
molecules; NCAM, neural cell adhesion molecule.

Fig. 2. Schematic representation of the genomic organization of the three highly pathogenic human coronavirus genomes. The genome
organization of SARS-CoV-2, SARS-COV, and MERS-CoV is based on reference sequences NC_045512.2, NC_004718.3, and NC_019843.3
from the National Center for Biotechnology Information. Non-structural open reading frames (ORFs) (1ab), structural ORFs (Spike, E, M, N),
and accessory ORFs (3, 3a, 3b, 4a, 4b, 5, 6, 7a, 7b, 8, 8a, 8b, 9b, 10) are shown. Coronaviruses contain a canonical set of 4 structural proteins:
the spike glycoprotein (S), nucleocapsid protein (N), envelope protein (E), and membrane protein (M). The highly basic N proteins form a shell
that encapsulates the genomic RNA to form a long, flexible nucleocapsid with helical symmetry. The nucleocapsid is surrounded by a
lipoprotein envelope containing the S, E, and M proteins (de Haan and Rottier 2005). In addition, the envelopes of some coronaviruses
(e.g., porcine hemagglutinating encephalomyelitis coronavirus) contain the hemagglutinin-esterase (HE) protein in their lipid envelope

(Fung and Liu 2019).
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et al. 2020). Table 1 summarizes a list of receptors on target host
cells that bind to the S proteins of various betaCoV for initiation of
cellular entry, and Figure 3 is a schematic diagram of coronavirus
entry into target host cells.

It is entirely possible that SARS-CoV-2 utilizes other tissue-
specific receptors for entry when the situation warrants —
effectively choosing the appropriate route of entry based on the
specific membrane composition of the host cell. This is suggested
by a recent study showing that SARS—-CoV-2 infects and replicates
within the human olfactory sensory neuron (Hoffmann et al.
2020b; Ou et al. 2020) even though whole olfactory mucosa
(WOM) RNAseq analysis of macaque, marmoset, and humans

showed that olfactory sensory neurons do not express the two
key genes involved in SARS-CoV-2 entry: the ACE2 receptor and the
serine protease TMPRSS2 (Bilinska et al. 2020; Brann et al. 2020).
Therefore, it is more likely that synapse routes in the medullary car-
diorespiratory centre are facilitating entry through some other
receptors such as mechanoreceptors or chemoreceptors (Natoli
etal. 2020).

Clinical presentation of SARS-CoV-2 infection

COVID-19 has emerged as a complex multisystem clinical syn-
drome that is characterized as an illness with no symptoms, to
mild, moderate, or severe symptoms, and the outcome of the

<. Published by NRC Research Press
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Table 2. Clinical features of human infection by human betaCoV.

Virus Respiratory symptoms Neurologic symptoms

Gastrointestinal symptoms Reference

SARS-CoV Fever, chills/rigor, dry Headache, dizziness,
cough, sore throat,

myalgia, dyspnea

MERS-CoV Fever, myalgia, cough, Confusion, ataxia, focal motor
dyspnea deficit

SARS-CoV-2 Fever, dry cough, Acute cerebrovascular diseases,
fatigue impaired consciousness,

skeletal muscle injury

HCoV-HKU1 Fever, rhinorrhea, Unknown
cough, dyspnea

HCoV-0C43 Fever, cough, upper Febrile seizures, convulsions,

respiratory tract loss of consciousness,
infection encephalomyelitis
encephalitis

axonopathic polyneuropathy,
myopathy, ischemic stroke

Watery diarrhoea Leung et al. 2003; Yeh et al.

2004; Bohmwald et al. 2018

Nausea, diarrhoea, Zaki et al. 2012; Assiri et al.
vomiting, abdominal 2013; Arabi et al. 2015; Chan
pain et al. 2015; Kim et al. 2017

Nausea, vomiting, loose Guan et al. 2020; Holshue et al.
bowel movement 2020; Huang et al. 2020a; Mao
et al. 2020; Wang et al. 2020Db;
Wong et al. 2020

Esper et al. 2006; Lau et al.
2006; Kanwar et al. 2017

Diarrhoea, vomiting,
anorexia, nausea,
abdominal pain

Diarrhoea, emesis,
abdominal pain

Arbour et al. 2000; Vabret et al.
2003; Yeh et al. 2004; Gerna
et al. 2006; Jean et al. 2013

disease is defined by the host immune responses. In a large
cohort of 72 314 cases, the Chinese Centre of Disease Control and
Prevention reported that 81% of patients had mild to moderate
disease, 14% had severe pneumonia, and 5% were critically ill (Wu
and McGoogan 2020). Transmission from person to person occurs
via respiratory droplets, aerosols, and via contaminated surfaces
(Yao et al. 2020a). As with most coronaviruses, SARS-CoV-2 likely
enters the host through mucosal barriers such as the nose, eyes,
and mouth. A recent study provided evidence for gastrointestinal
infection of SARS-CoV-2, possibly by a fecal-oral transmission
route (Xiao et al. 2020). The virus can be detected before symptom
onset, and titers generally peak within a week after onset of
symptoms (Pan et al. 2020). The symptoms of COVID-19 generally
include fever, difficulty breathing, and dry cough (Lai et al. 2020),
but many individuals infected with SARS-CoV-2 remain asymp-
tomatic (Day 2020). The exact proportion of asymptomatic indi-
viduals in the general population is currently a matter of debate
and poses a problem for containing the spread of the disease. Vi-
ral loads are initially highest in the nasopharynx, but peak titers
are usually reached several days later in the sputum (Huang et al.
2020Db), suggesting that initial infection may begin in the naso-
pharynx and only later spread to the lungs. Many asymptomatic
cases do show abnormalities in the lungs by CT scan, suggesting
that the virus may invade the lungs even in mild cases (Hu et al.
2020). While virus can be detected in asymptomatic individuals,
viral loads tend to be lower than in individuals who develop
symptoms (Zhou et al. 2020c¢), and the highest viral loads are
found in severe cases (Yu et al. 2020). Based on a study from
Wuhan, China, of hospitalized COVID-19 patients, it was shown
that 50% of infected patients developed symptoms after 7 days,
and by day 14 all of the patients developed symptoms, which
formed the basis for the 14 day quarantine period used by most
public health authorities to contain the spread of infection
(Wolfel et al. 2020).

Upon infection with SARS-CoV-2, the host cells mount an acute
inflammatory response by inducing the production of a plethora
of cytokines, chemokines, and lipid mediators of the innate and
adaptive immune system to eliminate the pathogen and protect
the host. Emerging evidence suggests that failure to resolve the
acute inflammatory response leads to hyperinflammation and
dysregulated adaptive immune response resulting in tissue injury
and multiorgan failure, especially in the renal, cardiac, and he-
patic systems (Huang et al. 2020a; Xu et al. 2020c¢). In a retrospec-
tive study involving 52 critically ill patients admitted to intensive
care unit with pneumonia, over 80% of the fatal cases were diag-
nosed with acute respiratory disease syndrome (ARDS) and

multiorgan failure (Yang et al. 2020). It is becoming increasingly
clear that SARS-CoV-2 initiates an uncontrolled systemic inflam-
matory disease in some patients.

SARS-CoV-2 infection activates the innate immune response
and inflammation

Initial infection with SARS-CoV-2 in the respiratory tract likely
results in the activation of the innate immune system. Upon
induction of the innate immune responses, release of interferons
(IFNs) by host cells serves as the first-line of defense against viral
infection. In the early stages of viral infection, type I and type III
interferons (IFN-I and IFN-III) act as key regulators of antiviral
immune responses that trigger the upregulation of IFN-stimulated
genes (ISGs). ISGs can interfere with every step of the viral replication
cycle, and balance both pro-inflammatory and anti-inflammatory
responses towards successful resolution of infection (Lazear et al.
2019). During infection with highly pathogenic coronaviruses, such
as SARS-CoV, a delayed IFN-I response is associated with severe lung
pathology. Mice treated early with IFN-B, as well as IFN receptor
knockout mice, showed better survival when infected with SARS-
CoV than untreated, wild-type mice (Channappanavar et al. 2016).
In a mouse model of MERS-CoV, early treatment with interferon
was also found to be protective, whereas delayed treatment only
exacerbated inflammation (Channappanavar et al. 2019). Indeed,
SARS-CoV encodes many proteins that interfere with the interferon
pathway (McBride and Fielding 2012), and many of these open read-
ing frames (ORFs) are conserved in SARS-CoV-2 (Lu et al. 2020).
Although all three viruses likely initially inhibit interferon expres-
sion from epithelial cells in the respiratory tract, SARS-CoV and
MERS-CoV have been shown to induce the release of interferon
and several pro-inflammatory cytokines from monocyte-derived
macrophages and dendritic cells (Channappanavar and Perlman
2017). SARS-CoV-2 spike protein can elicit the expression of the
pro-inflammatory cytokine interleukin (IL)-6 in the monocyte cell
line THP-1 (Chen et al. 2020c¢). This response could lead to the
release of chemokines that would recruit pro-inflammatory cells
to the site of injury. Furthermore, ACE2 is upregulated by inter-
feron, which could further promote viral spread and tissue injury
(Ziegler et al. 2020). Hence, it is possible that a lack of interferon
response early in infection allows a build-up of virus by replica-
tion in epithelial cells. These large titers of virus would then
induce a large interferon response in immune cells, which could
cause runaway inflammation and tissue damage. This is further
amplified in aged individuals because they might have an impaired
capacity to mount type I and type III IFN responses (Molony et al.
2017). For SARS-CoV-2 infection, however, higher serum levels of
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Fig. 3. Schematic depiction of coronavirus entry into the host cells. (1) The virus attaches to the target host cell via interaction between the
viral S protein and target cell receptor. The S protein, a type I membrane protein belonging to the class I fusion proteins (Bosch et al. 2003),
which has two functional subunits: the amino-terminal S1 subunit containing the receptor-binding domain and the carboxy-terminal S2 subunit
that contains the domains required for membrane fusion. Once SARS—-CoV-2 has bound to the host cell receptor via the S1 subunit, the
TMPRSS2 protease primes viral entry into cells by initiating a cleavage at the S1/S2 junction (Hoffmann et al. 2020b). Notably, SARS-CoV-2
contains a furin-like cleavage site (Coutard et al. 2020), and cleavage by furin at the S1/S2 junction is important for entry into lung cells
(Hoffmann et al. 2020a). The cleavage within the S protein by a cellular protease allows for the release of S2 subunit that causes fusion
between the viral and cellular membrane (Hoffmann et al. 2020b). (2) The virions are internalized either by receptor mediated endocytosis (3a)
or by membrane fusion (3b) (Simmons et al. 2013; Burkard et al. 2014) to release viral RNA (4b). The low pH of the endosomes causes membrane
fusion between the viral envelope and endosomal membrane, followed by release of the RNA genome into the cytoplasm (4a). The viral RNA is
utilized as a template by host ribosomes to translate into replicase proteins (5). The 3’ terminus of the viral genomic RNA is polyadenylated
and its 5’ terminus is capped, allowing it to act as an mRNA for the translation of replicase polyproteins by utilizing host ribosomes. This

is followed by replication to produce multiple copies of progeny viral RNA as well as proteins (6). Progeny virions are produced by
encapsidation and assembly of the newly synthesized viral RNA and viral proteins (7). The newly assembled progeny virions are released

from the cells by budding.
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IFN-0. and greater expression of ISGs were found in mild cases by
comparison with severe and critical cases (Hadjadj et al. 2020),
suggesting that interferon is protective at late stages of COVID-19.
These differences may be due to the greater sensitivity of SARS—
CoV-2 to type I IFNs, which is thought to be due to loss or disrup-
tion of key genes involved in IFN antagonism (Lokugamage et al.
2020) (Fig. 2).

Once the initial phase of the innate immune response has been
activated, a localized inflammatory response is initiated, which
involves orchestrated recruitment of specific subset of leukocytes
that release chemokines needed to traffic effector cells to the site

:j Membrane protein (M)

=§ Envelope protein (E)

L)
(34 Nucleoprotein (N)

MWWM Viral RNA genome

of infection. Although the factors separating mild COVID-19 cases
from severe cases are not entirely understood, the forces driving
severe pathogenesis are thought to be similar to SARS-CoV and
MERS-CoV (Fig. 4). In infections by these viruses, overproduction
of pro-inflammatory cytokines and chemokines, or hypercytoki-
nemia, is thought to play a major role in pulmonary damage
(Channappanavar and Perlman 2017) and patients with SARS-
CoV-2, SARS-CoV, and MERS-CoV show increased serum levels
of multiple cytokines (Zhang et al. 2004; Liu et al. 2020a). The
submucosal layer of the lungs are filled with immune cells that
can release a large number of pro-inflammatory cytokines

<. Published by NRC Research Press



Biochem. Cell Biol. Downloaded from cdnsciencepub.com by National Research Council of Canada on 04/06/21
For personal usé only.

Willows et al.

Fig. 4. Schematic representation of the signaling pathways triggered by SARS-CoV-2 and induction of cytokine storm in the lung epithelium.
SARS-CoV-2 binds to a specific receptor on lung epithelial cells leading to infection of lung epithelium. Virus then induces dendritic cells and
monocytes to release interferons, cytokines and chemokines that attract and activate other inflammatory cells. This then leads to a vicious cycle
of additional inflammation, as activated inflammatory cells release more pro-inflammatory cytokines. IL-6 seems to be particularly important,
and is both released by macrophages and causes monocytes to differentiate into macrophages. Cytokines released by macrophages and dendritic

cells can also inhibit T-cells.
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during infection, thereby recruiting macrophages, neutrophils,
and T cells. Mast cells, whose role in viral infections is often
poorly understood, could also play a role in inflammation, releas-
ing many of the cytokines implicated in SARS-CoV-2 pathogenesis
and influencing macrophage activation (Kritas et al. 2020). It is
increasingly evident that a dysfunctional host immune response
and the failure of antiviral immunity to control SARS-CoV-2
drives the development of COVID-19. In a recent study, transcrip-
tional profiling of various cells and serum from COVID-19 patients
revealed that SARS-CoV-2 infection evokes a low antiviral type 1
IEN response, while inducing a consistent chemokine and pro-
inflammatory cytokine signature consisting of IL-6, IL-1RA, C-C
motif chemokine ligand 2 (CCL2), CCL8, chemokine (C-X-C motif)
ligand 2 (CXCL2), CXCL8, CXCL9, and CXCL16, which act as
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chemoattractants for T cells, natural killer (NK) cells, neutrophils,
and monocytes/macrophages, respectively (Blanco-Melo et al.
2020). Also, abnormally high serum levels of C-reactive protein,
ferritin, fibrinogen, and D-dimer (degradation product of cross-
linked fibrin) has been reported in patients with severe COVID-19
(Liu et al. 2020b). There is some evidence that this uncontrolled
inflammation could be affected by the age of the host. Older indi-
viduals have an altered immune response (sometimes referred to as
hypercytokinemia) that may lack some of the feedback mechanisms
that control the scope of the inflammatory response (Tisoncik et al.
2012); a situation very much mirroring the one observed in COVID-19
disease in the elderly. Hypercytokinemia is a common complication
in the elderly, sometimes caused by renal dysfunction, and systemic
inflammatory response syndrome (SIRS) is an early sign of post-
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operative complications in elderly patients that have undergone
gastrointestinal surgery (Ono et al. 2001; Beppu et al. 2003). There-
fore, older adults would be more likely to suffer from hypercyto-
kinemia in response to SARS-CoV-2 infection. In support of this
theory, older macaques infected with SARS-CoV developed more
severe pathology than younger adult macaques, and though they
have similar viral titers, produced higher levels of pro-inflammatory
cytokines (Smits et al. 2010).

The serum levels of several cytokines are dramatically increased
in severe COVID-19 disease compared with patients that have
milder disease. For example, IL-6 is thought to be one of the key
cytokines involved in SARS-CoV-2 pathogenesis, because high se-
rum levels have been associated with more severe disease (Akbari
et al. 2020; Kermali et al. 2020). IL-6 is a pro-inflammatory cytokine
involved in activation of the acute-phase response and controlling
the activity of various immune cells (Tanaka et al. 2014). Notably, IL-
6 is both secreted by macrophages and induces monocyte differen-
tiation into macrophages (Akira and Kishimoto 1996), which could
lead to a positive feedback loop, possibly contributing to hypercy-
tokinemia. IL-6 also induces the differentiation of naive T-cells to
Tyl7 cells, which release the pro-inflammatory cytokine IL17
(Kimura and Kishimoto 2010). While IL-17 is important in protec-
tion against bacteria and fungi, it is also known to be involved in
many autoimmune diseases (Kimura and Kishimoto 2010), and
data from in-vivo acute lung injury models and MERS patients sug-
gest IL-17 may play an important part in these diseases (Pacha et al.
2020). Importantly, IL-17 has been implicated in the pathogenesis of
SARS-CoV-2, because high levels of IL-17 were shown to be highly
positively correlated with disease severity (Pacha et al. 2020).

Although it is well established that T-cells produce IL-17, there
is an increasing body of evidence demonstrating that innate
immune cells, such as neutrophils and mast cells, can also pro-
duce IL-17 (Xu and Cao 2010). The production of IL-17 by these cells
orchestrates innate immune responses against extracellular patho-
gens by inducing the formation of extracellular traps, known as
neutrophil extracellular traps (NETs) and mast cell extracellular
traps (MCETs), respectively (von Kockritz-Blickwede et al. 2008; Lin
et al. 2011). NETs are extracellular web-like structures that consists
of a backbone of chromatin (DNA and histones), antimicrobial pro-
teins, and proteases that are released from the neutrophils that
entrap and Kkill pathogens to limit infections. A recent study
showed that increased numbers of neutrophils and higher levels of
NET biomarkers, namely myeloperoxidase-DNA (MPO-DNA) com-
plexes and citrullinated histone H3 (Cit-H3) have been detected in
the sera of COVID-19 patients (Zuo et al. 2020). NETs might be the
drivers of the microvascular thrombosis that is increasingly seen in
COVID-19 patients, possibly due to the toxic NET cargo that could
promote blood coagulation and blockage of small blood vessels
such as seen in acute lung injury and acute respiratory disease syn-
drome (ARDS), leading to death. The involvement of MCETs in
COVID-19 has not yet been examined.

Another pro-inflammatory cytokine, IL-1f, is also elevated in
the plasma of patients infected with SARS-CoV-2, but is not asso-
ciated with severe disease (Akbari et al. 2020; Huang et al. 2020a).
Mature IL-1B is released from cells following processing of the
pro-IL-18 by the NLRP3 inflammasome, a multiprotein complex
that is activated by molecular patterns associated with infection,
such as viral RNA, and cellular damage, such as ATP (Franchi
et al. 2012). Notably, serum lactate dehydrogenase (LDH) levels
are commonly high in SARS-CoV-2 patients with severe disease
(Kermali et al. 2020), which indicates induction of a highly
inflammatory form of programmed cell death, called pyroptosis,
mediated by the NLRP3 inflammasome (Jia et al. 2019). It has pre-
viously been suggested that activation of the NLRP3 inflamma-
some and pyroptosis may play a substantial role in COVID-19
disease progression (Yap et al. 2020). Notably, SARS-CoV E and ORF3a,
which share significant homology when comparing the original
SARS virus (SARS—-CoV) and the COVID-19 virus (SARS-CoV-2) (Fig. 2),
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are known to activate the NLRP3 inflammasome (Nieto-Torres
et al. 2015; Chen et al. 2019; Siu et al. 2019). This indicates that
direct activation of pro-inflammatory pathways, like the NLRP3
inflammasome, by SARS-CoV and SARS-CoV-2 could be important
for viral replication and pathogenesis.

1110 is another cytokine that is commonly found at higher lev-
els in the plasma of SARS-CoV-2 patients, especially those with
severe disease requiring hospitalization (Akbari et al. 2020). IL-10
is an anti-inflammatory cytokine and is often exploited by viruses
to establish persistent infections (Rojas et al. 2017). Although it is
possible that IL-10 inhibits T-cell responses towards the virus
(Rojas et al. 2017), it is difficult to discern whether IL-10 is a cause
or consequence of SARS-CoV-2 pathogenesis. In a mouse model
of MERS-CoV, researchers found that the differences in IL-10
induction by virus-infected young and aged mice is the most
stark of any cytokines tested (Yao et al. 2020b), which could have
implications for understanding why elderly populations experi-
ence higher mortality rates than younger populations.

SARS-CoV-2 and adaptive immune responses

During the late stage of viral infection, the adaptive immune
responses act as the second line of defense and generate specific
neutralizing antibodies that are required for the elimination and
clearance of the virus-infected cells. MERS-CoV, but not SARS-
CoV, has been shown to directly infect primary peripheral blood
mononuclear cell (PBMC)-derived T-cells and induce their apopto-
sis (Chu et al. 2016), further inhibiting a major mechanism for vi-
ral clearance and immunomodulation. A marker of apoptosis,
annexin-V, was increased on T-cells isolated from the blood of
patients with severe COVID-19, suggesting that SARS-CoV-2 may
be able to induce apoptosis, although whether this is through
direct infection of the T cell or another mechanism, such as
bystander effect, is not currently known (Hadjadj et al. 2020).
Post-mortem examinations revealed that SARS-CoV-2 invades
the lymph nodes and spleen, causing structural damage and lym-
phocyte apoptosis (Chen et al. 2020c). Notably, lymphopenia, or
low levels of lymphocytes such as T and B cells, is common in all
three severe coronavirus diseases (Hui et al. 2003; Assiri et al.
2013; Li et al. 2020a), and was more common in severe cases of
COVID-19 (Akbari et al. 2020; Kermali et al. 2020). The proportion
of naive T-helper cells in peripheral blood was also increased in
severe cases (Qin et al. 2020).

In a retrospective, single-centre study with a cohort of 452 COVID-19
patients from Wuhan, China reported a dysregulated immune
system, specifically with a low CD4* T-lymphocyte count (Qin
et al. 2020). Since then many more studies have been conducted
and similarly report a dramatic reduction in the total number of T
lymphocytes, particularly CD4" and CD8" T-cells in severe COVID-
19 patients which also correlates with disease severity (Diao et al.
2020). Notably, surviving CD4" and CD8" T-cells expressed PD-1
and Tim-3, markers of T-cell exhaustion. In this study, PD-1 and
Tim-3 expression on T-cells was monitored by flow cytometry dur-
ing disease progression in three patients. Interestingly, PD-1 and
Tim-3 were expressed at low levels in CD4* and CD8" T-cells in the
prodromal COVID-19 disease, however, surface expression of
these markers on CD8" T-cells progressively increased during
symptomatic and ICU disease stages (Diao et al. 2020). Although
these findings need to be replicated in a large cohort of COVID-19
patients, it suggests that disease severity may be a driver of T-cell
depletion/exhaustion. More recently, a deep characterization of
bulk T-cells from 39 COVID-19 patients also revealed that CD4" and
CD8" T-cells display markers of exhaustion/senescence (PD1*CD57)
(De Biasi et al. 2020). Although CD57* T-cells from COVID-19
patients showed decreased proliferation in vitro after antigen-
specific stimulation, it is not clear whether the COVID-19 patients’
T-cells are functionally exhausted. CD57 is considered a surrogate
marker of senescence which has been associated with aging,
chronic infections and inflammatory diseases (Pinti et al. 2016).
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Similar to T-lymphocytes, NK cell counts were also markedly
decreased and express markers of exhaustion in COVID-19
patients compared with healthy subjects (Zheng et al. 2020). The
expression levels of the inhibitory receptor, NKG2A was
increased which has been shown to induce NK cell exhaustion in
chronic viral infections (Zhang et al. 2019). Furthermore, NKG2A™
cells also had a reduced ability to produce IFN-y, IL-2, granzyme B,
and TNF-o. Taken together, these findings support the notion that
functional exhaustion of T cells and NK cells by SARS-CoV-2 could
lead to the breakdown of antiviral immunity at an early stage,
resulting in viral persistence and disease progression.

Consequences of ARDS and cytokine storm syndrome
(hypercytokinemia)

The immunopathogenesis of SARS-CoV-2 infection mirrors
that of SARS-CoV and MERS-CoV, with an overt unregulated
inflammatory response that results in pneumonia and ARDS. As
discussed above, infection is initiated by binding of SARS-CoV-2
to the ACE2 receptor expressing cells in the airway that is more
abundantly expressed by type II pneumocytes and to a lower
extent by type I pneumocytes, alveolar epithelial cells and
pulmonary endothelial cells (Hamming et al. 2004). Following rep-
lication and release of the virions, host cells undergo an inflam-
matory form of cell death known as pyroptosis and release
damage-associated molecular patterns (DAMPs), which are recog-
nized by neighbouring cells, resulting in a wave of pro-inflammatory
cytokines and chemokines, including II-6, IL-1RA, CCL2, CCL8, CXCL2,
CXCL8, CXCL9, and CXCL16. The high levels of pro-inflammatory
cytokines lead to massive recruitment of immune cell infiltrates
(neutrophils, monocytes, dendritic cells, NK cells, and T-cells) in
the alveoli, leading to a vicious cycle of amplification of inflamma-
tory responses and lung damage with the formation of hyaline
membranes and thickening of alveolar wall (Fig. 5). Accumulating
evidence suggests that the high levels of pro-inflammatory cytokines
could lead to disruption of the vascular endothelial barrier, loss of
barrier integrity, and activation of coagulation pathways (as indi-
cated by elevated levels of D-dimer), which is increasingly seen
in severe COVID-19 patients (Becker 2020). It has been estab-
lished that the aging immune system is associated with a
decline in IFN-I responses (Shodell and Siegal 2002), which fur-
ther decreases with viral infection (Canaday et al. 2010). It is
plausible that this age- or virus-related IFN-I impairment is associ-
ated with the uncontrolled release of pro-inflammatory cytokines
and chemokines, leading to the pulmonary and intravascular
complications seen in COVID-19 patients (McGonagle et al. 2020).
Histopathological examination of lung tissue obtained by trans-
thoracic biopsy from a 72 year old man with COVID-19 who had a
history of hypertension and diabetes showed diffuse alveolar
damage with type II pneumocyte hyperplasia, intra-alveolar
fibrin, interstitial loose fibrosis, and the presence of chronic
inflammatory infiltrates (Zhang et al. 2020b). The CT scans of his
chest also revealed multifocal nodular ground-glass-like opacities.
Despite antiviral treatments, the patient succumbed to COVID-19-
induced injuries.

Effects on the central nervous system

An interplay between the lung and the brain may also explain
how SARS-CoV-2 infection can rapidly progress to a more severe
form of the disease. Experimentally induced lung injury causes
neurological damage in pigs (Heuer et al. 2011). Furthermore,
brain damage (acute intracranial hypertension) was found to
induce symptoms of lung injury, and a combination of lung and
brain injury appeared to have an additive effect on further dam-
age to the lung/brain and release of pro-inflammatory cytokines
(Heuer et al. 2011). In fact, lungs from organ donors who die of
traumatic brain injury (TB1) are often ineligible for transplant,
owing to the subsequent lung injury caused by neuronal cell

death (Nicolls and Laubach 2014). This interaction between lung
and brain suggests that SARS-CoV-2 may begin a cycle of injury
between these two organs, which could explain the rapid deterio-
ration observed in severe cases. The importance of the lung-
brain axis is underscored by high proportions of COVID-19
patients who exhibit neurological symptoms (Carod-Artal 2020;
Li et al. 2020c¢). A particular area of concern underlies the possibil-
ity that SARS-CoV-2 could invade the central nervous system
(Alam et al. 2020), further exacerbating damage associated with
the lung-brain axis (Li et al. 2020b). Finally, many of the studies
that examined lung-brain interactions have been conducted in the
context of mechanical ventilation, with results suggesting that
mechanical ventilation could be a possible driver of lung and neu-
rological injury in patients with SARS-CoV-2 induced respiratory
distress, which in turn, could worsen the outcomes (Pelosi and
Rocco 2011; Bilotta et al. 2019).

Effects on the cardiovascular system

The effects of SARS-CoV-2 infection on the cardiovascular
system are thought to play a major role in severe disease and
mortality. The first line of evidence came from the findings that
hypertension, cerebrovascular disease, and cardiac disease are
three of the most prominent comorbidities associated with
severe COVID-19 (Wang et al. 2020a; Yang et al. 2020). Excessive
thrombosis or blood clot formation and abnormal coagulation
are common in COVID-19 patients in the ICU (Becker 2020). The
effects of infection on platelets may play a role, as reduction in
platelet counts in the blood, or thrombocytopenia, has been
found in many COVID-19 patients, and lower platelet levels has
been correlated with more severe disease state and death (Xu
et al. 2020a). A high level of D-dimer, an indicator of blood clot
formation and (or) breakdown, is also associated with higher
mortality (Zhang et al. 2020c). How SARS-CoV-2 infection induces
these effects is not known, but many mechanisms have been sug-
gested. These include disrupting platelet production, platelet
destruction, or increasing platelet consumption in the lungs (Xu
et al. 2020a). Hypercytokinemia is likely to play a role, with cyto-
kines and inflammation possibly causing thrombosis in the lungs
(McGonagle et al. 2020; Xu et al. 2020a). Release of extracellular
nets, as discussed above, is another major mechanism by which
SARS-CoV-2 may cause thrombosis (Nicolai et al. 2020).

Infection of blood vessels by SARS-CoV-2 may play an impor-
tant role in disease severity. ACE2 is expressed on endothelial
cells (Hamming et al. 2004) and SARS-CoV-2 has been found to
infect blood vessel organoids in-vitro (Monteil et al. 2020). Lungs
from patients who died from COVID-19 were found to have much
more severe endothelial damage and thrombosis than lungs
from patients who died from influenza (Ackermann et al. 2020).
Viral proteins were found intracellularly in inflamed endothe-
lium in lung, kidney, and small bowel (Ackermann et al. 2020;
Varga et al. 2020). Infection by SARS-CoV-2 or deposition of com-
plement on the endothelium could not only disrupt its structure,
but could lead to platelet activation and thrombosis (Pons
et al. 2020). The SARS-CoV-2 receptor, ACE2, was also found to
be expressed on pericytes in adult human heart, leading to
speculation that they could be infected by SARS-CoV-2 (Chen
et al. 2020b). Another study found SARS-CoV-2 viral RNA in the
myocardium of patients who had died of COVID-19, with intersti-
tial cells showing viral RNA by in-situ hybridization (Lindner et al.
2020). Interactions between these cells and endothelial cells could
be another route by which SARS-CoV-2 could cause damage to the
endothelium. Widespread damage to the endothelium and blood
clot formation would be expected to not only exacerbate lung
damage, but could also lead to multiple organ failure. Ultimately,
endothelial damage, lung damage, and hypercytokinemia may
act in concert to cause severe disease and death in SARS-CoV-2
infected patients.
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Fig. 5. Schematic representation of inflammatory responses in the lungs of patients with severe COVID-19 disease. SARS—-CoV-2 gains
entry into the pulmonary alveoli where it infects and replicates in alveolar epithelial cells. Uncontrolled viral replication causes alveolar
epithelial cell death and accumulation of cellular debris that elicits a pro-inflammatory response resulting in the generation of a robust
“cytokine storm” by immune cells. The pro-inflammatory cytokines, in turn, further recruit more immune cells, such as neutrophils,
monocytes and T-cells to the alveoli leading to a vicious cycle of inflammation. In conjunction, the virus spreads to the pulmonary
vasculature where it infects endothelial cells accompanied with a massive production of pro-inflammatory cytokines, including IL-17
which induces the formation of extracellular traps of neutrophils and mast cells. These events lead to loss of vascular integrity, activation
of coagulation pathways and inflammation that promotes the aggregation of platelets and fibrin to cause blood coagulation or thrombosis.
Also, D-dimer (a protein fragment of dissolving blood clot), is elevated in the blood that is conventionally used as a biomarker of blood

coagulation.

COVID-19 disease progression

The progression of the disease in both mild and severe cases of
SARS-CoV-2 infection is not clear, and will likely require substan-
tial work in animal models to fully elucidate. Further complicat-
ing matters, the progression of disease is often highly variable
between individuals, even those with similar risk factors. Based
on the evidence described above, it is possible that infection with
the virus and pathogenesis generally unfold as follows. First, the
virus initially infects cells of the nasopharynx and spreads to the
lungs, while inhibition of interferon allows the virus to build up
to high levels, at least in cases that become symptomatic. The
immune response is then initiated, either through substantial
buildup of pathogen-associated molecular patterns (PAMPs),
such as viral RNA/DAMPs or direct activation of innate immune
cells. In mild cases, a robust interferon response and low amounts
of inflammation would inhibit viral replication and spread. In
severe cases, higher titers of virus would induce runaway inflam-
mation through release of pro-inflammatory cytokines and fur-
ther recruitment of leukocytes, while inhibition of T-cells would

Pulmonary alveolus

Dendritic @

cell ...~. ()
0
% Cytokines

Infected Type Il
pneumocyte

Mast cell

- Monocyte
_ NK cell

Infected endothelial cell

Endothelial cell

Pulmonary vasculature

prevent efficient viral clearance. High levels of viral infection and
inflammation could then lead to severe lung dysfunction, setting
up another destructive positive-feedback loop via the lung-brain
axis and systematic damage through hypoxia. Further damage to
the vasculature of the lungs by disruption of the endothelium
and abnormal clotting would further exacerbate lung damage
and could lead to multiorgan failure. Ultimately, the severity of
the disease may be determined by the patient’s ability to control
viral replication while also limiting inflammation-related dam-
age, which proves more difficult as viral titers increase. Pre-existing
conditions that accelerate damage to the respiratory, circulatory,
or nervous system, inhibit viral clearance, or enhance inflamma-
tion at later time points could also make patients more vulnerable
to severe disease and death.

Interplay between SARS-CoV-2 and prevalent inflammatory
diseases in Canada

Data of infection rate and mortality with respect to underlying
health conditions is still unavailable, but some recently pub-
lished case reports indicate that chronic inflammatory diseases
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exacerbate COVID-19 and may lead to poor outcomes. For exam-
ple, multiple sclerosis (MS) may increase the incidence of infec-
tions in general, and increase the risk of hospitalization from
infectious diseases (Willis and Robertson 2020). Of a small cohort
of MS patients that were infected with SARS-CoV-2, most only
developed a mild infection (Bowen et al. 2020). Worryingly, 2 of
the 8 patients died, and it was noted that these patients also had
the most severe MS, suggesting that those with severe MS are
especially vulnerable to poor outcomes as a result of COVID-19
(Bowen et al. 2020). Although some treatments for MS may
increase the risk of infectious diseases (Willis and Robertson
2020), the possibility has also been raised that many of the drugs
used to treat MS may improve outcomes after SARS—-CoV-2 infec-
tion, owing to their immunomodulating properties, and these
include IFN-B, ocrelizumab, and adamantanes (Hung et al. 2020;
Novi et al. 2020; Rejdak and Grieb 2020; Valencia-Sanchez and
Wingerchuk 2020). This does suggest that if some of these drugs
are repurposed to fight COVID-19, MS patients could face short-
ages. As with MS, patients with IBD could theoretically be at a
higher risk of SARS-CoV-2 infection and mortality, and immuno-
suppressive therapies used could potentially enhance or sup-
press disease progression (Neurath 2020). Drugs that exacerbate
lymphopenia (such as thiopurine and tofacitinib), and corticoste-
roids (whose use to treat COVID-19 has been controversial) may
exacerbate disease and should be used with caution (Neurath
2020). Other drugs that block inflammatory mediators, such as
anti-TNF-o, vedolizumab, and ustekinumab, may instead prevent
severe inflammation associated with COVID-19 (Neurath 2020). A
study from Italy found no incidences of SARS-CoV-2 infection in
a cohort of IBD patients, whereas another found that, of those
IBD patients infected with SARS-CoV-2, mortality was not signifi-
cantly higher than in the general population (Norsa et al. 2020;
Taxonera et al. 2020b). Unlike the general population, IBD
patients did seem to exhibit high rates of gastrointestinal symp-
toms (Taxonera et al. 2020b).

Susceptibility of PD patients to severe COVID-19

To date, there are no studies showing that PD patients have an
increased risk of COVID-19. It has previously been pointed out
how the SARS-CoV-2 pandemic may negatively affect those with
PD, although evidence suggests that PD patients may not be at a
higher risk of mortality (Helmich and Bloem 2020; Papa et al.
2020). It is still too early to predict whether COVID-19 will have
long-term neurological sequelae in PD patients, because disease
symptoms may develop over years and vary depending on the
gender and age (at the time of infection) of patients. A recent
study reported that PD patients with COVID-19 appears to have
worsened motor, as well as non-motor symptoms, compared
with the control patients (Cilia et al. 2020). In addition, patients
with PD that were infected with the virus experienced more fre-
quent daily “off” episodes, i.e., durations when the symptoms
are not adequately controlled (Cilia et al. 2020). SARS-CoV-2 is a
novel virus, and further research is needed to better elucidate
the cause-and-effect relationship between clinical manifesta-
tions and disease pathogenesis.

Susceptibility of IBD patients to COVID-19 and predisposition to PD

Inflammatory bowel disease (IBD) includes ulcerative colitis
and Crohn’s disease, chronic immune-mediated inflammatory
diseases of the gastrointestinal (GI) tract. Increasing evidence
suggests that GI symptoms, such as diarrhoea, nausea, and vom-
iting are frequent hallmarks of SARS-CoV-2 infection, especially
in severe COVID-19 disease. Indeed, 10%-12% of patients with
COVID-19 manifest GI symptoms, and viral RNA could be detected
in the faeces of ~40% of the patients (Parasa et al. 2020). Interest-
ingly, infectious SARS-CoV-2 has been isolated from these
patients, even after virus particles were not detectable in the
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sputum, supporting the theory that fecal-oral transmission may
occur even after viral clearance. Immunohistochemical examina-
tion of GI tissues revealed that the ACE2 protein is abundantly
expressed in the enterocytes of the GI tract and is further
induced in the inflamed glandular epithelial cells of IBD patients,
facilitating SARS-CoV-2 entry (Taxonera et al. 2020qa; Xiao et al.
2020). In addition, numerous infiltrating plasma cells and lym-
phocytes with interstitial edema were seen in the lamina propria
of the GI tract, supporting the involvement of the innate and
adaptive immune system (Xiao et al. 2020). Although IBD patients
could be at an increased risk of infection and mortality, at this
time there is not enough evidence to support or refute this hy-
pothesis, and thus further studies are warranted (Neurath 2020).

Mounting evidence points to the role of the “gut-brain axis” in
the development of PD, with chronic systemic inflammation,
immune cell activation, gut microbiome dysbiosis, and increased
intestinal barrier permeability observed decades before the de-
velopment of any motor symptoms (Brudek 2019). Plenty of stud-
ies support chronic intestinal inflammation as a silent driver of
PD pathogenesis (Houser and Tansey 2017). Previous work by
Braak et al. (2003) suggested that infection of the GI tract by a
neurotropic viral pathogen probably results in the misfolding
and aggregation of alpha-synuclein, which spreads from the en-
teric nervous system via the vagus nerve to the central nervous
system. As the disease progresses, aggregated alpha-synuclein
spreads throughout the brain in a “prion-like” manner, infecting
not only the dopaminergic neurons but also various other neuro-
nal populations, and consequently resulting in neurodegenera-
tion. As chronic neurodegenerative diseases occur over years or
decades, it is plausible that IBD patients infected with SARS-CoV-
2 may have an accelerated disease progression, and that there
could be an upsurge in the burden of PD. Therefore, IBD patients
who have recovered from COVID-19 disease should be closely
monitored for a long time for symptoms of PD. In line with this,
there is an international database that was established by the
International Organization for the Study of IBD, and IBD patients
who have recovered from COVID-19 are registered at this secure
site (https://covidibd.org) to help advance our understanding of
the progression of COVID-19.

Predisposition of COVID-19 patients to PD

There is increasing evidence documenting that PD pathogene-
sis may be modulated or even triggered by viral infections. This
was exemplified in the epidemic of encephalitis lethargica fol-
lowing the 1918 HIN1 Spanish flu pandemic; almost all of the
patients who had encephalitis lethargica developed post-encephalitis
Parkinsonism, which clinically resembles PD (Dourmashkin 1997).
Intranasal inoculation of H5N1 influenza virus into mice induced
microglia activation and neurotoxic aggregation of alpha-synuclein
in brain regions infected by the virus. Histopathological examina-
tion of brain tissues revealed loss of dopaminergic neurons in the
substantia nigra pars compacta and loss of striatal dopamine
(Jang et al. 2009). It is known that dopaminergic neurons in the
substantia nigra have lower levels of the glutathione antioxidant
system, high bioenergetic demands, and are selectively vulnerable
to oxidative stress and neuroinflammation. Viruses have evolved
to hijack the host’s cellular machinery to replicate efficiently and
apply several strategies to disrupt cellular proteostasis pathways
that may, in turn, lead to protein aggregation. It is possible SARS-
CoV-2 might induce alpha-synuclein aggregation by blocking
protein degradation pathways, similar to HIN1 influenza viral
infection (Marreiros et al. 2020). Canonical PD neuropathologies
are not only limited to influenza viruses but also associated with
other neurotropic viruses, including West Nile virus, Japanese
encephalitis virus, HIV, and human coronaviruses. The COVID-19
pandemic provides the scientific community an excellent oppor-
tunity to investigate the link between SARS-CoV-2 infection and
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neurodegeneration. We have recently summarized the possible
mechanisms of neuroinvasion deployed by SARS-CoV-2 to gain
entry into the brain and cause neurological injury (Alam et al.
2020).

There is a possibility that SARS-CoV-2 may also cause immuno-
logical injury and predispose infected individuals to PD in
the future. New experimental evidence supports a role for the
adaptive immune system, specifically Ty17 lymphocytes, in the
pathogenesis of PD since increased numbers of Tyl7 cells were
detected in the peripheral blood of PD patients compared with
age-matched control subjects and also in postmortem midbrain
(Sommer et al. 2018). In humans, Ty17 cells were found to induce
dopaminergic neuron cell death in an autologous co-culture
model of induced pluripotent stem cell-derived dopaminergic
neurons and T lymphocytes (Sommer et al. 2018). Furthermore,
using neurotoxin-induced rodent models of PD, it has been dem-
onstrated that adoptive transfer of Ty17 cells into the midbrain
resulted in increased IL-17 production, activation of microglia,
and dopaminergic neuron death, supporting the role of Ty17 cells
in PD pathogenesis (Liu et al. 2019). A positive correlation between
serum levels of IL-6 and IL-17 and severity of motor and non-motor
symptoms were reported in a cohort of PD patients (Green et al.
2019). It is noteworthy that the severity of COVID-19 disease has
been shown to positively correlate with IL-17 levels and related
Ty17 cytokines, such as IL-1B, IL-6, and TNF-o, which are known to
promote vascular permeability and leakage, which could allow
trafficking of Tyl7 across the blood-brain barrier (Pacha et al.
2020). The question arises whether the presence of Ty17 lympho-
cytes and IL-17 in COVID-19 patients predisposes them to develop
PD, resulting in an increased future burden of PD. Indeed, PD is
the fastest growing neurological disorder, and with the world’s
population aging and now infected with COVID-19, the pandemic of
PD is inevitable (G.B.D. 2015 Neurological Disorders Collaborator
Group 2017).

Hallmarks of aging and COVID-19

The process of aging is associated with modulation of immune
responses, upregulation of chronic oxidative stress, and produc-
tion of pro-inflammatory cytokines (Shaw et al. 2013; Pluvinage
and Wyss-Coray 2020). It is now well-recognized that aging is
associated with the presence of low-grade chronic inflammation
termed as “inflammaging” (Franceschi et al. 2000), and a decline
in immune system function, referred to as “immunosenescence”.
Both inflammaging and immunosenesence negatively impacts
the elderly. It is highly possible that these effects are further exa-
cerbated in elderly COVID-19 patients, as evidenced by unfavora-
ble health outcomes and significant morbidity. Consistent
increases in serum levels of IL-6 and TNF-o were found in the el-
derly (>65 years) individuals (Ferrucci et al. 2005), which can be
further aggravated in COVID-19 patients, leading to a hyperin-
flammatory responses. Elderly patients often display deficient
adaptive immune responses, especially from T cells, and tend to
be prone to enhanced innate immune responses (Chen et al.
2020a), both of which are thought to be important for the devel-
opment of severe COVID-19. Importantly, aging is also often asso-
ciated with impaired cardiac and endothelial function (North
and Sinclair 2012) that, coupled with the ability of the SARS-CoV-2
to target the endothelium, could explain the high levels of mortal-
ity in elderly populations.

The current landscape of COVID-19 therapeutics in Canada
Despite the serious public health challenges imposed by human
SARS-CoV and MERS-CoV and more recently SARS-CoV-2, there
is no vaccine, antiviral treatment, or bio-therapeutic that has been
approved for the treatment of these severe illnesses. There are over
1830 interventional clinical trials registered on ClinicalTrials.
gov (ClinicalTrials.gov 2020) and, as of the 8th September 2020,
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57 clinical trials have been authorized by Health Canada (2020).
Any therapeutic, though, would take at least 12-18 months, or
years, to obtain approval for human use. While we wait for the de-
velopment of a vaccine or novel therapeutics, many pharmaceuti-
cal companies are repurposing therapies for the treatment of
COVID-19 that are already approved by the FDA for other indica-
tions. This could be an efficient approach in rapidly bringing
new therapeutic interventions for COVID-19 treatment. Although
many therapeutics are currently in development (Table 3), these
are covered extensively by previous reviews (Khan et al. 2020;
Lundstrom 2020). For this reason, we will focus this section on
therapeutics, especially biologics, that are being developed by
Canadian companies and organizations and this information is
current at the time of submission of this review.

Prophylactic vaccines

The Vancouver company Precision NanoSystems, in collabora-
tion with CanSino Biologics Inc. from China, is working to de-
velop a SARS-CoV-2 mRNA-lipid nanoparticle vaccine (Precision
Nanosystems 2020). This technology relies on lipid nanoparticles
to deliver in-vitro synthesized RNA (Thomas et al. 2018), which
would then self-amplify within patient cells and express viral
antigen to induce an immune-response. The National Research
Council (NRC) Canada is collaborating with Variation Biotechnol-
ogies (VBI), an American company with a research facility in
Ottawa, to develop a trivalent vaccine against SARS-CoV, MERS-
CoV, and SARS-CoV-2 spike proteins using VBI's enveloped virus-
like particle (eVLP) technology (Kirchmeier et al. 2014; VBI 2020).
The Edmonton based company Entos Pharmaceuticals is using its
proteo-lipid vehicle technology to deliver a DNA based vaccine
with the help of several international collaborators and plans
to enter phase I/II clinical trials soon (Entos Pharmaceuticals
2020a). This technology utilizes viral proteins to mediate fusion
between liposomes and cell membranes (Top et al. 2005). The
University of Saskatchewan’s “Vaccine and Infectious Disease
Organization-International Vaccine Centre” is developing a subu-
nit vaccine against COVID-19 (Provost 2020). This vaccine has
recently cleared the preclinical stage, generating neutralizing
antibodies and decreasing viral infection in ferrets, and will pro-
gress to human trials in the fall (Provost 2020). Another Canadian
company, Symvivo, located in Burnaby, British Columbia, is using
their bacTRL platform (which uses the probiotic Bifidobacterium
longum) to replicate and deliver plasmids to cells in the gut
(Symvivo 2020). These plasmids can then express protective nano-
bodies (Steeland et al. 2016) or viral proteins to induce short (via
nanobodies) or long-term (via viral proteins) immunity by the
host’s adaptive immune system (Symvivo 2020). Currently, this
bacTRL system using the SARS-CoV-2 spike protein is in phase 1
clinical trials (NCT04334980). A team from the University of
Ottawa is seeking to develop a nasal spray vaccine using SARS-
CoV-2 spike protein produced in plants (Sinclair 2020). Research-
ers at the Ottawa Hospital General Campus are hoping to repur-
pose their oncolytic vaccinia virus strains to construct a SARS-
CoV-2 vaccine (Fleming 2020).

Although multiple novel platforms are being used for the de-
velopment of vaccines against SARS-CoV-2, several challenges
need to be overcome before a vaccine could become available for
mass immunization. First, there is no consensus whether target-
ing the full-length or only the receptor-binding domain of the
virus’s spike protein will produce optimal immune response. Sec-
ond, concerns have been raised as to whether vaccination with
spike protein will either directly, or as a result of antibody-
dependent cellimediated cytotoxicity, exacerbate immunopathol-
ogy in the lungs. Third, whether a single-dose or multiple-doses of
the vaccines will be needed to confer immunity, especially in the
elderly, because there is a significant age-related decline in the
ability to mount an innate and adaptive immune response against
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vaccination (Poland et al. 2018). To date there are no RNA vaccines
that have been approved by the US Food and Drug Administra-
tion; however, they have advanced into human clinical trials
and been shown to elicit protective antigen-specific antibody- and
T-cell mediated immune responses (Pardi et al. 2018). If an mRNA
vaccine candidate against SARS-CoV-2 shows promising results, it
has the potential to rapidly clear regulatory hurdles.

Lastly, in the design of any vaccine, there is always the poten-
tial for generating antibodies that facilitate antibody-dependent
enhancement (ADE) of infection. In fact, previous attempts at
vaccination for other coronavirus strategies have resulted in ADE
responses that worsened disease and increased infection (Liu
et al. 2020c¢). It is well-known that immune-mediated infections
and ADE are exploited by a variety of viruses such as dengue vi-
rus, HIV, and feline coronavirus (FCoV) as an alternative way to
infect the host cell (Sullivan 2001; Takada and Kawaoka 2003).
The safety profile of any such vaccine, or indeed the use of conva-
lescent plasma, will also depend upon the minimization of anti-
body-dependent enhancement (ADE) of infection, which can
increase viral load and worsen infection. It is not currently
known how much ADE contributes to COVID-19, but it is of criti-
cal importance for future vaccine development because an ideal
vaccine candidate will exhibit neutralizing antibodies but mini-
mize ADE. Human Fcy receptor II (FcyRII) is the predominant re-
ceptor that mediates ADE infection by SARS-CoV and, in contrast
to ACE2-mediated infection, is independent of endosomal or
lysosomal pH and minimally affected by the activities of cysteine
proteases (Jaume et al. 2011). Because many of these in-vitro stud-
ies utilized sub-neutralizing concentrations of recombinant anti-
body, this may not be the situation in-vivo (Sharma 2020). To be
clinically informative, studies must be done using COVID-19
patient serum that contains both neutralizing and ADE antibod-
ies atrelevant concentrations.

COVID-19 vaccines in human clinical trials

At the onset of the COVID-19 pandemic, investigators across
Canada quickly transitioned to focus on COVID-19 research and
joined the race to find safe and effective therapeutics. For exam-
ple, IMV Inc. (Dartmouth, Nova Scotia) is dedicated to the devel-
opment of immunotherapies for cancers that has now deployed
its platform for the development of a vaccine against COVID-19
and is planning to advance into human clinical trials (IMV Inc.
2020). Medicago (Quebec City, Que.) has entered phase I clinical
trials for its vaccine candidate, virus-like particles produced in
plants (Medicago 2020).

Antibody-based therapeutics

The University of Calgary and Sanofi-Aventis Canada Inc.,
whose head office is in Laval (Que.), are both testing the effects of
monoclonal antibodies targeting IL-6, tocilizumab (Actemra),
and sarilumab (Kevzara) (Health Canada 2020). As discussed
above, IL-6 is known to be an important indicator of severe dis-
ease and, given promising preliminary results for tocilizumab in
patients infected with SARS-CoV-2 (Cellina et al. 2020; Xu et al.
2020b), inhibition of IL-6 may prevent damage associated with
hypercytokinemia. Two Canadian organizations, the C17 Council
and Hamilton Health Sciences, are currently testing the feasibil-
ity of using convalescent plasma from patients who have recov-
ered from SARS-CoV-2 infection to treat currently hospitalized
SARS-CoV-2 patients (NCT04348656, NCT04377568). Results from
some early studies suggest that convalescent plasma may be a
safe and effective treatment for critical SARS-CoV-2 patients
(Rajendran et al. 2020). A team at the University of Toronto is con-
structing synthetic antibodies to neutralize the virus (U of T
News 2020). AbCellera, a Vancouver based company, has pro-
gressed to phase III clinical trials for its SARS-CoV-2 neutralizing
antibody LY-CoV555 (AbCellera 2020). AbCellera is working in
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collaboration with the National Institute of Allergy and Infec-
tious Diseases and the Eli Lilly and Company, both based in the
United States. A 9 laboratory team centered around the Univer-
sity of Ottawa is planning to generate single-domain antibodies
(also known as nanobodies) in llamas, which could be more effi-
cient at coating and neutralizing virus than typical monoclonal
antibodies (Sinclair 2020). A monoclonal antibody produced by
Edesa Biotech (Markham, Ont.) has gained approval to enter
phase II/III clinical trials (Edesa Biotech 2020).

Peptide and recombinant protein-based therapeutics

Arch Biopartners (Toronto, Ont.) has recently gained approval
to conduct phase II clinical trials to test its anti-inflammatory
peptide MetaBlok in patients infected with SARS-CoV-2 (Global
Newswire 2020). This peptide works by blocking a neutrophil ad-
hesion receptor, reducing the infiltration of neutrophils into
lungs and liver (Choudhury et al. 2019; Arch Biopartners 2020).
The University Health Network (Toronto, Ont.) is currently test-
ing IFN-A in phase II clinical trials (NCT04354259). IFN-A has simi-
lar effects to the type 1interferons IFN-a and f, but its function is
more selectively tied to epithelial cells (Zanoni et al. 2017), limiting
the more systemic side-effects associated with type 1interferon treat-
ment. In a recent exploratory study that was a collaboration between
multiple Canadian, Australian, and Chinese groups, IFN- o2b has
recently been found to reduce viral RNA and inflammatory markers
(Zhou et al. 2020b). Interferon has previously been investigated for
treatment of SARS, Ebola, and influenza (Loutfy et al. 2003; Nicholls
et al. 2016; Konde et al. 2017. Exactis Innovation (Montreal, Que.),
along with several international collaborators, are testing to see
whether degradation of NETs with recombinant human DNase I in
severe cases of COVID-19 can reduce disease severity (NCT04409925).
Currently, this treatment is in phase I clinical trials.

Other biologics

A research team at the Ottawa Hospital Research Institute has
recently been awarded a grant to study whether mesenchymal
stromal cells from bone marrow or umbilical cord blood can
limit inflammation and aid in the repair of lung damage in
SARS-CoV-2 patients with severe disease (Ottawa Hospital
Research Institute 2020b). The Lawson Health Research Institute
(London, Ont.) is currently testing Bovine Lipid Extract Surfac-
tant (BLES) in clinical trials for SARS-CoV-2 patients on mechani-
cal ventilators (NCT04375735). Surfactant replacement therapy
has previously been used to reduce mortality in pre-term infants
with respiratory distress syndrome (Stockley et al. 2018), and it is
hoped that it will improve outcomes for SARS-CoV-2 patients
with severe disease. The Ottawa Hospital, with help from Cana-
dian Cancer Trials Group at Queen’s University (Kingston, Ont.)
and several other Canadian organizations, is testing the efficacy
of heat-killed bacteria to prevent and treat COVID-19 in cancer
patients (NCT04442048). This technology, called IMM-101, is being
used to activate the innate immune system and protect patients
against SARS-CoV-2 infection and is currently in phase III clinical
trials (Ottawa Hospital Research Institute 2020a).

It is important to note that all of the above approaches are still
in early stages of development, and a significant amount of
research will need to be done in the coming months to determine
whether any of them will be effective to either prevent or treat
COVID-19. It is still unknown whether any of these approaches
are safe or effective, especially in Canada where the population is
genetically, medically, and geographically diverse. Finally, if a
vaccine is developed, scaled-up production, distribution, and
deployment will be a significant challenge, especially in areas
with scarce medical facilities such as the Northern Territories.
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Table 3. Potential therapies for SARS-CoV, MERS-CoV, and SARS-CoV-2.

Canadian
Target Mechanism Medication involvement SARS-CoV MERS-CoV SARS-CoV-2 References
Host Immune system activation Interferons Some trials Effective in-vitro Effective in-vitro Effective in-vitro; Loutfy et al. 2003; Stockman et al.
and in-vivo; and in-vivo; no multiple clinical 2006; Mo and Fisher 2016;
clinical results effect on survival trials in progress Sallard et al. 2020; Zhou et al.
inconclusive found in clinical 2020b; NCT04354259
studies
IMM-101 heat killed Yes No information No information Currently in phase  NCT04442048
bacteria III clinical trials
Thymosin No No information No information Currently in Liu et al. 2020c¢; Zhang et al. 2020d
clinical trials
Immunosuppression Sarilumab Some trials No information No information Clinical trials in NCT04341870; NCT04315298;
(anti-IL6 R) progress NCT04327388; NCT04324073;
NCT04345289; NCT04321993
Tocilizumab Some trials No information No information Favourable clinical  Alzghari and Acuna 2020; Cellina
outcomes; several et al. 2020; Health Canada 2020;
clinical trials in Xu et al. 2020b; NCT04347031;
progress NCT04331808; NCT04322773;
NCT04330638; NCT04315480;
NCT04339712; NCT04333914;
NCT04335305; NCT04310228;
NCT04306705; NCT04332913;
NCT04320615; NCT04335071;
NCT04346355; NCT04332094;
NCT04331795; NCT04345445;
NCT04317092
Immunosuppression EBO5 Yes No information No information Approved for phase Edesa Biotech 2020
II/III clinical trials
LSALT Peptide Yes No information No information Currently in phase  Arch Biopartners 2020; Global
II clinical trials Newswire 2020
rhDNase I Yes No information No information Currently in phase  NCT04409925
I clinical trials
Mesenchymal stromal  Yes No information No information Currently in Ottawa Hospital Research
cell transplant clinical trials Institute 2020b
VEGF-A suppression Bevacizumab No No information No information Currently in NCT04344782; NCT04305106;
clinical trials NCT04275414
Hostand ACE2 mimic rhACE2 No No information No information Phase 1 clinical NCT04335136
virus trials completed,
phase 2 planned
Virus Fusion inhibition 019-nCoV-HR2P & EK1 ~ No No information Effective in vitro Inhibition in vitro ~ Xia et al. 2019, 2020
and in vivo
P9 peptide No Effective in vitro Effective in vitro No information Zhao et al. 2016
and in vivo
Inhibition of viral entry, Virus-derived peptides  No Inhibition invitro  Inhibitioninvitro  Inhibitioninvitro  Mustafa et al. 2018; Guan et al.
fusion, or replication 2020
Unknown Mucroporin-M1 peptide No Inhibitionin vitro = No information No information Lietal. 2011
Vaccine AdVac® Vaccine No No information No information Phase 1 clinical Johnson and Johnson 2020

trials planned for
September 2020
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8 DPX-COVID-19 Yes No information No information In phase I clinical IMV Inc. 2020; Zhu et al. 2020
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ks Enveloped virus-like Collaboration  In development In development In development VBI Vaccines Inc.
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% vaccine
8 Fusogenix DNA vaccine Collaboration  No information No information In development Entos Pharmaceuticals 2020b
5 mRNA-1273 Vaccine No No information Currently at Phase 1 clinical NCT04283461
Research Stage trial in progress
% Plant derived spike Yes No information No information In development Sinclair 2020
x protein nasal spray
= Vaccinia virus vaccine  Yes No information No information In development Fleming 2020
8 . Various other vaccines  Some trials Promising in-vivo Protection found Several clinical Enjuanes et al. 2008; Rauch et al.
B/g> results, in-vivo, currently trials in progress 2018; Yong et al. 2019; Le et al.
Z5 development several clinical 2020
28 ceased trials
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Conclusions and future outlook

SARS-CoV-2 is a novel contagion in the human population, and
despite our continued public health efforts over the past few
decades, we have been caught off-guard by its tenacious spread
across the world. As of the writing of this review, over 1 million
people have died of COVID-19 worldwide and economies have
shrunk by billions of dollars. Epidemiologists predict that more
than half of the world population, over 3 billion people, will
become infected with SARS-CoV-2 in the next year, possibly
resulting in almost 1 million deaths by October 2020 (Gu 2020;
Taylor 2020). In Canada, anywhere between 1 and 4 million peo-
ple could become infected with SARS-CoV-2, resulting in over
10 000 deaths (Gu 2020). Meanwhile, efforts to address this pan-
demic with robust and innovative scientific interventions con-
tinue. As SARS-CoV-2 continues to infect a rapidly-growing
portion of the population we are learning a great deal about its
biology, particularly how infection initiates and exacerbates
COVID-19. There is increasing evidence showing that COVID-19 is
an inflammatory disease that in some patients resolves, and in
others results in hypercytokinemia and activation of coagulation
pathways. Individuals with underlying chronic inflammatory dis-
eases such as MS and arthritis are certainly at a disadvantage if
they become infected with SARS-CoV-2. Elderly patients, particu-
larly those in long-term care homes, who often have one or more
of these underlying chronic conditions have been hardest hit by
this disease in Canada. A dysfunctional immune response, associ-
ated with hyperinflammation and dampened adaptive immune
responses have made this population particularly susceptible to
infection by this virus. Although we have focused our efforts
on the development of vaccines and therapeutics for COVID-19,
research focused on understanding the human immune response
to SARS-CoV-2, particularly in vulnerable populations, is neces-
sary. In particular, we need to understand how this disease effects
individuals with these chronic inflammatory diseases such as MS,
PD, and arthritis, and how age influences immunity. Although
not discussed in this review, children appear to be largely unaf-
fected by SARS-CoV-2 infection, and they appear to clear the virus
without the systemic dysfunctions in inflammation observed in
older adults (Cristiani et al. 2020). This could be an important gate-
way to understanding the vulnerabilities of SARS-CoV-2 and
would give us important new tools to treat infections in older
adults. Several powerful techniques could provide us with this
type of large-scale population information. Systems biology (omics
approach), integrating genomics, proteomics, lipidomics, and
metabolomics responses would be especially helpful in generat-
ing insights on a population-scale. This information will be neces-
sary for predicting the efficacy and safety of a potential vaccine.
This population-scale information will also be important for iden-
tifying pockets of the population that may have adverse reactions
to specific interventions. With our ability to utilize machine
learning and deep learning algorithms, we can generate “molecu-
lar signatures” and create Al-enabled models of human immunity,
all of which would be an incredibly powerful tools for predicting
how potential therapeutics would influence host responses, and
would accelerate the development of vaccines and therapies. As
discussed in this review, it is evident that, based upon the immu-
nopathogenesis of COVID-19, controlling the overt inflammatory
response is equally as important as targeting the virus.

Undeniably, SARS-CoV-2 will be with us for some time and it
will challenge aspects of our medical, social, and geopolitical
fabric that we cannot fully anticipate. Within Canada, and as a
member of the world research network, we must assemble and
coordinate all of our scientific efforts to ensure that we address
the needs of our vulnerable population in this current pandemic.
And as we confront the current pandemic, we must also ensure
that collective body of knowledge is preserved so that we can pre-
pare for the next pandemic.

Biochem. Cell Biol. Vol. 00, 0000

Acknowlegements

We thank Simrit Sandhu, Health Promotion and Chronic Disease
Prevention Branch, Public Health Agency of Canada, for preparing
Figure 5.

References

AbCellera. 2020. AbCellera provides COVID-19 Program update with the start of
phase 3 clinical trials and the expansion of its COVID-19 antibody database.
Available from https://[www.abcellera.com/news/2020-08-03-abcellera-provides-
covid-19-program-update.

Ackermann, M., Verleden, S.E., Kuehnel, M., Haverich, A., Welte, T.,
Laenger, F., et al. 2020. Pulmonary vascular endothelialitis, thrombosis,
and angiogenesis in Covid-19. N. Engl. J. Med. 383(2): 120-128. d0i:10.1056/
NEJMo0a2015432. PMID:32437596.

Akbari, H., Tabrizi, R., Lankarani, K.B., Aria, H., Vakili, S., Asadian, F., et al.
2020. The role of cytokine profile and lymphocyte subsets in the severity
of coronavirus disease 2019 (COVID-19): A systematic review and meta-
analysis. Life Sci. 258: 118167. d0i:10.1016/j.1f5.2020.118167. PMID:32735885.

AKkira, S., and Kishimoto, T. 1996. Role of interleukin-6 in macrophage func-
tion. Curr. Opin. Hematol. 3(1): 87-93. do0i:10.1097/00062752-199603010-
00013. PMID:9372056.

Alam, S.B., Willows, S., Kulka, M., and Sandhu, J.K. 2020. Severe acute respi-
ratory syndrome coronavirus 2 may be an underappreciated pathogen of
the central nervous system. Eur. J. Neurol. 27(11): 2348-2360. doi:10.1111/
ene.14442.

Alzghari, S.K., and Acuna, V.S. 2020. Supportive treatment with tocilizumab
for COVID-19: a systematic review. J. Clin. Virol. 127: 104380. doi:10.1016/j.
j€v.2020.104380. PMID:32353761.

Arabi, Y.M., Harthi, A., Hussein, J., Bouchama, A., Johani, S., Hajeer, A.H.,
et al. 2015. Severe neurologic syndrome associated with Middle East re-
spiratory syndrome corona virus (MERS-CoV). Infection, 43(4): 495-501.
d0i:10.1007/s15010-015-0720-y. PMID:25600929.

Arbour, N., Day, R., Newcombe, J., and Talbot, P.J. 2000. Neuroinvasion by
human respiratory coronaviruses. J. Virol. 74(19): 8913-8921. doi:10.1128/
jVvi.74.19.8913-8921.2000. PMID:10982334.

Arch Biopartners. 2020. MetaBlok™. Available from https:/www.archbiopartners.
com/index.phpjour-science/our-key-platforms/metablok.

Assiri, A., Al-Tawfiq, J.A., Al-Rabeeah, A.A., Al-Rabiah, F.A., Al-Hajjar, S,
Al-Barrak, A., et al. 2013. Epidemiological, demographic, and clinical
characteristics of 47 cases of Middle East respiratory syndrome coronavirus
disease from Saudi Arabia: a descriptive study. Lancet Infect. Dis. 13(9):
752-761. doi:10.1016/S1473-3099(13)70204-4. PMID:23891402.

Becker, R.C. 2020. COVID-19 update: Covid-19-associated coagulopathy. J. Thromb.
Thrombolysis, 50(1): 54-67. d0i:10.1007/s11239-020-02134-3. PMID:32415579.

Beppu, T., Haga, Y., Doi, K, Ishiko, T.T., and Ogawa, M. 2003. Accelerated cyto-
kine responses of elderly patients result in a significant increase of systemic
inflammatory response syndrome and postoperative complications following
gastrointestinal surgery. Int. Congr. Ser. 1255: 143-147. doi:10.1016/S0531-5131
(03)00193-6.

Bilinska, K., Jakubowska, P., Von Bartheld, C.S., and Butowt, R. 2020. Expres-
sion of the SARS-CoV-2 entry proteins, ACE2 and TMPRSS2, in cells of
the olfactory epithelium: identification of cell types and trends with age.
ACS Chem. Neurosci. 11(11): 1555-1562. do0i:10.1021/acschemneuro.0c00210.
PMID:32379417.

Bilotta, F., Giordano, G., Sergi, P.G., and Pugliese, F. 2019. Harmful effects of
mechanical ventilation on neurocognitive functions. Crit. Care, 23(1):
273. d0i:10.1186/s13054-019-2546-y. PMID:31387627.

Blanco-Melo, D., Nilsson-Payant, B.E., Liu, W.-C., Uhl, S., Hoagland, D.,
Moller, R., et al. 2020. Imbalanced host response to SARS-CoV-2 drives
development of COVID-19. Cell, 181(5): 1036-1045. e1039. doi:10.1016/j.
cell.2020.04.026. PMID:32416070.

Bleibtreu, A., Bertine, M., Bertin, C., Houhou-Fidouh, N., and Visseaux, B.
2020. Focus on Middle East respiratory syndrome coronavirus (MERS-
CoV). Med. Mal. Infect. 50(3): 243-251. d0i:10.1016/j.medmal.2019.10.004.

Bloch, E. M., Shoham, S., Casadevall, A., Sachais, B. S., Shaz, B., Winters, J. L.,
et al. 2020. Deployment of convalescent plasma for the prevention and treat-
ment of COVIDA9. J. Clin. Invest. 130(6): 2757-2765. doi:10.1172[JCI138745.
PMID:32254064.

Bohmwald, K., Galvez, N.M.S., Rios, M., and Kalergis, A.M. 2018. Neurologic
alterations due to respiratory virus infections. Front. Cell. Neurosci. 12:
386. d0i:10.3389/fncel.2018.00386. PMID:30416428.

Bosch, B.J., van der Zee, R., de Haan, C.A., and Rottier, P.J. 2003. The corona-
virus spike protein is a class I virus fusion protein: structural and functional
characterization of the fusion core complex. ]. Virol. 77(16): 8801-8811.
doi:10.1128jvi.77.16.8801-8811.2003. PMID:12885899.

Bowen, ].D., Brink, J., Brown, T.R., Lucassen, E.B., Smoot, K., Wundes, A.,
et al. 2020. COVID-19 in MS: Initial observations from the Pacific North-
west. Neurol. Neuroimmunol. Neuroinflamm. 7(5): e783. doi:10.1212/
NXI.0000000000000783. PMID:32457226.

<. Published by NRC Research Press


https://www.abcellera.com/news/2020-08-03-abcellera-provides-covid-19-program-update
https://www.abcellera.com/news/2020-08-03-abcellera-provides-covid-19-program-update
http://dx.doi.org/10.1056/NEJMoa2015432
http://dx.doi.org/10.1056/NEJMoa2015432
http://www.ncbi.nlm.nih.gov/pubmed/32437596
http://dx.doi.org/10.1016/j.lfs.2020.118167
http://www.ncbi.nlm.nih.gov/pubmed/32735885
http://dx.doi.org/10.1097/00062752-199603010-00013
http://dx.doi.org/10.1097/00062752-199603010-00013
http://www.ncbi.nlm.nih.gov/pubmed/9372056
http://dx.doi.org/10.1111/ene.14442
http://dx.doi.org/10.1111/ene.14442
http://dx.doi.org/10.1016/j.jcv.2020.104380
http://dx.doi.org/10.1016/j.jcv.2020.104380
http://www.ncbi.nlm.nih.gov/pubmed/32353761
http://dx.doi.org/10.1007/s15010-015-0720-y
http://www.ncbi.nlm.nih.gov/pubmed/25600929
http://dx.doi.org/10.1128/jvi.74.19.8913-8921.2000
http://dx.doi.org/10.1128/jvi.74.19.8913-8921.2000
http://www.ncbi.nlm.nih.gov/pubmed/10982334
https://www.archbiopartners.com/index.php/our-science/our-key-platforms/metablok
https://www.archbiopartners.com/index.php/our-science/our-key-platforms/metablok
http://dx.doi.org/10.1016/S1473-3099(13)70204-4
http://www.ncbi.nlm.nih.gov/pubmed/23891402
http://dx.doi.org/10.1007/s11239-020-02134-3
http://www.ncbi.nlm.nih.gov/pubmed/32415579
http://dx.doi.org/10.1016/S0531-5131(03)00193-6
http://dx.doi.org/10.1016/S0531-5131(03)00193-6
http://dx.doi.org/10.1021/acschemneuro.0c00210
http://www.ncbi.nlm.nih.gov/pubmed/32379417
http://dx.doi.org/10.1186/s13054-019-2546-y
http://www.ncbi.nlm.nih.gov/pubmed/31387627
http://dx.doi.org/10.1016/j.cell.2020.04.026
http://dx.doi.org/10.1016/j.cell.2020.04.026
http://www.ncbi.nlm.nih.gov/pubmed/32416070
http://dx.doi.org/10.1016/j.medmal.2019.10.004
http://dx.doi.org/10.1172/JCI138745
http://www.ncbi.nlm.nih.gov/pubmed/32254064
http://dx.doi.org/10.3389/fncel.2018.00386
http://www.ncbi.nlm.nih.gov/pubmed/30416428
http://dx.doi.org/10.1128/jvi.77.16.8801-8811.2003
http://www.ncbi.nlm.nih.gov/pubmed/12885899
http://dx.doi.org/10.1212/NXI.0000000000000783
http://dx.doi.org/10.1212/NXI.0000000000000783
http://www.ncbi.nlm.nih.gov/pubmed/32457226

Biochem. Cell Biol. Downloaded from cdnsciencepub.com by National Research Council of Canada on 04/06/21
For personal usé only.

Willows et al.

Braak, H., Del Tredici, K., Rub, U., de Vos, R.A., Jansen Steur, E.N., and Braak, E.
2003. Staging of brain pathology related to sporadic Parkinson’s disease. Neu-
robiol. Aging, 24(2): 197-211. doi:10.1016/s0197-4580(02)00065-9. PMID:12498954.

Brann, D.H., Tsukahara, T., Weinreb, C., Lipovsek, M., Van den Berge, K,
Gong, B., et al. 2020. Non-neuronal expression of SARS-CoV-2 entry genes in
the olfactory system suggests mechanisms underlying COVID-19-associated
anosmia. bioRxiv. 2020.2003.2025.009084. doi:10.1101/2020.03.25.009084.

Brudek, T. 2019. Inflammatory bowel diseases and Parkinson’s disease. J. Parkin-
sons. Dis. 9(s2): $331-S344. d0i:10.3233/JPD-191729. PMID:31609699.

Burkard, C., Verheije, M.-H., Wicht, O., van Kasteren, S.I., van Kuppeveld, F]J.,
Haagmans, B.L, et al. 2014. Coronavirus cell entry occurs through the endo-/
lysosomal pathway in a proteolysis-dependent manner. PLoS Pathog. 10(11):
€1004502. doi:10.1371/journal.ppat.1004502. PMID:25375324.

Canaday, D.H., Amponsah, N.A., Jones, L., Tisch, D.J., Hornick, T.R., and
Ramachandra, L. 2010. Influenza-induced production of interferon-alpha
is defective in geriatric individuals. J. Clin. Immunol. 30(3): 373-383.
d0i:10.1007/s10875-010-9374-9. PMID:20182777.

Cantuti-Castelvetri, L., Ojha, R., Pedro, L.D., Djannatian, M., Franz, J.,
Kuivanen, S., et al. 2020. Neuropilin-1 facilitates SARS-CoV-2 cell entry
and provides a possible pathway into the central nervous system. bio-
Rxiv. 2020.2006.2007.137802. d0i:10.1101/2020.06.07.137802.

Carod-Artal, F.J. 2020. Neurological complications of coronavirus and COVID-19.
Rev. Neurol. 70(9): 311-322. doi:10.33588/rn.7009.2020179. PMID:32329044.

Cavanagh, D. 2005. Coronaviruses in poultry and other birds. Avian Pathol.
34(6): 439-448. doi:10.1080/03079450500367682. PMID:16537157.

Cellina, M., Orsi, M., Bombaci, F., Sala, M., Marino, P., and Oliva, G. 2020.
Favorable changes of CT findings in a patient with COVID-19 pneumonia
after treatment with tocilizumab. Diagn. Interv. Imaging, 101(5): 323-
324. doi:10.1016/j.diii.2020.03.010. PMID:32278585.

Chan, J.F., Lau, S.K., To, K.K., Cheng, V.C., Woo, P.C., and Yuen, K.Y. 2015.
Middle East respiratory syndrome coronavirus: another zoonotic betacor-
onavirus causing SARS-like disease. Clin. Microbiol. Rev. 28(2): 465-522.
doi:10.1128/CMR.00102-14. PMID:25810418.

Channappanavar, R., and Perlman, S. 2017. Pathogenic human coronavirus
infections: causes and consequences of cytokine storm and immunopa-
thology. Semin. Immunopathol. 39(5): 529-539. doi:10.1007/s00281-017-
0629-x. PMID:28466096.

Channappanavar, R., Fehr, AR, Vijay, R., Mack, M., Zhao, J., Meyerholz, D.K,
et al. 2016. Dysregulated type I interferon and inflammatory monocyte-macro-
phage responses cause lethal pneumonia in SARS-CoV-infected mice. Cell
Host Microbe. 19(2): 181-193. doi:10.1016/j.chom.2016.01.007. PMID:26867177.

Channappanavar, R., Fehr, AR., Zheng, ]., Wohlford-Lenane, C., Abrahante, J.E.,
Mack, M., et al. 2019. IEN-I response timing relative to virus replication deter-
mines MERS coronavirus infection outcomes. J. Clin. Invest. 130: 3625-3639.
doi:10.1172[JCI126 363. PMID:31355779.

Chen, LY., Moriyama, M., Chang, M.F., and Ichinohe, T. 2019. Severe Acute
Respiratory Syndrome Coronavirus Viroporin 3a activates the NLRP3
inflammasome. Front. Microbiol. 10: 50. doi:10.3389/fmicb.2019.00050.
PMID:30761102.

Chen, J., Kelley, W]., and Goldstein, D.R. 2020a. Role of aging and the immune
response to respiratory viral infections: potential implications for COVID-19.
J. Immunol. 205(2): 313-320. doi:10.4049/jimmunol.2000380. PMID:32493812.

Chen, L., Li, X., Chen, M., Feng, Y., and Xiong, C. 2020b. The ACE2 expres-
sion in human heart indicates new potential mechanism of heart injury
among patients infected with SARS-CoV-2. Cardiovasc. Res. 116(6): 1097—
1100. doi:10.1093/cvr/cvaa078. PMID:32227090.

Chen, Y., Feng, Z., Diao, B., Wang, R., Wang, G., Wang, C., et al. 2020c. The Novel
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) directly deci-
mates human spleens and lymph nodes. medRxiv. 2020.2003.2027.20045427.
doi:10.1101/2020.03.27.20045427.

Chiappetta, S., Sharma, A.M., Bottino, V., and Stier, C. 2020. COVID-19 and
the role of chronic inflammation in patients with obesity. Int. J. Obes.
(Lond.), 44(8): 1790-1792. d0i:10.1038/s41366-020-0597-4. PMID:32409680.

Choudhury, S.R., Babes, L., Rahn, JJ., Ahn, B.Y., Goring, K.R., King, ].C.,
et al. 2019. Dipeptidase-1 is an adhesion receptor for neutrophil recruit-
ment in lungs and liver. Cell, 178(5): 1205-1221. e1217. doi:10.1016/j.
cell.2019.07.017. PMID:31442408.

Chu, H,, Zhou, J., Wong, B.H., Li, C., Chan, J.E, Cheng, Z.S., et al. 2016. Middle
East Respiratory Syndrome Coronavirus efficiently infects human primary T
lymphocytes and activates the extrinsic and intrinsic apoptosis pathways.
J. Infect. Dis. 213(6): 904-914. doi:10.1093/infdis/jiv380. PMID:26203058.

Cilia, R., Bonvegna, S., Straccia, G., Andreasi, N.G., Elia, A.E., Romito, L.M.,
et al. 2020. Effects of COVID-19 on Parkinson’s disease clinical features: a
community-based case-control study. Mov. Disord. 35(8): 1287-1292.
d0i:10.1002/mds.28170. PMID:32449528.

ClinicalTrials.gov. 2020. Search of:Interventional Studies | COVID-19 - List Results
- ClinicalTrials.gov. Available from https://clinicaltrials.gov/ct2/results?cond=
COVID-19&age_v=&gndr=&type=Intr&rslt=&Search=Apply2020.

Collins, A.R. 1993. HILA class I antigen serves as a receptor for human coronavi-
rus OC43. Immunol. Invest. 22(2): 95-103. doi:10.3109/08820139309063393.
PMID:8505072

Comas-Herrera, A.ZJ., Litwin, C., Hsu, A.T., Lane, N., and Ferndndez, J.-L.
2020. Mortality associated with COVID-19 outbreaks in care homes: early
international evidence. [Online.] Available from https:/[ltccovid.org/2020/04/12/

17

mortality-associated-with-covid-19-outbreaks-in-care-homes-early-international-
evidence/.

Coutard, B., Valle, C., de Lamballerie, X.,, Canard, B., Seidah, N.G., and
Decroly, E. 2020. The spike glycoprotein of the new coronavirus 2019-nCoV
contains a furin-like cleavage site absent in CoV of the same clade. Antiviral
Res. 176: 104742. doi:10.1016[j.antiviral.2020.104742. PMID:32057769.

Cristiani, L., Mancino, E., Matera, L., Nenna, R., Pierangeli, A., Scagnolari, C.,
et al. 2020. Will children reveal their secret? The coronavirus dilemma. Eur.
Respir. J. 55(4): 2000749. doi:10.1183/13993003.00749-2020. PMID:32241833.

Day, M. 2020. Covid-19: four fifths of cases are asymptomatic, China figures
indicate. BM]J, 369: m1375. doi:10.1136/bmj.m1375. PMID:32241884.

De Biasi, S., Meschiari, M., Gibellini, L., Bellinazzi, C., Borella, R.,
Fidanza, L., et al. 2020. Marked T cell activation, senescence, exhaustion
and skewing towards TH17 in patients with COVID-19 pneumonia. Nat.
Commun. 11(1): 3434. doi:10.1038/s41467-020-17292-4. PMID:32632085.

de Haan, C.A., and Rottier, P.J. 2005. Molecular interactions in the assembly
of coronaviruses. Adv. Virus Res. 64: 165-230. doi:10.1016/S0065-3527(05)
64006-7. PMID:16139595.

de Wit, E., Feldmann, F., Okumura, A., Horne, E., Haddock, E., Saturday, G.,
et al. 2018. Prophylactic and therapeutic efficacy of mAb treatment
against MERS-CoV in common marmosets. Antiviral Res. 156: 64-71.
doi:10.1016/j.antiviral.2018.06.006. PMID:29885377.

Diao, B., Wang, C., Tan, Y., Chen, X., Liu, Y., Ning, L., et al. 2020. Reduction
and functional exhaustion of T cells in patients with Coronavirus Disease
2019 (COVID-19). Front. Immunol. 11: 827. doi:10.3389/fimmu.2020.00827.
PMID:32425950.

Dijkman, R., Jebbink, M.F., Koekkoek, S.M., Deijs, M., Jonsdottir, H.R.,
Molenkamp, R., et al. 2013. Isolation and characterization of current
human coronavirus strains in primary human epithelial cell cultures
reveal differences in target cell tropism. J. Virol. 87(11): 6081-6090.
doi:10.1128/jvi.03368-12. PMID:23427150.

Dourmashkin, R.R. 1997. What caused the 1918-30 epidemic of encephalitis
lethargica? J. R Soc. Med. 90(9): 515-520. do0i:10.1177/014107689709000916.
PMID:9370993.

Edesa Biotech. 2020. Edesa Biotech receives regulatory approval to initiate
COVID-19 study. Available from https://irdirect.net/prviewer/release_only/
1d/4355062.

Elmslie, K. 2016. Against the growing burden of disease. Public Health
Agency of Canada: 23. Available from http://[www.csih.org/sites/default/
files/resources/2016/10/elmslie.pdf [accessed 2020-06-10].

Enjuanes, L., DeDiego, M.L., Alvarez, E., Deming, D., Sheahan, T., and Baric, R.
2008. Vaccines to prevet severe acute respiratory syndrome coronavirus-
induced disease. Virus Res. 133(1): 45-62. doi:10.1016/j.virusres.2007.01.021.
PMID:17416434.

Entos Pharmaceuticals. 2020a. Entos announces selection of lead DNA vac-
cine candidates for COVID-19 and a $4.2M award to move forward with
Phase I/II human trials. Available from https://www.entospharma.com/
news/entos-announces-selection-of-lead-dna-vaccine-candidates-for-covid-
19-and-a-4-2m-award-to-move-forward-with-phase-i-ii-human-trials.

Entos Pharmaceuticals. 2020b. Entos Pharmaceuticals is developing a DNA vac-
cine against COVID-19 using its Fusogenix Nanomedicine Platform. Available
from https://www.entospharma.com/news/entos-pharmaceuticals-is-developing-
a-dna-vaccine-against-covid-19-using-its-fusogenix-nanomedicine-platform.

Esper, F., Weibel, C., Ferguson, D., Landry, M.L., and Kahn, J.S. 2006. Corona-
virus HKU1 infection in the United States. Emerg. Infect. Dis. 12(5): 775-
779. doi:10.3201/eid1205.051316. PMID:16704837.

Ferrucci, L., Corsi, A., Lauretani, F., Bandinelli, S., Bartali, B., Taub, D.D.,
et al. 2005. The origins of age-related proinflammatory state. Blood, 105(6):
2294-2299. doi:10.1182/blood-2004-07-2599. PMID:15572589.

Fleming, T. 2020. Ottawa researchers eye cancer fighting viruses in search
for COVID-19 vaccine. Available from https://ottawa.ctvnews.ca/ottawa-
researchers-eye-cancer-fighting-viruses-in-search-for-covid-19-vaccine-1.4916110.

Franceschi, C., Bonafe, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E.,
et al. 2000. Inflamm-aging. An evolutionary perspective on immunosenes-
cence. Ann. N Y Acad. Sci. 908: 244-254. doi:10.1111/j.1749-6632.2000.tb06651.x.
PMID:10911963.

Franchi, L., Munoz-Planillo, R., and Nunez, G. 2012. Sensing and reacting to
microbes through the inflammasomes. Nat. Immunol. 13(4): 325-332.
do0i:10.1038/ni.2231. PMID:22430785.

Fulton, R.W,, Step, D.L.,, Wahrmund, J., Burge, LJ., Payton, M.E., Cook, B.J.,
et al. 2011. Bovine coronavirus (BCV) infections in transported com-
mingled beef cattle and sole-source ranch calves. Can. J. Vet. Res. 75(3):
191-199. PMID:22210995.

Fung, T.S., and Liu, D.X. 2019. Human Coronavirus: Host-Pathogen Interac-
tion. Annu. Rev. Microbiol. 73: 529-557. do0i:10.1146/annurev-micro-020518-
115759. PMID:31226023.

G.B.D. 2015 Neurological Disorders Collaborator Group. 2017. Global, re-
gional, and national burden of neurological disorders during 1990-2015: a
systematic analysis for the Global Burden of Disease Study 2015. Lancet
Neurol. 16(11): 877-897. doi:10.1016/S1474-4422(17)30299-5. PMID:28931491.

G.B.D. 2016 Parkinson’s Disease Collaborators. 2018. Global, regional, and
national burden of Parkinson’s disease, 1990-2016: a systematic analysis
for the Global Burden of Disease Study 2016. Lancet. Neurol. 17(11): 939-
953. doi:10.1016/S1474-4422(18)30295-3. PMID:30287051.

<. Published by NRC Research Press


http://dx.doi.org/10.1016/s0197-4580(02)00065-9
http://www.ncbi.nlm.nih.gov/pubmed/12498954
http://dx.doi.org/10.1101/2020.03.25.009084
http://dx.doi.org/10.3233/JPD-191729
http://www.ncbi.nlm.nih.gov/pubmed/31609699
http://dx.doi.org/10.1371/journal.ppat.1004502
http://www.ncbi.nlm.nih.gov/pubmed/25375324
http://dx.doi.org/10.1007/s10875-010-9374-9
http://www.ncbi.nlm.nih.gov/pubmed/20182777
http://dx.doi.org/10.1101/2020.06.07.137802
http://dx.doi.org/10.33588/rn.7009.2020179
http://www.ncbi.nlm.nih.gov/pubmed/32329044
http://dx.doi.org/10.1080/03079450500367682
http://www.ncbi.nlm.nih.gov/pubmed/16537157
http://dx.doi.org/10.1016/j.diii.2020.03.010
http://www.ncbi.nlm.nih.gov/pubmed/32278585
http://dx.doi.org/10.1128/CMR.00102-14
http://www.ncbi.nlm.nih.gov/pubmed/25810418
http://dx.doi.org/10.1007/s00281-017-0629-x
http://dx.doi.org/10.1007/s00281-017-0629-x
http://www.ncbi.nlm.nih.gov/pubmed/28466096
http://dx.doi.org/10.1016/j.chom.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26867177
http://dx.doi.org/10.1172/JCI126363
http://www.ncbi.nlm.nih.gov/pubmed/31355779
http://dx.doi.org/10.3389/fmicb.2019.00050
http://www.ncbi.nlm.nih.gov/pubmed/30761102
http://dx.doi.org/10.4049/jimmunol.2000380
http://www.ncbi.nlm.nih.gov/pubmed/32493812
http://dx.doi.org/10.1093/cvr/cvaa078
http://www.ncbi.nlm.nih.gov/pubmed/32227090
http://dx.doi.org/10.1101/2020.03.27.20045427
http://dx.doi.org/10.1038/s41366-020-0597-4
http://www.ncbi.nlm.nih.gov/pubmed/32409680
http://dx.doi.org/10.1016/j.cell.2019.07.017
http://dx.doi.org/10.1016/j.cell.2019.07.017
http://www.ncbi.nlm.nih.gov/pubmed/31442408
http://dx.doi.org/10.1093/infdis/jiv380
http://www.ncbi.nlm.nih.gov/pubmed/26203058
http://dx.doi.org/10.1002/mds.28170
http://www.ncbi.nlm.nih.gov/pubmed/32449528
https://clinicaltrials.gov/ct2/results?cond=COVID-19&hx0026;age_v=&hx0026;gndr=&hx0026;type=Intr&hx0026;rslt=&hx0026;Search=Apply2020
https://clinicaltrials.gov/ct2/results?cond=COVID-19&hx0026;age_v=&hx0026;gndr=&hx0026;type=Intr&hx0026;rslt=&hx0026;Search=Apply2020
http://dx.doi.org/10.3109/08820139309063393
http://www.ncbi.nlm.nih.gov/pubmed/8505072
https://ltccovid.org/2020/04/12/mortality-associated-with-covid-19-outbreaks-in-care-homes-early-international-evidence/
https://ltccovid.org/2020/04/12/mortality-associated-with-covid-19-outbreaks-in-care-homes-early-international-evidence/
https://ltccovid.org/2020/04/12/mortality-associated-with-covid-19-outbreaks-in-care-homes-early-international-evidence/
http://dx.doi.org/10.1016/j.antiviral.2020.104742
http://www.ncbi.nlm.nih.gov/pubmed/32057769
http://dx.doi.org/10.1183/13993003.00749-2020
http://www.ncbi.nlm.nih.gov/pubmed/32241833
http://dx.doi.org/10.1136/bmj.m1375
http://www.ncbi.nlm.nih.gov/pubmed/32241884
http://dx.doi.org/10.1038/s41467-020-17292-4
http://www.ncbi.nlm.nih.gov/pubmed/32632085
http://dx.doi.org/10.1016/S0065-3527(05)64006-7
http://dx.doi.org/10.1016/S0065-3527(05)64006-7
http://www.ncbi.nlm.nih.gov/pubmed/16139595
http://dx.doi.org/10.1016/j.antiviral.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/29885377
http://dx.doi.org/10.3389/fimmu.2020.00827
http://www.ncbi.nlm.nih.gov/pubmed/32425950
http://dx.doi.org/10.1128/jvi.03368-12
http://www.ncbi.nlm.nih.gov/pubmed/23427150
http://dx.doi.org/10.1177/014107689709000916
http://www.ncbi.nlm.nih.gov/pubmed/9370993
https://irdirect.net/prviewer/release_only/id/4355062
https://irdirect.net/prviewer/release_only/id/4355062
http://www.csih.org/sites/default/files/resources/2016/10/elmslie.pdf
http://www.csih.org/sites/default/files/resources/2016/10/elmslie.pdf
http://dx.doi.org/10.1016/j.virusres.2007.01.021
http://www.ncbi.nlm.nih.gov/pubmed/17416434
https://www.entospharma.com/news/entos-announces-selection-of-lead-dna-vaccine-candidates-for-covid-19-and-a-4-2m-award-to-move-forward-with-phase-i-ii-human-trials
https://www.entospharma.com/news/entos-announces-selection-of-lead-dna-vaccine-candidates-for-covid-19-and-a-4-2m-award-to-move-forward-with-phase-i-ii-human-trials
https://www.entospharma.com/news/entos-announces-selection-of-lead-dna-vaccine-candidates-for-covid-19-and-a-4-2m-award-to-move-forward-with-phase-i-ii-human-trials
https://www.entospharma.com/news/entos-pharmaceuticals-is-developing-a-dna-vaccine-against-covid-19-using-its-fusogenix-nanomedicine-platform
https://www.entospharma.com/news/entos-pharmaceuticals-is-developing-a-dna-vaccine-against-covid-19-using-its-fusogenix-nanomedicine-platform
http://dx.doi.org/10.3201/eid1205.051316
http://www.ncbi.nlm.nih.gov/pubmed/16704837
http://dx.doi.org/10.1182/blood-2004-07-2599
http://www.ncbi.nlm.nih.gov/pubmed/15572589
https://ottawa.ctvnews.ca/ottawa-researchers-eye-cancer-fighting-viruses-in-search-for-covid-19-vaccine-1.4916110
https://ottawa.ctvnews.ca/ottawa-researchers-eye-cancer-fighting-viruses-in-search-for-covid-19-vaccine-1.4916110
http://dx.doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://www.ncbi.nlm.nih.gov/pubmed/10911963
http://dx.doi.org/10.1038/ni.2231
http://www.ncbi.nlm.nih.gov/pubmed/22430785
http://www.ncbi.nlm.nih.gov/pubmed/22210995
http://dx.doi.org/10.1146/annurev-micro-020518-115759
http://dx.doi.org/10.1146/annurev-micro-020518-115759
http://www.ncbi.nlm.nih.gov/pubmed/31226023
http://dx.doi.org/10.1016/S1474-4422(17)30299-5
http://www.ncbi.nlm.nih.gov/pubmed/28931491
http://dx.doi.org/10.1016/S1474-4422(18)30295-3
http://www.ncbi.nlm.nih.gov/pubmed/30287051

Biochem. Cell Biol. Downloaded from cdnsciencepub.com by National Research Council of Canada on 04/06/21
For personal usé only.

18

Gaunt, E.R., Hardie, A., Claas, E.C., Simmonds, P., and Templeton, K.E. 2010.
Epidemiology and clinical presentations of the four human coronavi-
ruses 229E, HKU1, NL63, and OC43 detected over 3 years using a novel
multiplex real-time PCR method. J. Clin. Microbiol. 48(8): 2940-2947.
d0i:10.1128/JCM.00636-10. PMID:20554810.

Gerna, G., Campanini, G., Rovida, F., Percivalle, E., Sarasini, A., Marchi, A.,
et al. 2006. Genetic variability of human coronavirus OC43-, 229E-, and
NL63-like strains and their association with lower respiratory tract infec-
tions of hospitalized infants and immunocompromised patients. ]J. Med.
Virol. 78(7): 938-949. d0i:10.1002/jmv.20645. PMID:16721849.

Global Newswire. 2020. Arch Biopartners Receives Health Canada Approval
to Conduct COVID-19 Phase II Human Trial. Available from https://www.
biospace.com/article/releases/arch-biopartners-receives-health-canada-approval-
to-conduct-covid-19-phase-ii-human-trial/.

Gorbalenya, A.E., Enjuanes, L., Ziebuhr, J., and Snijder, E.J. 2006. Nidovir-
ales: evolving the largest RNA virus genome. Virus Res. 117(1): 17-37.
d0i:10.1016/j.virusres.2006.01.017. PMID:16503362.

Government of Canada. 2020a. Epidemiological summary of COVID-19 cases
in Canada - Canada.ca. Available from https://health-infobase.canada.ca/
covid-19/epidemiological-summary-covid-19-cases.html.

Government of Canada. 2020b. COVID-19 in Canada Weekly Epidemiology
Update (1117 JUNE, 2020). Available from https://www.canada.ca/content/
dam/phac-aspc/documents/services/diseases/2019-novel-coronavirus-infection/
surv-covid19-epi-update-eng-20200406.pdf [accessed 2020-06-23].

Government of Canada Public Health. 2020. CORONAVIRUS DISEASE 2019
(COVID-19): DAILY EPIDEMIOLOGY UPDATE. Available from https:/[www.
canada.cafen/public-health/services/diseases/2019-novel-coronavirus-infection.
html#al.

Government of Canada Statistics Canada. 2018. Chronic conditions, 2017. Avail-
able from https:/fwww150.statcan.gc.ca/n1/pub/82-625-x/2018001/article/54983-
eng.htm.

Graham, R.L., Donaldson, E.F., and Baric, R.S. 2013. A decade after SARS:
strategies for controlling emerging coronaviruses. Nat. Rev. Microbiol.
11(12): 836-848. doi:10.1038/nrmicro3143. PMID:24217413.

Green, H.F., Khosousi, S., and Svenningsson, P. 2019. Plasma IL-6 and IL-17A cor-
relate with severity of motor and non-motor symptoms in Parkinson’s Dis-
ease. J. Parkinsons Dis. 9(4): 705-709. doi:10.3233/JPD-191699. PMID:31524180.

Gu, Y. 2020. COVID-19 Projects | Canada. Available from https://covid19-
projections.com/canada [accessed 2020-06-23].

Guan, W], Ni, Z.Y,, Hu, Y., Liang, W.H., Ou, C.Q., He, J.X,, et al. 2020. Clini-
cal Characteristics of Coronavirus Disease 2019 in China. N Engl. J. Med.
382(18): 1708-1720. d0i:10.1056/NEJM0a2002032. PMID:32109013.

Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A., Boussier, J., Smith, N, et al.
2020. Impaired type I interferon activity and inflammatory responses in
severe COVID-19 patients. Science. 369(6504): 718-724. doi:10.1126/science.
abc6027. PMID:32661059.

Hamming, L., Timens, W., Bulthuis, M.L,, Lely, A.T., Navis, G., and van Goor, H.
2004. Tissue distribution of ACE2 protein, the functional receptor for SARS
coronavirus. A first step in understanding SARS pathogenesis. J. Pathol.
203(2): 631-637. doi:10.1002/path.1570. PMID:15141377.

Health Canada. 2020. List of all COVID-19 clinical trials authorized by Health
Canada: Vaccines and treatments for COVID-19: [decisions]. Available from
https://www.canada.ca/en/health-canada/services/drugs-health-products/covid19-
clinical-trials/list-authorized-trials.html.

Helmich, R.C., and Bloem, B.R. 2020. The Impact of the COVID-19 Pandemic
on Parkinson’s Disease: Hidden Sorrows and Emerging Opportunities.
J. Parkinsons. Dis. 10(2): 351-354. doi:10.3233(JPD-202038. PMID:32250324.

Heuer, J.E., Pelosi, P., Hermann, P., Perske, C., Crozier, T.A., Bruck, W., et al. 2011.
Acute effects of intracranial hypertension and ARDS on pulmonary and neu-
ronal damage: a randomized experimental study in pigs. Intensive care Med.
37(7): 1182-1191. doi:10.1007/s00134-011-2232-2. PMID:21544692.

Hirsch, E.C,, Vyas, S., and Hunot, S. 2012. Neuroinflammation in Parkinson’s
disease. Parkinsonism Relat. Disord. 18(Suppl. 1): S210-212. doi:10.1016/
$1353-8020(11)70065-7. PMID:22166438.

Hoffmann, M., Kleine-Weber, H., and Pohlmann, S. 2020a. A multibasic
cleavage site in the spike protein of SARS-CoV-2 is essential for infection
of human lung cells. Mol. Cell, 78(4): 779-784. e775. do0i:10.1016/j.mol-
cel.2020.04.022. PMID:32362314.

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kruger, N., Herrler, T.,
Erichsen, S., et al. 2020b. SARS-CoV-2 cell entry depends on ACE2 and
TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell,
181(2): 271-280. e278. doi:10.1016/j.cel1.2020.02.052. PMID:32142651.

Hofmann, H., Hattermann, K., Marzi, A., Gramberg, T., Geier, M.,
Krumbiegel, M., et al. 2004. S protein of severe acute respiratory syn-
drome-associated coronavirus mediates entry into hepatoma cell lines
and is targeted by neutralizing antibodies in infected patients. J. Virol.
78(12): 6134-6142. d0i:10.1128/JV1.78.12.6134-6142.2004. PMID:15163706.

Holshue, M.L., DeBolt, C., Lindquist, S., Lofy, K.H., Wiesman, J., Bruce, H., et al.
2020. First Case of 2019 Novel Coronavirus in the United States. N Engl. J.
Med. 382(10): 929-936. doi:10.1056/NEJM0a2001191. PMID:32004427.

Houser, M.C., and Tansey, M.G. 2017. The gut-brain axis: is intestinal inflam-
mation a silent driver of Parkinson’s disease pathogenesis? NPJ Parkin-
sons Dis. 3: 3. d0i:10.1038/s41531-016-0002-0. PMID:28649603.

Hu, Z., Song, C., Xu, C,, Jin, G., Chen, Y., Xu, X., et al. 2020. Clinical charac-
teristics of 24 asymptomatic infections with COVID-19 screened among

Biochem. Cell Biol. Vol. 00, 0000

close contacts in Nanjing, China. Sci. China. Life Sci. 63(5): 706-711.
d0i:10.1007/s11427-020-1661-4. PMID:32146694.

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. 2020a. Clinical fea-
tures of patients infected with 2019 novel coronavirus in Wuhan. Lancet,
395(10223): 497-506. d0i:10.1016/S0140-6736(20)30183-5. PMID:31986264.

Huang, ]J.T., Ran, R.X,, Lv, Z.H., Feng, L.N., Ran, C.Y., Tong, Y.Q., et al. 2020b.
Chronological changes of viral shedding in adult inpatients with COVID-19
in Wuhan, China. Clin. Infect. Dis. ciaa631. doi:10.1093/cid/ciaa631. PMID:
32445580.

Huang, X., Dong, W., Milewska, A., Golda, A., Qi, Y., Zhu, QXK. et al. 2015.
Human Coronavirus HKU1 spike protein uses O-acetylated sialic acid as
an attachment receptor determinant and employs hemagglutinin-ester-
ase protein as a receptor-destroying enzyme. J. Virol. 89(14): 7202-7213.
do0i:10.1128/jvi.00854-15, d0i:10.1128/JVI1.00854-15. PMID:25926653.

Hui, D.S., Wong, P.C., and Wang, C. 2003. SARS: clinical features and diag-
nosis. Respirology, 8(Suppl. 1): S20-S24. doi:10.1046/j.1440-1843.2003.
00520.x. PMID:15018129.

Hulswit, RJ., de Haan, C.A., and Bosch, B.J. 2016. Coronavirus spike protein and
tropism changes. Adv. Virus Res. 96: 29-57. doi:10.1016/bs.aivir.2016.08.004.
PMID:27712627.

Hung, LF., Lung, K.C, Tso, E.Y., Liu, R., Chung, T.W., Chu, M.Y,, et al. 2020.
Triple combination of interferon beta-1b, lopinavir-ritonavir, and riba-
virin in the treatment of patients admitted to hospital with COVID-19: an
open-label, randomised, phase 2 trial. Lancet, 395(10238): 1695-1704.
d0i:10.1016/S0140-6736(20)31042-4. PMID:32401715.

IMV Inc. 2020. DPX-COVID-19. Available from https://www.imv-inc.com/
product-pipeline/dpx-covid-19.

Jang, H., Boltz, D., Sturm-Ramirez, K., Shepherd, KR., Jiao, Y., Webster, R., et al.
2009. Highly pathogenic H5N1 influenza virus can enter the central nervous sys-
tem and induce neuroinflaimmation and neurodegeneration. Proc. Natl. Acad.
Sci. U.S.A. 106(33): 14063-14068. doi:10.1073/pnas.0900096106. PMID:19667183.

Jaume, M., Yip, M.S., Cheung, C.Y., Leung, H.L., Li, P.H., Kien, F., et al. 2011.
Anti-severe acute respiratory syndrome coronavirus spike antibodies
trigger infection of human immune cells via a pH- and cysteine protease-
independent FcgammaR pathway. ]J. Virol. 85(20): 10582-10597. doi:10.
1128/JV1.00671-11. PMID:21775467.

Jean, A., Quach, C., Yung, A., and Semret, M. 2013. Severity and outcome
associated with human coronavirus OC43 infections among children.
Pediatr. Infect. Dis. J. 32(4): 325-329. doi:10.1097/INF.0b013e3182812787.
PMID:23337903.

Jia, C., Zhang, ]J., Chen, H., Zhuge, Y., Chen, H.,, Qian, F,, et al. 2019. Endothe-
lial cell pyroptosis plays an important role in Kawasaki disease via
HMGB1/RAGE/cathespin B signaling pathway and NLRP3 inflammasome
activation. Cell Death Dis. 10(10): 778. doi:10.1038/s41419-019-2021-3. PMID:
31611559.

Johns Hopkins University. 2020a. Mortality analyses. Available from https://
coronavirus.jhu.edu/data/mortality [cited 2020-Sep-08 2020].

Johns Hopkins University. 2020b. COVID-19 Map - Johns Hopkins Coronavirus
Resource Center. Available from https://coronavirus.jhu.edu/map.html.

Johnson & Johnson. 2020. Johnson & Johnson Announces a Lead Vaccine Candi-
date for COVID-19; Landmark New Partnership with U.S. Department of
Health & Human Services; and Commitment to Supply One Billion Vaccines
Worldwide for Emergency Pandemic Use | Johnson & Johnson. Available from
https://www.jnj.com/johnson-johnson-announces-a-lead-vaccine-candidate-
for-covid-19-landmark-new-partnership-with-u-s-department-of-health-human-
services-and-commitment-to-supply-one-billion-vaccines-worldwide-for-
emergency-pandemic-use.

Kanwar, A., Selvaraju, S., and Esper, F. 2017. Human Coronavirus-HKU1
Infection Among Adults in Cleveland, Ohio. Open forum Infect. Dis. 4(2):
0fx052. doi:10.1093/ofid/ofx052. PMID:28616442.

Kaplan, G.G., Bernstein, C.N., Coward, S., Bitton, A., Murthy, S.K,
Nguyen, G.C., et al. 2019. The impact of Inflammatory Bowel Disease in
Canada 2018: Epidemiology. J. Can. Assoc. Gastroenterol. 2(Suppl 1): S6-
$16. do0i:10.1093(jcag/gwy054. PMID:31294381.

Kermali, M., Khalsa, R.K., Pillai, K., Ismail, Z., and Harky, A. 2020. The role
of biomarkers in diagnosis of COVID-19 — A systematic review. Life Sci.
254: 117788. d0i:10.1016j.1fs.2020.117788. PMID:32475810.

Khan, S., Siddique, R., Shereen, M.A., Ali, A., Liu, J., Bai, Q., et al. 2020.
Emergence of a novel coronavirus, severe acute respiratory syndrome co-
ronavirus 2: biology and therapeutic options. J. Clin. Microbiol. 58(5):
€00187-20. d0i:10.1128/JCM.00187-20. PMID:32161092.

Kim, J.E., Heo, J.H., Kim, H.O., Song, S.H., Park, S.S., Park, T.H., et al. 2017.
Neurological complications during treatment of Middle East Respiratory
Syndrome. ]. Clin. Neurol. 13(3): 227-233. do0i:10.3988/jcn.2017.13.3.227.
PMID:28748673.

Kimura, A., and Kishimoto, T. 2010. IL-6: regulator of Treg/Th17 balance. Eur. J.
Immunol. 40(7): 1830-1835. d0i:10.1002/eji.201040391. PMID:20583029.

King, AM.Q., Lefkowitz, E.J., Mushegian, A.R., Adams, M.J., Dutilh, B.E,,
Gorbalenya, A.E., et al. 2018. Changes to taxonomy and the International
Code of Virus Classification and Nomenclature ratified by the Interna-
tional Committee on Taxonomy of Viruses (2018). Arch. Virol. 163(9):
2601-2631. doi:10.1007/s00705-018-3847-1. PMID:29754305.

Kirchmeier, M., Fluckiger, A.C., Soare, C., Bozic, J., Ontsouka, B., Ahmed, T.,
et al. 2014. Enveloped virus-like particle expression of human cytomega-
lovirus glycoprotein B antigen induces antibodies with potent and broad

<. Published by NRC Research Press


http://dx.doi.org/10.1128/JCM.00636-10
http://www.ncbi.nlm.nih.gov/pubmed/20554810
http://dx.doi.org/10.1002/jmv.20645
http://www.ncbi.nlm.nih.gov/pubmed/16721849
https://www.biospace.com/article/releases/arch-biopartners-receives-health-canada-approval-to-conduct-covid-19-phase-ii-human-trial/
https://www.biospace.com/article/releases/arch-biopartners-receives-health-canada-approval-to-conduct-covid-19-phase-ii-human-trial/
https://www.biospace.com/article/releases/arch-biopartners-receives-health-canada-approval-to-conduct-covid-19-phase-ii-human-trial/
http://dx.doi.org/10.1016/j.virusres.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16503362
https://health-infobase.canada.ca/covid-19/epidemiological-summary-covid-19-cases.html
https://health-infobase.canada.ca/covid-19/epidemiological-summary-covid-19-cases.html
https://www.canada.ca/content/dam/phac-aspc/documents/services/diseases/2019-novel-coronavirus-infection/surv-covid19-epi-update-eng-20200406.pdf 
https://www.canada.ca/content/dam/phac-aspc/documents/services/diseases/2019-novel-coronavirus-infection/surv-covid19-epi-update-eng-20200406.pdf 
https://www.canada.ca/content/dam/phac-aspc/documents/services/diseases/2019-novel-coronavirus-infection/surv-covid19-epi-update-eng-20200406.pdf 
https://www.canada.ca/en/public-health/services/diseases/2019-novel-coronavirus-infection.html#a1
https://www.canada.ca/en/public-health/services/diseases/2019-novel-coronavirus-infection.html#a1
https://www.canada.ca/en/public-health/services/diseases/2019-novel-coronavirus-infection.html#a1
https://www150.statcan.gc.ca/n1/pub/82-625-x/2018001/article/54983-eng.htm
https://www150.statcan.gc.ca/n1/pub/82-625-x/2018001/article/54983-eng.htm
http://dx.doi.org/10.1038/nrmicro3143
http://www.ncbi.nlm.nih.gov/pubmed/24217413
http://dx.doi.org/10.3233/JPD-191699
http://www.ncbi.nlm.nih.gov/pubmed/31524180
https://covid19-projections.com/canada
https://covid19-projections.com/canada
http://dx.doi.org/10.1056/NEJMoa2002032
http://www.ncbi.nlm.nih.gov/pubmed/32109013
http://dx.doi.org/10.1126/science.abc6027
http://dx.doi.org/10.1126/science.abc6027
http://www.ncbi.nlm.nih.gov/pubmed/32661059
http://dx.doi.org/10.1002/path.1570
http://www.ncbi.nlm.nih.gov/pubmed/15141377
https://www.canada.ca/en/health-canada/services/drugs-health-products/covid19-clinical-trials/list-authorized-trials.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/covid19-clinical-trials/list-authorized-trials.html
http://dx.doi.org/10.3233/JPD-202038
http://www.ncbi.nlm.nih.gov/pubmed/32250324
http://dx.doi.org/10.1007/s00134-011-2232-2
http://www.ncbi.nlm.nih.gov/pubmed/21544692
http://dx.doi.org/10.1016/S1353-8020(11)70065-7
http://dx.doi.org/10.1016/S1353-8020(11)70065-7
http://www.ncbi.nlm.nih.gov/pubmed/22166438
http://dx.doi.org/10.1016/j.molcel.2020.04.022
http://dx.doi.org/10.1016/j.molcel.2020.04.022
http://www.ncbi.nlm.nih.gov/pubmed/32362314
http://dx.doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
http://dx.doi.org/10.1128/JVI.78.12.6134-6142.2004
http://www.ncbi.nlm.nih.gov/pubmed/15163706
http://dx.doi.org/10.1056/NEJMoa2001191
http://www.ncbi.nlm.nih.gov/pubmed/32004427
http://dx.doi.org/10.1038/s41531-016-0002-0
http://www.ncbi.nlm.nih.gov/pubmed/28649603
http://dx.doi.org/10.1007/s11427-020-1661-4
http://www.ncbi.nlm.nih.gov/pubmed/32146694
http://dx.doi.org/10.1016/S0140-6736(20)30183-5
http://www.ncbi.nlm.nih.gov/pubmed/31986264
http://dx.doi.org/10.1093/cid/ciaa631
http://www.ncbi.nlm.nih.gov/pubmed/32445580
http://dx.doi.org/10.1128/jvi.00854-15
http://dx.doi.org/10.1128/JVI.00854-15
http://www.ncbi.nlm.nih.gov/pubmed/25926653
http://dx.doi.org/10.1046/j.1440-1843.2003.00520.x
http://dx.doi.org/10.1046/j.1440-1843.2003.00520.x
http://www.ncbi.nlm.nih.gov/pubmed/15018129
http://dx.doi.org/10.1016/bs.aivir.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27712627
http://dx.doi.org/10.1016/S0140-6736(20)31042-4
http://www.ncbi.nlm.nih.gov/pubmed/32401715
https://www.imv-inc.com/product-pipeline/dpx-covid-19
https://www.imv-inc.com/product-pipeline/dpx-covid-19
http://dx.doi.org/10.1073/pnas.0900096106
http://www.ncbi.nlm.nih.gov/pubmed/19667183
http://dx.doi.org/10.1128/JVI.00671-11
http://dx.doi.org/10.1128/JVI.00671-11
http://www.ncbi.nlm.nih.gov/pubmed/21775467
http://dx.doi.org/10.1097/INF.0b013e3182812787
http://www.ncbi.nlm.nih.gov/pubmed/23337903
http://dx.doi.org/10.1038/s41419-019-2021-3
http://www.ncbi.nlm.nih.gov/pubmed/31611559
https://coronavirus.jhu.edu/data/mortality
https://coronavirus.jhu.edu/data/mortality
https://coronavirus.jhu.edu/map.html
https://www.jnj.com/johnson-johnson-announces-a-lead-vaccine-candidate-for-covid-19-landmark-new-partnership-with-u-s-department-of-health-human-services-and-commitment-to-supply-one-billion-vaccines-worldwide-for-emergency-pandemic-use
https://www.jnj.com/johnson-johnson-announces-a-lead-vaccine-candidate-for-covid-19-landmark-new-partnership-with-u-s-department-of-health-human-services-and-commitment-to-supply-one-billion-vaccines-worldwide-for-emergency-pandemic-use
https://www.jnj.com/johnson-johnson-announces-a-lead-vaccine-candidate-for-covid-19-landmark-new-partnership-with-u-s-department-of-health-human-services-and-commitment-to-supply-one-billion-vaccines-worldwide-for-emergency-pandemic-use
https://www.jnj.com/johnson-johnson-announces-a-lead-vaccine-candidate-for-covid-19-landmark-new-partnership-with-u-s-department-of-health-human-services-and-commitment-to-supply-one-billion-vaccines-worldwide-for-emergency-pandemic-use
http://dx.doi.org/10.1093/ofid/ofx052
http://www.ncbi.nlm.nih.gov/pubmed/28616442
http://dx.doi.org/10.1093/jcag/gwy054
http://www.ncbi.nlm.nih.gov/pubmed/31294381
http://dx.doi.org/10.1016/j.lfs.2020.117788
http://www.ncbi.nlm.nih.gov/pubmed/32475810
http://dx.doi.org/10.1128/JCM.00187-20
http://www.ncbi.nlm.nih.gov/pubmed/32161092
http://dx.doi.org/10.3988/jcn.2017.13.3.227
http://www.ncbi.nlm.nih.gov/pubmed/28748673
http://dx.doi.org/10.1002/eji.201040391
http://www.ncbi.nlm.nih.gov/pubmed/20583029
http://dx.doi.org/10.1007/s00705-018-3847-1
http://www.ncbi.nlm.nih.gov/pubmed/29754305

Biochem. Cell Biol. Downloaded from cdnsciencepub.com by National Research Council of Canada on 04/06/21
For personal usé only.

Willows et al.

neutralizing activity. Clin. Vaccine Immunol. 21(2): 174-180. [PMC3910943)]
d0i:10.1128/CV1.00662-13. PMID:24334684.

Konde, M.K., Baker, D.P,, Traore, F.A., Sow, M.S., Camara, A., Barry, A.A.,
et al. 2017. Interferon B-1a for the treatment of Ebola virus disease: A his-
torically controlled, single-arm proof-of-concept trial. PloS ONE, 12(2):
€0169255. doi:10.1371/journal.pone.0169255. PMID:28225767.

Krempl, C., Schultze, B., and Herrler, G. 1995. Analysis of cellular receptors
for human coronavirus OC43. Adv. Exp. Med. Biol. 380: 371-374.
d0i:10.1007/978-1-4615-1899-0_60. PMID:8830510.

Kritas, S.K., Ronconi, G., Caraffa, A., Gallenga, C.E., Ross, R., and Conti, P.
2020. Mast cells contribute to coronavirus-induced inflammation: new
anti-inflammatory strategy. J. Biol. Regul. Homeost. Agents, 34(1): 9-14.
doi:10.23812/20-Editorial-Kritas. PMID:32013309.

Lai, C.C,, Shih, T.P., Ko, W.C., Tang, HJ., and Hsueh, P.R. 2020. Severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) and coronavirus disease-2019
(COVID-19): The epidemic and the challenges. Int. ]. Antimicrob. Agents, 55(3):
105924. doi:10.1016/j.jjantimicag.2020.105924. PMID:32081636.

Lang, JJ., Alam, S., Cahill, L.E., Drucker, A.M., Gotay, C., Kayibanda, J.F., et al.
2018. Global Burden of Disease Study trends for Canada from 1990 to 2016.
CMAJ, 190(44): E1296-E1304. d0i:10.1503/cmaj180698. PMID:30397156.

Lau, KK., Yu, W.C, Chu, C.M,, Lau, S.T., Sheng, B., and Yuen, K.Y. 2004. Pos-
sible central nervous system infection by SARS coronavirus. Emerg.
Infect. Dis. 10(2): 342-344. doi:10.3201/eid1002.030638. PMID:15030709.

Lau, S.K., Woo, P.C., Yip, C.C.,, Tse, H., Tsoi, HW., Cheng, V.C,, et al. 2006.
Coronavirus HKU1 and other coronavirus infections in Hong Kong. J. Clin.
Microbiol. 44(6): 2063-2071. doi:10.1128[jcm.02614-05. PMID:16757599.

Lazear, H.M., Schoggins, J.W., and Diamond, M.S. 2019. Shared and distinct
functions of Type I and Type III interferons. Immunity, 50(4): 907-923.
d0i:10.1016/j.immuni.2019.03.025. PMID:30995506.

Le, TT., Andreadakis, Z., Kumar, A., Romdn, R.G., Tollefsen, S., Saville, M., et al.
2020. The COVID-19 vaccine development landscape. Nat. Rev. Drug Discov.
19(10): 667-668. d0i:10.1038/d41573-020-00073-5. PMID:32273591.

Leung, WK., To, K.F., Chan, PK., Chan, H.L, Wu, AK, Lee, N, et al. 2003.
Enteric involvement of severe acute respiratory syndrome-associated coro-
navirus infection. Gastroenterology, 125(4): 1011-1017. doi:10.1016/s0016-
5085(03)01215-0. PMID:14517783.

Li, L.Q., Huang, T., Wang, Y.Q., Wang, Z.P., Liang, Y., Huang, T.B., et al.
2020a. COVID-19 patients’ clinical characteristics, discharge rate, and fa-
tality rate of meta-analysis. ]J. Med. Virol. 92(6): 577-583. d0i:10.1002/
jmv.25757. PMID:32162702.

Li, Q., Zhao, Z., Zhou, D., Chen, Y., Hong, W., Cao, L., et al. 2011. Virucidal
activity of a scorpion venom peptide variant mucroporin-M1 against mea-
sles, SARS-CoV and influenza H5N1 viruses. Peptides, 32(7): 1518-1525.
doi:10.1016/j.peptides.2011.05.015. PMID:21620914.

Li, W., Moore, MJ., Vasilieva, N., Sui, J., Wong, SK., Berne, MA,, et al. 2003.
Angiotensin-converting enzyme 2 is a functional receptor for the SARS coro-
navirus. Nature, 426(6965): 450-454. doi:10.1038/nature02145. PMID:14647384.

Li, Y.C., Bai, W.Z., and Hashikawa, T. 2020b. The neuroinvasive potential of
SARS-CoV2 may play a role in the respiratory failure of COVID-19 patients.
J. Med. Virol. 92(6): 552-555. d0i:10.1002/jmv.25728. PMID:32104915.

Li, Z., Liu, T, Yang, N., Han, D., Mi, X., Li, Y., et al. 2020c. Neurological mani-
festations of patients with COVID-19: potential routes of SARS-CoV-2 neu-
roinvasion from the periphery to the brain. Front. Med. 14(5): 533-541.
d0i:10.1007/s11684-020-0786-5. PMID:32367431.

Lin, AM., Rubin, CJ., Khandpur, R., Wang, ].Y., Riblett, M., Yalavarthi, S.,
et al. 2011. Mast cells and neutrophils release IL-17 through extracellular
trap formation in psoriasis. J. Immunol. 187(1): 490-500. doi:10.4049/jimmunol.
1100123. PMID:21606249.

Lindner, D., Fitzek, A., Brauninger, H., Aleshcheva, G., Edler, C., Meissner, K.,
et al. 2020. Association of cardiac infection with SARS-CoV-2 in confirmed
COVID-19 autopsy cases. JAMA Cardiol. e203551. doi:10.1001/jamacardio.
2020.3551. PMID:32730555.

Liu, B., Li, M., Zhou, Z., Guan, X., and Xiang, Y. 2020a. Can we use interleu-
kin-6 (IL-6) blockade for coronavirus disease 2019 (COVID-19)-induced
cytokine release syndrome (CRS)? J. Autoimmun. 111: 102452. doi:10.1016/
jjaut.2020.102452. PMID:32291137.

Liu, T., Zhang, J., Yang, Y., Ma, H,, Li, Z., Zhang, J., et al. 2020b. The role of inter-
leukin-6 in monitoring severe case of coronavirus disease 2019. EMBO Mol.
Med. 12(7): €12421. doi:10.15252/emmm.202012421. PMID:32428990.

Liu, Y., Pang, Y., Hu, Z., Wu, M., Wang, C., Feng, Z., et al. 2020c. Thymosin
alpha 1 (Talphal) reduces the mortality of severe COVID-19 by restoration
of lymphocytopenia and reversion of exhausted T cells. Clin. Infect. Dis.
ciaa630. doi:10.1093/cid/ciaa630. PMID:32442287.

Liu, Z., Qiu, A.W,, Huang, Y., Yang, Y., Chen, J.N., Gu, T.T,, et al. 2019. IL-17A
exacerbates neuroinflammation and neurodegeneration by activating
microglia in rodent models of Parkinson’s disease. Brain. Behav. Immun.
81: 630-645. doi:10.1016/j.bbi.2019.07.026. PMID:31351185.

Lokugamage, K.G., Hage, A., Schindewolf, C., Rajsbaum, R., and Menachery, V.D.
2020. SARS-CoV-2 is sensitive to type I interferon pretreatment. bioRxiv.
doi:10.1101/2020.03.07.982264.

Loutfy, M.R., Blatt, L.M., Siminovitch, K.A., Ward, S., Wolff, B., Lho, H., et al.
2003. Interferon alfacon-1 plus corticosteroids in severe acute respiratory
syndrome: a preliminary study. JAMA, 290(24): 3222-3228. do0i:10.1001/
jama.290.24.3222. PMID:14693875.

19

Lu, R., Zhao, X,, Li, J., Niu, P., Yang, B., Wu, H., et al. 2020. Genomic charac-
terisation and epidemiology of 2019 novel coronavirus: implications for
virus origins and receptor binding. Lancet, 395(10224): 565-574.
do0i:10.1016/S0140-6736(20)30251-8. PMID:32007145.

Lundstrom, K. 2020. Coronavirus pandemic-therapy and vaccines. Biomedi-
cines, 8(5): 109. doi:10.3390/biomedicines8050109. PMID:32375268.

Mao, L., Jin, H., Wang, M., Hu, Y., Chen, S., He, Q., et al. 2020. Neurologic
manifestations of hospitalized patients with Coronavirus Disease 2019 in
Wuhan, China. JAMA Neurol. 77(6): 683. doi:10.1001/jamaneurol.2020.1127.
PMID:32275288.

Marreiros, R., Muller-Schiffmann, A., Trossbach, S.V., Prikulis, I, Hansch, S.,
Weidtkamp-Peters, S., et al. 2020. Disruption of cellular proteostasis by HIN1
influenza A virus causes alpha-synuclein aggregation. Proc. Natl. Acad. Sci.
U.S.A. 117(12): 6741-6751. d0i:10.1073/pnas.1906466117. PMID:32152117.

Matoba, Y., Abiko, C., Ikeda, T., Aoki, Y., Suzuki, Y., Yahagi, K., et al. 2015.
Detection of the human coronavirus 229E, HKU1, NL63, and OC43
between 2010 and 2013 in Yamagata, Japan. Jpn. J. Infect. Dis. 68(2): 138—
141. doi:10.7883[yoken.JJID.2014.266. PMID:25420656.

McBride, R., and Fielding, B.C. 2012. The role of severe acute respiratory syn-
drome (SARS)-coronavirus accessory proteins in virus pathogenesis.
Viruses, 4(11): 2902-2923. doi:10.3390/v4112902. PMID:23202509.

McGonagle, D., O’'Donnell, J.S., Sharif, K., Emery, P., and Bridgewood, C.
2020. Immune mechanisms of pulmonary intravascular coagulopathy in
COVID-19 pneumonia. Lancet Rheumatol. 2(7): e437-e445. doi:10.1016/
$2665-9913(20)30121-1. PMID:32835247.

Medicago. 2020. Medicago begins Phase I clinical trials for its COVID-19 vac-
cine candidate. Available from https://www.medicago.com/en/newsroom/
medicago-begins-phase-i-clinical-trials-for-its-covid-19-vaccine-candidate/.

Mo, Y., and Fisher, D. 2016. A review of treatment modalities for Middle
East Respiratory Syndrome. J. Antimicrob. Chemother. 71(12): 3340-3350.
d0i:10.1093/jac/dkw338. PMID:27585965.

Molony, R.D., Nguyen, ]J.T., Kong, Y., Montgomery, R.R., Shaw, A.C., and
Iwasaki, A. 2017. Aging impairs both primary and secondary RIG-I signal-
ing for interferon induction in human monocytes. Sci. Signaling, 10(509):
eaan2392. doi:10.1126/scisignal.aan2392. PMID:29233916.

Monteil, V., Kwon, H., Prado, P., Hagelkruys, A., Wimmer, R.A., Stahl, M.,
et al. 2020. Inhibition of SARS-CoV-2 infections in engineered human tis-
sues using clinical-grade soluble human ACE2. Cell, 181(4): 905-913. e907.
doi:10.1016/j.cell.2020.04.004. PMID:32333836.

Mora-Diaz, J.C., Pineyro, P.E., Houston, E., Zimmerman, J., and Gimenez-
Lirola, L.G. 2019. Porcine hemagglutinating encephalomyelitis virus: a
review. Front. Vet. Sci. 6: 53. d0i:10.3389/fvets.2019.00053. PMID:30873421.

Mustafa, S., Balkhy, H., and Gabere, M.N. 2018. Current treatment options
and the role of peptides as potential therapeutic components for Middle
East Respiratory Syndrome (MERS): A review. J. Infect. Public Health,
11(1): 9-17. doi:10.1016/.jiph.2017.08.009. PMID:28864360.

Natoli, S., Oliveira, V., Calabresi, P., Maia, L.F., and Pisani, A. 2020. Does
SARS-CoV-2 invade the brain? Translational lessons from animal models.
Eur. J. Neurol. 27(9): 1764-1773. doi:10.1111/ene.14277. PMID:32333487.

Nedellec, P., Dveksler, G.S., Daniels, E., Turbide, C., Chow, B., Basile, A.A,, et al.
1994. Bgp2, a new member of the carcinoembryonic antigen-related gene fam-
ily, encodes an alternative receptor for mouse hepatitis viruses. J. Virol. 68(7):
4525-4537. doi:101128/JV1.68.7.4525-45371994. PMID:8207827.

Neurath, M.F. 2020. COVID-19 and immunomodulation in IBD. Gut, 69(7):
1335-1342. doi:10.1136/gutjnl-2020-321269. PMID:32303609.

Ngo, S.T., Steyn, FJ., and McCombe, P.A. 2014. Gender differences in autoimmune
disease. Front. Neuroendocrinol. 35(3): 347-369. doi:10.1016/j.yfrne.2014.04.004.
PMID:24793874.

Nicholls, J.M., Chan, R.W., and Fish, E. 2016. Prevention and treatment of
swine-origin influenza virus with interferon: an in vivo and ex vivo
study. Hong Kong Med. J. 22(Suppl 7(6)): 10-14. PMID:29941685.

Nicolai, L., Leunig, A., Brambs, S., Kaiser, R., Weinberger, T., Weigand, M.,
et al. 2020. Immunothrombotic dysregulation in COVID-19 pneumonia is
associated with respiratory failure and coagulopathy. Circulation, 142(12):
1176-1189. doi:10.1161/circulationaha.120.048488. PMID:32755393.

Nicolls, M.R., and Laubach, V.E. 2014. Traumatic brain injury: lungs in a
RAGE. Sci. Transl. Med. 6(252): 252fs34. doi:10.1126/scitranslmed.3010259.
PMID:25186173.

Nieto-Torres, J.L., Verdia-Baguena, C., Jimenez-Guardeno, ].M., Regla-Nava, J.A.,
Castano-Rodriguez, C., Fernandez-Delgado, R., et al. 2015. Severe acute
respiratory syndrome coronavirus E protein transports calcium ions and
activates the NLRP3 inflammasome. Virology, 485: 330-339. doi:10.1016/j.
virol.2015.08.010. PMID:26331680.

Norsa, L., Indriolo, A., Sansotta, N., Cosimo, P., Greco, S., and D’Antiga, L.
2020. Uneventful course in IBD patients during SARS-CoV-2 outbreak in
northern Italy. Gastroenterology, 159(1): 371-372. doi:10.1053[j.gastro.2020.
03.062. PMID:32247695.

North, B.J., and Sinclair, D.A. 2012. The intersection between aging and car-
diovascular disease. Circ. Res. 110(8): 1097-1108. doi:10.1161/CIRCRE-
SAHA.111.246876. PMID:22499900.

Novi, G., Mikulska, M., Briano, F., Toscanini, F., Tazza, F., and Uccelli, A.
2020. COVID-19 in a MS patient treated with ocrelizumab: does immuno-
suppression have a protective role? Mult. Scler. Relat. Disord. 42: 102120.
doi:10.1016/j.msard.2020.102120. PMID:32315980.

<. Published by NRC Research Press


http://dx.doi.org/10.1128/CVI.00662-13
http://www.ncbi.nlm.nih.gov/pubmed/24334684
http://dx.doi.org/10.1371/journal.pone.0169255
http://www.ncbi.nlm.nih.gov/pubmed/28225767
http://dx.doi.org/10.1007/978-1-4615-1899-0_60
http://www.ncbi.nlm.nih.gov/pubmed/8830510
http://dx.doi.org/10.23812/20-Editorial-Kritas
http://www.ncbi.nlm.nih.gov/pubmed/32013309
http://dx.doi.org/10.1016/j.ijantimicag.2020.105924
http://www.ncbi.nlm.nih.gov/pubmed/32081636
http://dx.doi.org/10.1503/cmaj.180698
http://www.ncbi.nlm.nih.gov/pubmed/30397156
http://dx.doi.org/10.3201/eid1002.030638
http://www.ncbi.nlm.nih.gov/pubmed/15030709
http://dx.doi.org/10.1128/jcm.02614-05
http://www.ncbi.nlm.nih.gov/pubmed/16757599
http://dx.doi.org/10.1016/j.immuni.2019.03.025
http://www.ncbi.nlm.nih.gov/pubmed/30995506
http://dx.doi.org/10.1038/d41573-020-00073-5
http://www.ncbi.nlm.nih.gov/pubmed/32273591
http://dx.doi.org/10.1016/s0016-5085(03)01215-0
http://dx.doi.org/10.1016/s0016-5085(03)01215-0
http://www.ncbi.nlm.nih.gov/pubmed/14517783
http://dx.doi.org/10.1002/jmv.25757
http://dx.doi.org/10.1002/jmv.25757
http://www.ncbi.nlm.nih.gov/pubmed/32162702
http://dx.doi.org/10.1016/j.peptides.2011.05.015
http://www.ncbi.nlm.nih.gov/pubmed/21620914
http://dx.doi.org/10.1038/nature02145
http://www.ncbi.nlm.nih.gov/pubmed/14647384
http://dx.doi.org/10.1002/jmv.25728
http://www.ncbi.nlm.nih.gov/pubmed/32104915
http://dx.doi.org/10.1007/s11684-020-0786-5
http://www.ncbi.nlm.nih.gov/pubmed/32367431
http://dx.doi.org/10.4049/jimmunol.1100123
http://dx.doi.org/10.4049/jimmunol.1100123
http://www.ncbi.nlm.nih.gov/pubmed/21606249
http://dx.doi.org/10.1001/jamacardio.2020.3551
http://dx.doi.org/10.1001/jamacardio.2020.3551
http://www.ncbi.nlm.nih.gov/pubmed/32730555
http://dx.doi.org/10.1016/j.jaut.2020.102452
http://dx.doi.org/10.1016/j.jaut.2020.102452
http://www.ncbi.nlm.nih.gov/pubmed/32291137
http://dx.doi.org/10.15252/emmm.202012421
http://www.ncbi.nlm.nih.gov/pubmed/32428990
http://dx.doi.org/10.1093/cid/ciaa630
http://www.ncbi.nlm.nih.gov/pubmed/32442287
http://dx.doi.org/10.1016/j.bbi.2019.07.026
http://www.ncbi.nlm.nih.gov/pubmed/31351185
http://dx.doi.org/10.1101/2020.03.07.982264
http://dx.doi.org/10.1001/jama.290.24.3222
http://dx.doi.org/10.1001/jama.290.24.3222
http://www.ncbi.nlm.nih.gov/pubmed/14693875
http://dx.doi.org/10.1016/S0140-6736(20)30251-8
http://www.ncbi.nlm.nih.gov/pubmed/32007145
http://dx.doi.org/10.3390/biomedicines8050109
http://www.ncbi.nlm.nih.gov/pubmed/32375268
http://dx.doi.org/10.1001/jamaneurol.2020.1127
http://www.ncbi.nlm.nih.gov/pubmed/32275288
http://dx.doi.org/10.1073/pnas.1906466117
http://www.ncbi.nlm.nih.gov/pubmed/32152117
http://dx.doi.org/10.7883/yoken.JJID.2014.266
http://www.ncbi.nlm.nih.gov/pubmed/25420656
http://dx.doi.org/10.3390/v4112902
http://www.ncbi.nlm.nih.gov/pubmed/23202509
http://dx.doi.org/10.1016/S2665-9913(20)30121-1
http://dx.doi.org/10.1016/S2665-9913(20)30121-1
http://www.ncbi.nlm.nih.gov/pubmed/32835247
https://www.medicago.com/en/newsroom/medicago-begins-phase-i-clinical-trials-for-its-covid-19-vaccine-candidate/
https://www.medicago.com/en/newsroom/medicago-begins-phase-i-clinical-trials-for-its-covid-19-vaccine-candidate/
http://dx.doi.org/10.1093/jac/dkw338
http://www.ncbi.nlm.nih.gov/pubmed/27585965
http://dx.doi.org/10.1126/scisignal.aan2392
http://www.ncbi.nlm.nih.gov/pubmed/29233916
http://dx.doi.org/10.1016/j.cell.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32333836
http://dx.doi.org/10.3389/fvets.2019.00053
http://www.ncbi.nlm.nih.gov/pubmed/30873421
http://dx.doi.org/10.1016/j.jiph.2017.08.009
http://www.ncbi.nlm.nih.gov/pubmed/28864360
http://dx.doi.org/10.1111/ene.14277
http://www.ncbi.nlm.nih.gov/pubmed/32333487
http://dx.doi.org/10.1128/JVI.68.7.4525-4537.1994
http://www.ncbi.nlm.nih.gov/pubmed/8207827
http://dx.doi.org/10.1136/gutjnl-2020-321269
http://www.ncbi.nlm.nih.gov/pubmed/32303609
http://dx.doi.org/10.1016/j.yfrne.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24793874
http://www.ncbi.nlm.nih.gov/pubmed/29941685
http://dx.doi.org/10.1161/circulationaha.120.048488
http://www.ncbi.nlm.nih.gov/pubmed/32755393
http://dx.doi.org/10.1126/scitranslmed.3010259
http://www.ncbi.nlm.nih.gov/pubmed/25186173
http://dx.doi.org/10.1016/j.virol.2015.08.010
http://dx.doi.org/10.1016/j.virol.2015.08.010
http://www.ncbi.nlm.nih.gov/pubmed/26331680
http://dx.doi.org/10.1053/j.gastro.2020.03.062
http://dx.doi.org/10.1053/j.gastro.2020.03.062
http://www.ncbi.nlm.nih.gov/pubmed/32247695
http://dx.doi.org/10.1161/CIRCRESAHA.111.246876
http://dx.doi.org/10.1161/CIRCRESAHA.111.246876
http://www.ncbi.nlm.nih.gov/pubmed/22499900
http://dx.doi.org/10.1016/j.msard.2020.102120
http://www.ncbi.nlm.nih.gov/pubmed/32315980

Biochem. Cell Biol. Downloaded from cdnsciencepub.com by National Research Council of Canada on 04/06/21
For personal usé only.

20

Ono, S., Aosasa, S., Tsujimoto, H., Ueno, C., and Mochizuki, H. 2001.
Increased monocyte activation in elderly patients after surgical stress.
Eur. Surg. Res. 33(1): 33-38. d0i:10.1159/000049690. PMID:11340270.

Ottawa Hospital Research Institute. 2020a. Protecting cancer patients from
COVID-19. World-first clinical trial tests a novel immune-boosting strat-
egy. Available from http:/[www.ohri.ca/newsroom/story/view[1256?1=en.

Ottawa Hospital Research Institute. 2020b. COVID-19 research on cell therapy,
drug screening and marginalized populations funded through Ontario’s Rapid
Research Fund. Available from http:/[www.ohri.ca/newsroom/story/view/1237?
l=en.

Ou, X,, Liu, Y., Lei, X., Li, P.,, Mi, D., Ren, L., et al. 2020. Characterization of
spike glycoprotein of SARS-CoV-2 on virus entry and its immune cross-
reactivity with SARS-CoV. Nat. Commun. 11(1): 1620. doi:10.1038/s41467-
020-15562-9. PMID:32221306.

Pacha, O., Sallman, M.A., and Evans, S.E. 2020. COVID-19: a case for inhibi-
ting IL-17? Nature reviews. Immunology. 20(6): 345-346. doi:10.1038/
$41577-020-0328-z. PMID:32358580.

Pan, Y., Zhang, D., Yang, P., Poon, L.L.M., and Wang, Q. 2020. Viral load of
SARS-CoV-2 in clinical samples. Lancet. Infect. Dis. 20(4): 411-412.
doi:10.1016/S1473-3099(20)30113-4. PMID:32105638.

Papa, S.M., Brundin, P., Fung, V.S.C., Kang, U]J., Burn, D.J.,, Colosimo, C.,
et al. 2020. Impact of the COVID-19 pandemic on Parkinson’s Disease and
movement disorders. Mov. Disord. Clin. Pract, 7(4): 357-360. doi:10.1002/
mdc3.12953. PMID:32373651.

Parasa, S., Desai, M., Thoguluva Chandrasekar, V., Patel, HK., Kennedy, K.F.,
Roesch, T., et al. 2020. Prevalence of gastrointestinal symptoms and fecal
viral shedding in patients with Coronavirus Disease 2019: a systematic
review and meta-analysis. JAMA Netw. Open, 3(6): €2011335. doi:10.1001/
jamanetworkopen.2020.11335. PMID:32525549.

Pardi, N., Hogan, M.]., Porter, F.W., and Weissman, D. 2018. mRNA vaccines -
a new era in vaccinology. Nat. Rev. Drug Discov. 17(4): 261-279. doi:10.
1038/nrd.2017.243. PMID:29326426.

Pedersen, N.C., Allen, C.E., and Lyons, L.A. 2008. Pathogenesis of feline
enteric coronavirus infection. J. Feline Med. Surg. 10(6): 529-541. doi:10.
1016/j.jfms.2008.02.006. PMID:18538604.

Pelosi, P., and Rocco, P.R. 2011. The lung and the brain: a dangerous cross-
talk. Crit. Care, 15(3): 168. d0i:10.1186/cc10259. PMID:21722336.

Pinti, M., Appay, V., Campisi, ]J., Frasca, D., Fulop, T., Sauce, D., et al. 2016. Aging
of the immune system: Focus on inflammation and vaccination. Eur. J. Immu-
nol. 46(10): 2286-2301. doi:10.1002/eji.201546178. PMID:27595500.

Pluvinage, J.V., and Wyss-Coray, T. 2020. Systemic factors as mediators of
brain homeostasis, ageing and neurodegeneration. Nat. Rev. Neurosci.
21(2): 93-102. doi:10.1038/s41583-019-0255-9. PMID:31913356.

Poland, G.A., Ovsyannikova, I.G., and Kennedy, R.B. 2018. Personalized vaccinol-
ogy: A review. Vaccine, 36(36): 5350-5357. do0i:10.1016/j.vaccine.2017.07.062.
PMID:28774561.

Pons, S., Fodil, S., Azoulay, E., and Zafrani, L. 2020. The vascular endothe-
lium: the cornerstone of organ dysfunction in severe SARS-CoV-2 infec-
tion. Crit. Care, 24(1): 353 doi:10.1186/s13054-020-03062-7. PMID:32546188.

Populationof.net. 2020. Population of Canada. 2020 demographics: density,
ratios, growth rate, clock, rate of men to women. Available from https://
www.populationof.net/canada/.

Precision Nanosystems. 2020. CanSino Biologics and Precision NanoSystems
announce collaboration to co-develop a COVID-19 RNA vaccine. Available from
https://www.newswire.cajnews-releases/cansino-biologics-and-precision-nano
systems-announce-collaboration-to-co-develop-a-covid-19-rna-vaccine-870036790.
html.

Provost, K. 2020. Potential COVID-19 vaccine clears ‘major milestone’: Sask.
researchers | CBC News. Available from https://www.cbc.ca/news/canada/
saskatoon/potential-covid-19-vaccine-clears-major-milestone-1.5583741.

Public Health Agency of Canada. 2019. Prevalence of chronic diseases among
Canadian adults [research; education and awareness). Available from https:|/
www.canada.cajen/public-health/services/chronic-diseases/prevalence-canadian-
adults-infographic-2019.html.

Qin, C., Zhou, L., Hu, Z,, Zhang, S., Yang, S., Tao, Y., et al. 2020. Dysregula-
tion of immune response in patients with COVID-19 in Wuhan, China.
Clin. Infect. Dis. d0i:10.1093/cid/ciaa248. PMID:32161940.

Raj, V.S., Mou, H., Smits, S.L., Dekkers, D.H., Muller, M.A., Dijkman, R.,
et al. 2013. Dipeptidyl peptidase 4 is a functional receptor for the emerg-
ing human coronavirus-EMC. Nature, 495(7440): 251-254. doi:10.1038/
nature12005. PMID:23486063.

Rajendran, K., Krishnasamy, N., Rangarajan, J., Rathinam, J., Natarajan, M.,
and Ramachandran, A. 2020. Convalescent plasma transfusion for the
treatment of COVID-19: Systematic review. J. Med. Virol. 92(9): 1475-1483.
d0i:10.1002/jmv.25961. PMID:32356910.

Rauch, S., Jasny, E., Schmidt, K.E., and Petsch, B. 2018. New Vaccine Technol-
ogies to Combat Outbreak Situations. Front. Immunol. 9: 1963.
d0i:10.3389/fimmu.2018.01963. PMID:30283434.

Rejdak, K., and Grieb, P. 2020. Adamantanes might be protective from
COVID-19 in patients with neurological diseases: multiple sclerosis, par-
kinsonism and cognitive impairment. Mult. Scler. Relat. Disord. 42:
102163. doi:10.1016/j.msard.2020.102163. PMID:32388458.

Rojas, J.M., Avia, M., Martin, V., and Sevilla, N. 2017. IL-10: a multifunctional
cytokine in viral infections. J. Immunol. Res. 2017: 6104054. doi:10.1155/
2017/6104054. PMID:28316998.

Biochem. Cell Biol. Vol. 00, 0000

Sallard, E., Lescure, F-X., Yazdanpanah, Y., Mentre, F., and Peiffer-Smadja, N.
2020. Type 1 interferons as a potential treatment against COVID-19. Antiviral
Res. 178: 104791. doi:10.1016/j.antiviral.2020.104791. PMID:32275914.

Shanmugaraj, B.S., Konlavat, W.K., and Phoolcharoen, W. 2020. Perspectives
on monoclonal antibody therapy as potential therapeutic intervention
for Coronavirus disease-19 (COVID-19). Asian Pac. J. Allergy Immunol. 38(1):
10-18. doi:10.12932/AP-200220-0773. PMID:32134278.

Sharma, A. 2020. It is too soon to attribute ADE to COVID-19. Microbes
Infect. 22(4-5): 158. d0i:10.1016/j.micinf.2020.03.005. PMID:32268188.

Shaw, A.C., Goldstein, D.R., and Montgomery, R.R. 2013. Age-dependent
dysregulation of innate immunity. Nat. Rev. Immunol. 13(12): 875-887.
doi:10.1038/nri3547. PMID:24157572.

Shirato, K., Yano, T., Senba, S., Akachi, S., Kobayashi, T., Nishinaka, T., et al.
2014. Detection of Middle East respiratory syndrome coronavirus using
reverse transcription loop-mediated isothermal amplification (RT-LAMP).
Virol. J. 11: 139. doi:10.1186/1743-422X-11-139. PMID:25103205.

Shodell, M., and Siegal, F.P. 2002. Circulating, interferon-producing plasma-
cytoid dendritic cells decline during human ageing. Scand. J. Immunol.
56(5): 518-521. d0i:10.1046/j.1365-3083.2002.01148.x. PMID:12410802.

Sigrist, C.J., Bridge, A., and Le Mercier, P. 2020. A potential role for integrins
in host cell entry by SARS-CoV-2. Antiviral Res. 177: 104759 d0i:10.1016/j.
antiviral.2020.104759. PMID:32130973.

Simmons, G., Zmora, P., Gierer, S., Heurich, A., and Pohlmann, S. 2013.
Proteolytic activation of the SARS-coronavirus spike protein: cutting
enzymes at the cutting edge of antiviral research. Antiviral Res. 100(3):
605-614. doi:10.1016[j.antiviral.2013.09.028. PMID:24121034.

Sinclair, J. 2020. Virologist leads attempt to develop coronavirus nasal spray
vaccine. Available from https://med.uottawa.ca/en/news/virologist-leads-
attempt-develop-coronavirus-nasal-spray-vaccine.

Siu, K.L, Yuen, K.S., Castano-Rodriguez, C., Ye, ZW., Yeung, M.L., Fung, S.Y.,
et al. 2019. Severe acute respiratory syndrome coronavirus ORF3a protein
activates the NLRP3 inflammasome by promoting TRAF3-dependent ubiq-
uitination of ASC. FASEB J. 33(8): 8865-8877. d0i:10.1096/fj.201802418R.
PMID:31034780.

Smits, S.L, de Lang, A., van den Brand, J.M., Leijten, LM, van, LW.F,
Eijkemans, M., et al. 2010. Exacerbated innate host response to SARS-CoV in
aged non-human primates. PLoS Pathog. 6(2): €1000756. doi:10.1371fjournal.
Pppat.1000756. PMID:20140198.

Sommer, A., Marxreiter, F., Krach, F., Fadler, T., Grosch, ]J., Maroni, M., et al.
2018. Th17 lymphocytes induce neuronal cell death in a human iPSC-
based model of Parkinson’s Disease. Cell Stem Cell, 23(1): 123-131. e126.
d0i:10.1016/j.stem.2018.06.015. PMID:29979986.

Stamper, C.E.,, Hoisington, A.J., Gomez, O.M., Halweg-Edwards, A.L.,
Smith, D.G., Bates, K.L., et al. 2016. The microbiome of the built environ-
ment and human behavior: implications for emotional health and well-
being in postmodern western societies. Int. Rev. Neurobiol. 131: 289-323.
d0i:10.1016/bs.irn.2016.07.006. PMID:27793224.

Steeland, S., Vandenbroucke, R.E., and Libert, C. 2016. Nanobodies as thera-
peutics: big opportunities for small antibodies. Drug Discov. Today, 21(7):
1076-1113. doi:10.1016/j.drudis.2016.04.003. PMID:27080147.

Stockley, E., Valotaire, R., Miller, M., and da Silva, O. 2018. Effects of bovine
lipid extract surfactant administration in preterm infants treated for re-
spiratory distress syndrome. Health Sci. Rep. 1(4): e34. doi:10.1002/
hsr2.34, doi:30623068.

Stockman, L.J., Bellamy, R., and Garner, P. 2006. SARS: systematic review of
treatment effects. PLoS Med. 3(9): e343. doi:10.1371/journal.pmed.0030343.
PMID:16968120.

Sullivan, N.J. 2001. Antibody-mediated enhancement of viral disease. Curr.
Top. Microbiol. Immunol. 260: 145-169. d0i:10.1007/978-3-662-05783-4_8.
PMID:11443872.

Symvivo. 2020. Covid-19 and the Symvivo bacTRL Platform. Available from
https://www.symvivo.com/covid-19.

Takada, A., and Kawaoka, Y. 2003. Antibody-dependent enhancement of vi-
ral infection: molecular mechanisms and in vivo implications. Rev. Med.
Virol. 13(6): 387-398. d0i:10.1002/rmv.405. PMID:14625886.

Tanaka, T., Narazaki, M., and Kishimoto, T. 2014. IL-6 in inflammation, im-
munity, and disease. Cold Spring Harb. Perspect. Biol. 6(10): a016295
d0i:10.1101/cshperspect.a016295. PMID:25190079.

Taxonera, C., Sagastagoitia, I., Alba, C., Manas, N., Olivares, D., and Rey, E.
2020a. Letter: intestinal inflammation, COVID-19 and gastrointestinal
ACE2-exploring RAS inhibitors. Authors’ reply. Aliment. Pharmacol. Ther.
52(3): 571-572. d0i:10.1111/apt.15893. PMID:32583443.

Taxonera, C., Sagastagoitia, I., Alba, C., Manas, N., Olivares, D., and Rey, E.
2020b. 2019 novel coronavirus disease (COVID-19) in patients with inflam-
matory bowel diseases. Aliment. Pharmacol. Ther. 52(2): 276-283.
doi:10.1111/apt.15804. PMID:32359205.

Taylor, C. 2020. Coronavirus will infect half the global population, EIU pre-
dicts. Available from https://[www.cnbc.com/2020/03/18/coronavirus-will-
infect-half-the-global-population-eiu-predicts.html.

Thomas, A., M Garg, S., De Souza, R.A.G., Ouellet, E.,, Tharmarajah, G.,
Reichert, D., et al. 2018. Microfluidic production and application of lipid
nanoparticles for nucleic acid transfection. Methods Mol. Biol. 1792: 193-
203. doi:10.1007/978-1-4939-7865-6_14. PMID:29797261.

Tian, X., Li, C., Huang, A., Xia, S., Lu, S., Shi, Z., et al. 2020. Potent binding
of 2019 novel coronavirus spike protein by a SARS coronavirus-specific

<. Published by NRC Research Press


http://dx.doi.org/10.1159/000049690
http://www.ncbi.nlm.nih.gov/pubmed/11340270
http://www.ohri.ca/newsroom/story/view/1256?l=en
http://www.ohri.ca/newsroom/story/view/1237?l=en
http://www.ohri.ca/newsroom/story/view/1237?l=en
http://dx.doi.org/10.1038/s41467-020-15562-9
http://dx.doi.org/10.1038/s41467-020-15562-9
http://www.ncbi.nlm.nih.gov/pubmed/32221306
http://dx.doi.org/10.1038/s41577-020-0328-z
http://dx.doi.org/10.1038/s41577-020-0328-z
http://www.ncbi.nlm.nih.gov/pubmed/32358580
http://dx.doi.org/10.1016/S1473-3099(20)30113-4
http://www.ncbi.nlm.nih.gov/pubmed/32105638
http://dx.doi.org/10.1002/mdc3.12953
http://dx.doi.org/10.1002/mdc3.12953
http://www.ncbi.nlm.nih.gov/pubmed/32373651
http://dx.doi.org/10.1001/jamanetworkopen.2020.11335
http://dx.doi.org/10.1001/jamanetworkopen.2020.11335
http://www.ncbi.nlm.nih.gov/pubmed/32525549
http://dx.doi.org/10.1038/nrd.2017.243
http://dx.doi.org/10.1038/nrd.2017.243
http://www.ncbi.nlm.nih.gov/pubmed/29326426
http://dx.doi.org/10.1016/j.jfms.2008.02.006
http://dx.doi.org/10.1016/j.jfms.2008.02.006
http://www.ncbi.nlm.nih.gov/pubmed/18538604
http://dx.doi.org/10.1186/cc10259
http://www.ncbi.nlm.nih.gov/pubmed/21722336
http://dx.doi.org/10.1002/eji.201546178
http://www.ncbi.nlm.nih.gov/pubmed/27595500
http://dx.doi.org/10.1038/s41583-019-0255-9
http://www.ncbi.nlm.nih.gov/pubmed/31913356
http://dx.doi.org/10.1016/j.vaccine.2017.07.062
http://www.ncbi.nlm.nih.gov/pubmed/28774561
http://dx.doi.org/10.1186/s13054-020-03062-7
http://www.ncbi.nlm.nih.gov/pubmed/32546188
https://www.populationof.net/canada/
https://www.populationof.net/canada/
https://www.newswire.ca/news-releases/cansino-biologics-and-precision-nanosystems-announce-collaboration-to-co-develop-a-covid-19-rna-vaccine-870036790.html
https://www.newswire.ca/news-releases/cansino-biologics-and-precision-nanosystems-announce-collaboration-to-co-develop-a-covid-19-rna-vaccine-870036790.html
https://www.newswire.ca/news-releases/cansino-biologics-and-precision-nanosystems-announce-collaboration-to-co-develop-a-covid-19-rna-vaccine-870036790.html
https://www.cbc.ca/news/canada/saskatoon/potential-covid-19-vaccine-clears-major-milestone-1.5583741
https://www.cbc.ca/news/canada/saskatoon/potential-covid-19-vaccine-clears-major-milestone-1.5583741
https://www.canada.ca/en/public-health/services/chronic-diseases/prevalence-canadian-adults-infographic-2019.html
https://www.canada.ca/en/public-health/services/chronic-diseases/prevalence-canadian-adults-infographic-2019.html
https://www.canada.ca/en/public-health/services/chronic-diseases/prevalence-canadian-adults-infographic-2019.html
http://dx.doi.org/10.1093/cid/ciaa248
http://www.ncbi.nlm.nih.gov/pubmed/32161940
http://dx.doi.org/10.1038/nature12005
http://dx.doi.org/10.1038/nature12005
http://www.ncbi.nlm.nih.gov/pubmed/23486063
http://dx.doi.org/10.1002/jmv.25961
http://www.ncbi.nlm.nih.gov/pubmed/32356910
http://dx.doi.org/10.3389/fimmu.2018.01963
http://www.ncbi.nlm.nih.gov/pubmed/30283434
http://dx.doi.org/10.1016/j.msard.2020.102163
http://www.ncbi.nlm.nih.gov/pubmed/32388458
http://dx.doi.org/10.1155/2017/6104054
http://dx.doi.org/10.1155/2017/6104054
http://www.ncbi.nlm.nih.gov/pubmed/28316998
http://dx.doi.org/10.1016/j.antiviral.2020.104791
http://www.ncbi.nlm.nih.gov/pubmed/32275914
http://dx.doi.org/10.12932/AP-200220-0773
http://www.ncbi.nlm.nih.gov/pubmed/32134278
http://dx.doi.org/10.1016/j.micinf.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32268188
http://dx.doi.org/10.1038/nri3547
http://www.ncbi.nlm.nih.gov/pubmed/24157572
http://dx.doi.org/10.1186/1743-422X-11-139
http://www.ncbi.nlm.nih.gov/pubmed/25103205
http://dx.doi.org/10.1046/j.1365-3083.2002.01148.x
http://www.ncbi.nlm.nih.gov/pubmed/12410802
http://dx.doi.org/10.1016/j.antiviral.2020.104759
http://dx.doi.org/10.1016/j.antiviral.2020.104759
http://www.ncbi.nlm.nih.gov/pubmed/32130973
http://dx.doi.org/10.1016/j.antiviral.2013.09.028
http://www.ncbi.nlm.nih.gov/pubmed/24121034
https://med.uottawa.ca/en/news/virologist-leads-attempt-develop-coronavirus-nasal-spray-vaccine
https://med.uottawa.ca/en/news/virologist-leads-attempt-develop-coronavirus-nasal-spray-vaccine
http://dx.doi.org/10.1096/fj.201802418R
http://www.ncbi.nlm.nih.gov/pubmed/31034780
http://dx.doi.org/10.1371/journal.ppat.1000756
http://dx.doi.org/10.1371/journal.ppat.1000756
http://www.ncbi.nlm.nih.gov/pubmed/20140198
http://dx.doi.org/10.1016/j.stem.2018.06.015
http://www.ncbi.nlm.nih.gov/pubmed/29979986
http://dx.doi.org/10.1016/bs.irn.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27793224
http://dx.doi.org/10.1016/j.drudis.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27080147
http://dx.doi.org/10.1002/hsr2.34
http://dx.doi.org/10.1002/hsr2.34
http://dx.doi.org/30623068
http://dx.doi.org/10.1371/journal.pmed.0030343
http://www.ncbi.nlm.nih.gov/pubmed/16968120
http://dx.doi.org/10.1007/978-3-662-05783-4_8
http://www.ncbi.nlm.nih.gov/pubmed/11443872
https://www.symvivo.com/covid-19
http://dx.doi.org/10.1002/rmv.405
http://www.ncbi.nlm.nih.gov/pubmed/14625886
http://dx.doi.org/10.1101/cshperspect.a016295
http://www.ncbi.nlm.nih.gov/pubmed/25190079
http://dx.doi.org/10.1111/apt.15893
http://www.ncbi.nlm.nih.gov/pubmed/32583443
http://dx.doi.org/10.1111/apt.15804
http://www.ncbi.nlm.nih.gov/pubmed/32359205
https://www.cnbc.com/2020/03/18/coronavirus-will-infect-half-the-global-population-eiu-predicts.html
https://www.cnbc.com/2020/03/18/coronavirus-will-infect-half-the-global-population-eiu-predicts.html
http://dx.doi.org/10.1007/978-1-4939-7865-6_14
http://www.ncbi.nlm.nih.gov/pubmed/29797261

Biochem. Cell Biol. Downloaded from cdnsciencepub.com by National Research Council of Canada on 04/06/21
For personal usé only.

Willows et al.

human monoclonal antibody. Emerg. Microbes Infect. 9(1): 382-385.
d0i:10.1080/22221751.2020.1729069. PMID:32065055.

Tisoncik, J.R., Korth, M.]J., Simmons, C.P., Farrar, J., Martin, T.R., and
Katze, M.G. 2012. Into the eye of the cytokine storm. Microbiol. Mol. Biol.
Rev. 76(1): 16-32. doi:10.1128/ MMBR.05015-11. PMID:22390970.

Top, D., de Antueno, R., Salsman, J., Corcoran, J., Mader, J., Hoskin, D., et al.
2005. Liposome reconstitution of a minimal protein-mediated membrane
fusion machine. EMBO J. 24(17): 2980-2988. d0i:10.1038/sj.emb0j.7600767.
PMID:16079913.

Tracy, N. 2015. Canada: multiple sclerosis (MS) capital of the world. Avail-
able from https://www.thenba.ca/disability-blog/canada-multiple-sclerosis-
ms-capital-world/.

U of T News. 2020. Researchers at U of T developing antibodies to 'neutral-
ize’ novel coronavirus before it invades cells. Available from https:/[www.
utoronto.ca/news|researchers-u-t-developing-antibodies-neutralize-novel-
coronavirus-it-invades-cells.

Vabret, A., Mourez, T., Gouarin, S., Petitjean, J., and Freymuth, F. 2003. An
outbreak of coronavirus OC43 respiratory infection in Normandy, France.
Clin. Infect. Dis. 36(8): 985-989. d0i:10.1086/374222. PMID:12684910.

Valencia-Sanchez, C., and Wingerchuk, D.M. 2020. A fine balance: Immunosup-
pression and immunotherapy in a patient with multiple sclerosis and
COVID-19. Mult. Scler. Relat. Disord. 42: 102182. doi:10.1016/j.msard.2020.
102182. PMID:32416330.

van der Hoek, L. 2007. Human coronaviruses: what do they cause? Antivir.
Ther. 12(4 Pt. B): 651-658. PMID:17944272.

Varga, Z., Flammer, AJ., Steiger, P., Haberecker, M., Andermatt, R.,
Zinkernagel, A.S., et al. 2020. Endothelial cell infection and endotheliitis
in COVID-19. Lancet, 395(10234): 1417-1418. do0i:10.1016/S0140-6736(20)
30937-5. PMID:32325026.

VBI. 2020. VBI vaccines announces collaboration with the National Research
Council of Canada to develop pan-coronavirus vaccine candidate target-
ing COVID-19, SARS, and MERS. VBI Vaccines Inc.

Vlasak, R., Luytjes, W., Spaan, W., and Palese, P. 1988. Human and bovine
coronaviruses recognize sialic acid-containing receptors similar to those
of influenza C viruses. Proc. Natl. Acad. Sci. U.S.A. 85(12): 4526-4529.
d0i:10.1073/pnas.85.12.4526. PMID:3380803.

Vlasova, A.N., Wang, Q., Jung, K., Langel, S.N., Malik, Y.S., and Saif, LJ.
2020. Porcine Coronaviruses. Emerging and Transboundary Anim. Viruses,
79-110. doi:10.1007/978-981-15-0402-0_4.

von Kockritz-Blickwede, M., Goldmann, O., Thulin, P., Heinemann, K., Norrby-
Teglund, A., Rohde, M., et al. 2008. Phagocytosis-independent antimicrobial
activity of mast cells by means of extracellular trap formation. Blood, 111(6):
3070-3080. doi:10.1182/blood-2007-07-104018. PMID:18182576.

Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., et al. 2020a. Clinical
characteristics of 138 hospitalized patients with 2019 novel coronavirus-
infected pneumonia in Wuhan, China. JAMA, doi:10.1001/jama.2020.1585.

Wang, J., Wang, D., Chen, G.C., Tao, X.W., and Zeng, L.K. 2020b. SARS-CoV-2
infection with gastrointestinal symptoms as the first manifestation in a
neonate. Zhongguo dang dai er ke za zhi, 22(3): 211-214. doi:10.7499(j.
issn.1008-8830.2020.03.006. PMID:32204755.

Williams, RK,, Jiang, G.S., and Holmes, K.V. 1991. Receptor for mouse hepatitis
virus is a member of the carcinoembryonic antigen family of glycoproteins.
Proc. Natl. Acad. Sci. U.S.A. 88(13): 5533-5536. d0i:10.1073/pnas.88.13.5533.
PMID:1648219.

Willis, M.D., and Robertson, N.P. 2020. Multiple sclerosis and the risk of
infection: considerations in the threat of the novel coronavirus, COVID-19/
SARS-CoV-2. J. Neurol. 267(5): 1567-1569. doi:10.1007/s00415-020-09822-3.
PMID:32303837.

Wolfel, R., Corman, V.M., Guggemos, W., Seilmaier, M., Zange, S., Muller, M.A.,
et al. 2020. Virological assessment of hospitalized patients with COVID-2019.
Nature, 581(7809): 465-469. d0i:10.1038/s41586-020-2196-x. PMID:32235945.

Wong, S.H., Lui, R.N., and Sung, J.J. 2020. Covid-19 and the digestive system.
J. Gastroenterol. Hepatol. 35(5): 744-748. doi:10.1111/jgh.15047.

Woo, P.C., Lau, S.K., Huang, Y., and Yuen, K.Y. 2009. Coronavirus diversity,
phylogeny and interspecies jumping. Exp. Biol. Med (Maywood), 234(10):
1117-1127. doi:10.3181/0903-mr-94. PMID:19546349.

World Health Organization. 2015. Summary of probable SARS cases with
onset of illness from 1 November 2002 to 31 July 2003. Available from
https://www.who.int/publications/m/item/summary-of-probable-sars-cases-
with-onset-of-illness-from-1-november-2002-to-31-july-2003.

World Health Organization. 2019. MERS situation update, November 2019.
Available from http:/[www.emro.who.int/pandemic-epidemic-diseases/mers-cov/
mers-situation-update-november-2019.html.

Wu, Z., and McGoogan, J.M. 2020. Characteristics of and important lessons
from the coronavirus disease 2019 (COVID-19) outbreak in China: Sum-
mary of a report of 72314 cases From the Chinese Center for Disease Con-
trol and Prevention. JAMA, 323(13): 1239-1242. doi:10.1001/jama.2020.2648.
PMID:32091533.

Xia, S., Zhu, Y., Liu, M., Lan, Q., Xu, W., Wu, Y., et al. 2020. Fusion mecha-
nism of 2019-nCoV and fusion inhibitors targeting HR1 domain in spike
protein. Cell. Mol. Immunol. 17(7): 765-767. doi:10.1038/s41423-020-0374-2,
doi:32047258.

Xia, S., Yan, L., Xu, W., Agrawal, A.S., Algaissi, A., Tseng, C.K., et al. 2019. A
pan-coronavirus fusion inhibitor targeting the HR1 domain of human

21

coronavirus spike. Sci. Adv. 5(4): eaav4580. doi:10.1126/sciadv.aav4580.
PMID:30989115.

Xiao, F., Tang, M., Zheng, X., Liu, Y., Li, X., and Shan, H. 2020. Evidence for
gastrointestinal infection of SARS-CoV-2. Gastroenterology, 158(6): 1831-
1833. €1833. d0i:10.1053(j.gastro.2020.02.055. PMID:32142773.

Xu, P., Zhou, Q., and Xu, J. 2020a. Mechanism of thrombocytopenia in
COVID-19 patients. Ann. Hematol. 99(6): 1205-1208. d0i:10.1007/s00277-
020-04019-0. PMID:32296910.

Xu, S., and Cao, X. 2010. Interleukin-17 and its expanding biological func-
tions. Cell. Mol. Immunol. 7(3): 164-174. doi:10.1038/cmi.2010.21. PMID:
20383173.

Xu, X., Han, M., Li, T., Sun, W., Wang, D., Fu, B,, et al. 2020b. Effective treat-
ment of severe COVID-19 patients with tocilizumab. Proc. Natl. Acad. Sci.
U.S.A. 117(20): 10970-10975. doi:10.1073/pnas.2005615117. PMID:32350134.

Xu, Z., Shi, L., Wang, Y., Zhang, ]J., Huang, L., Zhang, C., et al. 2020c. Patho-
logical findings of COVID-19 associated with acute respiratory distress
syndrome. Lancet Respir. Med. 8(4): 420-422. doi:10.1016/S2213-2600(20)
30076-X. PMID:32085846.

Yan, R., Zhang, Y., Li, Y., Xia, L., Guo, Y., and Zhou, Q. 2020. Structural basis
for the recognition of SARS-CoV-2 by full-length human ACE2. Science,
367(6485): 1444-1448. doi:10.1126/science.abb2762. PMID:32132184.

Yang, X, Yu, Y., Xu, J., Shu, H,, Xia, ], Liu, H., et al. 2020. Clinical course and out-
comes of critically ill patients with SARS-CoV-2 pneumonia in Wuhan, China:
a single-centered, retrospective, observational study. Lancet Respir. Med. 8(5):
475-481. doi:10.1016/S2213-2600(20)30079-5. PMID:32105632.

Yao, M., Zhang, L., Ma, J., and Zhou, L. 2020a. On airborne transmission and
control of SARS-CoV-2. Sci. Total Environ. 731: 139178. do0i:10.1016/j.
scitotenv.2020.139178. PMID:32388162.

Yao, Z., Zheng, Z., Wu, K., and Junhua, Z. 2020b. Inmune environment mod-
ulation in pneumonia patients caused by coronavirus: SARS-CoV, MERS-
CoV and SARS-CoV-2. Aging, 12(9): 7639-7651. doi:10.18632/aging.103101.
PMID:32364527.

Yap, J.K.Y., Moriyama, M., and Iwasaki, A. 2020. Inflammasomes and pyrop-
tosis as therapeutic targets for COVID-19. ]J. Immunol. 205: 307-312.
d0i:10.4049/jimmunol.2000513. PMID:32493814.

Yeh, E.A., Collins, A., Cohen, M.E., Duffner, P.K., and Faden, H. 2004. Detec-
tion of coronavirus in the central nervous system of a child with acute
disseminated encephalomyelitis. Pediatrics, 113(1 Pt.. 1): e73-e76. doi:10.
1542/peds.113.1.e73. PMID:14702500.

Yong, C.Y., Ong, H.K,, Yeap, S.K., Ho, K.L., and Tan, W.S. 2019. Recent advan-
ces in the vaccine development against Middle East Respiratory Syndrome-
Coronavirus. Front. Microbiol. 10: doi:10.3389/fmicb.2019.01781. PMID:
31428074.

Yu, X, Sun, S., Shi, Y., Wang, H., Zhao, R., and Sheng, J. 2020. SARS-CoV-2
viral load in sputum correlates with risk of COVID-19 progression. Crit.
Care, 24(1): 170. doi:10.1186/s13054-020-02893-8. PMID:32326952.

Zaki, A.M., van Boheemen, S., Bestebroer, T.M., Osterhaus, A.D., and
Fouchier, R.A. 2012. Isolation of a novel coronavirus from a man with
pneumonia in Saudi Arabia. N Engl. ]J. Med. 367(19): 1814-1820.
doi:10.1056/NEJMoa1211721. PMID:23075143.

Zanoni, 1., Granucci, F., and Broggi, A. 2017. Interferon (IFN)-lambda takes
the helm: immunomodulatory roles of type III IFNs. Front. Immunol. 8:
1661. doi:10.3389/fimmu.2017.01661. PMID:29234323.

Zhang, B., Zhou, X., Qiu, Y., Feng, F., Feng, J., Jia, Y., et al. 2020a. Clinical
characteristics of 82 death cases with COVID-19. medRxiv. 2020.2002.
2026.20028191. doi:10.1101/2020.02.26.20028191.

Zhang, C., Wang, XM,, Li, S.R., Twelkmeyer, T., Wang, W.H., Zhang, S.Y., et al.
2019. NKG2A is a NK cell exhaustion checkpoint for HCV persistence. Nat.
Commun. 10(1): 1507. doi:10.1038/s41467-019-09212-y. PMID:30944315.

Zhang, H., Zhou, P., Wei, Y., Yue, H., Wang, Y., Hu, M., et al. 2020b. Histopa-
thologic changes and SARS-CoV-2 immunostaining in the lung of a
patient with COVID-19. Ann. Intern. Med. 172(9): 629-632. doi:10.7326/
M20-0533. PMID:32163542.

Zhang, L., Yan, X., Fan, Q., Liu, H., Liu, X., Liu, Z., et al. 2020c. D-dimer lev-
els on admission to predict in-hospital mortality in patients with
Covid-19. J. Thromb. Haemost. 18(6): 1324-1329. doi:10.1111/jth.14859.
PMID:32306492.

Zhang, Q., Wang, Y., Qi, C., Shen, L., and Li, J. 2020d. Clinical trial analysis
of 2019-nCoV therapy registered in China. J. Med. Virol. 92(6): 540-545.
do0i:10.1002/jmv.25733.

Zhang, Y., Li, J., Zhan, Y., Wu, L., Yu, X., Zhang, W., et al. 2004. Analysis of se-
rum cytokines in patients with severe acute respiratory syndrome. Infect.
Immun. 72(8): 4410-4415. doi:10.1128/IA1.72.8.4410-4415.2004. PMID:15271897.

Zhao, H., Zhou, J., Zhang, K., Chu, H,, Liu, D., Poon, V.K.-M,, et al. 2016. A
novel peptide with potent and broad-spectrum antiviral activities against
multiple respiratory viruses. Sci. Rep. 6: 22008. doi:10.1038/srep22008.
PMID:26911565.

Zheng, M., Gao, Y., Wang, G., Song, G., Liu, S., Sun, D., et al. 2020. Functional
exhaustion of antiviral lymphocytes in COVID-19 patients. Cell. Mol. Immunol.
17(5): 533-535. d0i:10.1038/s41423-020-0402-2. PMID:32203188.

Zhou, J., Li, C., Zhao, G., Chu, H., Wang, D., Yan, H.H., et al. 2017. Human in-
testinal tract serves as an alternative infection route for Middle East re-
spiratory syndrome coronavirus. Sci. Adv. 3(11): eaao4966. doi:10.1126/
sciadv.aa04966. PMID:29152574.

<. Published by NRC Research Press


http://dx.doi.org/10.1080/22221751.2020.1729069
http://www.ncbi.nlm.nih.gov/pubmed/32065055
http://dx.doi.org/10.1128/MMBR.05015-11
http://www.ncbi.nlm.nih.gov/pubmed/22390970
http://dx.doi.org/10.1038/sj.emboj.7600767
http://www.ncbi.nlm.nih.gov/pubmed/16079913
https://www.thenba.ca/disability-blog/canada-multiple-sclerosis-ms-capital-world/
https://www.thenba.ca/disability-blog/canada-multiple-sclerosis-ms-capital-world/
https://www.utoronto.ca/news/researchers-u-t-developing-antibodies-neutralize-novel-coronavirus-it-invades-cells
https://www.utoronto.ca/news/researchers-u-t-developing-antibodies-neutralize-novel-coronavirus-it-invades-cells
https://www.utoronto.ca/news/researchers-u-t-developing-antibodies-neutralize-novel-coronavirus-it-invades-cells
http://dx.doi.org/10.1086/374222
http://www.ncbi.nlm.nih.gov/pubmed/12684910
http://dx.doi.org/10.1016/j.msard.2020.102182
http://dx.doi.org/10.1016/j.msard.2020.102182
http://www.ncbi.nlm.nih.gov/pubmed/32416330
http://www.ncbi.nlm.nih.gov/pubmed/17944272
http://dx.doi.org/10.1016/S0140-6736(20)30937-5
http://dx.doi.org/10.1016/S0140-6736(20)30937-5
http://www.ncbi.nlm.nih.gov/pubmed/32325026
http://dx.doi.org/10.1073/pnas.85.12.4526
http://www.ncbi.nlm.nih.gov/pubmed/3380803
http://dx.doi.org/10.1007/978-981-15-0402-0_4
http://dx.doi.org/10.1182/blood-2007-07-104018
http://www.ncbi.nlm.nih.gov/pubmed/18182576
http://dx.doi.org/10.1001/jama.2020.1585
http://dx.doi.org/10.7499/j.issn.1008-8830.2020.03.006
http://dx.doi.org/10.7499/j.issn.1008-8830.2020.03.006
http://www.ncbi.nlm.nih.gov/pubmed/32204755
http://dx.doi.org/10.1073/pnas.88.13.5533
http://www.ncbi.nlm.nih.gov/pubmed/1648219
http://dx.doi.org/10.1007/s00415-020-09822-3
http://www.ncbi.nlm.nih.gov/pubmed/32303837
http://dx.doi.org/10.1038/s41586-020-2196-x
http://www.ncbi.nlm.nih.gov/pubmed/32235945
http://dx.doi.org/10.1111/jgh.15047
http://dx.doi.org/10.3181/0903-mr-94
http://www.ncbi.nlm.nih.gov/pubmed/19546349
https://www.who.int/publications/m/item/summary-of-probable-sars-cases-with-onset-of-illness-from-1-november-2002-to-31-july-2003
https://www.who.int/publications/m/item/summary-of-probable-sars-cases-with-onset-of-illness-from-1-november-2002-to-31-july-2003
http://www.emro.who.int/pandemic-epidemic-diseases/mers-cov/mers-situation-update-november-2019.html
http://www.emro.who.int/pandemic-epidemic-diseases/mers-cov/mers-situation-update-november-2019.html
http://dx.doi.org/10.1001/jama.2020.2648
http://www.ncbi.nlm.nih.gov/pubmed/32091533
http://dx.doi.org/10.1038/s41423-020-0374-2
http://dx.doi.org/32047258
http://dx.doi.org/10.1126/sciadv.aav4580
http://www.ncbi.nlm.nih.gov/pubmed/30989115
http://dx.doi.org/10.1053/j.gastro.2020.02.055
http://www.ncbi.nlm.nih.gov/pubmed/32142773
http://dx.doi.org/10.1007/s00277-020-04019-0
http://dx.doi.org/10.1007/s00277-020-04019-0
http://www.ncbi.nlm.nih.gov/pubmed/32296910
http://dx.doi.org/10.1038/cmi.2010.21
http://www.ncbi.nlm.nih.gov/pubmed/20383173
http://dx.doi.org/10.1073/pnas.2005615117
http://www.ncbi.nlm.nih.gov/pubmed/32350134
http://dx.doi.org/10.1016/S2213-2600(20)30076-X
http://dx.doi.org/10.1016/S2213-2600(20)30076-X
http://www.ncbi.nlm.nih.gov/pubmed/32085846
http://dx.doi.org/10.1126/science.abb2762
http://www.ncbi.nlm.nih.gov/pubmed/32132184
http://dx.doi.org/10.1016/S2213-2600(20)30079-5
http://www.ncbi.nlm.nih.gov/pubmed/32105632
http://dx.doi.org/10.1016/j.scitotenv.2020.139178
http://dx.doi.org/10.1016/j.scitotenv.2020.139178
http://www.ncbi.nlm.nih.gov/pubmed/32388162
http://dx.doi.org/10.18632/aging.103101
http://www.ncbi.nlm.nih.gov/pubmed/32364527
http://dx.doi.org/10.4049/jimmunol.2000513
http://www.ncbi.nlm.nih.gov/pubmed/32493814
http://dx.doi.org/10.1542/peds.113.1.e73
http://dx.doi.org/10.1542/peds.113.1.e73
http://www.ncbi.nlm.nih.gov/pubmed/14702500
http://dx.doi.org/10.3389/fmicb.2019.01781
http://www.ncbi.nlm.nih.gov/pubmed/31428074
http://dx.doi.org/10.1186/s13054-020-02893-8
http://www.ncbi.nlm.nih.gov/pubmed/32326952
http://dx.doi.org/10.1056/NEJMoa1211721
http://www.ncbi.nlm.nih.gov/pubmed/23075143
http://dx.doi.org/10.3389/fimmu.2017.01661
http://www.ncbi.nlm.nih.gov/pubmed/29234323
http://dx.doi.org/10.1101/2020.02.26.20028191
http://dx.doi.org/10.1038/s41467-019-09212-y
http://www.ncbi.nlm.nih.gov/pubmed/30944315
http://dx.doi.org/10.7326/M20-0533
http://dx.doi.org/10.7326/M20-0533
http://www.ncbi.nlm.nih.gov/pubmed/32163542
http://dx.doi.org/10.1111/jth.14859
http://www.ncbi.nlm.nih.gov/pubmed/32306492
http://dx.doi.org/10.1002/jmv.25733
http://dx.doi.org/10.1128/IAI.72.8.4410-4415.2004
http://www.ncbi.nlm.nih.gov/pubmed/15271897
http://dx.doi.org/10.1038/srep22008
http://www.ncbi.nlm.nih.gov/pubmed/26911565
http://dx.doi.org/10.1038/s41423-020-0402-2
http://www.ncbi.nlm.nih.gov/pubmed/32203188
http://dx.doi.org/10.1126/sciadv.aao4966
http://dx.doi.org/10.1126/sciadv.aao4966
http://www.ncbi.nlm.nih.gov/pubmed/29152574

Biochem. Cell Biol. Downloaded from cdnsciencepub.com by National Research Council of Canada on 04/06/21
For personal usé only.

22

Zhou, P, Yang, X.L., Wang, X.G., Hu, B., Zhang, L., Zhang, W., et al. 2020a. A
pneumonia outbreak associated with a new coronavirus of probable bat
origin. Nature, 579(7798): 270-273. doi:10.1038/s41586-020-2012-7. PMID:
32015507.

Zhou, Q., Chen, V., Shannon, C.P., Wei, X.-S., Xiang, X., Wang, X., et al.
2020b. Interferon-o2b Treatment for COVID-19. Front. Immunol. 11: 1061.
d0i:10.3389/fimmu.2020.01061. PMID:32574262.

Zhou, R., Li, F,, Chen, F., Liu, H., Zheng, J., Lei, C., et al. 2020c. Viral dynam-
ics in asymptomatic patients with COVID-19. Int. J. Infect. Dis. 96: 288-
290. doi:10.1016/j.ijid.2020.05.030. PMID:32437933.

Zhu, F.C, Li, Y.H., Guan, X.H., Hou, L.H., Wang, W J., Li, J.X., et al. 2020.
Safety, tolerability, and immunogenicity of a recombinant adenovirus type-5

Biochem. Cell Biol. Vol. 00, 0000

vectored COVID-19 vaccine: a dose-escalation, open-label, non-randomised,
first-in-human trial. Lancet, 395(10240): 1845-1854. do0i:10.1016/S0140-6736(20)
31208-3. PMID:32450106.

Ziegler, C.G.K., Allon, S.J., Nyquist, S.K., Mbano, LM., Miao, V.N., Tzouanas, C.N.,
et al. 2020. SARS-CoV-2 receptor ACE2 is an interferon-stimulated gene in
human airway epithelial cells and is detected in specific cell subsets across tis-
sues. Cell, 181(5): 1016-1035.€19. doi:10.1016j.cell.2020.04.035. PMID:32413319.

Zuo, Y., Yalavarthi, S., Shi, H., Gockman, K., Zuo, M., Madison, J.A., et al.
2020. Neutrophil extracellular traps in COVID-19. JCI Insight, 5(11):
€138999. doi:10.1172/jci.insight.138999. PMID:32329756.

<. Published by NRC Research Press


http://dx.doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://dx.doi.org/10.3389/fimmu.2020.01061
http://www.ncbi.nlm.nih.gov/pubmed/32574262
http://dx.doi.org/10.1016/j.ijid.2020.05.030
http://www.ncbi.nlm.nih.gov/pubmed/32437933
http://dx.doi.org/10.1016/S0140-6736(20)31208-3
http://dx.doi.org/10.1016/S0140-6736(20)31208-3
http://www.ncbi.nlm.nih.gov/pubmed/32450106
http://dx.doi.org/10.1016/j.cell.2020.04.035
http://www.ncbi.nlm.nih.gov/pubmed/32413319
http://dx.doi.org/10.1172/jci.insight.138999
http://www.ncbi.nlm.nih.gov/pubmed/32329756


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages true
	/ColorSettingsFile (None)
	/AutoRotatePages /PageByPage
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


