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Anti-SARS-CoV-2 immunoadhesin remains effective
against Omicron and other
emerging variants of concern

Hadas Cohen-Dvashi,1 Jonathan Weinstein,2 Michael Katz,1 Maayan Eilon-Ashkenazy,1 Yuval Mor,1

Amir Shimon,1 Hagit Achdout,3 Hadas Tamir,3 Tomer Israely,3 Romano Strobelt,4 Maya Shemesh,2

Liat Stoler-Barak,5 Ziv Shulman,5 Nir Paran,3 Sarel Jacob Fleishman,2 and Ron Diskin1,6,*
SUMMARY

Blocking the interaction of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) with its angiotensin-converting enzyme 2 (ACE2) receptor was
proved to be an effective therapeutic option. Various protein binders as well as
monoclonal antibodies that effectively target the receptor-binding domain
(RBD) of SARS-CoV-2 to prevent interaction with ACE2 were developed. The
emergence of SARS-CoV-2 variants that accumulate alterations in the RBD can
severely affect the efficacy of such immunotherapeutic agents, as is indeed the
case with Omicron that resists many of the previously isolated monoclonal anti-
bodies. Here, we evaluate an ACE2-based immunoadhesin that we have devel-
oped early in the pandemic against some of the recent variants of concern
(VoCs), including the Delta and the Omicron variants. We show that our ACE2-im-
munoadhesin remains effective in neutralizing these variants, suggesting that im-
munoadhesin-based immunotherapy is less prone to escape by the virus and has a
potential to remain effective against future VoCs.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), is an ongoing devastating pandemic leading to a substantial global death toll and an un-

precedented economic loss. Since its emergence, SARS-CoV-2 accumulates changes that lead to the

appearance of different variants (Harvey et al., 2021). Currently, the B.1.1.529 (Omicron) variant as well

as its BA.4 and BA.5 sub-variants are rapidly spreading worldwide, causing significant morbidity and

concern. Anti-SARS-CoV-2 vaccines (Baden et al., 2021; Polack et al., 2020; Voysey et al., 2021) revolution-

ized the way we combat the pandemic but many people, including both unvaccinated individuals and

vaccinated people that lose protection over time, still contract the virus and may develop a serious, life-

threatening disease. This problem seems to be especially pronounced with the Omicron-related variants.

Therefore, there is still a pressing need to have a diversified set of good therapeutic options to alleviate the

severity of the disease in hospitalized patients and reduce the likelihood of patients in high-risk groups

from developing a serious illness.

Targeted immunotherapy against viral diseases emerged in recent years as a promising new therapeutic

tool. Immunotherapy benefits from a dual action by both neutralizing viruses directly as well as recruiting

immune effector functions for clearing infected cells. A monoclonal antibody (mAb) against the respiratory

syncytial virus is effective and was approved for treating infected children (McLellan et al., 2010; Mejias and

Ramilo, 2015). A breakthrough in the field of HIV was the isolation of broadly neutralizing mAbs (Scheid

et al., 2011; Wu et al., 2010) and the affirmation of their use in treating (Caskey et al., 2017; Scheid et al.,

2016) and protecting (Caskey et al., 2016; Wagh et al., 2016) individuals from HIV-1. In addition, antibodies

against Lassa (Mire et al., 2017), Junin (Zeitlin et al., 2016), Ebola (Qiu et al., 2014), and even SARS (Green-

ough et al., 2005) viruses have been proven effective in animal models. Early in the COVID-19 pandemic,

many mAbs were isolated (Cao et al., 2020; Ju et al., 2020; Kreer et al., 2020; Pinto et al., 2020; Robbiani

et al., 2020; Rogers et al., 2020; Shi et al., 2020; Zost et al., 2020), and some were later formulated as immu-

notherapeutic reagents and/or cocktails like: bamlanivimab (Gottlieb et al., 2021), etesevimab (Gottlieb
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Figure 1. Diversity of the SARS-CoV-2/ACE2 interface

(A) Structure of the SARS-CoV-2 RBD (gray surface) in complex with human-ACE2 (orange and yellow ribbon) (PDB: 6M17).

The side chains of residues that make the recognition site for SARS-CoV-2 are shown as sticks. The N-terminal helix of

ACE2 that makes the central part of the binding site is highlighted in orange.

(B) The sequence diversity of the first N-terminal helix of ACE2 in mammals is presented using aWebLogo display (Crooks

et al., 2004). The abundance of the amino acid types in each position is represented by the height of their single-letter

code. The residues that interact with the RBD of SARS-CoV-2 are indicated by red arrows.

(C) Interface properties of the various RBS/ACE2-ortholog models. Each dot represents a single model. From left to right,

five panels show the calculated total Rosetta energy (using Rosetta energy units), the binding energy (DDG for binding),

the buried surface area, the packing statistics, and the shape complementarity of the interface. All the panels are

arranged such that the values at the top represent better results. The RBD/human-ACE is indicated with a green dot. The

modified ACE2 is indicated with a red dot.
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et al., 2021), REGN-COV2 (Weinreich et al., 2021), sotrovimab (Gupta et al., 2021), and others. Alarmingly, a

series of studies indicate a reduction in efficacy of these mAbs against the Omicron variant (Boschi et al.,

2022; Cao et al., 2021; Chen et al., 2021a; Tada et al., 2021).

Immunoadhesins make another class of immunotherapeutic agents. These are antibody-like molecules

that consist of an engineered binding domain fused to an Fc portion on an antibody (Capon et al.,

1989). The viral cellular receptor could serve as a binding domain for constructing such immunoadhesins.

Due to natural adaptation, however, zoonotic viruses may bind to their animal-derived ortholog cellular re-

ceptors at higher affinities than the human cell-surface receptors (Shimon et al., 2017). Thus, immunoadhe-

sins that make use of host-ortholog receptors can provide superior antiviral therapeutics. We recently

demonstrated this approach by constructing Arenacept, which is a powerful immunoadhesin that targets

viruses from the Arenaviridae family of viruses (Cohen-Dvashi et al., 2020a). Early in the pandemic, we (Co-

hen-Dvashi et al., 2020b) and others (Case et al., 2020; Chan et al., 2020; Glasgow et al., 2020; Lei et al.,

2020; Monteil et al., 2020; Mou et al., 2021; Tada et al., 2020) have used angiotensin-converting enzyme

2 (ACE2), which is the cellular receptor of SARS-CoV-2 (Li et al., 2003; Walls et al., 2020; Yan et al., 2020),

to construct anti-SARS-CoV-2 immunoadhesins that neutralize the virus and mediate Fc-effector functions

(Chen et al., 2021b). Here, we describe the construction of this engineered ACE2 immunoadhesin and show

that it retains efficacy toward Omicron as well as other VoCs.

RESULTS

The binding of SARS-CoV-2 to its ACE2 receptors is mediated by the receptor-binding domain (RBD),

which is part of its spike complex (Lan et al., 2020; Shang et al., 2020; Walls et al., 2020; Wrapp et al.,

2020). ACE2 has a long helical segment at its N-terminus, which forms most of the RBD-recognition

site on ACE2 (Figure 1A). A multiple sequence alignment of over 200 ACE2 sequences derived from

mammals indicates that many of the ACE2 positions that comprise the SARS-CoV-2 recognition site
2 iScience 25, 105193, October 21, 2022



Figure 2. Optimized ACE2 interface for improved binding of SARS-CoV-2

The interfaces of SARS-CoV-2 RBD/human-ACE2 (gray and orange/yellow, respectively) and of the SARS-CoV-2 RBD/

modified-ACE2 (pink and light blue, respectively) are shown.

(A) Leucine, instead of threonine in position 27, makes better van der Waals interactions with hydrophobic residues on the

SARS-CoV-2 RBD.

(B) Glutamic acid in position 30 of ACE2 can make a salt bridge with Lys417 of SARS-CoV-2, but not an aspartic acid that is

present in the human-ACE2.

(C) Arginine in position 42 can form a salt bridge with Asp38 of ACE2 to stabilize it in a configuration that allows it to make a

hydrogen bond with the hydroxyl of Tyr449 from SARS-CoV-2 RBD. An arginine in this position can also assume a different

rotamer that will allow it to form electrostatic interaction with the main-chain carbonyl oxygen of Gly447 of SARS-CoV-2 RBD.

(D) A double replacement of Leu79 and Glu75 with tyrosine and arginine, respectively, allows favorable interaction

between Phe486 of SARS-CoV-2 RBD and Tyr79 that is stabilized through a hydrogen bond by Arg75.

(E) Phenylalanine in position 330 of ACE2 is predicted to pack better against the aliphatic portion of Thr500 from SARS-

CoV-2 RBD.

(F) A replacement of Thr92 with arginine abrogates the glycosylation site on Asn90, which bears a glycan that can sterically

interfere with the binding of SARS-CoV-2 RBD. An arginine in position 92 of ACE2 can form a hydrogen bond with the

nearby Gln388.
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are not conserved (Figure 1B). This notion indicates an enormous putative sequence space that ACE2 can

adopt.

To identify advantageous alterations of ACE2 that may enhance the binding to SARS-CoV-2, we selected

68 orthologous ACE2 genes with sequence identity to the human-ACE2 greater than 80% (Table S1). We

used Rosetta atomistic modeling calculations (Methods S1) to assess the stability, binding energy

(DDGbind), interface packing, and shape complementarity for the RBD (starting from PDB entry 6VW1)

(Figure 1C) (Shang et al., 2020). The computed binding energies correlate (Figure S1) with experimentally

measured binding affinities (Wu et al., 2020). We visually inspected the top 20 models according to

DDGbind and identified mutations that the calculations indicated would improve contacts with the

SARS-CoV-2 RBD relative to the human-ACE2. Due to the high sequence diversity in ACE2, many design

options were available. We rejected mutations to Trp, due to their tendency to form undesired promis-

cuous interactions and furthermore consulted a deep mutational sequencing dataset on ACE2 mutations

and their impact on binding to the RBD (Procko, 2020). The vast majority of the suggested mutations

were enriched in this mutational scanning, but a few potential mutations were not highly enriched and

hence we eliminated them.

Three of the mutations that we decided to incorporate are located at the first N-terminal helix of human-

ACE2. These three mutations include a T27L mutation that improves packing with hydrophobic residues of
iScience 25, 105193, October 21, 2022 3



Figure 3. ACE2mod-Fc is a superior binder of SARS-CoV-2

(A) Coomassie-stained SDS-PAGE showing ACE2-Fc and ACE2mod-Fc.

(B and C) SPR analyses of SARS-CoV-2 RBD interaction with ACE2-Fc and ACE2mod-Fc. Both ACE2-Fc and ACE2mod-Fc

were immobilized to a protein-A sensor chip and RBD from SARS-CoV-2 (B) and from SARS (C) were injected at the

indicated concentration series using single-cycle kinetics experiments. Calculated dissociation constants are indicated. In

the case of SARS-CoV-2 RBD binding to ACE2mod-Fc, KD was derived from a simple 1:1 binding model. In the case of

SARS-CoV-2 RBD binding to ACE2-Fc, and the SARS RBD, the KD values were derived using a heterogeneous-ligand

binding model. These experiments were repeated twice and a representative sensorgram is shown for each.
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SARS-CoV-2 RBD (Figure 2A), a D30Emutation that forms a new salt bridge with Lys417 of SARS-CoV-2 RBD

(Figure 2B), and a Q42Rmutation that may form a salt bridge with Asp38 of ACE2 and stabilize it in a config-

uration that favors the formation of a hydrogen bond with Tyr449 of SARS-CoV-2 RBD (Figure 2C). Alterna-

tively, the new arginine may assume a different rotamer that makes favorable electrostatic interactions with

the main-chain carboxylic oxygen of Gly447 from the SARS-CoV-2 RBD (Figure 2C). Besides these three

mutations at the N-terminal helix of ACE2 that we selected, we identified two additional sites in the sur-

rounding regions of ACE2. In the first site, we identified a putative change of Glu75 and Leu79 to arginine

and tyrosine, respectively, that may interact favorably with Phe486 of SARS-CoV-2 RBD (Figure 2D). In the

second site outside the first helix of ACE2, N330F may improve packing against the aliphatic portion of

Thr500 from SARS-CoV-2 RBD (Figure 2E). We used Rosetta to model the combination of these six muta-

tions and its impact on the binding to SARS-CoV-2 RBD. Our design showed a remarkable improvement in

DDG of binding as well as in the buried surface area (Figure 1C).

We decided to incorporate additional modification at other sites on top of modifying ACE2 residues

that directly interact with SARS-CoV-2 RBD. Human-ACE2 has a putative glycosylation site at Asn90

that was shown to bear a glycan according to the SARS-CoV-2 RBD/human-ACE2 cryo-EM structure

(Yan et al., 2020). This N-linked glycan projects toward the SARS-CoV-2 RBD, and presumably

imposes steric constraints for the binding of SARS-CoV-2 RBD. The aforementioned deep mutational

scanning dataset (Procko, 2020) is highly enriched with mutations in this N-linked glycosylation site,

further supporting this notion. To eliminate this glycosylation site, we mutated Thr92 from the N-X-T

glycosylation motif to an arginine that can make polar interactions with nearby glutamine (Figure 2F).

Besides serving as a cellular receptor for SARS-CoV-2, ACE2 is an enzyme that has a critical biological

function in regulating blood pressure by hydrolyzing angiotensin II (Keidar et al., 2007). While the enzy-

matic activity of ACE2 may protect from lung and cardiovascular damage (Imai et al., 2005; Kuba et al.,

2006; Zoufaly et al., 2020), this activity may complicate the use of such ACE2-based reagent to fight

viremia due to potential harmful effects of over conversion of angiotensin, when high doses are
4 iScience 25, 105193, October 21, 2022



Figure 4. ACE2mod-Fc exhibits improved biological activity in cells

(A) Neutralization of pseudotyped viruses by ACE2-Fc (gray) and ACE2mod-Fc (red) is shown. The calculated IC50 and IC80

values are indicated. Error bars represent standard deviations. This experiment was repeated at least three times, and a

representative graph is shown.

(B) Flagging of the SARS-CoV-2 spike complex on the cell surface. The concentration-depended ability of ACE2-Fc (gray)

and ACE2mod-Fc (red) to bind to surface-displayed SARS-CoV-2 spike complexes is analyzed using flow cytometry.

Normalized overall fluorescence signals for the gate-selected cells are shown. This experiment was repeated three times,

and a representative graph is shown.

(C) PRNT-determined neutralization of live SARS-CoV-2 by ACE2-Fc (gray) and ACE2mod-Fc (red) is shown. The calculated

IC50 and IC80 values are indicated. Error bars represent standard deviations of technical replicates. This experiment was

performed once.
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administrated. Hence, we decided to eliminate the catalytic activity of ACE2 by mutating its key catalytic

position, Glu375, to leucine. Overall, we designed a variant that have a unique (Table S2) set of eight

mutations.

To test our design, we produced two chimeric proteins that included amino acids 19–615 of the human-

ACE2 ectodomain (omitting the original signal peptide) fused to an Fc portion of human IgG1, with or

without the eight above-mentioned mutations (i.e., T27L, D30E, Q42R, E75R, L79Y, N330F, T92R, &

E375L). Both the WT construct (ACE2-Fc) and our designed ACE2 construct (ACE2mod-Fc) readily ex-

pressed as secreted proteins using HEK293F cells in suspension and were easily purified to near homo-

geneity using protein-A affinity chromatography (Figure 3A). Testing the enzymatic activity of both ACE2-

Fc and ACE2mod-Fc verified that the latter is indeed catalytic dead (Figure S2). We then immobilized the

two immunoadhesins on a surface plasmon resonance sensor chip and used purified SARS-CoV-2 RBD as

an analyte to determine their binding affinities. Noteworthy is this configuration that does not allow avid-

ity. A simple 1:1 binding model gave a good fit for the binding data of ACE2mod-Fc to SARS-CoV-2 RBD,

but the binding of ACE2-Fc to SARS-CoV-2 RBD could not be fitted using this model, and we, therefore,

used a more complex heterogeneous-ligand model that assumes some heterogeneity of the ACE2-Fc

(Figure 3B). Such heterogeneity could presumably originate from partial glycosylation at Asn90 of

ACE2. Remarkably, the binding affinity of ACE2mod-Fc to SARS-CoV-2 RBD is more than two orders of

magnitude stronger compared with the binding affinity of ACE2-Fc (Figure 3B). Moreover, although

ACE2mod was designed to bind SARS-CoV-2, we further tested its ability to bind the original SARS

and found that not only it binds SARS-RBD but it aslo binds it with a significant higher affinity compared

to ACE2-Fc (Figure 3C).

To test if the enhanced affinity of ACE2mod-Fc could translate to improved biological functions, we

conducted a pseudovirus neutralization assay using the spike complex of the original Wuhan-Hu-1 strain.

The neutralization profile of ACE2mod-Fc is apparently better compared to the profile of ACE2-Fc

(Figure 4A). There is more than a 10-fold improvement in both IC50 and IC80 values, comparing

the two reagents. Anti-SARS-CoV-2 immunoadhesin that binds to cell-surface displayed spike

complexes might recruit beneficial immune factions via its Fc portion. We used flow cytometry to

monitor the ability of ACE2-Fc and of ACE2mod-Fc to stain HEK293 cells that transiently express the

SARS-CoV-2 spike complex (Figure 4B). ACE2mod-Fc has an apparent higher capacity to recognize the

spike complex compared to ACE2-Fc. Achieving improved recognition of the SARS-CoV-2 spike complex

prompted us to test the ability of ACE2mod-Fc to directly neutralize live authentic viruses. For that, we

performed plaque reduction neutralization test in a BSL-3 facility using the Wuhan-Hu-1 SARS-CoV-2

strain (Figure 4C). Both ACE2-Fc and ACE2mod-Fc displayed better neutralization capacity of the live
iScience 25, 105193, October 21, 2022 5



Table 1. RBD mutations in recent VoC

Variant name strain # RBD mutations

Wuhan-Hu-1 -

Alpha B1.1.7 N501Y

Beta B1.351 K417N, E484K, N501Y

Gamma P.1 K417T, E484K, N501Y

Delta B1.672.2 L452R, T478K

Omicron B1.592.1 K417N, N440K, G446S, S477N, T478K,

E484A, Q493K, G496S, Q498R, N501Y, Y505H
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viruses compared with the pseudoviral system (Figures 4A and 4C), and the potency of ACE2mod-Fc was

significantly higher compared to ACE2-Fc, achieving sterilizing effect well below 1 mg/mL. Hence, we

managed to create a superior ACE2-based immunoadhesin that displays an improved capacity to target

SARS-CoV-2.

Since its emergence as a human pathogen, SARS-CoV-2 is constantly changing by accumulatingmutations.

The changes that occur on the spike of the virus, and specifically on its RBD, have the potential to render

anti-SARS-CoV-2 immunotherapeutic reagents, like ACE2mod-Fc, ineffective. To explore this possibility, we

generated pseudoviruses that contain the RBD mutations of the Alpha, Beta, Gamma, Delta, and Omicron

VoCs (Table 1). Compared to the original Wuhan-hu-1 strain, ACE2mod-Fc effectively neutralizes the Alpha,

Beta, Gamma, and Delta VoCs (Figure 5A) that contain up to three alterations in their RBDs (Table 1). Unlike

the other VoCs, theOmicron substantially differs fromWuhan-hu-1, having 11 relevant alterations in its RBD

(Table 1). Nevertheless, ACE2mod-Fc effectively neutralizes Omicron at the same efficiency as it neutralizes

the Wuhan-hu-1 strain (Figure 5B). Thus, the VoCs that so far emerged do not reduce the neutralization ca-

pacity of ACE2mod-Fc.

Avidity is a critical aspect that contributes to the potency of antibodies and antibody-like molecules (Co-

hen-Dvashi et al., 2020a; Klein and Bjorkman, 2010). Since the ACE2 receptor has a substantial size (Lan

et al., 2020), we were concerned that the IgG1-derived hinge that links between the ACE2mod and the Fc

portion is not sufficiently long to enable both ACE2mod arms to bind simultaneously. We therefore

extended this hinge by three consecutive Gly-Ser-Gly-Gly repeats (ACE2mod - GS3- Fc) and tested the effect

of this extension on the capacity of neutralizing pseudotyped viruses. Extending the hinge significantly

increased the neutralization potency (Figures 6A and 6B). The IC50 values of ACE2mod - GS3- Fc against

both the Wuhan-Hu-1 and the Omicron strains are below 0.5 mg/mL (Figures 6A and 6B). Hence, the longer
Figure 5. ACE2mod-Fc retains activity against VoCs

(A) Neutralization of pseudotyped viruses with the spike complexes of the Alpha, Beta, Gamma, and Delta strains in

comparison to Wuhan-Hu-1 strain by the ACE2mod-Fc.

(B) Neutralization of pseudotyped viruses with the spike complexes of the Omicron vs. the Wuhan-Hu-1 strains by the

ACE2mod-Fc. These are representative neutralization curves of at least three independent repeats. Error bars represent

standard deviations of technical replicates.
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Figure 6. Extended hinge increases the potency of ACE2mod-Fc

Neutralization of pseudotyped viruses with the spike complexes of Wuhan-Hu-1 (A) and of Omicron (B) by ACE2mod-Fc

(gray) and by ACE2mod - GS3-Fc (red). Representative curves are shown. Error bars represent standard deviations of

technical replicates. Insets show the difference in IC50 values between ACE2mod-Fc and ACE2mod - GS3-Fc. Each dot is an

IC50 value calculated from an independent experiment. The p values (two-tailed Student’s t test) are indicated.
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hinge is better suited for allowing the two ACE2-arms of the immunoadhesin to bind simultaneously to

achieve avidity.

DISCUSSION

Immunotherapy is an effective therapeutic tool for mitigating the disease severity and reducing the over-

all risk from SARS-CoV-2 infections in target populations. Although monoclonal antibodies reach excep-

tional potencies, they readily lose their efficacy due to changes that SARS-CoV-2 is accumulating. Ideally,

we will want to progress into clinical development reagents that will stay effective for extended periods

of time and against current circulating VoCs as well as ones that will emerge in the future. As we demon-

strated here, it is possible to construct potent ACE2-based immunoadhesin that remains efficacious

against emerging VoCs. Generally, while any modification of ACE2 opens a door for potential escape

by the virus, the probability of such an event to happen will be lower compared to the probability of

escape from monoclonal antibodies. This is due to the fact that ACE2mod-Fc interacts solely with residues

that are part of the ACE2-binding site whereas monoclonal antibodies inevitably make contacts with res-

idues outside the binding site. While the virus can equally accumulate changes in all of its residues,

changes in residues that make the ACE2-binding site, which may allow escape from ACE2mod-Fc, have

a significant higher probability to bear a fitness cost for the virus than residues outside the binding

site. Therefore, the probability of the virus to escape monoclonal antibodies will be higher compared

to ACE2-based immunoadhesins.

Along these lines, when this manuscript was submitted for publication, the Omicron BA.1 was the most

prevalent VoC. While in revision, the BA.4 and BA.5 sub-variants became the dominant strains (Hach-

mann et al., 2022). These sub-variants have several changes in their RBD’s compared to Omicron

BA.1, including L452R, and F486V mutations and a reversion of R493 (a BA.1 mutation) back to a gluta-

mine (Wuhan-Hu-1 sequence). These changes reduce the serum neutralization capacities of both vacci-

nated individuals and people who got infected with the Omicron BA.1 strain (Hachmann et al., 2022).

While we do not have experimental data, structural analysis suggests that these changes will not affect

the neutralization capacity of ACE2mod-Fc. Specifically, L452R is a change occurring at a remote site that

is not part of the ACE2-binding interface and thus is less likely to affect ACE2 binding. The reversion of

Arg493 back to glutamine as in the sequence of Wuhan-Hu-1 makes it an ACE2mod-Fc-compatible res-

idue (Figure 4A). The F486V mutation replaces a large hydrophobic amino acid with a smaller hydropho-

bic amino acid (see Figure 2D) which might slightly reduce the overall affinity of the virus to ACE2, but

could not interfere with the binding of ACE2mod-Fc. Based on that, we predict that ACE2mod-Fc will

remain effective against the currently circulating VoCs.

Several ACE2-base immunoadhesins (Lei et al., 2020; Li et al., 2020; Tada et al., 2020), as well as phyloge-

netically-, library-, or structure-guided enhanced ACE2 (Chan et al., 2020; Glasgow et al., 2020; Mou et al.,

2021) were previously described. Compared with these reported immunoadhesins, the ACE2mod–GS3-Fc
iScience 25, 105193, October 21, 2022 7
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that we present here is a highly potent reagent that has a different set of mutations (Table S2). Hence,

the other reported immunoadhesins have orthogonal designs, which can allow us to diversify the immuno-

therapeutic toolkit against SARS-CoV-2. Such diversification could provide a safety net from losing immu-

notherapeutic options altogether in the possible scenario of the emergence of a resistance strain in the

future.

Limitations of the study

The modified ACE2-based immunoadhesin that we present here was evaluated in vitro. Many promising re-

agents fail to ultimately demonstrate sufficient efficacy in vivodue to various, often unexpected, reasons. Addi-

tional experiments will be needed before a reagent like ACE2mod–GS3-Fc could be considered for clinical use.
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Antibodies

Donkey anti-human IgG H&L (HRP) ABCAM ab102429

Alexa Fluor� 488 AffiniPure Donkey Anti-Human

IgG, Fcg fragment specific

Jackson ImmunoResearch Cat# 709-545-098; RRID: AB_2340565

Bacterial and virus strains

live authentic SARS-CoV-2 kindly provided by Bundeswehr

Institute of Microbiology, Munich,

Germany

GISAID: EPI_ISL_406862

Chemicals, peptides, and recombinant proteins

ACE2 and ACE2mod RBD – Fc This paper N/A

SARS1 RBD This paper N/A

SARS-CoV2 RBD This paper N/A

Critical commercial assays

Bright-Glo luciferase assay system Promega E2610

SensoLyte� 390 ACE2 Activity Assay Kit ANASPEC AS-72086

Experimental models: Cell lines

HEK293T ATCC

FreeStyle� 293-F Cells ThermoFischer R79007

Vero E6 ATCC

hACE2-FLAG overexpressing HEK293T cells Genscript SC1394

Oligonucleotides

For SARS1 RBD cloning:

5‘ - CGGGATCCCGGGTGGTACCCTCAGG

30- GAAGTTGACGCATTGATTTTTTATG

This paper N/A

For SARS-CoV2 RBD strains mutations:

K417N 5‘ - CTGGACAAACAGGCAACATTGCTGACTACAAC

K417T 5‘ - CTGGACAAACAGGCACGATTGCTGACTACAAC

L452R 50- GCAACTACAACTACCGCTACAGACTGTTCAG

L452R 3‘ - CTGAACAGTCTGTAGCGGTAGTTGTAGTTGC

E484K 5‘ -CCATGTAATGGAGTGAAGGGCTTCAACTG

T478K 50- CCAGGCTGGCAGCAAACCATGTAATGGAG

T478K 30- CTCCATTACATGGTTTGCTGCCAGCCTGG

This paper N/A

g-Block for generation of Omicron SARS-CoV2 spike

TGAGGTGAGACAGATTGCCCCTGGACAAACAG

GCAACATTGCTGACTACAACTACAAACTGCCT

GATGACTTCACAGGCTGTGTGATTGCCTGGA

ACAGCAACAAGCTGGACAGCAAGGTGAGCG

GCAACTACAACTACCTCTACAGACTGTTCAGG

AAGAGCAACCTGAAACCATTTGAGAGGGACA

TCAGCACAGAGATTTACCAGGCTGGCAACAA

ACCATGTAATGGAGTGGCGGGCTTCAACTG

TTACTTTCCACTCAAATCCTATAGCTTCCGACC

AACCTATGGAGTGGGCCACCAACCATACAGG

GTGGTGGTGCTGTCCTTTGAACTGCTCC

This paper (IDT) N/A
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Recombinant DNA

ACE2 or ACE2mod RBD – Fc in pHLSEC This Paper (Genscript) synthesis/A

SARS-CoV-2 (2019-nCoV) Spike ORF mammalian

expression plasmid (Codon Optimized)

Sino Biological Inc. VG40589-UT

His-tagged SARS-CoV-2 Receptor

Binding Domain (RBD)

Krammer F. Lab (Amanat et al., 2020)

Full-length human ACE2 pCDNA3.1 Hyeryun Choe Lab Addgene

plasmid #1786

(Li et al., 2003)

pLVX-EF1alpha-SARS1-Spike-

2xStrep-IRES-Puro

Weizmann Forchheimer

plasmid Bank

(Gordon et al., 2020)

Software and algorithms

Origin 8 OriginLab

Muscle Edgar (2004)

Rosetta Das and Baker (2008) http://www.rosettacommons.org
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Ron Diskin (ron.diskin@weizmann.ac.il).

Materials availability

All unique plasmids generated in this study are available from the lead contact with a completed Materials

Transfer Agreement (MTA).

Data and code availability

The Rosetta script that was used in this study is included in the supplemental information.

A list of the ACE2 orthologous accession codes that were used for Rosetta modeling, are available as a

Table S1.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Adherent cell-lines: HEK293T and Vero E6 cells are from the global bioresource center ATCC. hACE2-FLAG

overexpressing HEK293T cells were purchased from Genscript (Cat. No. SC1394). HEK293T cells were

cultured in high glucose Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine

serum (FBS; Gibco), MEM non-essential amino acids, 2 nM L-Glutamine, 100 U/mL penicillin sodium and

100 mg/mL streptomycin (Biological industries, Israel). Vero E6 cells were cultured in MEM supplemented

with the upper mentioned supplements plus 12.5 Units/mL Nystatin (Biological Industries, Israel). hACE2-

HEK293T were cultured in DMEM supplemented with 10% FCS and 1 mg/mL Puromycin (Sigma-Aldrich). All

adherent cells were grown at 37�C under atmosphere of 5% CO2. Suspension cell-line: FreeStyle 293-F

Cells were purchased from ThermoFischer and were cultured in FreeStyle media (Gibco) under agitation

at 37�C and an atmosphere of 8% CO2.

METHOD DETAILS

Atomistic modeling

Orthologous sequences of ACE2 were collected by using a protein BLAST (Altschul et al., 1990) search of

the human-ACE2 sequence at GenBank and filtering the results to mammalian origin, and to sequences

with greater than 80% identity to human-ACE2. Sequences were aligned using MUSCLE (Edgar, 2004).
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Using the Rosetta suit (Das and Baker, 2008), each sequence was threaded on the human-ACE2/Spike

structure (PDB entry: 6VW1) and relaxed using sidechain packing and backbone, sidechain and rigid-

body minimization subject to harmonic constraints on the Ca coordinates observed in the experimental

structure. The ref2015 energy function was used in all calculations (xml and command line are provided

in the supplemental information). 100 models were generated for each sequence and the best scoring

one was used for comparisons and analyses.

Construction of expression vectors

Codon-optimized forms of human ACE2 binding region (amino acids 19–615) and modified ACE2 genes

were chemically synthesized (Genscript), and were subcloned upstream of a human Fc region (derived

from IgG1) as previously described (Cohen-Dvashi et al., 2015), or upstream of same Fc region, which

was pre-cloned to contain three Gly-Ser-Gly-Gly (GSGG) at the N-terminus part of the hinge. Plasmid

(pCMV3) encoding the Full-length Clone DNA of SARS-CoV-2 spike was purchased from Sino Biological,

and subcloned to the same plasmid after removing 19AA from the C0-terminus (D19 S_covid-pCMV3,

done by Lab of Yossi Shaul). Luciferase-pLenti6 and DR89 J vectors for lentivirus production were a kind

gift from the lab of Dr. Julia Adler (Prof. Shaul Lab, Weizmann Institute). The plasmid encoding the His-

tagged SARS-CoV-2 Receptor Binding Domain (RBD) was a kind gift from Florian Krammer lab (Amanat

et al., 2020). Full-length human ACE2 was a kind gift from Hyeryun Choe (Li et al., 2003) (Addgene plasmid

#1786). His-tagged SARS-CoV1 RBD was generated by subcloning the DNA-coding RBD region (AA 306–

527) from pLVX-EF1alpha-SARS1-Spike-2xStrep-IRES-Puro plasmid (a gift from Prof. Nevan Krogan, UCSF;

obtained from the Weizmann Forchheimer plasmid Bank collection). Mutated strains of the SARS-CoV-2

spike were generated by PCR mutagenesis and amino acids substitution in the RBD region only. For the

Alpha (B1.1.7) N501Y, For the Beta (B1.351) K417N, E484K, N501Y. For the Gamma (P.1) K417T, E484K,

N501Y. For the Delta (B1.671.2) L452R, T478K. For the Omicron (B.1.1.529), a G-Block gene fragment

(IDT) containing RBD mutations K417N, N440K, G446S, S477N, T478K, E484A, Q493K, G496S, Q498R,

N501Y, Y505H, was Gibson assembled (NEB) instead of the original RBD sequence.

Protein expression and purification

ACE-Fc fusion proteins and the His-tagged SARS-CoV-1 or 2 RBDs were expressed in suspension-HEK293F

cells grown in FreeStyle media (Gibco). Transfections were done using 40 kDa polyethyleneimine (PEI-

MAX; Polysciences) at 1 mg of plasmid DNA per 1 L of culture at a cell density of 106/mL. Media were

collected six days post-transfection and supplemented with 0.02% (w/v) sodium azide and PMSF. SARS

RBDs were buffer exchanged to Phosphate Buffered Saline (PBS) using a tangential flow filtration system

(Millipore), and captured using a HiTrap IMAC FF Ni+2 (GE Healthcare) affinity column followed by size

exclusion chromatography purification with a Superdex 200 10/300 increased column (GE Healthcare).

Fc-Fusion proteins were isolated using HiTrap protein-A (GE Healthcare) affinity columns.

Surface plasmon resonance (SPR) measurements

Binding of SARS-CoV-2 RBD or SARS-CoV-1 RBD to ACE2 –Fc and ACE2mod–Fc fusion proteins were

measured using a Biacore T200 instrument (GE Healthcare). Fusion proteins were first immobilized at a

coupling density of �1000 response units (RU) on a series S sensor chip protein A (GE Healthcare) in

PBS and 0.02% (w/v) sodium azide buffer. RBD was then injected at 0.16, 0.8, 4, 20, and 100 nM concentra-

tions, at a flow rate of 60 mL/min. Single-cycle kinetics was performed for the binding assay. The sensor chip

was regenerated using 10 mM glycine-HCl pH 1.5 buffer.

Lentiviral particles production and neutralization

Lentiviruses expressing S-Covid19 spikes or mutated spikes were produced by transfecting HEK293T cells

with Luciferase-pLenti6, D19 S_covid-pCMV3 and DR89 J vectors at 1:1:1 ratio, using Lipofectamine 2000

(Thermo Fisher). Media containing Lentiviruses was collected at 48h post-transfection, centrifuged at

600xg for 5 min for clarifying from cells, and aliquots were frozen at �80�C.

For neutralization assays, hACE2 overexpressing HEK293T cells (Genscript) were seeded on a poly-L-lysine

pre-coated white, chimney 96-well plates (Greiner Bio-One). Cells were left to adhere for 4h, followed by

the addition of S-covid19 lentivirions, which were pre-incubated with 4-fold descending concentration se-

ries of either ACE2–Fc or ACE2mod–Fc. Luminescence from the activity of luciferase was measured 48 h

post-infection using a TECAN infinite M200 pro plate reader after applying Bright-Glo reagent (Promega)
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on cells. IC50 and IC80 values were derived by fitting four-parameters neutralization curve using Origin 8

(OriginLab).
Flow cytometry analyses

Flow cytometry was used to detect the binding between ACE2-Fc or ACE2mod-Fc to the spike complex of

SARS-CoV-2 on cells. HEK293T cells were seeded on 10-cm plates and transfected 24 h later with 5 mg of

D19 S_covid-pCMV3 using Lipofectamine 2000 (Invitrogen). Cells’ media were replaced 6 h later to full me-

dium, i.e., DMEM (Biological Industries) supplemented with 1% Pen-Strep (v/v), 1%Glutamine (w/v), and 1%

(v/v) MEM Non-essential amino acids. At 24 h post-transfection, cells were detached by pipetting and

washed by centrifugation at 400xg for 5 min and re-suspension in PBS/0.5% BSA solution. To prevent un-

specific binding, blocking was performed by incubation in PBS/1%BSA for 15min. Cells were aliquoted and

incubated with different concentrations of ACE2-Fc or ACE2mod-Fc diluted in PBS/0.5% BSA: 50, 10, 2, 0.5,

0.25, 0.05, 0.01 mg/mL for 1 h, washed, and incubated with a 1:200 dilution of Alexa Fluor 488 donkey-anti-

human secondary antibody for 30 min. Unstained cells and secondary antibody-stained cells were used as

negative controls. Analyses were performed using an LSR II flow cytometer (BD Biosciences). Curve fitting

were performed using GraphPad Prism.
ACE2 activity assay

ACE2 activity was evaluated using SensoLyte 390 ACE2 Activity Assay Kit (ANASPEC; cat# 72,086) accord-

ing to the manufacturer’s protocol. 10 ng or 100 ng of ACE2-Fc and ACE2mod-Fc samples were compared

blank control. Measurement of product formation (fluorogenic peptide cleavage) as a function of time was

taken every 10 s.
Plaque reduction neutralization test (PRNT)

Testing neutralization of live authentic SARS-CoV-2 (SARS-CoV-2 (GISAID: EPI_ISL_406862), kindly pro-

vided by Bundeswehr Institute of Microbiology, Munich, Germany) was conducted using an essentially

identical protocol as previously reported (Noy-Porat et al., 2020). Briefly, Vero E6 cells were seeded over-

night at a density of 0.5 3 106 cells/well in 12-well plates. Immunoadhesin samples were 2-fold serially

diluted in 400 mL of MEM supplemented with 2% (v/v) FBS, MEM non-essential amino acids, 2 nM

L-Glutamine, 100 Units/mL Penicilin, 0.1 mg/mL streptomycin and 12.5 Units/mL Nystatin (Biological Indus-

tries, Israel). 400 mL containing 300 PFU/mL of SARS-CoV-2 were then added to the immunoadhesin solu-

tion and themixture incubated at 37�C, 5% (v/v) CO2 for 1 h. Monolayers were washed once with DMEMw/o

FBS and 200 mL of each immunoadhesin-virus mixture was added in duplicates to the cells for 1 h. Virus

mixture w/o immunoadhesin was used as control. 2 mL overlay [MEM containing 2% FBS and 0.4% (w/v)

tragacanth (Sigma, Israel)] were added to each well and plates were further incubated at 37�C, 5% CO2

for 48 h. The number of plaques in each well was determined following media aspiration, cells fixation

and staining with 1 mL of crystal violet (Biological Industries, Israel). Percent neutralization was defined

as 100 x [# of plaques in control – # of plaques in experiment]/([# of plaques in control). IC50 and IC80 values

were determined by fitting a four-parameter neutralization curve using Origin 8 (OriginLab). Handling and

working with SARS-CoV-2 was conducted in BSL3 facility in accordance with the biosafety guidelines of the

IIBR.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and IC50/IC80 calculations of all neutralization assays were preformed usingOrigin pro. Values

were derived from fitting a non-linear 4 parameters dose-response curve. Neutralization experiments were

repeated at least three times. Error bars represent SE from 4 technical replicates within one representative

experiment. p Values (in boxplot Figure 6) were obtained by comparing two IC50 groups (each IC50 value

represents one experiment) using two-tailed Student’s T-Test.
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