RESEARCH ARTICLE

W) Check for updates

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Protein Scaffold-Based Multimerization of Soluble ACE2
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1. Introduction

Soluble ACE2 (sACE2) decoys are promising agents to inhibit SARS-CoV-2, as

their efficiency is unlikely to be affected by escape mutations. However, their
success is limited by their relatively poor potency. To address this challenge,
multimeric SACE2 consisting of SunTag or MoonTag systems is developed.
These systems are extremely effective in neutralizing SARS-CoV-2 in
pseudoviral systems and in clinical isolates, perform better than the dimeric
or trimeric sACE2, and exhibit greater than 100-fold neutralization efficiency,
compared to monomeric SACE2. SunTag or MoonTag fused to a more potent
sACE2 (v1) achieves a sub-nanomolar ICs,, comparable with clinical
monoclonal antibodies. Pseudoviruses bearing mutations for variants of
concern, including delta and omicron, are also neutralized efficiently with
multimeric sACE2. Finally, therapeutic treatment of sSACE2(v1)-MoonTag
provides protection against SARS-CoV-2 infection in an in vivo mouse model.
Therefore, highly potent multimeric SACE2 may offer a promising treatment

approach against SARS-CoV-2 infections.

Coronavirus disease 2019 (COVID-19) is
a disease caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-
2).1 Tt was first diagnosed in late 2019
in Wuhan, Chinal?! and has since spread
over the globe, leading the WHO to de-
clare a pandemic on March 11, 2020.%! As
of March 2022, there have been more than
440 million reported cases of COVID-19,
which have caused more than 6 million
reported deaths worldwide.[*! Many vac-
cines have been developed in a remark-
ably short period of time and shown to
be highly effective in phase III clinical
trialsl>”) and real life.®1!] Until now, eight
different vaccines have obtained emergency
use listing (EUL) from WHO,!'?l and more
than 8 billion doses of vaccines have been

A. Kayabolen, U. Akcan, D. Ozturan, G. N. Sahin,

N. Pinarbasi-Degirmenci, C. Bayraktar, G. Soyler, E. Sarayloo,

S. Karahuseyinoglu, N. A. Lack, M. Kaya, C. Albayrak, I. Solaroglu,
T. Bagci-Onder

Kog University Research Center for Translational Medicine (KUTTAM)
Kog University

Istanbul 34450, Turkey

E-mail: akayabolen@ku.edu.tr; tuonder@ku.edu.tr

H. Ulbegi-Polat, I. S. Yildirim

Genetic Engineering and Biotechnology Institute

TUBITAK Marmara Research Center

Kocaeli 41470, Turkey

E. Sarayloo, C. Albayrak

Department of Biotechnology

Beykoz Institute of Life Sciences and Biotechnology (BILSAB)
Bezmialem Vakif University

Istanbul 34820, Turkey

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202201294

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202201294

Adv. Sci. 2022, 2201294

2201294 (1 of 18)

E. Nurtop, B. Ozer, G. Guney-Esken, T. Barlas, O. Dogan, F. Can
Kog University Isbank Center for Infectious Diseases (KUISCID)
Istanbul 34010, Turkey

O. Dogan, F. Can

Kog University School of Medicine
Department of Medical Microbiology
Istanbul 34010, Turkey

N. A. Lack

Vancouver Prostate Centre
University of British Columbia
Vancouver BC V6H 376, Canada

I. Solaroglu

Department of Basic Sciences

Loma Linda University

Loma Linda, CA 92354, USA

S. Karahuseyinoglu

Kog University School of Medicine, Department of Histology and
Embryology

Istanbul 34450, Ttirkiye

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202201294&domain=pdf&date_stamp=2022-07-27

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

administered all over the world.¥! While the vaccines are ex-
tremely effective in preventing severe illness and hospitalization
rates, producing vaccines in sufficient amounts, and distributing
them worldwide to stop the disease is still a challenging process.
Indeed, there are countries with very low vaccination rates, ei-
ther for economical, logistical, or individual reasons.'"5] As the
new infections continue throughout world, emergence of novel
variants of concern (VOC) such as the deltal’®! or the omicron
variants,'’] is inevitable. Even single mutations found in new
variants may increase the pathogenicity and transmissibility of
the virus and reduce the effects of vaccines."®2") Therefore, effec-
tive drugs that specifically target SARS-CoV-2 and all its possible
variants are still in unmet need to provide a reliable treatment.
For a long time, viral replication inhibitors such as Remde-
sivir or Favipiravir, which were initially developed for Ebola or in-
fluenza, respectively, were used as a standard of care in the treat-
ment of COVID-19.2122] However, recent clinical trials indicated
little or no effect of these drugs especially for patients with se-
vere symptoms.[?324] Another viral replication inhibitor Molnupi-
ravir developed originally for influenza treatment, was shown to
have promising effects to reduce hospitalization and death rates
in mild to moderate cases.!®! Recently, combination of Nirma-
trelvir, specifically targeting SARS-CoV-2 main protease, with Ri-
tonavir, developed previously as an HIV protease inhibitor, was
approved by FDA as the first oral antiviral drug for the treatment
of COVID-19.12°] Considering the global effect of the disease and
rapidly emerging variants, the development of novel drugs specif-
ically targeting SARS-CoV-2 and its variants are still needed.
The cell surface receptor responsible for SARS-CoV-2 infection
is angiotensin-converting enzyme 2 (ACE2).[2-*!l Upon bind-
ing to ACE2, SARS-CoV-2 enters host cells via cleavage of its
Spike glycoprotein by either membrane proteases such as TM-
PRSS2, or endosomal proteases such as cathepsin B/L.3!) Camo-
stat mesylate, which inhibits TMPRSS2, and E64d, which in-
hibits cathepsin B/L proteases, were found to be effective to neu-
tralize SARS-CoV-2.12%1 Accordingly, inhibitions of these key pro-
teins were offered to block virus entry, and their efficacy is being
tested in clinical trials.*?) Similarly, natural or synthetic antibod-
ies against ACE213*-37] or SARS-CoV-2 Spike,[*8] have been devel-
oped to prevent SARS-CoV-2 Spike binding to cellular ACE2.
However, SARS-CoV-2 was shown to acquire escape mutations
under such evolutionary pressure, in line with viral adaptation
mechanisms.*”) Among the many variants that have emerged
so far, some have been declared as VOCs due to their potential
risks to public health. These variants were shown to have in-
creased transmissibility or virulence, and resistance to vaccines
or drug treatments because of escape mutations.!'¥-2) Therefore,
soluble ACE2 (sACE2) and its more potent forms have been pro-
posed as promising alternatives to neutralizing antibodies,*>*!]
as they would prevent viral entry and further development of
resistance. SACE2 was shown to inhibit SARS-CoV-2 infection
in cell culture,*] in vitro human organoids,[*?! and recently a
COVID-19 patient with severe symptoms./*}] However, the affin-
ity between ACE2 and the SARS-CoV-2 Spike protein is only
moderate, and high concentrations of sACE2 are required to
achieve sufficient levels of neutralization. Even though mutant
forms of sACE2 were developed to increase their neutraliza-
tion potency, they may trigger novel escape mutations provid-
ing weaker binding to the mutant ACE2 but stronger binding to
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wild-type ACE2. Therefore, novel strategies that aim to increase
sACE2 potency without incorporating mutations are needed.

In this study, we aimed to increase neutralization efficiency
by generating a large number of novel sACE2 fusion proteins,
using alternative protein domains. Our focus was particularly
on multimerization tags, protein scaffold-based SunTag and
MoonTag systems, which were originally developed for signal
amplification.[*>#¢] Indeed, these revealed great efficiency when
fused to SACE2. As these multimerization-based sACE2 fusions
prevented the binding of host ACE2 and spike protein of SARS-
CoV-2, they also demonstrated successful neutralization against
the VOCs, including delta and omicron. Together, our results
suggest a potent therapeutic approach against COVID-19.

2. Results

2.1. sACE2-Fusion Proteins Were Developed to Perform a Small
Scale Pseudovirus Neutralization Screen

To achieve high neutralization efficiency, we adopted molecu-
lar engineering and developed several sACE2-fusion proteins
(Figure S1 and Table S1, Supporting Information). These were
engineered with the aim of maximizing protein multimeriza-
tion around the virion. These fusion proteins included either
SsACE2(WT), the wild-type form of sACE2, or sACE2(v1) that
bears H34A, T92Q, Q325P, A386L point mutations and binds
SARS-CoV-2 Spike with much higher affinity.*¥) We hypoth-
esized that protein-scaffold-based multimerization of sACE2
would facilitate virus neutralization as it allows simultaneous
binding of multiple Spike proteins around the virus. To test
this hypothesis, we first utilized a multimerization system called
SunTag, which was originally developed for signal amplification
in fluorescence imaging.[*! This system consists of two tags; a
small GCN4 domain, a transcription factor found in yeast, and
a scFv domain that is specific to the GCN4 tag. When SunTag
was originally discovered, up to 24xGCN4 tags were used to al-
low recruitment of 24 copies of GFP.[**] However, as SACE2 is
significantly larger than GFP, we instead used a 5xGCN4 tag that
had previously been incorporated in a dCas9-based gene activa-
tion system to recruit 5 copies of TET1,[*’] which has a similar
size with SACE2. In our design, we separately incorporated the
5XGCN4 or scFv-GCN4 tags to sACE2 (Figure 1A). Using both
components together, we expected that SACE2 would be mul-
timerized with these tags and bind to multiple Spike proteins
simultaneously. Therefore, achieving higher neutralization lev-
els would be possible by increasing the SACE2 presence on the
SARS-CoV-2 virion.

2.2. Pseudoviruses Bearing SARS-CoV-2 SPIKE Is a Safe
Alternative to Study Virus Neutralization In Vitro

To test the neutralization efficiencies of designed constructs in a
BSL-2 level laboratory, we generated lentiviral-based pseudotyped
viruses containing a SARS-CoV-2 Spike glycoprotein and a GFP
or luciferase transfer plasmids to measure cellular infection (Fig-
ure S2A, Supporting Information). These Spike-bearing pseu-
doviruses were then used to infect HEK293T cells transiently
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Figure 1. Pseudovirus neutralization with monomer, dimer, trimer, and multimer versions of SACE2. A) Schematic representations of SACE2-fusion
constructs. B) Schematic model of the experimental approach conducted with conditioned media (CM) and pseudovirus bearing SARS-CoV-2 spike
(Created with Biorender.com). C) Relative infection rates of ACE2- and TMPRSS2-expressing HEK293T cells with pseudoviruses bearing SARS-CoV-2
Spike, in the presence of CM containing different SACE2 fusion constructs. CM from mock transfected cells were used as control (red bar), and infection
rates were calculated as relative fluorescence to control wells. D) Representative images of pseudovirus neutralization via sSACE2(WT)-SunTag and
sACE2(v1)-SunTag. Pseudovirus-infected cells are shown in green. Cell nuclei stained with Hoechst 33342 dye are shown in blue. Scale bars = 100 um.
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expressing ACE2 and TMPRSS2. In parallel with the findings
of Hoffmann et al.,’'l cells coexpressing both ACE2 and TM-
PRSS2, were infected much more efficiently by GFP packaged
Spike-bearing pseudoviruses, compared to cells expressing them
individually (Figure S2B,D, Supporting Information). In control
experiments, the infection efficiencies with VSV-G-bearing pseu-
doviruses were highly similar in all cell types (Figure S2C,E, Sup-
porting Information). Similar infection profile to GFP packaged
Spike-bearing pseudoviruses was obtained with firefly luciferase
(fLuc) packaged Spike-bearing pseudoviruses (Figure S2F, Sup-
porting Information). We also compared two different codon
optimized Spike constructs when generating pseudoviruses, in-
cluding the full-length version or 18-aa truncated version. The
infection rate was nearly 6 times higher with the 18-aa truncated
Spike (Figure S2D, Supporting Information). Demonstrating the
specificity of this model, pseudovirus infection was blocked with
recombinant human ACE2 protein (Figure S2G, Supporting In-
formation). Encouraged by these results, ACE2 and TMPRSS2
co-expressing cells, and pseudoviruses bearing 18-aa truncated
Spike were used for further experiments.

2.3. Small Scale Pseudovirus Screen Revealed That SunTag
Mediated Multimerization of SACE2 Dramatically Increased
Neutralization Efficiency

Following the cloning of fusion proteins, we expressed them in
HEK293T cells. As all fused proteins have extracellular domain
of ACE2 in their N termini, they were secreted into the cul-
ture media. Assuming a similar expression for all constructs, we
collected serum-free conditioned media (CM) and performed a
small screen to test for pseudovirus neutralization (Figure 1B). In
the screen, we also included ACE2 fusions of protease inhibitor
proteins and chemicals, as we wished to examine the influ-
ence of potentially inhibiting TMPRSS2 through a co-targeting
approach. We generated ACE2 fusions of PAI1/SERPINEI or
A1AT/SERPINAL¥) and the extracellular domain of cystatin
C/CST3, which was shown to inhibit cathepsin B/L in the endoso-
mal pathway,[*8#] to the C terminus of SACE2(WT) or SACE2(v1)
via a GS rich linker (Figure S3A, Supporting Information). In-
fection of cells with GFP encoding pseudoviruses was initially
confirmed by fluorescence microscopy (Figures S3B and S4A,
Supporting Information) and then quantified by a fluorescent
plate reader (Figure 1C and Figure S3C,D, Supporting Infor-
mation), while fLuc-encoding pseudoviruses were quantified by
a luminescence assay (Figures S3E and S4B, Supporting Infor-
mation). From this initial screen, we observed that SACE2(WT)
did not significantly impact pseudovirus neutralization. How-
ever, similar to findings of Chan et al.,?** sACE2(v1) includ-
ing H34A, T92Q, Q325P, A386L mutations, could significantly
inhibit the cell entry of pseudoviruses. The CST3 and A1AT
were not effective individually (Figure S3C, Supporting Infor-
mation), but their fusions slightly increased the effects of both

www.advancedscience.com

sACE2(WT) and sACE2(v1). However, the most striking results
were obtained with the SunTag system. Crude CMs from both
SACE2(WT)-SunTag and sACE2(v1)-SunTag almost completely
abolished pseudovirus infection (Figure 1C,D and Figure S4A,B,
Supporting Information). While the CM from individual com-
ponents of SunTag, SACE2-5xGCN4 and sACE2-scFvGCN4, had
similar SACE2 levels (Figure 1E) and exhibited similar activity to
the untagged sACE2, the efficient pseudovirus neutralization oc-
curred through multimerization of SACE2 (Figure 1F).

As a comparison with recent studies, we included small
molecule inhibitors of TMPRSS2 and Cathepsin B/L (Camostat
mesylate and E64d)?% in our pseudotyped virus neutralization
assay. These inhibitors were effective in the micromolar concen-
tration range as expected. However, even at the highest concen-
trations (100 X 10° M), they were not as potent as SACE2(WT)-
SunTag or SACE2(v1)-SunTag CM in inhibiting virus entry, attest-
ing to their superior efficacy (Figure 1C and Figure S3D, Support-
ing Information).

We observed that both SACE2(WT)-SunTag and sACE2(v1)-
SunTag CMs blocked more than 90% of pseudovirus infec-
tion. To compare the dosage dependency, we next performed a
limiting dilution assay (Figure S4C, Supporting Information).
SACE2v2.4(732) was also added to the dilution assay, as it was
shown to be highly potent against Spike, because of the point
mutations and the protected natural dimerization domain.?*40!
As expected, without dilution, SACE2v2.4(732) was more effec-
tive than the SACE2(WT) or SACE2(v1) and its effects were simi-
lar to WT-SunTag and v1-SunTag. However, even after 1/5x dilu-
tion, both WT-SunTag and v1-SunTag neutralized pseudoviruses
significantly better than the others and were still effective af-
ter 1/50% dilution (Figure S4C, Supporting Information). We
also fused sACE2v2.4(732) with SunTag components to test
whether we could enhance its neutralization efficiency. As ex-
pected, v2.4(732)-SunTag neutralized pseudoviruses better than
its untagged counterpart (Figure S4C, Supporting Information).
However, it was not as potent as v1-SunTag, again attesting to the
marked efficiency of v1-SunTag.

To compare our multimeric SACE2 with the recently pub-
lished dimeric or trimeric SACE2, we used the already avail-
able SACE2(WT)-732 and sACE2(WT)-732-IgG1,1***! and fur-
ther generated trimeric SACE2 by cloning foldon trimerization
domain,*251 to the downstream of sACE2(WT) (Figure 1G).
Since it was shown that trimeric constructs with AP-rich rigid
linkers performed better than the GS-rich flexible linkers, we
cloned foldon and SunTag components either with GS-rich or
AP-rich linkers to the C-terminus of SACE2(WT). Next, we per-
formed a pseudovirus neutralization assay with serial dilutions of
CM collected from HEK293T cells transfected with monomeric,
dimeric, trimeric or multimeric SACE2 components (Figure 1H).
Western blot analysis indicated that similar amounts of SACE2
are found in the CMs collected from different samples (Fig-
ure S4D, Supporting Information). However, our multimeric

E) Western blot images showing sACE2 levels in the CM collected from cells transfected with monomeric or multimeric SACE2 components. F) Schematic
representation of SACE2-SunTag. G) Schematic representations of dimeric and trimeric SACE2 constructs. H) Relative infection with pseudovirus in the
presence of different dilutions of CM obtained from monomeric, dimeric, trimeric, or multimeric SACE2(WT) components either with GS-rich flexible or
AP-rich rigid linkers. CM were diluted with DMEM up to 1/25x. CM from mock transfected cells were used as control, and infection rates were calculated
as relative fluorescence to control wells. (ns: p > 0.05, *: p < = 0.05, **: p < =0.01, ***: p < = 0.001, ****: p < =0.0001, one way ANOVA.)
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SACE2 based on the SunTag components neutralized pseu-
doviruses much better than the dimeric or trimeric SACE2 either
with GS or AP linkers (Figure 1H).

2.4. Purified sACE2-SunTag Decoys Neutralized Pseudovirus and
SARS-CoV-2 Isolates in Sub-Nanomolar Doses

As a follow-up to the experiments conducted with conditioned
media, we generated recombinant proteins in vitro using 8xHis
tagged WT, WT-SunTag, v1, and v1-SunTag ACE2 (Figure 2A)
followed by fPLC purification. In vitro generated monomeric
SACE2(WT), had comparable activity (IC5, = 358 + 114 x 10
M) to commercially available recombinant SACE2 (ICg, = 275
+ 78 x 10° m) (Figure S2G, Supporting Information). On the
other hand, the SACE2(WT)-SunTag exhibited more than 250-
fold greater neutralization capacity (ICs, = 1.35 + 0.24 x 10 m)
compared to the monomeric SACE2(WT). Further, in line with
our results with CM, the purified sSACE2(v1)-SunTag was the
most efficient system, with a sub-nanomolar median (IC;, = 0.30
+ 0.07 X 10 M) inhibitory concentration (Figure 2B).

To extend our findings from the pseudotyped virus model to
a bona fide SARS-CoV-2 infection model, we carried out neutral-
ization assays with clinical isolates of SARS-CoV-2 in a BSL-3 lab-
oratory (Figure 2C). Accordingly, both SACE2(WT)-SunTag and
sACE2(v1)-SunTag blocked SARS-CoV-2 entry to Vero-CCL81
cells much more efficiently than their untagged counterparts
(Figure 2D and Figure S5, Supporting Information). SACE2(WT)-
SunTag and sACE2(v1)-SunTag neutralized 10° pfu mL' SARS-
CoV-2 with ICq, values of 2.09 + 0.45 x 10° M and 0.84 + 0.05 X
10 M, respectively (Figure 2E). Low-dose infections with SARS-
CoV-2 also responded to SunTag fusions at subnanomolar con-
centrations. While sSACE2(WT)-SunTag neutralized 10° pfu mL’!
with ICg, value of 0.15 + 0.04 X 10 M, SACE2(v1)-SunTag neu-
tralized with ICg, = 0.06 + 0.01 x 10 m. (Figure 2E).

2.5. MoonTag, Another Protein-Scaffold Based Multimerization
System, Was Markedly Efficient in SARS-CoV-2 Neutralization

Encouraged by our results with SunTag systems, we further
tested the ability of a new multimerization system, MoonTag,
which was developed to consist of two components: a linear
peptide chain containing 15 amino-acid peptide repeats (gp41)
and a nanobody (nb) specific to the gp41 peptide.[*) We fused
our sACE2 constructs with the MoonTag system components
to generate multiple versions of MoonTag fusions. We fused
both sACE2(WT) and sACE2(vl) with either 12xgp41 repeats
or nb_gp41 (Figure 3A). Additionally, we fused 10xGCN4 and
24xGCN4 to sACE2(v1) to test different repeat numbers in the
SunTag system. Using CM containing these fusions, we per-
formed a pseudovirus neutralization assay to compare these
novel multimerization systems with our previous SunTag system
with 5XxGCN4 component (Figure 3B). As expected, individual
components of each system neutralized pseudovirus with a simi-
lar efficiency with the untagged version of SACE2(v1) (Figures 3B
and 1C), while using components together neutralized pseu-
doviruses completely. We used 1/5x and 1/25x% dilutions of CMs
from multimerization systems as well, to compare their neutral-
ization limits. 1/25x dilutions revealed that SunTag systems with

Adv. Sci. 2022, 2201294

www.advancedscience.com

10xGCN4 and 24xGCN4 worked slightly better than SunTag with
5xGCN4 (Figure 3B). However, the most efficient neutralization
was observed with the MoonTag system with 12xgp41.

Encouraged by its significant neutralization ability in CM, we
next produced pure sSACE2-MoonTag proteins (Figure 3C). When
compared with the SunTag system, the neutralization efficiency
of the MoonTag was slightly better. SACE2(v1)-MoonTag pro-
teins neutralized pseudoviruses at ICs; = 0.30 + 0.02 x 10? m,
while SACE2(v1)-SunTag did so ICy, = 0.48 + 0.07 x 10° m (Fig-
ure 3D). As stability can be a major issue for protein-based drugs,
we tested the impact of storage conditions on pseudovirus neu-
tralization, keeping the proteins at either 4 °C for 10 d or 37 °C
for 24 h (Figure 3E). Although a slight increase was observed in
their IC;,’s, both WT-MoonTag and v1-MoonTag were still highly
efficient to neutralize pseudoviruses (Figure 3E). Then, we tested
the efficiency of the MoonTag system for neutralization of clini-
cal SARS-CoV-2 isolates as well (Figure 3F). Similar to results of
the pseudovirus experiments, SACE2(v1)-MoonTag neutralized
SARS-CoV-2 isolates in sub-nanomolar range, and sACE2(WT)-
MoonTag increased neutralization efficiency more than 100-fold
when compared to SACE2(WT) monomer (Figure 3F). Together,
these results suggest that SACE2-MoonTag fusions provide great
efficacy in SARS-CoV-2 neutralization.

2.6. SunTag and MoonTag-Based Multimerization of sACE2
Significantly Enhances Binding to SARS-CoV-2 Spike

We designed a Spike binding assay to quantify the relative accu-
mulation of SACE2 on the surface-expressed Spike protein (Fig-
ure 4A). After tagging sACE2 constructs with superfolder GFP
(sfGFP), we collected CM for each fusion protein and then in-
cubated it with Spike-expressing HEK293T cells. MoonTag com-
ponents could not bind the Spike efficiently when they were in-
cubated individually (Figure 4B,C). However, when the compo-
nents were incubated together, both SACE2(WT) and sACE2(v1)
bound to Spike proteins much more efficiently than their in-
dividual counterparts (Figure 4B,C). We also observed that v1-
sfGFP-MoonTag bound to Spike very quickly, in a few minutes,
upon incubation with cells (Movie S1, Supporting Information).
Similarly, the SunTag system highly enhanced the Spike binding
when its components were applied together, compared to individ-
ual components or untagged sACE2 versions (Figure S6A, Sup-
porting Information). Immunostaining with anti-SARS-CoV-2
Spike antibody indicated that stGFP-fused SACE2-SunTag specif-
ically bound to Spike-expressing cells (Figure S6B, Supporting
Information). In line with our previous results, individual com-
ponents of the SunTag system, SACE2-5xGCN4 and sACE2-
scFvGCN4, did not demonstrate increased spike binding occu-
pancy (Figure S6A, Supporting Information). Moreover, when in-
dividual components of the MoonTag system were labeled with
different fluorescent proteins, overlay images showed that their
binding was colocalized (Figure 4D).

2.7. MoonTag System Exhibits Significant Neutralization
Efficiency against Pseudo-Variants of SARS-CoV-2

To test the efficiency of MoonTag system in neutralizing the
VOCs of SARS-CoV-2, we produced pseudoviruses bearing

2201294 (5 0f18) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Neutralization of SARS-CoV-2 with sACE2 alone or SACE2-SunTag fusions. A) SDS-PAGE analysis of purified ACE2 (WT or v1) or their fusion
proteins. Protein ladder and different amounts of bovine serum albumin (BSA) were used as controls. B) Relative infection rates of ACE2- and TMPRSS2-
expressing HEK293T cells with pseudoviruses bearing SARS-CoV-2 Spike in the presence of purified SACE2 proteins. Purified proteins were serially diluted
in culture media. Pseudovirus incubated with culture medium was used as control, and infection rates were calculated as relative fluorescence level of
control. C) Experimental flow of SARS-CoV-2 isolation and neutralization effect of SACE2 fusions on Vero-CCL81 cells (Created with Biorender.com).
D) Microscopic images of Vero-CCL81 cells infected with SARS-CoV-2 isolate (10° pfu mL') upon 1 h of incubation with different concentrations of
purified SACE2-SunTag proteins. Cells were immunostained with anti-SARS-CoV-2 Spike antibody after 24 h of infection (green). Scale bars = 100 um. E)
Quantification of relative infection rates of Vero-CCL81 cells with 10° pfu mL" or 10> pfu mL' SARS-CoV-2 isolate upon treatment with purified SACE2
proteins. Infection was measured as fluorescence measured upon immunostaining with anti-SARS-CoV-2 Spike antibody.

SARS-CoV-2 Spike having 4 of the important mutations iden-  pseudovirus bearing wild type Spike (Figure 5B,C). In neutraliza-
tified in alpha, beta, gamma, and delta variants, and 36 muta-  tion assays, all pseudo-variants were neutralized by sACE2(v1)-
tions identified in omicron variant mimicking its heavily mu-  MoonTag significantly (Figure 5D). Interestingly, IC;, for neu-
tated structure (Figure 5A). Infection rates of all pseudo-variants,  tralizations of most pseudo-variants, were slightly lower than
especially the omicron variant, were markedly higher than the  that of the wild type pseudovirus. In parallel with infection and
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Figure 3. Pseudovirus and isolated SARS-CoV-2 neutralization with SACE2-Moon-Tag fusions. A) Schematic representation of sSACE2 constructs with
MoonTag. B) Relative infection of ACE2- and TMPRSS2-expressing HEK293T cells with pseudowruses bearing SARS-CoV-2 Spike in the presence of
CM containing SACE2 monomeric or multimerized fusion constructs. CM were diluted with DMEM up to 1/25%. C) SDS-PAGE analysis of purified
MoonTag fusion proteins. Protein ladder and different amounts of bovine serum albumin (BSA) were used as controls. D) Comparison of SunTag
and MoonTag-based sACE2-fusions for neutralization of SARS-CoV-2 Spike bearing pseudovirus. Relative infection rates were calculated as relative
fluorescence intensity to virus-only conditions. E) Stability assay for SACE2(v1)-MoonTag. Pseudovirus neutralization assay was performed with purified
v1-MoonTag proteins after incubation for 10 days at +4 °C or 24 h at 37 °C. F) Microscopic images of Vero-E6 cells infected with SARS-CoV-2 isolate (10°
pfu mL1) upon incubation with different concentrations of purified SACE2 constructs for 1 h. Cells were immunostained with anti-SARS-CoV-2 Spike
antibody after 24 h of infection. (Green: SARS-CoV-2 Spike; Blue: DAPI). Scale bars = 100 um.
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Figure 5. Neutralization of variants of concern (VOC) pseudoviruses and spike binding assay with SACE2(v1)-MoonTag construct. A) Representation of
mutations engineered via site-directed mutagenesis for each VOC, and ICs, values for neutralization with purified v1-MoonTag proteins. B) Microscopic
images of ACE2- and TMPRSS2-expressing HEK293T cells infected with pseudoviruses wild type or VOC Spike. Scale bars = 200 um. C) Relative infection
rates of ACE2- and TMPRSS2-expressing HEK293T cells with pseudoviruses bearing VOC Spike. Infection rates were normalized to fluorescence level
of control cells infected with pseudoviruses bearing WT-Spike. D) Relative infection rates of ACE2- and TMPRSS2-expressing HEK293T cells with pseu-
doviruses bearing VOC Spike in the presence of purified SACE2(v1)-MoonTag proteins. Purified proteins were serially diluted in culture media. Culture
medium was used as control, and infection rates were normalized to fluorescence level of control. (ns: p > 0.05, *: p < = 0.05, **: p < =0.01, ***: p <
=0.001, ****: p < =0.0001, Student’s t-test.)
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neutralization data, Spike binding assay showed that binding po-
tential of both SACE2(WT)-MoonTag and sACE2(v1)-MoonTag to
Spike variants is significantly stronger than binding to the wild-
type Spike (Figure S7A-D, Supporting Information). This differ-
ential binding was more apparent with SACE2(WT)-MoonTag as
the Spike variants can bind to wild-type ACE2 more efficiently
(Figure S7A,B, Supporting Information).

2.8. sACE2(v1)-MoonTag Is a Potential Inhibitor of SARS-CoV-2
In Vivo

Based on our promising in vitro results, we tested the clinical
potential of SACE2(v1)-MoonTag in a mouse COVID-19 model
using K18-hACE2 transgenic mice expressing human ACE2. To
mimic the natural disease, we infected the mice with SARS-CoV-
2 virus (the alpha variant available in our labs) for 3 consecutive
days, and beginning from 4 h after the last infection, we admin-
istered purified SACE2(v1)-MoonTag or PBS as the control for 4
consecutive days (Figure 6A). After 7 d postinfection (dpi), more
than 10% average weight loss was observed in the control group,
but there was no significant reduction in the average weight of the
v1-MoonTag treated group (Figure 6B). At 8 dpi, 7 animals out of 8
in the control group died or were euthanized because of dramatic
weight loss (>25%), while this number was only 1 out of 8 ani-
mals in the vl-MoonTag treated group (Figure 6C). At 9 dpi, while
3 animals in the v1-MoonTag treated group’s disease progressed,
4 animals (50%) were totally well and survived healthily until
the end of the experiment (Figure 6C). Gross pathological anal-
ysis indicated that most of the lungs harvested from the control
group have pneumonic and hyperemic regions, while the lungs
harvested from healthy animals in the v1-MoonTag treated group
were clear and had no indication of the infection (Figure 6D). Vi-
ral loads from the harvested lungs were also analyzed via qRT-
PCR by using 2 primers targeting the viral nucleocapsid gene
(Figure 6E). In parallel with the survival data, C, values showed
that 7 of the 8 animals in the control group had a high viral load
(with C, values < 20), while this number was 4 out of 8 animals in
the v1-MoonTag treated group. The 4 healthy animals in the v1-
MoonTag treated group had Cq values higher than 30. The histo-
logical examination of lung tissues revealed healing and restora-
tion of normal tissue components in the v1-Moontag group (Fig-
ure 6F and Figure S8, Supporting Information). The overall infil-
tration in the tissue decreased and normal tissue structure of alve-
olar spaces has been restored upon v1-MoonTag treatment. The
interstitial and alveolar infiltrations declined to show only few
inflammatory cells in the alveolar spaces. The exudate formed in
the control group was not observed in the vl-MoonTag group.
Increased number of type II pneumocytes and perivascular infil-
tration was noticed in the control group compared to v1-Moontag
group demonstrating a mild perivascular and peribronchial infil-
tration. Together, these results show that protein scaffold multi-
merization based sACE2(v1)-MoonTag fusion reveals efficacy in
the in vivo model of COVID-19.

3. Discussion

COVID-19 pandemic is one of the most striking events of the
last century. It caused millions of deaths and severely affected
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people’s lives in many ways including physical and psychological
health, social relationships, and economic welfare. Vast amount
of scientific research revealed crucial information about the dis-
ease and the virus, SARS-CoV-2, leading to the development
of vaccines in a short time. Vaccines provide a high protection
against the viral infection, minimize hospitalization and COVID-
19 related deaths. However, difficulties in mass production and
worldwide distribution, and vaccine hostility in many countries
facilitates the emergence of novel SARS-CoV-2 variants. As the
novel variants emerge, vaccine efficiencies are decreasing. There-
fore, together with rapid and widespread vaccination programs,
there is an urgent need for COVID-specific drugs, which can be
used as curative to prevent disease progression. In this study,
we provide novel SACE2-fusion proteins (Figure 7), that we de-
veloped using molecular engineering, as potent SARS-CoV-2
neutralizing agents that have potential as therapeutics against
COVID-19.

There have been many treatment strategies against COVID-
19, especially using antiviral agents such as Favipravir, Remde-
sivir or recently Molnupiravir.>-2°l However, these agents do not
specifically inhibit SARS-CoV-2 infection and exhibited less ef-
ficacy in recent clinical trials than originally thought.[?*2431] In
parallel, several strategies based on Spike recognition with anti-
bodies, peptides and small molecules have emerged as potential
treatment options. However, it is known that mutations in novel
variants, especially in the Spike gene, may hinder the recogni-
tion of Spike by antibodies;[***3] therefore, they may be less ef-
fective as escape mutations accumulate. Strategies to target ACE2
may be more feasible, since mutations that diminish ACE2 func-
tion would be detrimental to SARS-CoV-2 life cycle and there-
fore such mutations have not been identified. On the contrary,
many common mutations found in variants were shown to in-
crease the ACE2 binding affinity and increase the infection capac-
ity of the virus.3>*>¢] Therefore, using soluble ACE2 (sACE2) to
block the natural ACE2-Spike binding is a promising approach
as these soluble decoy receptors can potentially overcome com-
mon forms of SARS-CoV-2 resistance including the novel vari-
ants. However, the initial SACE2 decoy receptors have displayed
relatively poor activity in vitro,*®] and moderate effects in a recent
clinical trial.l’7%8] To increase its potency, some research groups
developed mutant forms of ACE2 with higher Spike affinity.34"]
Even though it is a successful strategy, it has the potential to cause
the development of novel escape mutations that can weaken the
binding to mutant forms of ACE2 while alternatively strength-
ening the binding to wild-type ACE2. Therefore, we designed a
different strategy that increases the sACE2 potency without in-
corporating more mutations. We generated a small-scale SACE2
decoy library with various fusion proteins that were categorized
under two main approaches: cotargeting or multimerization (Fig-
ure S1 and Table S1, Supporting Information).

In the cotargeting approach, we aimed to simultaneously block
host ACE2-Spike interaction and cleavage of Spike by proteases.
Both sACE2 decoy receptors and chemical inhibitors of host pro-
teases such as TMPRSS2 or Cathepsin B/L were shown to be ef-
fective in preclinical studies.*"] However, recent reports of clin-
ical trials with these decoys or inhibitors revealed no significant
effect on clinical outcome.[®*!] To achieve better neutralization,
we fused wild type or mutant (v1) SACE2 decoys with potential
biological protease inhibitors, A1AT, PAI1, and CST3.1*-5% We

2201294 (10 Of18) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

A

www.advancedscience.com

SARSCoV-2 Vv1-MooriTag
infection treatment
o Analysis
s S ¢ .
Ve vt b
L ¥ § &
~<_ ¥ = \ 1 37
~ U <
4 #»
2 RN — 3 AN — ‘!.
oy = 4»\7{5 .. &
*® s
. . - - -~ ~ o .
. Seo
I I l I ] i 1 ! ] | ! l >
M m T am T am e | am o pm | am | pm 1 am o 1
Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
C 100
105
= _ 75
g __ 100 [
Z5 =
T > S
ES —e- Control @ 50 =
Cuw 95 =
S O -e-v1-MoonTag qC)
2e. ©
© P 25
& 90 —+ Control
—
- v1-MoonTag
0
85 N - . - T r -
NN ] o % 0 . 6 9 12
Days post infection (dpi) Time (dpi)
04 cotoo
2]
@
< 307 (©0)
]
=
o
(@]
5
T 201
o
104 @0

Control

Control

v1-MoonTag

v1-MoonTag

Adv. Sci. 2022, 2201294

2201294 (11 of 18) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

4 Y \
sACE2- SunTag sACE2- MoonTag

eed

N
sxGCNE o, 4,’ W o
—o—o /
#
. R

¥ o @a, Vo, .‘ I/'_ o \‘\'

L:...s.f“.. St Fn #?"gﬁ>
v 8980 | 0898 913

(‘\(4,3;9 "?»"&‘3 \,u.::“ ‘PR 7
E‘_)‘*.b. \‘\"\“‘ .b’ v

L AN J

Figure 7. Graphical models of the Spike binding of multimerization-based
sACE2-SunTag and sACE2-MoonTag fusion proteins.

hypothesized that the SACE2 component of these fusion proteins
would block the Spike proteins on virions, and protease inhibitor
components would prevent Spike cleavage even if some Spikes
could bind the host ACE2. Our pseudovirus neutralization screen
indicated that fusions with A1AT and CST3 increased the neu-
tralization efficiency of sACE2. Indeed, A1AT was shown to be
a potential inhibitor of SARS-CoV-2 infection recently.[®?] There-
fore, its fusion to SACE2 might be a useful strategy to increase
the neutralization potency.

In our second and more efficient strategy, we generated mul-
timerization constructs for sACE2 decoys. Given that an average
of 20-40 Spike trimers are found on a SARS-CoV-2 virion,>*¢]
blocking a high fraction of these trimers will enhance the
neutralization efficiency.[** We hypothesized that multimeriza-
tion of sACE2 will facilitate neutralization as binding of one
sACE2 molecule to any Spike protein would bring other sACE2
molecules closer to the other Spikes in the vicinity. We initially
tested this hypothesis with a SunTag-mediated multimerization,
and then followed up with a similar multimerization system,
called MoonTag. Our results with both pseudovirus and clini-
cal SARS-CoV-2 isolates clearly indicated that multimerization
of sSACE2 dramatically increased the binding potential and neu-
tralization efficiency, when compared to monomer sACE2. We
investigated the applicability of these multimerization systems
on both wild-type sACE2, and its more potent mutant versions.
SunTag or MoonTag-based multimerization of sACE2(v1) neu-
tralized both pseudoviruses and SARS-CoV-2 isolates with sub-

www.advancedscience.com

nanomolar ICy,s, which are better than or comparable to several
monoclonal antibodies developed recently.!>*-3]

This study is the first of its kind to examine the effects of
varying different properties of multimerization system compo-
nents on SARS-CoV-2 neutralization. We tested different num-
bers of peptide repeats in the tails, as 5%, 10x, and 24xGCN4
in the SunTag system. Increasing the repeat numbers provided
better neutralization at dilute concentrations, but this effect was
limited after some point. This is probably because of lower ex-
pression of longer tails even with their higher multimeriza-
tion capacity. However, all versions of tagged SACE2 decoys
worked significantly better than the untagged sACE2 or individ-
ual monomer components. These results demonstrate that our
approach of multimerization based sACE2 fusions are extremely
efficient, in consistent with the recent studies indicating the suc-
cess of dimerized!*! or trimerized!*>°%] SACE2. To make a di-
rect comparison of our multimerization approach with dimeriza-
tion or trimerization approaches, we did a neutralization assay
including all these constructs, and found that multimeric SACE2-
SunTag was the most efficient. We also compared flexible or
rigid linkers in both trimeric or multimeric sACE2. Rigid AP(15)
linker was more efficient in trimers as recently suggested,!®] but
multimeric SACE2 with either of these linkers performed simi-
larly in pseudovirus neutralization.

In addition to functional abilities, stability under different tem-
peratures is an important issue for protein-based drugs. There-
fore, we tested the neutralization capacities of our sACE2 fu-
sion proteins upon storage at 4 °C for 10 d, and at 37 °C for
24 h. Both sACE2(WT)-MoonTag and sACE2(v1)-MoonTag were
highly stable in terms of their neutralization profile. Therefore,
we suggest that these proteins could be amenable to current
cold-chain logistics, be stored in conventional refrigerators for
at least 10 d, and remain stable at physiological temperature
for at least 1 d. Slight decrease in neutralization efficiency of
sACE2(v1)-MoonTag upon storage at these conditions might be
related with the point mutations it has. One of the four mutations
found in sACE2(v1), T92Q, disrupts a consensus glycosylation
motif formed by N90 and T92 residues which may lower over-
all stability.[*”] This may also be the reason why bands of v1 vari-
ants with or without multimerization tags were slightly weaker in
SDS-PAGE compared to wild-type SACE2. Therefore, using Sun-
Tag or MoonTag with other SACE2 variants,[*#?] protecting the
glycosylation motifs may give a better stability, and even better
neutralization efficiency.

As multimerization systems offer to enhance neutralization
efficiency by protecting the natural ACE2-Spike interaction, we
suggest that this strategy will be similarly effective on any known

Figure 6. Neutralization effect of SACE2 constructs in vivo. A) Schematic representation of in vivo experiment to test the efficacy of SACE2 constructs
in vivo. Human ACE2 (hACE2)-expressing mice were infected with 50 uL of 10° TCIDs, SARS-CoV-2 (Alpha) isolates intranasally (in) for 3 d and treated
with sSACE2(v1)-MoonTag (20 mg/kg/day) for 4 d intraperitoneally, starting from the third day after infection (n = 8 per group). B) Average change in
body weight by time in control or v1-MoonTag treated mice. C) Survival plot of animals in control and v1-MoonTag groups. D) Representative lung
images dissected from control or v1-MoonTag treated mice. E) Viral loads in lungs from control or v1-MoonTag groups (n = 8), measured via qRT-PCR
from two different regions of SARS-CoV-2 Nucleocapsid gene. F) Representative images of hematoxylin-eosin stained lung tissues obtained from control
(i-iv) and v1-MoonTag (v-viii) groups. The tissue architecture of v1-MoonTag group shows restoration of alveolar spaces with no exudate formation
(wvi); decreased amount of interstitial (vi), alveolar (vii), perivascular (pv, viii) and peribronchial (pb, viii) infiltration with a decline in number of
inflammatory cells (arrowheads, vi); and re-establishment of a normal number of type-Il pneumocytes (arrows, vii) compared to presence of exudate (e,
ii); high amount of alveolar, interstitial (asterisk, ii; a,i,iv) and perivascular (py, iii) infiltration along with an increased number of type Il pneumocytes

(arrows, iii) in the control group. Scale bars: i, ii, v = 70 um; vi-viii = 35 um.

Adv. Sci. 2022, 2201294

2201294 (12 Of18) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

or potential novel SARS-CoV-2 variants and provide experimen-
tal support with our engineered pseudoviruses bearing Spike
variants, alpha, beta, gamma, delta and omicron. Our sACE2-
MoonTag fusions bound to and neutralized these variants, even
with better efficacy compared to wild-type Spike. Wild type sACE2
with MoonTag, especially, bound to variant Spikes much stronger
than the wild type Spike. This is consistent with studies show-
ing increased ACE2 affinity and infection capability of SARS-
CoV-2 variants,>*7] and increased affinity and neutralization of
variants with ACE2 decoys.[®%8] These results clearly indicate
that our multimerized sACE2 decoys are powerful tools against
SARS-CoV-2 variants.

Our promising results in vitro encouraged us to test our mul-
timerized sACE2 decoys in vivo, by using a COVID-19 model in
mice. We selected SACE2(v1)-MoonTag for in vivo experiments
since it was the most potent decoy in vitro. Interestingly, although
many mutant, dimerized or trimerized ACE2 decoys were shown
to have a high neutralization capacity in vitro, there are only a few
in vivo studies showing efficacy of ACE2 decoys,[®%*72] or AAV-
mediated ACE2 gene therapy.[”*! Although these studies show the
potential protective effects of ACE2 decoys, most of them use a
prophylactic approach and administer decoys/drugs prior to or
together with viruses. A recent study testing the therapeutic po-
tential of ACE2-Fc fusion, in which they administered proteins
12h after viral infection, obtained promising results in a hamster
COVID-19 model.”t] However, the dose of SARS-CoV-2 viruses
used in this study was not high enough as it did not cause any
death in control animals. To mimic the clinical conditions, we
tested our decoys with a therapeutic approach, in which we ad-
ministered sACE2(v1)-MoonTag after 3 d of SARS-CoV-2 virus
(alpha variant) administration. We observed a significant protec-
tion of body weight and longer survival in the v1-MoonTag treated
group compared to control. Based on clinical evaluation, qPCR,
and survival results, we concluded that 4 of 8 mice in the v1-
MoonTag treated groups were protected from disease progres-
sion at the end of the experiment. 3 of the 4 remaining mice had
mild symptoms at 8 dpi but progressed at 9 dpi. To compare sur-
vival time between groups, we kept all mice alive as their clinical
conditions were well, and harvested lungs after they got unhealth-
ier. Therefore, viral loads in 4 completely healthy mice were ex-
pectedly low, while in others they were too high leading to a high
error rate in the vl-MoonTag group. As our decoy treatment had
ended at the end of 5 dpi, clinical outcomes might have been bet-
ter if we continued with decoy treatment or increased the decoy
dose. Changing the administration route from intraperitoneal to
intranasal or intravenous injections might help achieve higher
concentrations in lung tissue in future studies. In a very recent
study, Zhang et al. indicated that prophylactic pretreatment of en-
gineered SACE2.v2.4-1gG1 decoys protected all mice from SARS-
CoV-2 induced death.”*] However, when they used a therapeutic
approach in which decoys were injected intravenously for 7 con-
secutive days beginning from 12 or 24h after virus inoculation,
survival rate of mice was ~50%. Similarly, intravenously injected
trimeric SACE2-foldon was also shown to have promising results
in vivo, very recently.|®] These observations are compatible with
our results; and based on the superiority of our multimeriza-
tion approach in vitro, they indicate the therapeutic potential of
our decoys with adjusted dose, administration route, and treat-
ment period. All in all, complete protection of 4 of 8 mice sup-
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ported with gross pathological and immunohistochemical im-
ages of healing in these mice indicate that SACE2(v1)-MoonTag
is a promising drug candidate for COVID-19 treatment.

Although we obtained marked efficiency with multimerized
SACE2 decoys both in vitro and in vivo, there are some limita-
tions in our study. First, we could test our decoys on pseudo-
variants, but not on clinical isolates of novel SARS-CoV-2 vari-
ants. Second, we used peptide tags which are derived from non-
human sources. Even if we did not observe any adverse effect in
the gross pathological analysis of organs obtained from the sur-
vived animals, detailed immunological analyses should be per-
formed. Alternatively, human-derived peptide pairs can be used
for the clinical applications of our multimerization approach in
the future. For successful clinical translation of our approach, the
specificity or systemic effects of the SunTag and MoonTag should
be further investigated. To this end, both SunTag and MoonTag
were previously shown to be highly specific with very high affin-
ity to their partners.[*>#0] SunTag system was even shown to in-
hibit off-target activities of its fusion partner!”>] and it was used
effectively in vivo without reported negative effects.l”®) Consider-
ing that both SunTag and MoonTag components are small pep-
tide fragments, and sACE2 is already a natural human protein,
we expect that they would be systemically eliminated via prote-
olysis mediated by serum or tissue proteases.l’””] Therefore, our
approach might be very ideal for in vivo applications, especially
when given together in an appropriate ratio. Lastly, our in vivo
study did not involve the monomer decoys or other potential
dimer, trimer or multimer decoys to compare their effects in vivo.
Challenges to produce large quantities of proteins, and to con-
duct animal experiments in ABSL-3 led us to minimize the ex-
perimental groups. Future studies should be performed to com-
pare therapeutic efficacies of various sACE2 decoys with different
doses and administration routes in vivo.

In this work, we demonstrate that incorporating multiple
sACE2 via a scaffold-based multimerization system can gener-
ate a decoy receptor that can effectively prevent SARS-CoV-2
cellular infection (Figure 7). With SACE2(WT), this multimeric
decoy receptor was more than 100-fold more active than the
monomeric protein. Utilizing a mutant SACE2(v1), which has
greater affinity for Spike, the neutralization efficiency with our
multimeric system reached comparable levels to Spike mono-
clonal antibodies currently in clinical development. This proof-
of-principle study utilized a SunTag or MoonTag approach to
generate multimeric decoy receptors but any alternative peptide-
scFv/nb couples could be incorporated with the ACE2. Overall,
we suggest that highly potent multimeric SACE2 decoy recep-
tors are promising agents, which can be used as a treatment for
COVID-19 caused by any SARS-CoV-2 variants.

4. Experimental Section

Cloning of Plasmids: 5xGCN4 and scFvGCN4 multimerization
tags were amplified from pPlatTET-gRNA2 plasmid, which was a gift
from lzuho Hatada (RRID:Addgene_82559).171 12xgp41, 12xGCN4
and 24xGCN4 were amplified from 24xMoonTag-kif18b-STOP-
24xSunTag-linker-24xPP7, which was a gift from Marvin Tanenbaum
(RRID:Addgene_128605).14¢] Nb_gp41 was amplified from Nb-gp41-Halo
(MoonTag-Nb-Halo) plasmid, which was a gift from Marvin Tanenbaum
(RRID:Addgene_128603).14¢1 CST3 cDNA was amplified from CST3

2201294 (13 0f18) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(Homo sapiens) in pLenti6.3/V5-DEST (DNASU plasmid repository).[7®]
A1AT/SERPINAT and PAI1/SERPINET cDNAs were amplified from
SERPINA-bio-His plasmid (RRID:Addgene_52182) and SERPINE1-bio-his
(RRID:Addgene_52077) which were gifts from Gavin Wright without
signal sequence to prevent cleavage of fused proteins.l”®l All inserts were
amplified either with flexible (GSGGSGSGGS) or rigid (GSPAPAPAPAPA-
PAPAP) linkers at the N-terminal, and with or without 8-his tags at the
C-terminal, and cloned into BamH| and Xbal sites, instead of sSfGFP either
in pcDNA3-sACE2(WT)-sfGFP (RRID:Addgene_145171), or pcDNA3-
sACE2v1-sfGFP (RRID:Addgene_145172) or pcDNA3-sACE2v2.4(732)-
8h (RRID:Addgene_154103), which are gifts from Eric Procko.[*"]
sACE2(WT)-8his was generated via replacing sACE2v1 in the pcDNA3-
sACE2v1-8his (RRID:Addgene_149269) with sACE2(WT). Dimeric
sACE2 plasmids, pcDNA3-sACE2-WT(732)-8h (RRID:Addgene_154101)
and pcDNA3-sACE2-WT(732)-1gG1  (RRID:Addgene_154101), were
gifts from Eric Procko.l*?] Trimeric sACE2 plasmids were generated
by cloning of foldon peptide sequence amplified from PpET11b-
SpyCatcher-HA2 (RRID:Addgene_165991),13%] to the downstream of
sACE2(WT) (615aa) either with flexible (GSGGSGSGGS) or rigid (GSPA-
PAPAPAPAPAPAP) linkers. sfGFP or mRFP fused sACE2 constructs
were generated by cloning sfGFP or mRFP amplified with GS-rich
linker, into BamHI site between sACE2 and 5xGCN4, scFvGCN4,
12xgp41, nb_gp41 domains in the sACE2(WT)-5xGCN4, sACE2(WT)-
scFvGCN4, sACE2(v1)-5xGCN4, sACE2(v1)-scFvGCN4, sACE2(WT)-
12xgp41, sACE2(WT)-nb_gp41, sACE2(v1)-12xgp41, sACE2(v1)-nb_gp41
plasmids. pCEP4-myc-ACE2 (RRID:Addgene_141185) was a gift
from Eric Procko.[*9l RRL.sin.cPPT.SFFV/TMPRSS2(variant 1).IRES-
neo.WPRE (MT130) (RRID:Addgene_145843) was a gift from Caroline
Goujon.[B1] pGBW-m4137383 (RRID:Addgene_149541) was a gift
from Ginkgo Bioworks. pcDNA3.1-SARS2-Spike was a gift from Fang
Li (RRID:Addgene_145032).32] Omicron variant vector was gener-
ated by replacing the ectodomain sequence of wild type Spike in the
pGBW-m4137383 with the Omicron ectodomain digested from paH-S-
RRAR-OMICRON (RRID:Addgene_180424),133] via upstream Kpnl and
internal Xbal cutsites. All constructs were checked by diagnostic digestion
and confirmed by Sanger sequencing of the insertion regions in plasmids.
Details of all constructs generated for this study are outlined in Table S1
(Supporting Information).

Site-Directed Mutagenesis: Variants of concern (VOC) of SARS-CoV-2
were created with Q5 Site-Directed Mutagenesis Kit (New England Bio-
Labs, Ipswich, MA, USA) according to manufacturer instructions. Spike-
18aa truncated plasmid (RRID:Addgene_149541) was used as template,
and PCR reaction was performed with specific primers designed using
NEBase Changer tool according to VOC mutations (Alpha: H69V70del,
N501Y, D614G, P681H; Beta: K417N, E484K, N501Y, D614G; Gamma:
K417T, E484K, N501Y, D614G; Delta: L452R, T478K, D614G, P681R). PCR
products were treated with KLD (Kinase, Ligase & Dpnl) enzyme mix to
circularize them. Plasmids generated via SDM were transformed to Es-
cherichia coli (Stbl3) and isolated by using a mini prep kit (M&N, Ger-
many).

Cell Culture: HEK293T cells were purchased from American Type Cul-
ture Collection (ATCC, USA), and cultured in DMEM (Gibco, USA), with
10% FBS (Gibco, USA) and 1% Pen/Strep (Gibco, USA) in a 37 °C incu-
bator with 5% CO,. Vero CCL-81 and Vero E6 cells were also purchased
from ATCC and cultured in DMEM with 5% FBS and 1% Pen/Strep in a
37 °Cincubator with 5% CO,. As HEK293T cells detach easily, tissue cul-
ture plates used for them were coated with 0.05% poly-L-lysine (PLL) for
30 min at 37 °C and washed with PBS before seeding cells. For transfec-
tion experiments, HEK293T cells were seeded on 15-cm plates as 9 x 10°
cells per plate, six well plates as 1x 10 cells per plate, or 12 well plates as
0.4 x 10° cells per plate. The next day, media were refreshed, and cells with
approximately 70-90% confluency in each plate were transfected with the
required plasmid(s) for each assay using Fugene 6 transfection reagent
(Promega, USA) or 1 mg mL" PEI (polyethyleneimine).

Conditioned Media Preparation: ~Transfections were performed with Fu-
gene 6 transfection reagent (Promega, USA) according to manufacturer’s
instructions with minor modifications. Briefly, cells were seeded to reach
%70-90 confluency at the day of transfection for Fugene and 90-100% con-

Adv. Sci. 2022, 2201294

www.advancedscience.com

fluency for PEI. 1:4 ratio of DNA/transfection reagent (Fugene or PEI) were
mixed with DMEM without FBS or Pen/Strep (only DMEM) as the total vol-
ume will be 10 times of the transfection reagent and incubated for 5 min at
room temperature. Total of 15 pg of fusion protein expression plasmid(s)
for 15 cm plates, 2.5 pg for 6 well plates, and 1 pg for 12 well plates were
prepared as a separate mixture, added on the transfection reagent mix-
ture, and incubated for 20-30 min at room temperature. Then, the mixture
was added on cells dropwise. After 14-16 h of transfection, media was re-
moved, cells were washed with PBS, and only DMEM was added on cells.
After 48 and 72 h of transfection, conditioned media (CM) was collected
from plates, centrifuged for 5 min at 1500 rpm, and supernatants were
filtered with 0.45 um syringe filters to remove cell debris. CM was freshly
used or kept at +4 °C for a maximum of 1-2 d.

Western Blot: CM were collected after 48 and 72 h of transfection, fil-
tered through 0.45 um syringe filters, and loaded into Amicon Ultra Cen-
trifugal filters (MWCO 30 kDa, Merck, Germany) to concentrate as 20X
by centrifugating at 3750 rpm for 30 min. Total protein concentrations
of concentrated samples were determined via Pierce’s BCA protein assay
kit (Thermo Fisher Scientific, USA). CM were mixed with 4X loading dye
which is prepared by mixing 4x Laemmli Sample Buffer (Bio-Rad, USA)
with 2-mercaptoethanol in 9:1 ratio, and boiled at 95 °C for 10 min. Equal
amounts of samples and protein ladder (Precision Plus Protein, Bio-Rad,
USA) were loaded into gradient SDS polyacrylamide gels (Mini-PROTEAN
TGX Precast Gels, Bio-Rad, USA), and run at 30 mA for 60 min. Then, pro-
tein transfer was performed via Trans-Blot Turbo RTA Mini PVDF Transfer
Kit (Bio-Rad, USA). Membrane was blocked with PBS-T (0.1% Tween-80)
containing 5% non-fat dry milk for 1h with gentle shaking at room tem-
perature. Then, blocking buffer was replaced with primary anti-ACE2 anti-
body (10108-T24, Sino Biological) diluted in PBS-T with 2% BSA and 0.02%
NaNj3 by gently shaking overnight at 4 °C. Next day, antibody solution was
removed, and membrane was washed three times with PBS-T for 15 min
each. Then, membrane was incubated with secondary antibody diluted in
PBS-T containing 5% non-fat dry milk for 1h at RT and washed 3 times with
PBS-T for 15 min each. Membrane was incubated with Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific, USA) for 5 min at dark, and
visualized by Odyssey Fc Imaging System (LI-COR Biosciences, USA).

Pseudovirus Production and Infection: Lentiviral-based pseudoviruses
bearing VSV-G or SARS-CoV-2 Spike (S) glycoproteins were produced
as in previous studies with some modifications.[*] Briefly, ~9 x 10°
of HEK293T cells were seeded on 15 cm plates, 1 d before transfec-
tion. Then, they were transfected with 7500 ng of lenti RRL_GFP reporter
plasmid, 6750 ng of psPAX2 packaging plasmid (RRID:Addgene_12260),
and either 750 ng of Spike-18aa truncated (RRID:Addgene_149541),
or generated Spike variant plasmids (alpha, beta, gamma, or delta),
or pcDNA3.1-SARS2-Spike (RRID:Addgene_145032) or VSV-G plasmid
(RRID:Addgene_8454) as glycoprotein. After 14-16 h of transfection,
media was removed, and fresh media (DMEM with 10% FBS and
1% Pen/Strep) was added on cells. After 48 h of transfection, viruses
were collected, filtered through 0.45 um syringe filters, and stored at
+4 °C for short-term usage (up to 3—4 d), or aliquoted and stored at -
80 °C for long-term storage. HEK293T cells were also transfected with
ACE2 and TMPRSS2 expression plasmids (RRID:Addgene_141185 and
RRID:Addgene_145843, respectively) individually or together, to allow in-
fection by pseudoviruses. After 24 h of transfection, cells were seeded on
96-well plates as 20k per well and infected with 50 pL of pseudoviruses
(MOI = 1). The next day, viral media was replaced with fresh culture me-
dia.

Neutralization Assay for Pseudovirus: 50 uL of pseudoviruses bearing
either wild type or variants of Spike were mixed with 50 uL of CM or pu-
rified proteins at different doses. For SunTag samples, 1 volume of CM
from 5x-GCN4 was mixed with 3 volumes of CM from scFv-GCN4, and
for MoonTag samples, 1 volume of CM from 12x-gp41 was mixed with 4
volumes of CM from nb-gp41 as the total volume is equal with CM from
other samples. Mixtures were incubated for 30 min at 37 °C temperature
and used to infect ACE2- and TMPRSS2-expressing HEK293T cells. Infec-
tion rate by pseudoviruses was determined by fluorescence or lumines-
cence reads in a microplate reader (BioTek’s Synergy H1, VT, USA), as GFP
or fLuc-expressing reporter plasmids were packaged during pseudovirus
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production. Neutralization efficiency was calculated as relative fluores-
cence or luminescence to the CM collected from mock-transfected cells,
or storage buffer for purified proteins.

Protein Purification: HEK293T cells were transfected with plasmids en-
coding required proteins as described in the CM collection procedure. CM
were collected after 48 h of transfection and filtered through 0.45 um sy-
ringe filters and used for protein purification via AKTA pure 25 FPLC (GE
Healthcare) equipped with 1 mL HisTrap affinity column (HisTrap HP, GE
Healthcare) loaded with Ni (II) and previously equilibrated with PBS con-
taining 5 X 102 m imidazole (buffer A). Briefly, 45 mL of filtered CM from
each sample was applied onto the column at the flow rate of 0.8 mL min'.
After washing the column with 15 column volumes (CV) of buffer A at a
flow rate of 2 mL min’!, proteins were eluted with 15 CV of PBS containing
0.5 m imidazole (buffer B) by a linear gradient (0 to 100% of buffer B at
flow rate of T mL min''). The proteins were eluted in a peak centered at
around 225 x 10 m Imidazole concentration. The fractions containing
the recombinant protein were pooled and concentrated through 15 mL 10
kDa MWCO Amicon-Ultra centrifugal filters (Millipore). Protein concen-
trations were measured by absorbance at 280 nm in nanodrop (Thermo
Scientific). They were aliquoted as ~0.2 mg mL"! and stored at -80 °C after
snap freezing in liquid nitrogen.

For bulk purification of proteins to use in vivo, HEK293T cells were
seeded on multiple 15-cm plates and transfected with plasmids encod-
ing required proteins as described in the CM collection procedure. CM
were collected after 48, 72, and 96h of transfection and filtered through
0.45 um syringe filters and used for protein purification. CM were loaded
into Amicon Ultra Centrifugal filters (MWCO 10 or 30 kDa, Merck, Ger-
many), and centrifuged at 3750 rpm for 30 min to concentrate CM and
eliminate proteins that have low molecular weights. PBS was added into
the filters continuously after each centrifugation until the phenol red was
washed away completely. Concentrated samples were collected and loaded
onto the homemade columns that were manually built-in syringes using
Ni Sepharose High-Performance beads placed on squeezed cotton wool.
The unbound proteins were washed away with a wash buffer (PBS con-
taining 7.5 x 10 m imidazole, pH = 8). Proteins were eluted from the
columns using an elution buffer (PBS containing 250 X 103 m imidazole,
and protease inhibitors, pH = 8). To eliminate imidazole, the elution buffer
was exchanged with PBS using Amicon Ultra Centrifugal filters, and pro-
teins were concentrated by serial centrifugation. Protein concentrations
were measured by absorbance at 280 nm in Nanodrop (Thermo Scien-
tific). They were aliquoted as ~1-2 mg mL" and stored at -80 °C after
snap freezing in liquid nitrogen.

Isolation of Authentic SARS-CoV-2: SARS-CoV-2 was isolated at
Kog University Isbank Center for Infectious Diseases (KUISCID)
Biosafety Level-3 (BSL-3) facility, from a nasopharyngeal sample of
a confirmed COVID-19 patient admitted to the Kog¢ University Hos-
pital (approved by Kog¢ University Ethics Committee with document
number 2020.135.IRB1.025). Vero CCL-81 or E6 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with antibi-
otic/antimycotic and heat-inactivated 5% fetal bovine serum (FBS) were
incubated with the nasopharyngeal sample for 4-5 d. After observation of
cytopathic effect, the growth of SARS-CoV-2 was confirmed by qRT-PCR
using primer and Tagman probe targeting SARS-CoV-2 nucleocapsid.
To prepare virus stocks, Vero CCL-81 or E6 cells were infected, and
supernatants were collected after cell debris removal by centrifugation
at 48 h postinfection. Viral titer (TCID50) of the SARS-CoV-2 isolate was
determined by Spearman-Karber method.[33] To sequence the virus, viral
RNA was extracted with Viral RNA isolation kit (QlAamp viral RNA), DNA
libraries were prepared using the Illlumina TruSeq stranded total RNA
kit, and the viral RNA was sequenced using Illumina MiniSeq (GenBank:
MT675956).

SARS-CoV-2 Neutralization Assay:  Purified soluble proteins were seri-
ally diluted in DMEM containing 5% FBS and antibiotic/antimycotic to
generate the required final concentrations. Equal volume of diluted pro-
teins and 10° plaque-forming unit (PFU) mL"! (MOI = 0.002) or 10° PFU
(MOI=0.2) of SARS-CoV-2/MT675956 were incubated for 1hour at 37 °C.
Following incubation, 100 uL of diluted proteins + SARS-CoV-2 were trans-
ferred on Vero CCL-81 or E6 cell monolayer in 96 well plates with 80-90%
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confluency prepared a day prior to infection in duplicates and incubated at
37°C for 24 hours, and they were prepared for immunofluorescence stain-
ing.

Immunofluorescence Staining: Vero CCL-81 or E6 cells were washed
with 1x DPBS-T and fixed with 4% paraformaldehyde for 20 min at room
temperature. Following three washes with 1X DPBS-T, the cells were per-
meabilized with 0.1% Triton X 100 in 1x PBS for 5 min and blocked with
Protein Block (Abcam, USA) for 20 min at room temperature. Subse-
quently, the samples were incubated with rabbit anti-Spike (Sinobiological,
#40589-T62) antibody for 90 min at 37 °C. Following three further washes
with 1X DPS-T, the cells were incubated with an appropriate secondary an-
tibody (Alexa Fluor 488 goat anti-rabbit antibody, Thermo Scientific, USA)
for 90 min at 37 °C, and the nuclei were stained with Hoechst (Thermo
Fisher Technology, #33 342). The images were acquired with Leica DMi8
(Leica, Germany) live cell imaging microscope and were analyzed using
Las X software.

Spike Binding Assay: HEK293T cells were transfected with Spike-18aa
truncated (Addgene plasmid # 149541), or engineered Spike-variants of
concern (Alpha, Beta, Gamma, Delta) to express Spike protein in their
cell surface. In parallel, HEK293T cells were transfected with sfGFP- or
mRFP-fused versions of SACE2(WT), sACE2(v1) with or without SunTag
and MoonTag system components. Spike-expressing HEK293T cells were
seeded on 96-well plates and incubated with CM that were collected from
cells transfected with sfGFP-sACE2 fusions, after 48h of transfection. For
SunTag samples, 1 volume of CM from sACE2-5xGCN4 was mixed with
3 volumes of CM from sACE2-scFv_GCN4, and for MoonTag samples,
1 volume of CM from sACE2-12xgp41 was mixed with 4 volumes of CM
from sACE2-nb_gp41 as the total volume is equal with CM from untagged
sACE2s. For colocalization with SARS-CoV-2 Spike protein, cells were fixed
and immunostained with anti-SARS-CoV-2 spike primary antibody, and
Alexa Fluor-594 secondary antibody as explained in the SARS-CoV-2 neu-
tralization assay. The images were acquired with Leica dmi8 live cell imag-
ing microscope and were analyzed using Las X software.

Animal Studies:  All experimental procedures with animals were ap-
proved by TUBITAK, Marmara Research Center, Genetic Engineering and
Biotechnology Institute (TUBITAK MRC GEBI). All procedures in this
study involving animals were reviewed and approved by the Institutional
Biosafety Committee and Institutional Animal Care and Use Committee
(HADYEK-16563500-111-58); all the experiments were complied with rel-
evant ethical regulations. The experiments were conducted in Biosafety
Level 3 (BSL3) and animal BSL3 (ABSL3) facilities at TUBITAK MRC GEBI.
Jackson Laboratory in the United States provided the K18-hACE2 [B6.Cg-
Tg(K18-hACE2)2Prlmn/|] transgenic mice used in this study. The TUBITAK
MRC GEBI Experimental Animals unit is responsible for production of K18-
hACE2 transgenic mice. All the experiments were conducted in a biocon-
tainment isocage, which is part of ABSL 3. 8-10 week old male K18-hACE2
transgenic mice were used in each group (n = 8). There were two groups
in this study: sACE2(v1)-MoonTag (20 mg/kg/day), and placebo (PBS).

The B.1.1.7 strain (alpha) of SARS-CoV-2 virus was employed in this
study, which had 10% TCIDy, values. 50 pL of 10> TCIDy, SARS-CoV-2
virus was delivered intranasally (in) with under anesthesia for 3 d succes-
sively. Beginning from 4 h after the 3rd day of infection, either SACE2(v1)-
MoonTag (20 mg/kg/day), or placebo (PBS) were given to 8 mice intraperi-
toneally, for 4 consecutive d. Mice were evaluated for morbidity (body
weight) and mortality on a daily basis after being infected with the virus.
Mice showing >25 percent loss of their initial body weight were defined as
reaching the experimental endpoint and sacrificed. Gross pathologic ex-
amination was performed after the animals were sacrificed. Lungs were
harvested for histopathologic evaluation. Half of the tissues were fixed
in 10% neutral buffered formalin solution for pathology analyses. Briefly,
fixed tissues were prepared in graded alcohol and xylene series, followed by
paraffin embedding and sectioning. Sections were stained by hematoxylin-
eosin. The micrographs were obtained via use of a Zeiss Axio Lab A1 mi-
croscope (Zeiss, Germany) and zen blue software (Zeiss, Germany). The
other half of the tissues were homogenized in 3 mL of PBS using an ultra-
sonic homogenizer %70 amplitude for 90 s (BANDELIN HD2200.2) for vi-
ral isolation. Tissue homogenates were centrifuged at 17 000 X g for 10 min
and supernatants were collected to 15 mL falcon tubes.
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Viral RNA Isolation and qRT-PCR: Viral RNA was extracted with
the QlAamp Viral RNA Mini kit Cat: 52906 (QIAGEN) according to the
protocols. The viral RNA quantification was performed using One Step
PrimeScript Il RT-qPCR Kit (Takara). All reactions were performed on a
CFX96 Touch instrument with the following quantitative-PCR conditions:
52 °C for 5 min, 95 °C for 10 s, followed by 44 cycles at 95 °C for 5 s and 55
°C for 30 s. The CDS primer sequences used for RT-qPCR were targeted
against the Nucleocapsid (N) gene of SARS-CoV-2 with the following
primers and probes: N1 Forward: 5-GACCCCAAAATCAGCGAAAT-

3, N1 Reverse: 5 -TCTGGTTACTGCCAGTTGAATCTG-3’ N1
Probe: 5’-FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1-
3 N2 Forward:  5-TTACAAACATTGGCCGCAAA-3’ N2  Re-

verse:  5-GCGCGACATTCCGAAGAA-3" N2
ACAATTTGCCCCCAGCGCTTCAG-BHQ1-3.

Statistical Analysis: ~ All data were analyzed with either GraphPad Prism,
R studio, or Image) softwares. Data were presented as mean + SD. An
unpaired student’s t-test was used for comparison between two groups,
while one way ANOVA was used for comparisons including multiple pa-
rameters. A two-sided p value < 0.05 was considered statistically signifi-
cant. Details of each analysis are indicated in figure legends.

Probe: 5’-FAM-
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