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ABSTRACT 

Alice Lily Ma: Characteristics and the Stable Nebulization of a Molecule Against SARS-CoV-2 

(Under the direction of Samuel K. Lai) 

 

The SARS-CoV-2 virus, the causative agent of COVID-19, emerged at the end of 2019 

and since then has created a massive global pandemic, with over 220 million cases and more 

than 4 million deaths worldwide. Though effective vaccines and treatments have been 

introduced, variants and mutations of the virus continue to emerge and evade current 

therapeutics, thus necessitating a need for an effective viral therapy that is able to neutralize 

SARS-CoV-2 and its variants. We developed an ACE2-linker-Fc molecule that is not only able 

to bind the wild type SARS-CoV-2 S protein with high, picomolar affinity, but is also able to 

bind to several variants of the virus, as well. This molecule is also able to be stably nebulized 

using a commercial vibrating mesh nebulizer, lending to its capability of being an effective 

inhaled immunotherapy for SARS-CoV-2, its current and future variants, as well as other similar 

respiratory viruses.   
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CHAPTER 1: CHARACTERISTICS AND STABILITY OF ACE2-LINKER-FC 

1.1 Introduction  

Severe acute respiratory disease syndrome coronavirus 2 (SARS-CoV-2), the causative 

agent of coronavirus disease 2019 (COVID-19), has created a massive pandemic, with over 220 

million confirmed cases and over 4 million deaths worldwide, with those numbers still growing 

despite the introduction of several promising and effective vaccines and treatments1. The scale of 

the ongoing COVID-19 pandemic is one that has not been observed in over a century, and with 

new variants and mutations arising that are able to evade current vaccines and treatments, there is 

an urgent and critical need for antiviral therapies that can be effective towards SARS-CoV-2, its 

current and future variants, as well as other coronaviruses and similar respiratory viruses2,3.  

SARS-CoV-2 is a membrane-enveloped virion that possesses an array of homotrimers of 

spike (S) glycoproteins on its surface4. It is the receptor binding domain (RBD) of these S 

proteins that mediate SARS-CoV-2 entry into human cells, when the RBD of the S protein binds 

to angiotensin-converting enzyme 2 (ACE2) on the target cell’s surface5. With the S protein 

being the major antigenic target on the virus for neutralizing or protective antibodies, several 

research groups have aimed to utilize and take advantage of SARS-CoV-2’s ACE2-tropism, by 

fabricating ACE2-Fc decoys that are able to neutralize the virus6-8. In general, this was carried 

out by either linking the entire ACE2 molecule to human IgG1-Fc9-12 or linking just the 

extracellular section of ACE2 to human IgG1-Fc6, 13-16. However, S proteins unfortunately only 

bind with a moderate affinity to ACE2, so these ACE2-decoys also possessed only modest 

neutralizing capabilities6,7. Thus, we sought out to improve the binding capacity of wildtype 
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(WT) ACE2 to the virus. Through cryo-electron microscopy, it is known that for SARS-CoV-1, 

an earlier coronavirus similar in structure to SARS-CoV-2, that around 50-100 S proteins are 

present on the virion surface, with an average of ~15nm between proteins17. Even within 

individual homotrimer S proteins, there exists a considerable distance between any two of the 

three S proteins, which thus limits the ability of a singular antibody or ACE2-conjugate to bind 

to two different S proteins simultaneously. In order to increase the likelihood of bivalent binding 

of separate S proteins, we created what we termed an ACE2-linker-Fc (ACE2-(G4S)6-Fc) 

molecule. To create this molecule, we replaced the VH-CH1 domain of the standard IgG1 Fab 

with the extracellular segment of ACE2 and then also included a 30 amino acid flexible linker 

between the ACE2 portion and CH218. This flexible linker was designed and intended to expand 

the reach and range of the molecule, thus increasing binding affinity.  

In this chapter, the ACE2-linker-Fc molecule is analyzed and characterized and is shown 

to be able to bind to several different variants of SARS-CoV-2 S proteins, as well as whole, 

inactivated SARS-CoV-2 virus, virus-like particles (VLPs), and pseudoviruses representing 

variants of SARS-CoV-2 virions. In addition, the ACE2-linker-Fc molecule is shown to be 

structurally stable and able to retain binding affinity for over 35 days when stored at 4oC. ACE2-

linker-Fc, as well, does not significantly lose binding affinity when binding occurs at human 

body temperature (37oC), lending to its ability to be a promising antiviral therapeutic candidate 

for treating SARS-CoV-2, its variants, and other emerging viruses that employ ACE2 as an entry 

receptor.  
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1.2 Materials and Methods 

1.2.1 ELISAs 

 1.2.1.1 S protein ELISAs 

S protein ELISA binding assays were performed using 96 well half-area plates 

(Fisher Scientific, Costar 3690) coated with 0.5ug/mL of S protein and incubated 

overnight at 4oC. ELISA plates were blocked the following day with 5% (w/v) milk 

(LabScientific MSPP-M0841) with Tween 20 (Fisher Scientific BP337-100) at a 1:2000 

dilution at room temperature for one hour. Samples were diluted in 1% (w/v) milk with 

Tween 20 at a 1:10,000 dilution and plated once the blocking had commenced and the 

5% milk had been discarded. Samples were incubated at room temperature for 1hr, and 

the solution was discarded after the 1hr incubation. Plates were then washed with PBS 

containing Tween 20 at a 1:2000 dilution four times. A peroxidase-conjugated goat anti-

human IgG Fc antibody (Rockland 709-1317) was diluted in 1% milk with Tween 20 at a 

1:5000 dilution, plated, and incubated at room temperature for 1hr. The solution was then 

discarded and washed with PBS with Tween 20 two times, followed by washing with just 

PBS two more times. Plates were developed with TMB solution (ThermoFisher 34029), 

and development was stopped by adding 2N HCl (Sigma-Aldrich 320331). The 

absorbance at 450nm and 595nm was then measured with a microplate photodetector 

(Fisher Scientific, accuSkan FC).  

1.2.1.2. Pseudovirus ELISAs 

Pseudovirus ELISA binding assays were performed using 96 well half-area plates 

(Fisher Scientific, Costar 3690) coated with 0.05uL pseudovirus/well and incubated 

overnight at 4oC. ELISA plates were blocked the following day with 5% (w/v) milk 
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(LabScientific MSPP-M0841) with Tween 20 (Fisher Scientific BP337-100) at a 1:2000 

dilution at room temperature for one hour. Samples were diluted in 1% (w/v) milk with 

Tween 20 at a 1:10,000 dilution and plated once the blocking had commenced and the 

5% milk had been discarded. Samples were incubated at room temperature for 1hr, and 

the solution was discarded after the 1hr incubation. Plates were then washed with PBS 

containing Tween 20 at a 1:2000 dilution four times. A peroxidase-conjugated goat anti-

human IgG Fc antibody (Rockland 709-1317) was diluted in 1% milk with Tween 20 at a 

1:5000 dilution, plated, and incubated at room temperature for 1hr. The solution was then 

discarded and washed with PBS with Tween 20 two times, followed by washing with just 

PBS two more times. Plates were developed with TMB solution (ThermoFisher 34029), 

and development was stopped by adding 2N HCl (Sigma-Aldrich 320331). The 

absorbance at 450nm and 595nm was then measured with a microplate photodetector 

(Fisher Scientific, accuSkan FC).  

1.2.1.3 Inactivated whole virus ELISAs 

 The following reagent was deposited by the Centers for Disease Control and 

Prevention and obtained through BEI Resources, NIAID, NIH: SARS-Related 

Coronavirus 2, Isolate USA-WA1/2020, Heat Inactivated, NR-52296. Inactivated whole 

virus ELISA binding assays were performed using 96 well half-area plates (Fisher 

Scientific, Costar 3690) coated with 1uL inactivated whole virus/well and incubated 

overnight at 4oC. ELISA plates were blocked the following day with 5% (w/v) milk 

(LabScientific MSPP-M0841) with Tween 20 (Fisher Scientific BP337-100) at a 1:2000 

dilution at room temperature for one hour. Samples were diluted in 1% (w/v) milk with 

Tween 20 at a 1:10,000 dilution and plated once the blocking had commenced and the 
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5% milk had been discarded. Samples were incubated at room temperature for 1hr, and 

the solution was discarded after the 1hr incubation. Plates were then washed with PBS 

containing Tween 20 at a 1:2000 dilution four times. A peroxidase-conjugated goat anti-

human IgG Fc antibody (Rockland 709-1317) was diluted in 1% milk with Tween 20 at a 

1:5000 dilution, plated, and incubated at room temperature for 1hr. The solution was then 

discarded and washed with PBS with Tween 20 two times, followed by washing with just 

PBS two more times. Plates were developed with TMB solution (ThermoFisher 34029), 

and development was stopped by adding 2N HCl (Sigma-Aldrich 320331). The 

absorbance at 450nm and 595nm was then measured with a microplate photodetector 

(Fisher Scientific, accuSkan FC). 

1.2.1.4 VLP ELISAs 

VLP ELISA binding assays were performed using 96 well half-area plates (Fisher 

Scientific, Costar 3690) coated with 0.25uL Cov2 gag mCherry/well and incubated 

overnight at 4oC. ELISA plates were blocked the following day with 5% (w/v) milk 

(LabScientific MSPP-M0841) with Tween 20 (Fisher Scientific BP337-100) at a 1:2000 

dilution at room temperature for one hour. Samples were diluted in 1% (w/v) milk with 

Tween 20 at a 1:10,000 dilution and plated once the blocking had commenced and the 

5% milk had been discarded. Samples were incubated at room temperature for 1hr, and 

the solution was discarded after the 1hr incubation. Plates were then washed with PBS 

containing Tween 20 at a 1:2000 dilution four times. A peroxidase-conjugated goat anti-

human IgG Fc antibody (Rockland 709-1317) was diluted in 1% milk with Tween 20 at a 

1:5000 dilution, plated, and incubated at room temperature for 1hr. The solution was then 

discarded and washed with PBS with Tween 20 two times, followed by washing with just 
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PBS two more times. Plates were developed with TMB solution (ThermoFisher 34029), 

and development was stopped by adding 2N HCl (Sigma-Aldrich 320331). The 

absorbance at 450nm and 595nm was then measured with a microplate photodetector 

(Fisher Scientific, accuSkan FC). 

1.2.1.5 37°C ELISAs 

 

Two ELISAs were carried out at the same time in order to analyze if there would 

be a difference between binding affinity at 25°C (RT) and 37°C. ELISA binding assays 

were performed using 96 well half-area plates (Fisher Scientific, Costar 3690) coated 

with 0.5ug/mL of S protein and incubated overnight at 4oC. ELISA plates were blocked 

the following day with 5% (w/v) milk (LabScientific MSPP-M0841) with Tween 20 

(Fisher Scientific BP337-100) at a 1:2000 dilution at room temperature for one hour. 

Samples were diluted in 1% (w/v) milk with Tween 20 at a 1:10,000 dilution and plated 

once the blocking had commenced and the 5% milk had been discarded. Samples were 

incubated at room temperature for 2hr or at 37°C for 2hr, and the solution was discarded 

after the 2hr incubation. Plates were then washed with PBS containing Tween 20 at a 

1:2000 dilution four times. A peroxidase-conjugated goat anti-human IgG Fc antibody 

(Rockland 709-1317) was diluted in 1% milk with Tween 20 at a 1:5000 dilution, plated, 

and incubated at room temperature for 1hr. The solution was then discarded and washed 

with PBS with Tween 20 two times, followed by washing with just PBS two more times. 

Plates were developed with TMB solution (ThermoFisher 34029), and development was 

stopped by adding 2N HCl (Sigma-Aldrich 320331). The absorbance at 450nm and 

595nm was then measured with a microplate photodetector (Fisher Scientific, accuSkan 

FC). 
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1.2.2 Native-PAGE gels 

 Samples were prepared using the NativePAGE Sample Prep Kit (ThermoFisher, 

Invitrogen BN2008). 5ug of sample was mixed with 2.5uL of 4X Sample Buffer, 0.5uL 5% G-

250 Sample Additive, and water to fill up to 10uL. The 10uL per sample was loaded into the 

wells of a NativePAGE 3 to 12%, bis-tris, 1.0mm, mini protein gel (ThermoFisher, Invitrogen 

BN1001BOX) and this gel was then inserted into a protein gel box. 10uL of NativeMark 

Unstained Protein Standard (ThermoFisher, Invitrogen LC0725) is loaded as the ladder. 1X 

NativePAGE Dark Blue Cathode Buffer was added to the upper cathode buffer chamber, and 1X 

NativePAGE Anode Buffer was added to the lower anode buffer chamber. 1X NativePAGE 

Dark Blue Cathode Buffer was made by adding 50mL of 20X NativePAGE Running Buffer 

(ThermoFisher, Invitrogen BN2001) and 50mL 20X NativePAGE Cathode Additive 

(ThermoFisher, Invitrogen BN2002) to 900mL DI water. 1X NativePAGE Anode Buffer was 

made by adding 50mL of 20X NativePAGE Running Buffer to 950mL DI water.  

The gel is then run at 150V for 1h30m. After run time is completed, the gel is extracted 

and is placed in 100mL Fix solution (40% methanol (Fisher, 412-4), 10% acetic acid (Fisher, 

A38-212)) and microwaved for 45s. The gel is placed on a shaker and shaken for 15m at RT, 

after which the Fix solution is discarded. 100mL of Destain Solution (8% acetic acid) is added 

and microwaved for 45s. The gel is then shaken at room temperature for 1h and then imaged on a 

white screen.  
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1.3 Results 

1.3.1 Binding of ACE2-linker-Fc to S protein  

 The ACE2-(G4S)6-Fc, or ACE2-linker-Fc, molecule was one that had previously been 

designed and produced in-house. The estimated distance between RBDs on the same SARS-

CoV-2 spike (S) protein range from 60 to 100 Å when all three RBDS are in the “up” 

conformation18. Thus, in order to span that distance, as well as to add flexibility to the molecule, 

a (GGGGS)6 flexible linker with a length of ~10nm was added in between the extracellular 

ACE2 fragment and the IgG1-Fc of ACE2-Fc decoys that several other groups had previously 

fabricated18 (Figure 1.1A). This flexible linker thus allows for bivalent binding of the S protein 

to occur, and since the linker resides on each of the two heavy chains, the two ACE2 fragments 

of ACE2-linker-Fc can theoretically extend distances nearly twice the linker length (Figure 

1.1B)18. Through size exclusion chromatography/multi-angle light scattering (SEC/MALS), the 

molecular weight (MW) of ACE2-linker-Fc is ~212 kDa18. The molecule is largely found in its 

monomeric form (~91%) after protein A purification, with aggregates and oligomers of the 

protein making up the remainder18. 

 

 

 

 

 

 

 

 

 



 

   9 

  

Figure 1.1 Computational models of ACE2-linker-Fc and its binding to S protein 

A) ACE2 extracellular fragment linked to human IgG1-Fc with a 30 amino acid glycine-serine 

flexible linker (ACE2-(G4S)6-Fc). The flexible linker is shown in gray and allows for an 

extended reach of the ACE2 domains on the S protein. 

B) ACE2-linker-Fc bivalently binding to two ACE2 domains on the SARS-CoV-2 S protein, 

which would not be possible without the flexible linker. The three RBDs per S protein are shown 

in shades of red.  

 
Reprinted from Tiruthani, K. et al. Engineering a “muco-trapping” ACE2-immunoglobulin 

hybrid with picomolar affinity for topical immunotherapy against SARS-CoV-2. To be 

submitted; used with permission 

 

 

 To assess the ability of ACE2-linker-Fc to bind to the SARS-CoV-2 S protein, we first 

carried out an ELISA to measure the binding affinity of the molecule to the S protein of WT 

strain USA-WA1/2020. We also included ACE2-Fc as well as full length ACE2-decoy 

(ACE2(740)-Fc, abbreviated as 2089). It was consistenly shown that among the three ACE2-

decoys that were tested, ACE2-linker-Fc showed the highest binding affinity (Figure 1.2A). 

ACE2-linker-Fc exhibited picomolar EC50, with a mean of 246 pM, while in contrast, ACE2-Fc 

and 208 possessed a mean EC50 of 10.49 nM and 15.12 nM, respectively (Figure 1.2B). These 

results show that ACE2-linker-Fc binds to the WT SARS-CoV-2 S protein with a significantly 

higher binding affinity than other ACE2-decoys and underlines the ability of the molecule to be 

an effective protein therapeutic. 

 

A B 
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Figure 1.2 ELISAs of ACE2-decoys binding to WT SARS-CoV-2 S protein 

A) ELISA binding curves comparing ACE2-linker-Fc to ACE2-Fc and ACE2(740)-Fc (208). 

B) Molar EC50s of ELISA curves are plotted, and the mean is designated with a line. ACE2-

linker-Fc, ACE2-Fc, and 208 are shown to possess mean EC50s of 246 pM, 10.49 nM, and 15.12 

nM, respectively. 

 

1.3.2 Structural and molecular stability of ACE2-linker-Fc 

 Now that it had been shown that ACE2-linker-Fc bound to WT SARS-CoV-2 S protein 

with high, picomolar affinity, we wanted to determine the stability of the molecule at 4oC over 

time. We carried out a stability study, which involved performing Native-PAGE and ELISA 

every 7 days for 35 days, in order to assess potential changes or losses in protein structure, 

conformation, and binding affinity. The ACE2-linker-Fc molecule resides in buffer that is 

comprised of 20 mM His, 20 mg/mL sucrose, 0.2% polysorbate 80, 130 mM NaCl, and is pH-

adjusted to 6.2.  

Across the 35 days, it was shown that the ACE2-linker-Fc protein retained its structure 

and conformation and also did not present significant changes in its binding affinity (Figure 1.3). 

The ACE2-linker-Fc molecule presents as a single band on Native-PAGE, displaying that there 
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are no aggregates, and confirming its monomeric form. The protein runs at a MW of ~350 kDa, 

and throughout the 35 days, the ACE2-linker-Fc molecule ran as a single band at ~350 kDa, 

suggesting that the molecule has not sustained any substantial molecular or structural changes, 

and also has not significantly aggregated in solution (Figure 1.3A). The ELISAs performed 

throughout the 35-day stability study show that binding affinity is not significantly altered or 

decreased throughout the 5-week study, with the EC50 beginning at 0.97 nM and ending at 1.24 

nM, indicating only a very slight decrease in binding affinity that is not statistically significant 

(Figure 1.3B-C). These results are promising, in that they show that the ACE2-linker-Fc 

molecule is stable at 4oC for over one month, lending to the practicality and ease of storage and 

usage of the protein.  
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Figure 1.3 Stability assays of ACE2-linker-Fc at 4oC 

A) Native-PAGE of ACE2-linker-Fc in buffer at 4oC, performed every week for 5 weeks. The 

values on the leftmost side displays the MW in kDa. The protein ran as a single band at the same 

MW (~350kDa) for all 5 weeks and also did not show signs of aggregation or structural changes.  

B) ELISA binding curves of ACE2-linker-Fc. ELISAs were performed every week for 5 weeks. 

C) EC50s of the curves shown in (B) are plotted. The beginning EC50 on Day 1 is 0.97 nM, while 

the ending EC50 on Day 35 is 1.24 nM, displaying a very slight decrease in binding affinity that 

is not statistically significant.   
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 Next, we aimed to see if our ACE2-linker-Fc molecule was capable of binding different 

SARS-CoV-2 variants, since this is the major advantage of ACE2 decoys over conventional 
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(UK) and B.1.351 (SA) S proteins using ELISA. These two variants were some of the first to be 

identified and possess known escape mutations that may make these variants exempt from 

10-12 10-11 10-10 10-9 10-8 10-7

0

1

2

3

4

Concentration (Molar)

A
b

s
o

rb
a
n

c
e

Day 1

Day 14

Day 21

Day 28

Day 35

Day 7

A 

B 
C 

Day 1 Day 7 Day 14 Day 21 Day 28 Day 35 

D
ay

 1

D
ay

 7

D
ay

 1
4

D
ay

 2
1

D
ay

 2
8

D
ay

 3
5

10-10

10-9

10-8

E
C

5
0
 (

M
o

la
r)



 

   13 

vaccines and current therapeutics19. Both variants have ~50% increased transmission, and this is 

likely due to the mutations present in the S protein of the variants20. The N501Y mutation within 

the RBD that is seen in both the UK and SA variants may influence viral binding and aid the 

virus in infecting cells more efficiently and thus spreading more rapidly21. ACE2-linker-Fc was 

indeed able to bind these two variants with strong binding affinity, and the binding affinities 

were highly comparable, as well, with median EC50s for WT, UK, and SA all falling between 

310 and 550 pM (Figure 1.4A-B).  

 

 

Figure 1.4 ACE2-linker-Fc binding to S protein variants 

A) ELISA binding curves of ACE2-linker-Fc to USA-WA1/2020 (WT), B.1.1.7 (UK), and 

B.1.351 (SA) S proteins. ACE2-linker-Fc successfully binds WT and two variants with 

competent and comparable binding affinity. 

B) EC50s of ELISA results are plotted, with the median designated with a line. The median 

EC50s for WT, UK, and SA S proteins are highly comparable, with EC50s for all falling between 

310 and 550 pM. 

 

For comparison, we also measured the binding ability of RGN10989, a mAb created by 

Regeneron that is included in its cocktail that received Emergency Use Authorization (EUA) by 

the FDA and that has recently been approved by Japan as the first country to allow the use of the 

cocktail for treatment of mild to moderate SARS-CoV-2 infection22,23. RGN10989 was able to 
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bind WT and UK S proteins with satisfactory and comparable binding affinity to ACE2-linker-

Fc, however, it failed to bind to the SA S protein (Figure 1.5). These results underline the 

effectiveness and utility of ACE2-linker-Fc to bind and neutralize current and inevitable future 

SARS-CoV-2 variants. 

 

Figure 1.5 RGN10989 binding to S protein variants 

RGN10989 mAb binds to USA-WA1/2020 (WT) and B.1.1.7 (UK) S proteins but fails to bind to 

B.1.351 (SA) variant S protein. The EC50s for the WT and UK binding curves are 255 pM and 

195 pM, respectively. 

 

1.3.4 Binding of ACE2-linker-Fc to inactivated whole virus, virus-like particle, and 

pseudoviruses 

 We next sought to evaluate whether ACE2-linker-Fc was able to bind to whole virus and 

other virus substitutes, as up to this point, we had only measured the ability of the molecule to 

bind to S protein. By altering a previously utilized virus-like particle (VLP) that had been 

designed to mimic HIV, we created a SARS-CoV-2-based lentivirus we termed Cov2 GAG 

mCherry (cotransfection of pGAG-mCherry plasmid and Cov2 S protein plasmid in 1:1 ratio) 

that had WT S protein present on the surface24. Using ELISA, we measured the binding affinity 

of ACE2-linker-Fc to the Cov2 gag mCherry VLP. ACE2-linker-Fc was able to bind the VLP 

with a high binding affinity (EC50=728.7 pM) that was comparable to the binding affinities 
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obtained when binding occurred on just S proteins (Figure 1.6A). Next, we measured the binding 

affinity of ACE2-linker-Fc to pseudoviruses (PsVs) that had previously been shown to efficiently 

infect cells that expressed ACE220. PsVs possessing WT, UK, and SA S proteins were created, 

and ELISAs were performed to assess binding affinity. ACE2-linker-Fc bound to all three PsVs 

with EC50s of 150.1 nM, 32.83 nM, and 19.11 nM for WT, UK, and SA PsVs, respectively 

(Figure 1.6B). Finally, we obtained heat inactivated USA-WA1/2020 (WT) whole SARS-CoV-2 

virus and performed an ELISA with ACE2-linker-Fc to once again assess binding affinity. The 

molecule was able to successfully bind to the inactivated whole SARS-CoV-2 virus with an 

adequate binding affinity, possessing an EC50 of 54.4 nM (Figure 1.6C).  

These results show the promise and potential of ACE2-linker-Fc being a functional and 

practical protein therapeutic, as it is not only able to bind just S protein with high binding 

affinity, but also virus substitues and even inactivated whole SARS-CoV-2 virus with high, pico- 

and nanomolar affinity.  
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Figure 1.6 ACE2-linker-Fc binding to VLP, PsVs, and whole inactivated SARS-CoV-2 

virus 

A) ELISA binding curve of ACE2-linker-Fc to Cov2 GAG mCherry VLP. The EC50 of the curve 

is 728.7 pM.  

B) ELISA binding curve of ACE2-linker-Fc to WT, UK, and SA PsVs. The EC50s of the WT, 

UK, and SA curves are 150.1 nM, 842.8 nM, and 19.11 nM, respectively. 

C) ELISA binding curve of ACE2-linker-Fc to inactivated whole WT SARS-CoV-2 virus. The 

EC50 of the curve is 54.4 nM. 

 

1.3.5 Binding affinity of ACE2-linker-Fc at 37oC 

 Finally, as an additional measure of practicality, we conducted an ELISA at body 

temperature, 37°C, to assess whether binding affinity is altered or decreased at an appropriate 

physiological temperature. ACE2-linker-Fc binding affinity to WT S protein was evaluated in 

parallel at room temperature, 25°C, and at body temperature, 37°C, and it was found that the 

EC50s for both were highly comparable (EC50 at 25°C=357.3 pM and at 37°C=951.3 pM) (Figure 
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1.7A-B). Though the binding affinity at 37°C was lower than at 25°C, the decrease was slight 

and not statistically significant, and still presented a very adequate binding affinity.  

 Thus, if ACE2-linker-Fc were present in the human body, its binding affinity would not 

be impeded by the higher temperatures present in the body. These results lend more precedence 

to the suggestion that ACE2-linker-Fc may be an effective, practical, and realistic therapeutic for 

treating SARS-CoV-2. 

 

 

Figure 1.7 ACE2-linker-Fc binding to WT S protein at 25°C versus 37°C 

A) ELISA binding curves of ACE2-linker-Fc binding to WT S protein at 25°C and 37°C. 

B) The EC50s of the binding curves in (A) are plotted. The EC50s of binding occurring at 25°C 

and 37°C are 357.3 pM and 951.3 pM, respectively (SD=0.30 nM).  

 

1.4 Discussion 

Here we have analyzed and characterized the ACE2-linker-Fc (ACE2-(G4S)6-Fc) 

molecule that may serve to be an effective, efficient, and practicle protein therapeutic against 

SARS-CoV-2. Though there have been many neutralizing mAbs that have been identified and 

even several that have received Emergency Use Authorization (EUA) by the FDA, these mAbs 

are proven to be ineffective against viral escape mutants. Though these neutralizing mAbs also 

possess high, picomolar binding affinities to S protein and have been shown to be effective at 

preventing serious SARS-CoV-2 infection, their neutralizing abilities are entirely lost when 
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presented with a mutated virus variant. These mutated variants, however, still retain ACE2 

binding ability.  

In an effort to avoid escape mutants, some groups have chosen to focus on cocktails of 

neutralizing mAbs that target distinct structural epitopes of the SARS-CoV-2 virus. Though the 

possibility of viral escape is indeed reduced through utilizing this combination approach, the 

opportunity of viral mutants to escape both or all mAbs comprising the cocktail still exists. For 

instance, a single amino acid mutation (E406W) rendered the Regeneron REGN-COV2 cocktail 

that received EUA by the FDA ineffective, even though both mAbs in the cocktail targeted 

different, distinct structural epitopes25. In another occurrence, Eli Lilly’s mAb cocktail, currently 

in phase III clinical trials, displayed a >45-fold and >511-fold decline in pseudovirus 

neutralization potency against the South African (B.1.351) and Brazil (P.1) variants, 

respectively18. 

Considering the highly prevalent issue of escape mutants, as well as the difficulties and 

tremendous efforts required to push a molecule through clinical trials, it became paramount to 

create one single mAb that could prevent viral escape. Molecules that target ACE2, or ACE2-

decoys, are able to bind to, and thus neutralize, all viruses that utilize ACE2 as its entry receptor, 

which includes SARS-CoV-2 along with its similarly highly contagious and pandemic-potential 

sister, SARS-CoV-1. Many groups have designed and produced their interpretations of ACE2-

decoys, including engineering variants of ACE2 via mutant library screening6,7,9, as well as 

creating dimeric, trimeric16,26, and even tetrameric13 ACE2-Fc molecules. Instead of focusing on 

joining multiple ACE2 fragments together, however, we shifted our attention to perfecting a 

length of linker between extracellular ACE2 and Fc, thus originating the 30 amino acid glycine-

serine linker ((G4S)6). 
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The Fc portion of the ACE2-linker-Fc molecule design is purposeful, as well. The SARS-

CoV-2 virus infects the apical side of airway epithelium (the airway lumen) and mainly sheds 

progeny viruses back into the airway mucus (AM) that coats the epithelium27. Due to this 

mechanism, crosslinking shed viruses to the mucins that make up AM may trap the virus in the 

mucin matrix until the mucus, along with the virus, is expelled either via natural mucociliary 

actions or via coughing28. Previous work from our group shows that the Fc domain of IgG1 

possesses a weak affinity to mucins that, when enabled in large quantities, facilitates potent 

“muco-trapping” of viruses in mucus28-30. The ACE2-linker-Fc molecule can thus aid in the 

treatment of SARS-CoV-2 via binding and neutralization, as well as via muco-trapping 

mechanisms.  

ACE2-linker-Fc has been shown to bind to WT SARS-CoV-2 S protein with a high 246 

pM affinity, as well as being able to bind to the UK (B.1.1.7) and SA (B.1.351) variants with 

similar, high picomolar affinity. Not only does ACE2-linker-Fc bind to S protein with a strong 

affinity, but it is also able to bind to SARS-CoV-2 virus substitutes (VLP and variant PsVs), as 

well as inactivated whole SARS-CoV-2 virus (EC50=54.4 nM) with nanomolar affinity. The 

molecule is stable in solution at 4oC and retains its structural and molecular composition after 35 

days, and binding affinity is also not significantly reduced within those 5 weeks. In addition, 

binding affinity of ACE2-linker-Fc to WT S protein is not significantly decreased when binding 

occurs at body temperature, 37oC, lending to the potential of the molecule to retain effective 

binding and neutralization capacity when administered in the body. Further data on 

neutralization and in vivo work that has been collected by our group that will be submitted for 

publication soon shows more promise for the realistic efficacy of ACE2-linker-Fc: ACE2-linker-

Fc neutralizes SARS-CoV-2 pseudovirus with an average IC50 of 52 ng/mL, which is a nearly 5-
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fold and 6-fold greater potency than ACE2-Fc and ACE2(740)-Fc (208), respectively18. 

Neutralization potency of ACE2-linker-Fc has also shown to be very promising when evaluated 

with live SARS-CoV-2 WT and variants, as well18. ACE2-linker-Fc has also shown to have in 

vivo success, with treatment of the molecule resulting in a ~10-fold reduction in viral load in the 

nasal turbinate tissues of hamsters18.  

These results emphasize the advantages, high effectiveness, and practicality of the ACE2-

linker-Fc molecule in treating SARS-CoV-2 infections. Not only is this molecule a compelling 

candidate for treating SARS-CoV-2, however, the molecule is capable of almost universal ACE2 

target treatment, due to its deliberate and intentional design. This molecule can benefit from 

more testing with additional variants, especially the Delta variant (B.1.617.2) that has recently 

become of high interest due to its ability to evade current authorized vaccines and treatments. In 

addition, more in vivo work is ongoing, as well. The matter of how best to administer the ACE2-

linker-Fc molecule is also a crucial topic to examine, one which will be discussed further in the 

following chapter.  
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CHAPTER 2: STABLE NEBULIZATION OF ACE2-LINKER-FC 

2.1 Introduction 

The delivery of proteins to the lung via nebulization has increasingly become of interest 

in the last two decades and has begun to be explored as an effective and advantageous method of 

administering therapeutics31. Protein therapeutics have historically been administered 

parenterally, though this systemic route approach has proven to be inefficient at delivering drugs 

to the lungs32. Protein therapeutics also cannot withstand oral ingestion, as the harsh pH 

environment of the gastrointestinal tract degrades the protein33. Injectable formulations avoid the 

degradation and instability issues that are caused via the oral route, however, a high systemic 

concentration of the protein or antibody is required to achieve the desired therapeutic effects at 

the target location34. Thus, there remains an urgent need for therapeutics that deliver directly and 

locally to the lungs for increased efficacy in treating respiratory diseases. 

Direct delivery of antibodies to the lungs allows for lower doses of inhaled protein to 

possess therapeutic results that are equivalent or even superior to the high doses that are required 

for systemic administration35. Though higher pulmonary levels of protein therapeutics can be 

accomplished through nebulization, there are some disadvantages that arise from drug 

administration via inhalation, one being that antibodies and other proteins are cleared from the 

lungs within 24 hours, whereas antibodies in the plasma can circulate for 3 weeks or more36. 

Nevertheless, nebulization is non-invasive, able to be self-administered, and has proven to be 

exceptionally safe, and as such, remains a viable and promising method of protein therapeutic 

administration32,37. 
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Nebulizers are one of three primary categories of aerosol delivery systems – the other two 

being metered dose inhalers (MDIs) and dry powder inhalers (DPIs) – and have been preferred 

over other techniques due to the solubility of the protein and relatively straightforward and 

uncomplicated formulation38,39. Nebulizers create aerosol droplets from a liquid solution of the 

specific drug, and these nebulized formulations are also less expensive to manufacture and test, 

since the production process for these formulations does not include extra drying steps that 

formulations for other devices require32,40. However, prolonged storage of proteins in a liquid 

formulation can lead to instability issues, such as degradation and aggregation of the therapeutic 

protein40. Additionally, the process of nebulization requires the protein to be put under physical 

stresses, such as shearing forces and heat, as well as the air-liquid interface (ALI), which could 

also alter the conformation and structure of the protein through denaturation, chemical 

modification, and aggregation31,32. However, there are common and simple strategies for 

stabilizing liquid protein formulations (such as utilizing surfactants, sugars, and salts) to avoid 

aggregation and prolong protein stability in solution41. In addition, there exists nebulizer devices, 

such as vibrating mesh nebulizers (VMNs), that employ processes that do not change the 

solution temperature and also significantly reduce the amount of shear force and other physical 

stresses exerted on the protein, thus overcoming most of the shortcomings that are linked to 

nebulization42. 

Presently, over ten inhaled protein therapeutics are being evaluated in clinical trials (with 

one, Pulmozyme, on the market for treatment of cystic fibrosis) for an array of respiratory 

diseases, including asthma, cystic fibrosis, COPD, lung cancer, and COVID-1931. Certainly, 

since the rise of COVID-19, there has been an increased interest in the use of inhaled protein 

therapeutics for the treatment of viral respiratory diseases, and has raised the possibility of 
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treating COVID-19 with aerosol therapy37. In this chapter, we assess the ability of ACE2-linker-

Fc to be stably nebulized with a vibrating mesh nebulizer, and its potential to be an effective 

therapeutic against SARS-CoV-2. 

 

2.2 Materials and Methods 

2.2.1 Glass impinger nebulization 

Nebulization was carried out by Dr. Ian Stewart of RTI International. An Innospire Go 

(Philips, USA) vibrating mesh nebulizer was utilized. The glass twin impinger experiments were 

performed generally according to US Pharmacopeia (USP) methods43. The nebulizer was 

actuated and vacuum was pulled at 60 L/min for 1 min. In order to collect sufficient drug, the 

glass impinger was run dry without any collection liquid. After the 1 min experiment, the upper 

chamber and lower chamber were washed with 2 and 5 mL buffer respectively. Samples were 

stored at 4 °C until ready for analysis. 

2.2.2 NGI nebulization 

Nebulization was carried out by Dr. Ian Stewart of RTI International. An Innospire Go 

(Philips, USA) vibrating mesh nebulizer was utilized. Inertial Impaction was performed using a 

Next Generation Impactor (NGI; Copley, USA) generally following the procedure in USP 

<1601>43. Briefly, the nebulizer was loaded with the mAb solutions and attached to the inlet of 

the NGI via custom mouthpiece adaptor (made from silicone). A solenoid valve was connected 

in line between the NGI and vacuum pump and set for 60 seconds. Vacuum was pulled at 15 

L/min. The nebulizer was actuated and the vacuum/solenoid was engaged. The aerosol from the 

nebulizer was deposited on the stages of the impactor and washed via appropriate buffer for 5 

minutes. Samples were stored at 4 °C until assayed.  
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2.2.3 Native-PAGE gels with silver staining 

 Samples were prepared using the NativePAGE Sample Prep Kit (ThermoFisher, 

Invitrogen BN2008). 400ng of sample was mixed with 2.5uL of 4X Sample Buffer, 0.5uL 5% G-

250 Sample Additive, and water to fill up to 10uL. The 10uL per sample was loaded into the 

wells of a NativePAGE 3 to 12%, bis-tris, 1.0mm, mini protein gel (ThermoFisher, Invitrogen 

BN1001BOX) and this gel was then inserted into a protein gel box. 10uL of NativeMark 

Unstained Protein Standard (ThermoFisher, Invitrogen LC0725) is loaded as the ladder. 1X 

NativePAGE Dark Blue Cathode Buffer was added to the upper cathode buffer chamber, and 1X 

NativePAGE Anode Buffer was added to the lower anode buffer chamber. 1X NativePAGE 

Dark Blue Cathode Buffer was made by adding 50mL of 20X NativePAGE Running Buffer 

(ThermoFisher, Invitrogen BN2001) and 50mL 20X NativePAGE Cathode Additive 

(ThermoFisher, Invitrogen BN2002) to 900mL DI water. 1X NativePAGE Anode Buffer was 

made by adding 50mL of 20X NativePAGE Running Buffer to 950mL DI water.  

The gel is then run at 150V for 1h30m. After run time is completed, the gel is extracted. 

To carry out the silver staining, we utilized the Pierce Silver Stain Kit (ThermoFisher, 24612), 

where the manufacturer protocol is followed. The gel is then imaged on a white screen. 

2.2.4 S protein ELISAs 

S protein ELISA binding assays were performed using 96 well half-area plates (Fisher 

Scientific, Costar 3690) coated with 0.5ug/mL of S protein and incubated overnight at 4oC. 

ELISA plates were blocked the following day with 5% (w/v) milk (LabScientific MSPP-M0841) 

with Tween 20 (Fisher Scientific BP337-100) at a 1:2000 dilution at room temperature for one 

hour. Samples were diluted in 1% (w/v) milk with Tween 20 at a 1:10,000 dilution and plated 

once the blocking had commenced and the 5% milk had been discarded. Samples were incubated 
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at room temperature for 1hr, and the solution was discarded after the 1hr incubation. Plates were 

then washed with PBS containing Tween 20 at a 1:2000 dilution four times. A peroxidase-

conjugated goat anti-human IgG Fc antibody (Rockland 709-1317) was diluted in 1% milk with 

Tween 20 at a 1:5000 dilution, plated, and incubated at room temperature for 1hr. The solution 

was then discarded and washed with PBS with Tween 20 two times, followed by washing with 

just PBS two more times. Plates were developed with TMB solution (ThermoFisher 34029), and 

development was stopped by adding 2N HCl (Sigma-Aldrich 320331). The absorbance at 450nm 

and 595nm was then measured with a microplate photodetector (Fisher Scientific, accuSkan FC).  

 

2.3 Results 

2.3.1 Nebulization of ACE2-linker-Fc 

There are three main classes of nebulizers: jet, ultrasonic, and mesh nebulizers, which 

produce aerosols via different physical processes, but all typically create droplets between 2 and 

5 μm44. It has been shown that droplets possessing median mass aerodynamic diameters that fall 

between 4 and 5 μm provide the most effective deposition into the lung airways45,46. Jet and 

ultrasonic nebulizers, however, run into two considerable concerns. Both nebulizers employ 

several rounds of droplet recirculation in their nebulization process, which promotes protein 

aggregation and denaturation47,48. Aggregated proteins are a common concern with inhaled 

delivery, as they could potentially induce anti-drug antibodies, thus causing unwanted 

immunogenicity49. Both jet and ultrasonic nebulizers also possess a considerable amount of 

“dead volume,” as well. Residual mass is around 30% of the actual loaded drug mass in 

ultrasonic nebulizers, and residual mass in jet nebulizers can reach 50%50,51. This substantial 
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amount of wasted volume and wasted drug product is extremely undesirable for efficacious drug 

delivery as well as the inevitable expensive cost of a protein therapeutic.  

 Vibrating mesh nebulizers (VMNs), in contrast, bypass these concerns. VMNs possess a 

vibrating mesh that is made up of conical holes, with the wider end on the liquid interface side. 

Aerosols are formed by pushing the liquid solution that contains the protein therapeutic through 

this vibrating mesh, with the resulting droplets being of a predictable size, since the diameter of 

droplets can be chosen and adjusted simply by changing the pore size of the vibrating mesh52. 

Unlike with jet and ultrasonic nebulizers, with VMNs, there is no need to recirculate the solution 

within the nebulizer, which greatly reduces the concerns of protein aggregation and 

denaturation53. VMNs have shown to facilitate excellent protein deposition in the lungs and also 

possess residual volumes of less than 10%54. As additional advantages, VMNs are small, 

portable, battery-powered, and easy-to-use.  

 For our purposes, we employed a Philips InnoSpire Go portable VMN to nebulize our 

ACE2-linker-Fc molecule. We nebulized the ACE2-linker-Fc molecule at two different 

concentrations, 10 mg/mL and 20 mg/mL. At 10 mg/mL, we collected the resulting aerosol 

droplets in a two-chamber (upper and lower) glass impinger setup, with the upper chamber 

capturing droplets > 6.4 μm and the lower chamber capturing droplets < 6.4 μm55 (Figure 2.1A). 

At the 20 mg/mL concentration, we once again collected the resulting aerosols in the glass 

impinger, but this time, also collected in a different particle sizing instrument called a Next 

Generation Impactor (NGI). This stainless steel instrument possess 8 trays, or chambers, that 

capture droplets of a wider and more discrete range of particle sizes (from 0.24 μm to 14.10 

μm)56 (Figure 2.1B). These instruments are mainly utilized to determine aerosol particle sizes.  

However, for our purposes, we focused less on the sizing features of the instruments and more on 
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their utility as collection vessels, to ensure we were able to collect and analyze protein that had 

undergone nebulization. Thus, we proceeded to characterize the post-nebulized ACE2-linker-Fc 

that we recovered from the chambers of both instruments.   

  

Figure 2.1 Images of glass impinger and NGI particle sizing instruments 

A) Image of the two-stage glass impinger. The upper chamber that captures aerosol droplets > 

6.4 μm is denoted with a circle. The lower chamber that captures aerosol droplets < 6.4 μm is 

denoted with a triangle. 

B) Image of the stainless steel Next Generation Impactor (NGI) that consists of 8 chambers 

(labeled). From left to right, the aerosol droplet size that is captured by each chamber decreases, 

with chamber 1 collecting droplets up to 14.10 μm and chamber 8 collecting droplets as small as 

0.24 μm.  

 
Reprinted from Hickey, A. J. & Stewart, I. E. Inhaled antibodies: Quality and performance 

considerations. Hum. Vaccin. Immunother. 1–10 (2021).; used with permission 

 

2.3.2 Structural and molecular changes of ACE2-linker-Fc post nebulization 

 First, we aimed to assess if the ACE2-linker-Fc molecule underwent any structural 

changes on a molecular or physical level due to nebulization. To assess this, we carried out 

Native-PAGE on post-nebulized ACE2-linker-Fc and compared these samples to ACE2-linker-

Fc that had not undergone nebulization. For both nebulization concentrations (10 mg/mL and 20 

mg/mL) and for both collection vessels (glass impinger and NGI), all proteins ran as a single 

band at an anticipated ~350 kDa MW and showed no observable differences between nebulized 
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and non-nebulized samples (Figure 2.2). It is important to note that in the instance of the 20 

mg/mL nebulization into the NGI, we have proceeded only with assaying sample recovered from 

chambers 2-5, as those are the chambers where appreciable protein concentration was recovered 

(with other chambers possessing <0.08 mg/mL of the protein). The Native-PAGE also served to 

show that there was no detectable aggregation of the protein post-nebulization, which was 

somewhat expected, as VMNs nebulize mAbs with significantly less aggregates, but was still an 

encouraging result to see53.  

 Our ACE2-linker-Fc molecule was able to undergo nebulization without accruing 

changes in its molecular or physical structure, and – equally as important – without causing 

aggregates. These results are promising, as it seems that nebulization via VMN does not 

significantly affect the protein in a way that compromises its architecture or design. 
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Figure 2.2 Native-PAGE of nebulized ACE2-linker-Fc 

A) Native-PAGE of ACE2-linker-Fc that was nebulized at 10 mg/mL into a glass impinger. The 

values on the left designate MW in kDa. From left to right, the lanes are as follows: ladder, 

upperA, lowerA, upperB, lowerB, upperC, lowerC. The “upper” and “lower” refers to which 

chamber the molecule was nebulized into and recovered from, and the superscript letter refers to 

the corresponding run, with n=3 (A, B, C) number of runs performed. The proteins ran at ~350 

kDa and showed no signs of aggregation or structural changes.  

B) Native-PAGE of ACE2-linker-Fc that was nebulized at 20 mg/mL into a glass impinger. The 

values on the left designate MW in kDa. From left to right, the lanes are as follows: ladder, 

unnebulized ACE2-linker-Fc, upperA, lowerA, upperB, lowerB, upperC, lowerC. The “upper” and 

“lower” refers to which chamber the molecule was nebulized into and recovered from, and the 

superscript letter refers to the corresponding run, with n=3 (A, B, C) number of runs performed. 

The proteins ran at ~350 kDa and showed no signs of aggregation or structural changes. The 

nebulized protein also did not display any discernible difference to the non-nebulized protein. 

C) Two Native-PAGEs of ACE2-linker-Fc that was nebulized at 20 mg/mL into an NGI. The 

values on the left designate MW in kDa. From left to right, the samples are as follows: ladder, 

unnebulized ACE2-linker-Fc, 2A, 3A, 4A, 5A, ladder, unnebulized ACE2-linker-Fc, 2B, 3B, 4B, 5B. 

The number (2-5) refers to which chamber the molecule was nebulized into and recovered from, 

and the superscript letter refers to the corresponding run, with n=3 (A, B, C) number of runs 

performed (run C not shown). The proteins ran at ~350 kDa and showed no signs of aggregation 

or structural changes. The nebulized protein also did not display any discernible difference to the 

non-nebulized protein. 
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2.3.3 Binding affinity of ACE2-linker-Fc post nebulization 

 Now that we had confirmed that ACE2-linker-Fc retains its structure after being 

nebulized, we next wished to determine if post-nebulized ACE2-linker-Fc maintained its binding 

affinity, as well. To ascertain this, ELISAs were performed on the same samples that had been 

analyzed with Native-PAGE. Across both nebulization concentrations and both collection 

vessels, EC50s of post-nebulized ACE2-linker-Fc was comparable to EC50s of ACE2-linker-Fc 

that had not been nebulized (Figure 2.3). For ACE2-linker-Fc that had been nebulized into a 

glass impinger at 10 mg/mL, the median EC50s for the non-nebulized protein, protein recovered 

from the upper chamber, and protein recovered from the lower chamber were 0.16 nM, 0.29 nM, 

and 0.15 nM, respectively (SD=0.06 nM) (Figure 2.3B), while the median EC50s for the 20 

mg/mL run were 0.80 nM, 1.04 nM, and 0.90 nM, respectively (SD=0.10 nM) (Figure 2.3D). For 

ACE2-linker-Fc that had been nebulized into an NGI at a 20 mg/mL concentration, the median 

EC50s for non-nebulized protein, protein recovered from chamber 2, chamber 3, chamber 4, and 

chamber 5 were 0.87 nM, 0.79 nM, 0.57 nM, 0.71 nM, and 0.74 nM, respectively (SD=0.10 nM) 

(Figure 2.3F).  

 The ACE2-linker-Fc molecule manages to retain its high binding affinity following 

nebulization, and at high nebulization concentrations, as well. These results are promising, in 

that they strongly suggest that ACE2-linker-Fc can be delivered via nebulization at high 

concentrations, and the nebulized protein will retain its high binding affinity, thus being a 

promising, efficient treatment of SARS-CoV-2.  
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Figure 2.3 ELISA binding curves and EC50s of nebulized ACE2-linker-Fc 

A) ELISA binding curves of non-nebulized and nebulized ACE2-linker-Fc binding to WT S 

protein. Displayed is ACE2-linker-Fc nebulized at 10 mg/mL into a glass impinger, either in the 

upper or lower chamber.  

B) EC50s of ELISA binding assays from (A) are plotted, with the median EC50 designated with a 

line. The median EC50s for non-nebulized ACE2-linker Fc, ACE2-linker-Fc from upper 

chamber, and ACE2-linker-Fc from lower chamber are 0.16 nM, 0.29 nM, and 0.15 nM, 

respectively. The SD is 0.06 nM.  

C) ELISA binding curves of non-nebulized and nebulized ACE2-linker-Fc binding to WT S 

protein. Displayed is ACE2-linker-Fc nebulized at 20 mg/mL into a glass impinger, either in the 

upper or lower chamber.  

D) EC50s of ELISA binding assays from (C) are plotted, with the median EC50 designated with a 

line. The median EC50s for non-nebulized ACE2-linker Fc, ACE2-linker-Fc from upper 
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chamber, and ACE2-linker-Fc from lower chamber are 0.80 nM, 1.04 nM, and 0.90 nM, 

respectively. The SD is 0.10 nM. 

E) ELISA binding curves of non-nebulized and nebulized ACE2-linker-Fc binding to WT S 

protein. Displayed is ACE2-linker-Fc nebulized at 20 mg/mL into an NGI, in chambers 2, 3, 4, 

or 5. 

F) EC50s of ELISA binding assays from (E) are plotted, with the median EC50 designated with a 

line. The median EC50s for non-nebulized ACE2-linker Fc, ACE2-linker-Fc from chamber 2, 

chanber 3, chamber 4, and chamber 5 are 0.87 nM, 0.79 nM, 0.57 nM, 0.71 nM, and 0.74 nM, 

respectively. The SD is 0.10 nM. 

 

2.4 Discussion  

 We have shown here in this chapter a potentially highly effective, convenient, and 

applicable administration method of the ACE2-linker-Fc molecule. The molecule is able to be 

nebulized via a commercial vibrating mesh nebulizer, and the resulting post-nebulized protein 

retains its molecular and physical structure as well as its strong binding affinity to the SARS-

CoV-2 S protein, without aggregation of the molecule occurring (a common concern involved in 

protein nebulization). 

The nebulization, or inhaled delivery, approach provides several major advantages when 

examined in the treatment of respiratory diseases. Chiefly, inhaled delivery directly to the lung 

maximizes the concentration of the protein therapeutic in the respiratory tract. This primary 

benefit of inhaled local delivery minimizes the dosage that would be required for systemic 

administration, since the amount of systemically dosed mAb that ends up in the respiratory tract 

is usually only a small fraction57. Thus, for the same amount of protein, utilizing local delivery of 

the therapeutic to the respiratory tract can treat at least 4x more patients compared to using 

systemic delivery, while also providing higher protein concentration at the target location, the 

lungs18,57. These factors will allow for more patients to be treated in shorter periods of time, as 

well as alleviate the cost burden for such therapeutics.  
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Inhaled administration of protein therapeutics also allows for the maximum concentration 

of the drug (Cmax) in the respiratory tract to be achieved almost immediately, whereas it can take 

several hours to days for Cmax to be achieved when administered intravenously58. Furthermore, 

nebulization can be easily carried out by the patients themselves in their own homes, which can 

greatly mitigate the strain that is currently presented to healthcare workers and the entire 

healthcare infrastructure.  

In addition to these general advantages that accompany inhaled delivery, our ACE2-

linker-Fc molecule benefits from inhaled administration to an even greater extent, due to its 

structural design. As described in the previous chapter, the Fc portion of our molecule serves to 

allow for “muco-trapping” of the SARS-CoV-2 virus to occur, where an array of Fcs facilitates 

trapping of the virus in airway mucus (AM), due to the weak affinity of Fc to the mucins that 

make up AM28-30. These “trapped” viruses are then expelled out via natural mucociliary actions 

or through coughing28. The SARS-CoV-2 virus infects the apical side of airway epithelium (the 

airway lumen) and mainly sheds progeny viruses back into the AM that coats the epithelium27. 

Thus, it is beneficial to utilize inhaled delivery to distribute the protein therapeutic directly to the 

location where the infection is actively occurring and spreading.  

In the past decade, vibrating mesh nebulizers (VMNs) have increasingly become the 

preferred method of therapeutic nebulization, with VMNs being utilized in 60% of registered 

clinical trials in the USA and EU between 2006 and 201637. Breath-activated, or “smart” 

functions have further increased the efficacy of VMNs, as well. One “smart” technology that has 

been integrated into VMNs is adaptive aerosol delivery (AAD), which predicts the patient’s 

inhalation pattern to optimize the aerosol delivery time, which then decreases the amount of drug 

waste that is exhaled59. Delivery via VMNs have also shown promise in several preclinical 
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studies, where nebulized proteins display no aggregation or degradation and also retain their high 

affinity and potency60. It’s also been shown that IgG, IgA, and even a large molecule such as 

IgM can be successfully deposited into the lungs of rats and non-human primates utilizing a 

VMN61.  

 In vivo work is needed in order to more accurately assess the benefits and practicality of 

nebulization in a living organism. For instance, in in vivo data that was briefly discussed in the 

last chapter (carried out by our group and to be submitted for publication soon), it was shown 

that ACE2-linker-Fc was able to effectively suppress SARS-CoV-2 in the nasal turbinate of 

hamsters, however, there was only a limited anti-viral effect seen in the lung18. It is hypothesized 

that the minimal effect observed in the lung may be due to non-uniform distribution of ACE2-

linker-Fc from intranasal delivery, and that this issue may be resolved by utilizing a vibrating 

mesh nebulizer, since it provides more uniform delivery across the respiratory tract18. Indeed, it 

will be valuable and interesting to observe the results of in vivo nebulization experiments of 

ACE2-linker-Fc, since the conclusions thus far appear to be incredibly promising. 
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