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ABSTRACT

After two years of the first outbreak, COVID-19 is still a health issue for all the world. This deadly and highly transmissive disease 
have caused millions of deaths, challenging the sanity systems all over the globe.  Despite the unquestionable success of vaccines, 
the emergence of new variants of SARS-CoV-2, the etiologic agent of this disease, menaces their effectiveness due to the appearance 
of resistant strains. This reinforces the importance of exploring therapeutic approaches, some of which focus on interfering the 
binding of the virus to ACE2 receptor in the host cells. This may contribute to reduce the viral load of patients, but also could 
serve as a prophylactic tool to be used in highly exposed people.  The administration of soluble ACE2 is a strategy aiming to serve 
as a decoy receptor, trapping the virus, and to take advantage of tissue protective and anti-inflammatory properties associated to 
carboxypeptidase activity of this molecule. The fusion to Fc regions could potentially ameliorate the positive impact of exogenous 
ACE2 supply in COVID-19 patients by increasing half-life and avidity for the virus, among other practical benefits. In the present 
article, we review several strategies to address the optimization of these Fc fusion proteins through the discussion on the different 
formats, design principles, benefits and concerns and the opportunities of implementing combinations.
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INTRODUCTION

During the last two years the humanity has been hit by Covid-19 
pandemic, whose etiologic agent is SARS-CoV-2 virus. Covid-19 
is a very complex disease able to produce respiratory distress, 
hypertension, heart failure and/or systemic inflammation, among 
other manifestations that may conduce to death [1]. The high 
transmissibility of SARS-CoV-2 and high mortality respect to other 
coronaviruses has gained the attention of all scientific community 
who is intensely seeking for a way to impede its expansion. Many 
efforts have been concentrated in the development of vaccines, 
with undeniable success [2,3]. However, the emergence of new 
variants menaces the triumph of the active immunotherapy. As the 
virus spread hasn’t been controlled novel strains are continuously 
being reported, and some of them, like beta and omicron, have 
shown a clear reduction in the protection conferred by the vaccines  

 
currently approved [4-6]. This situation encourages further 
investigation on therapeutic approaches that work at different 
infection stages. Several strategies have been explored to block the 
binding of the virus to its receptor. Some of them relies on mAbs but 
are also susceptible to alterations in the SARS-CoV-2 structure [7,8]. 
Thus, the use of a decoy receptor has been a more straightforward 
approach that would act independently of the mutations occurring 
in the virus. Herein, we review the use of receptor-based traps 
aiming to block the virus’s accessibility to the cell, with a special 
emphasis in the Fc fusion derivatives of these proteins.

ACE2 As Target for Covid-19 Therapy

SARS-CoV-2, with an RNA genome, belongs to the Coronaviridae 
family and infects a wide spectrum of animal species like birds and 
mammals, including humans [9]. The virus contains four structural 
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proteins: the spike, envelope, membrane and nucleocapsid [10]. The 
spike is responsible for the binding to the receptor in human host 
plasma membrane, through its receptor-binding domain (RBD) 
and mediates the entry. The virus interacts with the host receptor 
angiotensin-converting enzyme 2 (ACE2) and internalizes into the 
cells, by using mostly the host cell endocytic pathways [11,12]. This 
receptor has been also the gateway for entry of other coronaviruses 
like SARS-CoV and NL63 [13]. The affinity of ACE2 binding to 
SARS-CoV-2 is 10~20-fold higher than that of SARS-COV, which 
may be associated to the severity of COVID-19 [14]. The binding of 
SARS-CoV spike to the receptor conduces to cleavage of the spike 
by proteases such as TMPRSS2/4, furin, and/or cathepsins, and 
further mediates the fusion of the viral membrane to the plasma 
membrane [11]. Moreover, new reports describe the existence of 
additional factors that can modulate or promote the entry such as 
AXL, Neuropilin-1 (NRP-1), Basigin (CD147), AT1 (Angiotensin II 
receptor type 1), and AVPR1B (Vasopressin V1b receptor) proteins 
[15-17]; in any case, ACE2 is widely recognized as the primary 
receptor.

On the other hand, ACE2, a type I transmembrane protein, is 
broadly distributed throughout the human body. It is expressed 
in the kidney, testis, intestine, lung, retina, cardiovascular system, 
adipose tissue and central nervous system [18,19]. However, 
several works unveil a gradient of ACE2 expression in the upper 
and lower airways and terminal airspace compartments [20-23]. 
More specifically, the highest expression has been observed in 
ciliated cells of the proximal airway and the alveolar type II cells of 
lung epithelium [24]. The human ACE2 protein (805 amino acids), 
consists of an extracellular N terminal claw-like protease domain 
(PD) and a C-terminal collectrin-like domain with a cytosolic 
tail [19,25]. The PD can bind RBD of SARS-COV-2, enabling virus 
entry [13,26]. ACE2 helps transporting of amino acids across the 
membrane [27]. Nevertheless, the most important physiological 
role is associated to its carboxypeptidase function, by converting 
angiotensin I (Ang I) to Ang 1-9 or Ang II to Ang I 1-7. Additionally, 
it is able to process other vasoactive peptides like neurotensin, 
kinetensin, and des-Arg bradykinin [28].  These actions oppose to 
those of its homolog ACE and are critical in the regulation of renin 
angiotensin system (RAS) (Figure 1).

Figure 1: Role of ACE2 in the regulation of renin-angiotensin system (RAS).

Previous evidences point out that reinforcing the ACE2-Ang I 
(1-7)-MasR axis decreases cytokine release and protects against 
organ injury in many human diseases, including cardiovascular 
disease, obesity, chronic kidney disease, liver diseases and lung 
injury [29-32] (Figure 2).

Therefore, the use of soluble ACE2 for COVID-19 therapy is 
sustained on its capability of acting as a trap for SARS-CoV-2 virus, 
facilitating its neutralization, and also the possibility of contributing 
to protect from lung injury and acute respiratory distress syndrome 
through restoring the balance of RAS. The latter effect would be the 
consequence of counteracting viral-induced ACE2 protein shedding 
and ACE2 protein decreased expression, upon the spike protein 
binding [33]. In line with this, it is noteworthy to highlight that the 
subsequent recovery of pulmonary ACE2 is shown to be critical to 
prevent excessive neutrophil infiltration and protect from the lung 
inflammation progression [34].

Design of ACE2-Fc fusion proteins

Different formats and composition of ACE2-Fc have been 
described in the literature, which differ fundamentally in: 

a. The isotype of Fc 

b. Carboxypeptidase activity, 

c. Binding to RBD and 

d. The length of ACE2. 

Excepting isolated reports [35,36], most of the referenced 
recombinant proteins have been expressed in mammalian cells, 
consistent with the complexity of these large glycoproteins. 
Ultimately, the design features of each variant not only must 
respond to a functional need but also meet the requirements to 
guarantee a good manufacturability.

Fc Region

While soluble ACE2-based therapies have exhibited promising 
effects for the treatment of COVID-19 [37] the short half-life time 
in the blood of this protein makes it difficult to use as a treatment 
[38]. On this subject, ACE2 molecules fused to Fc domains of 
human immunoglobulins have been generated given the role of 
Fc region in prolonging the half-life of the fused proteins upon 
interaction with FcRn [39-42]. In addition, fusion to Fc regions 
has other benefits such as enhanced avidity, increased protein 
expression and easy purification of recombinant molecules by 
protein A chromatography [43,44]. Moreover, the coupling to Fc 
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region allow taking advantage of the biological effector functions 
of this domain [45]. That is why several constructs use the constant 
region of an IgG1 antibody. Thus, the recruitment of dendritic cells, 
macrophages, and natural killer cells through the CD16 receptor 
engagement by the Fc region against viral particles or infected cells 

may facilitate the elimination of the virus via phagocytocis and 
ADCC [46]. A recent work of [47] showed that ACE2-Fc was able 
to activate in vitro NK cell degranulation after coincubation with 
Spike-expressing H1975 cells, which may be a possible mechanism 
for clearance of infected cells in vivo.

Figure 2: ACE2-Fc as a therapeutic agent to inhibit SARS-CoV-2 viral infection: Spike protein on the SARS-CoV-2 
surface binds to ACE2 on plasma membrane, leading to viral uptake by host cell and the initiation of infection. The 
soluble ACE2 extracellular domain with a prolonged half-life because of fusion to Fc region, blocks this interaction 
and prevents infection. For certain designs, the presence of functional Fc domain may contribute to virus clearance 
upon the engagement with Fc gamma receptor on innate immune cells (e.g., Macrophages). Catalytically active 
ACE2 moiety can provide protection through the reduction of Angiotensin II (AngII) and, in hence, the consequences 
associated to activation of ATR1 signaling. This effect is reinforced by the increase of Ang 1-7 and triggering of MasR 
axis (Figure 1).

However, a potential concern relies on the possibility that 
Fc interaction with CD16 receptor turns into an alternative way 
of binding to virus and further entry of the pathogen to the cell. 
This problem has prompted the use of IgG4 isotype domain to 
largely reduce Fc binding to CD16 [48]. This strategy would also 
minimize the risk of provoking a disease enhancement by the Fc 
functions such as complement dependent cytotoxicity (CDC) and 
antibody dependent cytotoxicity (ADCC), according to accumulated 
knowledge with neutralizing antibodies [49,50]. The introduction 
of mutations in Fc region has also served to this purpose, being 
L434A L435A (LALA) one of the most frequently used [51].

Carboxypeptidase Activity

It is well known that lung injury, heart and renal failure 
and hypertension depict the severe forms of COVID-19 and that 
exacerbated inflammation is determinant in the progression and 
outcome of the disease. This fact supports the rationale of using 
the enzymatic activity of soluble ACE2 receptor, considering 
its important role in the regulation of inflammatory responses, 
cardiovascular system function and tissue protection. This concept 
has been followed by several research groups who have proposed 
an ACE2 therapeutic agent with peptidase activity. For that reason, 
many constructs are based on the full-length ectodomain of native 
human ACE2 comprising residues 18-740 (Q9BYF1, Uniprot). In 
order to facilitate the manufacturability of the molecule some 
approaches contemplate the use of truncated forms of ACE2 
portion [47,48] without compromising the enzymatic activity. 
The administration of competent ACE-2 based biologics has been 
backed up by a good safety profile in a study of repeated doses of 
ACE2-Fc in mice for up to two months and Phase I and Phase II 
clinical trials for human pulmonary arterial hypertension and acute 
respiratory distress syndrome (ARDS) (ClinicalTrials.gov identifier: 
NCT04335136).

 Despite these assuring evidences, there is a latent concern 
associated to the unknown effects of high extracellular levels 
of ACE2 in the organism resulting from a therapy based on a 
functional peptidase receptor. The catalytic activity of therapeutic 
recombinant soluble ACE2 (hrsACE2) hydrolyses a broad range 
of vasoactive hormonal substrates including AngII, apelin-13, 
bradykinin metabolites, important mediators of RAS that ultimately 
may have an impact in several organs such as the heart, the blood 
vessels, the kidney and the lung. To date, it is not well demonstrated 
the harmlessness of this additional carboxypeptidase activity in 
the context of a multiorgan related disease like COVID-19. This 
scenario has defined a strategy in ACE2-Fc design characterized by 
the introduction of mutations in the receptor moiety to diminish 
or completely abrogate the enzymatic activity to potentially avoid 
adverse events (Table I). One example is the work of [51] that 
demonstrated the protective effect in vivo against SARS-CoV-2 of a 
variant of ACE2-Fc with no catalytic function.

Binding to RBD

Since virus neutralization is the main goal of ACE2 based 
therapeutics in COVID-19, the increase of affinity for SARS-CoV-2 
spike has been undertaken with molecules bearing or not Fc 
regions. To this end it has been also assayed the engineering of 
trimeric ACE2 proteins aiming to compete more efficiently with 
dimeric ACE2 on the host cell membrane because of their higher 
avidity. These trimeric ACE2 variants (some of them with inserted 
mutations) have translated into enhanced binding to spike and, 
in turn, improved antiviral effect [52,53]. Among the Fc fusion 
proteins highlights the case of MDR504 hACE2-Fc, containing one 
mutation intended to modify ACE2 activity that resulted in an 
increased binding to RBD and spike of SARS-CoV-2, and a higher 
neutralization potential, as measured by pseudovirus assay [51].
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Table 1: ACE2-Fc fusion proteins for the treatment of COVID-19.

Therapeutic 
Agent

Expression 
System Fc Isotypes Carboxypeptidase 

Activity RBD Binding Biological Observations Refs.

ACE2-Fc Mammalian 
HEK293 cells Human IgG1

Three mutants with 
inactive enzyme 
activity (R273A, 

H378A and E402A 
mutants)

Similar levels of 
binding to viral RBD 

compared to wild 
type ACE2. EC50 
(ng/mL) of 12.6, 

26.9 and 21.8 for the 
R273A, H378A and   

E402A mutants

All variants showed similar   levels 
of efficacy to block pseudoviral 

transduction.  Wild-type ACE2-Fc had 
a leading IC50 of 0.13 μg/mL, followed 

by H378A, R273A and E402A with their 
IC50s of 0.16 μg/mL, 0.19 μg/mL and 

0.25 μg/mL, respectively

45

ACE2-Fc Mammalian 
Expi293 cells Human IgG1

Molecule with two 
catalytic inactivation 
mutations (H374N 

and H378N)

Lower binding 
to SARS-CoV-2 

compared to wild 
type ACE2. Kd of 

8.23 nM and 0.161 
nM for   spike   

RBD   and   Spike 
extracellular domain

Neutralizations of various SARS-CoV-2 
strains including D614G and V367F 
mutations, as well as the emerging 

SARS-CoV-2 variants, B.1.1.7 (Alpha), 
B.1.351 (Beta), B.1.617.1 (Kappa), and 

B.1.617.2 (Delta).   Prophylactic and 
therapeutic   hACE2-Fc treatments 

effectively    protected mice from SARS-
CoV-2 infection

62

ACE2-IgG4-Fc
Mammalian 

FreeStyle 293-
F Cells

Human IgG4/
kappa isotype 
with a S228P 

sequence 
alteration

maintains enzymatic 
activity of ACE2 Kd of 4nM

Exhibit   promising   pharmaceutical   
properties and a broad antiviral activity 
at single digit nanomolar concentration.

48

ACE2-Fc

Plant cells 
(glycoeng-

ineered 
Nicotiana 

benthamiana)

Human IgG1 maintains enzymatic 
activity of ACE2 Kd of 10.1 ± 0.2 nM

The produced dimeric ACE2-Fc variant 
is glycosylated with mainly complex 

human-type N-glycans and functional 
with regard to enzyme    activity. It 

showed wild-type virus neutralization.

35

ACE2-Fc
Plant cells 
(Nicotiana 

benthamiana)
Human IgG1 maintains enzymatic 

activity of ACE2
Retains binding to 

RBD

Exhibited potent antiSARS-CoV-2 activity 
in vitro. Treatment with ACE2-Fc fusion 
protein after viral infection dramatically 

inhibit SARS CoV-2 infectivity in Vero 
cells Moreover, treatment with ACE2-Fc 

fusion protein at the pre-entry stage 
suppressed SARS-CoV-2 infection with an 

IC50 of 94.66 µg/ml.

36

MDR504 
hACE2-Fc

Mammalian 
HEK293T cells

Human IgG1 
with LALA 
mutations

completely abrogated 
catalytic activity 

(unspecifed mutation, 
called MDR504)

Significantly              
increased binding 

to SARS-CoV2 spike 
protein compared to 
the wild type ACE2

Parenteral administration of the protein 
showed stable serum concentrations   

with   a   serum   half-life   of ~ 145   
hours. Prophylactic administration of 

ACE2-Fc significantly attenuated SARS-
CoV-2 infection in a murine model.

51

SI–F019

Mammalian 
ExpiCHO cells 

(transient 
expression). 
CHOZN cell 
(stable cell 

line)

Human IgG1 
(Fc null: 

LALA, K322A 
mutation)

maintains enzymatic 
activity of ACE2 Kd of 21.8nM

SI–F019 binds with increased affinity to 
variant forms of RBD (corresponding to 

variants of concern) relative to wild-
type RBD, in contrast to monoclonal 

antibodies which tended to show weaker 
binding to some variants.  SI–F019 
shows good neutralization efficacy 

for the original strain and even better 
neutralization for variants.

63

From monotherapy to combined treatments

The introduction of soluble ACE2 to fight COVID-19 repurposed 
these receptor-based biologics, previously used with mild success 
in ARDS but with favorable results regarding safety and tolerability 
[54]. The first evidences of the clinical use in COVID-19 were 
reported in 2020. [37] and colleagues demonstrated that hrsACE2 
treatment in a severe patient induced a rapid viral clearance in 
plasma and respiratory system. This effect was accompanied by a 
marked reduction of Angiotensin II, IL-6 and IL-8 levels. Further 
results from a Phase II clinical trial showed benefits of hrsACE2 for 
severely ill COVID-19 patients, as confirmed by the improvement in 
mechanical ventilator-free days and reduction in viral RNA load [55]. 
On the other hand, receptor-Fc fusion proteins have already reached 

the clinics. An ACE2-Fc fusion protein developed by Shanghai 
Henlius Biotech, Inc. (HLX71), started to be evaluated in healthy 
individuals and the recruitment of volunteers is now completed 
(ClinicalTrials.gov Identifier: NCT04583228). Although scarce 
results are available, the experience with one subject demonstrated 
that it was safe and well tolerated [56]. Another phase I clinical 
trial is being conducted in healthy participants with SI-F019, a 
recombinant Human Bivalent ACE2-Fc Fusion (ClinicalTrials.gov 
Identifier: NCT04851444). In order to increase the success rate in 
a very complex and multifactorial disease like COVID-19, combined 
treatments have also been pursued, yet in preclinical studies. The 
combination of hrsACE2 with other therapeutic modalities, mainly 
RNA polymerase inhibitor or antisense single-stranded DNA, 
resulted in effectively reduced cell infection with SARS-CoV2 in vitro 
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[54,57]. Additionally, Liu et al. proposed the combination of HLX71 
(ACE2-Fc) with HLX70, a therapeutic neutralizing antibody (NAb) 
[45]. The two recombinant proteins cocktail elicited synergy in 
blocking the binding of RBD to hACE2 on HEK293T, and in antiviral 
activity [45]. Furthermore, it was demonstrated that the combined 
treatment significantly enhanced N501Y virus mutant clearance, in 
vivo. Moreover, HLX70+HLX71 could effectively neutralize in vitro, 
45 virus mutants including the HLX70-resistant variants and the 
widely circulated mutants (N501Y, P.1, B.1.1.7, B.1.429, B.1.526-1, 
B.1.617, and 501Y.V2-1) [45]. Other combination therapy aimed 
targeting two different stages of virus cycle: cell entry via its 
receptor ACE2 and intracellular viral RNA replication. In this sense, 
the combinatorial treatment of hrsACE2 and remdesivir enhanced 
the reduction of viral load and viral progeny in vitro [54].

A bispecific fusion protein based on the ACE2 enzyme has also 
been reported. This is ACE-MAB, a chimeric molecule composed by 
a full-length human antibody against the SARS-CoV-2 Spike fused to 
a truncated version of the ACE2 [58]. In summary, the therapeutic 
possibilities of ACE2 for COVID-19 are still underexploited and 
a wide spectrum of approaches remain to prove its efficacy in 
the clinical setting. The selection of the ACE2-Fc construct and 
proper ACE2 concentrations, treatment schedule and stage of the 
disease have to take into account several considerations to get 
better results with minimal toxicity. Recent studies have informed 
that sACE2 can also act as the receptor of SARS-COV-2, mediating 
viral entry into the cell [59,60]. However, it has been proved that 
rhACE2 concentrations (~10–200 mg/mL), much higher than 
the physiological ones, block SARS-COV-2 infection rather than 
facilitating the virus entry, which is optimal at concentrations near 
the physiological range (i.e., ng/mL level) [60]. Anyhow, further 
studies need to be performed to elucidate the optimal ACE2 
concentrations to use in patients. The knowledge accumulated on 
the pathophysiology of COVID-19 suggest that the administration 
of exogenous ACE2 at initial stages of the disease, to inhibit viral 
infectivity, should be better than more advanced stages where the 
intensified inflammation is established and independent of active 
viral driver [61-63]. 

CONCLUSION 
Exogenous administration of ACE2 represents a promising 

therapeutic approach to combat COVID-19. The use of ACE2-
Fc fusion proteins may improve this receptor-based treatment 
by increasing the half-life and, in turn, the bioavailability of the 
molecule, among other advantages. Novel designs have been 
proposed to potentiate the functionality of these virus traps and, 
in some cases, to reduce the potential negative impact associated 
to extra ACE2 peptidase activity, all of them to be validated in the 
clinical setting. Anyway, the outstanding results of ACE2-Fc biologics 
in preclinical investigations uncover the great opportunities of this 
therapy, less likely to be menaced by the emergence of SARS-CoV-2 
new variants.

REFERENCES
1. Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, et al. (2021) 

Post-acute COVID-19 syndrome. Nat Med 27(4): 601-615.

2. Krammer F (2020) SARS-CoV-2 vaccines in development. Nature 
586(7830):  516-527.

3. Haynes BF, Corey L, Fernandes P, Gilbert PB, Hotez PJ, et al. (2020) 
Prospects for a safe COVID-19 vaccine. Sci Transl Med 12(568).

4. Ramesh S, Govindarajulu M, Parise RS, Neel L, Shankar T, et al. (2021) 
Emerging SARS-COV-2 variants: a review of its mutations, its implications 
and vaccine efficacy. Vaccines (Basel) 9(10): 1195.

5. Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, et al. (2021) 
SARS-CoV-2 variants, spike mutations and immune escape. Nat Rev 
Microbiol 19(7): 409-424.

6. Hirabara, SM, Serdan TDA, Gorjao R, Masi LN, Pithon-Curi TC, et al. 
(2021) SARS-COV-2 variants: differences and potential of immune 
evasion. Front Cell Infect Microbiol 11: 781429.

7. Bordoloi D, Xu Z, Ho M, Purwar M, Bhojnagarwala P, et al. (2021) 
Identification of novel neutralizing monoclonal antibodies against SARS-
CoV-2 spike glycoprotein. ACS Pharmacol Transl Sci 4(4): 1349-1361.

8. Cheng MH, Krieger JM, Banerjee A, Xiang Y, Kaynak B, et al. (2022) 
Impact of new variants on SARS-CoV-2 infectivity and neutralization: 
A molecular assessment of the alterations in the spike-host protein 
interactions. iScience 25(3): 103939.

9. Krishnamoorthy S, Swain B, Verma RS, Gunthe SS (2020) SARS-CoV, 
MERS-CoV, and 2019-nCoV viruses: an overview of origin, evolution, and 
genetic variations. Virusdisease 31(4): 411-423.

10. Chan JF, Kok KH, Zhu Z, Chu H, Wang To KK, et al. (2020) Genomic 
characterization of the 2019 novel human-pathogenic coronavirus 
isolated from a patient with atypical pneumonia after visiting Wuhan. 
Emerg Microbes Infect 9(1): 221-236.

11. Zang R, Gomez Castro MF, McCune BT, Zeng Q, Rothlauf PW, et al. (2020) 
TMPRSS2 and TMPRSS4 promote SARS-CoV-2 infection of human small 
intestinal enterocytes. Sci Immunol 5(47).

12. Prabakaran P, Xiao X, Dimitrov DS (2004) A model of the ACE2 structure 
and function as a SARS-CoV receptor. Biochem Biophys Res Commun 
314(1): 235-241.

13. Hoffmann M, Kleine-Weber H, Pohlmann S (2020) A multibasic cleavage 
site in the spike protein of SARS-CoV-2 is essential for infection of human 
lung cells. Mol Cell 78(4): 779-784 e5.

14. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, et al. (2020) Cryo-
EM structure of the 2019-nCoV spike in the prefusion conformation. 
Science 367(6483): 1260-1263.

15. Wang S, Qiu Z, Hou Y, Deng X, Xu W, et al. (2021) AXL is a candidate 
receptor for SARS-CoV-2 that promotes infection of pulmonary and 
bronchial epithelial cells. Cell Res 31(2): 126-140.

16. Cantuti-Castelvetri L, Ojha R, Pedro LD, Djannatian M, Franz J, et al. 
(2020) Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. 
Science 370(6518): 856-860.

17. Wang K, Chen W, Zhang Z, Deng Y, Lian JQ, et al. (2020) CD147-spike 
protein is a novel route for SARS-CoV-2 infection to host cells. Signal 
Transduct Target Ther 5(1): 283.

18. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis GJ, et al. (2004) 
Tissue distribution of ACE2 protein, the functional receptor for SARS 
coronavirus. A first step in understanding SARS pathogenesis. J Pathol 
203(2): 631-637.

19. Gheblawi M, Wang K, Viveiros A, Nguyen Q, Zhong JC, et al. (2020) 
Angiotensin-converting enzyme 2: SARS-CoV-2 receptor and regulator 
of the renin-angiotensin system: celebrating the 20th anniversary of the 
discovery of ACE2. Circ Res 126(10): 1456-1474.

20. Zhang H, Rostami MR, Leopold PL, Mezey JG, O’Beirne SL, et al. (2020) 
Expression of the SARS-CoV-2 ACE2 receptor in the human airway 
epithelium. Am J Respir Crit Care Med 202(2): 219-229.

21. Hikmet F, Mear L, Edvinsson A, Micke P, Uhlen M, et al. (2020) The protein 
expression profile of ACE2 in human tissues. Mol Syst Biol 16(7): e9610.

22. Qi F, Qian S, Zhang S, Zhang Z (2020) Single cell RNA sequencing of 13 
human tissues identify cell types and receptors of human coronaviruses. 
Biochem Biophys Res Commun 526(1): 135-140.

23. Radzikowska U, Ding M, Tan G, Zhakparov D, Peng Y, et al. (2020) 
Distribution of ACE2, CD147, CD26, and other SARS-CoV-2 associated 
molecules in tissues and immune cells in health and in asthma, COPD, 
obesity, hypertension, and COVID-19 risk factors. Allergy 75(11): 2829-
2845.

24. Hou YJ, Okuda K, Edwards CE, Martinez DR, Asakura T, et al. (2020) 

https://www.nature.com/articles/s41591-021-01283-z
https://www.nature.com/articles/s41591-021-01283-z
https://www.nature.com/articles/s41586-020-2798-3
https://www.nature.com/articles/s41586-020-2798-3
https://pubmed.ncbi.nlm.nih.gov/33077678/
https://pubmed.ncbi.nlm.nih.gov/33077678/
https://pubmed.ncbi.nlm.nih.gov/34696303/
https://pubmed.ncbi.nlm.nih.gov/34696303/
https://pubmed.ncbi.nlm.nih.gov/34696303/
https://www.nature.com/articles/s41579-021-00573-0
https://www.nature.com/articles/s41579-021-00573-0
https://www.nature.com/articles/s41579-021-00573-0
https://www.frontiersin.org/articles/10.3389/fcimb.2021.781429/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.781429/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.781429/full
https://pubmed.ncbi.nlm.nih.gov/34396059/
https://pubmed.ncbi.nlm.nih.gov/34396059/
https://pubmed.ncbi.nlm.nih.gov/34396059/
https://pubmed.ncbi.nlm.nih.gov/35194576/
https://pubmed.ncbi.nlm.nih.gov/35194576/
https://pubmed.ncbi.nlm.nih.gov/35194576/
https://pubmed.ncbi.nlm.nih.gov/35194576/
https://pubmed.ncbi.nlm.nih.gov/33102628/
https://pubmed.ncbi.nlm.nih.gov/33102628/
https://pubmed.ncbi.nlm.nih.gov/33102628/
https://pubmed.ncbi.nlm.nih.gov/31987001/
https://pubmed.ncbi.nlm.nih.gov/31987001/
https://pubmed.ncbi.nlm.nih.gov/31987001/
https://pubmed.ncbi.nlm.nih.gov/31987001/
https://www.science.org/doi/10.1126/sciimmunol.abc3582
https://www.science.org/doi/10.1126/sciimmunol.abc3582
https://www.science.org/doi/10.1126/sciimmunol.abc3582
https://pubmed.ncbi.nlm.nih.gov/14715271/
https://pubmed.ncbi.nlm.nih.gov/14715271/
https://pubmed.ncbi.nlm.nih.gov/14715271/
https://pubmed.ncbi.nlm.nih.gov/32362314/
https://pubmed.ncbi.nlm.nih.gov/32362314/
https://pubmed.ncbi.nlm.nih.gov/32362314/
https://pubmed.ncbi.nlm.nih.gov/32075877/
https://pubmed.ncbi.nlm.nih.gov/32075877/
https://pubmed.ncbi.nlm.nih.gov/32075877/
https://pubmed.ncbi.nlm.nih.gov/33420426/
https://pubmed.ncbi.nlm.nih.gov/33420426/
https://pubmed.ncbi.nlm.nih.gov/33420426/
https://pubmed.ncbi.nlm.nih.gov/33082293/
https://pubmed.ncbi.nlm.nih.gov/33082293/
https://pubmed.ncbi.nlm.nih.gov/33082293/
https://pubmed.ncbi.nlm.nih.gov/33277466/
https://pubmed.ncbi.nlm.nih.gov/33277466/
https://pubmed.ncbi.nlm.nih.gov/33277466/
https://pubmed.ncbi.nlm.nih.gov/15141377/
https://pubmed.ncbi.nlm.nih.gov/15141377/
https://pubmed.ncbi.nlm.nih.gov/15141377/
https://pubmed.ncbi.nlm.nih.gov/15141377/
https://pubmed.ncbi.nlm.nih.gov/32264791/
https://pubmed.ncbi.nlm.nih.gov/32264791/
https://pubmed.ncbi.nlm.nih.gov/32264791/
https://pubmed.ncbi.nlm.nih.gov/32264791/
https://pubmed.ncbi.nlm.nih.gov/32432483/
https://pubmed.ncbi.nlm.nih.gov/32432483/
https://pubmed.ncbi.nlm.nih.gov/32432483/
https://pubmed.ncbi.nlm.nih.gov/32715618/
https://pubmed.ncbi.nlm.nih.gov/32715618/
https://pubmed.ncbi.nlm.nih.gov/32199615/
https://pubmed.ncbi.nlm.nih.gov/32199615/
https://pubmed.ncbi.nlm.nih.gov/32199615/
https://pubmed.ncbi.nlm.nih.gov/32496587/
https://pubmed.ncbi.nlm.nih.gov/32496587/
https://pubmed.ncbi.nlm.nih.gov/32496587/
https://pubmed.ncbi.nlm.nih.gov/32496587/
https://pubmed.ncbi.nlm.nih.gov/32496587/
https://www.sciencedirect.com/science/article/pii/S0092867420306759


                    Tays Hernández

       2022 Open Access Journal of Biomedical Science   Open Acc J Bio Sci.  July-August- 4(4): 1970-1975C

Mini Review 

1975

SARS-CoV-2 reverse genetics reveals a variable infection gradient in the 
respiratory tract. Cell 182(2): 429-446.

25. Zhang H, Wada J, Hida K, Tsuchiyama Y, Hiragushi K, et al. (2001) 
Collectrin, a collecting duct-specific transmembrane glycoprotein, is a 
novel homolog of ACE2 and is developmentally regulated in embryonic 
kidneys. J Biol Chem 276(20): 17132-17139.

26. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, et al. (2003) Angiotensin-
converting enzyme 2 is a functional receptor for the SARS coronavirus. 
Nature 426(6965): 450-454.

27. Samavati L, Uhal BD (2020) ACE2, much more than just a receptor for 
SARS-COV-2. Frontiers in cellular: 317.

28. Vickers C, Hales P, Kaushik V, Dick L, Gavin J, et al. (2002) Hydrolysis 
of biological peptides by human angiotensin-converting enzyme-related 
carboxypeptidase. J Biol Chem 277(17): 14838-14843.

29. Rodrigues Prestes TR, Rocha NP, Miranda AS, Teixeira AL, Simoes-E SAC, 
(2017) The anti-inflammatory potential of ACE2/angiotensin-(1-7)/
Mas receptor axis: evidence from basic and clinical research. Current 
Drug Targets 18(11): 1301-1313.

30. Imai Y, Kuba K, Rao S, Huan Y, Guo F, et al. (2005) Angiotensin-converting 
enzyme 2 protects from severe acute lung failure. Nature 436(7047): 
112-116.

31. Gu H, Xie Z, Li T, Zhang S, Lai C, et al. (2016) Angiotensin-converting 
enzyme 2 inhibits lung injury induced by respiratory syncytial virus. Sci 
Rep 6: 19840.

32. Zou Z, Yan Y, Shu Y, Gao R, Sun Y, et al. (2014) Angiotensin-converting 
enzyme 2 protects from lethal avian influenza A H5N1 infections. Nat 
Commun 5: 3594.

33. Kuba K, Imai Y, Rao S, Gao H, Guo F, et al. (2005) A crucial role of 
angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-induced 
lung injury. Nat Med 11(8): 875-9.

34. Sodhi CP, Nguyen J, Yamaguchi Y, Werts AD, Lu P, et al. (2019) A dynamic 
variation of pulmonary ACE2 is required to modulate neutrophilic 
inflammation in response to pseudomonas aeruginosa lung infection in 
mice. J Immunol 203(11): 3000-3012.

35. Castilho A, Steinkellner H (2012) Glyco-engineering in plants to produce 
human-like N-glycan structures. Biotechnol J 7(9): 1088-1098.

36. Siriwattananon K, Manopwisedjaroen S, Kanjanasirirat P, Purwono PB, 
Rattanapisit k, et al. (2020) Development of plant-produced recombinant 
ACE2-Fc fusion protein as a potential therapeutic agent against SARS-
CoV-2. Front Plant Sci 11: 604663.

37. Zoufaly A, Poglitsch M, Aberle JH, Hoepler W, Seitz T, et al. (2020) Human 
recombinant soluble ACE2 in severe COVID-19. Lancet Respir Med 
8(11): 1154-1158.

38. Lei C, Qian K, Li T, Zhang S, Fu W et al. (2020) Neutralization of SARS-
CoV-2 spike pseudo typed virus by recombinant ACE2-Ig. Nat Commun 
11(1): 2070.

39. Cox GN, Smith DJ, Carlson SJ, Bendele AM, Chlipala EA, et al. (2004) 
Enhanced circulating half-life and hematopoietic properties of a human 
granulocyte colony-stimulating factor/immunoglobulin fusion protein. 
Exp Hematol 32(5): 441-449.

40. Suzuki T, Ishii-Watabe A, Tada M, Kobayashi T, Kanayasu-Toyoda T, et 
al. (2010) Importance of neonatal FcR in regulating the serum half-
life of therapeutic proteins containing the Fc domain of human IgG1: a 
comparative study of the affinity of monoclonal antibodies and Fc-fusion 
proteins to human neonatal FcR. J Immunol 184(4): 1968-1976.

41. Czajkowsky DM, Hu J, Shao Z, Pleass RJ (2012) Fc-fusion proteins: new 
developments and future perspectives. EMBO Mol Med 4(10): 1015-
1028.

42. Kruse RL (2020) Therapeutic strategies in an outbreak scenario to treat 
the novel coronavirus originating in Wuhan, China. F1000Res 9: 72.

43. Carter PJ (2011) Introduction to current and future protein therapeutics: 
a protein engineering perspective. Exp Cell Res 317(9): 1261-1269.

44. Rattanapisit K, Srifa S, Kaewpungsup P, Pavasant P, Phoolcharoen W 
(2019) Plant-produced recombinant osteopontin-Fc fusion protein 
enhanced osteogenesis. Biotechnol Rep (Amst) 21: e00312.

45. Liu R, Oldham RJ, Teal E, Beers SA, Cragg MS (2020) Fc-Engineering 
for modulated effector functions-improving antibodies for cancer 
treatment. Antibodies (Basel) 9(4): 64.

46. Duivelshof BL, Murisier A, Camperi J, Fekete S, Beck A, et al. (2021) 
Therapeutic Fc-fusion proteins: current analytical strategies. J Sep Sci 
44(1): 35-62.

47. Huang KY, Lin MS, Kuo TC, Chen CL, Lin CC, et al. (2021) Humanized 
COVID-19 decoy antibody effectively blocks viral entry and prevents 
SARS-CoV-2 infection. EMBO Mol Med 13(1): e12828.

48. Svilenov HL, Sacherl J, Reiter A, Wolff LS, Cheng CC, et al. (2021) Picomolar 
inhibition of SARS-CoV-2 variants of concern by an engineered ACE2-
IgG4-Fc fusion protein. Antiviral Res 196: 105197.

49. De Taeye, SW, Bentlage AE, Mebius MM, Meesters JI, Lissenberg-
Thunnissen S, et al. (2020) FcγR binding and ADCC activity of human IgG 
allotypes. Front Immunol 11: 740.

50. Bournazos S, Gupta A, Ravetch JV (2020) The role of IgG Fc receptors in 
antibody-dependent enhancement. Nat Rev Immunol 20(10): 633-643.

51. Iwanaga N, Cooper L, Rong L, Beddingfield B, Crabtree J, et al. (2020) 
Novel ACE2-IgG1 fusions with improved in vitro and in vivo activity 
against SARS-CoV2. bioRxiv.

52. Guo L, Bi W, Wang X, Xu W, Yan R, et al. (2021) Engineered trimeric ACE2 
binds viral spike protein and locks it in “Three-up” conformation to 
potently inhibit SARS-CoV-2 infection. Cell Res 31(1): 98-100.

53. Xiao T, Lu J, Zhang J, Johnson RI, LGA McKay, et al. (2021) A trimeric 
human angiotensin-converting enzyme 2 as an anti-SARS-CoV-2 agent. 
Nat Struct Mol Biol 28(2): 202-209.

54. Monteil V, Kwon H, Prado P, Hagelkruys A, Wimmer RA, et al. (2020) 
Inhibition of SARS-CoV-2 Infections in Engineered Human Tissues Using 
Clinical-Grade Soluble Human ACE2. Cell 181(4): 905-913 e7.

55. APEIRON Biologics. APN01 https://www.apeiron-biologics.com/wp 
content/uploads/20210312_PR_APN01-topline-data_ENG, March 20, 
2021.

56. Shanghai Henlius Biotech. https://www.henlius.com/en/
NewsDetails-3587-26.html, April 14, 2020. Web.

57. Verma NK, Fazil MHUT, Duggan SP, Kelleher D (2020) Combination 
therapy using inhalable GapmeR and recombinant ACE2 for COVID-19. 
Front Bio 7: 197.

58. Sorrento Therapeutics press release. https://investors.
s o r r e n t o t h e ra p e u t i c s . c o m / n e w s - r e l e a s e s / n e w s - r e l e a s e -
details/sorrento-collaborates-mabpharm-development-and-
commercialization, 25 May 2020. Web.

59. Karthika T, Joseph J, Das VRA, Nair N, Charulekha P, et al. (2021) SARS-
CoV-2 cellular entry is independent of the ACE2 cytoplasmic domain 
signaling. Cells 10(7): 1814.

60. Yeung ML, Teng JLL, Jia L, Zhang C, Huang C, et al. (2021) Soluble ACE2-
mediated cell entry of SARS-CoV-2 via interaction with proteins related 
to the renin-angiotensin system. Cell 184(8): 2212-2228 e12.

61. Jia, W, Wang J, Sun B, Zhou J, Shi Y, et al. (2021) The mechanisms and 
animal models of SARS-CoV-2 infection. Front Cell Dev Biol 9: 578825.

62. Zhang Z, Zeng E, Zhang L, Wang W, Jin Y, et al. (2021) Potent prophylactic 
and therapeutic efficacy of recombinant human ACE2-Fc against SARS-
CoV-2 infection in vivo. Cell Discov 7(1): 65.

63. Tsai TI, Khalili JS, Gilchrist M, Waight AB, Cohen D, et al. (2022) ACE2-Fc 
fusion protein overcomes viral escape by potently neutralizing SARS-
CoV-2 variants of concern. Antiviral Res 199: 105271.

https://www.sciencedirect.com/science/article/pii/S0092867420306759
https://www.sciencedirect.com/science/article/pii/S0092867420306759
https://pubmed.ncbi.nlm.nih.gov/11278314/
https://pubmed.ncbi.nlm.nih.gov/11278314/
https://pubmed.ncbi.nlm.nih.gov/11278314/
https://pubmed.ncbi.nlm.nih.gov/11278314/
https://pubmed.ncbi.nlm.nih.gov/14647384/
https://pubmed.ncbi.nlm.nih.gov/14647384/
https://pubmed.ncbi.nlm.nih.gov/14647384/
https://www.frontiersin.org/articles/10.3389/fcimb.2020.00317/full
https://www.frontiersin.org/articles/10.3389/fcimb.2020.00317/full
https://pubmed.ncbi.nlm.nih.gov/11815627/
https://pubmed.ncbi.nlm.nih.gov/11815627/
https://pubmed.ncbi.nlm.nih.gov/11815627/
https://pubmed.ncbi.nlm.nih.gov/27469342/
https://pubmed.ncbi.nlm.nih.gov/27469342/
https://pubmed.ncbi.nlm.nih.gov/27469342/
https://pubmed.ncbi.nlm.nih.gov/27469342/
https://pubmed.ncbi.nlm.nih.gov/16001071/
https://pubmed.ncbi.nlm.nih.gov/16001071/
https://pubmed.ncbi.nlm.nih.gov/16001071/
https://pubmed.ncbi.nlm.nih.gov/26813885/
https://pubmed.ncbi.nlm.nih.gov/26813885/
https://pubmed.ncbi.nlm.nih.gov/26813885/
https://pubmed.ncbi.nlm.nih.gov/24800825/
https://pubmed.ncbi.nlm.nih.gov/24800825/
https://pubmed.ncbi.nlm.nih.gov/24800825/
https://www.nature.com/articles/nm1267
https://www.nature.com/articles/nm1267
https://www.nature.com/articles/nm1267
https://pubmed.ncbi.nlm.nih.gov/31645418/
https://pubmed.ncbi.nlm.nih.gov/31645418/
https://pubmed.ncbi.nlm.nih.gov/31645418/
https://pubmed.ncbi.nlm.nih.gov/31645418/
https://pubmed.ncbi.nlm.nih.gov/22890723/
https://pubmed.ncbi.nlm.nih.gov/22890723/
https://www.frontiersin.org/articles/10.3389/fpls.2020.604663/full
https://www.frontiersin.org/articles/10.3389/fpls.2020.604663/full
https://www.frontiersin.org/articles/10.3389/fpls.2020.604663/full
https://www.frontiersin.org/articles/10.3389/fpls.2020.604663/full
https://pubmed.ncbi.nlm.nih.gov/33131609/
https://pubmed.ncbi.nlm.nih.gov/33131609/
https://pubmed.ncbi.nlm.nih.gov/33131609/
https://www.nature.com/articles/s41467-020-16048-4
https://www.nature.com/articles/s41467-020-16048-4
https://www.nature.com/articles/s41467-020-16048-4
https://pubmed.ncbi.nlm.nih.gov/15145212/
https://pubmed.ncbi.nlm.nih.gov/15145212/
https://pubmed.ncbi.nlm.nih.gov/15145212/
https://pubmed.ncbi.nlm.nih.gov/15145212/
https://pubmed.ncbi.nlm.nih.gov/20083659/
https://pubmed.ncbi.nlm.nih.gov/20083659/
https://pubmed.ncbi.nlm.nih.gov/20083659/
https://pubmed.ncbi.nlm.nih.gov/20083659/
https://pubmed.ncbi.nlm.nih.gov/20083659/
https://pubmed.ncbi.nlm.nih.gov/22837174/
https://pubmed.ncbi.nlm.nih.gov/22837174/
https://pubmed.ncbi.nlm.nih.gov/22837174/
https://pubmed.ncbi.nlm.nih.gov/32117569/
https://pubmed.ncbi.nlm.nih.gov/32117569/
https://pubmed.ncbi.nlm.nih.gov/21371474/
https://pubmed.ncbi.nlm.nih.gov/21371474/
https://pubmed.ncbi.nlm.nih.gov/30847284/
https://pubmed.ncbi.nlm.nih.gov/30847284/
https://pubmed.ncbi.nlm.nih.gov/30847284/
https://pubmed.ncbi.nlm.nih.gov/33212886/
https://pubmed.ncbi.nlm.nih.gov/33212886/
https://pubmed.ncbi.nlm.nih.gov/33212886/
https://pubmed.ncbi.nlm.nih.gov/32914936/
https://pubmed.ncbi.nlm.nih.gov/32914936/
https://pubmed.ncbi.nlm.nih.gov/32914936/
https://pubmed.ncbi.nlm.nih.gov/33159417/
https://pubmed.ncbi.nlm.nih.gov/33159417/
https://pubmed.ncbi.nlm.nih.gov/33159417/
https://pubmed.ncbi.nlm.nih.gov/34774603/
https://pubmed.ncbi.nlm.nih.gov/34774603/
https://pubmed.ncbi.nlm.nih.gov/34774603/
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00740/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00740/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00740/full
https://pubmed.ncbi.nlm.nih.gov/32782358/
https://pubmed.ncbi.nlm.nih.gov/32782358/
https://pubmed.ncbi.nlm.nih.gov/32587964/
https://pubmed.ncbi.nlm.nih.gov/32587964/
https://pubmed.ncbi.nlm.nih.gov/32587964/
https://pubmed.ncbi.nlm.nih.gov/33177651/
https://pubmed.ncbi.nlm.nih.gov/33177651/
https://pubmed.ncbi.nlm.nih.gov/33177651/
https://pubmed.ncbi.nlm.nih.gov/33432247/
https://pubmed.ncbi.nlm.nih.gov/33432247/
https://pubmed.ncbi.nlm.nih.gov/33432247/
https://pubmed.ncbi.nlm.nih.gov/32333836/
https://pubmed.ncbi.nlm.nih.gov/32333836/
https://pubmed.ncbi.nlm.nih.gov/32333836/
https://www.henlius.com/en/NewsDetails-3587-26.html
https://www.henlius.com/en/NewsDetails-3587-26.html
https://pubmed.ncbi.nlm.nih.gov/32850978/
https://pubmed.ncbi.nlm.nih.gov/32850978/
https://pubmed.ncbi.nlm.nih.gov/32850978/
https://investors.sorrentotherapeutics.com/news-releases/news-release-details/sorrento-collaborates-mabpharm-development-and-commercialization
https://investors.sorrentotherapeutics.com/news-releases/news-release-details/sorrento-collaborates-mabpharm-development-and-commercialization
https://investors.sorrentotherapeutics.com/news-releases/news-release-details/sorrento-collaborates-mabpharm-development-and-commercialization
https://investors.sorrentotherapeutics.com/news-releases/news-release-details/sorrento-collaborates-mabpharm-development-and-commercialization
https://pubmed.ncbi.nlm.nih.gov/34359983/
https://pubmed.ncbi.nlm.nih.gov/34359983/
https://pubmed.ncbi.nlm.nih.gov/34359983/
https://pubmed.ncbi.nlm.nih.gov/33713620/
https://pubmed.ncbi.nlm.nih.gov/33713620/
https://pubmed.ncbi.nlm.nih.gov/33713620/
https://pubmed.ncbi.nlm.nih.gov/33987176/
https://pubmed.ncbi.nlm.nih.gov/33987176/
https://pubmed.ncbi.nlm.nih.gov/34385423/
https://pubmed.ncbi.nlm.nih.gov/34385423/
https://pubmed.ncbi.nlm.nih.gov/34385423/
https://pubmed.ncbi.nlm.nih.gov/35240221/
https://pubmed.ncbi.nlm.nih.gov/35240221/
https://pubmed.ncbi.nlm.nih.gov/35240221/

	COVID-19 Therapy Based on Soluble ACE2: The Use of Receptor-Fc Fusion Proteins
	ABSTRACT
	KEYWORDS
	ABBREVIATIONS
	INTRODUCTION
	Design of ACE2-Fc fusion proteins
	FC Region
	Carboxypeptidase Activity
	Binding to RBD
	From monotherapy to combined treatments

	CONCLUSION
	REFERENCES
	Figure 1
	Figure 2
	Table 1

