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16th Jun 20201st Editorial Decision

16th Jun 2020 

Dear Prof. Yang, 

Thank you for the submission of your manuscript  to EMBO Molecular Medicine. We have now heard
back from the two referees whom we asked to evaluate your manuscript . As you will see from the
reports below, the referees find the topic of your study of potent ial interest  although the novelty, at
this stage is rather limited by exist ing published work. In order to strengthen the data and increase
the novelty (indispensable for publicat ion in EMBO Molecular Medicine), we would like to insist  on
the following items, which after cross-comment ing from the referees, were unanimously agreed
upon: 

- incorporate ACE2-Fc neutralizat ion of virus-cell and possibly cell-cell fusion in lung organoids,
- show a benefit  of ACE2-Fc compared to the recombinant ACE2 protein,
- provide more details on the methodology,
- discus potent ial limitat ions of using a therapeut ic ACE2-Fc ant ibody on the RAS system
- demonstrat ing the effect  of the ACE2-Fc on different clinical isolates

We therefore would be willing to consider a revised manuscript with the understanding that the 
referees' concerns itemised above must be fully addressed and that acceptance of the manuscript 
would entail a second round of review. 

I should remind you that it is EMBO Molecular Medicine policy to allow a single round of revision only 
and that, therefore, acceptance or reject ion of the manuscript will depend on the completeness of 
your responses included in the next, final version of the manuscript . I realize that addressing the 
referees' comments in full would involve a lot of addit ional experimental work and I am uncertain 
whether you will be able (or willing) to return a revised manuscript within 3 months and I would also 
understand your decision if you choose to rather seek rapid publicat ion elsewhere at this stage. 

I look forward to seeing a revised form of your manuscript as soon as possible. 

Should you find that the requested revisions are not feasible within the constraints out lined here 
and choose, therefore, to submit your paper elsewhere, we would welcome a message to this 
effect . 

Yours sincerely, 

Celine Carret



***** Reviewer's comments ***** 

Referee #1 (Comments on Novelty/Model System for Author): 

SARS-Coronavirus-2 (SARS-CoV-2) causes pandemic coronavirus disease-19 (COVID-19) with 
nearly 6 million people infected and there is current ly no effect ive t reatment . Similar to the disease 
caused by SARS-CoV and MERS-CoV, SARS-CoV-2 its major phenotype is severe acute 
respiratory dist ress syndrome (de Wit et al 2016; Huang et al 2020). SARS-CoV-2 uses Angiotensin 
Convert ing Enzyme II (ACE2) bind direct ly to SARS-CoV-2 Spike protein (Walls et al 2020;Wrapp et 
al 2020;Wan et al 2020) and is used as cell ent ry receptor (Zhou et al 2020;Hoffmann et al 2020). 

ACE2 pept idase act ivity negat ively regulates Angiotensin II (AngII). Treatment with recombinant 
ACE2 protein prevent Ang II-induced hypertension and cardiac dysfunct ion (Minato et al 2020), 
might cont rol AngII-AT1R proinflammat ory cytokine responses (Eguchi et al 2018), and protects 
from severe acute lung failure (Imai et al 2005). As impaired ACE2 expression was observed in mice 
receiving SARS-CoV Spike protein inject ion (Kuba et al, 2005), it is postulated that SARS-CoV-2 
Spike proteins hijack ACE2 funct ion driving COVID19-associat ed ARDS (Hirano et al 2020). Monteil 
et al 2020 demonst rated that administ rat ion of clinical grade human recombinant ACE2 protein 
significant ly block early stages of SARS-CoV-2 infect ions in vero E6 cells. This protein has a low 
half-life, thereby limit ing its therapeut ical potent ial. 

With this in mind, the authors generated recombinant ACE2 fused to Fc that is known to increase 
its half-life (Liu et al 2018). Using ELISA they demonst rate that recombinant ACE2-Fc binds 
recombinant SARS-CoV-2 Spike Fc protein. They show that pre-incubat ion of Spike protein 
pseudotyped lent ivirus or clinically isolated SARS-CoV-2 with ACE2-Fc reduces infect ion of ACE2 
overexpressing 293T cell line and Vero E6 cells, respect ively. Interest ingly, their ACE2-Fc has 
pept idase act ivity as demonst rated by cleaving fluorescent subst rate. 

The results are clear and I didn't find any obvious problems with the design and execut ion of the 
experiments. However, the concept of using recombinant ACE2 (Monteil et al 2020) and fusing it to 
Fc has previously been established (Lei et al 2020). Important ly, these authors' ACE2-Fc seem to be 
less efficient in virus neut ralizat ion with 25ug/ml result ing in 60% neut ralizat ion versus 0.1ug/ml 
described in Lei et al 2020. Although a direct comparison should not be made as different 
pseudotyped viruses, cells, and MOIs were used, there is no clear benefit of these authors ACE2-Fc. 
The idea that enzymat ically act ive ACE2-Fc protects against lung injury in COVID19 is very 
interest ing, but has not been demonst rated here or by others. Caut ion should be taken as 
administ rat ion of recombinant ACE2 is also able to inhibit myocardial remodelling, at tenuate Ang II-
induced cardiac hypert rophy, and cardiac dysfunct ion (Huentelman et al 2005). 

In conclusion, this manuscript lacks novelty and there is no clear benefit above the previously 
reported ACE2-fc. Although the ACE2-Fc recombinant proteins seem promising in combat ing 
COVID19 and further analyses in their ability to neut ralize SARS-CoV-2 infect ion in vit ro and in 
animals should be st imulated, this is not enough to warrant publicat ion. 



Referee #1 (Remarks for Author): 

Major comments: 
1) Spike proteins form trimers in the viral and host cell membrane, but here the authors connect
Spike to Fc forming presumably dimers. To show binding of ACE2-Fc to t rimeric Spike protein
demonstrate that ACE2-Fc stains only cells infected with Spike protein pseudotyped lent ivirus and
not cells infected by VSVG-lent ivirus.
2) ACE2-Fc interfering with Spike-ACE2 interact ion is dose-dependent. Therefore, neutralizat ion of
Spike protein pseudotyped viral infect ion should be examined in at  least  one more experiment with
a higher viral dose.

3) It  is crucial to extend the neutralizing act ivity of ACE2-Fc to lung cell infect ion with clinical
isolated SARS-CoV-2.

4) A slight ly larger recombinant ACE2-Fc (Lei et  al 2020) has been demonstrated to neutralize
SARS-CoV-2 Spike protein pseudotyped viral infect ion more efficient  than these authors' ACE2-Fc.
Are there any benefits of your ACE2-Fc in comparison to the previously published ACE2-Fc?
For example, does NFkB act ivity or signs of injury reduce upon administrat ion of enzymatically
act ive ACE2-Fc during SARS-CoV-2 infect ion of lung cells (ideally lung organoids).
5) It  should be determined whether passaging of SARS-CoV-2 in the presence of ACE2-Fc
decreases viral infect ion of neighbouring cells and syncyt ia format ion. Ideally, resistance
development should be tested.

Minor comments: 
1) Could the authors indicate what stat ist ical method was used and what the "*" indicates in the
figure legends.

2) Could the authors explain how IgG condit ion in Fig 2B could have a negat ive value?

3) Fig2D should have a logarithmic y-axe with fold change in comparison to the IgG treated
condit ion as viral replicat ion happens exponent ially.

4) The authors themselves already indicate the importance of Spike protein glycosylat ion for Spike-
ACE2 interact ion. Could they show by PNGF-treatment that their engineered Spike proteins are
indeed glycosylated.

Typo's: 
1) SARA instead of SARS in start  of line 16 in paragraph "ACE2-Fc blocks SARS-CoV-2 entry and
replicat ion".
2) Capital "I" in 12th line of methods paragraph "est imat ion of lent iviral t iter by using luciferase
assay".
3) Extra space in 4th line of methods paragraph "Plague reduct ion assay"

Referee #2 (Comments on Novelty/Model System for Author): 



This study invest igated the suitability of humanised ACE2-Fc fusion as decoy ant ibodies for
prevent ing the entry of SARS-COV-2 into human cells invit ro. The ACE2-Fc fusion protein can form
dimer mimicking ant ibodies and specifically binds to SARS-CoV-2 Spike protein. By compet it ively
binding to the viral Spike protein, the decoy ant ibodies prevent viral binding to the natural,
membrane-bound ACE2, and thus blocks virus entry into host cells. The study ut ilised virus from
clinical isolates and demonstrate that the ACE2-Fc fusion protein abrogated viral replicat ion in Vero
E6 cells. This study supports the recent ly published work by Monteil, and colleagues (Reference 9)
who showed that recombinant purified human ACE2 (hrsACE2 ) - a decoy protein that has already
been tested in phase I and II clinical t rials can inhibit  the interact ion between SARS-CoV-2 and
ACE2. Treatment of cells with hrsACE2 inhibited SARS-CoV-2 infect ion in a dose-dependent
manner and at tenuated propagat ion of the virus. Using two human organoid models the Monteil et
al., showed that hrsACE2 indeed inhibited the virus from infect ing the host cells. 
This paper in review presents an improvement to Monteil et  al.'s work by generat ing this ant ibody
decoy. The ACE2-Fc fusion which was previously shown to significant ly increase the half-life of the
ACE2 protein (Liu et  al. (12), which may likely be the case by extension. They tested this decoy on
clinical isolates, although very lit t le detail has been provided about the number of isolates that were
tested. The Monteil paper tested clinical isolates from a single pat ient , so without clarifying how
many isolates it  is not clear how much extra knowledge can be learnt  from this study from the point
of view of heterogeneity of the isolates. There seem to be no direct  evidence from this study of the
benefit  of adding the Fc domain to the ACE2. This is a main limitat ion of this work as the benefits of
making this Fc-ACE2 fusion are based on previous publicat ions with no effort  to demonstrate
direct ly the value of making this modificat ion. This is very important as this new ACE2-Fc fusion will
require rigorous test ing and clinical t rials before it  can be used in therapy. 
1. The author suggest that  the fusion could t rigger ant ibody -dependent cellular cytotoxicity and
complement dependent cytotoxicity. However, this work does not address this added benefit  of
fusing this ACE-2 protein to make an ant ibody decoy. Based on published literature the authors
also suggest that  the pept idase act ivity may enable ACE2-Fc to reduce angiotensin II mediated
cytokine cascade during SARS-CoV-2 infect ion (Hirano & Murakami, 2020). However, this work
does not address any of these supposed added benefits of fusing the Fc region or the pept idase
act ivity. Also, the discussion does not clearly art iculate these benefits. It  will be good to see at  least
one experiment which demonstrate the increased half-life and its benefit , as well as lack of toxicity
of this decoy to the cells in part icular due to its supposed longer half-life.
2. The design of the study focusses on the early stages of infect ion, as they preincubated the virus
with the decoy fusion protein before adding to Vero-6 cells or to HEK293 cells This study cannot be
used to predict  the effect  of the ACE2-Fc fusion in later stages of the disease process. Could the
authors add the decoy to cells that  are infected already and see how this decoy altered the course
of infect ion when it  has already established?
3. There was no at tempt to study the effect  in a disease model such as in lung organoids or in mice
or at  the very least  discussing future work along these lines.
4. The RAS system represents a complex network of pathways that are influenced by many
factors, hence it  is not clear how the ACE2-Fc will impact on this system. All limitat ions listed above
have not been discussed in this study.

5. The discussion should clarify how the authors see this decoy being employed as a therapeut ic
strategy. Such as to deliver the decoy product by inhaler given to healthcare workers or those
people at  risk as for prevent ing infect ion. This might be met with better outcomes as disease might
be milder as this could be a 'protect ive shield' against  Covid-19 by inhibit ing and neutralising the
virus' act ivity in naïve at-risk populat ions.
6. "The viral entry blocking effect  of ACE2-Fc was further confirmed using real SARA-CoV-2
isolated from pat ients suffering from COVID-19 infect ion in Nat ional Taiwan University Hospital".



There are no further details in the methods regarding how the isolates where obtained including
clarity in the methods as to how many isolates were tested. Were the isolates sequenced or
ident ified by some method? Were they the same or different variants of SARS-COV-2? 
7. Ethics relat ing to the collect ion of isolates have not been clarified if this is a considerat ion.
8. Stat ist ical analysis should clarify number of repeats

Referee #2 (Remarks for Author): 

The author suggest that  the fusion could t rigger ant ibody -dependent cellular cytotoxicity and
complement dependent cytotoxicity. However, this work does not address this added benefit  of
fusing this ACE-2 protein to make an ant ibody decoy. Based on published literature the authors
also suggest that  the pept idase act ivity may enable ACE2-Fc to reduce angiotensin II mediated
cytokine cascade during SARS-CoV-2 infect ion (Hirano & Murakami, 2020). However, this work
does not address any of these supposed added benefits of fusing the Fc region or the pept idase
act ivity. Also, the discussion does not clearly art iculate these benefits. It  will be good to see at  least
one experiment which demonstrate the increased half-life and its benefit , as well as lack of toxicity
of this decoy to the cells in part icular due to its supposed longer half-life. 
2. The design of the study focusses on the early stages of infect ion, as they preincubated the virus
with the decoy fusion protein before adding to Vero-6 cells or toHEK293 cells This study cannot be
used to predict  the effect  of the ACE2-Fc fusion in later stages of the disease process. Could the
authors add the decoy to cells that  are infected already and see how this decoy altered the course
of infect ion when it  has already established?
3. There was no at tempt to study the effect  in a disease model such as in lung organoids or in mice
or at  the very least  discussing future work along these lines.
4. The RAS system represents a complex network of pathways that are influenced by many factors
hence it  is not clear how the ACE2-Fc will impact on this system. All limitat ions listed above have
not been discussed in this study.

5. The discussion should clarify how the authors see this decoy being employed as a therapeut ic
strategy. Such as to deliver the decoy product by inhaler given to healthcare workers or those
people at  risk as for prevent ing infect ion. This might be met with better outcomes as disease might
be milder as this could be a 'protect ive shield' against  Covid-19 by inhibit ing and neutralising the
virus' act ivity in naïve at-risk populat ions.
6. "The viral entry blocking effect  of ACE2-Fc was further confirmed using real SARA-CoV-2
isolated from pat ients suffering from COVID-19 infect ion in Nat ional Taiwan University Hospital".
There are no further details in the methods regarding how the isolates where obtained including
clarity in the methods as to how many isolates were tested. Were the isolates sequenced or
ident ified by some method? Were they the same or different variants of SARS-COV-2?
7. Ethics relat ing to the collect ion of isolates have not been clarified if this is a considerat ion.
8. Stat ist ical analysis should clarify number of repeats

Spellings and to improve clarity I suggest rephrasing 
In introduct ion 
Base- Based 
Whether ACE2-Fc fusion st ill owning the pept idase act ivity of ACE2 could block SARS-COV-2 entry
and endow the ability of ant ibodies including ADCC and CDC remains to be invest igated 
Results 
For clarity for non-specialist  
Why was IL-2 signalling pept ide included at  the C-terminus of ACE2? 



SARA-COV-2 should read SARS-COV-2 
In discussion 

Our study results demonstrated that even when we shortened the ACE protein to 597 amino
acids.... 
The chimeric ACE2-Fc ant ibody had a much longer eliminat ion phase or much longer half- life (not
both in same sentence). I couldn't  see this data; my assumption is that  it  is based on the cited
publicat ion (12) which clearly shows this effect . 
Fragment need clarity...In addit ion to ident ify infected cells and provide the opportunity for the
immune system to clean injured cells ...... 
Methods 
At 1:1000 to 1:10000 dilut ion. This is not a sentence, needs revision 
Eact ion buffer should it  read - react ion buffer? 
The transduct ion unit  of VSV-G-peudotyped lent ivirus.... Typo 
Figure 2 legend GAPDH is served as a control- fragment needs revision



Dear Editor: 

We would like to thank the Editors/Reviewers for your time and kind consideration of our 
manuscript. We found that the comments from the Editor and the reviewers are very constructive. 
We have followed the comments from the expert reviewers, performed additional experiments, 
and carefully addressed all the critiques in the revised manuscript. 

The associate editor suggests “In order to strengthen the data and increase the novelty 
(indispensable for publication in EMBO Molecular Medicine), we would like to insist on the 
following items, which after cross-commenting from the referees, were unanimously agreed 
upon”. These 5 specific items suggested were all carefully addressed and answered as follows: 

Q1.- incorporate ACE2-Fc neutralization of virus-cell and possibly cell-cell fusion in lung 

organoids, 

Response: 

We thank the Editor for the suggestion. Please refer to our reply to Q3 of Reviewer 2 in which 
we have also addressed this point. In summary, we have performed the cell-cell fusion and the 
syncytia formation assay to investigate the neutralizing activities of ACE2-Fc. Our results 
indicated that ACE2-Fc could suppress cell-cell fusion and syncytia formation in two cell lines 
(Fig 3). In addition, we also established an airway organoid model, which is susceptible to 
SRS-CoV-2 infection, and showed that ACE2-Fc could block Spike-expressing pseudotyped 
virus entry into the airway organoids (Fig 4B-4D). The additional results have been incorporated 
in the revised manuscript as following:  

(Page 5, line 21) 
ACE2-Fc inhibits SARS-CoV-2 Spike-mediated cell-cell fusion and syncytia formation 

To determine whether the decoy antibody is able to inhibit SARS-CoV-2 fusion with the target 
cells, we cotransfected SARS-CoV-2 Spike protein and EGFP into the HEK293T cells as the 
effector cells (293T-S) and used the ACE2-stable-expressing HEK293T and H1975 cells as the 
target cells (293T-ACE2 and H1975-ACE2) (Fig 3B). The target cells without ACE2 
overexpression were used as controls. The effector cells (293T-S) were preincubated with 
ACE2-Fc or IgG at 37°C for one hour before mixing with the target cells or control cells for 
another 4 hours (cell-cell fusion assay) or 24 hours (syncytia formation assay) (Fig 3A). The area 
of EGFP was counted, and the inhibitory effect of ACE2-Fc on SARS-CoV-2 Spike-mediated 
cell-cell fusion and syncytia formation was quantified (n=6). As shown in Fig 3C and 3D, 
ACE2-Fc significantly impaired SARS-CoV-2 Spike-mediated cell-cell fusion and syncytia 

29th Sep 20201st Authors' Response to Reviewers



formation compared to the normal human IgG control in both the HEK293T and the H1975 cell 
systems. These results demonstrated that ACE2-Fc could block SARS-CoV-2 infection via 
abrogating virus-mediated cell-cell fusion and syncytium formation. 

(Page 6, line 25) 
Since the lung is the primary site for SARS-CoV-2 infection, we established an airway organoid 
model following the methods described in a recent article (Sachs et al, 2019) to investigate the 
neutralization ability of ACE2-Fc against SARS-CoV-2 entry. The derived airway differentiation 
organoids were successfully established and composed of several airway epithelial cells with 
specific markers, including basal (P63), secretory (club cell marker secretoglobin family 1A 
member 1 (SCGB1A1) and secretory cell marker mucin 5AC (MUC5AC)), and multiciliated 
cells (cilia marker acetylated α-tubulin) (Fig 4B). Of note, unlike the A549 or the parental human 
normal bronchial epithelial cells (HBEpc), these airway organoids expressed a high-level of 
ACE2 in addition to TMPRSS2 (Fig 4B and 4C). We then examined the neutralization ability of 
ACE2-Fc for Spike-expressing pseudotyped virus in the airway organoid model. As shown in Fig 
4D, the airway organoids are susceptible to virus entry and the ACE2-Fc could significantly 
block virus entry at the concentration of 100 g/mL. Our findings indicated that ACE2-Fc can 
inhibit entry of SARS-CoV-2 Spike-expressing pseudotyped virus entry into ACE2-expressing 
cells, including the airway organoids. 



Figure 3. Inhibition of Spike-induced cell-cell fusion and syncytia formation by ACE2-Fc. 
(A) The schematic diagram for cell-cell fusion and syncytia formation. (B) HEK293 and H1975
cells were transduced with full-length ACE2 by lentivirus. Protein extracts were immunoblotted 
with the indicated antibodies. O/E represents overexpression. (C) GFP and full-length Spike 
co-transfected HEK293T cells were used as effector cells (293-S). HEK293/ACE2 
(HEK293T-overexpressing ACE2) (left panel) or H1975/ACE2 (H1975-overexpressing ACE2) 
(right panel) cells were used as target cells. The 293-S cells were preincubated with normal 
human IgG or ACE2-Fc at 37°C for 1 hr. After that, the mixtures were added to target cells for 4 
hr (cell-cell fusion) or 24 hr (syncytia formation). The fluorescent areas were measured by 
inverted fluorescence microscopy and Metamorph software (Metamorphosis). Scale bars equal to 
50 µm. (D) The inhibition of cell-cell fusion and syncytia formation by ACE2-Fc in 
HEK293/ACE2 and H1975/ACE2 was determined with the formula described in the Methods 
section. Error bars represent the mean ± SD, n=6. ** P< 0.01, *** P < 0.001. Experiments were 
performed at least three times with similar results. 



Figure 4. Blockage of Spike-expressing pseudovirus entry into ACE2-expressing cells by 

ACE2-Fc. (B) Confocal microscopy images of the airway organoids. The green fluorescence 
represents the specific staining of indicated monoclonal antibodies and Alexa Fluor 
488-conjugated secondary antibodies. DAPI was used as the nuclear counterstain. Hematoxylin
and eosin (H&E) stain: hematoxylin stained the nuclei in blue color; eosin stained the cytoplasm 
in pink color. Scale bars equal to 20 µm. (C) Lung cancer A549 cells, human normal bronchial 
epithelial cells (HBEpc), and HBEpc-differentiated cells (airway organoids) were harvested for 
immunoblotting with the indicated antibodies. (D) Blockage of pseudovirus entry into airway 
organoids by ACE2-Fc. Mixtures of pseudotyped lentivirus with or without ACE2-Fc were 
cocultured with airway organoids for 72 hr. The virus entry was determined by quantifying the 
luciferase activity in the cell lysates. R.I.U: relative infection unit. Error bars represent the mean 
± SD, n=3. ** P< 0.01, *** P < 0.001. Experiments were performed at least three times with 
similar results. 

Q2. - show a benefit of ACE2-Fc compared to the recombinant ACE2 protein, 

Response: 

We thank the Editor for the comment. Please refer to the reply to Q4 of Reviewer 1 in which we 
have also addressed this point. 
The benefits of ACE2-Fc compared to the recombinant ACE2 protein have been summarized as 
follows. First, proteins fused to the Fc domain enable these molecules to interact with Fc 
receptors, which are critical for the induction of immune responses (Czajkowsky et al, 2012). 
After the specific interactions between antibodies or Fc fusion proteins with specific antigens on 
the cell surface of infected cells, cross-linking of the Fc domain could activate the CD16 
(FcγRIII) receptor on the natural killer (NK) cells to trigger degranulation (CD107a on the cell 
membrane) and cytokine production (IFN-γ and TNF-α), which is essential to remove infected 
host cells (McDonald et al, 2015; Sun et al, 2019). Second, the antibody Fc domain, in addition 
to its ability to trigger antibody-dependent cellular cytotoxicity (ADCC) and 



complement-dependent cytotoxicity (CDC), is known to endow the fusion protein with a longer 
half-life according to previous publications (Czajkowsky et al., 2012). Third, based on previous 
findings in mouse ACE2 (Wysocki et al, 2019), two shorten mouse ACE2 variants (1-605 and 
1-619 A.A.) have been shown to exhibit higher ACE2 enzyme activity than that of the full-length
ACE2 (1-740 A.A.). In addition, ACE2 enzyme activity could be detected in urine from ACE2 
knockout mice after intravenous infusion of the mouse variant (1-619 A.A.), but not the 
full-length ACE2 (1-740 A.A.). Infusion of this short variant (ACE2 1-619 A.A.) also recovered 
the ACE2 activity of the kidney in the ACE2-deficient mice. These evidences supported that the 
shortened version of the ACE2-Fc (1-619 A.A.) is more stable in plasma and retains higher 
enzyme activity to convert Ang II to Ang 1-7 than the full-length ACE2.  Based on the above 
reasons, an ACE2-Fc fusion protein with shortened ACE2 fragment (18-615 A.A.) were 
generated. Our study results first demonstrated that the decoy antibody ACE2-Fc exhibit potent 
neutralization activity against SARS-CoV-2 entry into cell lines as well as the airway organoids. 
Second, the decoy antibody ACE2-Fc is very stable since nearly 100 % of the spike-binding 
ability of ACE2-Fc was retained after being incubated with 50 % normal human serum for up to 
10 days (Fig EV3C). Third, the ACE2-Fc decoy antibody preserves the peptidase activity of 
ACE2-Fc to reduce the Ang II-mediated cytokine cascade. The purified ACE2-Fc retained 
peptidase activity as compared to the human normal IgG and buffer controls (Fig 2D). After 
coincubation of Ang II with ACE2-Fc, we observed that ACE2-Fc could significantly suppress 
Ang II-induced TNF-α production (Fig 2E) and phosphorylation of ADAM17 (a disintegrin and 
metalloprotease 17) (Fig 2F). Finally, ACE2-Fc was shown to induce NK cell activation and 
antibody-dependent cellular cytotoxicity (ADCC), which may help to remove the infected cells 
in vivo (Fig 7). The additional results have been incorporated into the revised manuscript as 
following:  

(Page 6, line 5) 
The stability of ACE2-Fc in serum was subsequently determined. We incubated 2 µg/mL 
ACE2-Fc in 50% normal human serum at 37°C for 0, 1, 2, and up to 10 days. The stability of 
ACE2-Fc was determined by assaying its binding ability to the Spike proteins in the ELISA 
assay. As shown in Fig EV3C, not a significant reduction of ACE2-Fc/Spike binding was 
observed up to ten days. These results suggest that ACE2-Fc has no toxicity to epithelial cells 
and may be stable in serum for ten days, which may facilitate its future clinical application. 

(Page 7, line 28) 
ACE2-Fc induced degranulation of natural killer (NK) cells. 

Proteins fused to the Fc domain enable these molecules to interact with Fc receptors, which are 

https://www.sciencedirect.com/topics/immunology-and-microbiology/antibody-dependent-cell-mediated-cytotoxicity


critical for the induction of immune responses (Czajkowsky et al., 2012). Amon these, 
antibody-dependent cellular cytotoxicity (ADCC) is an adaptive immune response, mainly 
mediated by the natural killer (NK) cells. After the specific interactions between antibodies or Fc 
fusion proteins with specific antigens on the cell surface of infected cells, cross-linking of the Fc 
domain will activate the CD16 (FcγRIII) receptor to trigger degranulation (CD107a on the cell 
membrane) and cytokine production (IFN-γ and TNF-α) of NK cells (McDonald et al., 2015; 
Sun et al., 2019). A recent report showed that the RBD-specific antibodies from an individual 
infected with SARS-CoV in 2003 could induce nearly 10% ADCC against SARS-CoV-2 (Pinto 

et al, 2020). Therefore, experiments were conducted to examine whether ACE2-Fc could induce 
primary human NK cell activation. H1975 cells, transduced with full-length Spike by the 
lentiviral vector (H1975-Spike), were used as target cells (Fig 7A). The NK cell degranulation 
assay was performed to determine the CD107a, IFN-γ, and TNF-α expression levels after the 
co-incubation of the NK cells with H1975- Spike cells in the presence of ACE2-Fc or 
recombinant ACE2 (1-740 A.A. without an Fc tag). Induction of the expression levels of these 
three degranulation markers was observed when serially diluted ACE2-Fc was added to the 
co-culture of NK and H1975- Spike cells (Fig 7B-7D). In contrast, the degranulation of NK cells 
was not observed in the presence of recombinant ACE2. Taken together, our results suggest that 
ACE2-Fc could not only block SARS-CoV-2 infection but also induce NK cell activation, which 
may help to remove the infected cells in vivo. 

Figure EV3 in vitro cytotoxicity and plasma stability and of ACE2-Fc. (C) In vitro serum 
stability of ACE2-Fc. ACE2-Fc was incubated with 50% normal human serum at 37°C for up to 
ten days. At the indicated time points, samples were collected to quantify the binding ability of 
ACE2-Fc to Spike proteins by ELISA. Error bars represent the mean ± SD; n=3. Experiments 
were performed at least three times with similar results. 

https://www.sciencedirect.com/topics/immunology-and-microbiology/antibody-dependent-cell-mediated-cytotoxicity


Figure 2. Functional characterization of the decoy antibody. (D) Preservation of ACE2-Fc 
peptidase activity. The peptidase activity of ACE2-Fc was measured by cleavage of the 
fluorescent peptide substrates. (E) Inhibition of angiotensin II (Ang II)-induced TNF-α 
production by ACE2-Fc. Ang II was preincubated with indicated amounts of ACE2-Fc or IgG 
for 30 minutes. After that, the mixtures were added to RAW264.7 cells for 12 hr. The 
concentration of TNF-α in the culture medium was determined by ELISA. (F) Inhibition of Ang 
II-induced ADAM17 (a disintegrin and metalloprotease 17) phosphorylation by ACE2-Fc. The
protein extracts from € were immunoblotted with the indicated antibodies (left panel). β-actin 
served as the loading control. ADAM17 represented. The signal intensity was normalized to cells 
only (right panel). Data are representative of three independent experiments, and the values are 
expressed as the mean ± SD (lower panel). Error bars represent the mean ± SD, n=3. * P< 0.05. 
IgG represents the human normal IgG control. Experiments were performed at least three times 
with similar results. 



Figure 7. Effects of ACE2-Fc on NK cell degranulation. IL-2 activated NK cells were 
incubated with H1975-Spike cells at a 1:1 cell ratio in the presence of ACE2-Fc or ACE2. The 
activation of NK cell were determined by the CD107a, IFN-γ, and TNF-α expression levels. (A) 
H1975 cells were transduced with full-length Spike by Lentiviral vector. Protein extracts were 
immunoblotted with the indicated antibodies. O/E represents overexpress. (B) The effect of 
ACE2-Fc activation on degranulative capacity of NK cells. The experiments were performed 
with the primary human NK cells derived from three independent donors. Error bars represent 
mean ± SD, n= 3. * P<0.05, *** P< 0.001. (C) The CD107a, IFN-γ, and TNF-α expression levels 
were determined by flow cytometry after the NK cells and H1975-Spike cells coincubation in the 



presence or absence of ACE2-Fc or ACE2 control. Error bars represent the mean ± SD. The 
percentage of positive cells in both groups were normalized to the NK/H1975-Spike only group. 
(D) The differential expression of degranulation markers after the treatment of ACE2-Fc or
ACE2 by the flow cytometry. The numbers in each plot indicate the percentages of positive cells. 

Q3. - provide more details on the methodology, 

Response: 

We thank the Editor for the comment. We have added the detailed information in the Material 

and Method section in the revised manuscript. (Page 11, line 1 to Page 18, line 32) 

Q4. - discuss potential limitations of using a therapeutic ACE2-Fc antibody on the RAS 

system 

Response: 

We thank the Editor for raising this important issue. Please refer to the response to Q4 of 
Reviewer 2. We have added the potential limitations of using a therapeutic ACE2-Fc antibody on 
the RAS system in the Discussion section of the revised manuscript. 

(Page 9, line 10) 
The renin-angiotensin system (RAS) is a hormone system that regulates vascular function, 
including the regulation of blood pressure, natriuresis, and blood volume control (Tikellis & 
Thomas, 2012). As a key regulator in the RAS, ACE2 acts by converting Ang II into Ang 1–7 
(Gheblawi et al, 2020). Ang II can also downregulate ACE2 expression through AT1R when the 
RAS is overactivated in cardiovascular disease through the ERK1/2 and p38 MAPK signaling 
pathways (Koka et al, 2008). Three strategies have been evolved to reduce Ang II levels upon 
RAS overactivation, including ACE inhibitors (ACEis), angiotensin receptor blockers (ARBs), 
and mineralocorticoid receptor blockers (Gheblawi et al., 2020). Most of these compounds 
increase the protein and mRNA levels of ACE2 or peptidase activity in animal models (Kai & 
Kai, 2020). Being known as the receptor for SARS-CoV-2, we speculate that ARBs- or 
ACEis-induced ACE2 upregulation may facilitate SARS-CoV-2 infection. In addition, the 
administration of recombinant ACE2 or ACE2-Fc could augment ACE2 enzymatic activity and 
reduce systemic inflammation. A lower plasma Ang II level after taking recombinant ACE2 may 
be safe in healthy volunteers and patients with acute respiratory distress syndrome or pulmonary 
arterial hypertension as demonstrated in the previous pilot studies (Haschke et al, 2013; Hemnes 

et al, 2018; Khan et al, 2017). Therefore, for RAS disorder patients with COVID-19 treatment, 
administration of ACE2-Fc in circulation may block SARS-CoV-2 infection even in those 
subjects with induced ACE2 after receipt of ARBs or ACEis treatment. Nevertheless, it should be 



noted that similar to ARBs and ACEis, administration of ACE2-Fc may be harmful to the 
developing fetus during pregnancy since it could lower blood pressure by converting Ang II to 
Ang 1-7. 

Q5- demonstrating the effect of the ACE2-Fc on different clinical isolates 

Response: 

We thank the Editor for the suggestion to explore the potential application of our ACE2-Fc decoy 
antibody to variant SARS-CoV-2 clinical strains. We have examined the inhibitory effects of the 
ACE2-Fc on six clinical isolated strains of SARS-CoV-2. As shown in Fig 5 and 6, the study 
results clearly demonstrated that ACE2-Fc could block these six strains SARS-CoV-2 infection, 
including the variant strains bearing the D614G mutation, which has been reported to increase 
viral infectivity after adaption during human-human transmission. These additional results have 
been incorporated in the revised manuscript. 

(Page 7, line 3) 
ACE2-Fc blocks SARS-CoV-2 entry and replication 

The inhibitory effects of ACE2-Fc on viral entry was further confirmed using real 
SARS-CoV-2 isolates from patients suffering from COVID-19 infection at National Taiwan 
University Hospital. As expected, the preincubation of SARS-CoV-2 with ACE2-Fc blocked 
plaque formation in Vero E6 cells (Fig 5A and Fig EV5). The half-maximal effective 
concentrations (EC50) value for ACE2-Fc was 23.8 ± 5.94 μg/mL. The inhibitory effect was 
subsequently verified by the yield reduction assay. Pretreatment of SARS-CoV-2 with ACE2-Fc 
reduced the SARS-CoV-2 RNA copies in the culture supernatant (Fig 5B) and the SARS-CoV-2 
nucleoprotein expression in the infected cells (Fig 5C). In addition, we extended the incubation 
period of virus-ACE2-Fc from 1 hr to 48 hr to examine whether resistant viruses would emerge 
(Fig 5D). Notably, comparable inhibitory effects on viral protein expression and supernatant viral 
RNA were observed when the ACE2-Fc was present in the culture medium for 48 hours as 
compared to the pretreatment group (Fig 5E and 5F). 

To determine whether ACE2-Fc also exhibit inhibitory effects on other circulating 
SARS-CoV-2 strains, five other clinical SARS-CoV-2 strains, NTU3, NTU13, NTU14, NTU25, 
and NTU27, were included for analysis, and their genetic characteristics were summarized in 
Table 1. Notably, NTU3, NTU14 and NTU25 strains harbor the D614G mutation, which has 
been reported to increase the viral infectivity (Korber et al, 2020; Yurkovetskiy et al, 2020). As 
shown in Fig. 6, ACE2-Fc exhibited a potent ability to block SARS-CoV-2 protein expression 
(Fig 6A) and viral RNA in the supernatants and infected cells (Fig 6B and 6C). In this study, we 



further showed that our decoy antibody could block entry of various SARS-CoV-2 strains and no 
resistant virus could be selected after prolonged co-incubation of ACE2-Fc and SARS-CoV-2. 

Figure 5. Blockage of SARS-CoV-2 entry into host cells by ACE2-Fc. (A) Inhibition of 
SARS-CoV-2 infection by ACE2-Fc in the plaque assay. Mixtures of ACE2-Fc and SARS-CoV-2 
were incubated for one hour before adding to Vero E6 cells for another 1 hr at 37°C. The 
ACE2-Fc and SARS-CoV-2 premixtures were removed, and the cells were washed once with 



PBS and overlaid with methylcellulose with 2% FBS for 5-7 days before being stained with 
crystal violet. TPCK-treated trypsin: N-tosyl-L-phenylalanine chloromethyl ketone-treated 
trypsin. (B-C) Yield reduction assay was performed to determine the inhibitory effects of 
ACE2-Fc on virus titers and protein expression. The culture medium and cell extracts were 
harvest 24 hours post-infection for real-time PCR (B) and western blot (C). The NP/PCNA 
represents the relative NP expression as compared to that of PCNA, which served as a loading 
control. The NP/PCNA numbers below the panel are the ratios of NP/PCNA normalized to that 
of the human IgG control group. PCNA: Proliferating cell nuclear antigen. (D) Schematic 
illustration of the ACE2-Fc pretreatment and full-time experiment procedure, delineating the 
stages where the ACE2-Fc was present during the experiment. (E) The cell lysates from the 
pretreatment and full-time experiments were harvested and immunoblotted with the indicated 
antibodies. (F) The SARS-CoV-2 titer in the pretreatment and full-time experiments was 
analyzed by real-time PCR. Error bars represent the mean ± SD, n=3. * P<0.05, ** P< 0.01. 

Figure 6. Neutralization activity of ACE2-Fc on different SARS-CoV-2 strains. Yield 
reduction assay was performed to determine the inhibitory effects of ACE2-Fc on entry of 5 



different SARS-CoV-2 strains into Vero E6 cells. The (A) NP proteins in the cell lysates were 
determined by Western blot analysis. The virus RNA in the (B) culture medium and (C) cell 
lysates was quantified by real time RT-PCR. The genetic information and sequence reference 
numbers for the 5 SARS-CoV-2 strains were summarized in Table 1. Error bars represent the 
mean ± SD. ** P< 0.01, *** P< 0.001. Experiments were performed at least three times with 
similar results. 



Referee #1 (Comments on Novelty/Model System for Author): 

SARS-Coronavirus-2 (SARS-CoV-2) causes pandemic coronavirus disease-19 (COVID-19) 

with nearly 6 million people infected and there is currently no effective treatment. Similar 

to the disease caused by SARS-CoV and MERS-CoV, SARS-CoV-2 its major phenotype is 

severe acute respiratory distress syndrome (de Wit et al 2016; Huang et al 2020). 

SARS-CoV-2 uses Angiotensin Converting Enzyme II (ACE2) bind directly to SARS-CoV-2 

Spike protein (Walls et al 2020; Wrapp et al 2020;Wan et al 2020) and is used as cell entry 

receptor (Zhou et al 2020;Hoffmann et al 2020). 

ACE2 peptidase activity negatively regulates Angiotensin II (AngII). Treatment with 

recombinant ACE2 protein prevent Ang II-induced hypertension and cardiac dysfunction 

(Minato et al 2020), might control AngII-AT1R proinflammatory cytokine responses 

(Eguchi et al 2018), and protects from severe acute lung failure (Imai et al 2005). As 

impaired ACE2 expression was observed in mice receiving SARS-CoV Spike protein 

injection (Kuba et al, 2005), it is postulated that SARS-CoV-2 Spike proteins hijack ACE2 

function driving COVID19-associated ARDS (Hirano et al 2020). Monteil et al 2020 

demonstrated that administration of clinical grade human recombinant ACE2 protein 

significantly block early stages of SARS-CoV-2 infections in vero E6 cells. This protein has 

a low half-life, thereby limiting its therapeutical potential. 

With this in mind, the authors generated recombinant ACE2 fused to Fc that is known to 

increase its half-life (Liu et al 2018). Using ELISA they demonstrate that recombinant 

ACE2-Fc binds recombinant SARS-CoV-2 Spike Fc protein. They show that pre-incubation 

of Spike protein pseudotyped lentivirus or clinically isolated SARS-CoV-2 with ACE2-Fc 

reduces infection of ACE2 overexpressing 293T cell line and Vero E6 cells, respectively. 

Interestingly, their ACE2-Fc has peptidase activity as demonstrated by cleaving fluorescent 

substrate. 

The results are clear and I didn't find any obvious problems with the design and execution 

of the experiments. However, the concept of using recombinant ACE2 (Monteil et al 2020) 

and fusing it to Fc has previously been established (Lei et al 2020). Importantly, these 

authors' ACE2-Fc seem to be less efficient in virus neutralization with 25ug/ml resulting in 

60% neutralization versus 0.1ug/ml described in Lei et al 2020. Although a direct 

comparison should not be made as different pseudotyped viruses, cells, and MOIs were 

used, there is no clear benefit of these authors ACE2-Fc. 



The idea that enzymatically active ACE2-Fc protects against lung injury in COVID19 is 

very interesting, but has not been demonstrated here or by others. Caution should be taken 

as administration of recombinant ACE2 is also able to inhibit myocardial remodelling, 

attenuate Ang II-induced cardiac hypertrophy, and cardiac dysfunction (Huentelman et al 

2005). 

 

In conclusion, this manuscript lacks novelty and there is no clear benefit above the 

previously reported ACE2-fc. Although the ACE2-Fc recombinant proteins seem promising 

in combating COVID19 and further analyses in their ability to neutralize SARS-CoV-2 

infection in vitro and in animals should be stimulated, this is not enough to warrant 

publication. 

Response: 

We very appreciate the Reviewer’s comments. Compared to the recent publication by Monteil et 
al., who described the inhibitory effects of soluble human ACE2 against SARS-CoV-2 infection, 
our decoy antibody ACE2-Fc is a fusion protein with Fc, which was previously shown to 
significantly increase the half-life of ACE2 protein (Lei et al, 2020). In addition, based on 
previous findings in mouse ACE2 (Wysocki et al., 2019), two shorten mouse ACE2 variants 
(1-605 and 1-619 A.A.) have been shown to exhibit higher ACE2 enzyme activity than that of 
the full-length ACE2 (1-740 A.A.). In addition, ACE2 enzyme activity could be detected in urine 
from Ace2 knockout mice after intravenous infusion of the mouse variant (1-619 A.A.), but not 
ACE2 (1-740 A.A.). Infusion of this short variant (ACE2 1-619 A.A.) also recovered the ACE2 
activity of the kidney in the Ace2-deficient mice. These evidences supported that the shortened 
version of the ACE2-Fc (1-619 A.A.) is more stable in plasma and retains higher enzyme activity 
to convert Ang II to Ang 1-7. Our data also demonstrated that the ACE2-Fc is stable and retain 
binding activity to the Spike proteins after being incubated with plasma for up to ten days (Fig 
EV3C). Secondly, we increased the numbers of SARS-CoV-2 clinical isolates to demonstrate 
that ACE2-Fc can efficiently inhibit virus variants, including the D614G variants which have 
been shown to exhibit increased infectivity (Fig 6). The study results further extend our 
understanding that the ACE2-Fc can still inhibit SARS-CoV-2 efficiently in terms of the 
heterogeneity of the clinical isolates. Finally, the benefits of adding the Fc domain to the ACE2 
have been demonstrated. The ACE2-Fc decoy antibody was shown to preserve the peptidase 
activity of ACE2-Fc to reduce the Ang II-mediated cytokine cascade. After co-incubation of Ang 
II with ACE2-Fc, we observed that ACE2-Fc could significantly suppress Ang II-induced TNF-α 
production (Fig 2E) and phosphorylation of ADAM17 (a disintegrin and metalloprotease 17) 
(Fig 2F). Finally, ACE2-Fc was shown to induce NK cell activation and antibody-dependent 
cellular cytotoxicity (ADCC), which may help to remove the infected cells in vivo (Fig 7). These 

https://www.sciencedirect.com/topics/immunology-and-microbiology/antibody-dependent-cell-mediated-cytotoxicity
https://www.sciencedirect.com/topics/immunology-and-microbiology/antibody-dependent-cell-mediated-cytotoxicity


additional experiment results have been provided in the revised manuscript to strengthen the 
novelty of our study.  
 

 

 

 

 

 

 

 

 

Figure EV3 in vitro cytotoxicity and plasma stability and of ACE2-Fc. (C) In vitro serum 
stability of ACE2-Fc. ACE2-Fc was incubated with 50% normal human serum at 37°C for up to 
ten days. At the indicated time points, samples were collected to quantify the binding ability of 
ACE2-Fc to Spike proteins by ELISA. Error bars represent the mean ± SD; n=3. Experiments 
were performed at least three times with similar results. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 6. Neutralization activity of ACE2-Fc on different SARS-CoV-2 strains. Yield 
reduction assay was performed to determine the inhibitory effects of ACE2-Fc on the entry of 5 
different SARS-CoV-2 strains into Vero E6 cells. The (A) NP proteins in the cell lysates were 
determined by Western blot analysis. The virus RNA in the (B) culture medium and (C) cell 
lysates was quantified by real-time RT-PCR. The genetic information and sequence reference 
numbers for the 5 SARS-CoV-2 strains were summarized in Table 1. Error bars represent the 
mean ± SD. ** P< 0.01, *** P< 0.001. Experiments were performed at least three times with 
similar results. 
 

 

 

 

 

 

 

 

Figure 2. Functional characterization of the decoy antibody. (E) Inhibition of angiotensin II 
(Ang II)-induced TNF-α production by ACE2-Fc. Ang II was preincubated with indicated 
amounts of ACE2-Fc or IgG for 30 minutes. After that, the mixtures were added to RAW264.7 
cells for 12 hr. The concentration of TNF-α in the culture medium was determined by ELISA. 
(F) Inhibition of Ang II-induced ADAM17 (a disintegrin and metalloprotease 17) 
phosphorylation by ACE2-Fc. The protein extracts from € were immunoblotted with the 
indicated antibodies (left panel). β-actin served as the loading control. ADAM17 represented. 
The signal intensity was normalized to cells only (right panel). Data are representative of three 
independent experiments, and the values are expressed as the mean ± SD (lower panel). Error 
bars represent the mean ± SD, n=3. * P< 0.05. IgG represents the human normal IgG control. 
Experiments were performed at least three times with similar results. 
 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

  

 

  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 7. Effects of ACE2-Fc on NK cell degranulation. IL-2 activated NK cells were 
incubated with H1975-Spike cells at a 1:1 cell ratio in the presence of ACE2-Fc or ACE2. The 
activation of NK cell were determined by the CD107a, IFN-γ, and TNF-α expression levels. (A) 
H1975 cells were transduced with full-length Spike by Lentiviral vector. Protein extracts were 
immunoblotted with the indicated antibodies. O/E represents overexpress. (B) The effect of 
ACE2-Fc activation on degranulative capacity of NK cells. The experiments were performed 
with the primary human NK cells derived from three independent donors. Error bars represent 
mean ± SD, n= 3. * P<0.05, *** P< 0.001. (C) The CD107a, IFN-γ, and TNF-α expression levels 
were determined by flow cytometry after the NK cells and H1975-Spike cells coincubation in the 



presence or absence of ACE2-Fc or ACE2 control. Error bars represent the mean ± SD. The 
percentage of positive cells in both groups were normalized to the NK/H1975-Spike only group. 
(D) The differential expression of degranulation markers after the treatment of ACE2-Fc or 
ACE2 by the flow cytometry. The numbers in each plot indicate the percentages of positive cells. 
 

Referee #1 (Remarks for Author): 

Major comments: 

Q1. Spike proteins form trimers in the viral and host cell membrane, but here the authors 

connect Spike to Fc forming presumably dimers. To show binding of ACE2-Fc to trimeric 

Spike protein demonstrate that ACE2-Fc stains only cells infected with Spike protein 

pseudotyped lentivirus and not cells infected by VSVG-lentivirus. 

Response: 

We completely agree with the Reviewer on this point. Experiments were conducted to provide 
more evidence to support that ACE2-Fc can target trimeric spike proteins on the cell surface. 
First, we showed that ACE2-Fc could only bind to the cell surface of spike expressing H1975 
cells in a dose-dependent manner by the flow cytometry, but not to that of the parental H1975 
cells (Fig 2B). In addition, the confocal microscopy data revealed substantial colocalization of 
the spike (red) and ACE2-Fc (green) (Fig 2C). After transduction of the full-length spike into 
H1975 cells using the lentivirus system, we confirmed that these cells could induce the cell-cell 
fusion or syncytia formation, which can be efficiently blocked by the decoy antibody ACE2-Fc 
(Fig 3). These additional evidences have been incorporated in the Results section as following:  
 
(Page 5, line 5) 
In addition, ACE2-Fc could bind to the cell surface of human lung adenocarcinoma H1975 cells 
expressing full-length Spike protein in a dose-dependent manner (Fig 2B). The colocalization of 
the FITC-conjugated ACE2-Fc and anti-Spike antibody by confocal microscopy further confirm 
the specific recognition of the Spike proteins by the ACE2-Fc (Fig 2C). 
 
(Page 5, line 21) 
ACE2-Fc inhibits SARS-CoV-2 Spike-mediated cell-cell fusion and syncytia formation 

To determine whether the decoy antibody is able to inhibit SARS-CoV-2 fusion with the target 
cells, we cotransfected SARS-CoV-2 Spike protein and EGFP into the HEK293T cells as the 
effector cells (293T-S) and used the ACE2-stable-expressing HEK293T and H1975 cells as the 
target cells (293T-ACE2 and H1975-ACE2) (Fig 3B). The target cells without ACE2 
overexpression were used as controls. The effector cells (293T-S) were preincubated with 
ACE2-Fc or IgG at 37°C for one hour before mixing with the target cells or control cells for 



another 4 hours (cell-cell fusion assay) or 24 hours (syncytia formation assay) (Fig 3A). The area 
of EGFP was counted, and the inhibitory effect of ACE2-Fc on SARS-CoV-2 Spike-mediated 
cell-cell fusion and syncytia formation was quantified (n=6). As shown in Fig 3C and 3D, 
ACE2-Fc significantly impaired SARS-CoV-2 Spike-mediated cell-cell fusion and syncytia 
formation compared to the normal human IgG control in both the HEK293T and the H1975 cell 
systems. These results demonstrated that ACE2-Fc could block SARS-CoV-2 infection via 
abrogating virus-mediated cell-cell fusion and syncytium formation. 

 

 
 
 

 
 
 
 
Figure 2. Functional characterization of the decoy antibody. (B) Recognition of full-length 
Spike on H1975 cells by ACE2-Fc using flow cytometry analysis. Isotype control: 40 μg/mL 
mouse IgG-FITC. (C) Confocal microscopy of H1975-Spike-overexpressing cells. Spikes on 
H1975 cells were stained with anti-Spike antibody and Alexa Fluor® 594-conjugated secondary 
antibody on ice for 1 hr. After that, ACE2-Fc-FITC was incubated for another 1 hr. Scale bars 
equal to20 µm. DAPI was used as a nuclear counterstain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Inhibition of Spike-induced cell-cell fusion and syncytia formation by ACE2-Fc. 
(A) The schematic diagram for cell-cell fusion and syncytia formation. (B) HEK293 and H1975 
cells were transduced with full-length ACE2 by lentivirus. Protein extracts were immunoblotted 
with the indicated antibodies. O/E represents overexpression. (C) GFP and full-length Spike 
co-transfected HEK293T cells were used as effector cells (293-S). HEK293/ACE2 
(HEK293T-overexpressing ACE2) (left panel) or H1975/ACE2 (H1975-overexpressing ACE2) 
(right panel) cells were used as target cells. The 293-S cells were preincubated with normal 
human IgG or ACE2-Fc at 37°C for 1 hr. After that, the mixtures were added to target cells for 4 
hr (cell-cell fusion) or 24 hr (syncytia formation). The fluorescent areas were measured by 
inverted fluorescence microscopy and Metamorph software (Metamorphosis). Scale bars equal to 
50 µm. (D) The inhibition of cell-cell fusion and syncytia formation by ACE2-Fc in 
HEK293/ACE2 and H1975/ACE2 was determined with the formula described in the Methods 



section. Error bars represent the mean ± SD, n=6. ** P< 0.01, *** P < 0.001. Experiments were 
performed at least three times with similar results. 
 
Q2. ACE2-Fc interfering with Spike-ACE2 interaction is dose-dependent. Therefore, 

neutralization of Spike protein pseudotyped viral infection should be examined in at least one 

more experiment with a higher viral dose. 

Response: 

We thank the Reviewer for the suggestion. The neutralization activities of ACE2-Fc against 
different virus input (MOI=0.1 and MOI=1) in ACE2-Fc-overexpressed HEK293 or 
ACE2-Fc-overexpressed H1975 have been added into the section of “ACE2-Fc blocks 

pseudotyped lentivirus entry into ACE2-expressing cells and lung organoids”. As shown in 
Fig EV4, dose-dependent inhibition of viral entry was also observed at the virus input of 1 MOI. 
These additional data have been described in the Results section, page 6, line 14 with Fig 4A and 
Fig EV4:  
 
(Page6, line13) 
ACE2-Fc blocks entry of pseudotyped lentivirus into ACE2-expressing cells and lung 

organoids 

The ability of ACE2-Fc to block SARS-CoV-2 entry was first examined by using the 
Spike-expressing pseudotyped lentivirus whose backbone G protein of vesicular stomatitis virus 
(VSVG) was replaced with the SARS-CoV-2 Spike protein. The pseudotyped virus was 
preincubated with either ACE2-Fc or human IgG1 for one hour at 37°C before adding to the 
ACE2-expressing HEK293T cells (293T-ACE2) or parental HEK293T cells for another hour. 
The entry of Spike-expressing pseudotyped virus into host cells was specifically mediated by 
ACE2 expression (Fig 4A). The blockage of viral entry by ACE2-Fc was not only observed in 
HEK293T cells but also in another ACE2-expressing H1975 cell (H1975-ACE2) (Fig 4A). 
Similar neutralization effects were also observed at a 10-fold higher virus input (Fig EV4). 
 
 
 
 
 
 
 
 
 



 
 
Figure 4. Blockage of Spike-expressing pseudovirus entry into ACE2-expressing cells by 

ACE2-Fc. (A) ACE2-Fc blocked the entry of Spike-expressing pseudotyped lentivirus into 
HEK293T-ACE2 and H1975-ACE2 cells. The relative luciferase activities, normalized to the 
only virus group, represent the efficiency of virus entry. MOI: Multiplicity of infection. The virus 
entry was determined by quantifying the luciferase activity in the cell lysates. Error bars 
represent the mean ± SD, n=3. ** P< 0.01, *** P < 0.001. Experiments were performed at least 
three times with similar results. 
 
Figure EV4 Inhibition of pseudovirus entry by ACE2-Fc at higher virus input. The same 
experimental protocol was conducted as in Fig 4A, except with a higher virus input. ACE2-Fc 
blocked Spike-expressing pseudotyped lentivirus entry into HEK293T-ACE2 and H1975-ACE2 
cells. MOI (Multiplicity of infection) =1. Virus entry was determined by measuring luciferase 
activity. R.I. U: (R.I. U=relative infection unit. Error bars represent the mean ± SD, n=3. ** P< 
0.01, *** P < 0.001. 
 
Q3. It is crucial to extend the neutralizing activity of ACE2-Fc to lung cell infection with 

clinical isolated SARS-CoV-2. 

Response: 

We thank the Reviewer for noticing this detail. As requested, we have generated 
ACE2-expressing H1975 lung adenocarcinoma cells (Fig 3B). Experiments were performed to 
determine the neutralizing activity of ACE2-Fc against clinical SARS-CoV-2 viruses at the MOI 
of 0.1 and 0.5 in ACE2-expressing H1975 lung cells. A significant reduction of viral RNA 
expression was observed when ACE2-Fc was pre-incubated with the SARS-CoV-2 viruses as 
compared to that of the IgG control. 
 
 
 
 
 
 
 
 
 
 



 
 
 
Figure Blockage of SARS-CoV-2 entry into ACE2 expressing H1975 cells by the decoy 

antibody. ACE2-Fc and SARS-CoV-2 premixtures were incubated for one hour before being 
added to ACE2 expressing H1975 cells for another 1 hr at 37°C. After that, the cells were 
washed once with PBS before refreshing with fresh medium for 24 hr. The RNA was extracted 
from the cell lysates and the viral RNA expression was determined by the real-time PCR. 
 
Q4. A slightly larger recombinant ACE2-Fc (Lei et al 2020) has been demonstrated to 

neutralize SARS-CoV-2 Spike protein pseudotyped viral infection more efficient than these 

authors' ACE2-Fc. Are there any benefits of your ACE2-Fc in comparison to the previously 

published ACE2-Fc? For example, does NFkB activity or signs of injury reduce upon 

administration of enzymatically active ACE2-Fc during SARS-CoV-2 infection of lung cells 

(ideally lung organoids). 

Response: 

We appreciate the Reviewer’s frank comments here. Based on previous findings in mouse ACE2 
(Wysocki et al., 2019), two shorten mouse ACE2 variants (1-605 and 1-619 A.A.) have been 
shown to exhibit higher ACE2 enzyme activity than that of the full-length ACE2 (1-740 A.A.). 
In addition, ACE2 enzyme activity could be detected in urine from Ace2 knockout mice after 
intravenous infusion of the mouse variant (1-619 A.A.), but not the full-length ACE2 (1-740 
A.A.). Infusion of this short variant (ACE2 1-619 A.A.) also recovered the ACE2 activity of the 
kidney in the ACE2-deficient mice. These evidences supported that the shortened version of the 
ACE2-Fc (1-619 A.A.) is more stable in plasma and retains higher enzyme activity to convert 
Ang II to Ang 1-7 than the full-length ACE2. In our study, we first confirmed that the shorten 
ACE2-Fc (18-615 A.A.) retains the strong binding ability to the spike proteins after 
coincubation with 50% normal human serum for up to 10 days (Fig EV3C). The shorter 
ACE2-Fc was not toxic to two independent normal bronchial epithelial cells (Fig EV3A and 
EV3B). Third, this shorter ACE2-Fc still maintains the peptidase activity which could convert 
Ang II to Ang 1-7 (Fig 2D). Subsequently, a functional assay was performed to confirm that 
ACE2-Fc could suppress Ang II inducing inflammatory response (Fig 2E and 2F). Finally, we 
confirmed that this shorter ACE2-Fc could still activate the degranulation of the NK cells 
whereas the recombinant ACE2 could not (Fig 7).  

In this revised manuscript, we have provided additional study results to characterize the 
functional role of ACE2-Fc in human epithelial cells as well as the human airway organoids. 
Please see the below Table for the comparison between experimental data provided in our 



1 Yes Fig EV3A-B

2 Yes Fig EV3C

3 Yes Fig 2B-C

4 Yes Fig 2D-F

5 Yes Fig 3

6 Yes Fig 4B-D

7 Yes Fig 5

8 Yes Fig 6

9 Yes Fig 7

No

Yes

No

* other organoids

No

Monteil et al, 2020

No

No

No

No

Yes

No

No

No

No

Real virus of SARS-CoV-2

SARS-CoV-2 with D614G mutation and others strain

NK cell activation

Evidences EMBO MM Lei et al, 2020

No

No

No

No

Cytotoxicity in normal cells

Half-life in serum

ACE2-Fc : Spike interaction on the cell surface

ACE2-Fc peptidase activity for inflammatory response

Cell-cell fusion and Syncytia formation

Airway organoid system

revised article and those in the previous publications. We have added these results into our 
revised manuscript, and hope that these evidences can increase the significance of our 
manuscript.  

 

Q5. It should be determined whether passaging of SARS-CoV-2 in the presence of ACE2-Fc 

decreases viral infection of neighbouring cells and syncytia formation. Ideally, resistance 

development should be tested. 

Response: 

We appreciate the Reviewer’s suggestion. As requested, an experiment was performed to 
determine whether resistant SARS-CoV-2 would emerge in the presence of ACE2-Fc for a 
longer period of incubation, and the results were added into the section of “ACE2-Fc blocks 

SARS-CoV-2 entry and replication”. We extended the incubation period of virus-ACE2-Fc 
from 1 hr to 48 hr to examine whether resistant viruses would emerge (Fig 5D). Notably, 
comparable inhibitory effects on viral protein expression and supernatant viral RNA were 
observed when the ACE2-Fc was present in the culture medium for 48 hours as compared to the 
pretreatment group (Fig 5E and 5F). 
 
(Page 7, line 12) 
ACE2-Fc blocks SARS-CoV-2 entry and replication 
In addition, we extended the incubation period of virus-ACE2-Fc from 1 hr to 48 hr to examine 
whether resistant viruses would emerge (Fig 5D). Notably, comparable inhibitory effects on viral 
protein expression and supernatant viral RNA were observed when the ACE2-Fc was present in 
the culture medium for 48 hours as compared to the pretreatment group (Fig 5E and 5F). 
 
 

 
 
 



 
 
 
 
Figure 5. Blockage of SARS-CoV-2 entry into host cells by ACE2-Fc. (D) Schematic 
illustration of the ACE2-Fc pretreatment and full-time experiment procedure, delineating the 
stages where the ACE2-Fc was present during the experiment. (E) The cell lysates from the 
pretreatment and full-time experiments were harvested and immunoblotted with the indicated 
antibodies. (F) The SARS-CoV-2 titer in the pretreatment and full-time experiments was 
analyzed by real-time PCR. Error bars represent the mean ± SD, n=3. * P<0.05, ** P< 0.01. 
 
Minor comments: 

Q1. Could the authors indicate what statistical method was used and what the "*" indicates 

in the figure legends.  

Response: 

We appreciate the Reviewer’s suggestion. We have added the statistical method into the Section 
of “Statistical analysis” and indicated "*" represents P< 0.05 in the figure legend. 
 

Q2. Could the authors explain how IgG condition in Fig 2B could have a negative value?  

Response: 

We thank the Reviewer for noticing this detail. In Fig 5A (the original Fig 2B), the percentage of 
inhibition was calculated as [1 – (VD/VC)] × 100%, where VD and VC refer to the virus titers in 
the presence and absence of the ACE2-Fc or IgG. Due to each condition contained at least three 
repeats, the variation sometimes might lead to negative values (the raw data as shown in Fig 
EV5). If the Reviewer prefer to prevent confusion, we could convert the negative values into 
zero by adding a sentence of description, “Those results showed increase of plaque formation 
was regarded as no inhibition of plaque formation”.  
 
  
 
 
 
 
 
 
 



 
 
 
Figure 5. Blockage of SARS-CoV-2 entry into host cells by ACE2-Fc. (A) Inhibition of 
SARS-CoV-2 infection by ACE2-Fc in the plaque assay. Mixtures of ACE2-Fc and SARS-CoV-2 
were incubated for one hour before adding to Vero E6 cells for another 1 hr at 37°C. The 
ACE2-Fc and SARS-CoV-2 premixtures were removed, and the cells were washed once with 
PBS and overlaid with methylcellulose with 2% FBS for 5-7 days before being stained with 
crystal violet. TPCK-treated trypsin: N-tosyl-L-phenylalanine chloromethyl ketone-treated 
trypsin. 
 
Figure EV5 Plaque reduction assay. SARS-CoV-2 (4000 plaque-forming units, PFUs) was 
incubated with antibodies at the indicated amounts for 1 hr at 37°C before adding to the Vero E6 
cell monolayer for another hour. After the mixtures were removed, the cells were washed and 
replaced with an overlay medium for 5 days. Plaque formation was determined by crystal violet 
staining. NTU01: SARA-CoV-2 that was isolated from a female patient suffering from 
COVID-19 infection at National Taiwan University Hospital. 
 
Q3. Fig2D should have a logarithmic y-axe with fold change in comparison to the IgG treated 

condition as viral replication happens exponentially. 

Response: 

We thank for the Reviewer’s comment. A logarithmic y-axe with fold change in comparison to 
the IgG treated condition has been updated in the revised Fig 5B. 
 
 
 
 
 
 
                                       
 
 
 
 
 
Figure 5. Blockage of SARS-CoV-2 entry into host cells by ACE2-Fc. (B-C) Yield reduction 



assay was performed to determine the inhibitory effects of ACE2-Fc on virus titers and protein 
expression. The culture medium and cell extracts were harvest 24 hours post-infection for 
real-time PCR (B). 
 
Q4. The authors themselves already indicate the importance of Spike protein glycosylation for 

Spike-ACE2 interaction. Could they show by PNGF-treatment that their engineered Spike 

proteins are indeed glycosylated. 

Response: 

We thank the Reviewer for giving this constructive comment. Experiments have been performed 
to determine the effects of PNGF-treatment on the Spike proteins by SAS-PAGE and Western 
blotting. The experimental results have been incorporated into the section of “Production and 
functional assay of the ACE2-Fc decoy antibody” and Fig 1E and 1F. 
 
(Page 4, line 33) 
The ACE2-Fc and Spike 1-674-Fc protein are likely to be heavily N-glycosylated since size 
reduction was observed in SDS-PAGE after PNGase F (Peptide: N-glycosidase F) treatment (Fig 
1E and 1F).  
 
 
 
 
 
 
 
 
 
 
Figure 1. Production of the decoy antibody (chimeric ACE2-Fc). (D-E) Deglycosylation of 
ACE2-Fc and Spike 1-674-Fc by PNGase F. PNGase F digested ACE2-Fc (500 ng) and Spike 
1-674-Fc (500 ng) were subjected to Coomassie Brilliant Blue staining (E) and Western blot 
analysis by anti-human IgG Fc antibody (F). NTD: N-terminal domain; RBD: receptor-binding 
domain; SD: connector domain; TM: transmembrane domain; CT: cytoplasmic tail; FP: fusion 
peptide. IB, immunoblotted with the indicated antibodies. GAPDH served as a loading control. 
Experiments were performed at least three times with similar results. 
 
Q5.  



1) SARA instead of SARS in start of line 16 in paragraph "ACE2-Fc blocks SARS-CoV-2 

entry and replication". 

2) Capital "I" in 12th line of methods paragraph "estimation of lentiviral titer by using 

luciferase assay". 

3) Extra space in 4th line of methods paragraph "Plague reduction assay" 

Response: 

We thank the Reviewer for pointing out these typos. We have carefully revised our manuscript 
accordingly. English editing and proof-reading of the revised manuscript have been performed. 



Referee #2 (Comments on Novelty/Model System for Author): 

 

This study investigated the suitability of humanised ACE2-Fc fusion as decoy antibodies for 

preventing the entry of SARS-COV-2 into human cells invitro. The ACE2-Fc fusion protein 

can form dimer mimicking antibodies and specifically binds to SARS-CoV-2 Spike protein. 

By competitively binding to the viral Spike protein, the decoy antibodies prevent viral 

binding to the natural, membrane-bound ACE2, and thus blocks virus entry into host cells. 

The study utilised virus from clinical isolates and demonstrate that the ACE2-Fc fusion 

protein abrogated viral replication in Vero E6 cells. This study supports the recently 

published work by Monteil, and colleagues (Reference 9) who showed that recombinant 

purified human ACE2 (hrsACE2 ) - a decoy protein that has already been tested in phase I 

and II clinical trials can inhibit the interaction between SARS-CoV-2 and ACE2. Treatment 

of cells with hrsACE2 inhibited SARS-CoV-2 infection in a dose-dependent manner and 

attenuated propagation of the virus. Using two human organoid models the Monteil et al., 

showed that hrsACE2 indeed inhibited the virus from infecting the host cells. 

This paper in review presents an improvement to Monteil et al.'s work by generating this 

antibody decoy. The ACE2-Fc fusion which was previously shown to significantly increase 

the half-life of the ACE2 protein (Liu et al. (12), which may likely be the case by extension. 

They tested this decoy on clinical isolates, although very little detail has been provided 

about the number of isolates that were tested. The Monteil paper tested clinical isolates 

from a single patient, so without clarifying how many isolates it is not clear how much extra 

knowledge can be learnt from this study from the point of view of heterogeneity of the 

isolates. There seem to be no direct evidence from this study of the benefit of adding the Fc 

domain to the ACE2. This is a main limitation of this work as the benefits of making this 

Fc-ACE2 fusion are based on previous publications with no effort to demonstrate directly 

the value of making this modification. This is very important as this new ACE2-Fc fusion 

will require rigorous testing and clinical trials before it can be used in therapy. 

1. The author suggest that the fusion could trigger antibody -dependent cellular 

cytotoxicity and complement dependent cytotoxicity. However, this work does not address 

this added benefit of fusing this ACE-2 protein to make an antibody decoy. Based on 

published literature the authors also suggest that the peptidase activity may enable 

ACE2-Fc to reduce angiotensin II mediated cytokine cascade during SARS-CoV-2 infection 

(Hirano & Murakami, 2020). However, this work does not address any of these supposed 

added benefits of fusing the Fc region or the peptidase activity. Also, the discussion does not 

clearly articulate these benefits. It will be good to see at least one experiment which 

demonstrate the increased half-life and its benefit, as well as lack of toxicity of this decoy to 



the cells in particular due to its supposed longer half-life. 

2. The design of the study focusses on the early stages of infection, as they preincubated the 

virus with the decoy fusion protein before adding to Vero-6 cells or to HEK293 cells This 

study cannot be used to predict the effect of the ACE2-Fc fusion in later stages of the 

disease process. Could the authors add the decoy to cells that are infected already and see 

how this decoy altered the course of infection when it has already established? 

3. There was no attempt to study the effect in a disease model such as in lung organoids or 

in mice or at the very least discussing future work along these lines. 

4. The RAS system represents a complex network of pathways that are influenced by many 

factors, hence it is not clear how the ACE2-Fc will impact on this system. All limitations 

listed above have not been discussed in this study. 

5. The discussion should clarify how the authors see this decoy being employed as a 

therapeutic strategy. Such as to deliver the decoy product by inhaler given to healthcare 

workers or those people at risk as for preventing infection. This might be met with better 

outcomes as disease might be milder as this could be a 'protective shield' against Covid-19 

by inhibiting and neutralising the virus' activity in naïve at-risk populations. 

6. "The viral entry blocking effect of ACE2-Fc was further confirmed using real 

SARA-CoV-2 isolated from patients suffering from COVID-19 infection in National Taiwan 

University Hospital". There are no further details in the methods regarding how the 

isolates where obtained including clarity in the methods as to how many isolates were 

tested. Were the isolates sequenced or identified by some method? Were they the same or 

different variants of SARS-COV-2? 

7. Ethics relating to the collection of isolates have not been clarified if this is a consideration. 

8. Statistical analysis should clarify number of repeats 
 

Response: 

We really appreciate the Reviewer’s comments, which allowed us to further improve our 
manuscript. Compared to the recent publication by Monteil et al. who described the inhibitory 
effects of soluble human ACE2 against SARS-CoV-2 infection, our decoy antibody ACE2-Fc is a 
fusion protein with Fc, which was previously shown to significantly increase the half-life of the 
ACE2 protein (Lei et al., 2020). In addition, based on previous findings in mouse ACE2 
(Wysocki et al., 2019), two shorten mouse ACE2 variants (1-605 and 1-619 A.A.) were shown to 
exhibit higher ACE2 enzyme activity than that of the full-length ACE2 (1-740 A.A.). In addition, 
ACE2 enzyme activity could be detected in urine from Ace2 knockout mice after intravenous 
infusion of the mouse variant (1-619 A.A.), but not the full-length ACE2 (1-740 A.A.). Infusion 
of this short variant (ACE2 1-619 A.A.) also recovered the ACE2 activity of the kidney in the 



Ace2-deficient mice. These evidences supported that the shortened version of the ACE2-Fc 
(1-619 A.A.) is more stable in plasma and retains higher enzyme activity to convert Ang II to 
Ang 1-7 than the full-length ACE2-Fc. Our data also demonstrated that the ACE2-Fc is stable 
and retain binding activity to the Spike proteins after being incubated with plasma for up to ten 
days (Fig EV3C). Secondly, we increased the numbers of SARS-CoV-2 clinical isolates to 
demonstrate that ACE2-Fc can efficiently inhibit virus variants, including the D614G variants 
which have been shown to exhibit increased infectivity. The study results further extend our 
understanding that the ACE2-Fc can still inhibit SARS-CoV-2 efficiently in terms of the 
heterogeneity of the clinical isolates (Fig 6). Finally, the benefits of adding the Fc domain to the 
ACE2 have been demonstrated. The ACE2-Fc decoy antibody was shown to preserve the 
peptidase activity of ACE2-Fc to reduce the Ang II-mediated cytokine cascade. After the 
coincubation of Ang II with ACE2-Fc, we observed that ACE2-Fc could significantly suppress 
Ang II-induced TNF-α production (Fig 2E) and phosphorylation of ADAM17 (a disintegrin and 
metalloprotease 17) (Fig 2F). Finally, ACE2-Fc was shown to induce NK cell activation and 
antibody-dependent cellular cytotoxicity (ADCC), which may help to remove the infected cells 
in vivo (Fig 7). These additional experiment results have been incorporated into the revised 
manuscript to strengthen the novelty and significance of our study.  
 

 

 

 

 

 

 

 

 

Figure EV3 in vitro cytotoxicity and plasma stability and of ACE2-Fc. (C) In vitro serum 
stability of ACE2-Fc. ACE2-Fc was incubated with 50% normal human serum at 37°C for up to 
ten days. At the indicated time points, samples were collected to quantify the binding ability of 
ACE2-Fc to Spike proteins by ELISA. Error bars represent the mean ± SD; n=3. Experiments 
were performed at least three times with similar results. 
 

 

 

 

 

https://www.sciencedirect.com/topics/immunology-and-microbiology/antibody-dependent-cell-mediated-cytotoxicity


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Neutralization activity of ACE2-Fc on different SARS-CoV-2 strains. Yield 
reduction assay was performed to determine the inhibitory effects of ACE2-Fc on the entry of 5 
different SARS-CoV-2 strains into Vero E6 cells. The (A) NP proteins in the cell lysates were 
determined by Western blot analysis. The virus RNA in the (B) culture medium and (C) cell 
lysates was quantified by real-time RT-PCR. The genetic information and sequence reference 
numbers for the 5 SARS-CoV-2 strains were summarized in Table 1. Error bars represent the 
mean ± SD. ** P< 0.01, *** P< 0.001. Experiments were performed at least three times with 
similar results. 
 

 

 

 

 

 

 

 

Figure 2. Functional characterization of the decoy antibody. (E) Inhibition of angiotensin II 
(Ang II)-induced TNF-α production by ACE2-Fc. Ang II was preincubated with indicated 



amounts of ACE2-Fc or IgG for 30 minutes. After that, the mixtures were added to RAW264.7 
cells for 12 hr. The concentration of TNF-α in the culture medium was determined by ELISA. 
(F) Inhibition of Ang II-induced ADAM17 (a disintegrin and metalloprotease 17) 
phosphorylation by ACE2-Fc. The protein extracts from € were immunoblotted with the 
indicated antibodies (left panel). β-actin served as the loading control. ADAM17 represented. 
The signal intensity was normalized to cells only (right panel). Data are representative of three 
independent experiments, and the values are expressed as the mean ± SD (lower panel). Error 
bars represent the mean ± SD, n=3. * P< 0.05. IgG represents the human normal IgG control. 
Experiments were performed at least three times with similar results. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

Figure 7. Effects of ACE2-Fc on NK cell degranulation. IL-2 activated NK cells were 
incubated with H1975-Spike cells at a 1:1 cell ratio in the presence of ACE2-Fc or ACE2. The 
activation of NK cell were determined by the CD107a, IFN-γ, and TNF-α expression levels. (A) 
H1975 cells were transduced with full-length Spike by Lentiviral vector. Protein extracts were 
immunoblotted with the indicated antibodies. O/E represents overexpress. (B) The effect of 



ACE2-Fc activation on degranulative capacity of NK cells. The experiments were performed 
with the primary human NK cells derived from three independent donors. Error bars represent 
mean ± SD, n= 3. * P<0.05, *** P< 0.001. (C) The CD107a, IFN-γ, and TNF-α expression levels 
were determined by flow cytometry after the NK cells and H1975-Spike cells coincubation in the 
presence or absence of ACE2-Fc or ACE2 control. Error bars represent the mean ± SD. The 
percentage of positive cells in both groups were normalized to the NK/H1975-Spike only group. 
(D) The differential expression of degranulation markers after the treatment of ACE2-Fc or 
ACE2 by the flow cytometry. The numbers in each plot indicate the percentages of positive cells. 
 

Referee 2 

Q1. The author suggest that the fusion could trigger antibody -dependent cellular cytotoxicity 

and complement dependent cytotoxicity. However, this work does not address this added 

benefit of fusing this ACE-2 protein to make an antibody decoy. Based on published literature 

the authors also suggest that the peptidase activity may enable ACE2-Fc to reduce angiotensin 

II mediated cytokine cascade during SARS-CoV-2 infection (Hirano & Murakami, 2020). 

However, this work does not address any of these supposed added benefits of fusing the Fc 

region or the peptidase activity. Also, the discussion does not clearly articulate these benefits. 

It will be good to see at least one experiment which demonstrate the increased half-life and its 

benefit, as well as lack of toxicity of this decoy to the cells in particular due to its supposed 

longer half-life. 

Response: 

We thank the Reviewer for the critical suggestions. We have performed the suggested 
experiments to demonstrate the benefits of fusing this ACE-2 protein to make an antibody decoy. 
First, the decoy antibody ACE2-Fc is very stable since nearly 100 % of the spike-binding ability 
of ACE2-Fc was retained after incubated with 50 % normal human serum for up to 10 days (Fig 
EV3C). Second, the ACE2-Fc decoy antibody preserves the peptidase activity of ACE2-Fc to 
reduce the Ang II-mediated cytokine cascade. The purified ACE2-Fc retained peptidase activity 
as compared with the human normal IgG and buffer controls (Fig 2D). After the coincubation of 
Ang II with ACE2-Fc, we observed that ACE2-Fc could significantly suppress Ang II-induced 
TNF-α production (Fig 2E) and phosphorylation of ADAM17 (a disintegrin and metalloprotease 
17) (Fig 2F). Third, ACE2-Fc was shown to induce NK cell activation and antibody-dependent 
cellular cytotoxicity (ADCC), which may help to remove the infected cells in vivo (Fig 7). We 
have incorporated these study results to our revised manuscript. The expected benefit as well as 
the potential limitations of our study design has also been added to the Discussion section. We 
hope that these modifications can increase the significance of our manuscript. 
 

https://www.sciencedirect.com/topics/immunology-and-microbiology/antibody-dependent-cell-mediated-cytotoxicity
https://www.sciencedirect.com/topics/immunology-and-microbiology/antibody-dependent-cell-mediated-cytotoxicity


(Page 5, line 38) 
Cytotoxicity and stability of ACE2-Fc. 

To examine the potential cytotoxicity of ACE2-Fc on normal cells, two different normal human 
bronchial epithelial (NBE) cells were treated with various concentrations of ACE2-Fc or IgG for 
3 days before the cell viability assay. As shown in Fig EV3A and EV3B, no cell toxicity was 
observed in these two normal cells at the concentration up to 200 μg/mL of ACE2-Fc. The 
stability of ACE2-Fc in serum was subsequently determined. We incubated 2 µg/mL ACE2-Fc in 
50% normal human serum at 37°C for 0, 1, 2, and up to 10 days. The stability of ACE2-Fc was 
determined by assaying its binding ability to the Spike proteins in the ELISA assay. As shown in 
Fig EV3C, not a significant reduction of ACE2-Fc/Spike binding was observed up to ten days. 
These results suggest that ACE2-Fc has no toxicity to epithelial cells and may be stable in serum 
for ten days, which may facilitate its future clinical application. 
 

(Page 7, line 28) 
ACE2-Fc induced degranulation of natural killer (NK) cells. 

Proteins fused to the Fc domain enable these molecules to interact with Fc receptors, which are 
critical for the induction of immune responses (Czajkowsky et al., 2012). Amon these, 
antibody-dependent cellular cytotoxicity (ADCC) is an adaptive immune response, mainly 
mediated by the natural killer (NK) cells. After the specific interactions between antibodies or Fc 
fusion proteins with specific antigens on the cell surface of infected cells, cross-linking of the Fc 
domain will activate the CD16 (FcγRIII) receptor to trigger degranulation (CD107a on the cell 
membrane) and cytokine production (IFN-γ and TNF-α) of NK cells (McDonald et al., 2015; 
Sun et al., 2019). A recent report showed that the RBD-specific antibodies from an individual 
infected with SARS-CoV in 2003 could induce nearly 10% ADCC against SARS-CoV-2 (Pinto 

et al., 2020). Therefore, experiments were conducted to examine whether ACE2-Fc could induce 
primary human NK cell activation. H1975 cells, transduced with full-length Spike by the 
lentiviral vector (H1975-Spike), were used as target cells (Fig 7A). The NK cell degranulation 
assay was performed to determine the CD107a, IFN-γ, and TNF-α expression levels after the 
co-incubation of the NK cells with H1975- Spike cells in the presence of ACE2-Fc or 
recombinant ACE2 (1-740 A.A. without an Fc tag). Induction of the expression levels of these 
three degranulation markers was observed when serially diluted ACE2-Fc was added to the 
co-culture of NK and H1975- Spike cells (Fig 7B-7D). In contrast, the degranulation of NK cells 
was not observed in the presence of recombinant ACE2. Taken together, our results suggest that 
ACE2-Fc could not only block SARS-CoV-2 infection but also induce NK cell activation, which 
may help to remove the infected cells in vivo. 
 

https://www.sciencedirect.com/topics/immunology-and-microbiology/antibody-dependent-cell-mediated-cytotoxicity


(Page 9, line 10) 
The renin-angiotensin system (RAS) is a hormone system that regulates vascular function, 

including the regulation of blood pressure, natriuresis, and blood volume control (Tikellis & 
Thomas, 2012). As a key regulator in the RAS, ACE2 acts by converting Ang II into Ang 1–7 
(Gheblawi et al., 2020). Ang II can also downregulate ACE2 expression through AT1R when the 
RAS is overactivated in cardiovascular disease through the ERK1/2 and p38 MAPK signaling 
pathways (Koka et al., 2008). Three strategies have been evolved to reduce Ang II levels upon 
RAS overactivation, including ACE inhibitors (ACEis), angiotensin receptor blockers (ARBs), 
and mineralocorticoid receptor blockers (Gheblawi et al., 2020). Most of these compounds 
increase the protein and mRNA levels of ACE2 or peptidase activity in animal models (Kai & 
Kai, 2020). Being known as the receptor for SARS-CoV-2, we speculate that ARBs- or 
ACEis-induced ACE2 upregulation may facilitate SARS-CoV-2 infection. In addition, the 
administration of recombinant ACE2 or ACE2-Fc could augment ACE2 enzymatic activity and 
reduce systemic inflammation. A lower plasma Ang II level after taking recombinant ACE2 may 
be safe in healthy volunteers and patients with acute respiratory distress syndrome or pulmonary 
arterial hypertension as demonstrated in the previous pilot studies (Haschke et al., 2013; Hemnes 

et al., 2018; Khan et al., 2017). Therefore, for RAS disorder patients with COVID-19 treatment, 
administration of ACE2-Fc in circulation may block SARS-CoV-2 infection even in those 
subjects with induced ACE2 after receipt of ARBs or ACEis treatment. Nevertheless, it should be 
noted that similar to ARBs and ACEis, administration of ACE2-Fc may be harmful to the 
developing fetus during pregnancy since it could lower blood pressure by converting Ang II to 
Ang 1-7. 

 
 

 

 

 

 

 

 

 

Figure EV3 in vitro cytotoxicity and plasma stability and of ACE2-Fc. (A and B) Two normal 
human bronchial epithelial cells were incubated with ACE2-Fc and normal human IgG at the 
indicated concentrations for 72 hr, and cell viability was analyzed by MTS assay. Error bars 
represent the mean ± SD; n=3. (C) In vitro serum stability of ACE2-Fc. ACE2-Fc was incubated 
with 50% normal human serum at 37°C for up to ten days. At the indicated time points, samples 



were collected to quantify the binding ability of ACE2-Fc to Spike proteins by ELISA. Error bars 
represent the mean ± SD; n=3. Experiments were performed at least three times with similar 
results. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Functional characterization of the decoy antibody. (D) Preservation of ACE2-Fc 
peptidase activity. The peptidase activity of ACE2-Fc was measured by cleavage of the 
fluorescent peptide substrates. (E) Inhibition of angiotensin II (Ang II)-induced TNF-α 
production by ACE2-Fc. Ang II was preincubated with indicated amounts of ACE2-Fc or IgG 
for 30 minutes. After that, the mixtures were added to RAW264.7 cells for 12 hr. The 
concentration of TNF-α in the culture medium was determined by ELISA. (F) Inhibition of Ang 
II-induced ADAM17 (a disintegrin and metalloprotease 17) phosphorylation by ACE2-Fc. The 
protein extracts from € were immunoblotted with the indicated antibodies (left panel). β-actin 
served as the loading control. ADAM17 represented. The signal intensity was normalized to cells 
only (right panel). Data are representative of three independent experiments, and the values are 
expressed as the mean ± SD (lower panel). Error bars represent the mean ± SD, n=3. * P< 0.05. 
IgG represents the human normal IgG control. Experiments were performed at least three times 
with similar results. 
  

 

  

 



 

 

 

 

 

 

 

 

 

 

Figure 7. Effects of ACE2-Fc on NK cell degranulation. IL-2 activated NK cells were 
incubated with H1975-Spike cells at a 1:1 cell ratio in the presence of ACE2-Fc or ACE2. The 
activation of NK cell were determined by the CD107a, IFN-γ, and TNF-α expression levels. (A) 
H1975 cells were transduced with full-length Spike by Lentiviral vector. Protein extracts were 
immunoblotted with the indicated antibodies. O/E represents overexpress. (B) The effect of 
ACE2-Fc activation on degranulative capacity of NK cells. The experiments were performed 
with the primary human NK cells derived from three independent donors. Error bars represent 
mean ± SD, n= 3. * P<0.05, *** P< 0.001. (C) The CD107a, IFN-γ, and TNF-α expression levels 
were determined by flow cytometry after the NK cells and H1975-Spike cells coincubation in the 
presence or absence of ACE2-Fc or ACE2 control. Error bars represent the mean ± SD. The 
percentage of positive cells in both groups were normalized to the NK/H1975-Spike only group. 
(D) The differential expression of degranulation markers after the treatment of ACE2-Fc or 
ACE2 by the flow cytometry. The numbers in each plot indicate the percentages of positive cells. 
 
Q2. The design of the study focusses on the early stages of infection, as they preincubated the 

virus with the decoy fusion protein before adding to Vero-6 cells or toHEK293 cells This study 

cannot be used to predict the effect of the ACE2-Fc fusion in later stages of the disease 

process. Could the authors add the decoy to cells that are infected already and see how this 

decoy altered the course of infection when it has already established? 

Response: 



A. 

B. 

C. 

We thank the Reviewer for this constructive comment. In order to address this question, we 
added the decoy antibody to the culture medium after SARS-CoV-2 infection of Vero E 6 cells. 
Based on the experiment results (below), it demonstrated that the decoy antibody was 
functioning well when added at the pre-treatment stage, but less effective when added in the 
post-treatment stage. It implicates that the decoy antibody might exert more inhibitory effects as 
a prophylactic strategy. Base on the experiment result, it demonstrated that the ACE2-Fc may 
partially block (30-40%) the virus infection and replication at the post-treatment stage. However, 
further experiment in human lung epithelial cells is required to confirm this finding since Vero 
E6 is interferon-deficient, which might not be a good target cell to examine the functional 
consequences of ACE2-Fc’s peptidase activity and capability to induce NK cell activation at the 
post-infection stage. 

 
 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
Figure Blockage of SARS-CoV-2 entry into Vero E6 cells by ACE2-Fc. Pre-treat group: 
ACE2-Fc and SARS-CoV-2 premixtures were incubated for one hour before being added to 
ACE2 expressing H1975 cells for another 1 hr at 37°C. Post-treat group: After SARS-CoV-2 
infection, Vero E6 with 0.1 MOI for 1 hr, replaced the culture medium with 200 μg/mL ACE2-Fc 
or IgG for another 2 days. After that, the RNA was extracted from the cell lysates and the viral 



RNA expression was determined by the real-time PCR (A) and western blot (B). (C) Inhibition 
of SARS-CoV-2 infection by ACE2-Fc in the plaque assay. Mixtures of ACE2-Fc and 
SARS-CoV-2 were incubated for one hour before adding to Vero E6 cells for another 1 hr at 
37°C. The ACE2-Fc and SARS-CoV-2 premixtures were removed, and the cells were washed 
once with PBS and overlaid with methylcellulose with 2% FBS for 6 days before being stained 
with crystal violet.The NP/PCNA represents the relative NP expression as compared to that of 
PCNA, which served as a loading control. The NP/PCNA numbers below the panel are the ratios 
of NP/PCNA normalized to that of the human IgG control group. PCNA: Proliferating cell 
nuclear antigen. Error bars represent the mean ± SD, n=3. ***P< 0.001. 
 
Q3. There was no attempt to study the effect in a disease model such as in lung organoids or 

in mice or at the very least discussing future work along these lines. 

Response: 

We thank the Reviewer for this constructive comment. 
The airway organoid model was established to examine the neutralizing ability of ACE2-Fc on 
spike mediated pseudotyped entry. The airway organoids are carefully characterized and shown 
to exhibit similar features as described in the previous report (Sachs et al., 2019) (Fig 4B and 
4C). The airway organoids are shown to be susceptible to SARS-CoV-2 infection. As expected, 
the ACE2-Fc can significantly block virus entry in the airway organoids (Fig 4D). We have 
incorporated the experimental results to the section of ACE2-Fc blocks pseudotyped lentivirus 

entry into ACE2-expressing cells and lung organoids. The additional results have been 
incorporated in the Results section as following: 
 
(Page6, line 25) 
Since the lung is the primary site for SARS-CoV-2 infection, we established an airway organoid 
model following the methods described in a recent article (Sachs et al., 2019) to investigate the 
neutralization ability of ACE2-Fc against SARS-CoV-2 entry. The derived airway differentiation 
organoids were successfully established and composed of several airway epithelial cells with 
specific markers, including basal (P63), secretory (club cell marker secretoglobin family 1A 
member 1 (SCGB1A1) and secretory cell marker mucin 5AC (MUC5AC)), and multiciliated 
cells (cilia marker acetylated α-tubulin) (Fig 4B). Of note, unlike the A549 or the parental human 
normal bronchial epithelial cells (HBEpc), these airway organoids expressed a high-level of 
ACE2 in addition to TMPRSS2 (Fig 4B and 4C). We then examined the neutralization ability of 
ACE2-Fc for Spike-expressing pseudotyped virus in the airway organoid model. As shown in Fig 
4D, the airway organoids are susceptible to virus entry and the ACE2-Fc could significantly 
block virus entry at the concentration of 100 g/mL. Our findings indicated that ACE2-Fc can 



inhibit entry of SARS-CoV-2 Spike-expressing pseudotyped virus entry into ACE2-expressing 
cells, including the airway organoids. 
 

 
 
 
 
 
  
 
Figure 4. Blockage of Spike-expressing pseudovirus entry into ACE2-expressing cells by 

ACE2-Fc. (B) Confocal microscopy images of the airway organoids. The green fluorescence 
represents the specific staining of indicated monoclonal antibodies and Alexa Fluor 
488-conjugated secondary antibodies. DAPI was used as a nuclear counterstain. Hematoxylin 
and eosin (H&E) stain: hematoxylin stained the nuclei in blue color; eosin stained the cytoplasm 
in pink color. Scale bars equal to 20 µm. (C) Lung cancer A549 cells, human normal bronchial 
epithelial cells (HBEpc), and HBEpc-differentiated cells (airway organoids) were harvested for 
immunoblotting with the indicated antibodies. (D) Blockage of pseudovirus entry into airway 
organoids by ACE2-Fc. Mixtures of pseudotyped lentivirus with or without ACE2-Fc were 
cocultured with airway organoids for 72 hr. The virus entry was determined by quantifying the 
luciferase activity in the cell lysates. R.I.U: relative infection unit. Error bars represent the mean 
± SD, n=3. ** P< 0.01, *** P < 0.001. Experiments were performed at least three times with 
similar results. 
 
Q4. The RAS system represents a complex network of pathways that are influenced by many 

factors hence it is not clear how the ACE2-Fc will impact on this system. All limitations listed 

above have not been discussed in this study. 

Response: 

We thank the Reviewer’s critical suggestions. We have added the potential impacts of ACE2-Fc 
on the RAS system in the Discussion section. 
 
(Page 9, line 10) 
The renin-angiotensin system (RAS) is a hormone system that regulates vascular function, 
including the regulation of blood pressure, natriuresis, and blood volume control (Tikellis & 
Thomas, 2012). As a key regulator in the RAS, ACE2 acts by converting Ang II into Ang 1–7 
(Gheblawi et al., 2020). Ang II can also downregulate ACE2 expression through AT1R when the 



RAS is overactivated in cardiovascular disease through the ERK1/2 and p38 MAPK signaling 
pathways (Koka et al., 2008). Three strategies have been evolved to reduce Ang II levels upon 
RAS overactivation, including ACE inhibitors (ACEis), angiotensin receptor blockers (ARBs), 
and mineralocorticoid receptor blockers (Gheblawi et al., 2020). Most of these compounds 
increase the protein and mRNA levels of ACE2 or peptidase activity in animal models (Kai & 
Kai, 2020). Being known as the receptor for SARS-CoV-2, we speculate that ARBs- or 
ACEis-induced ACE2 upregulation may facilitate SARS-CoV-2 infection. In addition, the 
administration of recombinant ACE2 or ACE2-Fc could augment ACE2 enzymatic activity and 
reduce systemic inflammation. A lower plasma Ang II level after taking recombinant ACE2 may 
be safe in healthy volunteers and patients with acute respiratory distress syndrome or pulmonary 
arterial hypertension as demonstrated in the previous pilot studies (Haschke et al., 2013; Hemnes 

et al., 2018; Khan et al., 2017). Therefore, for RAS disorder patients with COVID-19 treatment, 
administration of ACE2-Fc in circulation may block SARS-CoV-2 infection even in those 
subjects with induced ACE2 after receipt of ARBs or ACEis treatment. Nevertheless, it should be 
noted that similar to ARBs and ACEis, administration of ACE2-Fc may be harmful to the 
developing fetus during pregnancy since it could lower blood pressure by converting Ang II to 
Ang 1-7. 
 
Q5. The discussion should clarify how the authors see this decoy being employed as a 

therapeutic strategy. Such as to deliver the decoy product by inhaler given to healthcare 

workers or those people at risk as for preventing infection. This might be met with better 

outcomes as disease might be milder as this could be a 'protective shield' against Covid-19 by 

inhibiting and neutralising the virus' activity in naïve at-risk populations. 

Response: 

We thank the Reviewer for this constructive comment. We have added descriptions about the 
employment of the decoy antibody as a therapeutic strategy in the Discussion section. 
 
(Page 10, line 24) 

Taken together, we demonstrated that ACE2-Fc (18-615A.A.) has three important 
characteristics: neutralization of SARS-CoV-2 infection, conversion of Ang II to Ang 1-7, and 
activation of NK cells. Based on the efficient blocking of SARS-CoV-2 entry, including the 
D614G variant strains, in the human epithelial cells and the airway organoids, we believe that the 
prophylactic use of ACE2-Fc could prevent healthcare workers or people at high risk from 
SARS-CoV-2 infection. Nevertheless, the potential benefits of Ang II conversion and NK cell 
activation activities of ACE2-Fc in the COVID-19 disease process require further evaluation in 
the animal model. Our in vitro results suggest that ACE2-Fc has the potential to develop as an 



effective therapeutic against SARS-CoV-2 infection. 
 
Q6. "The viral entry blocking effect of ACE2-Fc was further confirmed using real 

SARA-CoV-2 isolated from patients suffering from COVID-19 infection in National Taiwan 

University Hospital". There are no further details in the methods regarding how the isolates 

where obtained including clarity in the methods as to how many isolates were tested. Were the 

isolates sequenced or identified by some method? Were they the same or different variants of 

SARS-COV-2? 

Response: 

We thank the Reviewer for pointing out this question. We have added the detail information at 
“SARS-CoV2 isolation” of the Materials and Methods section. The genetic characteristics of the 
clinical isolates used were summarized in Table 1, and Page 18, line 9 in the revised manuscript,  
 
SARS-CoV2 isolation 

Sputum or throat swab specimens obtained from SARS-CoV-2-infected patients were maintained 
in the viral-transport medium. The specimens were propagated in VeroE6 cells in DMEM 
supplemented with 2 μg/mL tosylsulfonyl phenylalantyl chloromethyl ketone (TPCK)-trypsin 
(Sigma-Aldrich). Culture supernatants were harvested when more than 70% of cells showed 
cytopathic effects. The full-length genomic sequences of the derived clinical isolates were 
determined and submitted, along with the patients’ travel history and basic information, to the 
GISAID database. The virus strains used in this study include 
SARS-CoV-2/NTU03/TWN/human/2020 (Accession ID EPI_ISL_413592), 
SARS-CoV-2/NTU13/TWN/human/2020 (Accession ID EPI_ISL_422415), 
SARS-CoV-2/NTU14/TWN/human/2020 (Accession ID EPI_ISL_422416), 
SARS-CoV-2/NTU18/TWN/human/2020 (Accession ID EPI_ISL_447615), 
SARS-CoV-2/NTU25/TWN/human/2020 (Accession ID EPI_ISL_447619) and 
SARS-CoV-2/NTU27/TWN/human/2020 (Accession ID EPI_ISL_447621). The virus titers were 
determined by plaque assay (Su et al, 2008) for subsequent analysis. The study was approved by 
the NTUH Research Ethics Committee (202002002RIND), and the participants gave written 
informed consent. 
 
Table 1. Genetic characteristics of SARS-CoV-2 strains used in this study. 

*SARS-CoV-2 viruses were isolated from sputum or throat swab specimens obtained from 
SARS-CoV-2-infected patients using VeroE6 cells in DMEM supplemented with 2 μg/mL 
tosylsulfonyl phenylalantyl chloromethyl ketone (TPCK)-trypsin (Sigma-Aldrich). The 
full-length genomic sequences of the derived clinical isolates were determined and submitted, 



along with the patients’ travel history and basic information, to the GISAID database. The 
nucleotide numbers where the variance were observed in these 6 clinical isolates were indicated, 
along with the corresponding amino acid changes, if any, in the indicated viral genes. 

 
Q7. Ethics relating to the collection of isolates have not been clarified if this is a 

consideration. 

Response: 

We thank the Reviewer for reminding us of the critical issue. We have added the related 
information at “SARS-CoV2 isolation” of the Materials and Methods section as following:   
 
(Page 18, line 24) 
The study was approved by the NTUH Research Ethics Committee (202002002RIND), and the 
participants gave written informed consent. 
 
Q8. Statistical analysis should clarify number of repeats 

Response: 

We appreciate the Reviewer’s suggestion. The numbers of repeats for the statistical analysis have 
been provided.  
 
Q9. Spellings and to improve clarity I suggest rephrasing 

 

In introduction 

Base- Based 

Whether ACE2-Fc fusion still owning the peptidase activity of ACE2 could block 

SARS-COV-2 entry and endow the ability of antibodies including ADCC and CDC remains to 

be investigated 

 

Results 

For clarity for non-specialist 



Why was IL-2 signalling peptide included at the C-terminus of ACE2? 

SARA-COV-2 should read SARS-COV-2 

In discussion 

Our study results demonstrated that even when we shortened the ACE protein to 597 amino 

acids.... 

The chimeric ACE2-Fc antibody had a much longer elimination phase or much longer half- 

life (not both in same sentence). I couldn't see this data; my assumption is that it is based on 

the cited publication (12) which clearly shows this effect. 

Fragment need clarity...In addition to identify infected cells and provide the opportunity for 

the immune system to clean injured cells ...... 

Methods 

At 1:1000 to 1:10000 dilution. This is not a sentence, needs revision 

Eaction buffer should it read - reaction buffer? 

The transduction unit of VSV-G-peudotyped lentivirus.... Typo 

Figure 2 legend GAPDH is served as a control- fragment needs revision 

Response: 

We thank the Reviewer for pointing out the typoes and we have carefully revised our manuscript 
accordingly. 
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22nd Oct 20201st Revision - Editorial Decision

22nd Oct 2020 

Dear Prof. Yang, 

Thank you for the submission of your revised manuscript  to EMBO Molecular Medicine. I am pleased
to inform you that we will be able to accept your manuscript  pending the following final
amendments: 

Please implement all adjustments suggested by the referee #2

Yours sincerely, 

Zeljko Durdevic

***** Reviewer's comments ***** 

Referee #1 (Comments on Novelty/Model System for Author): 

Incorporat ion of the airway organoids, clinical isolate CoV2, and assessing ACE2-Fc act ivity in 
neutralizat ion assay and cell-cell fusion has significant ly improved the technical quality and model 
systems used. Adding the effect of ACE2-Fc on NK cell act ivity, ADCC, and its stability in plasma 
has improved the manuscript s t ranslat ional impact . The readabilit y and reproducibilit y has been 
improved by including the stat ist ics methodology. 

Referee #2 (Remarks for Author): 

SARS-Coronavirus-2 (SARS-CoV-2) is the cause of the COVID-19 pandemic (with over 38 million 
people infected and over a million death) and there is current ly no effect ive t reatment . SARS-
CoV-2, just like SARS-CoV and MERS-CoV causes severe acute respiratory dist ress syndrome in 
suscept ible hosts. SARS-CoV-2 uses Angiotensin Convert ing Enzyme II (ACE2) bind direct ly to 
SARS-CoV-2 Spike protein and is used as cell ent ry receptor, hence this ACE-2 receptor is a key 
drug target ; a lot of research is now centered at invest igat ing the therapeut ic potent ial of ACE-2. 
ACE2 has pept idase act ivity which negat ively regulates Angiotensin II (AngII). 

This study invest igated the suitability of humanised ACE2-Fc fusion as decoy ant ibodies for 
prevent ing the entry of SARS-COV-2 into human cells in vit ro. The ACE2-Fc fusion protein can 
form dimer mimicking ant ibodies and specifically binds to SARS-CoV-2 Spike protein. By 
compet it ively binding to the viral Spike protein, the decoy prevents viral binding to the natural, 
membrane bound ACE2, and thus blocks virus entry into host cells. Using ELISA, the authors 
demonst rate that recombinant ACE2-Fc binds recombinant SARS-CoV-2 Spike Fc protein. Pre-
incubat ion of Spike protein pseudotyped lent ivirus or clinically isolated SARS-CoV-2 with ACE2-Fc 
reduces infect ion of ACE2 overexpressing 293T cell line and Vero E6 cells, respect ively. The study 
ut ilised virus from six clinical isolates including the six SARS-CoV-2 clinical st rains, including the 
D614G variants which have been shown to exhibit increased infect ivity and demonst rated that the 
ACE2-Fc fusion protein abrogated viral replicat ion. This study supports the recent ly published work 
by Monteil, and colleagues who showed that recombinant purified human ACE2 (hrsACE2 ) - a 
decoy protein that has already been tested in phase I and II clinical t rials can inhibit the interact ion 
between SARS-



CoV-2 and ACE2. However, the use of different clinical isolates including the D614 isolate is a novel
finding that informs the suitability of the ACE2 decoy for generalized therapy for SARS-CoV-2
infect ions. 

Previous studies showed that t reatment with recombinant ACE2 protein prevents Ang II-induced
hypertension and cardiac dysfunct ion and might control AngII-AT1R proinflammatory cytokine
responses, thereby protect ing from severe acute lung failure. In this study, the authors generated
recombinant ACE2 fused to Fc that is known to increase its half-life. They show that ACE2-FC has
increased half-life of up to 10 days and is also not cytotoxic. Interest ingly, their ACE2-Fc has
pept idase act ivity as demonstrated by cleaving fluorescent substrate. The effects of ACE2-Fc on
Ang II-mediated inflammatory cascade was invest igated by coincubat ion of Ang II with ACE2-Fc. In
this case ACE2-Fc significant ly suppressed Ang II-induced TNF-α product ion and phosphorylat ion
of ADAM17 (a disintegrin and metalloprotease 17). These observat ions suggest that  the ACE2-Fc
decoy ant ibodies preserves the pept idase act ivity of ACE2-Fc to reduce the Ang II-mediated
cytokine cascade which might be useful in reducing the so-called cytokine storm. The results also
suggest this ACE2-Fc decoy can induce degranulat ion of NK cells and this was not observed in the
presence of recombinant ACE2, suggest ing the ACE2-Fc decoy specifically induces NK cell
act ivat ion which could have the added benefit  of promot ing clearance of the virus. They also
showed that ACE2-Fc could inhibit  SARS-CoV-2 Spike-mediated cell-cell fusion and syncyt ia
format ion. 

The author then established an airway organoid model and confirmed the expression of the key
markers (including basal32 (P63), secretory (club cell marker secretoglobin family 1A member 1
(SCGB1A1) and 33 secretory cell marker mucin 5AC (MUC5AC). The organoids expressed a high-
level of ACE2 but lower levels of TMPRSS2 when compared to the A549 cell line or the parental
human normal bronchial epithelial cells (HBEpc). In these organoids ACE2-Fc decoy also reduced
the infect ivity of the SARS-CoV-2 virus. 

Overall, the results are clear, and the design and execut ion of the experiments is sound. 
The authors have taken the reviewers and editors comments onboard and revised their manuscript
to include new data on: 
1. The benefit  of their ACE-Fc decoy with the pept idase act ivity.
2. Used airway organoids to demonstrate applicat ion of this ACE2-Fc in a more physiologically
relevant model.
3. Used at  least  6 different clinical isolates to show that this ACE-2 can be applicable to SARS-
CoV-2 infect ions in general.
4. They have also performed experiments on Spike-mediated cell-cell fusion and syncyt ia format ion
to invest igate how the decoy affects this.
5. They have revised the discussion highlight  the limitat ions of the study
6. The details of obtaining clinical isolates and ethics have been included.
7. They have also t ried to find out if this decoy could work on established infect ion. Here they found
very lit t le benefit  suggest ing the decoy could be useful more for prevent ion instead of as a
treatment opt ion.
I am sat isfied with the work that has been done for improving this manuscript .

Minor Improvements 
1. Figure 3C- Please show by arrows the syncyt ia so that it  is clear what the readers are looking at .
Also, the figures C and D are showing different concentrat ions of the ACE2-Fc; 25 and 50 ug/ml) in



D but 25 and 100 ug /ml in C. Is Figure D not a quant ificat ion of C? If not  please shows the results of
C and D which correlate. This is important as there is a dose effect  on this experiment. 25ug/ml of
ACE2-Fc st ill show some syncyt ia when compared to 100. 
2. Also, by using different concentrat ions are you invest igat ing dose dependency? Please clarify the
dose effect  in your descript ion of results, this applies for other figures as well.
3. The cytotoxicity was invest igated with increasing concentrat ions up to 200mg/ml, yet  the
organoid assay went up to 300mg/ml. It  will be good to see these experiments done in a way that
the concentrat ions are harmonized across experiments. Is 300mg/ml cytotoxic or not?



Dear Editor: 

We would like to thank the Editors/Reviewers for your time and kind consideration of our 
manuscript. We have followed the comments from the expert reviewers, performed additional 
experiments, and carefully addressed all the critiques in the revised manuscript. Please see the 
point-to-point response below, 

***** Editor's comments ***** 
1) Please implement all adjustments suggested by the referee #2.
Response: 
We thank the Editor for the comment. We thank the Reviewer for pointing out the “Minor 
Improvements” and we have carefully revised our manuscript accordingly. 

3rd Nov 20202nd Authors' Response to Reviewers

***** Reviewer's comments ***** 

Referee #1 (Comments on Novelty/Model System for Author): 
Incorporation of the airway organoids, clinical isolate CoV2, and assessing ACE2-Fc activity in 
neutralization assay and cell-cell fusion has significantly improved the technical quality and 
model systems used. Adding the effect of ACE2-Fc on NK cell activity, ADCC, and its stability 
in plasma has improved the manuscripts translational impact. The readability and 
reproducibility has been improved by including the statistics methodology. 
Response: 
We thank the Reviewer for the kind comment. 

Referee #2 (Remarks for Author): 
SARS-Coronavirus-2 (SARS-CoV-2) is the cause of the COVID-19 pandemic (with 
over 38 million people infected and over a million death) and there is currently no 
effective treatment. SARS-CoV-2, just like SARS-CoV and MERS-CoV causes severe 
acute respiratory distress syndrome in susceptible hosts. SARS-CoV-2 uses Angiotensin 
Converting Enzyme II (ACE2) bind directly to SARS-CoV-2 Spike protein and is used 
as cell entry receptor, hence this ACE-2 receptor is a key drug target; a lot of research is 
now centered at investigating the therapeutic potential of ACE-2. ACE2 has peptidase 
activity which negatively regulates Angiotensin II (AngII). 



This study investigated the suitability of humanised ACE2-Fc fusion as decoy antibodies for 
preventing the entry of SARS-COV-2 into human cells in vitro. The ACE2-Fc fusion protein can 
form dimer mimicking antibodies and specifically binds to SARS-CoV-2 Spike protein. 
By competitively binding to the viral Spike protein, the decoy prevents viral binding to the 
natural, membrane bound ACE2, and thus blocks virus entry into host cells. Using ELISA, the 
authors demonstrate that recombinant ACE2-Fc binds recombinant SARS-CoV-2 Spike Fc 
protein. Pre-incubation of Spike protein pseudotyped lentivirus or clinically isolated SARS-
CoV-2 with ACE2-Fc reduces infection of ACE2 overexpressing 293T cell line and Vero E6 
cells, respectively. The study utilised virus from six clinical isolates including the six 
SARS-CoV-2 clinical strains, including the D614G variants which have been shown to 
exhibit increased infectivity and demonstrated that the ACE2-Fc fusion protein abrogated viral 
replication. This study supports the recently published work by Monteil, and colleagues who 
showed that recombinant purified human ACE2 (hrsACE2 ) - a decoy protein that has already 
been tested in phase I and II clinical trials can inhibit the interaction between SARS-CoV-2 and 
ACE2. However, the use of different clinical isolates including the D614 isolate is a novel 
finding that informs the suitability of the ACE2 decoy for generalized therapy for SARS-CoV-2 
infections. 
Previous studies showed that treatment with recombinant ACE2 protein prevents Ang II-induced 
hypertension and cardiac dysfunction and might control AngII-AT1R proinflammatory cytokine 
responses, thereby protecting from severe acute lung failure. In this study, the authors generated 
recombinant ACE2 fused to Fc that is known to increase its half-life. They show that ACE2-FC 
has increased half-life of up to 10 days and is also not cytotoxic. Interestingly, their ACE2-Fc has 
peptidase activity as demonstrated by cleaving fluorescent substrate. The effects of ACE2-Fc on 
Ang II-mediated inflammatory cascade was investigated by coincubation of Ang II with ACE2-
Fc. In this case ACE2-Fc significantly suppressed Ang II-induced TNF-α production and 
phosphorylation of ADAM17 (a disintegrin and metalloprotease 17). These observations suggest 
that the ACE2-Fc decoy antibodies preserves the peptidase activity of ACE2-Fc to reduce the 
Ang II-mediated cytokine cascade which might be useful in reducing the so-called cytokine 
storm. The results also suggest this ACE2-Fc decoy can induce degranulation of NK cells and 
this was not observed in the presence of recombinant ACE2, suggesting the ACE2-Fc decoy 
specifically induces NK cell activation which could have the added benefit of promoting 
clearance of the virus. They also showed that ACE2-Fc could inhibit SARS-CoV-2 Spike-
mediated cell-cell fusion and syncytia formation. 



The author then established an airway organoid model and confirmed the expression of the key 
markers (including basal32 (P63), secretory (club cell marker secretoglobin family 1A member 1 
(SCGB1A1) and 33 secretory cell marker mucin 5AC (MUC5AC). The organoids expressed a 
high-level of ACE2 but lower levels of TMPRSS2 when compared to the A549 cell line or the 
parental human normal bronchial epithelial cells (HBEpc). In these organoids ACE2-Fc decoy 
also reduced the infectivity of the SARS-CoV-2 virus. 
Overall, the results are clear, and the design and execution of the experiments is sound. 
The authors have taken the reviewers and editors comments onboard and revised their manuscript 
to include new data on: 
1. The benefit of their ACE-Fc decoy with the peptidase activity.
2. Used airway organoids to demonstrate application of this ACE2-Fc in a more physiologically
relevant model. 
3. Used at least 6 different clinical isolates to show that this ACE-2 can be applicable to SARS-
CoV-2 infections in general. 
4. They have also performed experiments on Spike-mediated cell-cell fusion and syncytia

formation to investigate how the decoy affects this. 
5. They have revised the discussion highlight the limitations of the study
6. The details of obtaining clinical isolates and ethics have been included.
7. They have also tried to find out if this decoy could work on established infection. Here they
found very little benefit suggesting the decoy could be useful more for prevention instead of as a 
treatment option. 
I am satisfied with the work that has been done for improving this manuscript.

Response: 

We thank the Reviewer for the kind comment. We will try to adjust the concentration of the decoy 
antibody or reduce the virus load for further confirming the treated benefit on the patients who had 
established infection in our future publications. 

Minor Improvements 
1. Figure 3C- Please show by arrows the syncytia so that it is clear what the readers are looking at.
Also, the figures C and D are showing different concentrations of the ACE2-Fc; 25 and 50 ug/ml) 
in D but 25 and 100 ug /ml in C. Is Figure D not a quantification of C? If not please shows the 
results of C and D which correlate. This is important as there is a dose effect on this experiment. 
25ug/ml of ACE2-Fc still show some syncytia when compared to 100. 

Response: 
Thank the Reviewer for point out this mistake. Indeed, Figure 3D is a quantification of Figure 3C. 
A corrected panel has been updated in the revised Fig 3D. We also carefully checked other panels 
in our revised manuscript. In figure 5A, two IgG controls were used 200 µg/mL. We have also 
revised the y-axe in figure 6C. As reviewer point out, there is a dose effect in syncytia formation. 



Original figure 3C and 3D, 

Revised figure 3C and 3D, 

Figure 3. Inhibition of Spike-induced cell-cell fusion and syncytia formation by ACE2-Fc. 

(C) GFP and full-length Spike co-transfected HEK293T cells were used as effector cells (293-S).
HEK293/ACE2 (HEK293T-overexpressing ACE2) (left panel) or H1975/ACE2 (H1975-
overexpressing ACE2) (right panel) cells were used as target cells. The 293-S cells were 
preincubated with normal human IgG or ACE2-Fc at 37°C for 1 hr. After that, the mixtures were 
added to target cells for 4 hr (cell-cell fusion) or 24 hr (syncytia formation). The fluorescent areas 
were measured by inverted fluorescence microscopy and Metamorph software (Metamorphosis). 
Scale bars equal to 50 µm. The white arrows indicate the cell-cell fusion or syncytia formation. 

(D) The inhibition of cell-cell fusion and syncytia formation by ACE2-Fc in HEK293/ACE2 and
H1975/ACE2 was determined with the formula described in the Methods section. Error bars 
represent the mean ± SD, n=6. Statistical analysis was performed by unpaired two tail t-test. ** P 
< 0.01, *** P < 0.001. Experiments were performed at least three times with similar results. 



Original figure 5A,                          Revised figure 5A, 

 

 

 

 

 

 

 

Figure 5. Blockage of SARS-CoV-2 entry into host cells by ACE2-Fc.  

(A) Inhibition of SARS-CoV-2 infection by ACE2-Fc in the plaque assay. Mixtures of ACE2-Fc 
and SARS-CoV-2 were incubated for one hour before adding to Vero E6 cells for another 1 hr at 
37°C. The ACE2-Fc and SARS-CoV-2 premixtures were removed, and the cells were washed once 
with PBS and overlaid with methylcellulose with 2% FBS for 5-7 days before being stained with 
crystal violet. Those results showed increase of plaque formation was regarded as no inhibition of 
plaque formation. TPCK-treated trypsin: N-tosyl-L-phenylalanine chloromethyl ketone-treated 
trypsin. 

 

Original figure 6C,                         Revised figure 6C, 

 

 

 

 

 

 

 

Figure 6. Neutralization activity of ACE2-Fc on different SARS-CoV-2 strains. Yield 
reduction assay was performed to determine the inhibitory effects of ACE2-Fc on the entry of 5 
different SARS-CoV-2 strains into Vero E6 cells. 

(B, C) The virus RNA in the (B) culture medium and (C) cell lysates was quantified by real-time 
RT-PCR. The genetic information and sequence reference numbers for the 5 SARS-CoV-2 strains 



were summarized in Table 1. Error bars represent the mean ± SD, n=3. Statistical analysis was 
performed by unpaired two tail t-test. ** P < 0.01, *** P < 0.001. Experiments were performed at 
least three times with similar results. 

2. Also, by using different concentrations are you investigating dose dependency? Please clarify
the dose effect in your description of results, this applies for other figures as well. 

Response: 
We appreciate the Reviewer’s suggestion. Yes, we used different concentrations for investigating 
the dose dependency. We also added the dose effect in our revised manuscript in the result section 
and also uploaded the exact p value between each dose in Appendix table S1. 

3. The cytotoxicity was investigated with increasing concentrations up to 200 mg/ml, yet the
organoid assay went up to 300mg/ml. It will be good to see these experiments done in a way that 
the concentrations are harmonized across experiments. Is 300mg/ml cytotoxic or not? 

Response: 
We appreciate the Reviewer’s comment. We have elevated the concentration of IgG and ACE2-Fc 
to 400 µg/mL. The MTS assay shown no cell toxicity was observed in these two normal cells at 
the concentration up to 400 μg/mL of ACE2-Fc.  

(Page 6, Line 3-14) 
Cytotoxicity and stability of ACE2-Fc. 

To examine the potential cytotoxicity of ACE2-Fc on normal cells, two different normal 
human bronchial epithelial (NBE) cells were treated with various concentrations of ACE2-Fc or 
IgG for 3 days before the cell viability assay. As shown in Fig EV3A and EV3B, no cell toxicity 
was observed in these two normal cells at the concentration up to 400 μg/mL of ACE2-Fc. The 
stability of ACE2-Fc in serum was subsequently determined. We incubated 2 µg/mL ACE2-Fc in 
50% normal human serum at 37°C for 0, 1, 2, and up to 10 days. The stability of ACE2-Fc was 
determined by assaying its binding ability to the Spike proteins in the ELISA assay. As shown in 
Fig EV3C, not a significant reduction of ACE2-Fc/Spike binding was observed up to ten days. 
These results suggest that ACE2-Fc has no toxicity to epithelial cells and may be stable in serum 
for ten days, which may facilitate its future clinical application. 



Original figure EV3A and EV3B,  

Revised figure EV3A and EV3B, 

Figure EV3 in vitro cytotoxicity and plasma stability and of ACE2-Fc.  
(A and B) Two normal human bronchial epithelial cells were incubated with ACE2-Fc and normal 
human IgG at the indicated concentrations for 72 hr, and cell viability was analyzed by MTS assay. 
Error bars represent the mean ± SD; n=2 in left; n=3 in right. The dotted line represents the 50 % 
of cell viability. 



5th Nov 20203rd Revision - Editorial Decision

The authors performed the requested changes.
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G- Dual use research of concern

F- Data Accessibility

The study was approved by the NTUH Research Ethics Committee (202002002RIND), and the 
participants gave written informed consent.

Yes, the  study were obtained and processed in accordance with the guidelines of the WMA 
Declaration of Helsinki and the Department of Health and Human Services Belmont Report and the 
Health and Welfare Data Science Center (HWDC), Ministry of Health and Welfare (MOHW). 

NA

The source of cell lines were described in Material and methods and cells were regularly tested for 
mycoplasma contamination.

Yes

The catalog number of each antibody are described in Material and methods
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D- Animal Models

E- Human Subjects
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