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ABSTRACT

The emergence of new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) mutants and break-
through infections despite available coronavirus disease 2019 (COVID-19) vaccines calls for antiviral ther-
apeutics. The application of soluble angiotensin converting enzyme 2 (ACE2) as a SARS-CoV-2 decoy that
reduces cell bound ACE2-mediated virus entry is limited by a short plasma half-life. This work presents
a recombinant human albumin ACE2 genetic fusion (rHA-ACE2) to increase the plasma half-life by an
FcRn-driven cellular recycling mechanism, investigated using a wild type (WT) albumin sequence and se-
quence engineered with null FcRn binding (NB). Binding of rHA-ACE2 fusions to SARS-CoV-2 spike protein
subdomain 1 (S1) was demonstrated (WT-ACE2 Kp = 32.8 nM and NB-ACE2 Kp = 31.7 nM) using Bio-
Layer Interferometry and dose-dependent in vitro inhibition of host cell infection of pseudotyped viruses
displaying surface SARS-CoV-2 spike (S) protein. FcRn-mediated in vitro recycling was translated to a five
times greater plasma half-life of WT-ACE2 (t,, 8 = 13.5 h) than soluble ACE2 (t,, 8 = 2.8 h) in humanised
FcRn/albumin double transgenic mice. The rHA-ACE2-based SARS-CoV-2 decoy system exhibiting FcRn-
driven circulatory half-life extension introduced in this work offers the potential to expand and improve
the anti-COVID-19 anti-viral drug armoury.

Statement of significance

The COVID-19 pandemic has highlighted the need for rapid development of efficient antiviral therapeutics
to combat SARS-CoV-2 and new mutants to lower morbidity and mortality in severe cases, and for peo-
ple that are unable to receive a vaccine. Here we report a therapeutic albumin ACE2 fusion protein (rHA-
ACE2), that can bind SARS-CoV-2 S protein decorated virus-like particles to inhibit viral infection, and
exhibits extended in vivo half-life compared to ACE2 alone. Employing ACE2 as a binding decoy for the
virus is expected to efficiently inhibit all SARS-CoV-2 mutants as they all rely on binding with endoge-
nous ACE2 for viral cell entry and, therefore, rHA-ACE2 constitutes a versatile addition to the therapeutic
arsenal for combatting COVID-19.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

ing 5.89 million deaths have been reported worldwide [2]. Sev-
eral COVID-19 vaccines based on mRNA [3], viral DNA [4,5], in-

Coronavirus disease 2019 (COVID-19), caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) first iden-
tified in December 2019, has become a global pandemic [1]. As of
February 2022, more than 424 million cases of COVID-19, includ-
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activated virus [6] and protein subunits [7] are included in na-
tional vaccination programmes. The vaccines, however, are not
accessible for all, and can be ineffective in patients undergoing
immunosuppressive treatments [8,9]. Furthermore, adverse side-
effects can be associated with the vaccines such as anaphylaxis or
myocarditis with lipid-based mRNA-based COVID-19 vaccines [10],
and thrombosis and thrombocytopenia syndrome with adenoviral
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vector-based COVID-19 vaccines [11]. Moreover, emergence of new
SARS-CoV-2 mutants may require seasonal vaccine redesign. The
World Health Organization (WHO) classifies five SARS-CoV-2 vari-
ants (Alpha, Beta, Gamma, Delta and Omicron) for concern, with
four shown to influence vaccine efficacy. In particular, significantly
reduced neutralising antibodies are associated with the Delta and
Omicron variants [12-14]. This highlights the need for new effec-
tive anti-viral therapeutics that can combat arising virus mutants.

SARS-CoV-2 enters cells by interaction of the receptor bind-
ing domain (RBD) in viral transmembrane spike (S) protein
with cell membrane bound carboxypeptidase angiotensin convert-
ing enzyme 2 (ACE2) [15]. Recombinant human ACE2 (rhACE2)
ectodomain, that resembles the endogenous viral cell entry recep-
tor, has been used as a COVID-19 decoy and completed Phase I and
Il clinical trials, showing significant reduction in time on mechan-
ical ventilation [16-18]. Furthermore, the therapeutic efficacy may
also be enhanced through the negative regulator/modulator func-
tion of ACE2 on the peptide hormone angiotensin (Ang) II that is
associated with acute lung injury linked to the severity of COVID-
19 [18,19]. ACE2 can counterbalance Ang II functions by cleaving
Ang II into Ang 1-7 and, thereby, counteract Ang Il overactivity
[18,20]. The duration of rhACE2 efficacy, however, is limited by a
plasma half-life of ~10 h in humans [16].

Genetic fusion of rhACE2 to an immunoglobulin Fc region that
interacts with the cellular recycling neonatal Fc receptor (FcRn)
has been utilised as a strategy to extend the blood residence time
of rhACE2 [21-23]. Induction of cytokine release syndrome (CRS),
however, can result from high-level immune activation mediated
by Fc interaction with Fcy receptors (FcyRs) on immune cells [24].
This potentially life-threatening cytokine release can lead to car-
diac dysfunction, respiratory distress syndrome and renal and/or
hepatic failure [25]. Antibody-dependent enhancement (ADE) of
virus infection is another mechanism by which the virus can infect
host cell [26]. Virus-antibody immune complexes have shown to
bind FcyRs that can be internalised, leading to enhanced entry of
the virus into host cells. The risk of exacerbating COVID-19 severity
through FcyR engagement of virus-antibody complexes is a limi-
tation for antibody-based drug designs [26]. Human serum albu-
min (HSA) does not engage with the classical FcyRs [27] but with
the non-classical FcyRs, such as FcRn, to facilitate a long plasma
half-life of approximately 19 days [27,28] that has been adopted in
marketed albumin-based drugs [29,30]. Furthermore, single-point
amino acid substitutions in HSA domain III have been used to tune
the affinity to FcRn [31]. In this work, we designed recombinant
human albumin-ACE2 (rHA-ACE2) fusions incorporating albumin
sequences engineered with wild type (WT) or null-binding (NB)
FcRn binding affinity in order to investigate the mechanistic role of
FcRn-mediated cellular recycling in plasma half-life extension for
potential exploitation in COVID-19 therapies.

2. Materials and methods
2.1. cDNA design, construction and production of expression vectors

The rHA-ACE fusion proteins were designed by codon optimiz-
ing the nucleic acid sequence of the ACE2 ectodomain (amino acids
18-740 of Uniprot ID: Q9BYF1-1) for expression in a human cell
line. This was subcloned by GenScript into pcDNA3.1 plasmids con-
taining the WT and KAHQ (NB) variants [32]. Nucleic acids encod-
ing a single GGGGS peptide linker connects the ACE2 C-terminal
and the rHA N-terminal.

Plasmids were amplified by transformation into TOP10 chemi-
cally competent E. coli using heat shock (40 min on ice, 2 min at
42 °C, 5 min on ice) and plated on agar plates (1% peptone (Merck,
#82303), 0.5% yeast extract (Fisher Scientific, #BP9727), 0.8% NaCl
(Acros Organics, #207790010), 1.5% agar (Sigma, #05040), and
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0.1 mg/mL ampicillin (Fisher Scientific, #BP1760)) and cultured
overnight. A single colony was selected and grown overnight in a
peptone yeast extract broth (3.2% peptone, 2% yeast extract, and
0.5% NaCl) under selection with 0.1 mg/mL ampicillin (Fisher Sci-
entific, #BB176-25). Plasmids were purified using the NucleoBond
Xtra Maxi (Macherey-Nagel, #740414) according to the manufac-
turer’s protocol.

2.2. Protein expression and purification

The rHA-ACE2 fusions were transiently expressed in HEK293E
cells cultured under standard conditions; 37 °C, 5% CO, in
serum-free Freestyle™ 293 expression media (Gibco, #12338018).
Polyethylenimine (transfection grade linear PEI MW 40kDa, Poly-
Sciences, #24765-1) and plasmid DNA were separately diluted in
Optimem (Gibco, #11058-021), mixed in a 4:1 mass ratio and
incubated for 15 min before mixing with FreeStyle 293 expres-
sion medium and added to 55-65% confluent HEK293E cells in
5-layer bottles (Corning, #353144). Complete protease inhibitor
(Roche, #11873580001) was added to the conditioned medium
and centrifuged (300 g, 10 min) before sterile filtering (Corning,
#431098) and storage at 4 °C. Protein was harvested from super-
natant and purified using a CaptureSelect human albumin affin-
ity matrix (Thermo Fisher, cat#191297005) by elution with 2 M
MgCl, at pH 7.4. Concentration and buffer exchange into phosphate
buffered saline (PBS) of the purified protein was performed us-
ing VivaSpin2 centrifugal concentrators (Sartorius, #VS0231). Sub-
sequently, purified protein was snap frozen in liquid N, and stored
at -140 °C.

2.3. SDS-PAGE and Western blot analysis

Protein samples were separated on 10% SDS-PAGE and visu-
alised by Coomassie Blue staining or blotted onto a PVDF mem-
brane (Novex, #LC2005) for Western blot analysis. Membranes
were blocked in 2% w/v skimmed milk powder in PBS (mPBS) and
incubated for 2 h at room temperature (RT). For Western blot anal-
ysis of albumin, membranes were incubated with horseradish per-
oxidase (HRP) conjugated polyclonal goat anti-HSA antibody (Ab-
cam, #ab19183) diluted 1:2000 in 2% mPBS for 2 h at RT and sub-
sequently washed 3 times in PBS before detection with TMB sub-
strate (Sigma, #T0565). For Western blot analysis of ACE2, mem-
branes were first incubated with monoclonal mouse anti-human
ACE2 antibody (RnD System, #MAB933) diluted 1:250 in mPBS for
2 h at RT and washed 3 times in PBS before incubation with poly-
clonal HRP conjugated goat anti-mouse immunoglobulins antibody
(Dako Agilent, #P0477) diluted 1:500 in mPBS for 2 h. Membranes
were subsequently washed 3 times in PBS before developing with
TMB substrate.

2.4. rHA-ACE2 fusion binding to SARS-CoV-2 S1 using Bio-Layer
Interferometry

Binding kinetics of rHA-ACE2 to biotinylated SARS-CoV-2 S1
protein (Acro Biosystems, #S1N-C82E8) was measured by Bio-Layer
Interferometry (BLI) using an Octet Red 96e system (Sartorius). Sol-
uble ACE2 (Sigma Aldrich, #SAE0064) was used as a control. The
biotinylated SARS-CoV-2 S1 protein was immobilised on Strepta-
vidin Dip and Read™ sensor tips at a concentration of 8 nM in
kinetics buffer (PBS supplemented with 0.02% Tween-20 and 0.1%
bovine serum albumin (BSA)). For binding kinetics measurements
rHA-ACE2 and soluble ACE2 samples were prepared in a 7-step
two-fold dilution series starting at 3 pM and 125 nM, respectively,
in kinetics buffer. Measurements were performed at 30 °C and
1000 rpm shaking with a 200 s association and 600 s dissocia-
tion step. Tips were regenerated between samples by alternating
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between 10 s incubation in 10 mM Glycine at pH 3 and kinetics
buffer 6 times. SARS-CoV-2 S1 protein coated streptavidin sensors
in kinetics buffer was used for baseline subtraction. Data analy-
sis was performed using the Octet data analysis software (version
10.0.1.6) using a 1:1 interaction model curve fitting.

2.5. Virus-like particles inhibition assay

The inhibitory effect of the rHA-ACE2 fusion on viral cell en-
try was investigated using virus-like particles (VLPs) decorated
with SARS-CoV-2 S protein, as previously described [33]. In brief,
HEK293T cells were transfected with lentiviral packaging vectors
encoding the gag-pol, REV and eGFP reporter gene (a gift from
Prof. Jacob Giehm Mikkelsen, Aarhus University, Denmark) and a
SARS-CoV-2 S protein plasmid (a gift from Zhaohui Qian, Addgene
plasmid, #145780) at a ratio of 3:6:4:4 by calcium phosphate pre-
cipitation. Media was exchanged after 24 h and VLPs were har-
vested from the cells 48 h post transfection, filtered (0.45 pm),
and incubated with rHA-ACE2 fusion, soluble ACE2 or PBS as a
control for 1.5 h at 37 °C and 5% CO,. The pre-incubated VLPs
were subsequently transferred to HEK293T cells, previously trans-
fected with TMPRSS2 (a gift from Roger Reeves, Addgene plas-
mid #53887) and human ACE2 (a gift from Hyeryuen Cho, Ad-
dgene plasmid #1736) by calcium phosphate precipitation, seeded
at a density of 10,000 cells/well at a 1:1 ratio. The media was
exchanged after 24 h, and cells were further cultured for 72 h.
Transduced cells were analysed for eGFP fluorescence by fluores-
cence microscopy (IX73 inverted microscope, Olympus equipped
with DP73 camera, Olympus) and flow cytometry (Cytoflex, Beck-
man Coulter) and analysed using the CytExpert software. The in-
fectivity of VLPs pre-incubated with rHA-ACE2 fusions or solu-
ble ACE2 was normalized to the infectivity of VLPs pre-incubated
with PBS. ICsq values were determined using the Origin 2018
software.

2.6. Cellular recycling of rHA-ACE2 in HMEC-1-FcRn cells

Human dermal microvascular endothelial cells (HMEC-1) sta-
bly overexpressing human FcRn (HMEC-1-FcRn) were cultured in
complete media consisting of MCDB 131 (Gibco, #61965026) sup-
plemented with 10 ng/mL recombinant human epidermal growth
factor (rhEGF, Peprotech, #0617AFC05), 1 pg/mL hydrocortisone
(Sigma Aldrich, #H088), 50 pg/mL G418 (Sigma Aldrich, #2241417),
0.25 pg/mL Puromycin (Life Technologies, #1894263), 2 mM L-
glutamine (Lonza, #BE17-605E) and 10% FBS.

The cellular recycling assay was performed as previously de-
scribed [28]. In brief, HMEC-1-FcRn cells, stably overexpressing hu-
man FcRn, were seeded at a density of 1 x 10° cells per well
in 48 well plates coated with 1:50 dilution of Geltrex (Gibco,
#2248603) in PBS. When near confluent, cells were washed twice
with preheated PBS and incubated for 1 h at 37 °C and 5% CO,
with 015 pM of rHA-ACE2 fusions or rHA controls in Hank’s
buffered salt solution (HBSS) adjusted to pH 6 with 1 M 2-(N-
morpholino)ethanesulfonic acid (MES) buffer. Cells were subse-
quently washed 5 times with ice cold PBS and left for 1 h at 37 °C
and 5% CO, in 160 pL/well release media (complete media with-
out FBS). Supernatant was harvested and analysed by sandwich
ELISA.

For the sandwich ELISA analysis of the supernatants, Max-
isorp plates (Thermo Fisher, #442404) were coated for 2 h at
RT with polyclonal goat anti-HSA antibody (Sigma Aldrich, #A-
7544), diluted 1:1000 in PBS. Coated plates were then blocked
with 2% mPBS for 2 h at RT followed by washing three times with
PBS supplemented with 0.05% Tween (PBST). Supernatant sam-
ples and albumin controls were added to the plates and incubated
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overnight at 4 °C. For detection, plates were incubated for 1 h at RT
with polyclonal HRP conjugated goat anti-HSA antibody (Abcam, #
ab19183) followed by washing three times with PBST and devel-
oping with TMB PLUS2 substrate (Kem-En-Tec Diagnostics, #4395).
All samples were performed in quadruplicates and the experiment
was repeated five times.

2.7. Animals

Female and male double transgenic human FcRn
(hFcRn*/*)/human serum albumin (hAlb*/*) with a C57BL/6
background [34] were supplied by GenOway (Lyon, France).
Pharmacokinetic studies were performed at the Animal Facility,
Department of Biomedicine, Aarhus University, in accordance with
the ethical approval in national guidelines for care and use of
laboratory animals under the Danish Animal Experiment Inspector
license #2018-15-0201-01399. Animals were housed in polycar-
bonate cages with wire tops, wood chip bedding, and access to ad
libitum food and tap water.

2.8. Circulatory half-life of rHA-ACE2 fusions

Male and female mice were randomly divided into the follow-
ing experimental groups; WT-ACE2 (N = 4), NB-ACE2 (N = 5) and
soluble ACE2 (N = 6). Three male mice were used for a PBS con-
trol. Mice were intravenously injected in the tail vein with ei-
ther 4 mg/kg rHA-ACE2 fusion or an equimolar concentration of
2.3 mg/kg soluble ACE2 or PBS. Blood samples were collected from
the tip of the tail vein in 20 pL heparinized microcapillary tubes
1 min, 4 h, 8 h, 24 h, 48 h, 72 h, 144 h, 216 h, 312 h and 384 h
post injection. Collected blood was diluted 1:10 in PBS, spun down
to collect serum supernatant and frozen at -20 °C until analysis by
sandwich ELISA.

For serum detection by sandwich ELISA, Maxisorp plates
(Thermo Fisher, #442404) were coated with capture antibodies
(rHA-ACE2: monoclonal mouse anti-human ACE2 (RnD Systems,
#MAB933) diluted 1:500 and for ACE2: goat anti-ACE2 (Abcam,
#AF933) diluted 1:500) in PBS for 2 h at RT. Plates were first
washed once with PBST and three times with PBS. Plates were
then blocked with 2% mPBS for 2 h at RT and subsequently
washed once in PBST and three times in PBS. Mouse serum sam-
ples or rHA-ACE2 standard series were then added and incu-
bated overnight at 4 °C. Plates were washed once in PBST and
three times in PBS before incubation with detection antibodies
conjugated with HRP (rHA-ACE2: polyclonal goat anti-HSA (Ab-
cam, #ab19183) diluted 1:10,000 and ACE2: monoclonal anti-poly
Histidine-Peroxidase (Sigma-Aldrich, #A7058-1VL) in 2% mPBS for
2 h at RT. After washing once with PBST and three times with PBS,
TMB PLUS2 (Kem-En-Tec Diagnostics, #4395) was used for plate
development. Data was analysed in GraphPad Prism software ver-
sion 9.3.1. by a two-phase decay model and interpolation to the
associated standard series.

2.9. Statistical analysis

Experimental data was analysed using the Origin 2018 software
and GraphPad Prism software v.9. The respective conducted statis-
tical tests are indicated in the corresponding figure and table leg-
ends. One-way ANOVA and Turkey’s test were used for statistical
analysis of BLI experiments and viral inhibition assay. Unpaired t-
test was used for statistical analysis of the recycling assay. A min-
imum value of p < 0.05 was considered statistically significant. To
ensure reproducibility, all in vitro experiments were repeated at
least 3 times.
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Fig. 1. Design overview of rHA-ACE2 fusions. ACE2 ectodomain (residues 18-740)
(purple) was genetically fused to the N-terminus of rHA (red) by a flexible GGGGS
linker (grey) and expressed as a single chain protein (150 kDa). Top; Schematic
overview of C-terminus to N-terminus. Two different rHA variant sequences, wild-
type (WT), and a null-binder (NB) containing point mutations (highlighted in yel-
low) in albumin domain III resulting in different FcRn affinity, were incorporated in
the fusion protein designs.

3. Results
3.1. THA-ACE2 fusion expression and purification

Recombinant ACE2 ectodomain (residues 18-740) was geneti-
cally fused to the N-terminus of rHA WT, or an rHA NB variant
engineered for null FcRn engagement by point mutations in the
FcRn binding interface (Fig. 1). The fusion proteins expressed in
HEK293E cells were purified by HSA affinity chromatography (Sup-
plementary Fig. 1). Identification of rHA-ACE2 fusion protein us-
ing SDS-PAGE showed the expected molecular weight of ~150 kDa
(Fig. 2A) and albumin (Fig. 2B) and ACE2 components (Fig. 2C)
were verified respectively by Western blot analysis.

3.2. Binding of SARS-CoV-2 S1 protein

Binding of rHA-ACE2 to immobilised SARS-CoV-2 S1 protein
was investigated by BLI and compared to binding of soluble ACE2
(Fig. 3). Measurements showed high affinity binding of the two
rHA-ACE2 fusions (WT-ACE2 and NB-ACE2) (Table 1). The calcu-
lated binding kinetics based on a 1:1 fitting model revealed a Kp
of 32.8 nM and 31.7 nM for WT-ACE2 and NB-ACE2, respectively,
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with no significant differences in binding affinities between the fu-
sions. The Kp of 0.9 nM for soluble ACE2 showed a higher bind-
ing affinity compared to rHA-ACE2 fusion proteins, that can be at-
tributed to decreased kon rates of WT-ACE2 (7.86E+03 1/Ms) and
NB-ACE2 (9.64E+03 1/Ms) compared to soluble ACE2 (1.84E+05
1/Ms) (Table 1).

3.3. In vitro VLP inhibition

Lentiviral VLPs decorated with the SARS-CoV-2 S protein were
used as a model to test in vitro viral cell entry inhibition of rHA-
ACE2 fusions. HEK293T cells, overexpressing ACE2 and TMPRSS2
required for SARS-CoV-2 cell entry, were used as permissive cell
line in combination with an integrated eGFP reporter gene to al-
low detection of transduced cells (Fig. 4B). Flow cytometric analy-
sis of transduced cells showed efficient dose-dependent inhibition
of VLP entry by the rHA-ACE2 fusions and soluble ACE2 (Fig. 4A,
Supplementary Fig. 2). The WT-ACE2 and NB-ACE2 fusions exhib-
ited an ICsy of 444.0 4+ 217.7 nM and 748.0 4+ 158.9 nM, respec-
tively, whilst the ICsy of soluble ACE2 was 38.5 + 24.6 nM, that
correlated with the binding kinetics observed by BLI. There was no
statistically significant difference observed between the ICsy values
of the two rHA-ACE2 fusions (WT-ACE2 and NB-ACE2). Control WT
rHA did not show any inhibitory effect on the VLPs at any of the
investigated concentrations.

3.4. FcRn-mediated cellular recycling

A cellular recycling assay established by our group [28,35] was
utilised to investigate FcRn-mediated cellular recycling of rHA-
ACE2 in HMEC-1-FcRn overexpressing cells. Different rHA standard
variants with engineered FcRn affinities, referred to as NB rHA and
WT rHA, were used to validate the assay (Fig. 5). The level of recy-
cled protein in the media was determined by sandwich ELISA de-
tecting the rHA component of the rHA-ACE2 fusions. The cellular
recycling showed the expected difference of WT-ACE2>NB-ACE2,
that was greater than the cellular recycling detected for WT rHA
(Fig. 5).

3.5. In vivo circulatory half-life of rHA-ACE2 fusions

The circulatory half-life of rHA-ACE2 fusions were benchmarked
against soluble ACE2 in the double transgenic mouse model with
both human FcRn and HSA genes (hFcRn+/+, hAlb+/+) under
the control of an endogenous promoter [34]. Proteins were in-
travenously administered by tail vein injection, and blood subse-
quently collected at selected time points to determine intact full-
size protein levels in serum by sandwich ELISA. The circulatory
half-life calculated from the elimination phase (t,, 8) was shown
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Fig. 2. SDS-PAGE and Western blot analysis of purified rHA-ACE2 fusion protein. (A) Coomassie blue stained SDS-PAGE of the two constructs NB-ACE2 and WT-ACE2
(150 kDa). In addition, WT rHA (66.5 kDa) and soluble ACE2 (85.9 kDa) were used as controls. (B) Western blot detection of rHA in NB-ACE2 and WT-ACE2. ACE2 and WT
rHA were included as controls. (C) Western blot detection of ACE2 in NB-ACE2 and WT-ACE2.WT rHA and ACE2 were included as controls.
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Fig. 3. Binding kinetics measurements. Sensorgrams showing binding of (A) WT-ACE2, (B) NB-ACE2, and (C) ACE2 to immobilised SARS-CoV-2 S1 protein. Binding of rHA-
ACE2 fusions was investigated using a 2-fold dilution series from 3 pM to 0.046 pM and for ACE2 from 125 nm to 1.9 nM. Raw data is depicted in black and data fitted to a

1:1 model in red. N = 3 independent experiments.

Table 1

Measured binding kinetics parameter of rHA-ACE2 fusions and soluble ACE2 interaction with SARS-CoV-2 S1. Binding affinities were
determined by a 1:1 fitting model. Statistical significance was evaluated using One-Way ANOVA and Turkey’s test in Origin 2018 software,

N = 3 independent experiments.

Kp (SD) [M] Kon (SD) [1/Ms] Kofr (SD) [1/s] X2 R?
WT-ACE2 3.28E-08 7.86E+03 2.80E-04 0.203 0.9961
(+ 9.569E-09) (+ 4.420E+03) (+ 1.953E-04)
NB-ACE2 3.17E-08 9.64E+03 2.09E-04 0.085 0.998
(+ 1.926E-08) (+ 7.535E+03) (+ 1.324E-04)
ACE2 8.84E-10 1.84E+05 1.27E-04 0.103 0.996
(+ 5.353E-10) (+ 1.00E405) (+ 0.22E-04)
32 1004 =i
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Fig. 4. In vitro VLP inhibition assay. (A) Flow cytometry analysis of the relative infectivity of VLPs, displaying the SARS-CoV-2 S protein, incubated with rHA-ACE2 fusions
(WT-ACE2 and NB-ACE2), WT rHA or soluble ACE2 (sACE2) at different concentrations, compared to VLPs incubated with equivalent volume of PBS. N = 3 independent
experiments, error bars indicate standard error of mean (SEM). Mean ICso and SD of WT-ACE2, NB-ACE2, and sACE2 obtained from dose response fit of viral inhibition assay
data is included. Statistical significance was evaluated using One-Way ANOVA and Turkey’s test in Origin 2018 software. (B) Representative Fluorescence Microscopy images
of HEK293-T cells incubated with VLPs with surface SARS-CoV-2 S protein and rHA-ACE2 fusions (WT-ACE2 and NB-ACE2), WT rHA and sACE2 at different concentrations.
Each image has a size of 1.8 mm x 1.3 mm with scalebars indicating 200 pm. Transduced cells express eGFP, untreated cells and cells treated with VLPs and PBS were used

as negative and positive control, respectively.
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Fig. 5. FcRn-mediated cellular recycling of rHA-ACE2 fusions. Recycled levels of
NB-ACE2 and WT-ACE2, and NB rHA and WT rHA variants in HMEC-1-FcRn cells.
Unpaired t-test statistics using GraphPad prism software v.9 with, *p < 0.05, N =5
independent experiments, error bars indicate SEM.

to be 13.5 h and ~3.1 h for WT-ACE2 and NB-ACE2 fusions, re-
spectively, compared to the t,, 8 of approximately 2.8 h for soluble
ACE2 (Fig. 6).

4. Discussion

One of the first compounds investigated for treatment of
COVID-19 was soluble rhACE2, used to neutralise SARS-CoV-2 and
minimise organ injury related to increased Ang Il concentrations
[18]. The potential of rhACE2 as a decoy for SARS-CoV-2 by mim-
icking its cognate cell entry receptor is exemplified in a recent
phase II clinical trial and case study [17,18]. Fusion of the rhACE2
protein to an immunoglobulin Fc region has led to improved cir-
culatory half-life of the decoy due to FcRn-mediated cellular recy-
cling of the protein in vivo [21-23]. In recent work, the humanised
decoy antibody ACE2-Fc fusion protein abrogated virus replication
in ACE2-expressing lung cells and lung organoids [36]. In another
study, recombinant ACE2-IgG1 Fc or ACE2-IgA Fc fusion proteins
incorporated an ACE2 sequence optimised for enhanced binding
affinity to S protein of different virus variants [37]. A rhACE2-Fc
fusion protein has also been investigated in a transgenic hACE2
mouse model and showed dose-dependent prophylactic and ther-
apeutic efficacy compared to soluble ACE2 [38]. Interaction of the
Fc fragment with FcyRs on immune cells, however, can potentially
elicit adverse effects by exaggerating an adverse immune response
in COVID-19 [39]. In this work, we adopted albumin as an alterna-
tive half-life extension technology to overcome the risks associated
with Fc fusions. An rHA-ACE2 fusion containing a wild type albu-
min sequence, and an FcRn null-binding albumin sequence [32],
previously shown by our laboratory to provide a tool to investigate
mechanistic FcRn-driven cellular recycling of an alternative albu-
min fusion [40], were produced. Inclusion of an NB-ACE2 variant
allowed investigations into the influence of the fusion on the en-
gagement of rHA with FcRn and confirmation of a predominant
FcRn-driven half-life extension rather than a molecular weight ef-
fect.
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The mechanism by which SARS-CoV-2 infects host cells is de-
pendent on the virus transmembrane S protein targeting mem-
brane bound ACE2 [41], therefore, complex formation between the
viral S protein and designed ACE2 decoy is crucial. BLI analysis of
rHA-ACE2 binding affinity to SARS-CoV-2 S1 protein showed the
equilibrium dissociation constant to be in the nanomolar range,
but with lower affinity compared to soluble ACE2. The reduced
binding affinities of rHA-ACE2 fusions most likely arise from fus-
ing the ACE2 ectodomain to albumin, which may cause some steric
hindrance on binding. The binding affinities, however, are still sim-
ilar to ACE2-Fc fragment fusions previously reported in preclinical
studies [21,23]. The rHA-ACE2 fusions were able to prevent VLP in-
fection of host cells, even though the ICsy values were increased
compared to soluble ACE2, possibly due to steric hindrance effects
on VLP engagement from incorporation of albumin. Optimisation of
the linker flexibility and length between the rHA and ACE2 domain
in the fusion could potentially reduce steric hindrance and increase
the inhibitory effect of the fusion protein. Furthermore, the use
of SARS-CoV-2 infection of primary target cells from human air-
way epithelium or organoids could also be used to further evalu-
ate the natural virus inhibition potential [42]. However, the FcRn-
mediated increase in half-life of the fusion protein is expected to
more than compensate for the decreased inhibitory efficiency ob-
served in vitro.

IC5¢ values, determined by an in vitro VLP inhibition assay, be-
tween the two fusions were not significantly different, indicating
no enhancement in cellular entry due to FcRn engagement. More-
over, this supports ACE2 decoy function not being influenced by
amino acid mutations in the predominant FcRn-binding region ly-
ing in albumin domain IIl. Greater cellular recycling of WT-ACE2
was observed in FcRn-overexpressing endothelial cells compared
to NB-ACE2 that was included as a negative control to investigate
FcRn-driven cellular recycling. This is in accordance with our pre-
vious albumin fusion recycling work using the same WT and NB
sequence [40]. The concentration of detected protein in medium
was increased for the rHA-ACE2 fusion compared to control rHA,
possibly due to engagement of the ACE2 domain with other recep-
tors involved in the renin-angiotensin system [43].

The expected FcRn-mediated difference showing WT-ACE2>NB-
ACE2 was maintained in a physiologically relevant model, support-
ing the thesis that the half-life of the fusion protein is highly de-
pendent on FcRn engagement. The WT-ACE2 fusion had a 4.8- (ty,
B = 13.5 h) and 4.4-fold higher circulatory half-life compared to
soluble ACE2 (t,, 8 = 2.8 h) and NB-ACE2 (t,, 8 = 3.1 h), respec-
tively. The circulatory half-life of the rHA-ACE2 fusions were lower
than previous studies performed with a bispecific T-cell engager-
albumin WT fusion in the same double transgenic (hFcRn*/*,
hAlIb**) mouse model, where a circulatory half-life of 26 h was
obtained [40].

ACE2 is a dipeptidyl carboxypeptidase known to cleave C-
terminal dipeptides from angiotensin I to produce angiotensin II
[44] and functions similar to carboxypeptidase A (CPA) shown to
cleave C-terminal peptides on HSA resulting in reduced FcRn affin-
ity and circulatory half-life [45]. Genetic fusion of ACE2 to the C-
terminal of rHA may, therefore, be favourable in future designs.
Alternatively, a fusion protein could be designed containing mu-
tations in the ACE2 catalytic active sites that inactivates the en-
zyme. This approach was applied in previous work by Tada et al.
in which the inactivated ACE2 ectodomain fused to Fc domain 3
of the Ig heavy chain could still inhibit viral host cell entry in vivo
[22]. In addition, serum stability analysis (Supplementary Fig. 3) of
the rHA-ACE2 fusion indicated a decline in protein integrity over
days in 90% fetal bovine serum. Future work could focus on opti-
misation of stability parameters such as fusion linker engineering,
shown previously to influence the stability of albumin fusion pro-
teins [46]. The substantial increase in circulatory half-life of the
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Fig. 6. Circulatory half-life of rHA-ACE2 fusions in hFcRn*”*, hAIb*"* mice. (A) rHA-ACE2 (WT and NB) and (B) soluble ACE2 blood samples were drawn at 0 h, 4 h, 8 h,
24 h, 48 h, 72 h, 144 h, 216 h, 312 h and 384 h to detect full size fusion and ACE2 in serum by sandwich ELISA, respectively. The highest concentration in the serum was
observed at t = 0 hrs and all samples were normalised to the serum concentrations in the 0 h samples. N = 4 for WT-ACE2, N = 5 for NB-ACE2 and N = 6 for ACE2, error
bars represent standard deviations. Data was analysed in the GraphPad Prism software v.9 by a two-phase decay model after interpolation to standard series.

WT-ACE2 fusion over soluble ACE2, obtained in our work, is still
expected to translate into less frequent dosage and longer lasting
effects. However, the therapeutic effect of the fusion protein com-
pared to soluble ACE2 needs to be evaluated in future studies in
established COVID-19 models. To better investigate the role of hu-
man FcRn-mediated half-life extension on the therapeutic effect,
an in vivo COVID-19 model with a humanised FcRn and albumin
background could be developed. In addition to the therapeutic ef-
ficacy, the safety of the fusion protein should be investigated in fu-
ture work, to evaluate potential adverse effects that may arise from
prolonged circulation. However, based on promising clinical trial
results on the administration of ACE2 [16,17] and the approval of
albumin protein fusions [29,30], minimal side-effects and immuno-
genicity are anticipated for the rHA-ACE2 fusion protein.

Emergence of new SARS-CoV-2 variants, can potentially de-
crease the efficacy of current vaccines and antibody treatments
[11], and place patients with compromised immune system or
other pre-existing medical conditions at higher risk for more se-
vere COVID-19 effects. This highlights the need for a therapeutic,
effective against both, existing and future variants of the virus.
Potent binding and inhibition of different virus variants has been
shown for several ACE2 based decoys [22,37,38], due to the resem-
blance to the endogenous host cell receptor. The rHA-ACE2 fusion
protein, therefore, is also expected to neutralise different mutants
with similar potency. The albumin fusion protein may, therefore,
provide a valuable tool to effectively treat new emerging SARS-
CoV-2 variants. In summary, this work introduces an rHA-ACE2-
based SARS-CoV-2 decoy with FcRn-driven half-life extension that
can potentially be used to maximise therapeutic effects and ex-
pand the required armoury to combat COVID-19.
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