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ABSTRACT
OF THE THESIS OF

Karna Vatche Jabotian for Master of Science
Major: Pharmacology and Therapeutics

Title: The Role of Angiotensin Converting Enzyme Insertion/Deletion Genetic
Polymorphism in the Risk, Severity and Prognosis of COVID-19 Infection

Background: COVID-19 pandemic got the world’s attention since the beginning of
2020. It has been observed that infected individuals present with different symptoms of
varying severity; in addition, not all individuals get infected despite exposure. Risk
factors such as age, sex and comorbidities play a major role in this variability; however,
genetics may also be important in driving the differences in the incidence and severity
of the disease. An Insertion/Deletion (1/D) polymorphism in the ACE-I gene may
explain these genetic differences. The aim of this study is to determine whether the
ACE I/D genetic polymorphism can be used as a marker of risk, severity and prognosis
of COVID-19 infections.

Methods: More than 350 Lebanese subjects presented to AUBMC for COVID-19 PCR
testing were recruited, and results are reported in this thesis on 266 subjects (142 cases
and 124 controls), for whom clinical data and genotyping are complete. Clinical data
were collected via filling a questionnaire and accessing the medical records. Peripheral
blood was withdrawn for DNA isolation and ACE genotyping by standard PCR
followed by band visualization on an agarose gel.

Results: The frequency of the D allele was most common (69%), which is congruent
with previously reported literature in Middle Easterners. We showed that almost all
previously reported factors and comorbidities also predict disease susceptibility and
severity in the Lebanese. We also found a positive correlation between the ACE1 I-
allele and the risk of contracting the COVID-19 disease. More specifically, the
frequency of Il genotype was significantly highest in cases compared to controls with
individuals with the 11 genotype having a higher risk (OR=2.373) for contracting the
COVID-19 disease. These results confirm Delanghe et al.’s simulations, and to our
knowledge, we are the first to evaluate such an association in patients. As for disease
severity, our results are in agreement with the literature whereby DD vs. [1+DI was
significantly higher in cases with the severe disease when compared to mild and
moderate disease (P=0.003), hospitalized compared to non-hospitalized cases
(P=0.027), and hypoxic compared to non-hypoxic cases (P=0.088). These results
translate into the fact that subjects with DD genotype have a higher probability of
experiencing severe COVID-19 symptoms (OR=7.173), to be hospitalized (OR=3.398),
and/or to be hypoxic (OR=4.735).



Conclusion: These preliminary results show a positive correlation between the ACEL1 I-
allele and the risk of contracting the COVID-19 disease, and between ACE1 D-allele
and worse outcome of the COVID-19 infection. As such, genotyping for ACE1 I/D in
parallel to COVID-19 testing could be used to elicit the disease risk and severity for
better prognosis and management.
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CHAPTER |

INTRODUCTION

A. Coronavirus
1. History

Coronaviruses are a family of viruses that cause intestinal and respiratory illnesses
in humans and animals. The subgroups of the coronavirus’s family are alpha, beta,
gamma and delta coronaviruses [1] [2]. Till today, there are seven human coronaviruses
(HCoVs) identified, all of which fall into the genera of alpha and beta coronaviruses [3]
[4] (Table 1). HCoV-NL63, HCoV-229E, HCoV-0C43 and HKU1 usually cause mild
upper respiratory diseases and sometimes they can lead to severe infections in the
young and the elderly [5] [6]. With the appearance of severe acute respiratory syndrome
(SARS) in China in 2002 and Middle East respiratory syndrome (MERS) on the
Arabian Peninsula in 2012, it was shown that these two are highly pathogenic viruses
and cause severe respiratory symptoms in humans [5] [6]. All of the mentioned human
coronaviruses are of animal origins: HCoV-NL63, HCoV-229E, SARS-CoV and

MERS-CoV are of bat origin, while HCoV-0OC43 and HKU1 are of rodent origin [5]

[6].
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Human coronavirus name lliness

SARS-CoV-2 CovID-19
SARS-CoV Severe acute respiratory syndrome (SARS)
MERS-CoV Middle East respiratory syndrome (MERS)

HCoV-NL&3

HCoV-229E
Usually mild respiratory illness
HCoV-0C43

HKU1

Table 1 The different types of human coronaviruses [4].

2. Description

Coronavirus is a positive sense, single-stranded RNA genome virus [7]. It
consists of structural proteins: spike (S), envelope (E), membrane (M) and nucleocapsid
(N) [8] (Figure 1). Having an envelope makes it able to withstand mutations that can
interrupt its infectious cycle. Coronaviruses have one of the largest known genomes
consisting of 27 to 32 kb length which is more than double the length of the average
RNA virus genome [3]. Coronaviruses have a spherical shape and the spikes they have
are proteins that help the virus bind to cells. When seen under the microscope, the
spikes of coronaviruses look like a crown, and corona is the Latin for ‘crown’.
Detergents and alcohol disrupt the layer of membrane that is found underneath the
spikes, which is why soap and hand sanitizer gels are effective against the virus [4].
Coronaviruses own the capacity of proofreading during replication which allows them

to have lower mutation rates when compared to other RNA viruses [9].
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Figure 1 The coronavirus virion [8].

3. Viral Cycle

The virus's life cycle has 5 important steps: attachment, penetration,
biosynthesis, maturation, and release. It starts when the virus binds to the host receptor
(attachment), followed by entering the host cells either through endocytosis or
membrane fusion (penetration). When there is release of contents of the virus inside the
host cell, the viral RNA enters the host nucleus for replication. This viral mMRNA is used
to synthesize new viral proteins (biosynthesis) and finally new viral particles are made

(maturation) and released [10].

a. Attachment and Penetration

The first and most important step of coronavirus infection includes the specific
binding of the coronavirus spike protein (S) to the cellular receptors of the host. Several
of these receptors have already been identified and include human aminopeptidase N
(APN) for HCoV-229E, angiotensin-converting enzyme 2 (ACE2) for HCoV-NL63,
SARS-CoV and SARS-CoV-2 and dipeptidyl peptidase 4 (DPP4) for MERS-CoV [8].
The coronavirus S proteins are divided into two functionally different parts: S1 is the
surface-exposed domain which includes the receptors-binding domain (RBD) that is

specific for binding to the host cell receptor, while the S2 domain consists of the heptad
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repeat regions and the fusion peptide which promote the fusion of viral and cellular
membranes [8]. After the outbreak of SARS-CoV in 2002, ACE2 was identified as the
receptor which is necessary for infection by SARS-CoV, and the high genomic and
structural similarity between the S proteins of SARS-CoV and SARS-CoV-2 confirmed
ACE?2 to be the receptor for SARS-CoV-2 [8]. When the S protein binds to the cellular
receptors (ACEZ2) along with host factors (cell surface serine protease TMPRSS?2) it
promotes viral uptake and fusion at the cellular or endosomal membrane [8] (Figure 2).
Between the S protein of SARS-CoV-2 and ACEZ2 is a unique salt-bridge interaction
which allows the enhancement of binding affinity [3]. A structural analysis done by
Chen et al. [11], showed that S protein of SARS-CoV-2 binds to ACE2. ACEZ2 is highly
expressed in the lung, heart, ileum, kidney and bladder [12].

Spike (S) protein, a transmembrane trimeric glycoprotein, protrudes out of the
viral surface [10]. When the spike binds to the host receptor, it undergoes a protease
cleavage that includes 2 steps: cleavage at the S1/S2 cleavage site for priming and
activation cleavage at the S2 site [13] [14] [15]. After the cleavage, S1 and S2 remain
non-covalently bound, and the S1 stabilizes the membrane bound S2 subunit at the
perfusion state [16]. Meanwhile the cleavage at the S2 site activates the spike for fusion
by irreversible conformational changes [10].

A distinctive feature of SARS-CoV-2 is the existence of furin cleavage site at
the S1/S2 site [10]. The S1/S2 site is also subjected to cleavage by transmembrane
protease serine 2 (TMPRSS2) and cathepsin L [15] [17], but the presence of furin is

responsible for the pathogenicity of the virus [10].
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Figure 2 Viral entry through ACE2 and TMPRSS?2 [8].

b. Biosynthesis: Genome Translation

Coronaviruses have remarkably large RNA genomes with 5" and 3’ untranslated
regions. At the 5 end, there are two large open reading frames, ORFla and ORF1b.
ORF1la and ORF1b undergo translation and produce two polyproteins, ppla and pplab,
respectively. Both ppla and pplab produce post-translationally 16 non-structural
proteins: nspl-nspl6. Proteolytic release of nspl occurs rapidly and allows nspl to
target the host cell machinery [8]. Nsp2-11 supports viral replication and transcription
complex (RTC) functions by modulating intracellular membranes, host immune
evasion, and providing cofactors for replication. RTCs are found in convoluted
membrane structures that are derived from the rough endoplasmic reticulum and
anchored in place by viral transmembrane proteins [3]. On the other hand, nsp12-16 are
responsible for the viral RTC and also for RNA synthesis, RNA proofreading and RNA
modification [18] [19]. Most importantly, nsp14 is responsible for the 3’-5” exonuclease
activity, allowing the viral RNA to have a unique RNA proofreading function [8]

(Table 2).
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Nonstructural Protein - Function
(nsp)

mpl&ld Inhibition of (FN signaling and blocking of host innate immune response by promotion of cellular degradation and blocks translation of host's
HNA

nsp 2 Binding to prohibition protein

mspi & 5 Promoting cytokine expression and cleavage of viral polyprotein

mpd &b Contribute to structure of DMYs as transmembrane scaffold protein (DMVs formation

nsp 7/8 complex Processivity clamp for RNA polymerase by amms hexadecameric complex

nspd RMA binding protein phosphatase

nsp 10,16 & 14 Stimulation of ExoN and 2-0-MT activity

nsp 12 Replication enzyme |KNA-dependent RNA polymerase)

nsp 13 RNA helicase, 5 riphosphatase

nsp 4 Proofreading of viral genome

nsp 15 Viral endoribonuclease and chymotrypsin-like protease

nsp 16 Aveoiding MOAS recognition and inhibit innate immunity regulation

Table 2 Nonstructural proteins of coronaviruses and their function [20].

c. Biosynthesis: RNA Synthesis

Replication of the viral genome begins with synthesizing full-length negative
sense genomic copies that become templates for the generation of new positive-sense
genomic RNA [8]. Capping of the 5° end of the viral MRNA occurs cotranscriptionally
in the nucleus, and it is considered very important for the viral mMRNA stability,
translation initiation, and escape from the host innate immune system [3]. These new
genomes are used for translation in order to generate more nsps and RTCs.

It was proposed by Sawicki and Sawicki [21] that coronaviruses have a
distinctive feature of discontinuous viral transcription process that produces a set of 3’
and 5’ co-terminal subgenomic RNAs. During the synthesis of negative-strand RNA,
the RTC interrupts transcription when it comes across transcription regulatory
sequences (TRSs) that are located upstream of open reading frames (ORFs) in the 3’
end of the viral genome [8]. The discontinuous step during RNA synthesis allows an
interaction between complementary transcription regulatory sequences (TRSs) of newly

synthesized negative strand RNA and the positive strand genomic RNA [8]
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The biogenesis of replication organelles starts with the interaction of nsps with the host
cell factors during the replication cycle [8]. Replication organelles prevent the exposure

of viral replication intermediates to cytosolic innate immune sensors [8].

d. Maturation and Release

After the translation of subgenomic proteins into structural proteins (for
example, M, S and E), these move into the endoplasmic reticulum-Golgi intermediate
compartment (ERGIC) [20]. The M protein is important for the protein-protein
interactions needed for the assembly of coronaviruses, unlike the S protein, which is not
required for the assembly, but its ability to interact with the M protein allows it to be
incorporated into the virions [21]. The nucleocapsids (N) go into the cytoplasm where
they assemble joining the ERGIC and forming a mature virion in the golgi vesicle [20]
[23]. The M protein can bind to the nucleocapsid N and lead to the completion of the
viral assembly [22]. The mature virion finally leaves the infected cell by exocytosis

[23].

B. COVID-19
Towards the end of 2019, a new coronavirus (SARS-CoV-2) has been identified.
At the beginning of 2020 the World Health Organization (WHO) named the disease

COVID-19, that stands for coronavirus 2019 [4] [24].

1. Epidemiology
In December 2019, the very first case of COVID-19 was found in Wuhan, China.

After that, it rapidly spread to other parts of the world becoming a global pandemic by
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the beginning of 2020. According to the Lebanese Ministry of Public Health, it reached
the Middle East, specifically Lebanon, on 21 February 2020. According to the
Worldometer till 9 March 2021, there were over 100 million confirmed cases, with

more than 2.5 million deaths [25].

2. Mechanism of Spread
An epidemiologic investigation was initially done in Wuhan, China, and
associated with a seafood market that sells live animals. However, the virus became a
pandemic through person-to-person spread [24]. The major challenge in the spread of
this virus is that asymptomatic and presymptomatic people are infectious, 1 to 3 days
prior to the onset of symptoms. There are two modes of viral transmission: direct and

indirect (Figure 3).

a. Direct Transmission

The primary means of transmission of SARS-CoV-2 is direct person-to-person
respiratory transmission [26]. The virus is released in respiratory secretions when an
infected person coughs, sneezes, or talks, and this can infect other people if it is inhaled
or makes direct contact with the mucous membrane [24]. The exposure and risk of
transmission are increased if the infected person is within close proximity (1-m length)
to the susceptible host [26]. Nevertheless, the risk of getting infected from an
asymptomatic individual is less than that of a symptomatic individual. In an analysis
done in Singapore, it was found that the risk of secondary infection was 3.85 times
higher in people who contacted symptomatic individuals compared with people who

contacted asymptomatic individuals [27].
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i. Airborne Transmission
Airborne transmission occurs via aerosols, which are particles less than 100 um
in diameter [28]. An aerosol formation can occur during surgical and dental procedures,
they can even be formed as droplets when a person is talking, sneezing or coughing
[26]. Li et al. [29], suggested that the postoperative cough training respiratory exercise
can produce a large amount of droplets and aerosols in the surrounding area. It is
important to mention that dentists are at a higher risk of exposure as their patients are

asked to gargle after oral procedures like drilling, extraction and drainage of dental

abscesses [26].

ii.  Body Fluids and Secretions
Other body fluids and secretions include saliva, urine, semen and tears [26]. In a
study done by Azzi et al. [30], the respiratory swabs of two patients showed negative
results while their salivary samples proved positive on the same day. The reason is that

the virus can easily travel from the nasopharynx, but may still be present in the oral

cavity since the epithelial cells of the oral mucosa highly express ACE2 receptors [31].

iii.  Mother-to-Child Transmission
In a study done by Yu et al. [32], the authors found that one out of seven
neonates tested positive for COVID-19 after 36 hours of birth. However, in two other
studies by Khan et al. [33] and Li et al. [29], all the neonates born to 14 pregnant

women tested negative for the virus indicating that transmission from mother-to-child

might be rare though not completely absent. Newborns might also be infected due to
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breastfeeding or due to inhalation of droplets produced by infected parents or healthcare

professionals [26].

iv.  Gastrointestinal Tract
Another mode of transmission is the gastrointestinal tract. For example, Xing et
al. [34] studied stools, and they found that the viral shedding in the stools occurred even
after the resolution of the symptoms and radiological findings. In contrast, samples from
the nasopharynx and oropharynx were found negative for viral nucleic acid. Another
study by Fan et al. [35] reported that an infant with COVID-19 continued to test

positive in the anal swabs even after 14 days of testing negative by nasopharyngeal

swab.

b. Indirect Transmission

Indirect transmission occurs via fomites or contaminated surfaces such as
furniture found within an infected person's immediate environment or via objects used
by the infected person such as the thermometer [26]. As a matter of fact, it is known
that SARS-CoV-2 remains viable for days on smooth surfaces such as stainless steel,
plastic and glass, allowing the transfer of an infection from contaminated surfaces to the
mucosa of the eyes, nose and mouth via unwashed hands [9] [24]. In addition, in a study
done in Singapore, viral RNA was detected all over the surfaces in the airborne
infection isolation room of a patient with mild symptoms of COVID-19 before routine

cleaning of the room [36].
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Figure 3 Modes of Transmission of COVID-19 [26].

3. Pathophysiology
COVID-19 disease is characterized by three phases: viral phase, inflammatory
phase and pro-coagulant phase, and the stages of clinical symptoms of patients infected

with SARS-CoV-2 widely range depending on the phases they go through (Figure 4).

Prophylactic-dose low-molecular-weight heparin (LMWH)

Stage | Stage Il Stage Il

R (Early infection) (Pulmonary phase) (Hyperinflammation phase)

A

Viral response phase

Time course

Figure 4 Phases and clinical stages of COVID-19. Adapted from Siddiqi et al. [37].
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a. Phase 1: Viral response phase

In COVID-19 infection, viral loads are usually at their peak just before or at the
symptom’s onset [38]. Using reverse transcription polymerase chain reaction (RT-
PCR), it is possible to test for an active virus infection since it detects the viral
ribonucleic acid (RNA) that is shed at different sites throughout the body [39]. With the
RT-PCR test, the cycle threshold (Ct) represents the number of replication cycles
needed to produce a fluorescent signal, whereby lower Ct values represent a higher viral
RNA load [38] (Figure 5).

Mallett et al. [39] showed that during the first 4 days of symptoms onset, 89% of
nasopharyngeal tests were positive for COVID-19, however 10 days after the
symptom’s onset, the chance for testing positive for COVID-19 is diminished. It is
important to mention that the upper respiratory tract (URT) sites are cleared of the virus
much faster than the lower respiratory tract (LRT) sites, which means that lower rates of
sample positivity are seen from URT sites [39]. Mallett et al. [39] also found that 39 out
of 89 participants had a shorter detection duration through fecal samples than
respiratory tract (RT) samples. Therefore, in order to have an early detection of the
COVID-19, it is better to start testing by using respiratory sampling, specifically upper
respiratory tract, while faecal sampling may be used to detect viral clearance as it is of

no use during the early stages [39].
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Figure 5 Estimated variation over time in RT-PCR diagnostic tests to detect SARS-
CoV-2 infection relative to symptom onset [38].

b. Phase 2: Inflammatory response phase

i Immune System

There are three main components for the innate immunity in the airway:
epithelial cells, alveolar macrophages and dendritic cells [10]. Both dendritic cells and
macrophages fight against viruses as innate immune cells until the adaptive immunity is
involved [40]. T cell mediated responses against coronaviruses are initiated by
presenting antigens through dendritic cells and macrophages [10]. Both dendritic cells
and macrophages are known to be able to phagocytize virus-infected apoptotic epithelial
cells thus leading to antigen presentation to T cells [10]. The antigen-presenting cells
move to the lymph nodes to present viral antigens to T cells. CD4" T cells activate B
cells to ensure the production of virus-specific antibodies, while the CD8" T cells have

the capability to kill virally infected cells [10]. It has been reported that patients with

severe diseases showed lymphopenia, specifically a reduction in peripheral blood T
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cells, and increased plasma concentrations of proinflammatory cytokines [41] [42]. The
more severe the conditions patients were in, the higher their IL-6 levels were, also CD4*
and CD8" T cells were activated in those patients, and exhaustion of T cells leads to the
progression of the disease [43] [41] [42]. In patients with severe COVID-19 infection,

there is infiltration of a large number of innate and adaptive inflammatory immune cells

in the lungs [10].

ii.  Antibodies

It is possible to detect COVID-19 infection by measuring the host immune
response to SARS-CoV-2 infection [38]. It is most important for patients who have
experienced mild to moderate illness, during which the total antibody levels begin to
increase starting from the second week of symptom onset [38] (Figure 5). The expected
antibody response is to observe an early increase in IgM followed by a rise in IgG levels
[44] [45] (Figure 6). However, serum IgG levels can also be seen at high levels either at
the same time or earlier than IgM during SARS-CoV-2 [46]. SARS-CoV-2 virus-
specific 1gG and IgM reach a peak 17-19 days and 20-22 days after symptom onset,
respectively [44]. When studying the seroconversion in infected patients, it was found
that a higher percentage of patients showed earlier 1gG seroconversion than IgM
seroconversion [47]. In a study by Guo et al. [48], it took 5 days (range 3-6 days) for
specific IgM and IgA antibodies to develop, and 14 days (range 10-18 days) for specific
IgG to develop after the symptom’s onset. On the other hand, To et al. [47] and Xiang et

al. [49] found that seroconversion of IgM and IgG in patients infected with COVID-19

takes place between the third and fourth week of clinical illness. By the 5™ week, IgM
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starts to decrease reaching lower levels and diminishes by the 7" week; however IgG

still shows high levels even after the 71" week [50] (Figure 5).
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Figure 6 Specific antibody response to SARS-CoV-2 [44].

iii.  Cytokine Storm

Similar to SARS and MERS, cytokine storm is a common feature in severe
COVID-19 cases and a major reason for ARDS and multiorgan failure.

Cytokine storm is a complex network of several molecular events that have a
common clinical phenotype of systemic inflammation, multiorgan failure and hyper-
ferritinemia [44]. Cytokine storm is mainly induced by the activation of large numbers
of white blood cells, B cells, T cells, NK cells, macrophages, dendritic cells,
neutrophils, monocytes and resident tissue cells such as epithelial and endothelial cells
that release high amounts of pro-inflammatory cytokines [44]. Evidence suggests that

the virus-activated “cytokine syndrome storm” is the major reason of mortality in

COVID-19 cases. Also, the presence of lymphopenia and cytokine storm together play a
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major role in the pathogenesis of severe COVID-19 [44]. Patients with fever have
increased circulating cytokines that are tolerated in mild cases, yet they become a tissue

damaging storm in patients with severe COVID infection [44].

c. Phase 3: Procoagulant phase

Other than respiratory symptoms, thrombosis and pulmonary embolism were
reported in severe diseases along with elevated D-dimer and fibrinogen levels [10]. In a
study by Han et al. [51], it was found that anti-thrombin (AT) levels were higher in
healthy people, in contrast to the levels of D-dimer, fibrinogen degradation products
(FDP) and fibrinogen (FIB) that were higher in COVID-19 patients. Coagulation is
considered part of a physiological response because it has been shown to occur due to
infections [52] [53] [54] [55]. Although coagulation causes serious illness, it is
considered to have an immune function, thus potentially being a defense mechanism
against critical infections [56]. Therefore, it is advisable to monitor D-dimer and FDP
levels in patients with COVID-19 since both were found to be particularly predictive of
infection progression [51]. These markers also project new onset thrombotic events with
25% of critically ill COVID-19 patients developing venous thromboembolism (VTE)

[57], and less commonly so for arterial thrombosis [58].

4. Symptoms and Severity of COVID-19

According to the Centers for Disease Control and Prevention (CDC) people may
start to experience COVID-19 symptoms 2-14 days after exposure to SARS-CoV-2.
Most of the COVID-19 patients recover after mild and moderate disease within one

week; however, some patients develop the severe disease in the second week such as
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pneumonia followed by cytokine storm, ARDS, multi-organ failure and disseminated

intravascular coagulation (DIC) within the third week of the disease [44].

a. Clinical Stage I: Mild

Stage | is classified as Early Infection by Siddiqi et al. [37], whereby most
patients experience mild symptoms suggestive of upper respiratory tract infections.
General initial symptoms include fever, chills, cough, nasal congestion, headache, and
sore throat. Patients might also experience gastrointestinal symptoms such as nausea,
vomiting and diarrhea. It was reported that many people have gastrointestinal symptoms
before even having fever or lower respiratory tract signs [59]. Symptoms are also
considered mild when there is loss of smell (anosmia) or loss of taste (ageusia) which

are more common in women than men [60].

b. Clinical Stage 1l: Moderate

Siddigi et al. [37] named this stage the Pulmonary phase (Figure 4), whereby
the patient has inflammation in the lung [37]. A patient is considered to have moderate
symptoms when radiographic or clinical proofs of lower respiratory tract disease show a
blood oxygen saturation of 94% or higher [1]. According to the WHO clinical
progression scale [61], patients are considered to have moderate disease if they are

hospitalized with or without oxygen therapy by mask or nasal prongs.

c. Clinical Stage Ill: Severe

A patient’s symptoms are considered severe when he has marked tachypnea,

hypoxia and lung infiltrates [62] [63] [64]. ACEZ2 is highly expressed on the apical side
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of lung epithelial cells in the alveolar space, which is why the virus enters and destroys
them [10]. Respiratory failure, shock and multi-organ dysfunction or failure are
considered among the symptoms of critical illness [1] (Figure 7). Lymphopenia is found
to be common among people who are experiencing severe COVID-19 symptoms [65]
[43] (Figure 8).

According to the WHO clinical progression scale [61], patients are considered to
have severe disease when, during their hospitalization, they require oxygen by non-
invasive ventilation (NIV) or high flow, intubation, mechanical ventilation,
vasopressors and dialysis.

This stage is known as hyperinflammatory phase [37] (Figure 4), where the
patient can suddenly develop ARDS. A critically ill individual might develop ARDS
after 8-9 days from symptom onset [43]. Patients with ARDS have difficulty inhaling
oxygen as their lungs are filled with fluid and cell-free hemoglobin (CFH) occupying
most of the airspace [44]. In addition, infected people have further difficulty breathing
because of systemic destruction of red blood cells, leading to oxidized iron ions in the
ferric state leading to CFH [44]. Of note that, CFH contributes to the cytokine storm
since it increases proinflammatory cytokine expression and paracellular permeability
[44]. Pathogenesis of ARDS is described by the presence of endothelial damage and
increased capillary endothelial cell permeability in the lungs that cause fluid leakage
into the pulmonary parenchyma [120]. The endothelial cell gaps allow the passage of
fluid, neutrophils and cytokines into the pulmonary parenchymal space [44]; it appears

within minutes to hours after acute lung injury (Figures 7 and 8).
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Figure 7 Different clinical stages of COVID-19. Adapted from Azkur et al.
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Figure 8 Pathogenesis of severe COVID-19 [44].

5. Renin-Angiotensin System and COVID-19
The renin-angiotensin system is a key factor for homeostasis since it regulates

the blood pressure and electrolyte and water imbalance [66]. Following the cleavage of
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angiotensinogen into angiotensin | by renin which is secreted by juxtaglomerular cells
[67] [68], angiotensin | is further converted into angiotensin 11 by ACE. Angiotensin Il
works by activating one of the two pathways whose receptors, angiotensin Il receptor
type 1 (AT1R) and angiotensin Il receptor type 2 (AT2R), have counteracting effects
[69]. AT1R causes vasoconstriction, hypertension and promotes inflammation;
however, Angiotensin Il may further be converted into angiotensin IV that binds to
ATA4R causing thrombosis [70]. On the other hand, Angiotensin I may also bind to
AT2R which has a protective and regenerating role in mediating vasodilation and
natriuresis [71]. Angiotensin Il, which is the key factor in achieving equilibrium, can
also be inactivated by ACE2 and transformed into angiotensin 1-7 which in turn binds
to Mas receptors leading to vasodilation and hypotension [70].

When the S protein of SARS-CoV-2 binds to ACE2 receptors, this leads to
lower levels of ACE2 and lesser angiotensin Il inactivation, thus inhibiting the
ACE2/Ang-(1-7)/Mas receptor pathway and altering the balance of RAS [72]. This
leads to overstimulation of AT1R and conversion of angiotensin Il into angiotensin 1V
potentially further complicating the symptoms of COVID-19 by promoting thrombosis

and vasoconstriction [70] (Figure 9).
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Figure 9 The interaction between the renin-angiotensin system and SARS-CoV-2 virus
[70].

6. Risk Factors

Several risk factors play an important role in the extent of the severity of the
infection and the risk of developing illness from COVID-19, with most being linked to
ACE2 expression including comorbidities such as hypertension, diabetes, renal disease,

and COPD.

a. Age
i. Children
According to the CDC, children with COVID-19 have mild symptoms or none
at all; however, children with medical conditions may have an increased risk of severe
illness and death from COVID-19. There is a difference between the severity of
COVID-19 and the duration of the virus-shedding period, whereby children have fewer

viral loads even after getting infected with COVID-19 [10]. A possibility could be due
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to ACE2 expression. For instance, a previously done study by Jia et al. [73], showed
that ACE2 is found more abundantly on well-differentiated ciliated epithelial cells, and
since human lung and epithelial cells continue to develop after birth, ACE2 expression
is lower in children [10]. Also, other viruses present in the lungs and airway mucosa,
which are common in children, compete with SARS-CoV-2 and limit its growth [10]. In
a youthful system, alveolar macrophages recognize the infected pneumocytes, release
cytokines, and present antigens to T cells. T cells, in return, kill the infected cells to

prevent the spread of the virus [74].

ii.  Adults
It has been reported that older age is an independent predictor of mortality in

SARS and MERS. With aging, there is an increase in proinflammatory cytokines
responsible for the function of neutrophils related to the severity of ARDS [10]. With
aging, the immune system undergoes immunosenescence which is a gradual decline in
immune function, thus affecting pathogen recognition, alert signaling and clearance. A
chronic increase in systemic inflammation also occurs, called inflammation, which
arises from an overactive but ineffective alert system. Both immunosenescence and
inflammaging are described as major drivers of the high mortality rates in older
patients. In an aged system, a limited reserve of T cell receptors and defective
macrophages is less effective thus more cells are infected leading to a greater viral
replication. This allows the endothelial cell lining of the capillary to become inflamed,
fibroblasts to become activated, and the viral components to enter the bloodstream

leading to acute lung injury and ARDS [74]. With aging, there is continuous antigen

stimulation and a shift from naive T cells to central memory T cells due to thymic
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involution. This process is accompanied by the loss of expression of co-stimulatory
molecules, CD27 and CD28, with increased susceptibility to infections [10] (Figure

10).
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Figure 10 Ineffective clearance of SARS-CoV-2 infection in the aged respiratory
system [74].

b. Sex

Males are more susceptible to SARS-CoV-2 than females for many reasons.
First, the ACE2 receptor which has a very important role in the entry of the virus, is
found on the X chromosome [75]. Second, the male sex hormone testosterone is known
to suppress the immune system, while oestradiol protects women from infectious
diseases by increasing T cell responses and antibody production. This suggests a
potential protective effect of oestradiol against inflammatory immune responses
associated with mortality in COVID-19 [76]. Third, there are sex differences in the
innate and adaptive immune systems that may give the female an advantage in COVID-

19. For instance, with respect to the adaptive immune system, females present higher
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numbers of CD4+ T cells, more CD8+ T cell cytotoxic activity and increased B cell
production of immunoglobin compared to males [76]. Fourth, the X chromosome
contains many immune-related genes that may be variably expressed on both alleles in
immune cells in females, which increases the immune response diversity. It has been
reported that women achieve equivalent protective antibody titers to males at half the
dose of trivalent inactivated seasonal influenza vaccination (T1V), and serum
testosterone levels inversely correlate with TIV antibody titers [77]. Also, B cells in
females produce more antigen-specific 1gG in response to TIV [78]. All these findings
show the increased capacity of females to achieve humoral immune responses compared
to males [76]. Females also produce more type 1 interferon when toll-like receptor 7

senses a viral RNA than males, which is important for the early response in COVID-19.

c. Blood Group

When SARS-CoV-1 became an epidemic, Cheng et al. [79] suggested that blood
groups are related to this disease whereby group O individuals were less susceptible.
This trend was also seen in SARS-CoV-2 [80]. In a study by Li et al. [81], the
percentage of group A infected individuals was much higher than in the healthy controls
whereas group O was lower, but it is important to mention that group A individuals had
more underlying comorbidities. It has been shown that anti-A was seen less in infected
patients compared to those who lack anti-A [80]. Li et al. [81] showed a higher risk of
hospitalization for blood group A SARS-CoV-2 infected individuals compared to those
of blood group O that were at lower risk. In addition, and in a prospective observational
study of critically ill patients with COVID-19 in Canada, the authors found that people

with blood group A or AB had a prolonged intensive care unit admission and a higher
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risk of requiring mechanical ventilation in comparison to blood group O or B patients
[82]. Additionally, it was found that the anti-A antibodies in group B individuals were
less protective than the anti-A antibodies in group O individuals, which is expected to
be due to the higher levels of IgG anti-A and B in plasma of group O individuals [83].
Interestingly, Latz et al. [84], showed that individuals who have the Rhesus blood group
had higher chances to test positive for SARS-CoV-2.

There have been few proposed mechanisms for the potential association between
ABO blood groups and COVID-19 disease severity. The antigens of ABO blood groups
are oligosaccharides found on red blood cells and other types of cells, allowing anti-A
antibodies to bind to A antigens found on the viral envelope leading to prevention of
infection of the target cells [80]. There has been a hypothesis, which was later proven
by Guillon et al. [85], that the human anti-A antibody can bind to the S protein of
SARS-CoV-2 thus preventing the interaction between ACE2 receptor and S protein
[80]. Furthermore, it is notable that blood group A individuals have higher levels of
Von Willebrand factor (VWF) and clotting factor V111 [80]. VWEF is responsible for the
protection of factor V111 from proteolytic degradation [86]; thus high levels of VWF

lead to thrombosis [87] [88] (Figure 11).

34



ABO Blood Group and the Risk of SARS-CoV-2 Infection and Disease Severity

. o Group A may be associated with a
. Group O may be associated with a g i 4 :
&’ = lower risk of SARS-COV-2 infection =§.‘ B higher risk of SARS-COV-2 infection
) 1 along with severe disease

Possible Mechanisms:

E
o W I Y- © e [ M-
2, 7 = > Increased ACE-1 activi
o f.\ infeclion (0] ,‘\ i in Group A individuals‘t‘{ o ,‘l\ 0 h
o+ blocked +£ }‘ blocked P
/k }\ }‘ ‘( predisposes to
AlantiA cardiovascular
}F lr/ “-4:( r *—r complications (severe ‘.‘ r* T »
= : e o i govinan) ‘_%if _______ :%-j __________
(Fa ) o ] Abfecns ¥ enhanced ~y
A b
A \>J infection A v infection o 7 infection 2 A !, |.L_\|J
U L Higher levels of VWF and L U
Anti-A antibodies in Anti-A antibodies in gl Wl el ABH glycans on SARS- | ABH glycans on target
Group O individuals bind Group O individuals bind |v.\c€|vrduals contrlbute‘te CoV-2 S protein enhance | cells serve as alternative
A antigen in viral A antigen on SARS-CoV-2 "'_Sk of thromboembolic binding to ACE2 receptors for SARS-CoV-2,
envelope blocking S protein blocking disease & severe COVID-19 enhancing infection
infection infection

Figure 11 Graphical summary of proposed mechanisms for the association between
ABO blood groups and SARS-CoV-2 infection [80].

d. Smoking

Cai et al. [89] evaluated the effect of smoking on the expression of pulmonary
ACE2 and found that smoking causes bronchial epithelial cell remodeling along with
hyperplasia of goblet cells where ACE2 gene is mainly expressed. Another recent study
by Lukassen et al. [90] indicated that smokers have a risk of experiencing COVID-19
infection complications depending on their ACE2 expression profiles, contributing to
differences in the susceptibility of infection, the severity of the disease and treatment
outcome [89]. It was observed in a systematic review and meta-analysis that current
smokers had a lower risk of being hospitalized with COVID-19 [169]. The studies also
showed that current smokers had a higher risk of experiencing adverse outcomes when
compared to non-smokers; however, when compared to former smokers they were less
likely to have adverse outcomes [169]. The reason behind the higher risk of adverse

outcomes in former smokers is still unclear.
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Pulmonary cells have nicotinic receptors [91] [92] and nicotine upregulates the
expression and/or activity of ACE [93]. For instance, in a study done by Cai et al. [89],
it was found that ever smokers have an upregulation of ACE2 gene expression in the
lungs, suggesting that smokers have an increased risk for SARS-CoV-2 entry and its
binding to ACE2.

The effect of nicotine from smoking on ACE2 could be through angiotensin 11
and AT1R [94] (Figure 12). Oakes et al. [93] supported this, who found that nicotine
increases the expression and/or activity of renin, ACE and AT1R through
ACE/Angiotensin II/AT1R pathway, whereas it decreases the expression and/or activity
of AT2R. Oakes et al. [93] also mentioned that nicotinic receptor activation leads to the
cleavage and activation of S protein of SARS-CoV-2 through enhanced protease
activation. Interestingly, furin was also found to be upregulated due to smoking but not
to the extent of ACE2 [89].

Although it is very clear that smoking has its own side effects on the human
body notwithstanding COVID-19; there are possible mechanisms through which
smoking might be helpful in the course of COVID-19 disease. Usman et al. [174],
discussed the possible interactions that could occur between smoking and COVID-109.
Nicotine is considered to be protective by potentially inhibiting the production of pro-
inflammatory cytokines without affecting the anti-inflammatory cytokines [175].
Moreover with smoking, nitric oxide is produced and it has the ability to inhibit the
replication of SARS-CoV-2 inside the human cell [176]. Another possible mechanism

could be the upregulation of ACE2 which is an anti-inflammatory protein [174].
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Figure 12 The interaction between the renin-angiotensin system and nicotine [93].

e. Comorbidities

Older patients or people of any age who have underlying medical conditions
have even worse outcomes when infected with COVID-19. It was observed that these
comorbidities also increase the chances of infection (Figure 13). The elderly with
chronic health conditions such as diabetes, cardiovascular or lung disease are at higher
risk of developing severe illness and at a higher risk of death if they get ill [95]. People
with chronic obstructive pulmonary disease (COPD) or other respiratory illnesses are
also at a higher risk for severe illness when infected with COVID-19 [95]. It is also
important to mention that patients with asthma are at a disadvantage since the virus
affects the respiratory tract, leading to more asthmatic attacks, pneumonia and acute
respiratory distress [95]. Common comorbidities such as hypertension, diabetes, COPD,
cardio-cerebrovascular disease and obesity were found to be more significant risk
factors when compared with other underlying medical conditions [95]. The mechanisms
behind these associations vary though the most compelling link is the increased

expression of ACE2 as seen in Table 3 below.
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Figure 13 Comorbidities associated with COVID-19 infection [95].

5 No, Disease SARS-CoV-2 targets Symptoms

1 Hypertension Upregulate ACE-2 expression Increased blood pressure with
preumaonia

2 COPD Upregulate ACE-2 expression Severe hypoxemia

3 oD Impaired immune system Myocardial injury, heart attack

Liver diseases

ACE-2 expression in liver cells, ie.,
cholangiocytes, endothelial cells
hepatocytes, and Kupifer cells

Elevated serum aminotransferases

5 Malignancy Impaired immune system Adult respiratory distress syndrome

[ Asthma Delayed innate antiviral immune Chronic respiratory diseases along
response and delayed secretion of with pneumonia-like symptoms
IFN-k

7 Renal diseases Increase secretion of enzymes, Acute kidney injury (AKI)
dipeptidyl peptidase-4 and
angiotensin-converting enzyme
[ACE-2)

B HIV Antiretroviral therapy (ART) with the Pneumaonia like symptoms with
impaired immune system and ACE-2 jaundice
receptor in the lungs

9 Obesity The abnormal secretions of cytokines, Chronic low-grade inflammation of
adipokines, and interferons abdominal obesity with effect on

bronchi and lung parenchyma
10 Diabetes ACE-2 expression, impaired T-cell Pneumonia like symptoms

function and increased interleukin-G
(IL-6)

Table 3 Comorbidities, symptoms and targets concerning SARS-CoV-2 [97].

i. Diabetes

Patients with type 2 diabetes are more likely to have increased severity of

COVID-19 [95]. A cohort study [96] showed that patients with type 2 diabetes needed

increased interventions during their hospital stay versus non-diabetic patients, and those
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with more inadequate blood glucose levels had an increased mortality rate than those
with better glucose control. People with diabetes are more prone to get infections
because of impaired phagocytic cell capabilities [97]. In addition, according to the
Mendelian randomization analysis, an elevated level of ACE2 receptors is found to be
related to diabetes [97]. Furthermore, furin, a proprotein convertase involved in the
entry of the virus inside the host cell, is expressed in high levels in diabetic patients
[97]. A dysregulated immune response together with increased ACE2 receptors and
furin expression lead to a higher lung inflammation rate and lower insulin levels [97].
ii.  Hypertension

A study done by Lippi et al. [98] stated that hypertension is a risk factor for
developing severe COVID-19. Uncontrolled hypertension is associated with COVID-19
infection coupled with a high case fatality rate [97]. In a cohort study done by Qin et al.
[99], the authors observed that 44% of the COVID-19 infected patients showed at least
a single underlying disorder; however, a higher percentage of hypertension was seen in
severe cases. The reason why patients with hypertension have a higher risk to develop
severe symptoms of COVID-19 is unclear [100]; however, it is believed that when
hypertension is treated with ACE inhibitors, this leads to the upregulation of ACE2
receptors which may help to get infected with COVID-19 [101].

iii.  Obesity

Obesity is one of the less highlighted comorbidities though it is an important

risk factor for COVID-19 disease severity. Obesity, defined as a body mass index

(BMI) above 30kg/m2, is directly related to having a reduced oxygen saturation of
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blood by compromised ventilation at the base of the lungs [97]. Moreover, Emilsson et
al. [102] have observed that obese patients have higher levels of circulating ACE2 thus
increasing the susceptibility of getting infected by SARS-CoV-2. Obesity may also be
associated with low-grade inflammation, mainly due to abnormal secretions of

cytokines, adipokines, and interferon, leading to a compromised immune response [97].

iv.  Cardiovascular Disease (CVD) and Hypercoagulable State

It turns out that there is a bidirectional interaction between CVD,
hypercoagulable state and COVID-19 infections. For instance, Huang et al. [43] and
Wang et al. [103] found that CVD increased the risk of mortality in COVID-19 infected
patients. In addition, COVID-19 was also found to facilitate the development of
cardiovascular disorders such as arrhythmia, myocardial injury, acute coronary
syndrome and venous thromboembolism [104] [105] [106] (Figure 14).

In a multicenter cohort study by Zhou et al. [107], 33 out of 191 patients with
COVID-19 had acute cardiac injury, of whom 32 died. Another report done in Wuhan
showed that 5 out of 41 patients with COVID-19 showed myocardial injury along with
elevated troponin | levels, 4 of whom had to be admitted to the ICU [43].

It was found that COVID-19 can also activate acute coronary syndrome (ACS)
[108]. The pathway leading to COVID-19 induced ACS might include plaque rupture,
coronary spasm or microthrombi [109] [110]. Libby et al. [109] found that activated
macrophages produce a tissue factor which is a procoagulant thus leads to the formation
of thrombus when there is plagque rupture.

In a study involving 799 patients from Wuhan by Chen et al. [111], the authors

found that heart failure was one of the most common observed complications of
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COVID-19, with a high percentage of incidence of 49% in patients who died and 24%
in all patients. In another study done by Mehra et al. [112], the authors found that
elderly patients who have reduced diastolic function are prone to develop heart failure
with preserved EF during COVID-19 infection.

Arrhythmias were observed by Guo et al. [105] to be an important symptom of
COVID-19 in individuals who do not report fever or cough. Furthermore, a study done
in Wuhan included 187 hospitalized patients with COVID-19 among which those who
had increased levels of troponin T had higher chances to develop malignant arrhythmias
[113].

As for hypercoagulation, De Rosa et al. [115] found that coagulation
abnormalities were correlated with COVID-19 resulting in thromboembolic events
(Figure 14). Individuals infected with COVID-19 were found to have elevated D-dimer
levels, diminished platelet counts and extended prothrombin time [114]. Panigada et al.
[116] and Ranucci et al. [117] observed that patients infected with COVID-19 have
increasing fibrinogen and factor V111 levels, which are among the reason behind the

occurrence of the hypercoagulable state.
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Figure 14 Bidirectional interaction between cardiovascular diseases and COVID-19
[114].

v.  Cancer
Cancer is believed to increase the risk of getting infected with severe symptoms
of COVID-19 [118] [119] [120]. The reason behind this is the weak immunity due to
chemotherapy, the existence of cardiovascular risk factors such as diabetes and
hypertension, and the cardiotoxicity of cancer treatment [118]. Furthermore, Liang et al.
[120] showed that patients with cancer have a poorer outcome from COVID-19, thus
suggesting the potential need to postpone chemotherapy, to wear stronger personal

protection provisions, and to observe these patients better, especially if they are older

and have at least a single underlying comorbidity.
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vi.  Chronic Kidney Disease (CKD)
CKD is the comorbidity that is associated with the highest risk for severe
COVID-19 [122]. Williamson et al. [123] showed that CKD causes a low-level

inflammation and baseline lymphopenia, which are why patients with CKD suffer from

severe COVID-109.

vii.  Dyslipidemia

Data around dyslipidemia and COVID-19 is a bit controversial though a meta-
analysis done by Hariyanto et al. [124] showed that dyslipidemia could increase the risk
of getting infected with severe COVID-109. It is believed that the high levels of LDL in
patients with dyslipidemia increase the inflammatory gene expression by interacting
with macrophages found in atherosclerotic plaques [124]. The high levels of
proinflammatory cytokines lead to severe outcomes by causing the occurrence of
cytokine storm [125]. Another reason could be the low levels of HDL in patients with
dyslipidemia that is inversely related to the C-reactive protein (CRP) levels [126], and
poorly regulate the innate immunity that is the defense mechanism of the body against
infections [127]. Kim et al. [128] also observed that the buildup of triglycerides and

LDL leads to endothelial dysfunction, the latter being important in COVID-19, as it is

where ACE?2 receptors are expressed [129].

f. Angiotensin Converting Enzyme Inhibitors & ARBs

The RAS is targeted in the treatment of morbidities such as hypertension and
heart disease. Drugs include ACE inhibitors (ACE-1) and angiotensin receptor blockers

(ARBs) that inhibit the ACE/Ang II/AT1R pathway [130]. ACE inhibitors inhibit the
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transformation of angiotensin | into angiotensin I, which will further inhibit the effects
of both AT1R and AT2R [131] (Figure 9). ACE inhibitors also inhibit the
transformation of angiotensin Il into angiotensin 1-7; however, the latter would still be
formed by endopeptidases which degrade angiotensin | [66].

There are two opposing hypotheses and findings of the effect of ACE inhibitors
and ARBs on patients with COVID-19 [132]:

As seen in the right upper panel of Figure 15, using RAS inhibitors increases
the availability of ACEZ2, leading to more viral binding compared to the upper left panel
of Figure 15. This is because inhibiting ACE with ACEIs diminishes the availability of
angiotensin |1, leading to an increase in the number of free ACE2 receptors available,
thus increasing general inflammation.

On the other hand, without RAS inhibitors after SARS-CoV-2 binding,
angiotensin Il will bind to AT1R, causing inflammation and fibrosis, as seen in the
lower left panel of Figure 15. However, as seen in the lower right panel of Figure 15,
using ACE inhibitors decreases the angiotensin Il levels and facilitate the production of
angiotensin 1-7 and ARBs blocks AT1R and activate Mas receptor, both of which

would inhibit inflammation and fibrosis and yield positive effects on the lung.
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Figure 15 Possible effects of renin-angiotensin system inhibition on COVID-19 [133].

C. Genetics

Despite the absence of obvious risk factors such as age, sex and comorbidities,
there may be differences in contracting the COVID-19 disease or its severity, a
phenomenon that can be partially explained by genetic susceptibility [134].

To date, there have been a number of studies looking at COVID-19 and host
genetics, some of which were based on historic genetic data and others on actual case
control studies. Below is a detailed review of the genetic literature for TMPRSS2, ACE2

and ACEL1 genes (Table 4).

45



1. Transmembrane Protease Serine 2

TMPRSS2 is related to COVID-19 [135] since its expression facilitates the entry
of SARS-CoV-2 into the host cells through ACE2 [17] [136] [137] [138]. Functional
studies have shown that synthetic mutations near the S1-S2 site of the S protein of
SARS-CoV-2 increase the viral membrane fusion by several folds [13]. From this data,
Bhattacharyya et al. [139] performed an In-Silico analysis to predict the cleavage site by
knowing the sequence of the S protein of the COVID-19 virus. They found that there is
a geographic spread of different subtypes of SARS-CoV-2, and that the A2a subtype,
that causes a non-synonymous Aspartate (D) to Glycine (G) (D614G) mutation in the S
protein leading to having an additional cleavage site, has the highest frequency [139].
The spread of A2a subtype started from China in January 2020 which rapidly reached
Europe, and by the end of February 2020 the frequency of A2a subtype increased in
Europe and North America compared to China and other East Asian countries where the
frequency remained low [139]. The A2a subtype alone was, however, not enough to
explain the rapid rise in the frequency of SARS-CoV-2 infected individuals in Europe,
which led Bhattacharyya et al. [139] to identify 136 eQTLs that are significantly
associated with the expression of TMPRSS2 through GTEx data [140] and for further
analysis, they selected non-silent polymorphic variants of TMPRSS2. The eQTL
rs35074065 was found to have the strongest association whereby the variant allele,
which is the deletion of nucleotide C, increases the expression of the TMPRSS2 gene,
thus increasing the susceptibility to SARS-CoV-2 infection [139]. DelC was found to be
most common in Europeans and less so in East Asians, indicating its potentially
protective role against SARS-CoV-2 infection, and concluding that the frequency of

A2a subtype is strongly related to the delC allele frequency [139]. Along these same
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lines, Russo et al. [141] showed that the allele delC of TMPRSS2 variant rs35074065
that is common in Europeans and potentially associated with higher COVID-19 related
mortality, to significantly increase the expression of TMPRSS2. Moreover, the
alternative A allele of rs13052975, a common variant in East Asian populations, was
found to be protective against severe COVID-19 disease since it decreases the
expression of TMPRSS2 [141].

It has been suggested that the susceptibility and risk of SARS-CoV-2 infection is
greatly influenced by genetic variations particularly ACE2 and TMPRSS2, which led
Torre-Fuentes et al. [135] to perform a whole-exome sequencing to analyze the
frequencies of ACE2, TMPRSS2 and Furin genes. The study included a cohort of 120
individuals from Madrid, Spain out of whom 45 were diagnosed with multiple sclerosis
(MS) according to the McDonald criteria [142]. The authors found no significant results
for ACE2 and Furin genes; however, two synonymous TMPRSS2 variants rs61735792
and rs6173574 were found to be significantly associated with SARS-CoV-2 infection
[135]. Furthermore, Hou et al. [143], by using the quantitative trait loci QTLbase
database [144], found an expression quantitative trait loci (eQTL) that is associated with
a non-synonymous variant of TMPRSS2 rs12329760. According to Hou et al. [143]
p.Val160Met (rs12329760), which is found in all populations with a high allele

frequency (~25%), may explain the distinctive genetic susceptibility to COVID-19.

2. Angiotensin Converting Enzyme 2
The S protein of SARS-CoV-2 is very important in the binding of the virus since
it recognizes the peptidase domain of ACE2 receptor [145] [146]. Based on this, Guo et

al. [147] analyzed the structural interactions between the ACE2 receptor and the S
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protein of SARS-CoV-2. The authors showed that the S protein of SARS binds to
ACE?2 in both closed and open state. They also stated that the structure of the ACE2
receptor could be deformed by deleterious missense variants [147]. Accordingly, they
showed that p.His378Arg (rs142984500) could diminish the catalytic activity of ACE2
receptor and destabilize its structure. They also showed that p.Arg219Cys/His
(rs372272603) significantly affects the interactions of the secondary structures [147].

Previous studies have found that rs2285666 variant of the ACE2 gene is
associated with hypertension [148] [149], with the G8790A transition leading to lower
ACE2 activity [150] [151]. Based on these findings, Gomez et al. [154] sequenced
intron and exon-flanking sequence of the ACE2 gene and found rs2285666 to be the
only significant variant. Their results were similar to previous studies showing that
rs2285666 is associated with hypertension; however, they found no significant
difference in patients with mild versus severe COVID-19 disease [152].

It was previously shown by Li et al. [153] that ACE2 variants can decrease the
interaction between the S protein of SARS-CoV and ACE2 receptor. This lead Cao et
al. [154] to study the expression level of ACE2 in different populations as a factor
behind the difference in susceptibility and outcome of SARS-CoV-2 infection.
Recently, and by performing single-cell RNA sequencing, it was shown that ACE2
expression is higher in Asian males [155]. In addition, Cao et al. [154] found 7 hotspot
variants in the ACE2 gene that are distributed in different populations. The eQTL
rs4646127 variant was found to have a high allele frequency (AF) in the East Asian
population (0.994) [154], confirming that the population of East Asia has a higher
expression of ACE2, hence the difference in susceptibility to SARS-CoV-2 infection

when compared to other populations.
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To date there have been no data on the association between ACE2 genetic
polymorphisms and severity outcome of COVID-19, until Wooster et al. [156] aimed to
study this potential link by genotyping for 61 ACE2 SNPs that showed to have a
significant association with ACE2 tissue mMRNA expression using the GTEX project
dataset [157]. 10 SNPs were found to be significantly correlated with ACE2 expression,
out of which 5 SNPs (rs6632680, rs4240157, rs1476524, rs2048683 and rs483065) lead
to a significant increase in the tissue expression of ACE2 which was associated with an
increase in the risk of hospitalization in patients with COVID-19 [156]. On the other
hand, rs1548474 ACE2 SNP was found to decrease the tissue expression of ACE2,
which was associated with lower chances of COVID-19 disease severity and a lesser

need for hospitalization [156].

3. Angiotensin Converting Enzyme 1

ACEL is another important factor besides ACEZ2 in the renin-angiotensin system,
making ACE1 a candidate gene in the studies of genetic polymorphisms and COVID-
19. Most studies evaluated the ACE1 insertion/deletion (I/D) variant that is represented
by four identifiers, rs4646994, rs4340, rs1799752 and rs13447447 [75], and was
previously shown to be associated with ARDS and poor outcomes [158]. ACE1 DD
leads to higher activity of the ACE1 enzyme, thus secondarily increasing the levels of
Angiotensin Il and lowering the expression of ACE2. This lowering of ACE2 could be
protective against viral infections, but may lead to higher cardiovascular and lung
pathologies due to the higher plasma levels of angiotensin 11 [152] [159] [160] (Figure

16).
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As a matter of fact, a study by Adamzik et al. [161] including 84 Caucasian
patients with ARDS has shown that patients with the DD genotype had a significantly
higher risk for COVID-19 related death. In addition, Gomez et al. [152] genotyped for
the 1/D polymorphism of ACE1 gene in 204 COVID-19 patients (67 severe-ICU and
137 non severe cases) and 536 controls to observe if there is an association with the
severity of SARS-CoV-2 infection. They found that the ACE1 DD genotype was
significantly higher among the severe COVID-19. Moreover, although not significant,
ACEL1 DD genotype was found to be higher in mild, severe and control hypertensive
individuals; however, no difference was found between controls and COVID-19
patients [152]. Furthermore, Annunziata et al. [162] aimed to seek whether there is a
correlation between ACEL I/D polymorphism and respiratory failure due to COVID-19.
Their study included 26 patients with COVID-19, out of whom 24 had severe
respiratory failure paO2/FiO2 < 100 mmHg [162]. They found that the critically ill
patients with paO2/FiO2 around 75.6+/-11.3 mmHg carried the ACE1 DD genotype,
while patients with paO2/FiO2 above 200 mmHg presented with ACE1 Il genotype
[162].

The distribution of the ACE1 I/D polymorphism was shown to be of major
geographical variability [163], which led several investigators to compare its
geographical distribution to COVID-19 susceptibility and severity in different
populations. For instance, Delanghe et al. [164] showed a significant association
between the frequentness of ACE1 D-allele in 25 European countries and mortality
caused by COVID-19. They also mentioned that both China and Korea have low D
allele frequencies suggesting that ACE1 1/D polymorphism may be the reason for the

severe outcome and spread of the SARS-CoV-2 virus in other countries [164].
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Moreover, Hatami et al. [7] performed an In Silico analysis to study the relationship
between the recovery rate of COVID-19 patients and ACE1 I/D polymorphism. They
found that, with a higher 1/D allele frequency ratio, the higher the recovery rate, though
they saw no significant change in the death rate [7]. The authors also postulated that
since the I/D allele frequency ratio is above 1 in East Asian countries (China and
Japan), this may be the reason why these populations have a higher recovery rate [7]. Li
et al. [165] also supported these results, who showed that America, Africa, Europe and
the Arab regions have a higher frequency of allele D, while East Asia appeared to have
a lower allele D frequency. All these data support the hypothesis that ACE1 I/D is
ethnically and geographically variable, which is associated with the different clinical
outcomes of COVID-19, whereby severe disease is experienced by populations who
have a higher frequency of D allele [166]. Of note, Yamamoto et al. [167] observed that
the European and the Middle Eastern populations have a higher probability of getting
infected by SARS-CoV-2 compared to other Asian populations. Importantly, their
correlation between COVID-19 mortality and ACEL1 Il genotype was weakened when
they added data from the Middle East, stating that the Middle East should be considered
an important factor for future studies [167]. This is especially the case since, and as per
Saab et al. [163], the Middle Eastern population, such as the Lebanese, have a lower
frequency of the ACEL | allele when compared to the D allele.

In conclusion, the presented data from the currently available literature shows
that most of the studied ACE2 variants lead to a change in the structure of the ACE2
receptor and ACE2 expression, thus potentially affecting the susceptibility of getting

infected by SARS-CoV-2. In comparison, the evaluated ACE1 variants are related to the
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severity of the COVID-19 disease by increasing the activity of the ACE1 enzyme and

leading to a reduction in ACE2 levels (See Table 4).
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Figure 16 Proposed mechanisms of ACE DD genotype in SARS-CoV-2 related severe
lung injury and its impact in a high-risk population [166].
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Gene Variant Type of Study Outcome Reference
TMPRSS2 | rs35074065 In Silico Susceptibility [139]
TMPRSS2 | rs61735792 Study Susceptibility [135]
rs61735794
TMPRSS2 | rs12329760 Big data frequency | Susceptibility [143]
TMPRSS2 | rs35074065 In Silico Susceptibility [141]
ACE2 rs372272603 In Silico Susceptibility [147]
rs142984500
ACE2 rs2285666 Study Susceptibility and | [152]
severity
ACE1 rs1799752/rs4340
ACE2 rs4646127 Big data frequency | Susceptibility [154]
ACE2 rs4240157 Study Severity [156]
rs6632680
rs4830965
rs1476524
rs2048683
rs1548474
ACE1 rs1799752/rs4340 | Study Severity [161]
ACE1l rs1799752/rs4340 | Study Severity [162]
ACE1 rs1799752/rs4340 | In Silico Severity [164]
ACE1l rs1799752/rs4340 | In Silico Severity [7]

Table 4 Summary of the genetic literature focusing on significant results for the

TMPRSS2, ACE2 and ACEL1 genes.
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CHAPTER II

AIMS

Individuals infected with the SARS-CoV-2 virus experience different symptoms
with varying severity. In addition, not all individuals get infected upon exposure to the
virus, hence highlighting inter-individual variability in the incidence and severity of
COVID-19. Risk factors such as age, sex and comorbidities play a major role in this
variability; however, genetics may also be important in driving the differences in the
incidence and severity of the disease.

The SARS-CoV-2 virus enters the host cell by the spike protein (S) binding to
ACEZ2, which is a major factor along with ACEL1 in the Renin-Angiotensin System
(RAS). Both ACE1 and ACE2 are key factors balancing the RAS, and their genetic
polymorphisms might explain the potential link between genetics and the incidence and
severity of COVID-19. Few studies show that ACE1 I/D polymorphism plays an
important role in the severity of the COVID-19 disease. More specifically, some
populations were shown to have more of the D allele coupled with worse COVID-19
outcomes. Data concerning the risk of contracting the disease is conflicting, and no
studies have yet been conducted on the Middle Eastern population such as the
Lebanese.

Aim 1: To evaluate the role of ACE I/D genetic polymorphism in the risk of contracting
the COVID-19 infection
Aim 2: To evaluate the role of ACE I/D genetic polymorphism on the outcome of the

COVID-19 infection
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CHAPTER II

METHODS

A. Human Subjects
The study was approved by the AUB Institutional Review Board (IRB) for
participant recruitment and peripheral blood sample collection, and was done in

partnership with AUBMC.

1. Recruitment

Recruitment was done at AUB and AUBMC premises. A person is considered to
be a potential recruit for the study if he/she presented to AUBMC for a PCR test for
COVID-19 with either positive or negative result, or was hospitalized at AUBMC
because of COVID infection, or presented to AUBMC for post-COVID persistent
symptoms.

After the explanations and acceptance of the individual to participate in the
study, an IRB approved informed consent (Appendix 1) was signed which allows
asking few questions, withdraw or access leftover peripheral blood to be used to
perform DNA isolation for ACE genotyping, and access medical records for
demographics, comorbidities, medications intake, and COVID-19 disease presentation,
management and progression.

Exclusion criteria include children (<18 years old) and individuals with no PCR
test done and intubated and cognitively impaired patients who do not have a family or a

legal representative.
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2. Data Collection
The data collection consisted of filling a questionnaire and accessing the

medical records of the participant.

a. Questionnaire and Medical Records

The questionnaire included questions on the date of the PCR test, signs and
symptoms upon presentation and history of exposure. The questionnaire is detailed and
categorizes the questions for individuals depending upon whether the PCR test was
positive or negative and whether a subject with a positive result was hospitalized or not.
Missing information in the questionnaire were filled from data from the EPIC electronic

medical records especially for hospitalized patients (Appendix 2).

B. Blood Collection
Blood withdrawal was performed by the Research Fellow Dr. Halim Saad,
who is trained and certified in phlebotomy. Leftover blood was taken for
hospitalized patients in order to avoid any extra needle prick.
Peripheral blood (4cc in EDTA containing tubes) was then processed into

300ul aliguots and stored at -80°C until analysis.

C. DNA Isolation
DNA was isolated using FlexiGene® DNA Kit (250) by QIAGEN®
(Germany) as per the manufacturer’s guidelines.
The isolated DNA was then read using the DS-11 Spectrophotometer

(DeNovix®, USA) to quantify and assess the purity of the isolated DNA.
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D. Genotyping of the ACE 1/D polymorphism
Genotyping for the ACE 1/D polymorphism was performed by Polymerase

Chain Reaction (PCR) followed by gel visualization.

1. PCR

PCR was performed using a TL00™ Thermal Cycler (BioRad, USA). The
primers used in this step are:

Forward: 5-CTG GAG ACC ACT CCC ATCCTT TCT-3'

Reverse: 5-GAT GTG GCC ATC ACA TTC GTC AGAT-3'

The PCR reaction was performed in a final volume of 20ul containing 3pl
genomic DNA, 0.5uM of each primer, 1X REDTag® ReadyMix™ (Sigma-Aldrich,
USA) and completed by 3ul of DNase and RNase free water.

The PCR was started on the thermal cycle with an initial denaturation for 95°C
for 2 minutes. Afterward, the DNA was amplified for 30 cycles with denaturation at
94°C for 30 seconds, annealing at 59°C for 30 seconds, and extension at 72°C for 45

seconds. This step was followed by a final extension at 72°C for 9 minutes.

2. Gel Visualization

The PCR products were then run on a 1% agarose gel stained with 2% ethidium
bromide and then visualized by using UV fluorescence Gel Doc™ EZ System (BioRad,
USA). A GeneRuler ™ 100bp DNA ladder by Fermentas was used to confirm the
length of the fragments. Individuals who were homozygous for the D allele were

identified by a single 190 bp PCR product, while those who were homozygous for the |
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allele were identified by the presence of a single 490 bp PCR product. Heterozygous

individuals (ID genotype) were identified by the presence of two bands of 190 and 490

bp PCR products (Figure 17).
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Figure 17 ACE I/D polymorphism detected on 7 DNA samples. Lane 8 is no template
control. Lanes 1,5 and 6 are DD. Lane 3 is ID. Lanes 2,4 and 7 are II.

E. Statistical Analysis

Data were entered in excel and then transferred onto the IBM® SPSS®
statistical software. A P value of less than 0.05 was considered statistically
significant.

Association analyses were done using Fisher’s Exact test for categorical
variables and independent sample t-test for continuous variables. Binary logistic
regression was used for the multivariate analysis after adjusting for statistically
significant covariates at the univariate level. Results are presented as number

(percentage), mean + standard deviation (SD), and Odds Ratios (OR) with 95%

Confidence Intervals (Cl) as applicable.
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For aim 1, cases were compared to controls, and for aim 2 we did three types
of analyses: mild + moderate vs. severe disease, hospitalized vs. non-hospitalized,
and hypoxic vs non-hypoxic. Disease severity was categorized based on the WHO
criteria, and hypoxia was defined as an oxygen saturation level below 94% [63]. In
addition, and knowing that ACE D allele is known to be associated with some of the
comorbidities such as hypertension and cardiac diseases, an additional exploratory
analysis was performed to look at such an association in patients. This will be
followed by a multivariate or stratification analyses once recruitment is closed.

Baseline characteristics included in the analysis were age, body mass index
(BMI), sex, blood group (categorized as being A+ or not), smoking (categorized as
never, former and current), cancer, intake of ACEI or ARBs, and comorbidities. The
comorbidities included were diabetes, hypertension (HTN), CVD, CKD, lung
diseases (COPD and asthma), cerebral vascular disease and coagulation disorders.
Dyslipidemia was not initially included because of the controversial results and
because most of the dyslipidemic patients already had additional co-morbidities.
This will be integrated at the final analysis once recruitment is closed.

The association with the ACE genotype was performed as three categories

(Il vs. DI vs. DD) and as 2 different combinations (11 vs DI+DD and DD vs 11+Dl).
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CHAPTER IV

RESULTS

As of June 2021, more than 350 participants have been recruited into the study,
but the below analysis is on 266 subjects for whom data is complete. This cohort entails
124 (46.62%) controls (PCR negative) and 142 (53.38%) cases (PCR positive).
Recruitment will remain open until end of July 2021. The D allele was more common
with the control subjects being 46.8% DD, 45.2% ID, and 8.1% 1, with the D allele

frequency being: 69%.

A. Aim 1: Risk of contracting the viral disease
1. Baseline Characteristics

When comparing cases to controls, and as expected, the cases were significantly
older (mean £ SD age in years of 43.04 + 16.56 vs 38.14 + 12.00 respectively), and they
had significantly higher BMI (kg/m?): 27.79 + 5.40 vs 26.04 + 4.20 respectively. The
cases were also more males than females (56.3% vs 46.8% respectively) although this
was not statistically significant. In addition, and as expected, comorbidities were
significantly higher among the cases, and the latter were significantly more former

smokers (Table 5).

2. Association with the ACE genotype
As seen in Table 5, there were no statistically significant associations of the
ACE genotype with the risk of contracting the disease although it is noted that more of

the Il were cases than controls (15.5% vs. 8.1% respectively). As a matter of fact, when
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doing a multivariate logistic regression adjusting for age, BMI, smoking and

comorbidity covariates, it turned out that participants with the 11 genotype were at a

higher risk of contracting the disease when compared to those carrying the D allele

(DI+DD) with an OR of 2.373 (P=0.037) (Table 6).

Controls Cases P-Value
N=124 N=142

Age (Years) Mean + SD 38.14 +12.00 43.04 + 16.56 0.007

BMI (kg/m?) Mean + SD 26.04 + 4.20 27.79 £ 5.40 0.004

Sex Female N (%) 66 (53.2) 62 (43.7) 0.076
Male N (%) 58 (46.8) 80 (56.3)

Blood Group Yes N (%) 66 (53.2) 79 (55.6) 0.394
At No N (%) 58 (46.8) 63 (44.4)

Smoking Current N (%) 43 (34.7) 44 (31.0) 0.042
Former N (%) 5(4.0) 18 (12.7)
Never N (%) 76 (61.3) 80 (56.3)

Comorbidity? Yes! N (%) 25 (20.2) 47 (33.1) 0.012
No N (%) 99 (79.8) 95 (66.9)

Cancer Yes N (%) 3(2.4) 8 (5.6) 0.158
No N (%) 121 (97.6) 134 (94.4)

ACEI or ARBs Yes N (%) 9(7.3) 16 (11.3) 0.182
No N (%) 115 (92.7) 126 (88.7)

ACE Genotype I N (%) 10 (8.1) 22 (15.5) 0.155
DI N (%) 56 (45.2) 63 (44.4)
DD N (%) 58 (46.8) 57 (40.1)

Il vs DI+DD T N (%) 10 (8.1) 22 (15.5) 0.46
DI+DD N (%) 114 (91.9) 120 (84.5)

DD vs 11+DlI DD N (%) 58 (53.2) 85 (59.9) 0.167
11+DlI N (%) 66 (46.8) 57 (40.1)

Table 5 Comparison of baseline characteristics & ACE1 genotype between controls and

cases.

1Yes having any of the following comorbidities: diabetes, hypertension (HTN), cardiovascular diseases
(CVD), chronic kidney diseases (CKD), lung diseases (COPD and asthma), cerebral vascular disease and

coagulation disorders.
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OR 95% CI P-Value
Il vs | Cases .vs Controls 2.373 1.052 — 5.356 0.037
DI+DD
DD vs | Cases vs Controls 0.832 0.501 -1.380 0.476
11+DlI

Table 6 Association of ACE1 genotype with risk of contracting COVID-19 disease.
Odds ratios and 95% confidence interval were generated using multivariate binary
logistic regression.

B. Aim 2: Viral disease outcome
1. Univariate Analyses
a. Severity

Out of the 142 PCR positive cases, 6 (4.2%) were asymptomatic and are hence
excluded from this analysis. Among the 136 symptomatic cases, 88 (64.70%) had mild,
16 (11.76%) had moderate and 32 (22.5%) had severe disease. The mean £ SD duration
of symptoms was 8.92 + 7.33 days with that of mild, moderate and severe disease being
10.38 £ 6.82, 6.33 £ 3.51, and 10.00 £ 0.00 days, respectively. When comparing the
combination of mild and moderate to severe cases (Table 7), and as expected, the
severe cases were significantly older (mean + SD age in years of 59.91 + 16.26 vs.
38.32 + 13.35 respectively) and had a significantly higher BMI (kg/m2): 30.403 + 6.58
vs 27.098 + 4.86 respectively). There were more males among the severe cases (71.9%
vs 53.8% respectively) which was almost significant (P=0.053). In addition, those who
had severe diseases were significantly more former smokers and had significantly more
comorbidities. The latter were also taking more ACEI or ARBs as a treatment for their

diseases such as CKD and HTN.
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Mild+Moderate! Severe? P-Value
N=104 N=32
Age (Years) Mean £ SD 38.32 £ 13.35 59.91 + 16.26 <0.001
BMI (kg/m?) Mean + SD 27.098 + 4.86 30.403 + 6.58 0.003
Sex Female N (%) 48 (46.2) 9 (28.1) 0.053
Male N (%) 56 (53.8) 23 (71.9)
Blood Group Yes N (%) 58 (55.8) 17 (53.1) 0.475
At No N (%) 46 (44.2) 15 (46.9)
Smoking Current N (%) 37 (35.6) 5 (15.6) 0.002
Former N (%) 8(7.7) 10 (31.3)
Never N (%) 59 (56.7) 17 (53.1)
Comorbidity? Yes N (%) 25 (24.0) 22 (68.8) <0.001
No N (%) 79 (76.0) 10 (31.3)
Cancer Yes N (%) 4 (3.8) 4 (12.5) 0.088
No N (%) 100 (96.2) 28 (87.5)
ACEI or ARBs Yes N (%) 8(7.7) 8 (25.0) 0.013
No N (%) 96 (92.3) 24 (75.0)
ACE Genotype I N (%) 19 (18.3) 3(9.9) 0.342
DI N (%) 47 (45.2) 13 (40.6)
DD N (%) 38 (36.5) 16 (50.0)
11 vs DI+DD T N (%) 19 (18.3) 3(9.9) 0.180
DI+DD N (%) 85 (81.7) 29 (90.6)
DD vs 11+DI DD N (%) 38 (36.5) 16 (50) 0.125
11+DI N (%) 66 (63.5) 16 (50)

Table 7 Comparison of baseline characteristics & ACE1 genotype between
mild+moderate and severe cases.

1 Mild means that the person can experience general initial symptoms such as fever, chills, cough, nasal
congestion, headache and sore throat. However, they might also experience gastrointestinal symptoms
such as nausea, vomiting and diarrhea. There could be loss of smell (anosmia) or loss of taste (ageusia).
The disease is categorized moderate when the subject is hospitalized with or without oxygen therapy
according to the WHO clinical progression scale [63]. We categorized the few subjects who received
oxygen therapy at home as moderate.

2 According to the WHO clinical progression scale having severe symptoms means that when the subject
is hospitalized, they require oxygen by non-invasive ventilation (NIV) or high flow, intubation,
mechanical ventilation, vasopressors and dialysis [63].

3 Yes having any of the following comorbidities: diabetes, hypertension (HTN), cardiovascular diseases

(CVD), chronic kidney diseases (CKD), lung diseases (COPD and asthma), cerebral vascular disease and
coagulation disorders.
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b. Hospitalization

Among the cases, 46 (32.4%) subjects were hospitalized with a mean + SD
duration of stay of 3.49 + 6.758 days, while 96 (67.6%) subjects were not hospitalized.
When comparing the baseline characteristics between hospitalized and non-hospitalized
subjects (Table 8), age (years) (mean = SD of 56.93 + 16.90 vs. 36.39 + 11.55) and
BMI (kg/m2) (mean + SD of 29.426 + 6.06 vs. 27.016 £ 4.89) were significantly higher
in the hospitalized compared to non-hospitalized patients respectively. The hospitalized
subjects were significantly more males 33 (71.7%) vs. 47 (49.0%) respectively. As
expected, former smoking, comorbidities, intake of ACEI/ARBs and cancer were also

significantly higher in the hospitalized subjects.
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Not Hospitalized Hospitalized P-Value
Age (Years) Mean £ SD 36.39 £ 11.55 56.93 £ 16.90 <0.001
BMI (kg/m?) Mean + SD 27.016 £+ 4.89 29.426 £ 6.06 0.012
Sex Female N (%) 49 (51.0) 13 (28.3) 0.008
Male N (%) 47 (49.0) 33(71.7)
Blood Group A+ Yes N (%) 55 (57.3) 24 (52.2) 0.346
No N (%) 41 (42.7) 22 (47.8)
Smoking Current N (%) 37 (38.5) 7 (15.2) <0.001
Former N (%) 5(5.2) 13 (28.3)
Never N (%) 54 (56.3) 26 (56.5)
Comorbidity? Yes N (%) 17 (17.7) 30 (65.2) < 0.001
No N (%) 79 (82.3) 16 (34.8)
Cancer Yes N (%) 1(1.0) 7(15.2) 0.002
No N (%) 95 (99.0) 39 (84.8)
ACEI or ARBs Yes N (%) 6 (6.3) 10 (21.7) 0.009
No N (%) 90 (93.8) 36 (78.3)
ACE Genotype | N (%) 17 (17.7) 5(10.9) 0.563
DI N (%) 42 (43.8) 21 (45.7)
DD N (%) 37 (38.5) 20 (43.5)
Il vs DI+DD | N (%) 17 (17.7) 5(10.9) 0.213
DI+DD N (%) 79 (82.3) 41 (89.1)
DD vs 11+DI DD N (%) 37 (38.5) 20 (43.5) 0.351
11+DlI N (%) 59 (61.5) 26 (56.5)

Table 8 Comparison of baseline characteristics & ACE1 genotype between hospitalized
and non-hospitalized cases.

1 Yes having any of the following comorbidities: diabetes, hypertension (HTN), cardiovascular diseases
(CVD), chronic kidney diseases (CKD), lung diseases (COPD and asthma), cerebral vascular disease and

coagulation disorders.
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c. Hypoxia
Out of the 46 hospitalized subjects, 33 (71.74%) were hypoxic and 13 (28.26%)
were not hypoxic. When comparing baseline characteristics between hypoxic and non-
hypoxic subjects (Table 9), hypoxic subjects were significantly older (mean £ SD of
60.09 £ 16.04 vs. 48.92 + 16.97 years respectively) and had significantly higher BMI

(kg/m2) (mean = SD of 30.545 + 6.53 vs 26.585 + 3.42 respectively).
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Not Hypoxic Hypoxic P-Value
Age (Years) Mean + SD | 48.92 + 16.97 60.09 + 16.04 0.042
BMI (kg/m?) Mean + SD | 26.585 + 3.42 30.545 £ 6.53 0.045
Sex Female N (%) 4 (30.8) 9 (27.3) 0.541
Male N (%) 9 (69.2) 24 (72.7)
Blood Group Yes N (%) 7 (53.8) 17 (51.5) 0.574
A+
No N (%) 6 (46.2) 16 (48.5)
Smoking Current N (%) 2 (15.4) 5(15.2) 0.903
Former N (%) 3(23.1) 10 (30.3)
Never N (%) 8 (61.5) 18 (54.5)
Comorbidity? Yes N (%) 7 (53.8) 23 (69.7) 0.248
No N (%) 6 (46.2) 10 (30.3)
Cancer Yes N (%) 3(23.1) 4(12.1) 0.305
No N (%) 10 (76.9) 29 (87.9)
ACEIl or Yes N (%) 1(7.7) 9 (27.3) 0.146
ARBs
No N (%) 12 (92.3) 24 (72.7)
ACE T N (%) 2 (15.4) 3(9.1) 0.570
Genotype
DI N (%) 7 (53.8) 14 (42.4)
DD N (%) 4 (30.8) 16 (48.5)
Il vs DI+DD I N (%) 2 (15.4) 3(9.1) 0.439
DI+DD N (%) 11 (84.6) 30 (90.9)
DD vs I1+Dl DD N (%) 4 (30.8) 16 (48.5) 0.225
11+DlI N (%) 9 (69.2) 17 (51.5)

Table 9 Comparison of baseline characteristics & ACE1 genotype between hypoxic and

non-hypoxic cases.

1 Yes having any of the following comorbidities: diabetes, hypertension (HTN), cardiovascular diseases
(CVD), chronic kidney diseases (CKD), lung diseases (COPD and asthma), cerebral vascular disease and

coagulation disorders.
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2. Multivariate Analyses

a. Severity

As seen in Table 7, there were no significant associations of the ACE genotype

with disease severity, although DD [16 (50.0%)] was seen to be higher than DI [13
(40.6%)] and 11 [3 (9.4%)] in patients who had severe disease. As a matter of fact, when
doing a multivariate logistic regression analysis adjusting for age, BMI, smoking,
comorbidity and ACEI/ARB’s covariates, it turned out that participants with the DD
genotype were at a higher risk of having the severe disease when compared to those

carrying the I allele (11+DI) with an OR of 7.173 (P=0.003) (Table 10 and Figure 18).

b. Hospitalization

As seen in Table 8, there were no significant associations of the ACE genotype
with hospitalization, although DD was higher in the hospitalized group compared to the
non-hospitalized (43.5% vs 38.5% respectively). As a matter of fact, after performing
the multivariate logistic regression analysis and adjusting for age, BMI, smoking,
comorbidity, ACEI/ARBSs and cancer covariates, it turned out that participants with the
DD genotype were at a higher risk of being hospitalized when compared to those

carrying the I allele (11+DI) with an OR of 3.398 (P=0.027) (Table 10 and Figure 18).

c. Hypoxia
As seen in Table 9, there were no significant associations of the ACE genotype
with hypoxia among hospitalized patients though DD was higher, but not significantly,
in the hypoxic compared to the non-hypoxic patients (48.5% vs 30.8% respectively).

Nevertheless, performing the multivariate logistic regression analysis by adjusting for

68



age and BMI covariates showed that hospitalized participants with the DD genotype
were at a higher risk of having hypoxia when compared to those carrying the | allele

(11+D1) with an OR of 4.735 (P=0.088) (Table 10 and Figure 18).

OR 95% CI P-Value
Ilvs | (Mild+Moderate) vs Severe 0.629 0.125 - 26.478 0.575
DI+DD
Hospitalized vs Non- 0.545 0.124 —2.392 0.421
hospitalized
Hypoxic vs Non-hypoxic 0.603 0.066 —5.492 0.653
DD vs | (Mild+Moderate) vs Severe 7.173 1.943 - 26.478 0.003
11+DlI
Hospitalized vs Non- 3.398 1.151 -10.032 0.027
hospitalized
Hypoxic vs Non-hypoxic 4.735 0.794 - 28.236 0.088

Table 10 Association of ACE1 genotype with risk of COVID-19 severity. Odds ratios
and 95% confidence interval were generated using multivariate binary logistic
regression.

Hypoxia | L )

Hospitalization

Severity C i

0 10 20 30

Figure 18 Forest plot showing Odds Ratios and 95% Confidence Intervals of the
association of the DD genotype with disease severity, hospitalization, and hypoxia
compared to | allele carriers.
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C. Association of the ACE genotype with comorbidities

As noted in Tables 7, 8 and 9, the DD genotype is more common among
subjects with severe COVID-19 and those who were hospitalized or had hypoxia.
However, this could also be due to the underlying comorbidities that these subjects
have. Nevertheless, and as seen in Table 11, there were no significant associations
between the ACE genotype and the mentioned comorbidities, meaning that the ACE
genotype is the reason behind the severity of the COVID-19 outcome and not the

underlying comorbidities.

11+Dl DD P-value
Hypertension Yes | N (%) 21 (72.4) 8 (27.6) 0.09
No | N (%) 64 (56.6) 49 (43.4)
Diabetes Yes | N (%) 14 (73.7) 5 (26.3) 0.142
No | N (%) 71 (57.7) 52 (42.3)
Heart Disease Yes | N (%) 9 (75.0) 3(25.0) 0.211
No | N (%) 76 (58.5) 54 (41.5)
Kidney Disease | Yes | N (%) 5 (83.3) 1(16.7) 0.225
No | N (%) 80 (58.8) 56 (41.2)
Lung Disease Yes | N (%) 4 (40.0) 6 (60.0) 0.160
No | N (%) 81 (61.4) 51 (38.6)
Cerebral Yes | N (%) 2 (100.0) 0(0.0) 0.357
Vascular
Disease No | N (%) 83 (59.3) 57 (40.7)
Coagulation Yes | N (%) 2 (100.0) 0(0.0) 0.357
Disorders
No | N (%) 83 (59.3) 57 (40.7)

Table 11 Association of the ACE genotype with comorbidities.
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CHAPTER V

DISCUSSION

Ever since the outbreak, it has been realized that the SARS-CoV-2 virus hits
every individual differently with varying symptoms and severity. There are many
articles discussing the factors that are considered to be risk factors for both symptoms
and severity of the COVID-19 disease, but with only few related to genetics. This study
shows that almost all previously reported factors and comorbidities also predict disease
susceptibility and severity in the Lebanese. We have also shown a positive correlation
between the ACEL I-allele and the risk of contracting the COVID-19 disease, and
between ACE1 D-allele and worse outcome of the COVID-19 infection.

Age is considered an important risk factor since the virus affects the older
generation far worse than the younger. ACE2 receptor, being the key factor in the entry
of the virus, is higher in number in well-differentiated ciliated epithelial cells found in
adults [10]. Moreover, the immunity of an older individual is weaker than the immunity
of children due to immunosenescence and the presence of central memory T cells rather
than naive T cells [10]. Our results agree with the literature since the mean £+ SD of age
(in years) is significantly higher in the cases when compared to the controls (Table 5),
and it is significantly higher with disease severity (Tables 7, 8, and 9).

ACE2 being an X-linked gene is considered a disadvantage in males in any
polymorphisms or mutations [75]. Moreover, testosterone suppresses the immune
system in males, which affects the T cell responses [76]. These findings are compatible
with our results that show that 71.7% of the hospitalized subjects were males (Table 8).

A study has shown that the frequency of individuals with blood group A was

significantly higher in the COVID-19 infected patients’ group while blood group O was
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significantly lower [81]. However, it was also mentioned that more of the individuals
with blood group A had underlying comorbidities [81], which could be the reason
behind the significance seen in the infected patients group. In our study, blood group
did not show any significant difference with either risk or severity.

Smoking is, by far, the most common risk factor for many diseases. That is why
smoking is expected to further complicate the symptoms of COVID-19. Smoking is
shown to increase the gene expression of ACE2 in the lungs [89]. Moreover, nicotine
upregulates the activity of renin and ACE thus activating ACE/Angiotensin II/AT1R
pathway and decreases the activity of AT2R by downregulating the activity of ACE2
[93]. However, a preliminary meta-analysis on five studies in China has shown that
active smoking is not significantly related to the severity of COVID-19 [168]. A
systematic review has also shown that current smokers had lower odds ratio for severe
outcome when compared to former smokers [169]. This review is in agreement with our
results, where former smokers (Table 5, 7, and 8) were significantly higher in cases
when compared to controls. Former smokers also had more severe disease outcome.

Adipose tissues are known to express ACE2 receptors as much as the pulmonary
tissues [170]. Accordingly, obese individuals have higher levels of circulating ACE2
with secondarily higher disease susceptibility and adverse outcome [102]. In our study,
the mean + SD of BMI (kg/m2) was significantly higher in the cases and specifically in
subjects who were hospitalized and developed hypoxia (Table 5, 7, 8, and 9).

To date, it is still unclear whether ACEI and/or ARBs should be kept in patients
who contract COVID-19. There are currently 2 contradicting hypotheses in the
literature that RAS inhibition could be both harmful and protective [132]. In our study,

ACEI/ARBs were significantly more frequently taken in the severe disease group
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compared to the mild and moderate (Table 7) and in the hospitalized patients compared
to the non-hospitalized subjects (Table 8). However, it appears that these results are
related to the fact that these subjects have comorbidities that necessitate ACEI/ARB’s
treatment. As a matter of fact, people with underlying comorbidities such as diabetes,
hypertension (HTN), cardiovascular diseases (CVD), chronic kidney diseases (CKD),
lung diseases (COPD and asthma), cerebral vascular disease and coagulation disorders
are at a higher risk of COVID-19 severity sometimes leading to ARDS [95] [171]. Our
results clearly show that having comorbidities is significantly higher in the cases when
compared to the controls (P=0.012) (Table 5). It is also significantly higher in the
severe cases (P<0.001) and those hospitalized (P<0.001) (Tables 7 and 8).

Concerning ACEL genetic factors, it was previously shown that Middle Easterns
have a higher frequency of the ACE1 D-allele when compared to the I-allele [163].
Moreover, we have previously shown that the D-allele is common in the Lebanese
population (35.2% DD, 51.9% ID, and 12.9% I1) [172]. Similarly in the current study,
the D allele was more common with the control subjects being 46.8% DD, 45.2% ID,
and 8.1% 11, with the D allele frequency being: 69%.

In relation to disease susceptibility, available data, both of which are so far in-
silico, are contradictory. On one hand, Yamamoto et al. [167] showed that countries
with higher frequency of the ACEL I-allele had less susceptibility to COVID-19. On the
other hand, Delanghe et al [173] showed that a high frequency of ACE1 I-allele
increases the prevalence of COVID-19 cases. Nevertheless, when Yamamoto et al [167]
specifically looked at Middle Eastern populations, they found that their data actually
weaken the association with the D allele, hence the need for further investigations. To

our knowledge, we are the first to evaluate such an association in patients. We
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confirmed Delanghe et al.’s simulations by showing that the frequency of 11 was
significantly highest (P=0.037) in cases when compared to controls stating that
individuals with the 11 genotype have a higher risk (OR=2.373) for contracting the
COVID-19 disease.

As for disease severity, ACE1 DD genotype leads to higher activity of ACE1
enzyme thus lowering ACE2 causing an increase in the amount of angiotensin Il left
active. Although lower levels of ACE2 could mean that there is less chance for SARS-
CoV-2 to bind and enter the host cell, high levels of angiotensin 1l would act through
ATI1R and further cause cardiovascular and lung pathologies [152]. For instance,
Gomez et al. [152] found that ACE1 DD genotype was more frequent in severe COVID-
19 cases, suggesting that there is an association between ACE1 DD genotype and the
severity of COVID-19. Furthermore, ACE1 DD genotype has been correlated with
respiratory failure [162] and increased death rate [161] in patients infected with
COVID-19. In addition, an in-silico analysis showed that there is a link between ACE1
I/D polymorphism and the recovery rate of COVID-19, whereby more of the | allele
was shown to be correlated with higher frequency ratio of the I/D allele [7]. Our results
are in agreement with the literature, whereby DD vs I1+DI (see Table 10) was
significantly higher in cases with severe disease when compared to mild and moderate
disease (P=0.003), hospitalized compared to non-hospitalized cases (P=0.027), and
hypoxic compared to non-hypoxic cases (P=0.088). This means that individuals with
DD genotype have a higher probability to experience severe COVID-19 symptoms

(OR=7.173), to be hospitalized (OR=3.398), and/or to be hypoxic (OR=4.735).
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CHAPTER VI

LIMITATIONS

This study suffers from several limitations. First, our sample size is small and
limited to a single country. Recruitment was done from central Beirut, at AUB only.
Second, we only looked at ACE1 insertion/deletion (1/D) variant and did not look at
other possible SNPs in ACE1. Moreover, it is also important to look at ACE2 and
TMPRSS2 genetic polymorphisms, as these two genes are important factors in the entry
of SARS-CoV-2. Also, there is still no explanation to why former smokers are more

likely to have adverse outcomes.
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CHAPTER VII

CONCLUSION

Our results show a positive correlation between the ACEL I-allele and the risk of
contracting the COVID-19 disease, and between ACE1 D-allele and worse outcome of
the COVID-19 infection. These results suggest that genotyping for ACE1 I/D in parallel
to COVID-19 testing could be used to elicit the disease risk and severity for better
prognosis and management. We believe that the whole world needs a COVID-19
genetics initiative for all ethnicities and populations. This would help compare the
databases among each population to hopefully better explain why Lebanon has had a

high number of COVID-19 cases but with a relatively low death rate.
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CHAPTER VIllI

FUTURE PERSPECTIVES

In the future, we plan:

To continue recruitment to potentially reach significance with the hypoxia
analysis, to analyze severity as mild vs moderate vs severe, and to decrease the
confidence interval range.

To include medications (chloroquine, aspirin, steroids...) in our analysis.

To look at other candidate genes and if possible, perform whole exome
sequencing for significant genetic polymorphisms.

To evaluate the potential interaction between ACE 1/D genetic polymorphism
and ACEIls and ARBs in COVID-19 infections.

To associate the cycle threshold (Ct) values of the COVID-19 PCR tests with
disease severity

To look at thrombosis and inflammation outcome within cases
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APPENDIX A

Consent to participate in a research study
The Role of Angiotensin Converting Enzyme Insertion/Deletion Genetic
Polymorphism in the Risk, Severity and Prognosis of COVID-19 infection

Princdple Investigator: Nathalie K. Zgh=ib
Co-Investigators: Rami Mahfouz, Imad Bou Akl, Carine Sakr

Address: American University of Beirut Medical Center | AUBMC)
Beirut, Lebanon
Phomez  (01) 350 000

You are being asked to participate in a research study conducted at the American University of
Beirut. This study has been approved by the Institutional Review Board at AU for compliance with
ethical standards. Plexse take time to read the following informaticn carefully before you decide
whether you want to take part in this study or not. Feel free to ask your doctor if you need more
information or clarification about what is stated in this form and the study as & whole.

1} What is this st ahpat?

The COVID-19 virus, also known as DORONA, is a new virus that has become pandemic in earky 2020,
and iz still & conoern in Lebanon and worldwide. As you may know, for some reason some peogple do
net get infected with the COVID-19 virus even if exposed to infected people. Also, some of the infeded
people develop & very severe disezse while others don't. Therefore the question is: is there 2 genetic
reason behind these inter-individual differenoes?

The objectives of this genetic study are to determine whether the ACE /D genetic polymorphism can
be used as a marker for risk, severity and prognasis of CONVID-19 infections. It is plausible that subjects
camrying the ACE | allele are at 3 higher risk of infection and worse disease presentation and prognosis.

Any subject who presents |or has previously presented) to AUBMC for COVID-19 testing is a potential
recruit to the study imespective of the test result and whether the subject was seen zsiin- or out-patient.
We zim to recruit about 500 subjects. Participarts will be seen only once |1 visit] for one blood draw
only, and the expecved duration of participation is about 1 hour.

After signing this informed consent, the following will ooour: We will withdrze peripheral blood for DNA
isolation and ACE genotyping: access medical records for demographics, comorbidities, medications
intzke, COVID-19 disease presentation. and management znd progression; and zsk few follow up
questions on how you have been doing after you came for testing. These guestions will take ro maore
than 5 minutes of your time. The genetic test will be peformed by & classic PCR. i you are recruited
while hospitalized for COVID-19 infection, then you will be asked to sign a copy of the informed consent
dooumertt, take 3 picture of the signed form, and send it to the Reseandh Fellow via Whatslpp. There
will be no extra nesdle prick as we will take left over extra blood.

The total wolume of blood required is 4 oc which is less than 1 tablespoon. Blood and DNA samples will
be stored for genetic testing. Storage of these samples will be in Dr. Zgheib’s laboratory, for an
indefinite period of time.
it Cornees aaanl
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Z) risks as = result of

Although any study may be associzted with any unforeseezhble risk, this study has minimal risk exoept
for the potential risk of genetic testing a5 it can reveal information about other family members
concerning potential link between ACE penotype and COVID-19 risk in addition to the person who is
teched,

Mone of the data collection measures bare any long term hazards, and the blood withdrawn will be
done under sterile hygienic conditions. Possible side effects indude mild pain, bleeding, bruising at the
site of the needle insertion. Fainting or light-headedness can sometimes occur, but uswvally last only a
few minutes. Mote that whether you elect to participate in this study or not does not affect your medical
management at all.

You are free to withdraw this consent and discontinue participation in this project at any time. If you
elect to do so, you will be asked to mend us 3 signed request sfter which your blood samples will be
destroyed, and your data will be deleted from the study under the supervision of the principal
investizator.

AUBMC will cover the cost of treating, on its premises, medical adverse events resulting directly from
the medication and/'or medical procedures of this research study. Otherwise, it will not cover for the
cozts of medicl care for any mediczl condition or issue.

3)_Any benefits a5 & result of participating in the study?

Itis possible that the information that comes out of the results of the study will contribute to the
medical general knowledse on covid-19 infections. bt will shed light on whether ACE genotype is & risk
factor for COVID-19 infection, and whether it is also 3 marker for mone severe disease and worse
prognosis. Should this be the case, then we may sugzest penotyping for &CE /DY in parallel to COVID-
19 testing to guide healthcare practitioners on stratifying disease risk and severity, and manage and
prognosticate accordingly.

Tou will not be reimbursed for participating in the study. You will howewer be reimbursed with 20,000
LL for amy parking or transportation cost. There will be no additional costs.

The investigators may choose to end your participation. They will conwvey to you any significant new
findings.

) Confidentinlity

Your dinicl data, blood and genetic material will be securely stored in Dr. Zgheib’s lab at AUB
indefinitely. Your samples will however be destroyed if you elect to withdraw your consent for the
stusdy. All data collected will be stored ina coded manner with the Pls and the CITI certified Besearch
Assistznt. These measures will all be conducted ensuring there is no breach of participants” privacy.
You may ask that we provide you with the genetic results and explain their significnce to you. The
information will be kept confidential.

Unless required by law, only the study doctors and designee, the ethics committee and inspectors
from governmental sgencies will have direct sooess to your research records withouwt violating
confidentiality. Ittt Do Laan)
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5) Agreements

'We would like to know if you would be willling to participate in this research study. You have the right
to aocept or decline participation.

I agree= to participate in this study and the procedures explained abowe.

YES .. [ L —

Future comtact:
| agree= to be contacted for future studies YES..._.. MNO........

I would like to be contscted if the genetic test results are significant
YES .. NO___._ .

Using remaining blood for other future studies

'We would like to keep the remaining blood samples for potential use in other future studies. There will
be no extra prick. The stored blood samples will be coded | “Coded™ means identiffable, traceable. Blood
and urine samples that are unidertified for research purposes but can be linked to their source through
the wse of codes; rowever, the pnncipal invesigators will be the only ones to have tha st linking patients
to the codes assigned.)

I agre= to permit the use of the remaining blood sample for future studies
YES .. NO_ .

I agre= to permit the use of the remaining blood samples in 2 coded manner after contacting me for
permission YES ...

I agre= to permit the use of the remaining blood samples in 2 coded manner withowut contacting me
for permission  YES ..

I agre= to permit the use of the remaining blood samples in a de-identified manner
YES ..

Your coded blood samples and data may be shared with other investigators under the supersision
of the principal investigator. These investigators may be from AUBMC, from centers other than
AUB, snd from centers outside Lebanion.

I agree to have my coded blood samples shared with other investigators
YES oo NO.. .

I agre= to have my coded data shared with other inwestigators
YES oo NO.. .
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Investigator's Statement

I have reviewed, in detzil, the informed consent document for this resezrch study with

|namie of patient, legal repres=ntative, or parent/guardian] the purpose
of the study and its risks and benefits. | have ansaered to all the patient’s questions chearhy. | will
inform the participant in case of any changes to the research study.

Mazme of Investigator or designee Signature
Diame Tirmne
Patient's Participation:

I hawe read and understood all aspects of the research study and all my questions have been answered.
I woluntarily agree to be 3 part of this research study and | know that | can contact Dr. Mathglie Zxbeib
at AUB Faculty of Medicine 01-350000 ext 4826, or any of their designes involeed in the study in s
of any questions. If | feel that my guestions have not been answered, | can contact the Institutional
Review Board for human rights at 5445, | understand that | am free to withdraw this consent and
dizcontinue participation in this project at any time, even after signing this form, and it will not affect
my care or benefits. | know that | will recefve 2 copy of this signed informed consent.

Mame of Patient or Legal Representative Signature
or ParentGuardian

Diame Time

Witness's Mame Witness's Sigrnature
[if patient, representative or panent do not nead)

Diame Time
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APPENDIX B

The Eale of Angiotensin Converting Enzyme Insertion/Teletion Genetic Polymorphism in

the Risk, Severity and Prognosis of COVID-19 infection

Data collection sheet

Shady ID:

Diatz of recruimment and consent

S

Diate of b2

H 0 ]. '.' - ] )

Diatz of COVID-19 I:ésl:i.ngaTA.LB.‘-:[C:

Feason for testing:

History of exposurs:

Signs and svInptoms upon pressntation:

Fewer:

Congh-

Shormess of breath:

Soar throat:

Lozs of mate’smeall

Crthie:

5muki.n§-]1.1'smr'r.

Comorbidities:

List of medications:

Lab test remlis:

CBC:
CHE-

(rther:

Covid-19 PCE test resulis

For those who tested NEGATIVE:

Marmative of follow up history:
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For thoze who tested POSITIVE and NOT hospitalized:

After how many days re-tested negative:

Dietailed progression fo signs and symptoms:

Fewer:

Cough®
Shormess of hreath:

Soar throat:

Lozs of mste'smsll

(rther:

Follow up lab test results:

CBC:

CXER:

Crther

Other Hn.m:h.'e follow up history

For those who tested POSITIVE and HOSFITALIZED (i addition to abave):

ICU) admission & duration if yes

Total len=th of stay nntil discharge

Siatns af discharge

Adfter how many days re-tested pegatve?

Total lenzth of stay unbl death Applicable for the bierepository only
Camse of death: Applicable for the bisrepository enly
Heart failure Applicable for the bierepository only
Sephic shock: Applicable for the biorepository only
ARDS: Applicable for the biorepository only
Cither; Applicable for the biorepository only
In hospital management:
Pneumonia do'or antfimicrobials nse

Meed for oxygen support & duration if yes.

Meed for mechanical ventilation & curation if

ARDS (peed for paralysis or proning}

Cyroking releaze syndrome: (mt. with

Septic shock: (irt. with pressors)

Cardiomynpathy?

Oither:

Harm:i'..'-e aof follow up history:

83

APPROVED



[1]
[2]

3]

[4]
[5]

[6]

[7]

[8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

REFERENCES

R. T. Gandhi, J. B. Lynch and C. Del Rio, "Mild or Moderate Covid-19," The
NEW ENGLAND JOURNAL of MEDICINE, 2020.

S. A. Muhammad, S. Khan, A. Kazmi, N. Bashir and R. Siddique, "COVID-19
infection: Origin, transmission, and characteristics of human coronaviruses,”
Journal of Advanced Research, 2020.

E. Hartenian, D. Nandakumar, A. Lari, M. Ly, J. M. Tucker and B. A.
Glaunsinger, "The molecular virology of coronaviruses,” Journal Of Biological
Chemistry, 2020.

"What is Coronavirus? The different types of Coronaviruses,” UK Research and
Innovation, 2020.

S. Su, G. Wong, W. Shi, J. Liu, A. C. K. Lai, J. Zhou, W. Liu, Y. Biand G. F.
Gao, "Epidemiology, Genetic Recombination, and Pathogenesis of
Coronaviruses,” Trends Microbiol., 2016.

D. Forni, R. Cagliani, M. Clerici and M. Sironi, "Molecular Evolution of Human
Coronaviruses,” Trends Microbiol., 2017.

N. Hatami, S. Ahi, A. Sadeghinikoo, M. Foroughian, F. Javdani, N. Kalani, M.
Fereydoni, P. Keshavarz and A. Hosseini, "Worldwide ACE (1/D) polymorphism
may affect COVID-19 recovery rate: an ecological meta-regression," Endocrine,
Springer, 2020.

P. V'kovski, A. Kratzel, S. Steiner, H. Stalder and V. Thiel, "Coronavirus
biology and replication: implications for SARS-CoV-2," Nature Reviews, 2020.
M. Cevik, K. Kuppalli, J. Kindrachuk and M. Peiris, "Virology, transmission,
and pathogenesis of SARS-CoV-2," National Center for Biotechnology
Informaion, 2020.

K. Yuki, M. Fujiogi and S. Koutsogiannaki, "COVID-19 pathophysiology: A
review," ELSEVIER, 2020.

Y. Chen, Y. Guo, Y. Pan and J. Z. Zhao, "Structural analysis of the receptor
binding of 2019-nCoV," Journal, 2020.

X. Zou, K. Chen, J. Zou, P. Han, J. Hao and Z. Han, "Single-cell RNA-seq data
analysis on the receptor ACE2 expression reveals the potential risk of different
human organs vulnerable to 2019-nCoV infection,” Front Med., 2020.

S. Belouzard, V. C. Chu and G. R. Whittaker, "Activation of the SARS
coronavirus spike protein via sequential proteolyitc cleavage at two distinct
sites," Proc Natl Acad Sci U S A, 2009.

J. K. Millet and G. R. Whittaker, "Host cell entry of Middle East respiratory
syndrome coronavirus after two-step, furin-mediated activation of the spike
protein,” Proc Natl Acad Sci U S A, 2014.

X.O0u, Y. Liu, X. Lei, P. Li, D. Mi, L. Ren, L. Guo, R. Guo, T. Chen, J. Hu, Z.
Xiang, Z. Mu, X. Chen, J. Chen, K. Hu, Q. Jin, J. Wang and Z. Qian,
"Characterization of spike glycoprotein of SARS-CoV-2 on virus entry and its
immune cross-reactivity with SARS-CoV," Nat Commun, 2020.

84



[16]

[17]

[18]
[19]
[20]
[21]
[22]

[23]

[24]
[25]
[26]
[27]

[28]

[29]

[30]

[31]

[32]

A. C. Walls, Y.-J. Park, M. A. Tortorici, A. Wall, A. T. McGuire and D. Vessler,
"Structure, Function, and Antigenecity of the SARS-CoV-2 Spike Glycoprotein,"
Cell., 2020.

M. Hoffman, H. Kleine-Weber, S. Schroeder, N. Kruger, T. Herrler, S. Erichsen,
T. S. Schiergens, G. Herrler, N.-H. Wu, A. Nitsche, M. A. Muller, C. Drosten
and S. Pohlmann, "SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2
and Is Blocked by a Clinically Proven Protease Inhibitor,” Cell., 2020.

E. J. Snijder, E. Decroly and J. Ziebuhr, "The Nonstructural Proteins Directing
Coronavirus RNA Synthesis and Processing,” Adv Virus Res., 2016.

S. Perlman and J. Netland, "Coronaviruses post-SARS: update on replication and
pathogenesis,” Nat Rev Microbiol., 2009.

I. Astuti and Y. , "Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2): An overview of viral structure and hst response,” Elsevier, 2020.

S. G. Sawicki and L. D. Sawicki, "Coronaviruses use Discontinuous Extension
for Synthesis of Subgenome-Length Negative Strands," Springer Nature, 2020.

A. R. Fehr and S. Perlman, "Coronaviruses: An Overview of Their Replication
and Pathogenesis,"” Springer, 2015.

L. Alanagreh, F. Alzoughool and M. Atoum, "The Human Coronavirus Disease
COVID-19: Its Origin, Characteristics, and Insights into Potential Drugs and Its
Mechanisms," Pathogens, 2020.

K. Mcintosh, "Coronavirus disease 2019: Epidemiology, virology, and
prevention,” Up To Date, 2021.

"Worldometer," [Online]. Available:
https://www.worldometers.info/coronavirus/.

R. Karia, I. Gupta, H. Khandait, A. Yadav and A. Yadav, "COVID-19 and its
Modes of Transmission," Springer Nature, 2020.

A. A. Sayampanathan, C. S. Heng, P. H. Pin, J. Pang, Y. T. Leong and J. V. Lee,
"Infectivity of asymptomatic versus symptomatic COVID-19," ELSEVIER, 2020.
R. Tellier, Y. Li, B. J. Cowling and J. W. Tang, "Recognition of aerosol

transmission of infectious agents: a commentary,” BMC Infectious Diseases,
2019.

Y.-k. Li, S. Peng, L.-g. LI, Q. Wang, W. Ping, N. Zhang and X.-n. Fu, "Clinical
and Transmission Characteristics of Covid-19- A retrospective Study of 25 Cases
from a Single Thoracic Surgery Department,” Current Medical Science, 2020.

L. Azzi, G. Carcano, F. Gianfagna, P. Grossi, D. D. Gasperina, A. Genoni, M.
Fasano, F. Sessa, L. Tettamanti, F. Carinci, V. Maurino, A. Rossi, A. Tagliabue
and A. Baj, "Saliva is a reliable tool to detect SAR-CoV-2," ELSEVIER, 2020.
L. Azzi, G. Carcano, F. Gianfagna, P. Grossi, D. D. Gasperina, A. Genoni, M.
Fasano, F. Sessa, L. Tettamanti, F. Carinci, V. Maurino, A. Rossi, A. Tagliabue
and A. Baj, "Saliva is a reliable tool to detect SARS-CoV-2," J Infect., 2020.

N. Yu, W. Li, Q. Kang, Z. Xiong, S. Wang, X. Lin, Y. Liu, J. Xiao, H. Liu, D.
Deng, S. Chen, W. Zeng, L. Feng and J. Wu, "Clinical features and obstetric and
neonatal outcomes of pregnant patients with COVID-19 in Wuhan, China; a
retrospective, single-center, descriptive study," The Lancet, 2020.

85



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

S. Khan, L. Peng, R. Siddique, G. Nabi, Nawsherwan, M. Xue, J. Liu and G.
Han, "Impact of COVID-19 infection on pregnancy outcomes and the risk of
maternal-to-neonatal intrapartum transmission of COVID-19 during natural
birth," Infection Control & Hospital Epidemiology, 2020.

Y.-H. Xing, W. Ni, Q. Wu, W.-J. Li, G.-J. Li, W.-D. Wang, J.-N. Tong, X.-F.
Song, G. W.-K. Wong and Q.-S. Xing, "Prolonged viral shedding in feces of
pediatric patients with coronavirus disease 2019," ELSEVIER, 2020.

Q. Fan, Y. Pan, Q. Wu, S. Liu, X. Song, Z. Xie, Y. Liu, L. Zhao, Z. Wang, Y.
Zhang, Z. Wu, L. Guan and X. Lv, "Anal swab findings in an infant with
COVID-19," Pediatric Investigation, 2020.

S. W. Xiang Ong, Y. K. Tan, P. Y. Chia, T. H. Lee, O. T. Ng, M. S. Y. Won and
K. Marimuthu, "Air, Surface Environmental, and Personal Protective Equipment
Contamination by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) From a Symptomatic Patient,” JAMA, 2020.

H. K. Siddigi and M. R. Mehra, "COVID-19 illness in native and
immunosuppressed states: A clinical-therapeutic staging proposal,” ELSEVIER,
2020.

N. Sethuraman, S. S. Jeremiah and A. Ryo, "Interpreting Diagnostic Tests for
SARS-CoV-2," JAMA, 2020.

S. Mallett, A. J. Allen, S. Graziadlo, S. A. Taylor, N. S. Sakai, K. Green, J.
Suklan, C. Hyde, B. Shinkins, Z. Zhelev, J. Peters, P. J. Turner, N. W. Roberts,
L. Ferrante di Ruffano, R. Wolff, P. Whiting, A. Winter, G. Bhatnagar, B. D.
Nicholson and S. Halligan, "At what times during infection is SARS-CoV-2
detectable and no longer detectable using RT-PCR-based tests? A systemic
review of individual participant data,” BMC Medicine, 2020.

T. Yoshikawa, T. Hill, K. Li, C. J. Peters and C.-T. K. Tseng, "Severe Acute
Respiratory Syndrome (SARS) Coronavirus-Induced Lung Epithelial Cytokines
Exacerbate SARS Pathogenesis by Modulating Intrinsic Functions of Monocyte-
Derived Macrophages and Dendritic Cells," J Virol., 20009.

Y. Zhou, B. Fu, X. Zheng, D. Wang, C. Zhao, Y. Qi, R. Sun, Z. Tian, X. Xu and
H. Wei, "Pathogenic T cells and inflammatory monocytes incite inflammatory
storm in severe COVID-19 patients,” Journal, 2020.

C. Qin, L. Zhou, Z. Hu, S. Zhang, S. Yang, Y. Tao, C. Xie, K. Ma, K. Shang, W.
Wang and D.-S. Tian, "Dysregulation of immune response in patients with
COVID-19 in Wuhan, China," Journal, 2020.

C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X.
Gu, Z. Cheng, T. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y.
Xiao, H. Gao, L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, Wang Jianwei
and B. Cao, "Clinical features of patients infected with 2019 novel coronavirus
in Wuhan, China," Lancet, 2020.

A. K. Azkur, M. Akdis, D. Azkur, M. Sokolowska, W. van de Veen, M.-C.
Bruggen, L. O'Mahony, Y. Gao, K. Nadeau and C. A. Akdis, "Immune response
to SARS-CoV-2 and mechanisms of immunopathological changes in COVID-
19," WILEY, 2020.

86



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]

[54]

[55]

[56]

X. Dong, Y.-y. Cao, X.-x. Lu, J.-j. Zhang, H. Du, Y.-g. Yan, C. A. Akdisand Y .-
d. Gao, "Eleven faces of coronavirus disease 2019," Allergy, 2020.

Q.-X. Long, B.-Z. Liu, H.-J. Deng, G.-C. Wu, K. Deng, Y.-K. Chen, P. Liao, J.-
F. Qiu, Y. Lin, X.-F. Cai, D.-Q. Wang, Y. Hu, J.-H. Ren, N. Tang, Y.-Y. Xu, L.-
H. Yu, Z. Mo, F. Gong, X.-L. Zhang, W.-G. Tian, L. Hu, X.-X. Zhang, J.-L.
Xiang, H.-X. Du, H.-W. Liu, C.-H. Lang, X.-H. Luo, S.-B. Wu, X.-P. Cui, Z.
Zhou, M.-M. Zhu, J. Wang, C.-J. Xue, X.-F. Li, L. Wang, Z.-J. Li, K. Wang, C.-
C. Niu, Q.-J. Yang, X.-J. Tang, Y. Zhang, X.-M. Liu, J.-J. Li, D.-C. Zhang, F.
Zhang, P. Liu, J. Yuan, Q. Li, J.-L. Hu, J. Chen and A.-L. Huang, "Antibody
responses to SARS-CoV-2 in patients with COVID-19," Nature Medicine, 2020.

K. Kai-Wang To, O. T.-Y. Tsang, W.-S. Leung, A. R. Tam, T.-C. Wu, D. C.
Lung, C. Chik-Yan Yip, J.-P. Cai, J. M.-C. Chan, T. S.-H. Chik, D. P.-L. Lau, C.
Y.-C. Choi, L.-L. Chen, W.-M. Chan, K.-H. Chan, J. D. Ip, A. Chin-Ki Ng, W.-
S. R. Poon, C.-T. Luo, V. C.-C. Cheng, J. F.-W. Chan, I. F.-N. Hung, Z. Chen,
H. Chen and K.-Y. Yuen, "Temporal profiles of viral load in posterior
oropharyngeal saliva samples and serum antibody responses during infection by
SARS-CoV-2: an observational cohort study,” The Lancet Infectious Diseases.

L. Guo, L. Ren, S. Yang, M. Xiao, D. Chang, F. Yang, C. S. Dela Cruz, Y.
Wang, C. Wu, Y. Xiao, L. Zhang, L. Han, S. Dang, Y. Xu, Q.-W. Yang, S.-Y.
Xu, H.-D. Zhu, Y.-C. Xu, Q. Jin, L. Sharma, L. Wang and J. Wang, "Profiling
Early Humoral Response to Diagnose Novl Coronavirus Disease (COVID-19),"
Clin Infect Dis., 2020.

F. Xiang , X. Wang, X. He, Z. Peng, B. Yang, J. Zhang, Q. Zhou, H. Ye, Y. Ma,
X. Wei, P. Cai and W.-L. Ma, "Antibody Detection and Dynamic Characteristics
in Patients with COVID-19," Clin Infect Dis, 2020.

A. T. Xiao, C. Gao and S. Zhang, "Profile of specific antibodies to SARS-CoV-
2: The first report,” J Infect., 2020.

H. Han, L. Yang, R. Liu, F. Liu, K.-L. Wu, J. Li, X.-h. Liu and C.-l. Zhu,
"Prominent changes in blood coagulation patients with SARS-CoV-2 infection,”
Clin Chem Lab Med.

H. Minasyan and F. Flachsbart, "Blood coagulation: a powerful bactericidal
mechanism of human innate immunity,” Int Rev Immunol., 2019.

M. Delvaeye and E. M. Conway, "Coagulation and innate immune response: can
we view them separately?,” Blood., 2009.

E. S. Gershom, M. R. Sutherland, P. Lollar and E. L. G. Pryzdial, "Involvement
of the contact phase and intrinsic pathway in herpes simplex virus-initiated
plasma coagulation,” J Thrmb Haemost, 2010.

M. Rapala-Kozik, J. Karkowska, A. Jacher, A. Golda, A. Barbasz, L. Guevara-
Lora and A. Kozik, "Kininogen adsorption to the cell surface of Candida spp.,"
International Immunopharmacology, 2007.

T. G. Loof, M. Morgelin, L. Johansson, S. Oehmcke, A. I. Olin, G. Dickneite, A.
Norrby-Teglund, U. Theopold and H. Herwald, "Coagulation, an ancestral serine

protease cascade, exerts a novel function in early immune defense,” Blood.,
2011,

87



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

S. Cui, S. Chen, X. Li, S. Liu and F. Wang, "Prevalence of venous
thromboembolism in patients with severe novel coronavirus pneumonia,” J
Thromb Haemost., 2020.

M. Y. Abou-Ismail, A. Diamond, S. Kapoor, Y. Arafah and L. Nayak, "The
hypercoagulable state in COVID-19: Incidence, pathophysiology, and
management,” Elsevier, 2020.

L. Pan, M. Mu, P. Yang, Y. Sun, R. Wang, J. Yan, P. Li, B. Hu, J. Wang, C. Hu,
Y. Jin, X. Niu, R. Ping, Y. Du, T. Li, G. Xu, Q. Hu and L. Tu, "Clinical
Characteristics of COVID-19 Patients With Digestive Symptoms in Hubei,
China: A Descriptive, Cross-Sectional, Multicenter Study,” Am J Gastroenterol.,
2020.

A. Giacomelli, L. Pezzati, F. Conti, D. Bernacchia, M. Siano, L. Oreni, S.
Rusconi, C. Gervasoni, A. L. Ridolfo, G. Rizzardini, S. Antinori and M. Galli,
"Self-reported Olfactory and Taste Disorders in Patients With Severe Acute
Respiratory Coronavirus 2 Infection: A Cross-sectional Study,” Clin Infect Dis.,
2020.

WHO Working Group , "A minimal common outcome measure set for COVID-
19 clinical research," Lancet Infect Dis , 2020.

M. E. Killerby, R. Link-Gelles, S. C. Haight, C. A. Schrodt, L. England, D. J.
Gomes, M. Shamout, K. Pettrone, K. O"laughlin, A. Kimball, E. F. Blau, E.
Burnett, C. N. Ladva, C. M. Szablewski, M. Tobin-D'Angelo, N. Oosmanally, C.
Drenzek, D. J. Murphy, J. M. Blum, J. Hollberg, B. Lefkove, F. W. Brown, T.
Shimabukuro, C. M. Midgley, J. E. Tate and CDC COVID-19 Responsible
Clinical Team, "Characteristics Associated with Hospitalization Among Patients
with COVID-19 - Metropolitan Atlanta, Georgia, March-April 2020," MMWR,
2020.

W. M. Tenforde, B. E. Rose, C. J. Lindsell, N. I. Shapiro, D. C. Files, K. W.
Gibbs, M. E. Prekker, J. S. Steingrub, H. A. Smithline, M. N. Gong, M. S.
Aboodi, M. C. Exline, D. J. Henning, J. G. Wilson, A. Khan, N. Qadir, W. B.
Stubblefield, M. M. Patel, W. H. Self, L. R. Feldsein, A. M. Kassem, C. N.
Sciarratta, N. Dzuris, P. L. Marcet, A. Siddula, E. P. Griggs, E. R. Smith, C. E.
Ogokeh, M. Wu and S. S. Kim, "Characteristics of adult outpatients and
inpatients with COVID-19 - 11 academic medical centers, United States, March-
May 2020," MMWR, 2020.

Z. Wu and J. M. McGoogan, "Characteristics of and important Lessons From the
Coronavirus Disease 2019 (COVID-19) Outbreak in China," JAMA, 2020.

W. Guan, Z. Ni, Y. Hu, W. Liang, C. Ou, J. He, L. Liu, H. Shan, C. Lei, D. Hui,
B. Du, L. Li, G. Zeng, K. Yuen, R. Chen, C. Tang, T. Wang, P. Chen, J. Xiang,
S. Li, J.-L. Wang, Z. Liang, Y. Peng, L. Wei, Y. Liu, Y.-h. Hu, P. Peng, J.-m.
Wang, J. Liu, Z. Chen, G. Li, Z. Zheng, S. Qiu, J. Luo, C. Ye, S. Zhu and N.
Zhong, "Clinical Characteristics of Coronavirus Disease 2019 in China,” The
New England Journal of Medicine, 2020.

D. D'ardes, A. Boccatonda, I. Rossi, M. T. Guagnano, F. Santilli, F. Cipollone
and M. Bucci, "COVID-19 and RAS: Unravelling an Unclear Relationship,"
Molecular Sciences, 2020.

88



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

W. S. D. Tan, W. Liao, S. Zhou, D. Mei and W.-S. F. Wong, "Targeting the
renin-angiotensin system as novel therapeutic strategy for pulmonary diseases,"
Curr Opin Pharmacol., 2017.

K. Kuba, Y. Imai and J. M. Penninger, "Multiple functions of angiotensin-
converting enzyme 2 and its relevance in cardiovascular diseases," Circ J., 2013.

Y. Imai, K. Kuba, S. Rao, Y. Huan, F. Guo, B. Guan, P. Yang, R. Sarao, T.
Wada, H. Leong-Poi, M. A. Crackower, A. Fukamizu, C.-C. Hui, L. Hein, S.
Uhlig, A. S. Slutsky, C. Jiang and J. M. Penninger, "Angiotensin-converting
enzyme 2 protects from severe acute lung failure,” Nature, 2005.

J. Sienko, M. Kotowski, A. Bogacz, K. Lechowicz, S. Drozdzal, J. Rosik, M.
Sietnicki, M. Sienko and K. Kotfis, "COVID-19: The Influence of ACE
Genotype and ACE-I and ARBs on the Course of SARS-CoV-2 Infection in
Elderly Patients,” Clinical Interventions in Aging, 2020.

R. M. Carey and S. H. Padia, "Angiotensin AT2 receptors: control of renal
sodium excretion and blood pressure,” Trends Endocrinol Metab., 2008.

F. H. Messerli, S. Bangalore, C. Bavishi and S. F. Rimoldi, "Angiotensin-
Converting Enzyme Inhibitors in Hypertension: To Use or Not to Use?," J Am
Coll Cardiol., 2018.

H. P. Jia, D. C. Look, L. Shi, M. Hickey, L. Pewe, J. Netland, M. Frazan, C.
Wohlford-Lenane, S. Perlman and P. B. McCray Jr, "ACEZ2 receptor expression
and severe acute respiratory syndrome coronavirus infection depend on
differenciation of human airway epithelia,” J Virol, 2005.

A. L. Mueller, M. S. McNamara and D. A. Sinclair, "Why does COVID-19
disproportionately affect older people?,” Aging, U.S. National Library of
Medicine, 2020.

D. Gemmati, B. Bramanti, M. L. Serino, P. Secchiero, G. Zauli and V. Tisato,
"COVID-19 and Individual Genetics Susceptibility/Receptivity: Role of
ACE1/ACE2 Genes, Immunity, Inflammation and Coagulation. Might the
Double X-chromosome in Females Be Protective against SARS-CoV-2
Compared to the Single X-Chromosome in Males?," Internaional Journal of
Molecular Sciences, 2020.

H. Peckham, N. M. de Gruijter, C. Raine, A. Radziszewska, C. Ciurtin, L. R.
Wedderburn , E. C. Rosser, K. Webb and C. T. Deakin, "Male sex identified by
global COVID-19 meta-analysis as a risk faco for death and ITU admission,"
Nature News, Nature Publishing Group, 2020.

R. J. M. Engler, M. R. Nelson, M. M. Klote, M. J. VanRaden, C.-Y. Huang, N. J.
Cox, A. Klimov, W. A. Keitel, K. L. Nichol, W. W. Carr, J. J. Treanor and W.
Reed, "Half-vs full-dose trivalent inactivated influenza vaccine (2004-2005):
age, dose, and sex effects on immune responss.,” Arch Intern Med, 2008.

E. A. Voigt, I. G. Ovsyannikova, R. B. Kennedy, D. E. Grill, K. M. Goergen, D.
J. Schaid and G. A. Poland, "Sex Differences in Older Adults' Immune
Responses to Seasonal Influenza Vaccination," Front Immunol, 2019.

Y. Cheng, G. Cheng, C. H. Chui, F. Y. Lau, P. K. S. Chan, M. H. L. Ng, J. J. Y.
Sung and R. S. M. Wong, "ABO blood group and susceptibility to severe acute
respiratory syndrome," JAMA, 2005.

89



[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

R. Goel, E. M. Bloch, F. Pirenne, A. Z. Al-Riyami, E. Crowe, L. Dau, K. Land,
M. Townsend, T. Jecko, N. Rahimi-Levene, G. Paitidar, C. D. Josephson, S.
Arora, M. Vermeulen, H. Vrielink, C. Montemayor, A. Oreh, S. Hindawi, K. van
den Berg, K. Serrano, C. So - Osman, E. Wood, D. V. Devine, S. L. Spitalnik
and ISBT COVID-19 Working Group, "ABO blood group and COVID-19: a
review on behalf of the ISBT COVID-19 working group,” VoxSanguinis, 2021.

J. Li, X. Wang, J. Chen, Y. Cai, A. Deng and M. Yang, "Association between
ABO blood groups and risk of SARS-CoV-2 pneumonia,” Br J Haematol., 2020.

R. L. Hoiland, N. A. Fergusson, A. R. Mitra, D. E. G. Griesdale, D. V. Devine,
S. Stukas , J. Cooper, S. Thiara, D. Foster, L. Y. C. Chen, A. Y. Y. Lee, E. M.
Conway, C. L. Wellington and M. S. Sekhon, "The association of ABO blood
group with indices of disease severity and multiorgan dysfunction in COVID-
19," Blood Adv., 2020.

G. Stussi, K. Huggel, H. U. Lutz, U. Schanz, R. Rieben and J. D. Seebach,
"Isotype-specific detection of ABO blood group antbodies using a novel flow
cytometric method,” Br J Haematol., 2005.

C. A. Latz, C. DeCarlo, L. Boitano, C. Y. Maximilian Png, R. Patell, M. F.
Conrad, M. Eagleton and A. Dua, "Blood type and outcomes in patients with
OVID-19," Ann Hematol., 2020.

P. Guillon, M. Clement, V. Sebille, J.-G. Rivain, C.-F. Chou, N. Ruvoen-Clouet
and J. Le Pendu, "Inhibition of the interaction between the SARS-CoV spike
protein and its cellular receptor by anti-histo-blood group antibodies,"
Glycobiology, 2008.

A.J. Vlot, S. J. Koppelman, B. N. Bouma and J. J. Sixma, "Factor VIII and von
Willebrand factor,” Thromb Haemost., 1998.

P. H. Whincup, J. Danesh, M. Walker, L. Lennon, A. Thomson, P. Appleby, A.
Rumley and G. D. O. Lowe, "Von Willebrand factor and coronary heart disease:
prospective study and meta-analysis," Eur Heart J., 2002.

M. Franchini and G. Lippi, "Von Willebrand factor and thrombosis,” Ann
Hematol., 2006.

G. Cali, Y. Bosse, F. Xiao, F. Kheradmand and C. Amos, "Tobacco Smoking
Increases the Lung Gene Expression of ACE2, the Receptor of SARS-CoV-2,"
Am J Respir Crit Care Med, 2020.

S. Lukassen, R. L. Chua, T. Trefzer, N. C. Kahn, M. A. Schneider, T. Muley, H.
Winter, M. Meister, C. Veith, A. W. Boots, B. P. Hennig, M. Kreuter, C. Conrad
and R. Elis, "SARS-CoV-2 receptor ACE2 and TMPRSS2 are primarily
expressed in bronchial transient secretory celld,” EMBO J., 2020.

B. Conti-Fine, D. Navaneetham, S. Lei and A. Maus, "Neuronal nicotinic
receptors in non-neuronal cells: new mediators of tobacco toxicity?," Eur J
Pharmacol., 2000.

C. Nastrucci and P. Russo, "a7 nAChR in airway respiratory epithelial cells,"
Curr Drug Targets., 2012.

J. M. Oakes, R. M. Fuchs, J. D. Gardner, E. Lazartigues and X. Yue, "Nicotine
and the renin-angiotensin system,” Am J Physiol Integr Comp Physiol, 2018.

90



[94] V. Koka, X. R. Huang, A. C. Chung, W. Wang, L. D. Truong and H. Y. Lan,
"Angiotensin Il Up-Regulates Angiotensin I-Converting Enzyme (ACE), but
Down-regulates ACE2 va the AT1-ERKp38 MAP Kinase Pathway," Am J
Pathol, 2008.

[95] A. Sanyaolu, C. Okorie, A. Marinkovic, R. Patidar, K. Younis, P. Desali, Z.
Hosein, I. Padda, J. Mangat and M. Altaf, "Comorbidity and its Impact on
Patients with COVID-19.," Springer Nature, 2020.

[96] L. Zhu, Z.-G. She, X. Cheng, J.-J. Qin, X. Zhang, J. Cai, F. Lei, H. Wang, J. Xie,
W. Wang, H. Li, P. Zhang, X. Song, X. Chen, M. Xiang, C. Zhang, L. Bai, D.
Xiang, M.-M. Chen, Y. Liu, Y. Yan, M. Liu, W. Mao, J. Zou, L. Liu, G. Chen, P.
Luo, B. Xiao, C. Zhang, Z. ZHang, Z. Lu, J. Wang, H. Lu, X. Xia, D. Wang, X.
Liao, G. Peng, P. Ye, J. Yang, Y. Yuan, X. Huang, J. Guo, B.-H. Zhang and H.
Li, "Association of Blood Glucose Control and Outcomes in Patients with
COVID-19 and Pre-existing Type 2 Diabetes,” Cell Metab, 2020.

[97] H. Ejaz, A. Alsrhani, A. Zafar, H. Javed, Junaid Kashaf, A. E. Abualgasim, K. O.
A. Abosalif, Z. Ahmed and S. Younas, "COVID-19 and comorbidities:
Deleterious impact on infected patients,” ELSEVIER, 2020.

[98] G. Lippi, J. Wong and H. BM, "Hypertension and its severity or mortality in
coronavirus disease 2019 (COVID-19): a pooled analysis.,” Pol Arch Intern
Med., 2020.

[99] C.Qin, L. Zhou, Z. Hu, S. Zhang, S. Yang, Y. Tao, C. Xie, K. Ma and K. Shang,
"Dysregulation of immune response in patients with COVID-19 in Wuhan,
China.,” Clinical Infectious Diseases, 2020.

[100] R. Hosseinzadeh, A. M. Sheikh Beig Goharrizi, M. Bahardoust, A. G. Alvanegh,
M. R. Ataee, M. Bagheri, E. S. Navidiyan, S. R. Hosseini Zijoud and M. Heiat,
"Should all patients with hypertension be worried about developing severe
coronavirus disease 2019 (COVID-19)?," Clinical Hypertension, 2021.

[101] X. Li, J. Zhang and J. Zhou, "The vasoprotective axes of the renin-angiotensin
system: physiological relevance and therapeutic implications in cardiovascular,
hypertensive and kidney diseases.,” Pharmacol Res., 2017.

[102] V. Emilsson, E. Gudmundsson, T. Aspelund, B. Jonsson, A. Gudjonsson, L.
Launer, J. Lamb, V. Gudmundsdottir, L. Jennings and V. Gudnason, "Serum
levels of ACE2 are higher in patients with obesity and diabetes," Wiley, 2020.

[103] D. Wang, B. Hu, C. Hu, F. Zhu, X. Liu, J. Zhang, B. Wang, H. Xiang, Z. Cheng,
Y. Xiong, Y. Zhao, Y. Li, X. Wang and Z. Peng, "Clinical Characteristics of 138
Hospitalized Patients With 2019 Novel Coronavirus-Infected Pneumonia in
Wuhan, China," JAMA, 2020.

[104] S. Shi, M. Qin, B. Shen, Y. Cai, T. Liu, F. Yang, W. Gong, X. Liu, J. Liang, Q.
Zhao, H. Huang, B. Yang and C. Huang, "Association of Cardiac Injury With
Mortality in Hospitalized Patients With COVID-19 in Wuhan, China," JAMA,
2020.

[105] T. Guo, Y. Fan, M. Chen, X. Wu, L. Zhang, T. He, H. Wang, J. Wan, X. Wang
and Z. Lu, "Cardiovascular Implicaions of Fatal Outcomes of Patients With
Coronavirus Disease 2019 (COVID-19)," JAMA, 2020.

91



[106] S. Shi, M. Qin, Y. Cali, T. Liu, B. Shen, F. Yang, S. Cao, X. Liu, Y. Xiang, Q.
Zhao, H. Huang, B. Yang and C. Huang, "Characteristics and clinical
significance of myocardial injury in patients with severe ronavirus disease 2019,"
Eur Heart J, 2020.

[107] F. Zhou, T. Yu, R. Du, G. Fan, Y. Liu, Z. Liu, J. Xiang, Y. Wang, B. Song, X.
Gu, L. Guan, Y. Wei, H. Li, X. Wu, J. Xu, S. Tu, Y. Zhang, H. Chen and B. Cao,
"Clinical course and risk factors for mortality of adult inpatients with COVID-19
in Wuhan, China: a retrospective cohort study,” Lancet, 2020.

[108] J. S. M. Peiris, C. M. Chu, V. C. C. Cheng, K. S. Chan, I. F. N. Hung, L. L. M.
Poon, K. I. Law, B. S. F. Tang, T. Y. W. Hon, C. S. Chan, K. H. Chan, J. S. C.
Ng, B. J. Zheng, W. L. Ng, R. W. M. Lai, Y. Guan and K. Y. Yuen, "Clinical
progression and viral load in a community outbreak of coronavirus-associated
SARS pneumonia: a prospective study,” Lancet, 2003.

[109] P. Libby, I. Tabas, G. Fredman and E. Fisher, "Inflammation and its resolution as
determinants of acute coronary syndromes," Circ Res., 2015.

[110] J. F. Bentzon, F. Otsuka, R. Virmani and E. Falk, "Mechanisms of plaque
formation and rupture,” Circ Res., 2014.

[111] T. Chen, D. Wu, H. Chen, W. Yan, D. Yang, G. Chen, K. Ma, D. Xu, H. Yu, H.
Wang, T. Wang, W. Guo, J. Chen, C. Ding, X. Zhang, J. Huang, M. Han, S. Li,
X. Luo, J. Zhao and Q. Ning, "Clinical characteristics of 113 deceased patients
with coronavirus disease 2019: retrospective study," BMJ, 2020.

[112] M. R. Mehra and F. Ruschitzka, "COVID-19 Illness and Heart Failure,” JACC
Heart Fail., 2020.

[113] K. Liu, Y.-Y. Fang, Y. Deng, W. Liu, M.-F. Wang, J.-P. Ma, W. Xiao, Y.-N.
Wang, M.-H. Zhong, C.-H. Li, G.-C. Li and H.-G. Liu, "Clinical characteristics
of novel coronavirus cases in tertiary hospitals in Hubei Province,” Chin Med J,
2020.

[114] M. Nishiga, D. W. Wang, Y. Han, D. B. Lewis and J. C. Wu, "COVID-19 and
cardiovascular disease: from basic mechanisms to clinical perspectives,”
Reviews, 2020.

[115] S. De Rosa, C. Spaccarotella, C. Basso, M. P. Calabro, A. Curcio, P. P. Filadi,
M. Mancone, G. Mercuro, S. Muscoli, S. Nodari, R. Pedrinello, G. Sinagra and
C. Indolfi, "Reduction of hospitalizations for myocardial infarction in Italy in the
COVID-19 era," Eur Heart J, 2020.

[116] M. Panigada, N. Bottino, P. Tagliabue, G. Grasselli, C. Novembrino, C. Veena,
A. Psesnti, F. Peyvandi and A. Tripodi, "Hypercoagulability of COVID-19
patients in intenstive care unit: A report of thromboelastography findings and
other parameters of hemostasis,” J Thromb Haemost, 2020.

[117] M. Ranucci, A. Ballotta, U. Di Dedda, E. Bayshnikova, M. Dei Poli, M. Resta,
M. Falco, G. Albano and L. Menicanti, "The procoagulant pattern of patients
with COVID-19 acute respiratory dstress syndrome,” J Thromb Haemost., 2020.

[118] R. Gosain, Y. Abdou, A. Singh, N. Rana, I. Puzanov and M. S. Ernstoff,
"COVID-19 and Cancer: a Comprehensive Review," Curr Oncol Rep., 2020.

92



[119] S. Ganatra, S. P. Hammond and A. Nohria, "The Novel Coronavirus Disease
(COVID-19) Threat for Patients With Cardiovascular Disease and Cancer,"
JACC CardioOncol, 2020.

[120] W. Liang, W. Guan, R. Chen, W. Wang, J. Li, K. Xu, C. Li, Q. Ai, W. Lu, H.
Liang, S. Li and J. He, "Cancer patients in SARS-CoV-2 infection: a nationwide
analysis in China,” Lancet, 2020.

[122] ERA-EDTA Council and ERACODA Working Group, "Chronic kidney disease
is a key risk factor for severe COVID-19: a call to action by the ERA-EDTA,"
Nephrol Dial Transplant., 2021.

[123] E. Williamson, A. Walker, K. Bhaskaran, S. Bacon, C. Bates, C. Morton, Curtis
HJ, A. Mehrkar , D. Evans, P. Inglesby, J. Cockburn, McDonald HI, B.
MacKenna, L. Tomlinson, I. Douglas, C. Rentsch, R. Mathur, A. Wong, R.
Grieve, D. Harrison, H. Robes, A. Schultze, R. Croker , J. Parry, F. Hester, S.
Harper, R. Perera, S. Evans, L. Smeeth and B. Goldacre, "Factors associated
with COVID-19-related death using OpenSAFELY," Nature, 2020.

[124] T. I. Hariyanto and A. Kurniawan, "Dyslipidemia is associated with severe
coronavirus disease 2019 (COVID-19) infection," Elsevier, 2020.

[125] M. Soy, G. Keser, P. Atagunduz, F. Tabak, I. Atagunduz and S. Kayhan,
"Cytokine storm in COVID-19: pathogenesis an overview of anti-inflammatory
agents used in treatment,” Clin Rheumatol., 2020.

[126] H. Kaji, "High-density lipoproteins and the immune system,™ J Lipids., 2013.

[127] J. L. McKechnie and C. A. Blish, "The Innate Immune System: Fighting on the
Front Lines or Fanning the Flames of COVID-19," Cell Host Microbe., 2020.

[128] J.-a. Kim, M. Montagnani, S. Chandrasekran and M. J. Quon, "Role of
Lipotoxicity in Endothelial Dysfunction,” Hear Fail Clin., 2012.

[129] G. Froldi and P. Dorigo, "Endothelial dysfunction in Coronavirus disease 2019
(COVID-19): Gender and age influences," Med Hypotheses, 2020.

[130] Z. Wu and J. M. McGoogan, "Characteristics of and Important Lessons From the
Coronavirus Dlsease 2019 (COVID-19) Outbreak in China: Summary of a
Report of 72314 Cases From the Chinese Center for Disease Control and
Prevention,” JAMA., 2020.

[131] L.-Q. Li, T. Huang, Y.-Q. Wang, Z.-P. Wang, Y. Liang, T.-B. Huang, H.-Y.
Zhang, W. Sun and Y. Wang, "COVID-19 patients' clinical characteristics,
discharge rate, and fatality rate of meta-analysis," J Med Virol., 2020.

[132] A. B. Patel and A. Verma, "COVID-19 and Angiotensin-Converting Enzyme
Inhibitors and Angiotensin Receptor Blockers. What Is The Evidence?," JAMA,
2020.

[133] A. M. South, L. Tomlinson, D. Edmonston, S. Hiremath and M. A. Sparks,
"Controversies of renin-angiotensin system inhibition during the COVID-19
pandemic,” Nature Reviews Nephrology, 2020.

[134] H. Zeberg and S. Paabo, "The major genetic risk factor for severe COVID-19 is
inherited from Neanderthals," Nature, 2020.

[135] L. Torre-Fuentes, J. Matias-Guiu, L. Hernandez-Lorenzo, P. Montero-Escribano,
V. Pytel, J. Porta-Etessam, U. Gomez-Pinedo and J. A. Matias-Guiu, "ACEZ2,

93



TMPRSS2, and Furin variants and SARS-CoV-2 infection in Madrid, Spain,”
Medical Virology, 2020.

[136] A. Heurich, H. Hofmann-Winkler, S. Gierer, T. Liepold, O. Jahn and S.
Pohlmann, "TMPRSS2 and ADAM17 Cleave ACE2 Differentially and Only
Proteolysis by TMPRSS2 Augments Entry Driven by the Severe Acute
Respiratory Syndrome Coronavirus Spike Protein,” J Virol., 2014.

[137] Y.-W. Kam, Y. Okumura, H. Kido, L. F. P. Ng, R. Bruzzone and R. Altmeyer,
"Cleavage of the SARS Coronavirus Spike Glycoprotein by Airway Proteases
Enhances Virus Entry into Human Bronchial Epithelial Cells In Vitro," Plos
One, 2009.

[138] A. Shulla, T. Heald-Sargent, G. Subramanya, J. Zhao, S. Perlman and T.
Gallagher, "A transmembrane serine protease is linked to the severe acute
respiratory syndrome coronavirus receptor and activates virus entry,” J Virol.,
2011.

[139] C. Bhattacharyya, C. Das, A. Ghosh, A. K. Singh, S. Mukherjee, P. P.
Majumder, A. Basu and N. K. Biswas, "Global Spread of SARS-CoV-2 Subtype
with Spike Protein Mutation D614G is Shaped by Human Genomic Variations
that Regulate Expression of TMPRSS2 and MXI Genes," bioRxiv, 2020.

[140] L. J. Carithers and H. M. Moore, "The Genotype-Tissue Expression (GTEX)
Project,” Biopreserv Biobank., 2015.

[141] R. Russo, I. Andolfo, V. A. Lasorsa, A. Lolascon and M. Capasso, "Genetic
Analysis of the Coronavirus SARS-CoV-2 Host Protease TMPRSS2 in Different
Populations,” Frontiers in Genetics, 2020.

[142] C. H. Polman, S. C. Reingold, B. Banwell, M. Clanet, J. A. Cohen, M. Filippi, K.
Fujihara, E. Havrdova, M. Hutchinson, L. Kappos, F. D. Lublin, X. Montalban,
P. O'Connor, M. Sandberg-Wollheim, A. J. Thompson, E. Waubant, B.
Weinshenker and J. S. Wolinsky, "Diagnostic criteria for multiple sclerosis: 2010
revisions to the McDonald criteria,” Ann Neurol., 2011.

[143] Y. Hou, J. Zhao, W. Martin, A. Kallianpur, M. K. Chung, L. Jehi, N. Sharifi, S.
Erzurum, C. Eng and F. Cheng, "New insights into genetic susceptibility of
COVID-19: an ACE2 and TMPRSS2 polymorphism analysis,” BMC Medicine,
2020.

[144] Z. Zheng, D. Huang, J. Wang, K. Zhao, Y. Zhou, Z. Guo, S. Zhai, H. Xu, H. Cui,
H. Yao, Z. Wang, X. Yi, S. Zhang, P. Sham and M. Li, "QTLDbase: an integrative
resource for quantitative trait loci across multiple human molecular phenotypes,"
Nucleic Acids Research, 2020.

[145] F. Li, W. Li, M. Farzan and S. C. Hrrison, "Structure of SARS coronavirus spike
receptor-binding domain complexed with receptor,” Science, 2005.

[146] R. Yan, Y. Zhang, Y. Li, L. Xia, Y. Guo and Q. Zhou, "Structural basis for the
recognition of SARS-CoV-2 by full-length human ACE2," Science, 2020.

[147] X. Guo, Z. Chen, Y. Xia, W. Lin and H. Li, "Investigation of the genetic
variation in ACE2 on the structural recognition by the novel coronavirus (SARS-
CoV-2)," J Transl Med, 2020.

94



[148] J.-B. Zhou and J.-K. Yang, "Meta-analysis of association of ACE2 G870A
polymorphism with Chinese Han essential hypertension,” J Renin Angiotensin
Aldosterone Syst., 2009.

[149] S. K. Patel, E. Velkoska, M. Freeman, B. Wai, T. F. Lancefield and L. M.
Burrell, "From gene to protein-experimental and clinical studies of ACE2 in
blood pressure control and arterial hypertension,” Front Physiol., 2014.

[150] Y.-H. Wu, J.-Y. Li, C. Wang, L.-M. Zhang and H. Qiao, "The ACE2 G870A
Polymorphism: Involvement in Type 2 Diabetes Mellitus Combined with
Cerebral Stroke,” J Clin Lab Anal., 2017.

[151] D. S. Pinheiro, R. S. Santos, P. C. B. Veiga Jardim, E. G. Silva, A. A. S. Reis, G.
R. Pedrino and C. J. Ulhoa, "The combination of ACE I/D and ACE2 G8790A
polymorphisms revels susceptibility to hypertension: A genetic association study
in Brazilian patients,” PLos ONE, 2019.

[152] J. Gomez, G. M. Albaiceta, M. Garcia-Clemente, C. Lopez-Larrea, L. Amado-
Rodriguez, 1. Lopez-Alonso, T. Hermida, A. 1. Enriquez, P. Herrero, S. Melon,
M. E. Alvarez-Arguelles, J. A. Boga, S. Rojo-Alba, E. Cuesta-Llavona, V.
AlLvarez, R. Lorca and E. Coto, "Angiotensin-converting enzymes (ACE, ACE2)
gene variants and COVID-19 outcome," Elsevier, 2020.

[153] W. Li, C. Zhang, J. Sui, J. H. Kuhn, M. J. Moore, S. Luo, S.-K. Wong, I.-C.
Huang, K. Xu, N. Vasilieva, A. Murakami, Y. He, W. A. Marasco, Y. Guan, H.
Choe and M. Farzan, "Receptor and viral determinants of SARS-coronavirus
adaptation to human ACE2," EMBO J, 2005.

[154] Y. Cao, L. Li, Z. Feng, S. Wan, P. Huang, X. Sun, F. Wen, X. Huang, G. Ning
and W. Wang, "Comparative genetic analysis of the novel coronavirus (2019-
nCoV/SARS-CoV-2) receptor ACE2 in different populations,” Cell Discovery,
2020.

[155] Y. Zhao, Z. Zhao, Y. Wang, Y. Zhou, Y. Ma and W. Zuo, "Single-cell RNA
expression profiling of AC2, the putative receptor of Wuhan 2019-nCov,"
bioRxiv, 2020.

[156] L. Wooster, C. J. Nicholson, H. H. Sigurslid, C. L. Lino Cardenas and R.
Malhotra, "Polymorphisms in the ACE2 Locus associate with Severity of
COVID-19 Infection," medRxiv, 2020.

[157] G. Consortium, "The Genotype-Tissue Expression (GTEX) project,” Nat Genet.,
2013.

[158] R. P. Marshall, S. Webb, G. J. Bellingan, H. E. Montomery, B. Chaudhari, R. J.
McAnulty, S. E. Humphries, M. R. Hill and G. J. Laurent, "Angiotensin
converting enzyme insertion/deletion polymorphism is associated with
susceptibility and outcome in acute respiratory distress syndrome,” Am J Respir
Crit Care Med., 2002.

[159] Y. Liu, Y. Yang, C. Zhang, F. Huang, F. Wang, J. Yuan, Z. Wang, J. Li, J. Li, C.
Feng, Z. Zhang, L. Wang, L. Peng, L. Chen, Y. Qin, D. Zhao, S. Tan, L. Yin, J.
Xu, C. Zhou, C. Jiang and L. Liu, "Clinical and biochemical indexes from 2019-
nCoV infected patients linked to viral loads and lung injury," Sci China Life Sci.,
2020.

95



[160] P. Ruggenenti, P. Bettinaglio, F. Pinares and G. Remuzzi, "Angiotensin
Converting Enzyme Insertion/Deletion Polymorphism and Renoprotection in
Diabetic and Nondiabetic Nephropathies,” Clin J Am Soc Nephrol., 2008.

[161] M. Adamzik, U. Frey, S. Sixt, L. Knemeyer, M. Beiderlinden, J. Peters and W.
Siffert, "ACE I/D but not AGT (-6)A/G polymorphism is a risk factor for
mortality in ARDS," Eur Respir J, 2007.

[162] A. Annunziata, A. Coppola, M. Lanza, F. Simioli, P. Imitazione, N. Pepe, V.
Maddaloni, L. Atripaldi and G. Fiorentino, "ACE DD polymorphism in severe
COVID-19," Journal of Translational Science, 2020.

[163] Y. B. Saab, P. R. Gard and A. D. J. Overall , "The geographic distribution of the
ACE |1 genotype: a novel finding," Genet Res., 2007.

[164] J. R. Delanghe, M. M. Speeckaert and M. L. De Buyzere, "The host's
angiotensin-converting enzyme polymorphism may explain epidemiological
findings in COVID-19 infections," Clin Chim Acta., 2020.

[165] X. Li, X. Sun, L. Jin and F. Xue, "Worldwide spatial genetic structure of
angiotensin-converting enzyme gene: a new evolutionary ecological evidence for
the thrifty genotype hypothesis,” European Journal of Human Genetics, 2011.

[166] H. Zheng and J. Cao, "Angiotensin-Converting Enzyme Gene Polymorphism and
Severe Lung Injury in Patients with Coronavirus Disease 2019," The American
Journal of Pathology, 2020.

[167] N. Yamamoto, Y. Ariumi, N. Nishida, R. Yamamoto, G. Bauer, T. Gojobori, K.
Shimotohno and M. Mizokami, "SARS-CoV-2 infections and COVID-19
mortalities strongly correlate with ACE 1/D genotype," Elsevier, 2020.

[168] G. Lippi and B. M. Henry, "Active smoking is noassoiated with severity of
coronavirus disease 2019 (COVID-19)," Eur J Intern Med., 2020.

[169] K. Farsalinos, A. Barbouni, K. Poulas, R. Polosa, P. Caponnetto and R. Niaura,
"Current smoking, former smoking, and adverse outcome among hospitalized
COVID-19 patients: a systematic review and meta-analysis,” Therapeutic
Advances in Chronic Disease, 2020.

[170] N. Sattar, I. B. Mclnnes and J. J. V. McMurray, "Obesity Is a Risk Factor for
Severe COVID-19 Infection: Multiple Potential Mechanisms," Circulation.,
2020.

[171] P. Vetter, D. Lan Vu, A. G. L'Huillier, M. Schibler, L. Kaiser and F. Jacquerioz,
"Clinical features of covid-19," BMJ, 2020.

[172] M. Akra-Ismail, R. F. Makki, H. N. Chmaisse, A. Kazma and N. Khoueiry
Zgheib, "Association between angiotensin-converting enzyme insertion/deletion
genetic polymorphism and hypertension in a sample of Lebanese patients,”
Genet Test Mol Biomarkers., 2010.

[173] J. R. Delanghe, M. M. Speeckaert and M. L. De Buyzere, "COVID-19 infections
are also affected by human ACEL D/I polymorphism,” Clin Chem Lab Med.,
2020.

96



[174] M. S. Usman, T. J. Siddiqi, S. M. Khan, U. K. Patel, I. Shahid, J. Ahmed, A.
Kalra and E. D. Michos, "Is there a smoker's paradox in COVID-19?," BMJ Evidence-
Based Medicine, 2020.

[175] H. Wang, M. Yu, M. Ochani, C. A. Amella, M. Tanovic, S. Susarla, J. H. Li, H.
Wang, H. Yang, L. Ulloa, Y. Al-Abed, C. J. Czura and K. J. Tracey, "Nicotinic
acetylcholine receptor alpha7 subunit is an essential regulator of inflammation,” Nature,
2003.

[176] W. Vleeming, B. Rambali and A. Opperhuizen, "The role of nitric oxide in
cigarette smoking and nicotine addiction," Nicotine Tob Res., 2002.

97






	ACKNOWLEDGEMENTS
	ABSTRACT
	ILLUSTRATIONS
	TABLES
	ABBREVIATIONS
	INTRODUCTION
	A. Coronavirus
	1. History
	2. Description
	3. Viral Cycle

	B. COVID-19
	1. Epidemiology
	2. Mechanism of Spread
	3. Pathophysiology
	b. Phase 2: Inflammatory response phase
	i. Immune System
	ii. Antibodies
	iii. Cytokine Storm

	c. Phase 3: Procoagulant phase

	4. Symptoms and Severity of COVID-19
	5. Renin-Angiotensin System and COVID-19
	6. Risk Factors

	C. Genetics
	1. Transmembrane Protease Serine 2
	2. Angiotensin Converting Enzyme 2
	3. Angiotensin Converting Enzyme 1


	AIMS
	METHODS
	A. Human Subjects
	B. Blood Collection
	C. DNA Isolation
	D. Genotyping of the ACE I/D polymorphism
	E. Statistical Analysis

	RESULTS
	A. Aim 1: Risk of contracting the viral disease
	B. Aim 2: Viral disease outcome
	a. Severity
	b. Hospitalization
	c. Hypoxia

	C. Association of the ACE genotype with comorbidities

	DISCUSSION
	LIMITATIONS
	CONCLUSION
	FUTURE PERSPECTIVES
	APPENDIX A
	APPENDIX B
	REFERENCES

