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Abstract
A novel coronavirus (2019-nCoV) originating in Wuhan, China presents a
potential respiratory viral pandemic to the world population. Current efforts
are focused on containment and quarantine of infected individuals.
Ultimately, the outbreak could be controlled with a protective vaccine to
prevent 2019-nCoV infection. While vaccine research should be pursued
intensely, there exists today no therapy to treat 2019-nCoV upon infection,
despite an urgent need to find options to help these patients and preclude
potential death. Herein, I review the potential options to treat 2019-nCoV in
patients, with an emphasis on the necessity for speed and timeliness in
developing new and effective therapies in this outbreak. I consider the
options of drug repurposing, developing neutralizing monoclonal antibody
therapy, and an oligonucleotide strategy targeting the viral RNA genome,
emphasizing the promise and pitfalls of these approaches. Finally, I
advocate for the fastest strategy to develop a treatment now, which could
be resistant to any mutations the virus may have in the future. The proposal
is a biologic that blocks 2019-nCoV entry using a soluble version of the viral
receptor, angiotensin-converting enzyme 2 (ACE2), fused to an
immunoglobulin Fc domain (ACE2-Fc), providing a neutralizing antibody
with maximal breath to avoid any viral escape, while also helping to recruit
the immune system to build lasting immunity. The ACE2-Fc therapy would
also supplement decreased ACE2 levels in the lungs during infection,
thereby directly treating acute respiratory distress pathophysiology as a
third mechanism of action. The sequence of the ACE2-Fc protein is
provided to investigators, allowing its possible use in recombinant protein
expression systems to start producing drug today to treat patients under
compassionate use, while formal clinical trials are later undertaken. Such a
treatment could help infected patients before a protective vaccine is
developed and widely available in the coming months to year(s).
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            Amendments from Version 1

In the updated version of the manuscript, the use of recombinant 
ACE2 is highlighted as a treatment for acute respiratory distress 
syndrome (ARDS), including several studies exploring its use 
to treat ARDS during RSV and H5N1 infection. Importantly, two 
clinical trials employing recombinant ACE2 are described, which 
provides important data for the safety of translating the ACE2-Fc 
approach into human patients in an expedited manner. Given 
the potential for ACE2-Fc to have this third mechanism of action, 
the focus was shifted toward using the wild type ACE2 sequence 
rather than abolishing peptidase activity. Overall, this additional 
evidence increases the potential for ACE2-Fc to have a positive 
therapeutic benefit in patients infected with 2019-nCoV. 

Any further responses from the reviewers can be found at the 
end of the article

REVISED

Introduction
A mysterious illness causing pneumonia in December 2019 
in Wuhan, China is now growing into a potential pandemic. 
These pneumonia cases were eventually characterized to 
be caused by a novel coronavirus (2019-nCoV)1, of which 
Severe Acute Respiratory Syndrome (SARS)2 and Middle East  
Respiratory Syndrome (MERS)3 are members. SARS and 
MERS famously caused their own outbreak concerns when they 
were originally identified. SARS caused significant economic 
damage to Hong Kong and Southern China, before spread-
ing to other countries. Ultimately, SARS infected up to 8,098 
people and caused 774 deaths according to the World Health  
Organization (WHO)4.

The novel coronavirus, 2019-nCoV, is now quickly spread-
ing across the world after originating in Wuhan1. Human-to-
human transmission of 2019-nCoV has been confirmed in 
familial case cluster reports5, as additional cases continue to be 
identified in different cities in China and countries around the 
world. Clinical symptoms of 2019-nCoV infection include fever,  
cough, and myalgia or fatigue with pneumonia demonstrated 
on chest CT scan imaging6. Within China, the city of Wuhan 
along with several others has been shut down, with individu-
als not allowed to leave the city in an effort to contain the virus; 
such efforts are largely unprecedented in a city of this size  
(https://www.nytimes.com/2020/01/22/world/asia/coronavirus-
quarantines-history.html). For now, many travelers are being 
screened for fever (≥38°C) and reported recent history of travel  
to Wuhan in order to triage diagnostic testing7.

These efforts resemble not only what happened with SARS in 
2002–2003, but also the Ebola virus outbreak in 2014–2015. 
During those outbreaks, special protocols were put in place 
to quarantine any infected individuals and identify patient  
contacts at risk8. Healthcare workers were also at risk, and 
despite extensive personal protective equipment measures, clini-
cal providers did get infected in both outbreaks9. There were  
no specific, antiviral treatments for SARS or Ebola at the 
time of the outbreaks beyond supportive measures10,11, which 
is a similar situation that healthcare systems are facing with  
2019-nCoV.

The dire situations facing patients in outbreak scenarios demand 
quick responses by the healthcare community and the bio-
tech industry. Unfortunately, many of the traditional options 
that guide drug development are inadequate for outbreaks; 
a process that takes years can’t help patients who are dying 
today, and economies that are being halted. In these situations,  
studies have often been conducted on compassionate use, 
and clinical trial approvals expedited. This was most recently 
seen in the 2014–2015 Ebola outbreak, where a variety of 
clinical trial candidates were studied. Many of these thera-
pies failed, but ultimately a vaccine did emerge that was fully  
protective against the virus12. It is important to note that, unlike 
the current situation with 2019-nCoV, Ebola had already been 
studied for years and this particular neutralizing vaccine made 
and tested in preclinical animal models years prior to the out-
break13. For 2019-nCoV, beyond knowing the sequence of  
spike (S) protein of the coronavirus (GenBank: MN908947.3), 
there are no studies on how immunogenic this particular pro-
tein will be beyond surrogate comparisons to SARS and MERS, 
which limits the potential ability to quickly produce a vac-
cine. Moreover, while a vaccine would be greatly effective in 
helping to stop the spread of 2019-nCoV, an effective therapy  
is also needed for the patients infected with 2019-nCoV today, 
similar to the situation of Ebola patients needing effective  
therapies while vaccines were being developed.

In this article, I will outline different potential treatment options 
that could be pursued as a therapy for 2019-nCoV virus, keep-
ing the focus on agents that could be rapidly tested in patients 
today and broadly effective in spite of limited knowledge  
of the biology of 2019-nCoV. Simply stated, there is lim-
ited time for basic studies of 2019-nCoV in research labs, 
while patients need effective therapies today. I finally propose 
the best potential treatment option in my opinion, along with 
instructions on how to manufacture the therapy for testing in  
patients today.

Treatment strategies against 2019-nCoV
Developing neutralizing antibodies to 2019-nCoV
Coronavirus entry starts with the S protein binding to a tar-
get receptor on the cell surface, where after fusion is mediated 
at the cell membrane, delivering the viral nucleocapsid inside 
the cell for subsequent replication14. The S protein is famous for  
causing syncytial formation between infected cells and other 
receptor-bearing cells around them, emphasizing that the  
S protein does not function in just the virion state alone.

A neutralizing antibody targeting the S protein on the surface 
of 2019-nCoV is likely the first therapy contemplated by bio-
medical researchers in academia and industry, providing passive 
immunity to disease15. The recently published genome sequence 
of 2019-nCoV (GenBank: MN908947.3) allows research-
ers to perform gene synthesis in the lab and consider express-
ing the S protein as an immunogen. Traditional methods of  
screening mice or rabbits for neutralizing antibodies may be 
too slow for this outbreak, but faster methods such as using  
phage or yeast display libraries that express antibody fragments 
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could be used quickly to identify lead candidates for viral  
neutralization16,17. The challenge is that any antibody candidate 
would need to be rigorously tested in cell culture and animal 
models to confirm that it can neutralize 2019-nCoV and  
prevent infection. Furthermore, several isolates would need to 
be tested that are circulating in the population to try to assess if 
sufficient breadth of coverage is obtained with the neutraliz-
ing antibody. Information from other coronaviruses species like  
SARS would be helpful as to where to target the best epitope 
in order to produce neutralizing antibodies (the receptor- 
binding domain in the S protein is a key target)18, but again 
this is a slow and challenging process, which may not yield 
significant gains for several months. Moreover, ultimately a  
cocktail of antibodies may be required to ensure full protection 
for patients, which would add additional complexity for formu-
lation and manufacturing. Like some of the therapeutic options  
discussed below, the ability to express any lead candidates in 
lower organisms for protein expression (bacteria, yeast, insect  
cells) would facilitate faster production of therapy for patients19.

An alternative strategy of generating neutralizing antibodies 
against 2019-nCoV S protein would be to immunize large ani-
mals (sheep, goat, cow) with the 2019-nCoV S protein, and 
then purifying polyclonal antibodies from the animals20. This 
strategy may serve an expedited service in the setting of an out-
break and has many advantages such as simplifying production 
and manufacturing, but has limited guarantees that each animal  
would produce neutralizing antisera, or what the antibody 
titer would be in each animal21. Moreover, there is also the 
human immune response against foreign immunoglobu-
lins to other species, which would potentially complicate any  
treatment scenarios22. In a truly desperate scenario, this strategy 
may be viable for a short-term, but would not easily scale in the 
2019-nCoV outbreak, which is already rapidly multiplying.

Using oligonucleotides against 2019-nCoV RNA genome
Beyond targeting the surface proteins of 2019-nCoV, one could 
also target the RNA genome itself for degradation. This RNA 
genome sequence of 2019-nCoV was recently published (Gen-
Bank: MN908947.3), and one strategy that could be consid-
ered then, is the use of small interfering RNA (siRNA) or  
antisense oligonucleotides (ASO) to combat the virus by target-
ing its RNA genome23. The challenge with this strategy is multi-
fold. First, the conserved RNA sequence domains of CoV-2019 
are not known. Identifying conserved sequences is essential in 
order to optimize siRNA targeting and avoid viral escape of the 
oligonucleotide strategy. One could look at genome homology 
of 2019-nCoV to the SARS virus for comparison of  
conserved sequences, but this would still be guesswork. 
A second challenge is how the oligonucleotides would be  
delivered into the lungs. Advances have been made into deliv-
ery vehicles such as lipid nanoparticles that can mediate some 
delivery into the lungs24. It is unknown, however, if enough 
siRNA’s or ASO’s would be effectively delivered within the 
lungs to stop the infection or make a difference in its clinical  
course. For example, if 25% of alveolar epithelial cells in the 
lung had siRNA or ASO in them, that efficiency might be a 
great success for traditional gene therapy, but would hardly  
make any difference in a viral infection. Such an explanation 

is also likely why siRNA candidates against Ebola failed in  
trials25, despite significant success in preclinical animal models26,27. 
Lastly, even if one assumed that siRNA was effective clini-
cally, there is a limited ability to scale up manufacturing of 
siRNA drugs to a large infected population. Current siRNA 
and ASO therapies are manufactured for rare diseases, and 
there are no available resources existing to manufacture the  
medications quickly.

Repurposing currently available antiviral medications
Ideal agents to fight 2019-nCoV would be approved small mol-
ecule drugs that could inhibit different aspects of the viral life 
cycle, ultimately inhibiting replication. Two classes of poten-
tial targets are viral polymerases28 and protease inhibitors29,  
both of which are components of human immunodeficiency 
virus (HIV) and hepatitis C virus (HCV) antiviral regimens. 
Pilot clinical studies are already ensuing by desperate clini-
cians with various repurposed antiviral medicines. This has been 
done in every viral outbreak previously with limited success, 
outside of case reports30. Indeed, during the Ebola outbreak, 
none of the repurposed small molecule drugs were definitively  
shown to improve the clinical course across all patients31. 
The 2019-nCoV could be different, and there are initial  
positive reports that lopinavir and ritonavir, which are HIV pro-
tease inhibitors, have some clinical efficacy against 2019-nCoV, 
similar to prior studies using them against SARS32. Research  
should continue to be undertaken to screen other clinically avail-
able antivirals in cell culture models of 2019-nCoV, in hopes 
that a drug candidate would emerge useful against the virus 
that could be rapidly implemented in the clinic. One promis-
ing example could be remdesivir, which interferes with the viral 
polymerase and has shown efficacy against MERS in mouse  
models33. For further information, reviews of previous drug 
repurposing efforts for coronaviruses are provided34,35. Though 
these repurposed medications may hold promise, it is still  
reasonable to pursue novel, 2019-nCoV specific therapies to  
complement potential repurposed drug candidates.

Passive antibody transfer from convalescent patient sera
A simple but potentially very effective tool that can be used 
in infectious outbreaks is to use the serum of patients who have 
recovered from the virus to treat patients who contract the 
virus in the future36. Patients with resolved viral infection will 
develop a polyclonal antibody immune response to different  
viral antigens of 2019-nCoV. Some of these polyclonal anti-
bodies will likely neutralize the virus and prevent new rounds 
of infection, and the patients with resolved infection should  
produce 2019-nCoV antibodies in high titer.

Patients with resolved cases of 2019-nCoV can simply donate 
plasma, and then this plasma can be transfused into infected 
patients37. Given that plasma donation is well established, and 
the transfusion of plasma is also routine medical care, this 
proposal does not need any new science or medical approv-
als in order to be put into place. Indeed, the same rationale  
was used in the treatment of several Ebola patients with con-
valescent serum during the outbreak in 2014–2015, including  
two American healthcare workers who became infected38.
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As the outbreak continues, more patients who survived infec-
tion will become available to serve as donors to make antisera 
for 2019-nCoV, and a sizeable stock of antisera could be devel-
oped to serve as a treatment for the sickest patients. Unfor-
tunately, the exponential growth of the outbreak would work 
against this strategy, since the growing number of cases would 
likely outstrip the ability of previous patients to provide donor  
plasma as treatment. Moreover, convalescent patient sera would 
have significant variability in the potency of antiviral effect, 
making it less ideal37. While transfusion medicine services 
should certainly pursue convalescent patient sera as an option 
right now for patient treatment, it is ultimately limited in its  
effective scope of controlling the outbreak.

Proposal for new 2019-nCoV therapies
The simplest and most direct approach to combating  
2019-nCoV during the outbreak would be one to neutralize 
the virus from entering cells, the function that antibodies nor-
mally perform in the body39. For the reasons mentioned above 
when discussing neutralizing antibodies, it will be difficult to 
validate a broadly neutralizing antibody quickly, and a challenge 
to make sure that the mutating RNA virus will not escape its  
neutralization. A cocktail antibody approach could be under-
taken as was explored to treat the Ebola pandemic40, but  
would add complexity to the manufacturing process.

However, there is another strategy to pursue in this scenario 
that does not rely on targeting the viral glycoprotein directly. 
In this strategy, a neutralizing effect could be obtained by  
targeting the viral receptor protein on the cell surface, thereby 
blocking the virus from binding to it and gaining entry.  
Fortunately, scientists have already uncovered the identity of 
the viral receptor in cell culture. A recent pre-print publication 
found that the 2019-nCoV uses the angiotensin-converting 
enzyme 2 (ACE2) as a receptor for cell entry41, which is the 
same receptor that the SARS coronavirus uses for entry42. For 
both viruses, the coronavirus binds to ACE2 through its S protein 
on the virion, where after fusion of the viral membrane and cell  
membrane will occur. Subsequently, the RNA virus will rep-
licate its genome inside the cell, and ultimately make new 
virions that will be secreted to infect other cells. The coinci-
dence of SARS and 2019-nCoV using ACE2 receptor opens  
up the possibility of using the extensive research studied on 
SARS entry and applying it to 2019-nCoV. Based on the 
SARS literature, several potential blocking strategies could be  
considered, which were shown to be effective in preventing  
infection in SARS models.

Blocking agents that bind to ACE2 receptor
The first strategy would consist of administering to patients 
an agent that would bind to ACE2. The key advantage here is 
that the host ACE2 protein will not change, so there is no con-
cern about escape from binding the therapeutic agent. Moreover, 
the virus will not have the ability to mutate and bind an entirely 
new host receptor in the time frame of this outbreak; such  
functional relationships are established by evolution over 
long periods. By analogy, the influenza virus changes the  
mutations on its surface to escape antibody neutralization 

every year, but it always focuses on using sialic acid on the  
cell surface as an entry receptor43.

There are two known options for agents to bind to ACE2. The 
first is using the small receptor-binding domain (RBD) from 
the SARS S protein that has been shown to be the key domain 
that binds the ACE2 receptor during entry44. Administra-
tion of this domain, 193 amino acids in size, has been shown to 
effectively block the entry of SARS in cell culture44. It is well  
within reason that SARS RBD could be given to patients, 
thereby binding their ACE2 proteins on target cells, prevent-
ing infection (Figure 1). There is also the potential for the  
equivalent RBD of 2019-nCoV to be produced and used as a 
therapy as well. This strategy assumes SARS and 2019-nCoV 
share the same binding site on ACE2, which is highly likely 
given the similar ACE2 binding sites of SARS and NL63  
coronavirus The small size of the therapy, similar in size in 
nanobody domains from camelid antibodies, would enhance 
the perfusion of the biologic into tissues to more effectively 
bind to viral entry receptors45. In regards to the outbreak situa-
tion that is ongoing, the small protein facilitates the rapid pro-
duction of the therapy in bacteria potentially, which would help  
production yields19. Moreover, bacterial production would 
allow RBD proteins to be produced in a wide range of pro-
duction facilities today in China, which already has numerous 
contract research organization operations46. Alternatively, the 
RBD protein could be attached to an Fc fragment for extended  
circulation, which was done for an equivalent 212 amino acid  
domain from MERS. The MERS RBD-Fc fusion demonstrated 
the ability to block viral infection toward cell receptors, as well 
as to stimulate an immune response against that specific viral 
domain in mice47. Of note, since the RBD-Fc fusion would 
bind to normal cells, one would want to eliminate cytotoxic  
Fc domain functions through mutations that eliminate Fc receptor 
binding48.

A second, similar strategy would be to administer an antibody 
that would bind to ACE2 protein, thereby preventing 2019-
nCoV infection (Figure 1). This strategy was shown to effec-
tively block SARS entry and replication in experiments42. 
While no ACE2 antibody sequences are published in litera-
ture indexes, monoclonal antibodies do exist and the associated  
hybridoma sequences could be cloned in a matter of days. 
There would be no concern for any viral escape from an 
ACE2 binding antibody, which is an advantage over neutral-
izing approaches against the S protein. There are a couple of 
design considerations when thinking about how to employ the 
ACE2 antibody strategy. Any effector functions would need 
to be removed from the Fc domain49, such that inflammation 
would not be caused in different tissues expressing ACE2. This  
would retain the long-half life endowed by the Fc domain with-
out any of the side effects. The downside of including the Fc 
domain is the need to use a more expensive mammalian cell pro-
duction system to preserve proper glycosylation, which would 
decrease the turnaround time for getting the drug to patients 
in the outbreak scenario. Alternatively, one could just admin-
ister a single chain variable fragment (scFv) that binds to  
ACE2. A nanobody or VHH domains from camelids are 
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another option as well50,51. These could be produced in bacte-
ria, and its small size would allow for rapid permeation into dif-
ferent tissues. The downside is the shorter half-life of these  
molecules without the Fc domain.

There are several limitations to these two options. Regard-
ing the SARS RBD strategy, the body would likely develop 
an immune response to the SARS protein eventually, although 
the key intervention period of infection to combat 2019-nCoV 
would fall under this window of time, where after an immune 
response for both viruses would develop. Alternatively, if one  
were to use the homologous RBD from 2019-nCoV itself, this 
immune response would likely be very advantageous since it 
could yield both a blocking effect and a vaccination effect52. For 

both strategies, the dose that would be needed to block ACE2 
receptors in the body across different organs is unknown, and 
as is the percentage of ACE2 receptors that would need to be 
saturated in order to slow the infection. The number of ACE2 
receptors in the body, which are found in lung and gastrointes-
tinal organs along with vascular endothelial cells among other  
tissues53, could ultimately prove prohibitive for this strategy.  
Moreover, the turnover of the ACE2 receptor on the cell sur-
face would also influence how often the therapeutic protein 
would need to be administered. To solve this issue, one could 
increase the concentration of anti-ACE2 therapy at the crucial 
site of infection in the lungs, via local administration to lungs via  
nebulization. Lastly, there is the possibility that binding 
ACE2 directly could paradoxically worsen lung physiology 

Figure 1. Therapeutic agents that could be used to block 2019-nCoV from infecting cells. Target cells expressing ACE2 include lung and 
gastrointestinal tissues in the human body. The large spike protein on the surface of the coronavirus binds to ACE2 on infected cells, leading 
to cell entry. Three proposed strategies would block this interaction would abrogate infection. In the first, the receptor-binding domain (RBD) 
of the spike protein from SARS or 2019-nCoV would be administered, thereby binding ACE2 and saturating available sites. Alternatively, an 
antibody or single chain antibody fragment (scFv) could be administered against ACE2 to accomplish the same. A third strategy would target 
the coronavirus virions directly by using the ACE2 extracellular domain as bait to bind to spike protein. An Fc domain fused to ACE2 would 
facilitate prolonged circulation of the biologic (ACE2-Fc).
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and clinical symptoms. A study found that a fusion protein of 
SARS RBD to Fc domain bound ACE2 in murine lung tissue  
after administration, exacerbating alveolar edema via ACE2 
interaction, which normally counteracts acute lung injury54.  
This suggests that if one were use an ACE2 binding strat-
egy, it would be best employed early during infection or as 
a prophylaxis to block the initial viral infection. Ultimately,  
clinical trials in patients would need to investigate these  
potential issues.

ACE2 immunoadhesin strategy
A potentially more promising strategy would be to create an 
antibody-like molecule that would bind to the coronavirus itself, 
rather than shielding cells from being infected. For this strategy, 
it is proposed to use a soluble version of the ACE2 receptor that 
would bind to the S protein of 2019-nCoV thereby neutralizing  
the virus (Figure 1). Again, the research on the SARS virus 
suggests this strategy is potentially promising. Soluble ACE2  
receptor was demonstrated to block the SARS virus from  
infecting cells in culture42. The reported affinity of soluble  
ACE2 for the SARS S protein was 1.70 nM, which is compara-
ble to the affinities of monoclonal antibodies55; it is likely that 
2019-nCoV has similar affinity for ACE2. In order to use ACE2 
as a therapy to treat patients, it would be advisable to con-
vert soluble ACE2 into an immunoadhesin format fused to an  
immunoglobulin Fc domain (ACE2-Fc), thereby extending 
the lifespan of the circulating molecule, while also recruiting  
effector functions of the immune system against the virus. While 
not tested in an animal model, a previous study demonstrated  
that an ACE2 extracellular domain fused to the human IgG1 
domain (ACE2-NN-Ig) was effective in neutralizing SARS coro-
navirus in vitro, with a 50% inhibitory concentration of 2 nM56.  
This study provides evidence then that ACE2-Fc could similarly 
inhibit 2019-nCoV in vitro and potentially in patients.

An additional advantage of using ACE2 as a 2019-nCoV S pro-
tein neutralizing agent is that ACE2 administration could also 
directly treat the pneumonia pathophysiology. A portion of 
patients with SARS and 2019-nCoV infection develop pneumo-
nia, which is characterized by pulmonary edema and acute res-
piratory distress syndrome (ARDS)1,2. The viruses may, in part, 
cause ARDS through viral-induced ACE2 protein shedding and  
ACE2 protein decreased expression, both of which are medi-
ated by S protein binding54. Administration of recombinant 
ACE2 protein has been shown to improve acute lung injury 
through decreasing angiotensin II levels and the hormones  
subsequent binding to angiotensin II type 1a receptor57. Recom-
binant ACE2 can also reduce ARDS in respiratory syncytial 
virus58 and H5N1 influenza59 infection models. Based on these 
promising preclinical studies, recombinant human ACE2  
(rhACE2) was moved into clinical trials in order to treat ARDS 
in critically ill patients. A phase I trial demonstrated rhACE2 
was well tolerated with no effects seen on the cardiovascu-
lar system60. A phase II trial demonstrated on-target efficacy in 
reducing Ang1-8 peptide levels, but did not show significant 
modulation of respiratory parameters61. It remains to be seen  
whether rhACE2 administration has the same clinical ben-
efits in treating ARDS that have been seen in animal models, 

and whether ACE2-Fc administration could alleviate ARDS  
in 2019-nCoV patients.

The proposed therapy for 2019-nCoV patients would con-
sist of the extracellular domain of the ACE2 protein fused to a 
human immunoglobulin G Fc domain (Figure 2A). Studies have 
shown that the ACE2 amino acids 18 – 615 appear to be suf-
ficient for SARS S protein binding62, which also covers the 
peptidase domain necessary for ACE2 enzymatic function. It is  
possible a smaller portion of the extracellular ACE2 domain 
would be adequate for S protein binding, although a smaller 
version would lack enzyme activity beneficial in treating lung 
injury. Further studies are needed to define the minimal ACE2 
domain necessary for 2019-nCoV S protein binding to construct  
even smaller ACE2-Fc proteins. While we do not know the 
structure of the 2019-nCoV S protein or how it binds to the 
ACE2 receptor yet, it is reasonable for now to assume that the  
same ACE2 protein domains utilized by the SARS virus are also 
bound by 2019-nCoV to infect cells.

The advantage of the Fc domain is endowing a longer-half life 
of the drug, which could enable healthcare workers to poten-
tially be given drug doses prophylactically before seeing 
infected patients. Indeed, the half-life of recombinant ACE2 was 
extended from less than two hours to over one week in mice 
when formatted as a recombinant ACE2-Fc therapy in a study  
evaluating treatment for hypertension63. One difference from 
the prior blocking agent strategies is that the effector functions 
of the Fc domain could be retained in this molecule, allowing  
recruitment of dendritic cells, macrophages, and natural killer 
cells through the CD16 receptor against viral particles or 
infected cells. This may facilitate faster activation of the host 
antiviral immune response and elimination of the virus, which 
was illustrated in a SARS mouse model where Fc engaging 
antibodies were more potent in eliminating SARS via activa-
tion of phagocytic cells compared to antibodies that neutralized  
virus alone64. Overall, the ACE2-Fc fusion protein would 
have many of the same benefits of a traditional neutralizing  
antibody that would be sought as a treatment for the infection, 
but represent one with maximal breadth and potency since the  
2019-nCoV could not escape its neutralization, given the same  
protein is also its receptor for cell entry. Indeed, it has been 
shown that the pathogenicity of SARS versus the more mild  
human coronavirus NL63 was related to a lower affinity of 
NL63 for human ACE2 versus SARS, with NL63 S protein 
reducing ACE2 levels less than SARS S protein65. Therefore, 
if 2019-nCoV were to try to escape ACE2 neutralization via  
decreasing affinity, it would mutate into a less pathogenic 
virus. This is similar to the re-emergent SARS virus in  
2003-2004, which had lower affinity for human ACE2 and 
resulted in less severe infection and no secondary transmission66. 
Thus, 2019-nCoV could be presented with an evolution-
ary trap when faced with potential ACE2-Fc therapy, leading  
toward a more benign clinical course.

To give some additional support to the potential of a receptor-
immunoadhesin being a potential antiviral strategy, it should 
be noted that CD4-Fc or CD4-IgG was one of the early agents 
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developed as a potential HIV medication67. The protein con-
tained the first two domains of the CD4 receptor that are known  
to bind gp120 on the surface of infected HIV cells. CD4-IgG 
was shown to neutralize HIV in vitro, preventing infection. The 
protein was also safe when administered in patients, although 
only limited-to-mild clinical benefit was achieved68,69. Updated 
enhanced versions of CD4-IgG have been developed that addi-
tionally have a small peptide derived from the co-receptor,  
CCR5, enhancing affinity and giving even more potent  
neutralizing activity, essentially 100% of HIV isolates and 
making rhesus macaques resistant to multiple simian-human  
immunodeficiency virus challenges70,71. While HIV and  
2019-nCoV are very different viruses, with different cell types, 
kinetics, and clinical courses, the previous results with HIV are  
encouraging that this could be a therapeutic strategy for  
2019-nCoV. If anything, 2019-nCoV is likely more amenable 
to this neutralizing therapy given that the respiratory virus will 

only cause an acute infection, unlike HIV, which causes chronic  
infection in hosts with different cellular reservoirs.

One potential limitation of the ACE2-Fc strategy is that the 
increase in levels of extracellular ACE2 could have unknown 
effects on the body, particularly when elevated for a prolonged 
time via Fc domain extended half-life. Small levels of extra-
cellular ACE2 are already secreted by tissues, so the circula-
tion of this extracellular domain would not be unprecedented72.  
Moreover, recombinant ACE2 protein was well-tolerated by 
healthy patients in a phase I trial, and by patients with lung injury 
in a phase II trial, suggesting treating 2019-nCoV patients with  
ACE2-Fc will also tolerated. If investigators are still concerned, 
critical amino acid(s) for ACE2 peptidase activity could be 
mutated to abolish the native function of this sequence, while 
retaining high affinity binding for SARS and 2019-nCoV S pro-
tein. Indeed, this possibility was previously investigated in  

Figure 2. TherapeuticDesign of the ACE2-Fc fusion protein as a therapy against 2019-nCoV coronavirus. (A) The extracellular domain 
of ACE2 is appended onto the human immunoglobulin Fc domain, including the hinge region. The Fc domain facilitates dimerization of two 
ACE2 domains. (B) The amino acid sequence of the ACE2-Fc fusion protein is provided. The ACE2 domain consists of amino acids 18–615 
of the human ACE2 protein (blue; UniProtKB - Q9BYF1). The sequence of the human immunoglobulin G isotype 1 constant region is provided 
(green; UniProtKB - P01857). A secretion signal from a human immunoglobin heavy chain is provided (red; UniProtKB - A0A0C4DH39).
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generating an ACE2 and IgG1 fusion protein, which showed 
that mutation of histidine residues at position 374 and 378 of the  
ACE2 extracellular domain abolished peptidase activity, but 
retained high affinity binding to SARS S protein56. Of course, 
ACE2 peptidase mutation would eliminate the beneficial effects 
from the recombinant protein delivery of ACE2 in treating lung 
injury, so it is recommended that retaining ACE2 enzyme activ-
ity be pursued first. Another potential concern is that recep-
tor binding via an antibody format could inadvertently direct 
2019-nCoV toward infecting Fc receptor (CD16) positive  
cells, which has been shown in vitro for neutralizing antibod-
ies in MERS73. It’s unclear what clinical significance this would 
have, and to what extent this would happen in vivo. Ultimately, 
clinical trials will be needed to delineate any specific side  
effects of ACE2-Fc treatment.

Action plan and discussion
The chief objective of global health efforts against 2019-nCoV 
remains to effectively quarantine patients and screen individu-
als who may be infected to limit spread. That objective should 
continue going forward. What is proposed here is an option 
to at least give infected patients a medication quickly to help  
alleviate symptoms and prevent death, while vaccine efforts for  
2019-nCoV continue. This could be enabled through ACE2-Fc 
providing a triple mechanism of action: (1) Treatment of  
ACE2 deficiency and lung injury, (2) virus neutralization, and 
(3) immune effector recruitment. Beyond infected patients,  
ACE2-Fc could provide passive immunity to healthcare works 
at risk as another benefit. Going forward, it is recommended 
that physicians, scientists, and biotech industry in China 
and elsewhere pursue manufacturing an ACE2-Fc biologic 
agent right now, which can immediately advance into trials.  
A variety of different protein expression platforms (CHO, insect, 
yeast) could be utilized, depending on the particular contract 
manufacturer’s expertise. Gene therapy could even be con-
sidered to make ACE2-Fc from a DNA or mRNA platform, 
but would have additional risk of uncertain delivery strategies  
and ultimately may slow down progress toward treating patients.

The goal would be that ACE2-Fc could treat infection in cur-
rent patients preventing significant morbidities and death, 
while also serving as a potential prophylactic to give passive 
immunity to clinical providers on the frontlines, as well as indi-
viduals who may have been exposed to the virus. Essentially,  
ACE2-Fc could be the potent neutralizing antibody that the glo-
bal health community needs to combat 2019-nCoV, today, while 
also treating the underlying ARDS pathophysiology caus-
ing patient mortality. It could be scaled much more quickly 
than convalescent patient sera, which would be dependent on  
infected individuals to make. ACE2-Fc would be resistant to 
viral escape as well, unlike potential neutralizing monoclonal  
antibodies that may be developed in the coming weeks to months.

While a therapeutic strategy is being outlined here, the long-
term goal of 2019-nCoV research would remain develop-
ing an effective vaccine to yield neutralizing antibodies, likely 
based on the S protein and specifically, the RBD protein. Such  
trials should happen as soon as possible, but may prove to be 
challenging to get the right level of immunogenicity, antigen  

presentation, adjuvant addition, and potent antibody stimu-
lation. The virus could continue mutating, foiling differ-
ent efforts to stimulate protective immunity. By comparison,  
2019-nCoV cannot escape the ACE2-Fc treatment strategy, 
since it leverages its own cognate receptor for infection. As  
mentioned above, should 2019-nCoV attempt to escape this 
therapy via reduced ACE2 affinity binding, it would likely  
become less pathogenic, similar to the comparison of SARS 
versus human coronavirus NL6365. Lastly, scaling the dose 
of any effective vaccine would also prove to be challenging  
depending on the vector format (e.g. viral vector versus mRNA 
versus protein), and even a fully protective vaccine would  
not help patients who are currently infected with the virus.

In an effort to help aide researchers and industry in China to 
combat 2019-nCoV, the protein sequence of the ACE2-Fc 
construct is provided (Figure 2B). Different human Fc 
domains (IgG1, IgG2, IgG3, or IgG4) could be contemplated, 
although IgG1 traditionally has the most potency for triggering  
anti-microbial responses49. Similarly, an ACE2-Fc biologic  
without active ACE2 peptidase function could be explored as 
well. Given that gene synthesis of this sequence could happen 
within a week, the gene could be placed within the protein 
expression platform of choice shortly thereafter leading to pro-
tein production quickly. The availability of protein A columns 
and other techniques in the industry to purify antibodies would  
facilitate ACE2-Fc to quickly be repurposed on existing antibody 
manufacturing infrastructure existing in China.

A final benefit of pursuing ACE2-Fc is that it could  
effectively be used as a therapeutic drug stockpile for future 
outbreaks of SARS and 2019-nCoV, and any new coronavi-
rus that emerges from a zoonotic reservoir in the future that 
uses the ACE2 receptor for entry. Moreover, coronaviruses that  
replicate in animals across China and other countries could 
be studied in order to assess their entry mechanisms. By  
understanding entry in these other animals, one could effectively 
predict a receptor that could be utilized in any zoonotic trans-
mission event, and build a new receptor immunoadhesin mol-
ecule in the future. As an example, a similar immunoadhesin,  
DPP4-Fc, could be envisioned for MERS based on the viral 
receptor, DPP4, used by that virus74. Beyond coronaviruses, 
this strategy could be utilized for other viruses where the risk 
of outbreak potential is high. ACE2-Fc could also find use in  
treating ARDS for other unrelated viruses and causes of acute lung 
injury, building on the previous clinical trial work60,61.

In summary, ACE2-Fc has the potential to be the neutraliz-
ing antibody that healthcare workers need to treat and prevent 
2019-nCoV infection today and could play an important role  
in the cessation of the outbreak if manufacturing based on 
an available sequence starts soon. An alternative 2019-nCoV  
RBD-Fc fusion could also be pursued, if one desired the 
dual function of receptor blocking and vaccination in one  
molecule.

Data availability
Underlying data
No data are associated with this article.

Page 9 of 14

F1000Research 2020, 9:72 Last updated: 18 FEB 2020



References

1.	 Zhu N, Zhang D, Wang W, et al.: A Novel Coronavirus from Patients with 
Pneumonia in China, 2019. N Engl J Med. 2020; NEJMoa2001017.  
PubMed Abstract | Publisher Full Text 

2.	 Ksiazek TG, Erdman D, Goldsmith CS, et al.: A novel coronavirus associated with 
severe acute respiratory syndrome. N Engl J Med. 2003; 348(20): 1953–1966. 
PubMed Abstract | Publisher Full Text 

3.	 Zaki AM, van Boheemen S, Bestebroer TM, et al.: Isolation of a novel coronavirus 
from a man with pneumonia in Saudi Arabia. N Engl J Med. 2012; 367(19): 
1814–1820.  
PubMed Abstract | Publisher Full Text 

4.	 Stadler K, Masignani V, Eickmann M, et al.: SARS--beginning to understand a 
new virus. Nat Rev Microbiol. 2003; 1(3): 209–218.  
PubMed Abstract | Publisher Full Text 

5.	 Chan JF, Yuan S, Kok KH, et al.: A familial cluster of pneumonia associated 
with the 2019 novel coronavirus indicating person-to-person transmission: a 
study of a family cluster. Lancet. 2020; pii: S0140-6736(20)30154-9.  
PubMed Abstract | Publisher Full Text 

6.	 Huang C, Wang Y, Li X, et al.: Clinical features of patients infected with 2019 
novel coronavirus in Wuhan, China. Lancet. 2020; pii: S0140-6736(20)30183-5. 
PubMed Abstract | Publisher Full Text 

7.	 Cheng VCC, Wong SC, To KKW, et al.: Preparedness and proactive infection 
control measures against the emerging Wuhan coronavirus pneumonia in 
China. J Hosp Infect. 2020; pii: S0195-6701(20)30034-7.  
PubMed Abstract | Publisher Full Text 

8.	 Svoboda T, Henry B, Shulman L, et al.: Public health measures to control the 
spread of the severe acute respiratory syndrome during the outbreak in 
Toronto. N Engl J Med. 2004; 350(23): 2352–2361.  
PubMed Abstract | Publisher Full Text 

9.	 Fischer WA 2nd, Weber D, Wohl DA: Personal Protective Equipment: Protecting 
Health Care Providers in an Ebola Outbreak. Clin Ther. 2015; 37(11): 2402–2410. 
PubMed Abstract | Publisher Full Text | Free Full Text 

10.	 Avendano M, Derkach P, Swan S: Clinical course and management of SARS in 
health care workers in Toronto: a case series. CMAJ. 2003; 168(13): 1649–1660. 
PubMed Abstract | Free Full Text 

11.	 Uyeki TM, Mehta AK, Davey RT Jr, et al.: Clinical Management of Ebola Virus 
Disease in the United States and Europe. N Engl J Med. 2016; 374(7): 636–646. 
PubMed Abstract | Publisher Full Text | Free Full Text 

12.	 Henao-Restrepo AM, Camacho A, Longini IM, et al.: Efficacy and effectiveness of 
an rVSV-vectored vaccine in preventing Ebola virus disease: final results from 
the Guinea ring vaccination, open-label, cluster-randomised trial (Ebola Ça 
Suffit!). Lancet. 2017; 389(10068): 505–518.  
PubMed Abstract | Publisher Full Text | Free Full Text 

13.	 Geisbert TW, Daddario-Dicaprio KM, Lewis MG, et al.: Vesicular stomatitis virus-
based ebola vaccine is well-tolerated and protects immunocompromised 
nonhuman primates. PLoS Pathog. 2008; 4(11): e1000225.  
PubMed Abstract | Publisher Full Text | Free Full Text 

14.	 Tortorici MA, Veesler D: Structural insights into coronavirus entry. Adv Virus 
Res. 2019; 105: 93–116.  
PubMed Abstract | Publisher Full Text 

15.	 Casadevall A, Pirofski LA: The Ebola epidemic crystallizes the potential of 
passive antibody therapy for infectious diseases. PLoS Pathog. 2015; 11(4): 
e1004717.  
PubMed Abstract | Publisher Full Text | Free Full Text 

16.	 Shin YW, Chang KH, Hong GW, et al.: Selection of Vaccinia Virus-Neutralizing 
Antibody from a Phage-Display Human-Antibody Library. J Microbiol Biotechnol. 
2019; 29(4): 651–657.  
PubMed Abstract | Publisher Full Text 

17.	 Keck ZY, Wang Y, Lau P, et al.: Isolation of HCV Neutralizing Antibodies by 
Yeast Display. Methods Mol Biol. 2019; 1911: 395–419.  
PubMed Abstract | Publisher Full Text | Free Full Text 

18.	 Elshabrawy HA, Coughlin MM, Baker SC, et al.: Human monoclonal antibodies 
against highly conserved HR1 and HR2 domains of the SARS-CoV spike 
protein are more broadly neutralizing. PLoS One. 2012; 7(11): e50366.  
PubMed Abstract | Publisher Full Text | Free Full Text 

19.	 Tripathi NK, Shrivastava A: Recent Developments in Bioprocessing of 
Recombinant Proteins: Expression Hosts and Process Development. Front 
Bioeng Biotechnol. 2019; 7: 420.  
PubMed Abstract | Publisher Full Text | Free Full Text 

20.	 Schmidt R, Beltzig LC, Sawatsky B, et al.: Generation of therapeutic antisera for 
emerging viral infections. NPJ Vaccines. 2018; 3: 42–10.  
PubMed Abstract | Publisher Full Text | Free Full Text 

21.	 Jahrling PB, Geisbert J, Swearengen JR, et al.: Passive immunization of Ebola 
virus-infected cynomolgus monkeys with immunoglobulin from hyperimmune 
horses. Arch Virol Suppl. 1996; 11: 135–140.  
PubMed Abstract | Publisher Full Text 

22.	 Goto M, Kuribayashi K, Umemori Y, et al.: High prevalence of human anti-mouse 
antibodies in the serum of colorectal cancer patients. Anticancer Res. 2010; 
30(10): 4353–4356.  
PubMed Abstract 

23.	 Qureshi A, Tantray VG, Kirmani AR, et al.: A review on current status of antiviral 

siRNA. Rev Med Virol. 2018; 28(4): e1976.  
PubMed Abstract | Publisher Full Text 

24.	 Youngren-Ortiz SR, Gandhi NS, España-Serrano L, et al.: Aerosol Delivery of 
siRNA to the Lungs. Part 1: Rationale for Gene Delivery Systems. Kona. 2016; 
33: 63–85.  
PubMed Abstract | Publisher Full Text | Free Full Text 

25.	 Dunning J, Sahr F, Rojek A, et al.: Experimental Treatment of Ebola Virus 
Disease with TKM-130803: A Single-Arm Phase 2 Clinical Trial. PLoS Med. 
2016; 13(4): e1001997.  
PubMed Abstract | Publisher Full Text | Free Full Text 

26.	 Thi EP, Mire CE, Lee AC, et al.: Lipid nanoparticle siRNA treatment of Ebola-
virus-Makona-infected nonhuman primates. Nature. 2015; 521(7552): 362–365. 
PubMed Abstract | Publisher Full Text | Free Full Text 

27.	 Thi EP, Lee AC, Geisbert JB, et al.: Rescue of non-human primates from 
advanced Sudan ebolavirus infection with lipid encapsulated siRNA. Nat 
Microbiol. 2016; 1(10): 16142.  
PubMed Abstract | Publisher Full Text | Free Full Text 

28.	 Tsai CH, Lee PY, Stollar V, et al.: Antiviral therapy targeting viral polymerase. 
Curr Pharm Des. 2006; 12(11): 1339–1355.  
PubMed Abstract | Publisher Full Text 

29.	 Anderson J, Schiffer C, Lee SK, et al.: Viral protease inhibitors. Handb Exp 
Pharmacol. 2009; 189: 85–110.  
PubMed Abstract | Publisher Full Text 

30.	 Litterman N, Lipinski C, Ekins S: Small molecules with antiviral activity against 
the Ebola virus [version 1; peer review: 2 approved]. F1000Res. 2015; 4: 38. 
PubMed Abstract | Publisher Full Text | Free Full Text 

31.	 Dodd LE, Follmann D, Proschan M, et al.: A meta-analysis of clinical studies 
conducted during the West Africa Ebola virus disease outbreak confirms the 
need for randomized control groups. Sci Transl Med. 2019; 11(520): pii: eaaw1049.  
PubMed Abstract | Publisher Full Text 

32.	 Chu CM, Cheng VC, Hung IF, et al.: Role of lopinavir/ritonavir in the treatment 
of SARS: initial virological and clinical findings. Thorax. 2004; 59(3): 252–256. 
PubMed Abstract | Publisher Full Text | Free Full Text 

33.	 Sheahan TP, Sims AC, Leist SR, et al.: Comparative therapeutic efficacy of 
remdesivir and combination lopinavir, ritonavir, and interferon beta against 
MERS-CoV. Nat Commun. 2020; 11(1): 222.  
PubMed Abstract | Publisher Full Text | Free Full Text 

34.	 Li CC, Wang XJ, Wang HR: Repurposing host-based therapeutics to control 
coronavirus and influenza virus. Drug Discov Today. 2019; 24(3): 726–736. 
PubMed Abstract | Publisher Full Text 

35.	 Dyall J, Coleman CM, Hart BJ, et al.: Repurposing of clinically developed drugs 
for treatment of Middle East respiratory syndrome coronavirus infection. 
Antimicrob Agents Chemother. 2014; 58(8): 4885–4893.  
PubMed Abstract | Publisher Full Text | Free Full Text 

36.	 Mire CE, Geisbert JB, Agans KN, et al.: Passive Immunotherapy: Assessment 
of Convalescent Serum Against Ebola Virus Makona Infection in Nonhuman 
Primates. J Infect Dis. 2016; 214(suppl 3): S367–S374.  
PubMed Abstract | Publisher Full Text | Free Full Text 

37.	 Marano G, Vaglio S, Pupella S, et al.: Convalescent plasma: new evidence for an 
old therapeutic tool? Blood Transfus. 2016; 14(2): 152–157.  
PubMed Abstract | Publisher Full Text | Free Full Text 

38.	 Kraft CS, Hewlett AL, Koepsell S, et al.: The Use of TKM-100802 and 
Convalescent Plasma in 2 Patients With Ebola Virus Disease in the United 
States. Clin Infect Dis. 2015; 61(4): 496–502.  
PubMed Abstract | Publisher Full Text | Free Full Text 

39.	 Walker LM, Burton DR: Passive immunotherapy of viral infections: ‘super-
antibodies’ enter the fray. Nat Rev Immunol. 2018; 18(5): 297–308.  
PubMed Abstract | Publisher Full Text | Free Full Text 

40.	 PREVAIL II Writing Group, Multi-National PREVAIL II Study Team, Davey RT Jr, et 
al.: A Randomized, Controlled Trial of ZMapp for Ebola Virus Infection. N Engl J 
Med. 2016; 375(15): 1448–1456.  
PubMed Abstract | Publisher Full Text | Free Full Text 

41.	 Zhou P, Yang XL, Wang XG, et al.: Discovery of a novel coronavirus associated 
with the recent pneumonia outbreak in humans and its potential bat origin. 
bioRxiv. 2020; 2020.01.22.914952.  
Publisher Full Text 

42.	 Li W, Moore MJ, Vasilieva N, et al.: Angiotensin-converting enzyme 2 is a 
functional receptor for the SARS coronavirus. Nature. 2003; 426(6965): 450–454. 
PubMed Abstract | Publisher Full Text 

43.	 Karakus U, Pohl MO, Stertz S: Breaking the convention: Sialoglycan variants, 
Co-receptors and Alternative Receptors for Influenza A Virus Entry. J Virol. 
2019; pii: JVI.01357-19.  
PubMed Abstract | Publisher Full Text 

44.	 Wong SK, Li W, Moore MJ, et al.: A 193-amino acid fragment of the SARS 
coronavirus S protein efficiently binds angiotensin-converting enzyme 2. J Biol 
Chem. 2004; 279(5): 3197–3201.  
PubMed Abstract | Publisher Full Text 

45.	 Arbabi-Ghahroudi M: Camelid Single-Domain Antibodies: Historical Perspective 
and Future Outlook. Front Immunol. 2017; 8: 1589.  
PubMed Abstract | Publisher Full Text | Free Full Text 

Page 10 of 14

F1000Research 2020, 9:72 Last updated: 18 FEB 2020

http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://dx.doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/12690092
http://dx.doi.org/10.1056/NEJMoa030781
http://www.ncbi.nlm.nih.gov/pubmed/23075143
http://dx.doi.org/10.1056/NEJMoa1211721
http://www.ncbi.nlm.nih.gov/pubmed/15035025
http://dx.doi.org/10.1038/nrmicro775
http://www.ncbi.nlm.nih.gov/pubmed/31986261
http://dx.doi.org/10.1016/S0140-6736(20)30154-9
http://www.ncbi.nlm.nih.gov/pubmed/31986264
http://dx.doi.org/10.1016/S0140-6736(20)30183-5
http://www.ncbi.nlm.nih.gov/pubmed/31962139
http://dx.doi.org/10.1016/j.jhin.2020.01.010
http://www.ncbi.nlm.nih.gov/pubmed/15175437
http://dx.doi.org/10.1056/NEJMoa032111
http://www.ncbi.nlm.nih.gov/pubmed/26452427
http://dx.doi.org/10.1016/j.clinthera.2015.07.007
http://www.ncbi.nlm.nih.gov/pmc/articles/4661082
http://www.ncbi.nlm.nih.gov/pubmed/12821618
http://www.ncbi.nlm.nih.gov/pmc/articles/161610
http://www.ncbi.nlm.nih.gov/pubmed/26886522
http://dx.doi.org/10.1056/NEJMoa1504874
http://www.ncbi.nlm.nih.gov/pmc/articles/4972324
http://www.ncbi.nlm.nih.gov/pubmed/28017403
http://dx.doi.org/10.1016/S0140-6736(16)32621-6
http://www.ncbi.nlm.nih.gov/pmc/articles/5364328
http://www.ncbi.nlm.nih.gov/pubmed/19043556
http://dx.doi.org/10.1371/journal.ppat.1000225
http://www.ncbi.nlm.nih.gov/pmc/articles/2582959
http://www.ncbi.nlm.nih.gov/pubmed/31522710
http://dx.doi.org/10.1016/bs.aivir.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25905897
http://dx.doi.org/10.1371/journal.ppat.1004717
http://www.ncbi.nlm.nih.gov/pmc/articles/4408073
http://www.ncbi.nlm.nih.gov/pubmed/30856707
http://dx.doi.org/10.4014/jmb.1812.12024
http://www.ncbi.nlm.nih.gov/pubmed/30593641
http://dx.doi.org/10.1007/978-1-4939-8976-8_27
http://www.ncbi.nlm.nih.gov/pmc/articles/6375674
http://www.ncbi.nlm.nih.gov/pubmed/23185609
http://dx.doi.org/10.1371/journal.pone.0050366
http://www.ncbi.nlm.nih.gov/pmc/articles/3503966
http://www.ncbi.nlm.nih.gov/pubmed/31921823
http://dx.doi.org/10.3389/fbioe.2019.00420
http://www.ncbi.nlm.nih.gov/pmc/articles/6932962
http://www.ncbi.nlm.nih.gov/pubmed/30323953
http://dx.doi.org/10.1038/s41541-018-0082-4
http://www.ncbi.nlm.nih.gov/pmc/articles/6173733
http://www.ncbi.nlm.nih.gov/pubmed/8800795
http://dx.doi.org/10.1007/978-3-7091-7482-1_12
http://www.ncbi.nlm.nih.gov/pubmed/21036763
http://www.ncbi.nlm.nih.gov/pubmed/29656441
http://dx.doi.org/10.1002/rmv.1976
http://www.ncbi.nlm.nih.gov/pubmed/27081214
http://dx.doi.org/10.14356/kona.2016014
http://www.ncbi.nlm.nih.gov/pmc/articles/4829385
http://www.ncbi.nlm.nih.gov/pubmed/27093560
http://dx.doi.org/10.1371/journal.pmed.1001997
http://www.ncbi.nlm.nih.gov/pmc/articles/4836798
http://www.ncbi.nlm.nih.gov/pubmed/25901685
http://dx.doi.org/10.1038/nature14442
http://www.ncbi.nlm.nih.gov/pmc/articles/4467030
http://www.ncbi.nlm.nih.gov/pubmed/27670117
http://dx.doi.org/10.1038/nmicrobiol.2016.142
http://www.ncbi.nlm.nih.gov/pmc/articles/5154560
http://www.ncbi.nlm.nih.gov/pubmed/16611119
http://dx.doi.org/10.2174/138161206776361156
http://www.ncbi.nlm.nih.gov/pubmed/19048198
http://dx.doi.org/10.1007/978-3-540-79086-0_4
http://www.ncbi.nlm.nih.gov/pubmed/25713700
http://dx.doi.org/10.12688/f1000research.6120.1
http://www.ncbi.nlm.nih.gov/pmc/articles/4335594
http://www.ncbi.nlm.nih.gov/pubmed/31776287
http://dx.doi.org/10.1126/scitranslmed.aaw1049
http://www.ncbi.nlm.nih.gov/pubmed/14985565
http://dx.doi.org/10.1136/thorax.2003.012658
http://www.ncbi.nlm.nih.gov/pmc/articles/1746980
http://www.ncbi.nlm.nih.gov/pubmed/31924756
http://dx.doi.org/10.1038/s41467-019-13940-6
http://www.ncbi.nlm.nih.gov/pmc/articles/6954302
http://www.ncbi.nlm.nih.gov/pubmed/30711575
http://dx.doi.org/10.1016/j.drudis.2019.01.018
http://www.ncbi.nlm.nih.gov/pubmed/24841273
http://dx.doi.org/10.1128/AAC.03036-14
http://www.ncbi.nlm.nih.gov/pmc/articles/4136000
http://www.ncbi.nlm.nih.gov/pubmed/27571900
http://dx.doi.org/10.1093/infdis/jiw333
http://www.ncbi.nlm.nih.gov/pmc/articles/5050484
http://www.ncbi.nlm.nih.gov/pubmed/26674811
http://dx.doi.org/10.2450/2015.0131-15
http://www.ncbi.nlm.nih.gov/pmc/articles/4781783
http://www.ncbi.nlm.nih.gov/pubmed/25904375
http://dx.doi.org/10.1093/cid/civ334
http://www.ncbi.nlm.nih.gov/pmc/articles/4542597
http://www.ncbi.nlm.nih.gov/pubmed/29379211
http://dx.doi.org/10.1038/nri.2017.148
http://www.ncbi.nlm.nih.gov/pmc/articles/5918154
http://www.ncbi.nlm.nih.gov/pubmed/27732819
http://dx.doi.org/10.1056/NEJMoa1604330
http://www.ncbi.nlm.nih.gov/pmc/articles/5086427
http://dx.doi.org/10.1101/2020.01.22.914952
http://www.ncbi.nlm.nih.gov/pubmed/14647384
http://dx.doi.org/10.1038/nature02145
http://www.ncbi.nlm.nih.gov/pubmed/31776280
http://dx.doi.org/10.1128/JVI.01357-19
http://www.ncbi.nlm.nih.gov/pubmed/14670965
http://dx.doi.org/10.1074/jbc.C300520200
http://www.ncbi.nlm.nih.gov/pubmed/29209322
http://dx.doi.org/10.3389/fimmu.2017.01589
http://www.ncbi.nlm.nih.gov/pmc/articles/5701970


46.	 Xia C, Gautam A: Biopharma CRO industry in China: landscape and 
opportunities. Drug Discov Today. 2015; 20(7): 794–798.  
PubMed Abstract | Publisher Full Text 

47.	 Du L, Kou Z, Ma C, et al.: A truncated receptor-binding domain of MERS-CoV 
spike protein potently inhibits MERS-CoV infection and induces strong 
neutralizing antibody responses: implication for developing therapeutics and 
vaccines. PLoS One. 2013; 8(12): e81587.  
PubMed Abstract | Publisher Full Text | Free Full Text 

48.	 Wang X, Mathieu M, Brezski RJ: IgG Fc engineering to modulate antibody 
effector functions. Protein Cell. 2018; 9(1): 63–73.  
PubMed Abstract | Publisher Full Text | Free Full Text 

49.	 Sondermann P, Szymkowski DE: Harnessing Fc receptor biology in the design 
of therapeutic antibodies. Curr Opin Immunol. 2016; 40: 78–87.  
PubMed Abstract | Publisher Full Text 

50.	 Desmyter A, Farenc C, Mahony J, et al.: Viral infection modulation and 
neutralization by camelid nanobodies. Proc Natl Acad Sci U S A. 2013; 110(15): 
E1371–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

51.	 Koch K, Kalusche S, Torres JL, et al.: Selection of nanobodies with broad 
neutralizing potential against primary HIV-1 strains using soluble subtype  
C gp140 envelope trimers. Sci Rep. 2017; 7(1): 8390–15.  
PubMed Abstract | Publisher Full Text | Free Full Text 

52.	 He Y, Zhou Y, Liu S, et al.: Receptor-binding domain of SARS-CoV spike protein 
induces highly potent neutralizing antibodies: implication for developing 
subunit vaccine. Biochem Biophys Res Commun. 2004; 324(2): 773–781.  
PubMed Abstract | Publisher Full Text 

53.	 Gu J, Korteweg C: Pathology and pathogenesis of severe acute respiratory 
syndrome. Am J Pathol. 2007; 170(4): 1136–1147.  
PubMed Abstract | Publisher Full Text | Free Full Text 

54.	 Kuba K, Imai Y, Rao S, et al.: A crucial role of angiotensin converting enzyme 2 
(ACE2) in SARS coronavirus-induced lung injury. Nat Med. 2005; 11(8): 875–879.  
PubMed Abstract | Publisher Full Text 

55.	 Sui J, Li W, Murakami A, et al.: Potent neutralization of severe acute respiratory 
syndrome (SARS) coronavirus by a human mAb to S1 protein that blocks 
receptor association. Proc Natl Acad Sci U S A. 2004; 101(8): 2536–2541. 
PubMed Abstract | Publisher Full Text | Free Full Text 

56.	 Moore MJ, Dorfman T, Li W, et al.: Retroviruses pseudotyped with the severe 
acute respiratory syndrome coronavirus spike protein efficiently infect cells 
expressing angiotensin-converting enzyme 2. J Virol. 2004; 78(19): 10628–10635. 
PubMed Abstract | Publisher Full Text | Free Full Text 

57.	 Imai Y, Kuba K, Rao S, et al.: Angiotensin-converting enzyme 2 protects from 
severe acute lung failure. Nature. 2005; 436(7047): 112–116.  
PubMed Abstract | Publisher Full Text 

58.	 Gu H, Xie Z, Li T, et al.: Angiotensin-converting enzyme 2 inhibits lung injury 
induced by respiratory syncytial virus. Sci Rep. 2016; 6: 19840.  
PubMed Abstract | Publisher Full Text | Free Full Text 

59.	 Zou Z, Yan Y, Shu Y, et al.: Angiotensin-converting enzyme 2 protects from 
lethal avian influenza A H5N1 infections. Nat Commun. 2014; 5: 3594.  
PubMed Abstract | Publisher Full Text 

60.	 Haschke M, Schuster M, Poglitsch M, et al.: Pharmacokinetics and 
pharmacodynamics of recombinant human angiotensin-converting enzyme 2 
in healthy human subjects. Clin Pharmacokinet. 2013; 52(9): 783–792.  
PubMed Abstract | Publisher Full Text 

61.	 Khan A, Benthin C, Zeno B, et al.: A pilot clinical trial of recombinant human 
angiotensin-converting enzyme 2 in acute respiratory distress syndrome. Crit 
Care. 2017; 21(1): 234.  
PubMed Abstract | Publisher Full Text | Free Full Text 

62.	 Li F, Li W, Farzan M, et al.: Structure of SARS coronavirus spike receptor-
binding domain complexed with receptor. Science. 2005; 309(5742): 1864–1868. 
PubMed Abstract | Publisher Full Text 

63.	 Liu P, Wysocki J, Souma T, et al.: Novel ACE2-Fc chimeric fusion provides 
long-lasting hypertension control and organ protection in mouse models of 
systemic renin angiotensin system activation. Kidney Int. 2018; 94(1): 114–125. 
PubMed Abstract | Publisher Full Text 

64.	 Yasui F, Kohara M, Kitabatake M, et al.: Phagocytic cells contribute to the 
antibody-mediated elimination of pulmonary-infected SARS coronavirus. 
Virology. 2014; 454–455: 157–168.  
PubMed Abstract | Publisher Full Text 

65.	 Glowacka I, Bertram S, Herzog P, et al.: Differential downregulation of ACE2 
by the spike proteins of severe acute respiratory syndrome coronavirus and 
human coronavirus NL63. J Virol. 2010; 84(2): 1198–1205.  
PubMed Abstract | Publisher Full Text | Free Full Text 

66.	 Li W, Zhang C, Sui J, et al.: Receptor and viral determinants of SARS-
coronavirus adaptation to human ACE2. EMBO J. 2005; 24(8): 1634–1643. 
PubMed Abstract | Publisher Full Text | Free Full Text 

67.	 Chamow SM, Duliege AM, Ammann A, et al.: CD4 immunoadhesins in anti-HIV 
therapy: new developments. Int J Cancer Suppl. 1992; 7: 69–72.  
PubMed Abstract 

68.	 Shearer WT, Israel RJ, Starr S, et al.: Recombinant CD4-IgG2 in human 
immunodeficiency virus type 1-infected children: phase 1/2 study. The 
Pediatric AIDS Clinical Trials Group Protocol 351 Study Team. J Infect Dis. 2000; 
182(6): 1774–1779.  
PubMed Abstract | Publisher Full Text 

69.	 Jacobson JM, Lowy I, Fletcher CV, et al.: Single-dose safety, pharmacology, 
and antiviral activity of the human immunodeficiency virus (HIV) type 1 entry 
inhibitor PRO 542 in HIV-infected adults. J Infect Dis. 2000; 182(1): 326–329. 
PubMed Abstract | Publisher Full Text 

70.	 Gardner MR, Kattenhorn LM, Kondur HR, et al.: AAV-expressed eCD4-Ig provides 
durable protection from multiple SHIV challenges. Nature. 2015; 519(7541): 
87–91.  
PubMed Abstract | Publisher Full Text | Free Full Text 

71.	 Gardner MR, Fellinger CH, Kattenhorn LM, et al.: AAV-delivered eCD4-Ig protects 
rhesus macaques from high-dose SIVmac239 challenges. Sci Transl Med. 2019; 
11(502): pii: eaau5409.  
PubMed Abstract | Publisher Full Text | Free Full Text 

72.	 Shao Z, Shrestha K, Borowski AG, et al.: Increasing serum soluble angiotensin-
converting enzyme 2 activity after intensive medical therapy is associated 
with better prognosis in acute decompensated heart failure. J Card Fail. 2013; 
19(9): 605–610.  
PubMed Abstract | Publisher Full Text | Free Full Text 

73.	 Wan Y, Shang J, Sun S, et al.: Molecular mechanism for antibody-dependent 
enhancement of coronavirus entry. J Virol. 2019; pii: JVI.02015-19.  
PubMed Abstract | Publisher Full Text 

74.	 Raj VS, Mou H, Smits SL, et al.: Dipeptidyl peptidase 4 is a functional  
receptor for the emerging human coronavirus-EMC. Nature. 2013; 495(7440): 
251–254.  
PubMed Abstract | Publisher Full Text 

Page 11 of 14

F1000Research 2020, 9:72 Last updated: 18 FEB 2020

http://www.ncbi.nlm.nih.gov/pubmed/25701282
http://dx.doi.org/10.1016/j.drudis.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24324708
http://dx.doi.org/10.1371/journal.pone.0081587
http://www.ncbi.nlm.nih.gov/pmc/articles/3852489
http://www.ncbi.nlm.nih.gov/pubmed/28986820
http://dx.doi.org/10.1007/s13238-017-0473-8
http://www.ncbi.nlm.nih.gov/pmc/articles/5777978
http://www.ncbi.nlm.nih.gov/pubmed/27038127
http://dx.doi.org/10.1016/j.coi.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23530214
http://dx.doi.org/10.1073/pnas.1301336110
http://www.ncbi.nlm.nih.gov/pmc/articles/3625315
http://www.ncbi.nlm.nih.gov/pubmed/28827559
http://dx.doi.org/10.1038/s41598-017-08273-7
http://www.ncbi.nlm.nih.gov/pmc/articles/5566552
http://www.ncbi.nlm.nih.gov/pubmed/15474494
http://dx.doi.org/10.1016/j.bbrc.2004.09.106
http://www.ncbi.nlm.nih.gov/pubmed/17392154
http://dx.doi.org/10.2353/ajpath.2007.061088
http://www.ncbi.nlm.nih.gov/pmc/articles/1829448
http://www.ncbi.nlm.nih.gov/pubmed/16007097
http://dx.doi.org/10.1038/nm1267
http://www.ncbi.nlm.nih.gov/pubmed/14983044
http://dx.doi.org/10.1073/pnas.0307140101
http://www.ncbi.nlm.nih.gov/pmc/articles/356985
http://www.ncbi.nlm.nih.gov/pubmed/15367630
http://dx.doi.org/10.1128/JVI.78.19.10628-10635.2004
http://www.ncbi.nlm.nih.gov/pmc/articles/516384
http://www.ncbi.nlm.nih.gov/pubmed/16001071
http://dx.doi.org/10.1038/nature03712
http://www.ncbi.nlm.nih.gov/pubmed/26813885
http://dx.doi.org/10.1038/srep19840
http://www.ncbi.nlm.nih.gov/pmc/articles/4728398
http://www.ncbi.nlm.nih.gov/pubmed/24800825
http://dx.doi.org/10.1038/ncomms4594
http://www.ncbi.nlm.nih.gov/pubmed/23681967
http://dx.doi.org/10.1007/s40262-013-0072-7
http://www.ncbi.nlm.nih.gov/pubmed/28877748
http://dx.doi.org/10.1186/s13054-017-1823-x
http://www.ncbi.nlm.nih.gov/pmc/articles/5588692
http://www.ncbi.nlm.nih.gov/pubmed/16166518
http://dx.doi.org/10.1126/science.1116480
http://www.ncbi.nlm.nih.gov/pubmed/29691064
http://dx.doi.org/10.1016/j.kint.2018.01.029
http://www.ncbi.nlm.nih.gov/pubmed/24725942
http://dx.doi.org/10.1016/j.virol.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19864379
http://dx.doi.org/10.1128/JVI.01248-09
http://www.ncbi.nlm.nih.gov/pmc/articles/2798380
http://www.ncbi.nlm.nih.gov/pubmed/15791205
http://dx.doi.org/10.1038/sj.emboj.7600640
http://www.ncbi.nlm.nih.gov/pmc/articles/1142572
http://www.ncbi.nlm.nih.gov/pubmed/1428410
http://www.ncbi.nlm.nih.gov/pubmed/11069253
http://dx.doi.org/10.1086/317622
http://www.ncbi.nlm.nih.gov/pubmed/10882617
http://dx.doi.org/10.1086/315698
http://www.ncbi.nlm.nih.gov/pubmed/25707797
http://dx.doi.org/10.1038/nature14264
http://www.ncbi.nlm.nih.gov/pmc/articles/4352131
http://www.ncbi.nlm.nih.gov/pubmed/31341061
http://dx.doi.org/10.1126/scitranslmed.aau5409
http://www.ncbi.nlm.nih.gov/pmc/articles/6716512
http://www.ncbi.nlm.nih.gov/pubmed/24054336
http://dx.doi.org/10.1016/j.cardfail.2013.06.296
http://www.ncbi.nlm.nih.gov/pmc/articles/3781953
http://www.ncbi.nlm.nih.gov/pubmed/31826992
http://dx.doi.org/10.1128/JVI.02015-19
http://www.ncbi.nlm.nih.gov/pubmed/23486063
http://dx.doi.org/10.1038/nature12005


 

Open Peer Review

  Current Peer Review Status:

Version 2

 18 February 2020Reviewer Report

https://doi.org/10.5256/f1000research.24634.r59434

© 2020 Farzan M et al. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution License

work is properly cited.

 Huihui Mou
Department of Immunology and Microbiology, The Scripps Research Institute, Jupiter, FL, USA

 Michael Farzan
Department of Immunology and Microbiology, The Scripps Research Institute, Jupiter, FL, USA

A very sensible opinion article based on information well known to the coronavirus field but perhaps not
well appreciated by others who might want to address this potential pandemic. 

I found no factual or interpretive errors. Were the issue not so pressing, I might have somewhat
discounted the article based on 'obviousness' but this is obviousness to the field and not to the wider
group of readers.

Is the topic of the opinion article discussed accurately in the context of the current literature?
Yes

Are all factual statements correct and adequately supported by citations?
Yes

Are arguments sufficiently supported by evidence from the published literature?
Yes

Are the conclusions drawn balanced and justified on the basis of the presented arguments?
Yes

 No competing interests were disclosed.Competing Interests:

Reviewer Expertise: Viral entry, coronavirus virus receptors and S protein, use of receptors as entry
inhibitors

We confirm that we have read this submission and believe that we have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Page 12 of 14

F1000Research 2020, 9:72 Last updated: 18 FEB 2020

https://doi.org/10.5256/f1000research.24634.r59434
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

1.  

2.  

3.  

 11 February 2020Reviewer Report

https://doi.org/10.5256/f1000research.24634.r59692

© 2020 Tang Y. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution License

work is properly cited.

   Yi-Wei Tang
Cepheid, Danaher Diagnostic Platform, Shanghai, China

This review provide an authoritative review on 2019-nCoV infection therapeutic options. After briefly
covered several treatment strategies, the author focused on options to block virus from entering cells.
Figure 1 is terrific.

I suggest that the authors provide a table contrasting the four strategies mentioned at the
beginning.
 
In the treatment involving neutralizing antibodies, the author should discuss potential side effect
such as antibody dependent enhancement (ADE).
 
So many therapeutic options have been mentioned in China including Chinese herbs and
chlorquine. It will be great if the author can briefly review and comment on this.

Is the topic of the opinion article discussed accurately in the context of the current literature?
Yes

Are all factual statements correct and adequately supported by citations?
Yes

Are arguments sufficiently supported by evidence from the published literature?
Yes

Are the conclusions drawn balanced and justified on the basis of the presented arguments?
Yes

 No competing interests were disclosed.Competing Interests:

Reviewer Expertise: Molecular and diagnostic virology.

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Page 13 of 14

F1000Research 2020, 9:72 Last updated: 18 FEB 2020

https://doi.org/10.5256/f1000research.24634.r59692
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-4888-6771


 

The benefits of publishing with F1000Research:

Your article is published within days, with no editorial bias

You can publish traditional articles, null/negative results, case reports, data notes and more

The peer review process is transparent and collaborative

Your article is indexed in PubMed after passing peer review

Dedicated customer support at every stage

For pre-submission enquiries, contact   research@f1000.com

Page 14 of 14

F1000Research 2020, 9:72 Last updated: 18 FEB 2020


