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M Allardice I 

Abstract 

 

Coronavirus outbreaks have been increasing in both frequency and magnitude for the last 

20 years.  Prior to 2002, there were two identified human coronaviruses.  Now in 2022 there are 

seven, potentially eight.  From severe acute respiratory syndrome coronavirus (SARS-CoV) in 

2002, to Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 and SARS-CoV-2 

in 2019, coronavirus outbreaks have continued to escalate, causing more infections and more 

deaths with each successive outbreak.  SARS-CoV-2 was declared a pandemic on March 11, 2020, 

by the World Health Organization.  To date, there have been around 460 million cases and over 6 

million deaths, worldwide.  The need for therapeutic interventions for SARS-CoV-2 is continuing, 

but even greater is the need for broad spectrum coronavirus therapeutics that may be used for this 

and other coronavirus outbreaks.  Due to the critical role of ACE2 in the replication of SARS-

CoV, SARS-CoV-2 and human coronavirus (HCoV)-NL63, ACE2 has become a prime target for 

therapeutic intervention.  Groups have tested chimerics of ACE2 fused to an Fc peptide: ACE2-

Fc as a decoy molecule that would bind the receptor binding domain (RBD) of SARS-CoV-2 with 

the same or greater affinity than ACE2 on the surface of cells.  Here is described the production 

and evaluation of seven ACE2-Fc chimerics, and the down-selection to one lead candidate as a 

potent inhibitor of SARS-CoV-2 cell entry.  All ACE2-Fc chimerics were sequence verified, their 

expression was confirmed in HEK293Ts using western blots and their relative neutralization 

capacity was tested in in vitro neutralization assays.  Evaluation of these constructs led to the 

identification of a lead construct, which was a potent inhibitor of a SARS-CoV-2 D614G 

pseudotype luciferase reporter virus.  Additional testing of the lead ACE2-Fc construct in wild-

type SARS-CoV-2 also demonstrated potent neutralization.  Further evaluation of this protein in 

vivo will allow for determination of dose range, and how well this protein is tolerated in a live 

host.  ACE2-Fc would fill a potential gap in early treatment and would have the unique benefit of 

being a broad-spectrum therapeutic able to target infection with multiple different coronaviruses. 
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1 Introduction 

 

1.1 SARS-CoV-2 

 

1.1.1 The emergence of a novel coronavirus  

 
In late December of 2019, a small cluster of individuals in Wuhan City, Hubei Province, 

China, presented to the Central Hospital of Wuhan with a dry cough, shortness of breath, and 

fever1. One of these patients was a 41-year-old-man who had been experiencing symptoms for one 

week prior to entering the hospital.  He tested negative for various respiratory pathogens such as 

Influenza and adenoviruses through quantitative polymerase chain reaction (qPCR) and was 

administered antiviral, antibiotic, and glucocorticoid therapy, but his condition did not improve.  

He was moved to the intensive care unit (ICU) where bronchoalveolar lavage fluid (BALF) 

samples were collected in order to identify the etiological agent2.  RNA from these samples was 

extracted and sequenced using next-generation sequencing (NGS); this identified reads with high 

nucleotide homology (89.1%) to a bat severe-acute respiratory syndrome (SARS)-like coronavirus 

(SL-CoVZC45)3.  BALF samples were then collected from the additional nine patients in the initial 

cluster diagnosed with an atypical pneumonia4.   Sequencing of these samples produced both 

partial and complete genome sequences of the novel virus with 99.9% sequence homology1, 

suggesting that these individuals had all been exposed to the same source of the virus3. 

The World Health Organization (WHO) was alerted to this outbreak on December 31, 

20195, and on January 5, 2020, the WHO declared that the outbreak was the result of an unknown 

virus temporarily named the novel coronavirus (2019-nCoV).  Phylogenetic analysis demonstrated 

that 2019-nCoV had 88% genomic similarity to two SARS-like bat coronaviruses: bat-SL-

CoVZC45 and bat-SL-CoVZXC21.  The sequences were found to be less similar to SARS-CoV 

(79%) and Middle East Respiratory Syndrome (MERS)-CoV (50%)6.   

As researchers worked to identify the virus and its origin, new cases continued to emerge 

in Wuhan.  Before the end of January 2020, there were over 2000 cases in China7.  Less than four 

months after the first cases of 2019-nCoV were announced, the case count had grown to over 

2,000,000 cases, and the death toll had surpassed 130,000 worldwide8.  The 2019-nCoV virus was 
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officially named SARS-CoV-2 by the International Committee on the Taxonomy of Viruses 

(ICTV), and the disease it caused was named coronavirus disease 2019 (COVID-19) by the WHO9.  

On March 11, 2020, the WHO declared the outbreak of SARS-CoV-2 had escalated to a 

pandemic10.  To date, as of May 26, 2022, there have been 530.2 million cases globally, with 6.3 

million deaths11.  

 

1.1.2 The Coronavirus Genome 

 
Coronaviruses are single-stranded, positive-sense, enveloped RNA viruses with some of 

the largest genomes of all RNA viruses at 26 – 32 kilobases (kb) in length12.  Most coronavirus 

genomes contain at least six open reading frames (ORFs).  Approximately two-thirds (67%) of the 

viral genome translates two large polyproteins (pp1a and pp1ab), which encode the 16 non-

structural proteins (NSPs)13, and the rest of the genome encodes the four structural proteins14,15.  

The NSPs are involved in viral replication and assembly and are an important part of viral 

pathogenesis.  These proteins can combat the host’s antiviral response and modulate various 

cellular processes such as the host’s immune response, helicase activity, and early transcription12.  

The four structural proteins are the membrane (M), envelope (E), nucleocapsid (N), and spike (S) 

proteins, all of which have important individual roles in the life cycle of the virus.   

The M protein is a transmembrane glycoprotein that is heavily involved in virion assembly 

and is the most abundant of any of the structural proteins16.  The M protein interacts with the E 

protein in the Golgi complex to assemble new virions and is able to inhibit Nuclear Factor Kappa 

B (NF-ĸB) activation to delay the host immune response to the virus17.  Though the E protein is 

the least understood of the coronavirus structural proteins, it participates heavily in the assembly 

and subsequent budding of new virions, in addition to intracellular trafficking of the virions within 

the host18.  The N protein is primarily involved in processes related to the RNA genome replication 

and also binds the RNA to form the nucleocapsid18. 

The S protein is a glycoprotein comprised of an S1 and an S2 subunit; this protein plays a 

crucial role in viral entry into the host cell.  Within the S1 subunit is the receptor binding domain 

(RBD), the region that binds the peptidase domain of the host receptor to initiate viral entry into 

the host cell19.   S1 is responsible for binding and attachment to the target cell, and S2 is responsible 

for fusion of the viral and host membranes20.  All four of these structural proteins (E, M, N, and 
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S) are heavily involved in viral replication.  The binding of the spike protein to the host receptor 

for viral entry is a crucial part of the viral replication cycle, and the specific host receptor used is 

not the same for all coronaviruses.  As an example, for SARS-CoV-2, the RBD of the spike protein 

binds to the angiotensin-converting enzyme 2 (ACE2) receptor and cell surface proteases such as 

serine protease TMPRSS2 on the surface of a host cell, as shown in Figure 1.  The binding of other 

cellular factors such as Neuropilin-1 has been shown to improve binding and replication, though 

it does seem that ACE2 is the main receptor for viral entry and additional binding events occur as 

entry cofactors21.  The ACE2 protein is bound not only by SARS-CoV-2 for viral entry but for 

SARS-CoV and for HCoV-NL63.   

There are two entry pathways for SARS-CoV-2, either cell surface entry or endosomal 

entry.  In endosomal entry, the RBD binds ACE2 and forms a complex which is taken up into the 

cell via clathrin-mediated endocytosis.  The S2 subunit is cleaved by the cathepsins, the viral 

membrane and endosomal membrane fuse and the viral RNA is released into the cell22. In cell 

surface entry the RBD binds ACE2 and both the S1 and S2 subdomains of the spike protein are 

cleaved; the S2 cleavage occurs via the cellular proteases whereas the S1-S2 boundary is cleaved 

by furin20.  The cell membrane fuses with the viral membrane and the viral RNA is released into 

the cytoplasm through a funnel-like structure formed by the S2 protein19.  The comparison between 

the two pathways is shown in Figure 2. 

The two open reading frames are translated by host ribosomes to produce polyproteins 

pp1a and pp1ab23.  The polyproteins are then cleaved and processed into the 16 non-structural 

proteins, which form the viral replication and transcription complex (RTC).  The RTC functions 

to evade the host immune system while providing cofactors for synthesis, proofreading, and 

modification of viral RNA.  As new RNA is synthesized and transcribed, more RTCs form to 

further facilitate replication, and some of this newly formed RNA is packaged into new virions24.  

After RNA synthesis, the structural proteins (N, E, M and S) are translated and subsequently are 

inserted into the endoplasmic reticulum (ER)19,24.   The N will package the newly synthesized RNA 

and the structural proteins will assist in the assembly of new virions as they bud from the ER-to-

Golgi compartment to form a new virion.   These virions will bud out of the host cell, ready to 

infect new cells nearby or disseminate to new tissues25. 
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SARS-CoV-2 replication cycle beginning with (1) SARS-CoV-2 binding to the ACE2 

receptor to enter the host cell, (2) endocytosis and (3) release of the viral genome into the cellular 

cytoplasm.  (4) The RNA-dependent RNA-polymerase (RdRp) then aids in viral translation and 

(5) viral replication begins (6) as the single stranded RNA is transcribed.  (7) In the endoplasmic 

reticulum (ER) the viral proteins are produced and trafficked to the ER-Golgi complex for (8) viral 

assembly.  Once the virion is assembled (9) it migrates towards the cell membrane and (10) buds 

out so that the virion is released into the extracellular space.  Adapted from Cevik, et al., 2020. 

Virology, transmission, and pathogenesis of SARS-CoV-2. BMJ. Figure made using BioRender. 

 

Figure 1. 
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Figure 2.  A replication figure depicting the difference in the viral entry pathways between the 

endosomal entry and the cell surface entry.  In the left side of the image, the virus binds ACE2 and 

is internalized into an endosome within the cell.  The cathepsins then cleave the S2 portion of the 

spike protein and this allows for fusion of the viral and endosomal membranes, leading to 

uncoating of the viral RNA into the intracellular space.  In the right side of the image, the virus 

binds ACE2 and the S2 cleavage occurs via TMPRSS2 on the surface of the cell, triggering the 

cell membrane to fuse with the viral membrane and release the viral RNA into the intracellular 

space.  From: Jackson, CB, et al. 2021. Mechanisms of SARS-CoV-2 entry into cells. Nature 

Reviews Molecular Cell Biology. 23.  
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1.1.3 Family Coronaviridae 

Within the order Nidovirales is the family Coronaviridae, within this family is the 

subfamily Coronavirinae which is further divided into four genera: each containing a type species:  

Alphacoronavirus (alphacoronavirus I), Betacoronavirus (murine coronavirus), 

Gammacoronavirus (avian coronavirus), and Deltacoronavirus (bulbul coronavirus HKU11)26,27.  

The Gamma- and Deltacoronaviruses are not human pathogens and most commonly infect birds.  

In contrast, Alpha- and Betacoronaviruses most commonly infect mammals13.  There are seven, 

possibly eight, identified coronaviruses known to infect humans (HCoVs), two of which are 

Alphacoronaviruses (HCoV-229E and HCoV-NL63), and the remaining five are 

Betacoronaviruses (HCoV-OC43, HCoV-HKU1, SARS-CoV, MERS-CoV, and SARS-CoV-2)1. 

The Betacoronavirus genus is further divided into five subgenera: Embecovirus, Sarbecovirus, 

Merbecovirus, Nobecovirus, and Hibecovirus.  SARS-CoV and SARS-CoV-2 are Sarbecoviruses, 

MERS-CoV is a Merbecovirus27,28, and HCoV-OC43 and HCoV-HKU1 are Embecoviruses.   

Figure 3 illustrates how these human coronaviruses are classified within the Alphacoronavirus and 

Betacoronavirus genera. Additionally, here is a novel canine coronavirus that was recently 

identified in a patient with pneumonia in Malaysia, and as of May 26, 2022, research is ongoing 

to determine whether this virus is the eighth coronavirus capable of infecting humans. 
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Figure 3. 

 

       A phylogenetic tree of the Alphacoronavirus and Betacoronavirus genera containing 

the seven coronaviruses known to cause disease in humans.  The two Alphacoronavirus human 

pathogens are HCoV-229E and HCoV-NL63.  Within the Betcoronaviruses there are three 

subgenera that contain the other five human pathogens: Sarbecovirus (SARS-CoV and SARS-

CoV-2), Merbecovirus (MERS-CoV) and Embecovirus (HCoV-OC43 and HCoV-HKU1).   Image 

made using BioRender. 
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1.1.4 The Emergence of Human Coronaviruses 

 
The first two human coronaviruses, HCoV-OC43, and HCoV-229E, were discovered in 

196529.  Scientists initially cultured these viruses by taking samples from an individual with a cold 

and inoculating human embryonic nasal epithelium and trachea dissected from human embryos.  

The samples were then examined using electron microscopy and found to strongly resemble a 

coronavirus that caused illness in animals (avian infectious bronchitis virus)30,31. Based on 

similarities between these and other animal viruses, they were grouped into the family 

Coronaviridae32,33.  HCoV-NL63 and HCoV-HKU1 were not identified until around 40 years 

later34.  HCoV-NL63 was isolated from a child with an acute respiratory syndrome in 200335, 

whereas HCoV-HKU1 was discovered in nasopharyngeal aspirates from pneumonia patients in 

200436. Both this and HKU1 are thought to have emerged from bats to form the Alphacoronavirus 

genus37. 

All four of these early HCoVs (OC43, 229E, NL63, and HKU1) are endemic in the 

population, most of the time causing no more than a common cold38 and generating relatively 

short-term immunity34.  Though there have been some cases of severe illness such as pneumonia, 

this often occurs in immunocompromised individuals.  HCoV-OC43 may have the highest risk of 

causing severe disease as encephalitis has been observed in some OC43-infected patients, 

suggesting the virus may have neuroinvasive properties39-41.  As additional coronaviruses emerged 

throughout the early 2000s, these four HCoVs were separated into alphacoronavirus (NL63 and 

229E) and betacoronavirus (OC43 and HKU1) genera.  These viruses are estimated to be 

responsible for one-third of common colds42. 

In 2002, the ‘mild’ image of coronaviruses drastically changed with the emergence of 

SARS-CoV in Foshan, China.  The first of the two SARS coronaviruses, SARS-CoV, emerged 

and quickly spread to 25 additional countries.  SARS patients all exhibited an ‘atypical 

pneumonia’, and a large proportion of these patients were healthcare workers.  The cause of the 

illness was identified as a novel betacoronavirus and named Severe Acute Respiratory Syndrome 

Coronavirus (SARS-CoV) on March 15, 2003.  Cases continued to increase, and the case count 

quickly grew to over 8096; 774 of these patients died.  While the majority of the cases were in 

Asian countries (7776), there were also cases in North America (278), Australia and New Zealand 
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(7), Europe (34), and Africa (1). SARS-CoV seemed to disappear by the middle of 2003 and only 

caused a few sporadic cases through 2003 and 200443. 

The early 2000s saw the identification of three novel coronaviruses and a shift away from 

the previous reputation of coronaviruses with the emergence of SARS-CoV.  But in 2012, the 

pathogenicity of SARS-CoV was quickly outpaced by a new coronavirus.  This virus was 

identified in Jeddah, Saudi Arabia, in 2012, in the sputum of a 60-year-old man with severe 

pneumonia44.  The sputum sample was cultured and showed evidence of cytopathic effects in the 

cell cultures, consistent with viral replication.  The novel virus was temporarily named HCoV-

EMC (Erasmus Medical Centre).  Sequence alignments compared to other coronaviruses showed 

that HCoV-EMC belonged to the genus betacoronavirus and was most similar to two bat 

coronaviruses (HKU4 and HKU5)45.   

HCoV-EMC caused an illness called Middle East respiratory syndrome (MERS), and the 

virus was later named Middle East Respiratory Syndrome Coronavirus (MERS-CoV).  MERS was 

labelled a highly severe respiratory illness due to the 851 deaths in 2468 confirmed MERS cases 

(~35% mortality rate) and quickly took SARS-CoV’s place as the most pathogenic 

coronavirus46,47,48.  While SARS-CoV cases were controlled, and eventually new cases stopped 

emerging, MERS-CoV has become endemic in some countries and has continued to cause 

outbreaks in South Korea and other countries around the Middle East49. 

Though MERS-CoV was quick to outpace SARS-CoV, a new coronavirus would soon 

overshadow largely all viral and non-viral pathogens in the last century.  In contrast to SARS-CoV 

and MERS-CoV, there was significant and rapid community transmission of SARS-CoV-2.  This 

allowed it to spread quickly from country to country and continent to continent until positive cases 

were identified in seemingly every corner of the world50,51.  As cases continued to emerge, there 

was a global effort to characterize this virus and impede transmission as quickly as possible.   

It was quickly discovered that SARS-CoV-2 shares 80% genome sequence identity with 

SARS-CoV and around 50% with MERS-CoV52, with the highest degree of sequence homology 

being with SARS-like bat coronaviruses53.  While not genetically identical to SARS-CoV, the 

illness caused by both viruses was similar, though SARS-CoV-2 has a lower mortality rate.  Both 

viruses infect host cells through the ACE2 receptor, a receptor that plays a critical role in the 

system responsible for maintaining homeostasis of our blood pressure20.   The SARS-CoV-2 RBD 

has been shown to have a stronger affinity for ACE2 than the RBD of SARS-CoV.  The amino 
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acid similarity of these two RBDs is relatively high at 76.5%6, though there are amino acid 

variations in the SARS-CoV-2 RBD that seem to have increased its binding affinity to ACE2.  

Perhaps this is a mechanism that has allowed SARS-CoV-2 to transmit and cause productive 

infection far more effectively than SARS-CoV19. 

SARS-CoV-2 quickly reached pandemic level as the world braced for the first wave of 

cases.  The successive waves of SARS-CoV-2 cases came as new variants emerged with mutations 

that changed aspects of their transmissibility and pathogenesis.  Governments around the world 

grappled with rising case counts, overwhelmed hospitals, and economic crises.  As the pandemic 

continued, many countries had to endure lockdowns, travel restrictions, mask mandates, and 

quarantine measures for months54.  As of February 24, more than two years since the first case of 

COVID-19 in Wuhan, there are still restrictions, new variants emerging, and economies struggling 

to recover.  The entire world will feel the impact of this virus for decades to come. 

The rate of emergence of coronaviruses seems to be increasing.  Prior to 2003, there were 

only two identified coronaviruses capable of causing human infection.  In the early 2000s, 

scientists identified SARS-CoV, HCoV-HKU1, and HCoV-NL63.  MERS-CoV was identified in 

2012, and in 2019: SARS-CoV-2.  It begs the question, are coronaviruses emerging more rapidly? 

Or are we just getting better at identifying them? Are these seven viruses the only coronaviruses 

that infect humans? Or will we soon identify more coronaviruses with large-scale outbreak 

potential?  

 

1.1.5   Are there more than Seven Human Coronaviruses?  

 
To the best of our knowledge thus far, the previously mentioned viruses are the only 

coronaviruses that infect humans.  However, there may be another that was identified after SARS-

CoV-2.  This adds complexity to the picture of coronavirus emergence as it is unlikely that they 

are emerging more often and more likely that we are getting better at identifying them.  A novel 

canine coronavirus was recently isolated through nasopharyngeal swabs from a patient in Malaysia 

who was hospitalized for pneumonia.  Eight patients in total had evidence of this virus in samples 

collected; most of these patients were children who lived in close contact with domestic and wild 

animals, thus pointing to the potential for a spillover event55.  Confirmation of the virus through 

real-time PCR (RT-PCR) and subsequent genomic sequencing led to the classification of this virus 
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as an Alphacoronavirus.  Though it is an Alphacoronavirus, it is distantly related to HCoV-229E 

and HCoV-NL63 and seems to be the product of multiple recombination events.  It is very early 

in the identification process, but if confirmed as a human pathogen, this would be the eighth 

coronavirus capable of causing disease in humans55. 

The more researchers learn about coronaviruses, the more we realize that the two 

coronaviruses discovered in the 1960s may not have been the first human coronaviruses56.  There 

is phylogenetic and clinical evidence to suggest that the 1890 Russian flu pandemic was actually 

the result of a coronavirus, not an influenza virus.  Molecular dating techniques have pointed to 

HCoV-OC43 as the potential causative agent for the Russian “flu” in 1890.  It was determined that 

the bovine coronavirus is the closest relative of OC43, and the most recent common ancestor of 

both this bovine CoV and OC43 would have been around 189035.  Further evidence highlights the 

symptoms patients experienced during the 1890 pandemic are similar to those that patients with 

COVID-19 experience.  Notably, the loss of taste and smell was a symptom of the 1890 pandemic 

pathogen and a common symptom seen in COVID-19.  We know now this is due to the SARS-

CoV-2 virus’ tropism for the olfactory neurons, as influenza does not show neurotropism in 

humans57. Though this evidence is suggestive and working backward through archaeological 

techniques has limited application, it is interesting to explore this hypothesis and wonder whether 

coronaviruses have been infecting humans for a lot longer than we previously believed. 

 

 

1.2 Potential Origins of SARS-CoV-2 

 

1.2.1 Coronavirus Emergence 

 
Most, if not all, human coronaviruses are hypothesized to have emerged through zoonoses, 

whereby an animal host, either reservoir or intermediate, transmits to a human host who can then 

further transmit the virus51,58.  Reservoir hosts are animals that are persistently infected with the 

virus and often experience a very low level or asymptomatic infection, but they are unable to clear 

the infection59.  The understanding of how a pathogen could be maintained in the absence of 

physiologic impacts to the reservoir host is not well understood and is likely different in each 

reservoir species60.  In contrast, intermediate hosts are transiently infected with the pathogen and 
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are able to clear it, though they can transmit to other hosts during the time they are infected61.  An 

example of an intermediate host is camelids in the transmission of MERS; this will be expanded 

on in a subsequent section.  

As climate change continues to cause social and environmental impacts, it also has a 

corresponding effect on human health, as shown in Figure 4.  Climate change often causes 

populations of people to migrate for reasons such as climate-related disasters destroying homes 

and negative impacts on ecosystems that are relied upon for survival.  This forced migration, in 

turn, alters potential exposure to infectious diseases during the migration or in the new 

environment, and the migrants themselves become vectors of infectious pathogens as they move 

from one location to the next62.  Climate change also has a drastic impact on wildlife and their 

migration, their mating seasons, and their overall survival.  Additional factors such as urbanization 

and agriculture often bring humans into the territory of wildlife far more often, and all of these 

factors taken together contribute to the increasing probability of a spillover event occurring58,63.  

Whether the transmission occurs directly or indirectly is another important facet of zoonotic 

transmission dynamics.  Transmission can occur directly, from an animal to a human, or indirectly 

through fecal/oral transmission, consumption of contaminated meat, or through contact with 

infectious bodily fluids such as when cleaning wild game58. 
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The numerous ways that climate change affects virology.  Changes in climate can 

affect reservoir habitats and their survival and can lead to vectors adapting their migration patterns. 

When migration patterns change, bringing vectors and reservoirs into new environments, this 

changes transmission patterns and means that the pathogens they carry also move into new 

environments. Due to global warming, often vectors are able to extend their mating seasons and 

thus produce more progeny.  These changes also affect pathogen viability on surfaces, and the 

interactions between hosts. 

 

 

 

Figure 4. 
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1.2.2 Potential Reservoir Hosts 

 
Identifying reservoir hosts is not a linear or straightforward task.  There has been a lot of 

ongoing work to understand how reservoir hosts are established and how researchers can better 

identify reservoir species64.  The two known human Alphacoronaviruses (HCoV-NL63 and 

HCoV-229E) are thought to have emerged from bats due to phylogenetic analyses, which suggest 

this is the most likely possibility65.   However, HCoV-OC43 and HCoV-HKU1 are believed to 

have originated in rodents37,66.   

Bats have been identified as the most likely reservoir for many betacoronaviruses, 

including SARS-CoV and MERS-CoV, in addition to other human pathogens including Rabies, 

Nipah, and Hendra viruses14,67,68. Prior to this, a reported case of SARS-CoV transmission from 

Paguma larvata (masked palm civets) to humans fueled a hypothesis that SARS-CoV originated 

from masked palm civets69,70.  However, this hypothesis changed after the discovery of SARS-like 

coronaviruses (SL-CoVs) in Chiroptera spp. bats, suggesting that our understanding of the origins 

of coronaviruses is still relatively underdeveloped.  This discovery led researchers to suggest that 

civets were perhaps an intermediate host and bats were the more likely reservoir for SARS-CoV71.  

Lending further confidence to this new hypothesis of SARS-CoV origin, 11 new SL-CoVs with 

92-99% sequence homology to SARS-CoV were identified in Rhinolophus sp. bats in Yunnan 

province, China, in 201772.  These collective findings have formed the basis of our understanding 

of SARS-CoV and SL-CoV origins, with Rhinolophus sinicus now considered the natural reservoir 

of SARS-CoV and SL-CoVs as well73.   

SL-CoVs have been identified in other bat species as well, such as Rhinolophus sp., 

Hipposideros sp., and Chaerophon sp47,74,75.  This has led researchers to study the role of bats in 

the emergence of coronaviruses.  One group of researchers sequenced samples collected from 

Rhinolophus sp. bats in Yunnan province, China, and identified two bat coronaviruses: RaTG13 

and RmYN02 in Rhinolophus affinis and Rhinolophus malayanus bats, respectively.  Both viruses 

were found to have high nucleotide sequence homology to the SARS-CoV-2 genome: RaTG13 

(96.1%) and RmYN02 (93.3%)53.  In-depth analysis showed that RaTG13 displayed a high level 

of nucleotide sequence homology to both the S gene (92.9%) and the RBD (85.3%); however, 

RmYN02 had much lower homology in both the S gene (71.9%) and RBD (61.3%)8.   These two 
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viruses have the highest level of homology to SARS-CoV-2 of any identified coronaviruses and 

thus provide a strong case for probable bat origin of SARS-CoV-2. 

In contrast, they also compared Pangolin viruses GD/2019 and GX/P5L/2017 to SARS-

CoV-2 and found lower levels of nucleotide homology for the whole genome (GX/P5L/2017 = 

85.2%) but high levels of amino acid sequence homology in the S gene (GX/P5L/2017 = 92.4% 

and GD/2019 = 90.7%) and RBD (GD/2019 = 97.4% and GX/P5L/2017 = 86.8%)8,53,76. It seems 

that while pangolins may have been involved in a recombination event affecting the RBD, the high 

level of homology between the whole genomes of SARS-CoV-2 and bat CoVs suggests that this 

virus originated from bats rather than pangolins77.  

To add further complexity to the ever-unraveling layers of coronavirus hosts and 

emergence, phylogenetic sequencing of the SARS viruses has shown that these viruses likely 

originated from a bat-derived coronavirus sometime between 1948 and 1982.  This would suggest 

that while these viruses are novel in humans, they are certainly not novel in nature71.   

 

1.2.3 Potential Intermediate Hosts 

 
Determining a reservoir species for a particular pathogen is challenging, likely only one 

reservoir species is to be determined.  The same cannot be said for intermediate hosts, which can 

be numerous, and this adds many layers of complexity to research into intermediate hosts.  The 

intermediate host for HCoV-OC43 is widely accepted to be bovines due to the high degree of 

similarity between OC43 and bovine coronavirus (BCoV).  Using a molecular clock analysis of 

the spike gene sequences of these two viruses, scientists hypothesized that these two viruses share 

a common ancestor, which can be backdated to around 189035.  Intermediate hosts for HCoV-

NL63 and HCoV-HKU1 have yet to be determined65, though studies have ruled out the possibility 

that livestock are an intermediate host for HCoV-NL63 as this was previously hypothesized78. 

Alpaca coronavirus (ACoV) was discovered in 2007, and this was shown to have 92.2% 

nucleotide homology with HCoV-229E, suggesting that alpacas or other camelids may have been 

the intermediate hosts for HCoV-229E37,65.  Phylogenetic analysis has pointed to a common 

ancestor between ACoV and HCoV-229E before 196079.  The intermediate host for MERS-CoV 

is also thought to be dromedary camels. During the outbreak of MERS-CoV in the Middle East, 

researchers collected nasal swabs from 1309 camels at slaughterhouses, farms, and markets around 
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Jeddah, the town where the first case of MERS was reported.  25.3% of the swabs were positive 

for coronavirus through RT-PCR, most of which were the camels from the markets.  Camels would 

be mixed with other camels imported from Sudan and Somalia in these markets. However, the 

local camels had a higher positivity rate for MERS-CoV than the imported camels.  There were 

three species of coronavirus detected in these camels, MERS-CoV, betacoronavirus 1 and HCoV-

229E.  The high prevalence of coronaviruses suggested that camels were a likely source of 

spillover to humans since humans would visit the markets and be near the animals80. 

During the SARS-CoV epidemic in the early 2000s, scientists were investigating potential 

animal spillovers, including testing animals located in areas where they may come in contact with 

humans.  In an exotic food market in Shezhen, Guangdong province, China, scientists found that 

a racoon dog (Nyctereutes procyonoides) and six masked palm civets (Paguma larvata) were 

positive for a virus that was very similar to SARS-CoV.  These same scientists also found that 

13% of the civet merchants at various markets in Guangdong had SARS-CoV antibodies35. These 

findings led researchers to suggest that racoon dogs and palm civets are the most likely 

intermediate hosts of SARS-CoV81.  Figure 5 illustrates the transmission dynamics between the 

reservoir and intermediate hosts of SARS-CoV and SARS-CoV-2 based on the knowledge to date. 

A critical factor differentiating SARS-CoV from SARS-CoV-2 is that the SARS-CoV-2 

spike protein has a much stronger affinity for ACE2 than that of SARS-CoV; the two spike proteins 

have an amino acid similarity of 76.5%6.  This likely plays a role in the enhanced infectivity of 

SARS-CoV-2 and the range of animals capable of hosting a SARS-CoV-2 infection19 as many 

animals express an ACE2 protein or homologue82.   

In the initial cluster of COVID-19 cases identified in late 2019, eight patients (including 

the 41-year-old patient discussed in Section 1.1.1.) had visited or worked at a seafood market in 

Huanan that sold live animals2.  In samples collected from the market, 5.6% of the 585 samples 

collected contained evidence of SARS-CoV-283.  While it was discovered that there was a high 

degree of similarity between SARS-CoV-2 and bat CoVs, researchers also found a 92% sequence 

homology between the RBDs of SARS-CoV-2 and pangolin coronaviruses84.  Upon further 

investigation, it was determined that the sequence homology between these two viruses was only 

in the RBD.  The two genomes have very low nucleotide similarity overall.  Thus, scientists 

hypothesized that rather than acquiring similar RBDs through recombination, they were more 
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likely acquired through convergent evolution, suggesting that pangolins are not an intermediate 

host of SARS-CoV-277,85. 

Mink, racoon dogs, and ferrets have all been naturally or experimentally infected and 

appear to experience a symptomatic infection and transmit the virus.  Ferrets are commonly used 

as a model of respiratory infections as they display symptoms that can be monitored through 

clinical scores.  However, experimentally infected ferrets displayed varying symptoms and often 

only showed pathology in their nasopharyngeal tracts.  In one study, a small number of ferrets 

developed fever and loss of appetite and were euthanized for pathology; however, only trace 

amounts of viral RNA were detected in their nasal turbinates, but nowhere else86.  Additionally, 

these animals were shown to transmit directly to other ferrets when placed in the same cages 

through feces, urine, and nasal secretions but were ineffective at transmitting indirectly through 

aerosols87,88.  Experimental infection of racoon dogs revealed that they could host a productive 

infection and transmit the virus; this is likely facilitated by their ACE2 protein, which differs from 

the human ACE2 protein by only six amino acids88.   

In April of 2020, large-scale SARS-CoV-2 outbreaks on mink farms were reported in the 

Netherlands, with many of the mink displaying signs of respiratory disease and some succumbing 

to their infection89.  This led to millions of mink being culled as fears of transmission and 

production of new, more virulent strains continued to build83.  97 farm employees and owners were 

tested through RT-PCR, 43 (49%) were positive, and 51% of serum samples collected were 

positive for SARS-CoV-2 antibodies.  Viral sequences collected from humans and mink on the 

same farms were almost identical, suggesting transmission occurred between the farm employees 

and mink89.  For this reason, mink are considered a potential intermediate host of SARS-CoV-2, 

but their exact role in SARS-CoV-2 emergence is not yet fully understood.  

Due to the widespread transmission on mink farms, other farm animals were examined for 

their risk of transmission.  Research found that pigs, chickens, and ducks were not susceptible to 

infection90, whereas in silico modelling predicted that horses, cows, and sheep might be susceptible 

based on affinity for SARS-CoV-2 spike86.  Rodents have shown to experience varying levels of 

infection capability, with infected deer mice being able to shed virus in their oral secretions; 

however, other wild or laboratory mice do not appear to be susceptible to infection.  Additionally, 

experimental infection of striped skunks and bushy-tailed woodrats revealed these animals are 

susceptible to infection and can shed virus91.  Hamsters are also susceptible to infection and display 
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clinical symptoms that make them an optimal model of SARS-CoV-2 infection92.  Due to these 

limited instances of infection, more research is required to understand their roles in the emergence 

of SARS-CoV-2 fully. 

Throughout the pandemic, many have wondered what role domestic animals could play in 

the transmission of SARS-CoV-2.  There have been very few reports of SARS-CoV-2-positive 

cats or dogs, and even fewer reported cases of transmission between these animals and humans93.  

In most cases, the animals do not experience a symptomatic infection or experience very mild 

symptoms91. In experimental infection of cats, viral RNA was detected in tissues such as nasal 

turbinates, tonsils, and trachea, and respiratory droplet transmission occurred from an infected cat 

to a non-infected cat86.   

SARS-CoV-2 cases in wild cats such as lions and tigers have also been reported.  At the 

Bronx Zoo in New York, many of their large cats displayed respiratory symptoms and were tested, 

resulting in three lions and five tigers testing positive.  One of the zookeepers tested positive as 

well, and it was believed that this was the source of infection for the eight positive animals.  In the 

San Diego Zoo, many gorillas who came in contact with a SARS-CoV-2-positive zookeeper also 

tested positive88.  As these are all isolated events that do not seem overly common, cats, dogs, 

lions, and tigers are not considered intermediate hosts for SARS-CoV-2. 

The last important species to consider as an intermediate host is white-tailed deer, who 

were recently discovered to be highly susceptible to SARS-CoV-2 infection and have an ACE2 

receptor quite similar to that of humans.  Intranasal inoculation of white-tailed deer fawns resulted 

in an established infection and viral shedding in their nasal secretions.  Additionally, infected 

animals transmitted to deer they were placed in contact with.  All deer that were inoculated, as 

well as the deer that were placed in contact with infected animals, were seropositive within a week.  

This forms an interesting piece of the transmission dynamic that may contribute to the maintenance 

of SARS-CoV-2 in the population94. 
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The transmission dynamics between humans, and the potential reservoir and 

intermediate hosts of SARS-CoV and SARS-CoV-2, based on the current research into each of 

these animals and their ability to host and transmit these two viruses.  Adapted with permission 

from Schindell, et al. 2022.  SARS-CoV-2 and the missing link of intermediate hosts in viral 

emergence – what we can learn from other betacoronaviruses. Figure made using BioRender.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 
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1.3 Transmission Dynamics and Variants of Concern 

 

1.3.1 SARS-CoV-2 Transmission  

 
There are three main modes of transmission for respiratory viruses.  The first is through 

direct or indirect contact, the second is through droplets (often expelled when an individual coughs 

or sneezes) and the third is airborne transmission.  It is important to emphasize that airborne 

transmission and droplet transmission are not the same.  In droplet transmission, infectious 

particles are propelled into the air through coughing or sneezing and are heavy enough that they 

fall to the ground shortly after their brief period of suspension in the air.  Infection occurs through 

inhalation of these viral particles, or their contact with the mucous membranes in the eyes, nose, 

or mouth25.  In airborne transmission, the infectious particles are much smaller and thus can be 

suspended in the air for long periods of time95.   According to the WHO and Centre for Disease 

Control (CDC), particles with a diameter less than 5µm are designated as aerosols, whereas those 

that are larger than 5µm are referred to as droplets96.  Studies have shown that coughing, sneezing 

and talking produce more aerosols, in contrast to nasal exhalation which produces more droplets97.  

Based on current knowledge, SARS-CoV-2 is transmitted through droplets and aerosols, though 

both modes of transmission have been shown to be highly dependent on the environmental and 

individual host factors.  Examples of environmental factors include the size of the space, the 

ventilation, and the circulation of recycled air98,97.  Examples of host factors include age, immune 

capability, comorbidities such as heart disease and diabetes, and behavioral factors like smoking99. 

SARS-CoV-2 is often referred to as a pneumotropic virus.  In the case of SARS-CoV-2 

and other coronaviruses that bind ACE2, their tissue tropism is largely determined by the 

expression of ACE2 on the surface of cells as this is a critical step in viral entry99. Within the lungs, 

the first cellular targets are alveolar macrophages, and vascular and alveolar endothelial cells as 

they exhibit high levels of ACE2 expression.  The viral load is observed to be highest in the upper 

respiratory tract earlier on in disease, whereas viral loads increase in the lower respiratory tract 

later in disease progression, which infers that viral replication begins in the upper respiratory tract 

and moves downward99.  Peak viral load occurs at symptom onset or within the first week of 

symptomatic infection, and therefore, individuals are highly infectious prior to symptom onset and 

in the early days of symptomatic infection, meaning transmission occurs often before the 

individual is aware that they are infected25.  In contrast, the peak viral load was observed to be in 
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the second week of SARS-CoV-2 infection, thus allowing for individuals to properly isolate and 

reduce transmission. The increased transmissibility of SARS-CoV-2 when compared to that of 

SARS-CoV is largely due to alterations in the SARS-CoV-2 spike protein that allow for stronger 

binding with ACE225,100.   

Nosocomial transmission was the dominant mode of transmission in SARS-CoV and 

MERS-CoV48.  This is not the case with SARS-CoV-2, which is primarily driven by community 

transmission, thus the implementation of non-pharmaceutical interventions (NPIs) such as masks, 

social distancing, and hand hygiene.  Additionally, control measures such as contact tracing, 

reduction in gathering sizes and country-wide lockdowns were introduced in a greater attempt to 

prevent increased spread through communities100. 

 

1.3.2 Variants of Concern  

 
Through the widespread transmission of SARS-CoV-2, new variants began to arise around 

the world, exhibiting diverse transmission rates and varying degrees of illness.  One very important 

distinction must be made when discussing variants: the difference between and variant of interest 

(VOI) and a variant of concern (VOC).  The WHO has defined a variant of interest as one that has 

“genetic changes that are predicted or known to affect virus characteristics such as transmissibility, 

disease severity, immune escape, diagnostic or therapeutic escape.”  The definition continues by 

stating that these variants must be “identified to cause significant community transmission or 

multiple COVID-19 clusters, in multiple countries with increasing relative prevalence alongside 

increasing number of cases over time, or other apparent epidemiological impacts to suggest an 

emerging risk to global public health” (WHO. Tracking SARS-CoV-2 Variants)101.  As of May 

26, 2022, there are no VOIs that are currently circulating, though there are many designated as 

‘previously circulating’: Epsilon (B.1.427 and B.1.429), Zeta (P.2), Eta (B.1.525), Theta (P.3), 

Iota (B.1.526), Kappa (B.1.617.1), Lambda (C.37), and Mu (B.1.621)101.   

A variant of concern must meet these aforementioned VOI criteria and must also meet one 

or more of the following: “the variant increases transmissibility or detrimental change in COVID-

19 epidemiology, increases in virulence or changes the clinical disease presentation or there is a 

noticeable decrease in the effectiveness of public health and social measures or available 

diagnostics, vaccines or therapeutics” (WHO. Tracking SARS-CoV-2 Variants)101.  As of May 26, 
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2022, there are two VOCs that are designated ‘currently circulating’: Delta (B.1.617.2) and 

Omicron (B.1.1.529), and three designated as ‘previously circulating’: Alpha (B.1.1.7), Beta 

(B.1.351), and Gamma (P.1)102.  

The Alpha variant (B.1.1.7) was first identified in the United Kingdom in September in 

2020 and it rapidly took over as the dominant strain, causing almost 80% of SARS-CoV-2 cases 

by March 2021103.  With the emergence of B.1.1.7 came two unique mutations: a N501Y mutation 

in the spike protein and a D614G mutation, which is not within the spike protein104.  The N501Y 

mutation has been shown to enhance the binding affinity of the viral RBD to the host ACE2 

receptor105, while strains containing the D614G mutation displayed enhanced viral replication and 

infectivity in vivo when compared to strains without the D614G mutation106,107.  B.1.1.7 is also 

correlated with an increased viral load in the upper respiratory tract, and this may be due to the 

high level of ACE2 expression in these tissues.  This correlates with the observed pathogenesis of 

B.1.1.7 and the increased rate of hospitalization in COVID-19 patients infected with B.1.1.7 

compared to those infected with the original Wuhan strain52,108.    

Around the time that the B.1.1.7 variant was emerging, the first two COVID-19 vaccines 

were preparing to submit their clinical trial data to health agencies around the world.  The 

emergence of B.1.1.7 at this time raised a lot of questions as to what role these mutations would 

play in viral evasion of vaccine-derived immunity.  Due to the location of N501Y (in the RBD) 

and D614G (highly antigenic region in the N-terminal domain) concerns continued to rise that this 

variant perhaps may be able to evade vaccines, just as the world finally had a tool in our arsenal 

against the ever-expanding pandemic109.   

Not long after the emergence of B.1.1.7, an additional variant was identified in late 2020 

in South Africa; this variant would later be named the Beta variant (B.1.351)105.  B.1.351 spread 

throughout South Africa with a reported 1.5x higher transmission rate than the original Wuhan 

strain.  Similar to B.1.1.7, B.1.351 also contained the D614G mutation in addition to nine 

mutations in the spike gene109.  While B.1.351 did not spread throughout the world as widely as 

B.1.1.7, it became the dominant strain in South Africa and the concern regarding efficacy of 

vaccines was still present due to the high degree of mutations.  As the percent vaccination increased 

in European and Western countries it became clear that the two vaccines approved (Pfizer and 

Moderna) would be effective against the B.1.1.7 variant, especially in preventing against severe 

COVID-19110,111.  However, the level of vaccination in South Africa was not rising as quickly as 
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Western and European countries, and neutralization data showed that B.1.351 was less susceptible 

to antibodies from vaccination or infection112.  

The Gamma or P.1 variant (B.1.1.28.1) was the next variant to emerge that was designated 

a variant of concern.  It emerged in Brazil in January of 2021 and cases were soon reported in the 

United States, France, Italy, Germany, the Netherlands and Spain113.  With 17 mutations, including 

the N501Y and D614G, it earned the designation of VOC through the severe COVID-19 it 

caused108 and the decrease in neutralization by monoclonal antibodies114 and convalescent 

plasma112.  This variant displayed similar pathogenesis to the Alpha variant in that the risk of 

hospitalization with this variant was increased compared to that of the Wuhan strain115. 

 The identification of a new variant in India became the next cause for concern as reports 

claimed it was causing much more severe illness than previous variants.  This variant was named 

Delta (B.1.617.2) and it was estimated to be 40-60% more transmissible than B.1.1.7, which was 

already more transmissible than the Wuhan strain116.  Additionally, the degree of protection from 

vaccine-derived immunity was far lower against this variant compared to previous variants117.  

Fully vaccinated individuals showed a high level of protection, though partially vaccinated 

individuals showed far lower protection against infection and particularly against severe COVID-

19.  However, individuals who were only partially vaccinated or unvaccinated were highly 

susceptible to infection and not protected from severe infection111.  To quantify this, studies 

identified that the Delta variant was eight-fold less sensitive to neutralizing antibodies from 

vaccine-derived immune responses, and six-fold less sensitive to antibodies from recovered 

patients’ sera118. 

In November of 2021, another variant was designated as a VOC, the Omicron variant (BA.1 

or B.1.1.529).  Characterization of this variant revealed 30 mutations in the spike protein alone, 

and this raised concerns that it may be able to evade vaccine-derived immunity119.  The 

transmission rate of Omicron rapidly outpaced any previous variant, and it took over as the 

dominant strain in most populations120.   At this point in the pandemic, many countries had a high 

percentage of their population vaccinated, but waning of vaccine-induced immunity was widely 

observed and individuals were recommended to get a booster dose121.  Those that were vaccinated 

with a booster dose were far more protected than those that were fully vaccinated, with boosted 

individuals displaying only a 4-6-fold decrease in neutralizing antibodies compared to the Wuhan 

strain122.     
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Reinfection rates with Omicron were high, though individuals who were reinfected did seem 

to have a mild course of illness, as did many people who tested positive for Omicron122.  This 

variant was observed to have a shorter median incubation period (2-3 days) than the Wuhan strain 

(5 days)123, and pathological studies have found lower viral burden in the lower lung tissues, with 

a higher burden in the upper airway tissues.  Many believe this is due to decreased binding of the 

TMPRSS2 receptor, a serine protease on the surface of cells that has been identified as a binding 

cofactor for cell entry.  The current hypothesis is that due to lower expression of TMPRSS2 in 

upper airway cells, and the spike mutations which appear to favor binding in a low-pH environment 

(upper airway), the Omicron variant is more adapted to bind cells in the upper airway, rather than 

those in lower lung tissues124.  This may explain why a lower viral burden is observed in lower 

lung tissues and decreased pathogenesis of this variant. 

 

 

1.4 SARS-CoV-2 Infection 

 

1.4.1 Pre-symptomatic & Asymptomatic Infection 

 
There is a wide range of symptomology that COVID-19 patients experience, but some 

patients do not develop symptoms at any point during their infection.  These individuals are still 

capable of transmitting the virus through droplets, though it appears this is to a lesser degree than 

those who are symptomatic or pre-symptomatic59.  The distinction between asymptomatic and pre-

symptomatic is an important one.  Individuals who do not develop symptoms at any point 

throughout the course of SARS-CoV-2 infection are referred to as asymptomatic.  This is in 

contrast to the period prior to symptom onset in individuals who do become symptomatic; these 

patients are actively infected with SARS-CoV-2 during this time and are increasingly infectious99.  

This period is referred to as pre-symptomatic, and it is during this time that transmission is 

occurring the most as individuals do not yet know that they are infected.    

Many studies have attempted to quantify the proportion of patients that remain 

asymptomatic throughout the course of their SARS-CoV-2 infection, though this is a challenge 

due to the discrepancy in reporting the level of symptomology.  Thus, it becomes difficult to ensure 

that all cases labelled asymptomatic are in fact asymptomatic cases125.  One study estimated that 
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the overall proportion of asymptomatic COVID-19 patients is around 20%.  They also reported an 

estimate for single-family clusters of 34%, with each cluster having at least one asymptomatic 

person126.  An additional meta-analysis by the Scripps Research Translational Institute reviewed 

16 studies and showed that 6738 individuals who tested positive out of a total of 45,394 screened, 

40-45% of the positive individuals remained asymptomatic127. Though these studies estimate 

transmission, current evidence has shown that individuals that are asymptomatic have the same 

viral load as those that are symptomatic, and thus are just as capable of transmitting. 

Pre-symptomatic transmission is hypothesized to be a significant contributor to SARS-

CoV-2 transmission overall, as it has been shown that transmission can occur a few days prior to 

symptom onset126.  Several studies have identified that early on in the infectious period is the 

highest risk period of time for transmission.  This was emphasized by a study which followed 

SARS-CoV-2-positive individuals and their close contacts; they identified zero new COVID-19 

cases in these individuals when the contact occurred five or more days after symptom onset125.  In 

other analyses of pre-symptomatic transmission, one study documented 77 transmission events 

from 94 infected patients.  It was estimated that 44% of the transmission from these infected 

patients was during their pre-symptomatic phase128.  Environments such as homeless shelters, 

prisons, nursing homes, and factories are high risk for transmission as individuals are living and 

eating in close proximity. The risk of pre-symptomatic transmission is especially high as patients 

will already have a high viral load prior to being isolated and will likely transmit substantially 

before they realize they are positive125.  

 

1.4.2 Symptomatic Infection in Adults 

 
The COVID-19 symptoms that each patient experiences are heavily influenced by 

individual patient characteristics such as age and pre-existing medical conditions.  SARS-CoV-2 

variants have also been an important factor in the severity of infection with variants such as Delta 

causing more severe symptoms and Omicron causing less severe disease129.  Many COVID-19 

patients only experience mild symptoms such as general malaise, fatigue, fever, cough, muscle 

pain, congestion, runny nose, shortness of breath or loss of taste or smell.  There are many common 

gastrointestinal symptoms as well such as nausea, vomiting, diarrhea, loss of appetite and 

abdominal pain130,6. 
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The SARS-CoV-2 virus has an incubation period of 14 days with the median incubation 

being 5.7 days, though some variants such as Omicron have exhibited shorter periods of 

incubation131.  Viral load is observed to be at its peak around symptom onset and it then decreases 

steadily afterwards25, with detectable virus present in samples up to 12 days post symptom onset.  

Most cases of SARS-CoV-2 infection begin with a 7–10-day primary viremic phase, with peak 

infectiousness occurring just prior to symptom onset, correlating with peak viral load.  In 

approximately 20% of patients, a secondary inflammatory phase occurs due to the cytokine storm 

brought on by prolonged infection.  This often leads to patients requiring hospital care and may 

even lead to complete respiratory failure132. 

The clinical manifestations of both moderate and severe COVID-19 include the symptoms 

discussed previously, with the difference being the progression past these mild symptoms in cases 

of severe COVID-19.  In some cases, patients with severe COVID-19 developed shortness of 

breath 5-8 days after the initial onset of symptoms, and this has been hypothesized to be an 

indicator of progression to more severe disease133,134.  In severe illness, oxygen saturation and 

respiratory rate (breaths per minute) will begin to decrease, and there will be visible lung infiltrates; 

this is often termed acute respiratory distress syndrome (ARDS)135.  Prolonged illness in this state 

will likely progress to critical illness exhibited by respiratory failure and multiorgan 

dysfunction136. 

 While COVID-19 commonly presents as a respiratory infection, there is often multisystem 

involvement throughout the course of infection, including the central nervous system, kidneys, 

heart, liver, and gastrointestinal tract135. Cardiovascular manifestations are most common in 

patients who have underlying cardiovascular comorbidities such as heart disease or hypertension.  

COVID-19 patients may experience arrhythmias, myocardial injury, or heart failure, and this is 

hypothesized to be, in part, due to the disruption of the renin angiotensin system through SARS-

CoV-2 binding of ACE2137.  The binding of SARS-CoV-2 to ACE2 likely plays a central role in 

the multisystem involvement of COVID-19, as expression of ACE2 is widespread throughout most 

organs, including all of those aforementioned in this section138.  Expression of ACE2 in the tissues 

of the small intestine and colon is believed to be partially responsible for the diarrhea many 

COVID-19 patients experience139.  Some COVID-19 patients will experience liver dysfunction, 

often observed as elevated bilirubin and liver enzymes such as AST and ALT, though this has been 

observed largely in severe COVID-19 patients140.  In terms of kidney involvement, the systemic 
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inflammatory response to the ongoing infection is believed to lead to kidney injury, and patients 

also may display increased protein levels in the urine141.  Neurological manifestations will be 

described in detail in Section 1.4.4.  Additionally, the interactions between the host and pathogen 

that lead to this multisystem involvement will be further discussed in Section 1.5. 

 

1.4.3 Symptomatic Infection in Children 

 
Within the broad spectrum of COVID-19 symptoms, infection in kids has become entirely 

its own category.  The actual number of COVID-19-positive children is difficult to ascertain as 

children often present with symptoms that are also common to cold and flu viruses142.  Children 

who become infected with SARS-CoV-2 are most often either asymptomatic (15-42%)143 or have 

a very mild infection with symptoms such as sore throat, nausea, diarrhea, cough, skin rash and 

fever144.   

Studies have examined why kids seem to experience such a low-level infection, and one 

hypothesis is that perhaps this is due to a different immune response than adults.  One study 

monitored a family of five, all of whom were all COVID-19-suspect but had varying 

symptomologies and only the parents tested positive by PCR test.  The cytokine and cellular 

immune profiles were the same in all five family members and all had confirmed presence of anti-

SARS-CoV-2 antibodies in their saliva.  However, the parents and only one of their children 

showed IgG antibodies against S1, but the others did not.  The parents were symptomatic and PCR-

positive, but the kids had mild or no symptoms and were repeatedly tested PCR-negative145.  This 

study and others have added confidence to the growing hypothesis that perhaps children can mount 

a strong immune response early on and prevent the formation of a productive viral infection prior 

to the point where the viral load becomes detectable144.  Additional studies have added to this 

hypothesis that children display an increased anti-viral response in their upper airways in 

comparison to the innate immune response in adults146. 

An additional phenomenon that became unique to infection in children was the 

development of an inflammatory disorder caused by infection with SARS-CoV-2 called 

multisystem inflammatory syndrome (MIS).  A similar condition called Kawasaki disease (KD) 

exhibits similar symptoms and is also hypothesized to be caused by a respiratory pathogen.  Early 

in the pandemic, cases were reported in staggering numbers by physicians in Italy first, and then 
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in Europe and North America.  The most common symptoms reported were vomiting, diarrhea, 

abdominal pain, and organ dysfunction.  Approximately 70% of these children tested positive for 

SARS-CoV-2 antibodies and about 60% were positive through RT-PCR testing.  Due to the 

severity and, as the name suggest, multi-system involvement, treatment requires a coordinated 

approach.  Some of the treatments that have been used in MIS cases are intravenous (IV) 

immunoglobulin (Ig), glucocorticoids, antibiotics, or immunomodulators.  There are patients who 

recover with nothing more than supportive care, though treatment course is determined entirely on 

a case-by-case basis at this point147. 

 

1.4.4 Severe Infection & Post-Recovery Disorders 

 
For a proportion of COVID-19 patients, the infection will not resolve in the moderate phase 

of illness and will progress to severe COVID-19.  It is at this point that individuals often require 

hospital-grade care, may require mechanical ventilation and further progression can result in organ 

dysfunction, shock, cardiac injury, kidney injury, or death148.   Conditions such as diabetes, 

hypertension, cardiovascular disease, chronic pulmonary or kidney diseases, in addition to those 

that are elderly, or who are immunocompromised have been identified as those at highest risk of 

severe COVID-19149,150.   

While there are many clinical outcomes associated with severe COVID-19, lung injury is 

very common.  There are three major ways that SARS-CoV-2 can damage the lungs: through acute 

respiratory distress syndrome (ARDS) with alveolar damage, thrombosis of alveolar capillaries 

causing impairment of alveolar epithelium, and prolonged inflammation inducing surrounding 

tissue damage151.  In these cases, individuals will often require mechanical ventilation due to the 

severe impairment of their respiratory system.  In addition to damage caused directly by the virus, 

the prolonged immune response is also destructive with elevated cytokine levels as well as 

lymphocyte and macrophage infiltrates in infected lung tissue contributing to an increasingly 

proinflammatory environment100. 

Damage throughout SARS-CoV-2 infection is not exclusive to the lungs; there are many 

patients who suffer from myocardial damage due to severe COVID-19.  Examples of this include 

myocarditis, hypotension, heart failure and sepsis.  These conditions are observed more commonly 

in individuals who have pre-existing heart disease or heart conditions152.  The severity of these 
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complications due to COVID-19 often extends well after their hospital stay.  Many individuals 

will have permanent scarring in their lungs from being on ventilators long term, muscle loss and 

weakness from prolonged periods without movement, or development of neurocognitive 

impairment or psychiatric disorders153. 

It seems somewhat more logical that those who experienced severe pathology in the lungs 

or heart due to COVID-19 would sustain damage that requires a prolonged recovery, but the degree 

and frequency of neurological involvement is not as predictable.  Interestingly, the development 

of neurocognitive or psychiatric disorders is not solely reserved for those who experienced severe 

COVID-19.  Many individuals who had a mild-to-moderate course of infection have developed 

what is being called ‘Long Hauler Syndrome’ or ‘Long Covid’154.  Some of the characteristic 

symptoms of this syndrome include chronic fatigue, memory dysfunction, and persistent 

respiratory symptoms (with a far more detailed list compiled in Davis, HE., et al., 2021)155. This 

syndrome often lasts for months after patients have recovered from COVID-19 and does not seem 

to be correlated with severity of infection.   

It is well documented that there is expression of ACE2 in many organs, allowing for wide-

spread dissemination.  Due to the expression of ACE2 on the surface of neurological cells such as 

oligodendrocytes, neurons and astrocytes, SARS-CoV-2 is able to bind and enter many neuronal 

cells151.  Investigations into the ability of SARS-CoV-2 to infiltrate the central nervous system 

have revealed that the viral spike protein is able to damage the integrity of, and induce an 

inflammatory response at, the blood-brain barrier (BBB).  This neuroinvasive capability of this 

virus is truly displayed in the spectrum of neurological symptoms that patients present with, from 

encephalopathy, stroke, seizures and movement disorders156 to post-traumatic stress disorder 

(PTSD), dementia, anxiety and parkinsonism157. A retrospective cohort study analyzed data from 

236,379 COVID-19 patients 6 months after they were diagnosed COVID-19-positive and found 

that 33.6% of all hospitalized patients and 46.4% of those admitted to ICU had been diagnosed 

with a neurological or psychiatric disorder157.   

These post-recovery syndromes have become their own topic within SARS-CoV-2 

research due to their impact on COVID-19 survivors.  While prevention of infection is the optimal 

way to avoid development of one of these conditions, the individuals who have already been 

infected have no choice but to deal with the sequelae of their illness.  Far more research is needed 

to better understand some of the underlying mechanisms as to why these syndromes exist, so that 
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we may better care for the patients experiencing them.  Additionally, the same level of research 

and dedication must be paid to the psychiatric disorders that are increasingly prevalent in COVID-

19 survivors.   

 

 

1.5 Molecular Pathogenesis 

 

1.5.1 Host-Pathogen Interactions 

 

The interaction between the virus and the host is a dynamic and intricate succession of 

actions and reactions.  While the host immune system works to detect and neutralize the virus, the 

virus simultaneously works to evade the immune system and replicate under its radar.  This 

phenomenon begins when the virus enters the host through a mucous membrane.  Some of these 

virions will disseminate to the lungs as SARS-CoV-2 is pneumotropic and wants to replicate in 

the cells that make up the lung tissues. To enter these cells the virus will bind the host’s ACE2 

receptor on the surface of a cell through the viral RBD (ACE2-RBD interaction is shown in Figure 

6).  This interaction then triggers the cleavage of the SARS-CoV-2 spike protein into the S1 and 

S2 subunits so that the viral and host membranes can fuse, and the viral genome can enter the host 

cell20.  Fusion of the viral and cellular membranes occurs after the proteolytic cleavage of the S1 

subunit by host proteases6. S1 binding to ACE2 triggers cleavage of ACE2 at both the ectodomain 

sites and the intracellular C-terminal domain (CTD), this is an essential part of binding and entry 

of SARS-CoV-219.  It is also thought that through this process, the ACE2 receptor is shed from the 

surface of the cell.  This may be a large contributor to the observed loss of cellular ACE2 function 

during SARS-CoV-2 infection158. Following fusion, the viral genome is released into the 

cytoplasm through a funnel-like structure formed by the S2 protein19.  Within the cell, the virus 

begins the process of uncoating and replicating its genome, as previously described in Section 

1.1.2, and illustrated in Figures 1 and 2. 
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A) Cryo-electron microscopy of the SARS-CoV-2 RBD-ACE2 complex with the 

RBD shown in yellow and the ACE2 dimer shown in the purple, blue, pink, and grey in the front.  

We are also shown a 90˚ rotated view of the RBD-ACE2 interaction.  B) The tertiary structures 

of RBD and ACE2, as well as a reference for which portions of the ACE2 protein are on the 

cytosolic and extracellular sides of the cell membrane, and which are the transmembrane 

portions.  From Yan, R., et al. 2020. Structural basis for the recognition of SARS-CoV-2 by full-

length human ACE2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. 
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ACE2 is a negative-regulator of the renin-angiotensin system (RAS), shown in Figure 7, 

which regulates blood pressure and the balance of electrolytes6. ACE2 primarily functions to 

convert Angiotensin II into Angiotensin (1-7).  Angiotensin II promotes several proinflammatory, 

profibrotic, vasoconstrictive and apoptotic pathways, whereas Angiotensin (1-7) promotes anti-

apoptotic and anti-proliferative pathways and is a potent vasodilator6,159.  The ACE2 receptor is 

expressed in organs such as the gut, lungs, brain, heart, liver, kidneys and higher expression of 

ACE2 expressions are seen mainly on capillary endothelial cells and alveolar epithelial cells, 

though also found on apical epithelial cells, endothelial cells, macrophages and fibroblasts159.  

These locations are targets for SARS-CoV-2 infection and may point to what the clinical course 

of disease will look like.  As shown in Figure 7, the renin angiotensin system has a protective arm 

and a non-protective arm.  Binding of ACE2 by some coronaviruses leads to cleavage of ACE2 

and therefore, a shift towards the non-protective arm, which promotes inflammation, oxidative 

stress, and fibrosis20.  With the loss of ACE2 function in SARS-CoV-2 infection there is an 

increase in Ang II, which promotes cardiovascular disease.  

The renin angiotensin system.  Angiotensin is converted into AngI by the renin 

enzyme.  Angiotensin I is further converted into AngII and Ang-(1-7) by the angiotensin 

converting enzyme (ACE).  The arm of this system that produces AngII is referred to as the non-

protective arm, and the other arm is referred to as the protective arm.  ACE2 plays an important 

role in cleaving AngII into Ang-(1-7) and therefore maintaining a balance between AngII and Ang-

(1-7).  Loss of ACE2 results in an accumulation of AngII, leading to promotion of inflammation, 

fibrosis, oxidative stress, and vasoconstriction. 

Figure 7. 
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ACE2 is expressed in many tissues including the lungs, heart, kidneys, gut, brain, and 

liver160, and thus SARS-CoV-2 is able to infect many tissue types throughout the body.  The upper 

respiratory tract is where much of the early viral replication will occur, after which the virus will 

migrate down into the lungs and replicate in type II alveolar cells and other ACE2-expressing 

cells135.  As the virus works to establish a productive infection, it replicates and produces new 

virions, and these virions are released into the extracellular space.  Following the early replication 

in the lungs there will be infiltration of the virus into the bloodstream, referred to as viremia, and 

this allows the virus to disseminate into other tissues100.  Throughout the early replication and 

dissemination of the virus, the host immune system is simultaneously working to neutralize the 

virus.  SARS-CoV-2 will be recognized by pattern recognition receptors (PRRs) on innate immune 

cells, and these cells will induce an antiviral response, triggering the release of proinflammatory 

cytokines (type one and three interferons, tumor necrosis factor- (TNF-), IL-1 and IL-6) and 

other immune modulatory factors87.  The initiation of this antiviral response will also induce the 

adaptive immune response, recruit additional immune cells to the site of infection and recruit 

neutralizing antibodies to bind the antigen and modulate the ongoing immune response100.   Some 

studies have suggested that SARS-CoV and MERS-CoV non-structural proteins were able to 

impair the antiviral immune response161.  In severe SARS-CoV-2 patients, the type one interferon 

signatures were impaired in comparison to patients with mild or moderate COVID-19162. 

There are many pathological markers that are commonly observed in patients with severe 

COVID-19.  In a study monitoring severe COVID-19 patients, it was observed that the viral load 

in the nasopharyngeal tract was correlated with cytokine and interferon levels, and that ICU 

patients’ viral load declined much slower than non-ICU patients163.  These elevated cytokines 

included tumor necrosis factor- (TNF-), IL-6, IL-8, and IL-10, and these remained elevated 

throughout the course of disease164.  This is consistently seen in severe COVID-19 patients and is 

referred to as a cytokine storm, where inflammatory cytokines are being rapidly secreted and 

sustaining a prolonged inflammatory state that is very damaging to the surrounding tissues100.  

Markers of T cell exhaustion like TIM-3 and cell death markers like PD-1 were reported to be 

elevated in severe COVID-19164.  Throughout the immune response, lactate dehydrogenase (LDH) 

is released as a result of cell death, and LDH levels have been shown to correlate with disease 

severity.  Although interestingly, elevated LDH levels are not seen in Long Hauler or Long Covid 

patients, but are seen in patients with MIS165.  These various cell markers and immune profiles 
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allow for researchers to slowly learn how SARS-CoV-2 and human hosts interact, while much of 

these interactions are still largely unknown. 

 

 

1.6 Vaccines & Therapeutics 

1.6.1 Animal models for therapeutics  

Throughout the pandemic, research groups across the world worked to develop or 

repurpose therapeutics to treat COVID-19, the latter we will discuss in a later section.  Therapeutic 

development, while it is a far longer process than drug repurposing, has one specific advantage in 

that the candidate drug was developed and optimized specifically for the pathogen at hand166. The 

evaluation of novel therapeutics for human disease often requires testing in an animal model prior 

to advancement to clinical trials.  Due to the sheer number of novel therapeutics being developed 

during the pandemic, many different animal models were used, which allowed researchers to 

gather data and compare the utility of one animal model vs another.  

 Many factors contribute to whether an animal is a good model of infection for a given 

pathogen.  In the context of SARS-CoV-2 infection, the most important factor is whether or not 

the animal expresses ACE2 or an ACE2 homologue.  Additional considerations include the degree 

of symptomology the animals experience during SARS-CoV-2 infection, and whether or not they 

are able to transmit to other animals167.  There are many animals that have been used to model 

SARS-CoV-2 infection and we will discuss the advantages and disadvantages to the more relevant 

models here.  

 The four primary animals that have been used to model SARS-CoV-2 infection are non-

human primates (NHPs), ferrets, hamsters, and mice.  Beginning with NHPs, arguably the biggest 

advantage to this model is their phylogenetic proximity to humans.  These animals provide a very 

close depiction of what infection looks like in humans, as there are so many parallels that 

researchers are able to draw.  They are also commonly used to model other viral infections and 

therefore there is a lot of literature on NHP infection models.  Studies using NHPs to model SARS-

CoV-2 infection have found that they do experience a respiratory disease lasting between 8 and 16 

days, with high viral load observed in the nose, throat and bronchoalveolar lavage168.  All of these 

occurrences are also observed in human infection, again underscoring their value as an animal 

model169.  The unfortunate reality is that the use of NHPs is incredibly expensive and is limited 
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due to the high degree of care that they require.  For these reasons, NHP studies are often done 

using only one or two animals, and this is another limitation of their use.  In total, NHPs provide 

us an incredible ability to model infection in a very human-like model, but very few research 

groups are capable of affording and properly performing this level of infection model167. 

 Mice are a common model used in research as they are relatively inexpensive, easy to 

maintain, and there is a large body of literature on murine models.  Mice do not naturally express 

an ACE2 protein, and so to use mice for SARS-CoV-2 infection models they must be genetically 

modified to express ACE2.  This is a large limitation of this model as a transgenic mouse is not 

representative of a human infection170.   In one study researchers used CRISPR/Cas9 knock-in 

technology to produce transgenic ACE2-expressing mice who were subsequently infected with 

SARS-CoV-2.  The mice were observed to have high viral loads in their lungs, tracheas, and brains, 

and also exhibited elevated cytokine levels and interstitial pneumonia.  However, there were no 

phenotypic signs of infection meaning that researchers had to rely on sample collection alone to 

determine the degree of illness the mice were experiencing171.  Additionally, the lung pathology 

observed in these infected mice differed greatly from what is seen in human infection.  There are 

some additional ways to optimize a mouse model for SARS-CoV-2 infection, one of which being 

the use of mouse-adapted viral strains.  This is achieved through passage of SARS-CoV-2 in mouse 

lung cell lines172. One research group demonstrated that use of this adapted strain was lethal to 

mice with the animals experiencing an interstitial pneumonia after being intranasally challenged.  

This study also showed that single mutations in the virus significantly increased the binding 

affinity to the mouse ACE2 protein173.  While these modifications enable researchers to study 

SARS-CoV-2 infection in mice, the level of adaptations required to produce a productive infection 

begs the question: how much can we rely on this data? Though mice are useful models in that they 

are small, inexpensive and commonly used, they are not an optimal model of SARS-CoV-2 

infection174 

 Ferrets are a common model of viral infections as they have been shown to exhibit a cough 

or a wheeze, giving researchers clinical signs that they can use to monitor the infection175.  An 

additional strength of the ferret model for SARS-CoV-2 infection is their relation to mink, who 

are an important source of SARS-CoV-2 zoonotic transmission.  Through use of ferrets, it was 

discovered that the pathology and symptomology exhibited by ferrets during infection is not 

consistent from animal to animal.  In some cases, one ferret would have detectable viral RNA in 
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nasal washes but not in tissues, and sometimes there would be absolutely no pathological findings 

whatsoever87,176.  These factors make it difficult to rely on results generated from a ferret infection 

model, and for this reason they are no longer widely used for SARS-CoV-2 research.   

 A model that has become commonly used for SARS-CoV-2 research is Syrian Gold 

Hamsters.  Though hamsters are not as widely used as some of the previous examples, they carry 

many benefits including the expression of an ACE2 protein that is very similar to that of humans, 

and they display measurable symptoms during infection.  In one particular study, Chan, et al.  

demonstrated that SARS-CoV-2-infected hamsters experienced a severe disease characterized by 

lung lesions and elevated proinflammatory cytokine levels, in addition to weight loss177. In an 

additional study, researchers infected hamsters and treated them two days later with convalescent 

plasma.  The animals were observed to have decreased viral replication in the lungs178.  Taken 

together, the above findings demonstrate how hamsters are an effective model of SARS-CoV-2 

infection and also to test therapeutics. 

 

1.6.2 Vaccines 

 
Arguably some of the most impactful developments throughout the pandemic were the 

approval of vaccines.  While many vaccines that we have currently approved for other pathogens 

often involve using inactivated or live-attenuated virus, or protein subunits, the SARS-CoV-2 

vaccines used a very different strategy166.  Two of the novel vaccines, Pfizer BioNTech and 

Moderna, utilized mRNA encoding the SARS-CoV-2 spike protein.  Upon entry of this mRNA, 

the cellular replication machinery will translate the mRNA into the viral spike protein which will 

then be detected as a viral protein by the host immune system179.  The spike protein is highly 

immunogenic and therefore will generate a rapid antiviral response and memory T and B cells will 

be stored for future SARS-CoV-2 infections132.   

In the clinical trials, both vaccines were shown to be 95% effective at preventing SARS-

CoV-2 infection in clinical trials and are also highly effective at preventing severe COVID-19180.  

The Pfizer vaccine was the first to be authorized for emergency use in the United States on 

December 11, 2020, for anyone 16 and older181.  It subsequently received full approval on August 

23, 2021 and is safe to administer to individuals 5 and older182.  Pfizer was given approval for 

emergency use in Canada on December 9, 2020183.  Full approval in Canada was granted to both 
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Pfizer and Moderna on September 17, 2021184. While the development of these vaccines was 

incredibly fast, the difficulty became the worldwide demand for doses and the speed at which these 

doses could be produced.  Additionally, both Pfizer and Moderna posed challenges in that they 

had to be stored at -80°C.   Once countries did receive orders of vaccines, there were significant 

challenges in terms of administration, managing the demand and ensuring that those at highest risk 

were being vaccinated first185.  

An additional vaccine developed by Oxford AstraZeneca utilized adenoviruses as viral 

vectors to deliver the portion of the viral genome encoding the spike protein.  In a similar fashion 

as the mRNA vaccines, this can then be translated to produce the spike protein which is processed 

by the immune system186.  While the mRNA vaccines have a 95% efficacy rate and the viral vector 

vaccine has a 62% efficacy rate, though all three vaccines are highly effective at preventing severe 

COVID-19.  This vaccine filled a large gap early in the pandemic when supply was far outweighed 

by demand, however, cases of thrombotic events continued to emerge in individuals who had 

received the AstraZeneca vaccine187.  For this reason, once supply of Moderna and Pfizer caught 

up with the demand, AstraZeneca was not as readily administered in Canada. 

Additional vaccines were developed and approved in various countries around the world, 

but Pfizer, Moderna and AstraZeneca were the three most prominently used in Canada.  One 

vaccine that was approved in both Canada and the United States, though far more widely 

administered in the US, was the Johnson and Johnson viral vector vaccine188.  The biggest 

advantage to this vaccine was that it was administered in one dose, compared to the previous three 

which were all two-dose vaccines189. It was given emergency use authorization in the US on 

February 27, 2021182, but similar to AstraZeneca there were severe side effects noted in some 

patients and its administration was reduced188. 

 

1.6.3 Drug repurposing 

 
When a novel pathogen emerges it presents numerous challenges, namely, the lack of 

countermeasures against infection with this pathogen.  As SARS-CoV-2 continued to cause severe 

disease requiring hospitalization, hospital staff were armed with nothing other than supportive care 

to treat these patients.  To attempt to develop novel therapeutics in the middle of a growing 

outbreak is a difficult task, and it takes a long time not only to produce a suitable candidate 
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treatment, but to also go through adequate safety and efficacy testing to be formally approved for 

use.  For this reason, drug repurposing is often the go to in the face of growing outbreaks where 

there are no therapeutic options.  Many therapeutics have multiple targets or a broad range of 

action and can thus be applied to treat more than just what they were initially approved for.  One 

of the biggest benefits of drug repurposing is the advantage of time.  These drugs are already 

approved and can be rapidly deployed to treat sick patients166.   

Remdesivir is one of many therapeutics that was repurposed due to its broad antiviral 

action.  Initially, remdesivir was developed to treat Ebola virus disease during the 2014-2016 

outbreaks in West Africa.  During evaluation of this drug however, it was outperformed by 

monoclonal antibodies in a phase III clinical trial and its development was halted190.  Due to the 

desperate need for therapeutics after the emergence of SARS-CoV-2, remdesivir was repurposed 

to treat COVID-19.   As shown in Figure 8, this drug inhibits the RNA-dependent RNA polymerase 

which catalyzes RNA synthesis, thus inhibiting viral replication191.  Remdesivir was tested in a 

trial of 1063 hospitalized patients, where half were given remdesivir and half were given a 

placebo132.  The median recovery of patients treated with remdesivir was 11 days, whereas the 

placebo group was 15 days.  Estimated mortality of the placebo group was 11.9%, but those treated 

with remdesivir had an estimated mortality of 7.1%132.  Due to this effectiveness, remdesivir was 

approved on an emergency use basis to treat hospitalized patients with severe COVID-19.  As of 

May 26, 2022 the Food and Drug Administration (FDA) still recommends the use of remdesivir 

in the United States to treat COVID-19192, though its use is limited as it must be administered 

intravenously in hospital193.  Remdesivir is authorized for use in Canada, though is no longer 

widely used as other antivirals such as Pfixer-Paxlovid have taken over as the leading 

therapeutics194. 

Some of the other repurposed therapeutics did not have the same desired outcome, even if 

they were quite popularized in the media.  Examples of these include hydroxychloroquine, 

chloroquine and ivermectin, whose mode of antiviral action is shown in Figure 8.  Both 

hydroxychloroquine and chloroquine are used to treat malaria, a disease caused by Plasmodium 

sp. parasites195.  Various in vitro studies have shown antiviral activity against both SARS-CoV 

and MERS-CoV which did make it a promising candidate to fight SARS-CoV-2 infection196.  

However, the clinical data showed limited benefit from hydroxychloroquine administered alone or 
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with azithromycin, an antibiotic it was commonly administered with197,198.  Hydroxychloroquine 

and chloroquine both are no longer used to treat COVID-19 patients. 

Ivermectin is also an antiparasitic drug which gained popularity in the media due to 

promising in vitro activity196, despite its most common use being the deworming of horses.  One 

in vitro study infected cells with SARS-CoV-2 and treated with ivermectin, 48 hours post infection 

compared to the untreated controls, ivermectin-treated cells had a ~5000-fold reduction in viral 

RNA199.  This result was very promising, though the in vivo results were not.  Most studies showed 

no clinical benefit with ivermectin treatment, while some showed limited benefit but had small 

sample sizes.  The use of ivermectin to treat COVID-19 requires a lot of further study and proof 

of effectiveness in humans before it can be seriously considered.   

One of the most successfully repurposed therapeutics is molnupiravir, an antiviral drug that 

inhibits the RNA-dependent RNA-polymerase, shown in Figure 8.  Molnupiravir was initially 

developed for influenza and prior to the pandemic was in pre-clinical testing, but this quickly 

shifted as SARS-CoV-2 spread200.  A phase one double-blind, randomized-controlled trial showed 

that a 50-800mg dose range administered twice daily was tolerated well in healthy volunteers for 

up to 5.5 days.  Additionally, administration of up to 1600mg in a single dose was also found to 

be safe201.  The phase two trial was a double-blind, placebo-controlled, randomized trial of 202 

unvaccinated, SARS-CoV-2-positive individuals.  92.5% of the participants that were 

administered an 800mg of molnupiravir achieved viral RNA clearance, in comparison to viral 

clearance in 80.3% of the participants that were administered a placebo.  Additionally, in the 

molnupiravir group, only 1.9% had detectable virus on swabs after three days of treatment, 

whereas 16.7% of the placebo group had detectable virus after three days202.  In the phase three 

clinical trial, molnupiravir was tested on mild to moderate COVID-19 patients and Merck, Sharp, 

and Dohme reported that it reduced the risk of hospitalization or death by 50%203.  Molnupiravir 

was first approved for use in the United Kingdom on November 4th, 2021193, and authorized by the 

FDA for emergency use in the United States on December 23, 2021204.  
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1.6.4 Corticosteroids 

 
While the viral infection is certainly a significant focus of treatment strategies, another 

important focus is reducing the immune response damage that occurs after a prolonged infection 

period.  At this point, the immune response is also contributing to the damage being done to 

infected tissues in the COVID-19 patient.  Corticosteroids are used for this reason as they can 

modulate the immune response205.  Dexamethasone has anti-inflammatory activity which helps to 

reduce the damage to lung tissues and other inflamed tissues throughout prolonged viral infection.  

The effectiveness of dexamethasone was demonstrated thoroughly in a trial of hospitalized 11,303 

patients with confirmed or suspected COVID-19.  Those that were treated with dexamethasone 

had a 22.9% mortality rate, those not treated had a 25.7% rate206.  This result was even more 

staggering when researchers looked at only the patients who were mechanically ventilated.   When 

dexamethasone was administered to ventilated patients 29.3% died, but of the untreated population 

of mechanically ventilated patients 41.4% died.  Also interesting was the finding that those 

administered dexamethasone were recovered and discharged from hospital earlier than those who 

were not treated207.  Dexamethasone is now being used widely to treat critically ill patients.   

 

1.6.5 Convalescent plasma 

 
In 1901, Emil von Behring was awarded the first ever Nobel Prize for Medicine for the 

discovery and therapeutic use of convalescent plasma208. Since then, convalescent plasma has been 

used in response to many outbreaks such as H1N1, SARS, MERS, and many others209.   This safe, 

fast, and readily available treatment method allows individuals who have been infected and 

recovered to donate their plasma to treat infected patients.   The plasma contains antibodies capable 

of neutralizing the pathogen causing the outbreak166.  It is no surprise that during the largest viral 

outbreak in the last century convalescent plasma is once again being utilized as a treatment 

strategy.  While there are many benefits to this method, there are some downsides.  There is 

growing concern of antibody dependent enhancement (ADE) and potential tolerance to emerging 

SARS-CoV-2 variants.  Antibody-dependent enhancement occurs when antibodies bind to a virus 

or pathogen without neutralizing the pathogen, which can enhance viral persistence and 

replication210.  One study that looked at ADE with the use of convalescent plasma found that the 

earlier D614G strain can be neutralized by antibodies in the convalescent plasma administered, 
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where the B.1.351 and P.1 variants of SARS-CoV-2 are able to evade these antibodies211.  

Additional clinical trials are currently underway to better assess the efficacy of convalescent 

plasma as a treatment for COVID-19 patients. 

  

1.6.6 Monoclonal Antibodies 

 
While there are benefits to drug repurposing, namely speed of implementation, there are 

benefits to novel drug development that drug repurposing cannot achieve: a therapeutic developed 

specifically for that pathogen. Throughout the pandemic, a lot of research hours have been 

dedicated to the development of monoclonal antibodies for SARS-CoV-2 infection.  While 

monoclonals are largely favored due to their safety and efficacy, some of the drawbacks include 

their high degree of specificity, and the time and money it takes to properly develop and test a 

candidate212.  Some of the earlier monoclonal antibodies like Regeneron showed a great deal of 

promise against strains like D614G, with a high degree of neutralizing capacity.  It was unfortunate 

that when additional strains emerged later on, such as B.1.351, this same level of neutralizing 

capacity was not observed.   This suggested that these monoclonal antibodies had somewhat of a 

shelf life in terms of their use against emerging variants213.   

In a recent preprint study, researchers produced a monoclonal antibody (1741-LALA) that 

displayed neutralizing action against the B.1.351 strain of SARS-CoV-2, with no detectable signs 

of ADE212.  This was a promising result as there has been growing concern over ADE as new 

monoclonals are developed and new variants continue to emerge.  Further investigation and 

evaluation of this and other monoclonal antibodies is underway in a large-scale effort to develop 

therapeutics that will be effective against variants emerging now and in the future. 

 

1.6.7 Novel therapeutics  

 
The development of novel therapeutics whilst in the middle of a pandemic may seem like 

a less enticing option due to the time it requires but optimizing a novel drug that is specific to the 

pathogen at hand carries many benefits.  Throughout the SARS-CoV-2 pandemic, the treatment 

area that has been the most lacking is early infection.  There are therapeutics to treat critically ill 

individuals132,205-207, but there are a lack of therapeutics to treat individuals who may have had an 
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exposure, and individuals who are experiencing mild symptoms early in their infectious period to 

prevent their progression to severe COVID-19. 

Some novel therapeutics have shown promise such as small molecule inhibitors that inhibit 

TMPRSS2, a serine protease that plays an important role in viral attachment to the host cell prior 

to entry214; this is depicted in Figure 8. Researchers screened small molecules for their ability to 

inhibit TMPRSS2 and identified MM3122 as their lead candidate, with an inhibitory concentration 

in the picomolar range and a half-life of 7.5h.  In mice, MM3122 was shown to be safe and highly 

stable, thus it is now being further evaluated in vivo to gather more data on its efficacy214. 

Pfizer’s Paxlovid has proven to be one of the most effective novel therapeutics developed 

during the course of the pandemic.  Paxlovid is an oral antiviral comprised of PF-07321332 and 

ritonavir, and as we can see in Figure 8, this therapeutic combination inhibits the viral protease, 

preventing cleavage of the polyprotein and thus assembly of new virions.  PF-07321332 is quickly 

metabolized within the body and therefore, the addition of ritonavir works to help slow this process 

so that PF-07321332 is available for longer.  Interim data from Pfizer’s clinical trial showed that 

Paxlovid reduced the risk of hospitalization or death by 89% when compared to the high-risk 

patients in the placebo group215.   The FDA authorized Paxlovid for emergency use in the United 

States on December 22nd, 2021193, and Health Canada authorized it on January 17, 2022216.  

Paxlovid is now commonly administered in Canada for COVID-19 patients with mild-to-moderate 

COVID-19 who are at increased risk of hospitalization. 

An additional novel therapeutic candidate is the ACE2 receptor itself, fused to an Fc 

receptor to increase the molecule’s half-life.  While soluble ACE2 alone should theoretically bind 

SARS-CoV-2 and prevent entry, soluble ACE2 has been shown to have a short half-life, thus the 

addition of Fc.  This molecule has been shown to be an effective decoy binding SARS-CoV-2 so 

that it is unable to bind cellular ACE2 (as shown in Figure 8) and thus preventing SARS-CoV-2 

entry into host cells217.  With this decoy molecule binding the virus, surface-bound ACE2 is able 

to perform its enzymatic role within the renin angiotensin system, rather than being cleaved from 

the surface of the cell after being bound by SARS-CoV-2.  The role of ACE2 in this system is 

incredibly important to regulate blood flow and the balance of electrolytes, and disruptions to this 

system can lead to high blood pressure, increased inflammation, and oxidative stress20.  

Administration of ACE2-Fc additionally may induce some immune recruitment as the Fc peptide 

is the constant region of immunoglobulin G.  The Fcγ receptor is commonly found as a on many 
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immune cells and binds the Fc peptide which is involved in cell signaling during an immune 

response218.  

The use of ACE2-Fc has been widely investigated, with many groups testing various 

ACE2-Fc chimerics, largely favoring mutations present in the Fc region.  To date, much of the 

current data on ACE2-Fc efficacy is from in vitro and in vivo models of infection to test these 

candidates217.  However, treatment with soluble ACE2 was used in the case of a 45-year-old 

woman who had been intubated with severe COVID-19.  The woman was administered soluble 

ACE2 beginning on day 9 post symptom onset and was treated twice daily for 7 days.  Thankfully, 

her condition steadily improved and she was able to be extubated on day 21 of her hospital stay. 

Additionally, ACE2 treatment in this woman was shown to rescue some cellular ACE2 activity 

and reduce proinflammatory cytokine interleukin-6 (IL-6) and chemokine IL-8186.  There are 

currently many clinical trials underway to further evaluate the use of ACE2-Fc as a therapeutic 

and identify at which point in infection may be most effective to administer it.  

 

 

 

 

 



 

 

M Allardice 53 

 

Here we show the drug targets of various COVID-19 therapeutics throughout the 

SARS-CoV-2 replication cycle. ACE2-Fc and MM3122 inhibit viral entry through interfering with 

the virus’ binding of host receptors.  Ivermectin and hydroxychloroquine inhibit the release of the 

viral genome into the cytoplasm.  Remdesivir, lopinavir and ritonavir inhibit the RNA-dependent 

RNA polymerase to prevent viral translation.  Molnupiravir directly acts to inbibit viral replication 

and Paxlovid inhibits the viral protease to prevent cleavage of the polyprotein, and thus production 

of viral proteins.  Adapted with permission from Cevik, et al., 2020. Virology, transmission, and 

pathogenesis of SARS-CoV-2. BMJ. Figure made using BioRender. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 8. 
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1.7 Hypothesis and Objectives  

 
The experimental objectives of this project were first to clone and sequence verify 7 ACE2-

Fc constructs and verify the expression of these constructs in HEK293Ts.  Next, to test the in vitro 

neutralization capacity of all 7 constructs against pseudotyped SARS-CoV-2 lentiviruses and wild-

type SARS-CoV-2.  Finally, to produce pseudotyped SARS-CoV-2 virus variants using a VSV 

backbone and expressing either the delta, omicron BA.1 or omicron BA.2 spike proteins.  Once 

these pseudoviruses are produced, titre them and test the in vitro neutralization capacity of all 7 

constructs against these viruses.  Based on the literature, the main hypothesis formed at the 

beginning of the project was that all ACE2-Fc constructs would inhibit replication of the SARS-

CoV-2 pseudoviruses with similar neutralization activity in vitro, but there may be varying 

neutralization activity in vivo. 
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2 Methodology 

 

2.1 Cell Lines 

 
293T-hsACE2 cells purchased from Integral (Cat No: C-HA101).  HEK293T-ACE2-

TMPRSS2 generously gifted from Dr. Anne-Claude Gingras, Lunenfeld-Tanenbaum Research 

Institute, Mount Sinai Hospital, Sinai Health System, Toronto. 

 

2.2 Cell Culture 

 
293T-hsACE2 and HEK293T-ACE2-TMPRSS2 cells were both maintained in DMEM 

(Gibco™ DMEM, Cat No: 31-053-036) with 10% FBS, 2% HEPES buffer and 1% 

penicillin/streptomycin.  Cells were passed once they reached 80-90% confluency using trypsin-

EDTA (Gibco™ (0.25%) phenol red, Cat No: 25200056) and Dulbecco’s Phosphate Buffered 

Saline (DPBS) 1X (Gibco™ Cat No: 14190144).  Cells were incubated at 37°C and 5% CO2. 

 

2.3 ACE2-Fc Mutagenesis 

 
Firstly, it must be acknowledged that the proof of concept for this project, including the 

selection of mutations and primer design, is credited to Cory Nykiforuk (Emergent BioSolutions) 

and Xiaobing Han (VIDO-InterVac).  Site-directed mutagenesis was performed on the ACE2-Fc 

original construct using the GENEART® Site-Directed Mutagenesis System (Cat NO A13282, 

Publication Part Number A13335, Revision Date 20 January 2012).  These mutagenesis reactions 

were performed exactly as written on pages 8-15.  Primers were designed to target specific regions 

of the ACE2 or Fc peptides to generate the desired mutations.  Glycerol stocks of each construct 

were made prior to sending constructs off for sequence verification and were kept for further use 

if the construct came back sequence verified. 
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2.4 ACE2-Fc Miniprep, Maxiprep and Gigaprep  

 
DNA preparations were performed using the QIAprep® Plasmid Purification Handbook 

(Revision Date: April 2012). Prior to construct sequence verification, small quantities of DNA 

were prepared using the Miniprep protocol.  After sequence verification, the verified glycerol 

stocks were used to prepare larger bacterial cultures and large quantities of DNA were prepared 

using the Gigaprep protocol.  All products, once purified, were stored at -20°C until use. 

 

2.5 ACE2-Fc expression in HEK293fs 

 

 Using a spike/pcDNA3.1(+) plasmid, HEK293f cells were transiently transfected using 

FreeStyle Max reagent to verify protein expression prior to scaling up batches of these proteins. 

HEK293f cells in log growth phase were diluted to a concentration of 1x106 cells/mL prior to 

performing the transfection. DNA (1250µg for 1L transfection) and FreeStyle Max transfection 

reagent (1250µL for 1L transfection) were diluted into 20mL OptiPRO Serum-free Medium 

apiece, gently mixed, and incubated at room temperature for 5 minutes. Afterwards, the DNA 

mixture was added to the FreeStyle mixture, gently mixed, and incubated at room temperature for 

20-30 minutes. Finally, the DNA/FreeStyle mixture was added to the HEK293f cell cultures slowly 

while continuously mixing, and subsequently incubated at 37°C, 8% CO2, 70% RH, and 125rpm. 

1L transfections were split into 3x1L flasks (333mL apiece) and incubated for 7 days. 

 For initial transfection experiments, everything was scaled down to 1mL apiece in 24-well 

plates and incubated overnight. These cultures were harvested by centrifugation (2500 RCF, 10 

minutes) and samples were prepared for SDS-PAGE.  We added 10μL LDS buffer to 30μL 

supernatant and incubated at 70°C for 10 minutes. We then ran the supernatants from cell culture 

media on SDS-PAGE and western blots (probing with anti-his and anti-SARS-COV spike protein 

primary antibodies) in order to visualize the protein. Unfortunately, no spike protein was observed 

in the culture supernatant, suggesting expression may be present in the insoluble fraction. 

 Beginning from the cell pellet, we lysed the cells using RIPA lysis buffer to separate the 

soluble and insoluble protein fractions following manufacturer’s protocol. We prepared soluble 

fraction samples as previously done for supernatants; prepared insoluble fraction samples by 

resuspending the pellets in 60μL LDS buffer, incubating at 95˚C for 10 minutes, and then spinning 
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down in a centrifuge (18,000 RCF, 10 minutes). We ran these samples on SDS-PAGE/western 

blot, probing with the same antibodies (anti-His and anti-spike) as before. This analysis confirmed 

spike protein was present in the insoluble fraction as revealed by both primary antibodies. 

 

2.6 Western Blots 

 

 Western blots were performed using a standard western blot protocol.  All samples were 

incubated in a 95°C water bath for 8-12 minutes and then on ice for 2-3 minutes.  30 µL of each 

sample, and 5µL of ladder, was loaded into 4-12% Bis-Tris Gels (NuPAGE, Ref: NP0321BOX, 

Lot #: 21092410).  MOPS SDS Runner Buffer (20X) (Life Technologies: NuPAGE, Ref: NP0001, 

Lot#: 2365183) was used for running the samples, and they were run at 100V for approximately 2 

hours.  The gel was then transferred using the iBlot system onto iBlot 2 PVDF Mini Stacks 

(Invitrogen: Ref: IB24002, Lot#: 2PM060122-01) and the transfer took 6 minutes.  Standard 

5%BDA blocking buffer was used to block the membrane for 1 hour prior to the addition of the 

Anti-Fc or Anti-ACE2 primary antibodies at a 1:1000 dilution overnight on the rocker.  The 

membrane was then washed 3 times with PBS for 5 minutes per wash on the rocker prior to the 

addition of the secondary antibodies for 2 hours.  Again the membrane was washed 3 times for 5 

minutes each on the rocker and read immediately after.  

 

2.7 Neutralization Assays using a SARS-CoV-2-D614G Reporter Virus 

 
To test the neutralization capacity of the ACE2-Fc constructs, neutralization assays were run 

using a SARS-CoV-2 D614G Mutation Pseudotype Luciferase Reporter virus (Integral Molecular, 

Cat No: RVP-702L, Lot #CL-117A).  96-well plates contained serial dilutions of one or multiple 

ACE2-Fc constructs to be tested in duplicate or in triplicate.  Additionally, each plate had 6 viral 

control wells and 6 cell control wells.  First, constructs were serially diluted in a round bottom 

plate, often starting at 0.2mg/mL and diluting down to 0.00156mg/mL with assay media (DMEM 

with 10%FBS, 2% HEPES, 1% penicillin/streptomycin).  This was then transferred to an opaque, 

flat-bottom 96-well plate.  A 1:4 dilution of the reporter virus (RVP) was made, again with assay 

media, and overlayed in all testing wells, excluding the cell control.  The plate was incubated at 

37°C and 5% CO2 for 1 hour.  During this hour, the 293T-hsACE2 cells were counted and a 10mL 
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(per plate) cell solution was prepared at 2x105 cells/mL in assay media.  After the hour incubation, 

100µL of the cell solution was overlayed into all wells to give a final seeding concentration of 

approximately 2000 cells/well.  The plate was then incubated at 37°C and 5% CO2 for 66 (± 2) 

hours.  Following this incubation period, the Stable-Glo substrate (Promega, Cat No: E2510) and 

the incubated plate were both allowed to warm to room temperature.  The plate was then spun 

down at 2000rpm for 5 minutes.  The media was then aspirated from the wells without disturbing 

the cells on the bottom of the well.  30µL of the Stable-Glo substrate was added to each well and 

incubated at room temperature for 10 minutes.  The plate was then read on the SpectraMax M3 

reader to measure the luminescence.  Whether in duplicate or triplicate, the average relative light 

unit (RLU) for each dilution point was taken to graph the neutralization curve for each construct. 

 

2.8 Production of SARS-CoV-2 VSV-Pseudotype Delta, Omicron and BA.2 

 

To produce pseudotyped VSV, sufficient rVSV-ΔG, where the G protein of VSV has been 

deleted, must be produced219.  To do so, HEK293Ts were transfected with a pcDNA3.1.VSVG220 

plasmid (Kerafast, Cat No: EH1025-PM) using a Lipofectamine™ 3000 Transfection Reagent 

(ThermoFisher, Cat No: L3000-015).  750µL of opti-MEM, 30µg of the pcDNA3.1.VSVG 

plasmid and 30µL of the P3000 reagent from the Lipofectamine™ 3000 kit were combined, mixed, 

and allowed to rest for 5 minutes.  Next, 750µL of opti-MEM and 30µL of Lipofectamine™ 3000 

were combined in another tube, mixed, and allowed to rest for 5 minutes.  After each 5-minute 

period had passed, the second tube was added drop by drop to the first tube and inverted to mix 

before resting for 15-20 minutes.  During this time, the cell culture media would be removed from 

a T75 flask of HEK293Ts that had been grown to 80-90% confluency, and 10mL of fresh DMEM 

with 5% FBS would be added to the flask.  After the 20-minute incubation, the transfection mixture 

was added to the media and the flask of cells would be gently rocked back and forth to mix.  The 

flask would then be placed at 37°C and 5% CO2 for 8 hours or overnight.  After this incubation 

period the transfection reagent and media were removed from the cells, washed with PBS, and 

replaced with the complete DMEM media; this was again allowed to incubate at 37°C and 5% CO2 

for 24 hours.  Once this incubation period was complete the media was discarded, the cells were 

washed again with PBS and a mixture consisting of 150µL of VSV with 14.8mL of serum free 

media wad added to the flask of cells.  This was allowed to adhere for 1 hour at 37°C and 5% CO2, 
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shaking every 15 minutes.  After 1 hour, the media was removed, the cells were again washed with 

PBS and complete DMEM was added to the cells.  Again, they were incubated at 37°C and 5% 

CO2 for 24-48 hours or until cytopathic effects (CPE) were seen, and the supernatant would be 

harvested and clarified by centrifugation.  The supernatants contained G*ΔG-VSV which was then 

stored until further use. 

Next, this newly harvested G*ΔG-VSV would be transfected into HEK293T cells with a 

SARS-CoV-2 spike protein of either Delta or Omicron (BA.1 or BA.2).  To do this, the same 

transfection reaction would occur exactly as described above, with the only difference being the 

use of 30µg of the designated spike protein.  Transfections were allowed to proceed for 8 hours, 

whereby the transfection reagents were removed and replaced with fresh media to incubate for an 

additional 24 hours.  After this incubation period, the media was discarded, and the cells were 

washed with PBS.  The G*ΔG-VSV was diluted 1:1000 in 15mL serum-free media and allowed 

to adhere for 1 hour at 37°C and 5% CO2, shaking every 15 minutes.  Following the incubation, 

the media would then be discarded again, the cells were washed with PBS and the media was 

replaced with complete DMEM containing 10% FBS.  The flask then incubated again for 24-48 

hours or until we saw CPE.  After this point, the supernatant was again collected and filtered, and 

this contained the VSV expressing a SARS-CoV-2 spike protein.  To perform the titration, 

HEK293Ts were plated in a 96-well plate at 2000 cells/well 24 hours prior to titration.  The 

pseudoviruses were serially diluted on a 96-well plate starting with an undiluted sample and ending 

at a 1 in 270 dilution.  These dilutions were then transferred to the cell plate and allowed to incubate 

for 24 hours before they were read using the same BriteLite system described previously.  Western 

blots were performed as described above in Section 2.6 to show the expression of the spike protein, 

using a SARS-CoV-2 spike S1/S2 polyclonal antibody (Invitrogen, Cat No: PA5-112048, Lot#: 

XD3553442). 

 

2.9 Neutralization Assays with the Delta, Omicron, and BA.2 Pseudotypes 

 
To demonstrate the broad neutralization capacity of the ACE2-Fc constructs, additional 

neutralization assays were run using a SARS-CoV-2 Pseudotype Luciferase Reporter virus 

(Integral Molecular, Cat No: RVP-763L rLuc, Lot#: CL-267A) containing either a Delta, Omicron 

and or BA.2 spike protein.  These neutralization assays were performed exactly as described 
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previously in Section 2.7, though the luciferase assay was slightly different for these pseudotype 

viruses.  We used a 1:2 dilution for this virus and overlayed that in all testing wells with the ACE2-

Fc constructs. Once the plate was set up, it was incubated at 37°C and 5% CO2 for 66 (± 2) hours.  

After this incubation period, it was read using a Britelite Plus kit (Perkin Elmer, Ref#: 6066761, 

Lot: 110-21301) to detect luciferase signal.  The protocol was performed according to the Britelite 

plus instructions from Perkin Elmer (pages 13-15) and was read on a BioTek SynergyNeo 2 Multi-

Mode Reader using the Gen5 3.04 software.  As was the standard for running in duplicate or 

triplicate, the average well reading for each dilution point was taken to graph the neutralization 

curve for each construct. 

 

2.10 Wild-type SARS-CoV-2 TCID50 

 
 Vero cells (CRL-1587; ATCC) were seeded into 96-well tissue culture plates (Corning) at 

20,000 cells per well and incubated overnight at 37°C in a 5% CO2 chamber. ACE2 constructs 

were diluted 1:10 in serum-free DMEM and diluted 1:2 across round bottom 96-well plates 

(Corning). SARS-CoV-2 virus (SARS-CoV-2 strain /Canada/ON/VIDO-01-2020) was diluted to 

100 TCID50/17.5μl in serum-free DMEM. The diluted virus was added to diluted constructs and 

incubated at 37°C for one hour. The ACE2 construct-virus mixture was added to plated Vero cells 

and incubated at 37°C in a 5% CO2 chamber for 1 h for virus absorption. The mixture was removed 

and replaced with DMEM and placed back at 37°C with 5% CO2 for 3 days. Cells were checked 

daily for signs of cytopathic effect (CPE), and results were recorded on day 5 post inoculation. 

Antibody titer was calculated as the inverse of the most diluted sample where no CPE was detected. 

All work with SARS-CoV-2 live virus was performed in a CL3 facility at VIDO. 
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3 Results 

 

3.1 Confirmation of ACE2-Fc Expression in HEK293Ts 

 

From the original ACE2-Fc protein (ACE2-Fc-0), six additional constructs (ACE2-Fc-1-6) 

were generated through site-directed mutagenesis.  Each construct contained targeted mutations 

that were intended to result in slight alterations to the ACE2-Fc decoy protein’s mode of action, 

such as further increasing the half-life, overcoming antibody-dependent enhancement, or 

increasing the protein yield, to name a few.  Once all the ACE2-Fc constructs were generated and 

sequence verified, each was transfected into HEK293T cells expressing human ACE2 (HEK293T-

hsACE2).  These cell cultures were then incubated for 2-4 days, after which they were harvested 

and purified.  The seven purified constructs were run on a western blot to confirm the presence of 

ACE2 and Fc, as well as an SDS-Page to demonstrate the purity of the samples.  

In Figure 9a we demonstrated that the harvested ACE2-Fc constructs had a high degree of 

purity using an SDS-Page gel.  Figure 9b shows the western blot of these purified ACE2-Fc 

constructs probed for ACE2, and we are shown a large band at around 150kDa.  This band is the 

proportion of the ACE2 protein that is in a dimerized form, the form that it is most stable in.  The 

fainter bands above and below this 150kDa dimer band, we hypothesize to be the ACE2 monomer 

(~80kDa) and the ACE2 trimer (270kDa).  Both of these forms of ACE2 are less stable and thus 

we more commonly see ACE2 in a dimerized form.  In Figure 9c the band at 150kDa represents 

the Fc portion of the ACE2-Fc protein transfected into the HEK293T-hsACE2 cells. 
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ACE2-Fc constructs numbered 0-6, with the original ACE2-Fc being ACD2-Fc-0.  A) 

SDS-Page showing the purity of the harvested constructs from HEK293T-hsACE2 transfection. 

B) Western blot of the purified constructs probed for anti-human ACE2 at approximately 150kDa.  

C) Western blot of the purified constructs probed for anti-human Fc at approximately 150kDa. 
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Figure 9. 
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 Each of the six mutated ACE2-Fc constructs contained mutations chosen in order to 

produce a desired phenotypic effect.  While the specific regions containing these mutations have 

been anonymized due to intellectual property restrictions, the reason as to why they were chosen 

is relevant and must be disclosed.  Table 1 describes the desired effects generated by introducing 

each of these mutations.  Some would likely have had more of a detectable effect in vivo, though 

ultimately their relative neutralization capacity in vitro is the first and most important comparator. 

 

 

Table 1.  The intended outcomes of the mutations introduced into each of the six ACE2-Fc 

constructs.  

 

CONSTRUCT AIM OF INTRODUCED MUTATION 

 

ACE2-FC-1 

 

Further extend the half-life 4-5-fold 

ACE2-FC-2 

 

Circumvent antibody-dependent enhancement 

ACE2-FC-3 

 

Disrupt proteolytic activity of ACE2 

ACE2-FC-4 

 

Increase the DNA yield  

ACE2-FC-5 

 

Combination of the mutations in constructs one and four 

ACE2-FC-6 

 

Combination of the mutations in constructs one, two, and four 
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3.2 Neutralization of SARS-CoV-2-D614G Reporter Virus with ACE2-Fc 

Constructs 

 

The next step was to test the neutralization of these constructs.  Figure 10 depicts an 

example of the 96-well plate layout we would use for these assays.  Each plate was run with two, 

sometimes three constructs, in duplicate or triplicate.  Additionally, each plate contained six viral 

control wells and six cell control wells.  As we did not know what range the 50% effective 

concentration (EC50) would be in, we ran multiple neutralization assays with ACE2-Fc-0 alongside 

COVID human IgG (HIG).  We had previous data on COVID HIG in the validated neutralization 

assays221, and this provided us with a strong standard to compare ACE2-Fc to.   

 

 

Example of a plate layout for the neutralization assays using a 96-well plate. Each 

plate contained six viral controls, six cell controls and 48 testing wells with various concentrations 

of the ACE2-Fc construct being evaluated.  Plates were seeded with 2000cells/well. 

 

 

 

 

 

Figure 10. 
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In the first neutralization assay (Appendix Figure S1), the starting concentration used was 

too low and the results indicated that the neutralization activity was quite low.  In the second 

neutralization assay (Appendix, Figure S2) the starting concentration used was too high and we 

then saw a very low viral signal across the board.  For this reason, we were unable to determine an 

EC50 and thus, the protocol was adapted to use a starting concentration somewhere between what 

was used for the first two assays.  In the third neutralization assay, we seemed to get it just right, 

with a starting concentration of 0.125mg/mL and were able to see the full neutralization curve of 

ACE2-Fc-0, shown in Figure 11.  For each construct, the two or three values (based on whether 

the construct was run in duplicate or triplicate) for each dilution point would be averaged, and this 

would be the RLU value for this point. 

 Full neutralization curve of the original ACE2-Fc construct with an initial 

concentration of 0.125mg/mL.  Based on this curve, the EC50 of ACE2-Fc-0 was calculated to be 

1.99µg/mL. 

 

 

 

 

 

 

 

 

 

 

Figure 11. 
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While the practical use of COVID HIG in these first assays to compare relative 

neutralization was useful, comparing the two constructs directly is difficult as the data points for 

COVID HIG are not concentrations, they are simply dilutions.  The standard curve of COVID HIG 

(shown in Figure 12) was run alongside the full neutralization curve of ACE2-Fc shown in Figure 

11.  Additionally, COVID HIG behaves moreso like a polyclonal antibody, whereas the in vitro 

activity of ACE2-Fc is more like a monoclonal antibody.  Thus, their comparison in this sense is 

more an experimental reference rather than a theoretical one.  COVID HIG provided a good early 

reference as somewhat of a positive control to ensure that our assays were indeed working, and 

that neutralization activity was observed. 

 

Full neutralization curve of COVID human IgG (COVID HIG).  This was run 

alongside the full ACE2-Fc curve as a positive control. 
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 Following the determination of the EC50 of ACE2-Fc-0 at 1.99µg/mL, the next step was to 

test the other six constructs in the same assay, at the same concentration and determine what their 

respective EC50 values were.  In Figure 13, we are shown the relative potency displayed between 

the original ACE2-Fc-0 and five of the mutated constructs (excluding ACE2-Fc-2 due to a low 

yield upon DNA preparation).  What is most striking in the graph shown in Figure 13 is the over 

ten-fold higher potency between the ACE2-Fc-0 construct and the ACE2-Fc-1, -4, -5 and -6 

constructs.  Additionally, the similarity between the ACE2-Fc-0 and ACE2-Fc-3 constructs was 

not predicted based on the mutations inserted.  While differences in construct behavior were 

expected, some of these mutations were expected to influence in vivo activity moreso than in vitro.  

In other words, the vast differences in potency between the constructs was not something we 

predicted.   

 

 The original ACE2-Fc-0 construct compared directly to five of the six mutated 

constructs (ACE2-Fc-2 not included due to low yield on DNA preparation).  All constructs were 

run at a starting concentration of 0.25mg/mL, in triplicate, all at the same time.   

 

 

 

 

Figure 13. 
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 Additional assays were run to further confirm the variation in neutralization capacity 

observed in Figure 13, and the subsequent downselection of these ACE2-Fc constructs is shown 

in Figure 14.  Repeatedly we saw the same potency for each construct and therefore we 

downselected to three ACE2-Fc constructs to continually run alongside the ACE2-Fc-0 construct 

as a comparator.  Due to the similarity in potency between ACE2-Fc-0 and ACE2-Fc-3, it was 

decided to remove ACE2-Fc-3.  ACE2-Fc-2 was also removed due to consistently low yields upon 

DNA preparation, making it difficult to produce enough to run in an assay.  In addition, when we 

did produce enough of this construct, the results were quite varied, making it an easy construct to 

remove.  The results for ACE2-Fc-6 were also consistently varied, and though we did see a potent 

neutralization activity with this construct, it was no more potent than the others and so it was also 

removed.  This left ACE2-Fc-1, -4 and -5 to run in comparison to ACE2-Fc-0 for further 

characterization.  Shown in Figure 15, the same relative potency observed in the previous assays 

was once again observed in this final assay to directly compare the top mutated constructs.  Based 

on the EC50 values calculated from these graphs, the ACE2-Fc-1 construct was the most potent.  

This was consistent with the previous results and thus, ACE2-Fc-1 was identified as the lead 

ACE2-Fc construct in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

Flowchart image showing the downselection from the initial seven constructs to the 

lead construct (ACE2-Fc-1) which will be further tested alongside the original ACE2-Fc-0. 

 

Figure 14. 
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Comparison of three lead constructs compared to the original ACE2-Fc construct at 

0.2mg/mL.  All constructs were run in triplicate, under the same conditions, at the same time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. 
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3.3 Wild-type SARS-CoV-2 Neutralization Assays 

  

 Comparing the neutralization activity of these constructs against a pseudotype virus 

provides the benefit of working in a CL2 laboratory space.  However, we needed to ensure that the 

data we were gathering with pseudotypes was representative of what would occur in wild-type 

SARS-CoV-2 virus.  For that reason, neutralization assays were also run with the 4 downselected 

constructs (ACE2-Fc-0, -1, -4, and -5).  The data from these assays is shown in Table 2, where 

two replicates of each construct were run to determine the EC50 of each construct.  Additional 

graphs below illustrate the relative CPE detected for the constructs at specified dilution points 

(Figure 16) and the quantitation of the neutralization assays two replicates per construct for (Figure 

17) performed using wild-type SARS-CoV-2. 

 

 
Table 2.  EC50 data for the four ACE2-Fc constructs evaluated in neutralization assays against 

wild-type SARS-CoV-2. 

Construct Replicate 1 (mg/mL) Replicate 2 (mg/mL) 

ACE2-Fc-0 0.025 0.05 

ACE2-Fc-1 0.00156 0.000781 

ACE2-Fc-4 0.00313 0.00625 

ACE2-Fc-5 0.000781 0.00156 
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Figure 16.  The relative cytopathic effects (CPE) observed during the neutralization assays with 

each of the four constructs against wild-type SARS-CoV-2.  In this graph, 0 represents no CPE, 

and 100 represents total CPE.  These assays were performed in the CL3 laboratory at VIDO. 
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Figure 17.  Quantitation of the neutralization assays performed to test the four ACE2-Fc constructs 

against wild-type SARS-CoV-2.  These assays were performed in the CL3 laboratory at VIDO. 
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3.4 Production and Titration of VSV Pseudotype SARS-CoV-2  

 
The second phase of this study was to produce a VSV pseudotype SARS-CoV-2 virus, and 

to then produce subtypes of these pseudoviruses with various SARS-CoV-2 variant spike proteins.  

Pseudotype SARS-CoV-2 Delta, Omicron and BA.2 viruses were produced and titrated for further 

use in neutralization assays (shown in Figure 18) to demonstrate the broad range of action of 

ACE2-Fc against many spike proteins.  Figure S3 depicts a neutralization assay run using the delta 

VSV pseudotype, and there is a low level of neutralization observed.  More assays were required 

in order to fully demonstrate the broad activity of the ACE2-Fc constructs against the pseudotypes 

shown in Figure 18 however, there is no longer access to the ACE2-Fc constructs in order to run 

more assays.   

 

 

 

Titration of the Delta and Omicron VSV pseudotypes using a Britelite reagent kit to 

detect luciferase signal.   

 

 

 

Figure 18. 
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4 Discussion 

 

At the beginning of the COVID-19 pandemic, there were no therapeutic options to treat or 

prevent infection for the newly emerged SARS-CoV-2.  As the months passed, drugs were rapidly 

examined for clinical potential in an attempt to treat the overwhelming number of COVID-19 

patients.  Some of these drugs were more successful than others, with dexamethasone and 

remdesivir beginning to aid in the treatment of severe COVID-19 and filling a large treatment gap.  

Simultaneously, many groups worked to develop novel therapeutics and vaccines.  While there 

were challenges with supply and generating the infrastructure required for rapid, population-wide 

administration, the Pfizer and Moderna vaccines were revolutionary in preventing SARS-CoV-2 

infection.  Again, these filled a large treatment gap.  More recently, antiviral drugs like Paxlovid 

and Molnupiravir have begun to fill the gap of treating mild to moderate COVID-19 patients to 

prevent progression to severe COVID-19.  This is especially important when we consider the 

number of people who possess a factor that puts them at higher risk of severe COVID-19.  Taken 

together, these therapeutics and vaccines have done an incredible job of filling large gaps in 

treatment and prophylaxis.  However, one large gap still exists: post-exposure prophylaxis.  The 

use of ACE2-Fc as a therapeutic would fill this gap due to its ability to inhibit SARS-CoV-2 cell 

entry.   

In this study, we identified a potent inhibitor of SARS-CoV-2 entry, through inhibition of 

the SARS-CoV-2 RBD binding host ACE2.  Beginning with an unmutated ACE2-Fc construct 

and six additional constructs with chosen mutations, we evaluated these constructs through 

neutralization assays with SARS-CoV-2 pseudotyped lentiviruses expressing the D614G mutation, 

and it is important to explain why this is relevant.  The D614G mutation was first detected in the 

Alpha variant identified in the UK, and this marked the first variant that was termed a ‘variant of 

concern’101.  The Alpha variant was transmitted far more quickly from person to person and caused 

more severe illness in COVID-19 patients109.  The majority of variants that emerged after the Alpha 

variant also contained this D614G mutation108,222 thus, testing the ACE2-Fc constructs against a 

D614G-containing pseudovirus is a benefit to this study.  Additionally, through structural analyses 

there is some evidence to suggest that the D614G mutation alters the conformation of the RBD, 
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thus making it easier and more likely for ACE2 to bind223.  In the context of SARS-CoV-2 infection 

this is not a positive, but in the context of administering ACE2-Fc as a therapeutic, easier binding 

to ACE2 is a significant benefit. 

The initial assays with all seven constructs informed us as to the relative potency of these 

constructs in comparison to each other, and to the unmutated ACE2-Fc-0.  Prior to comparing the 

results of these assays, we ruled out ACE2-Fc-2 as it was difficult to attain a high enough DNA 

yield to run the assays in the first place.  The bacterial cultures that were transformed with the 

ACE2-Fc-2 construct did not grow as well in either solid or liquid culture, and thus our yields were 

consistently low.  When we did produce enough DNA to run in a neutralization assay the 

neutralization curve was very scattered.  After the other six constructs were run simultaneously, at 

the same starting concentration, we were able to compare their relative neutralization capacity.  

This showed us that the ACE2-Fc-0 and ACE2-Fc-3 constructs had a very similar neutralization 

capacity, and this was far lesser than the capacity of constructs 1, 4, 5 and 6 (shown in Figure 12).  

In other words, the ACE2-Fc-0 and -3 constructs potently neutralized the pseudovirus at 

0.25mg/ml, whereas the remaining constructs potently neutralized the pseudovirus at 0.001mg/ml.  

Based on these results, the ACE2-Fc-3 construct was eliminated, as was the ACE2-Fc-6 due to 

inconsistent results.  We further tested the ACE2-Fc-1, -4, and -5 constructs against the ACE2-Fc-

0 to confirm whether the difference in potency was consistent.  These additional assays, shown in 

Figure 13, were run at a starting concentration of 0.2mg/ml and confirmed the results of previous 

assays.  From this we identified that ACE2-Fc-1 was the lead construct based on its low EC50.   

The use of a pseudovirus to evaluate these ACE2-Fc constructs is beneficial as this can be 

performed in a CL2 laboratory, rather than the need for a CL3 laboratory to work with wild-type 

virus.  However, testing with a pseudovirus is not a substitute for testing with wild-type SARS-

CoV-2, and for that reason we also sent our lead ACE2-Fc constructs to a collaborating CL3 

laboratory to be tested against wild-type SARS-CoV-2.  The potency and neutralization capacity 

of ACE2-Fc-1 relative to ACE2-Fc-0 was confirmed in wild-type SARS-CoV-2 (shown in Table 

2).  With the results generated from the wild-type SARS-CoV-2 mirroring that which we saw in 

the pseudotype virus assays, this gave us confidence in our data gathered thus far.   

Other studies of ACE2-Fc against SARS-CoV-2 variants such as Alpha, Beta, Gamma, and 

Delta, have shown that the ACE2-Fc protein has a broad range of neutralization capacity224.  While 

ACE2 is the entry receptor for SARS-CoV-2, it is also the entry receptor for SARS-CoV and 
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HCoV-NL63.  In SARS-CoV research, studies using ACE2-knockout mice saw significantly 

reduced lung pathology, where mice with ACE2 expression were susceptible to SARS-CoV spike-

mediated cell entry.  In these mice, treatment with ACE2 was shown to reduce the lung injury 

caused by SARS-CoV225.  The finding that ACE2 may be protective against some coronavirus 

infections is interesting, but even more so is a study in 2014 that found that circulating ACE2 

protected against acute lung injury as a result of influenza A (H7N9).  In a mouse model this 

research group also showed that the pathogenesis of influenza A was increased in ACE2-deficient 

mice226.  They suggested that ACE2 may be a useful target for future therapeutic development for 

influenza A (H7N9) outbreaks.  These studies further underline the importance of the role of ACE2 

in more than just coronavirus infections, but potentially other viral infections as well. 

 The addition of the Fc portion of the protein has benefits outside of simply extending the 

half-life, such as recruitment of immune cells (macrophages and dendritic cells).  As these cells 

are highly involved in mediating the immune response to incoming pathogens, their recruitment 

will aid heavily in the antiviral response227.  An additional benefit of the Fc peptide is that the Fcγ 

receptors are widely expressed by many cell types, including pulmonary epithelial cells.  It is 

hypothesized these types of Fc-expressing cells would transport Fc-linked proteins to the lungs 

and thus ACE2-Fc would be able to prevent the establishment of a productive infection in the lungs 

and thus, prevent further dissemination228,229. 

 This type of protein in the pharmaceutical field is referred to as an ‘immunoadhesin’.  

Currently, there are 13 immunoadhesins approved for use in conditions such as multiple sclerosis, 

and rheumatoid arthritis224.   While there are many strengths to this study, there are weaknesses 

and areas that need to be followed up on.  The main weakness of this study is the neutralization of 

a pseudovirus rather than a wild-type virus.  Though, with pseudovirus data mirroring that of the 

wild-type data, we can be confident that the methods used were accurately evaluating each 

constructs relative neutralization capacity.  The use of in vitro methods to down-select to a lead 

candidate is one step in a long process of development.  The next step is to test this construct in 

vivo in a hamster model and determine its efficacy against wild-type SARS-CoV-2 infection.  For 

this in vivo study, the main objectives would be to ensure first and foremost that the protein is 

effective, next that it is well tolerated, and then to determine an effective dose range for ACE2-Fc-

1.  Though this in vivo study was originally planned as a part of this project, due to unforeseen 

changes in funding, the study was postponed by our industry partner.   
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 The tolerability of ACE2-Fc in animals, however, is an important point to further 

investigate.  It is well known that many animals express ACE2 or an ACE2 homologue, and this 

is one of the reasons why there are so many animals capable of hosting a productive SARS-CoV-

2 infection167.  The circulation of viruses, such as SARS-CoV-2, in animal populations is a part of 

the transmission dynamic that cannot be ignored.  If in vivo studies of ACE2-Fc revealed this 

protein was well tolerated in hamsters, perhaps further investigation into its tolerability in other 

animals may inform the potential use in animal populations for infection control.  While this may 

not be realistic for wild animal populations where we commonly see viral transmission, it may be 

realistic in environments such as farms.  The outbreaks of SARS-CoV-2 on mink farms provide 

us with an example of a scenario where a therapeutic such as this may be administered.   

As mentioned earlier, a large therapeutic gap exists in the treatment of COVID-19: post-

exposure prophylaxis, and short-term prophylaxis without confirmed exposure.  Vaccines are 

capable of providing prophylaxis generally, but this is a far more overarching immunity.  

Molnupiravir and Paxlovid have filled the gap in early treatment, but their administration requires 

that a patient be symptomatic prior to treatment.  Within the first 5 days of symptoms, patients are 

able to take either of these medications in an attempt to prevent progression to more severe 

disease215.  This is when the race begins.  At this point in infection, the virus has already established 

a productive infection and is replicating as fast as it can.  These early-treatment therapeutics must 

attempt to inhibit the replication of the virus as shown in Figure 8, hopefully giving the immune 

system a chance to catch up in its antiviral attack.  But the largest limitation of both of these drugs 

is that patients have to wait until they are symptomatic before they can take either of them.  

In contrast, ACE2-Fc works extracellularly to inhibit the entry of SARS-CoV-2, rather than 

targeting the intracellular replication of the virus.  Based on its mechanism of action, 

administration of ACE2-Fc may be most effective as a prophylactic measure in the short term.  As 

an example, family members of an individual who has recently tested positive may be able to take 

ACE2-Fc to protect themselves, as they have to be in close quarters with a known COVID-19-

positive patient.  Alternatively, in another example, if an individual has come in contact with a 

known COVID-19-positive patient, taking ACE2-Fc after the fact may prevent the establishment 

of a productive SARS-CoV-2 infection.  Though we do not yet know how this protein may interact 

with other therapeutics, it would be worth investigating its use alongside other therapeutics as a 

combination therapy to treat COVID-19 at any stage.   
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 ACE2-Fc has the potential to not only be an effective therapeutic against SARS-CoV-2 

infection, but all coronaviruses that use ACE2 as a receptor.  While there have been many studies 

that evaluate ACE2-Fc as a therapeutic against SARS-CoV-2, similar studies need to be performed 

in the other coronaviruses that bind ACE2.  Though these three viruses are similar in that they all 

utilize ACE2, they are very different in terms of their pathogenesis.  The use of animal models of 

SARS-CoV and HCoV-NL63 infection will allow researchers to assess how effective ACE2-Fc is 

against other coronavirus infections.  Many studies have assessed therapeutic properties such as 

binding affinity and pharmacokinetic activity in the context of SARS-CoV-2 infection, but the 

same has not been done for HCoV-NL63 and SARS-CoV.  Understanding how these properties 

differ in different viral infections will be an important part of properly evaluating and further 

developing ACE2-Fc as a broad spectrum coronavirus therapeutic.  
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5 Conclusion 

 
Throughout the last 20 years, the incidence of coronavirus outbreaks has increased almost 

four-fold.  In each of these outbreaks, the global response has been reactionary rather than 

proactive.  We can no longer ignore the fact that coronaviruses have a severely detrimental impact 

on not only public health, but the economy as well.  It is time to start thinking ahead and preparing 

ourselves for the eventuality that is another large-scale coronavirus outbreak in the not-so-distant 

future.  In this study, we identified a potent inhibitor of SARS-CoV-2 entry, our ACE2-Fc-1 decoy 

protein.  While further in vivo evaluation of this construct is required, the efficacy and potency are 

highly promising.  To be able to administer ACE2-Fc-1 as a therapeutic has many benefits, namely 

the prevention of viral entry, the rescue of cellular and enzymatic ACE2 function, and immune 

recruitment due to the Fc portion of the protein.  As ACE2 plays a crucial role as a receptor capable 

of mediating, not only SARS-CoV-2, but also SARS-CoV and HCoV-NL63 entry, further 

investigation and optimization of this protein may well provide a very promising therapeutic 

candidate capable of aiding in the preparation for the next coronavirus outbreak. 
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6 Appendix 

 
 
 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first neutralization assay run using the pseudotype lentivirus and the original 

ACE2-Fc construct. This concentration of ACE2-Fc was too low at 0.027mg/mL, so we did 

not see a lot of inhibition in this range.  
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Second neutralization assay run using the pseudotype lentivirus and the original 

ACE2-Fc construct.  This concentration of ACE2-Fc was too high at 0.625mg/mL and we saw a 

high degree of neutralization but were not able to reach the top end of the curve in this range. 
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Figure S3. Neutralization assay with the SARS-CoV-2 VSV-pseudotype delta.  While some 

neutralization is observed here, more assays were required to generate clearer results.  The 

optimization of the assays with the VSV pseudotypes was halted as the ACE2-Fc construct supply 

is no longer accessible. 
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