
Cite as: N. Ikemura et al., Sci. Transl. Med. 
10.1126/scitranslmed.abn7737 (2022).  

 

	  RESEARCH ARTICLES 
 

First release: 26 April 2022  www.science.org/journal/stm  (Page numbers not final at time of first release) 1 

INTRODUCTION 
The severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) variant, B.1.1.529, was detected in Botswana on 
November 11th, 2021 and spread rapidly and globally. On No-
vember 26th, the World Health Organization (WHO) classified 
B.1.1.529 as the Omicron variant of concern (VOC). Omicron 
possesses 26 to 32 mutations, 3 deletions and one insertion 
in the spike protein. Among these, 15 mutations are located 
in the receptor-binding domain (RBD). Spike protein 

mutations have the potential to enhance transmissibility, en-
able immune evasion, or both (1). Compared to previous var-
iants, Omicron contains far more mutations in the spike 
protein, and such mutations are expected to dramatically al-
ter the characteristics of SARS-CoV-2. According to routine 
surveillance data from South Africa, Omicron has higher 
transmission and risk of reinfection due to immune evasion. 
In addition, multiple mutations in the RBD have been re-
ported to impact escape from therapeutic monoclonal 
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The Omicron (B.1.1.529) SARS-CoV-2 variant contains an unusually high number of mutations in the spike 
protein, raising concerns of escape from vaccines, convalescent serum and therapeutic drugs. Here we 
analyzed the degree to which Omicron pseudovirus evades neutralization by serum or therapeutic 
antibodies. Serum samples obtained 3 months after two doses of BNT162b2 vaccination exhibited 18-fold 
lower neutralization titers against Omicron than parental virus. Convalescent serum samples from 
individuals infected with the Alpha and Delta variants allowed similar frequencies of Omicron breakthrough 
infections. Domain-wise analysis using chimeric spike proteins revealed that this efficient evasion was 
primarily achieved by mutations clustered in the receptor-binding domain, but that multiple mutations in 
the N-terminal domain contributed as well. Omicron escaped a therapeutic cocktail of imdevimab and 
casirivimab, whereas sotrovimab, which targets a conserved region to avoid viral mutation, remains 
effective. Angiotensin-converting enzyme 2 (ACE2) decoys are another virus-neutralizing drug modality 
that are free, at least in theory, from complete escape. Deep mutational analysis demonstrated that, 
indeed, an engineered ACE2 molecule prevented escape for each single-residue mutation in the receptor-
binding domain, similar to immunized serum. Engineered ACE2 neutralized Omicron comparably to the 
Wuhan strain and also showed a therapeutic effect against Omicron infection in hamsters and human ACE2 
transgenic mice. Like previous SARS-CoV-2 variants, some sarbecoviruses showed high sensitivity against 
engineered ACE2, confirming the therapeutic value against diverse variants, including those that are yet to 
emerge. 
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antibodies, even in cocktail regimens (2–4). 
We previously developed an engineered ACE2 containing 

mutations to enhance affinity toward SARS-CoV-2 spike pro-
tein that showed virus-neutralizing capacity comparable to 
therapeutic monoclonal antibodies (5). The advantage of the 
ACE2-based decoy is its resistance to virus escape mutations. 
Mutant spike proteins escaping from ACE2 decoy may ap-
pear, but they would have limited binding affinity toward the 
native ACE2 receptors on host cells, making such resultant 
viruses unfit to propagate due to reduced or even absent in-
fectivity. In fact, engineered ACE2 successfully neutralized 
previous viral variants as well as SARS-CoV-1 and showed no 
signs of vulnerability to escape mutants when added at 
suboptimal concentration during long-term culture (5). 

Here, we examined the antigenic alterations of the Omi-
cron variant and demonstrate that Omicron does indeed 
evade neutralization by vaccinated and convalescent serum 
samples. The ability of Omicron to escape was primarily due 
to mutations in the RBD, although those in the N-terminal 
domain (NTD) also contributed to some extent. A broad 
range of antibodies failed to neutralize Omicron, including a 
cocktail of imdevimab and casirivimab. However, the ACE2 
decoy remained effective to Omicron, as well as to other sar-
becoviruses. 

RESULTS 
Omicron emerged with numerous mutations in the 

spike proteins. 
We first compared greater than 30 amino acids mutated 

in the Omicron variant of SARS-CoV-2 to other VOCs re-
ported in the Global Initiative on Sharing Avian Influenza 
Data (GISAID) database. We observed that many mutations 
found in the Omicron variant were present in previous VOCs 
as a minor population (Fig. 1A). About 70% of mutations were 
located in the S1 subunit harboring the NTD and RBD. The 
NTD contains 4 missense mutations, 3 deletions, and 1 inser-
tion, and most of these changes reside in the flexible loop re-
gion that is known to be the target of NTD-directed 
neutralizing antibodies (6). In the RBD, 10 of 15 missense mu-
tations cluster in the receptor binding motif (RBM) (Fig. 1B). 
These characteristics suggest that mutations in Omicron are 
likely to influence the binding affinity of neutralizing anti-
bodies, host receptors such ACE2, or both. The time course of 
dissemination of SARS-CoV-2 VOCs throughout world 
demonstrated that the Delta variant was rapidly replaced 
with the Omicron variant in South Africa (Fig. 1C). These data 
support the notion that mutations in the Omicron spike pro-
tein may enhance infection rates. 

Omicron evades vaccine and convalescent serum 
through mutations in the RBD and NTD. 

To evaluate the infectivity of Omicron, we generated a 
pseudotyped virus harboring the spike protein of Omicron 
and assessed neutralizing activity of serum from BNT162b2-

vaccinated or convalescent individuals against it. Virus neu-
tralization assays with serum samples obtained from 12 indi-
viduals at 3 months after vaccination with two doses of the 
Pfizer-BioNTech vaccine BNT162b2 showed 17.7-fold lower 
neutralization titers against Omicron than the D614G muta-
tion of the parental virus (Fig. 2A and fig. S1). We also col-
lected convalescent serum samples before or after the Delta 
variant wave. Convalescent serum from individuals infected 
before the Delta variant wave (December 2020 through Jan-
uary 2021) showed 19.3 and 17.8-fold reduction compared 
with parental virus or Alpha. On the other hand, serum sam-
ples collected from individuals infected during or after the 
Delta variant wave (August 2021 through October 2021) ex-
hibited 9.5 and 15.4-fold reduction compared with the paren-
tal virus or Delta, respectively. (Fig. 2B and C, fig. S1). 

To examine the contribution of NTD mutations, we made 
a pseudovirus harboring a chimeric spike protein that con-
tained Omicron’s NTD in the parental virus spike protein or 
the parental NTD in the Omicron variant spike protein. Re-
placing the parental virus NTD with the Omicron variant 
NTD mildly attenuated the neutralizing effect of vaccinated 
serum samples. In contrast, the removal of NTD mutations 
from Omicron increased susceptibility to vaccine neutraliza-
tion (Fig. 2D). 

Engineered ACE2 broadly neutralizes SARS-CoV-2 
variants, including Omicron, and other sarbe-
coviruses. 

We next evaluated the efficacy of neutralizing therapeu-
tics developed for the original Wuhan strain. Currently a 
cocktail of imdevimab and casirivimab and a monotherapy of 
sotrovimab are approved in Japan. The cocktail of imdevimab 
and casirivimab showed reduced neutralization activity 
against the Omicron variant (greater than a 1,000-fold reduc-
tion from Wuhan), whereas that of sotrovimab was preserved 
(Fig. 3A). We previously reported that engineered ACE2 could 
neutralize a broad range of SARS-CoV-2 variants including 
Alpha, Beta, and Gamma (5). The primary ACE2 mutant in 
the previous study, 3N39, carried seven mutations (A25V, 
K26E, K31N, E35K, N64I, L79F, and N90H). This mutant was 
further modified in later studies to reduce potential immu-
nogenicity, motivating us to remove K26E, N64I, and L79F 
that made no or little contribution to the enhanced spike pro-
tein binding, and changed the glycan-eliminating N90H to 
T92Q, which we reasoned would have a similar effect. Fur-
thermore, the ACE2 collectrin domain (residues 615 to 740) 
was appended to the mutant together with the introduction 
of a S128C/V343C disulfide to increase the production yield 
as well as to erase the enzyme activity. This resulted in what 
we call the 3N39v4 mutant. In the same fashion, 3J320v3 con-
tains the collectrin domain and S128C/V343C. Despite far 
more extensive mutation in the Omicron RBD compared with 
previous VOCs, all three high-affinity engineered ACE2-Fc we 
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developed (3N39v4, 3J113v2, and 3J320v3) exhibited high 
neutralizing efficacy against Omicron at concentrations in-
distinguishable or even higher than the original Wuhan 
strain (Fig. 3B and fig. S2). The concept of engineered ACE2 
decoys has been independently introduced by several groups 
and their combination of mutations were all unique (7, 8). 
Among these, we tested two different ACE2 mutants reported 
by Chan et al. (7), and both showed similar or better neutral-
ization against Omicron (fig. S2). Wild type ACE2-Fc (span-
ning residues 18-740 with the collectrin domain) neutralized 
Omicron better than Wuhan, similar to the Alpha or Delta 
variants, which is consistent with a previous report (9). Nev-
ertheless, engineered ACE2 molecules maintain an advantage 
for Omicron over wild type ACE2 decoy (Fig. 3B). 

We then examined the breadth of cross-neutralization 
against other SARS-CoV-2 variants and sarbecoviruses by our 
engineered ACE2 (Fig. 4A and fig. S3). Previously, we re-
ported the effective neutralization against Alpha, Beta, and 
Gamma variants as well as SARS-CoV-1 (5). Here, engineered 
ACE2 (3N39v4) showed similar or better neutralization effi-
cacy to the Delta, Epsilon, Lambda, or Mu variants as com-
pared with the original Wuhan strain (Fig. 4B). Based on the 
broad representations of the RBD phylogenetic spectrum, 3 
different viruses from the SARS-CoV-2 clade and 3 from the 
SARS-CoV-1 clade were also analyzed (10) (Fig. 4A and fig. 
S3). GD-1, RsSHC014, and WIV1 were tested as pseudoviruses 
harboring their own spike proteins, whereas RaTg13, GX-P5L, 
and Rs4231 were evaluated as chimeric spike proteins where 
their RBDs were inserted in the SARS-CoV-1 RBD region in 
order to obtain the enough infectivity for the analysis (11). 
ACE2 (3N39v4) inhibited GD-1, WIV1, and SARS-CoV-1 infec-
tion, although RaTg13, GX-P5L, and RsSHC014 were less neu-
tralized by both engineered ACE2 and the wild type ACE2 
decoy. Rs4231 was also less sensitive to engineered ACE2, but 
inhibited well by the wild type decoy (Fig. 4C). These results 
indicate that engineered ACE2 has therapeutic potency 
against a broad range of SARS-CoV-2 variants and some other 
sarbecoviruses. 

Engineered ACE2 confers protection against infec-
tion with authentic Omicron virus. 

Next, we examined the effects of our engineered ACE2 on 
propagation of authentic Omicron in vitro and in vivo. Vero 
E6 cells expressing transmembrane protease serine 2 
(TMPRSS2) were infected with Wuhan or Omicron in the 
presence of engineered ACE2. Consistent with our pseudo-
virus data, sensitivity of SARS-CoV-2 Wuhan and Omicron 
variants to engineered ACE2 were comparable (Fig. 5A). The 
therapeutic potential of engineered ACE2 in animal models 
has been reported for both the parental Wuhan strain and for 
variants (5, 12). We thus tested the therapeutic benefit of en-
gineered ACE2 against Omicron as well. We infected Syrian 
hamsters by the intranasal route with 1 × 104 plaque-forming 

units (PFU) of Omicron and then treated them with 20 mg/kg 
engineered ACE2 by intraperitoneal route 2 hours post-inoc-
ulation (Fig. 5B). After 5 days, viral RNA in the lungs was sig-
nificantly suppressed by treatment with engineered ACE2 
(p=0.028, Fig. 5C). Gene expression of inflammatory cyto-
kines and chemokines showed reduction in CCL5 and CXCL10 
transcription by treatment with engineered ACE2 (Fig. 5D). 
To confirm efficacy in a more severe model, we examined the 
effect of engineered ACE2 on survival of CAG-hACE2 mice 
that overexpress human ACE2 highly and ubiquitously and 
exhibit more severe SARS-CoV-2 transmission to the brain 
(13), as compared with K18-hACE2 mice directing epithelia-
specific expression (14–16). The mice were challenged with 1 
× 103 PFU of Omicron through the intranasal route and engi-
neered ACE2 was intravenously administered 2 hours post-
inoculation at a dose of 20 mg/kg. Three out of 4 CAG-hACE2 
mice died within 8 days after inoculation. In contrast, engi-
neered ACE2 treatment significantly rescued these mice 
(p=0.035, Fig. 5E). These data indicate that engineered ACE2 
remains active in neutralizing the Omicron variant in vitro 
and in vivo. 

Engineered ACE2 adjusts the side chain confor-
mation of the mutated residues to bind to Omicron 
RBD. 

The structure of the Omicron RBD complexed with wild 
type ACE2 has recently been determined by several groups 
(fig. S4A), revealing sustained binding affinity of this variant 
as compared to the original Wuhan strain by combination of 
both affinity-enhancing and reducing mutations (17–19). We 
previously determined the crystal structure of Wuhan RBD 
complexed with the original ACE2 mutant 3N39 (5). The wild 
type residue E35 forms an intramolecular salt bridge with 
K31 (fig.S4B) whereas the mutated K35 forms a direct hydro-
gen bond with Q493 of the Wuhan RBD in our structure (fig. 
S4C), leading us to speculate that the simultaneous muta-
tions of E35K and K31N played a key role in the affinity en-
hancement of this mutant. On the other hand, Q493 was 
substituted with arginine in the Omicron RBD, allowing it to 
make a salt bridge with E35 of the wild type ACE2 (fig.S4D). 
We suspected that this could lower the affinity toward our 
engineered ACE2 due to electrostatic repulsion with K35. To 
simulate the binding mode, we built a homology model of a 
complex between the Omicron RBD (7t9l) and the ACE2 mu-
tant 3N39 (7dmu). In the complex model, the electrostatic 
clash between K35 of the ACE2 mutant and R493 of Omicron 
RBD could easily be avoided by side chain rotation. Further-
more, we found that the side chain of R493 could form a di-
rect hydrogen bond with N31 of ACE2(3N39) instead of K35 
(fig. S4E). Therefore, consistent with the results of the neu-
tralization assay, engineered ACE2 is expected to have no or 
little loss of affinity for the RBD of the Omicron variant. 
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No complete escape mutation to engineered ACE2 
was observed using deep mutational scanning of the 
RBD. 

To comprehensively analyze the alteration of viral infec-
tivity and escape from neutralizing agents, we performed a 
deep mutational scan (DMS) of the RBD in the context of full-
length spike protein expressed on human Expi293F cells (20), 
followed by incubation with ACE2-harboring green fluores-
cent protein (GFP)-reporter viruses. In this “inverted orienta-
tion” setting, ACE2-expressing virions efficiently infected 
spike protein-expressing cells only (fig. S5A). Although DMS 
analysis on the spike protein had been done by Starr et al. 
(21), this prior study used yeast surface display of isolated 
RBDs, which would assess the RBD’s structural stability and 
its affinity against ACE2 or neutralizing agents separately. In 
contrast, Chan et al. used Expi293F cells expressing full-
length spike protein to evaluate the affinity for wild type and 
engineered ACE2 (20). We modified their screening system to 
monitor the fusion of cell and viral membranes mediated by 
interactions between spike protein and ACE2, which better 
mimics the true infection process, albeit in an inverted orien-
tation. The hemagglutinin (HA)-tagged spike protein library 
encompassed all 20 amino acid substitutions in the RBD (en-
compassing P329 to G538) of the original SARS-CoV-2 Wuhan 
strain spike protein and was transfected in Expi293F cells in 
a manner where cells typically acquire no more than a single 
variant (20). After infection of library cells by ACE2-
harboring viruses in the presence or absence of neutralizing 
agents, infected GFP-positive cells and control GFP-negative 
cells were harvested with fluorescence-activated cell sorting 
(FACS), RNA was extracted, and the library was sequenced 
(Fig. 6A). The resulting spike protein-expressing cells consti-
tuted approximately 15% of transfected cells, which is a rea-
sonable rate to avoid multiple library induction (22). For 
infectivity analysis, ACE2-harboring viruses were titrated to 
induce infection in 2 to 3% of the cells in consideration of the 
detection range and library complexity (fig. S5B). To analyze 
escape ability, ACE2-harboring viruses and neutralization 
agents were optimized to observe the reduction of infectivity 
from 10% to 3% (fig. S5B and C). DMS experiments were per-
formed in duplicate, which produced similar results (R2 = 
~0.5) as was the case in previous studies conducted on HIV 
and influenza pathology with library viruses (23, 24) (fig. 
S6A). We also performed DMS for spike protein expression 
assessed by the staining of HA tagged to N-terminal full-
length spike protein. Among about 15% of HA-positive cells, 
the top 25% and bottom 25% of cells were sorted (fig. S6B). 
The resulting single mutant count frequencies correlated well 
between independent duplicate experiments (R2 = 0.93; fig. 
S6C). The scan without neutralizing agents provided infor-
mation about infectivity alteration due to all single amino 
acid mutations in the RBD (fig. S7A). When our DMS data for 

infectivity and expression were compared with those ob-
tained in the previous yeast surface display DMS from Starr 
et al. (21), infectivity was weakly correlated with the prior 
study’s affinity data, which was based on ACE2-binding at 
several ACE2 concentrations (R2 = 0.23). In contrast, expres-
sion data correlated better, in spite of the difference in using 
full-length spike protein versus isolated RBD (R2 = 0.48; fig. 
S7B to E). 

According to the scanning data for infectivity, 8 of 15 mu-
tations in the RBD of Omicron may enhance infectivity, 
whereas 3 mutations (S371L, S373P, S375F) that exist in the 
conserved region may reduce infection (Fig. 6B). Incubation 
of library cells and ACE2-harboring viruses with neutralizing 
drug and serum succeeded in revealing the mutational pat-
terns that enable evasion. For example, the scan in the pres-
ence of casirivimab detected all epitope residues previously 
reported (25, 26), which confirmed that this assay had ade-
quate sensitivity to detect actual escape mutations (Fig. 6C 
and fig. S8A). In this panel, Omicron mutation, K417N, E484A 
and Q493R were all found to contribute to escape from 
casirivimab (Fig. 6C). Some VOCs have exhibited partial re-
sistance to neutralization by serum from immunized individ-
uals (27); however, actual escape is achieved by a 
combination of mutations, not by any single mutation (28). 
Consistently, the scan measuring resistance to serum samples 
from vaccinated individuals revealed that alteration of escape 
value simply paralleled that of infectivity without irregular 
enhancements, unlike the case of casirivimab (Fig. 6D, fig. 
S8B). A similar result was also observed in a scan for escape 
from engineered ACE2 (Fig. 6E and fig. S8C). The close cor-
relation between escape value and infectivity was reproduced 
by serum from a different vaccinated individual (fig. S9). 
When major escape mutants obtained through the DMS were 
individually subjected to the neutralization assay, it was 
found that L455Y and N487Q partially reduced the neutrali-
zation efficacy of both 3N39v4 and wild type ACE2 decoys 
(Fig. 6F). However, engineered ACE2 still maintained a neu-
tralization efficacy similar to the degree of sotrovimab for 
both the parental Wuhan strain and the Omicron variant 
(Fig. 3A). These results demonstrate that engineered ACE2 
effectively neutralized each single-residue mutation-express-
ing virus. Finally, we confirmed that both 3N39v4 and 
3J320v3 retained neutralization efficacy against the Omicron 
subvariant BA.2 (fig. S10). 

DISCUSSION 
The Omicron variant contains approximately 30 muta-

tions in the spike protein and escapes vaccine, convalescent 
serum, and some therapeutic antibodies (1–4, 29–32). Inten-
sive analyses from all over the world indicate a 10 to 50-fold 
reduction in neutralization titers for Omicron in vaccines and 
convalescent individuals infected with different variants (29, 
30, 32). Consistently, our assay using Omicron pseudovirus 
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revealed that 17.7-fold and 9.5 to 19.3-fold reduction in serum 
samples from individuals vaccinated with two doses of 
BNT162b2-vaccinated and previously infected people, respec-
tively. The assay using pseudovirus harboring chimeric spike 
protein of Omicron and the original Wuhan strain demon-
strated that multiple mutations in the NTD could contribute 
to reduced neutralization in addition to escape due to RBD 
mutations. A previous study showed that a deletion mutation 
in the NTD resulted in viral escape from isolated NTD-
binding neutralizing antibodies (33). According to another 
report, vaccinated and convalescent serum samples exhibited 
weak neutralization titers, even after depletion of RBD-
binding antibodies (34). Furthermore, direct structural anal-
ysis of NTD-targeted neutralizing antibodies indicated that 
they each recognize a common glycan-free, electropositive 
surface comprised of flexible loops where most Omicron NTD 
mutations are located (6). These reports point to the possibil-
ity of NTD-mediated active neutralization by serum from im-
munized individuals. Consistent with this idea, the present 
study demonstrates that the extensive escape of Omicron can 
be achieved, in part, by attenuated neutralization of NTD-
binding antibodies. Regarding the escape due to RBD muta-
tions, serum samples from immunized individuals contain 
polyclonal antibodies and are less affected by single muta-
tions. However, a previous DMS study identified RBD posi-
tions F456 and E484 mutated to alanine in Omicron, as major 
epitopes recognized by serum from immunized individuals 
(34). 

For therapeutic strategies to prevent mutational escape, 
some antibodies are used in the form of a cocktail and others 
are designed to target a conserved region. The present study 
showed that a cocktail of imdevimab and casirivimab failed 
to neutralize Omicron, whereas sotrovimab, which targets a 
highly conserved epitope, remained effective. Other papers 
also reported impaired neutralization in a wide range of mon-
oclonal antibodies (2–4, 31), and that only sotrovimab was 
minimally affected among those in clinical use (2). Omicron 
exhibits the ability to evade combinations of antibodies and 
has acquired mutations even in highly conserved sites (S371L, 
S373P, S375F). These observations provide a sobering outlook 
for the therapeutic development of monoclonal antibodies 
against viruses in the context of escape mutations. In con-
trast, engineered ACE2 successfully neutralized Omicron and 
other sarbecoviruses. The emergence of the Omicron variant 
reinforces the difficulty of drug development against viral in-
fection and highlights the strength of receptor decoys as a 
therapeutic strategy. 

In this study, we performed DMS using full-length spike 
protein-expressing human cells and an ACE2-harboring vi-
rus. Incubation of these components aimed to functionally 
reproduce infection of host cells. In contrast, another study 
performed DMS with yeast surface display and analyzed RBD 

expression and binding of RBD with several concentrations 
of ACE2 (21). Yeast screening has advantages in terms of li-
brary size and the ability to restrict incorporation of multiple 
mutants due to the exclusive nature of different plasmids. 
Mammalian cell-based screening has a limit in library size 
and can be contaminated by cells expressing multiple mu-
tants; however, its strength is that it allows analysis of vari-
ous phenotypes, including virus infection. When compared 
with the yeast surface display DMS, the pattern of effects on 
protein expression showed similar trends, in spite of differ-
ence in the form of spike protein used. On the other hand, 
our infectivity DMS was less correlated with ACE2 affinity 
data collected from the yeast surface display DMS study. One 
explanation for this difference was the setting of assay. Our 
DMS reflected the binding and subsequent fusion of virus 
and cell membrane, whereas the yeast surface display DMS 
analyzed the absolute amount of bound soluble ACE2 in se-
rial concentrations. However, intensive validation of each 
DMS system is required for further discussion. 

Through DMS, we found that L455Y and N487Q muta-
tions mildly reduced neutralization efficacy of engineered 
ACE2. These residues make direct contacts with ACE2, but 
are separate from the affinity-enhancing mutations of engi-
neered ACE2 (5). As a result, these mutations also caused a 
reduction in the neutralization ability of wild type ACE2. In 
the case of N487Q, both DMS results showed elevated infec-
tivity, increased expression, and reduced ACE2 binding affin-
ity. It is thus possible that reduced ACE2 affinity is offset by 
increased spike protein expression and stability to maintain 
overall infectivity, while causing attenuation of the neutrali-
zation ability of ACE2 decoys. 

Another study also reported that certain RBD mutations 
affected other high-affinity ACE2 decoys (35). In theory, sim-
ilar viral mutations that reduce the neutralization efficacy of 
engineered ACE2 may arise. However, the virus would not 
encounter such agents unless they were used as a therapeutic 
intervention. In contrast, viruses circulating in the wild are 
under selection pressure to escape neutralizing antibodies 
due to vaccination, prior infection, or both. Therefore, pref-
erential emergence of ACE2 escape mutants is potentially less 
likely. 

Our study has several limitations. First, the engineered 
ACE2 is not perfect at neutralizing all sarbecoviruses. Among 
the seven representative sarbecoviruses that were analyzed to 
demonstrate the broad efficacy of engineered ACE2, the vi-
ruses phylogenetically closer to SARS-CoV-2 and SARS-CoV-1 
were more sensitive to engineered ACE2. It is clear that more 
extensive analysis is required to accurately predict the range 
of efficacy of each engineered ACE2. Second, we noted that 
several spike clones with apparent stop codons exhibited 
near-neutral infectivity and immune escape in our DMS ex-
periments, which suggests that the transfections had 
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delivered multiple library members into the same cell, de-
spite our experimental design to avoid such co-transfection. 
Lastly, the DMS did reveal a few single amino acid substitu-
tions that reduced sensitivity to neutralization by engineered 
ACE2. Although the engineered ACE2 maintained reasonable 
neutralizing activity toward each of these mutants, it will be 
imperative to examine the effect of their combination. De-
spite these limitations, our results suggest that an engineered 
ACE2 decoy is a robust therapeutic modality with utility 
against broad range of SARS-CoV-2 variants and sarbe-
coviruses. It is also promising in the context of efforts to 
stockpile medical assets as a countermeasure against future 
zoonotic coronavirus diseases. 

MATERIALS AND METHODS 
Study Design 
Research blood samples were obtained from hospitalized 

adults with polymerase chain reaction (PCR)-confirmed 
SARS-CoV-2 infection and vaccinated individuals who were 
enrolled in a prospective cohort study approved by the Clini-
cal Research Review Committee in Kyoto Prefectural Univer-
sity of medicine (ERB-C-1954-1). All human participants 
provided written informed consent. We collected peripheral 
blood from 12 individuals (7 males, 5 females, age 24 to 56, 
mean 37.5) at 3 months post vaccination with two doses of 
the Pfizer-BioNTech vaccine, BNT162b2. Peripheral blood 
was also collected from 11 SARS-CoV-2 convalescent individ-
uals (7 males, 4 females, age 50 to 83, mean 69) before the 
Delta variant wave (December 2020 through January 2021), 
and 18 SARS-CoV-2 convalescent individuals (15 males, 3 fe-
males, age 36 to 77, mean 56.6) during or after the Delta wave 
(August 2021 through October 2021). The study size was de-
termined by the number of samples that were available from 
the cohort study and not based on any power calculations. 
Experiments described in this manuscript were not per-
formed blinded. 

All animal experiments with SARS-CoV-2 were performed 
in biosafety level 3 (ABSL3) facilities at the Research Institute 
for Microbial Diseases, Osaka University. The study protocol 
was approved by the Institutional Committee of Laboratory 
Animal Experimentation of the Research Institute for Micro-
bial Diseases, Osaka University (R02-08-0). All efforts were 
made during the study to minimize animal suffering and to 
reduce the number of animals used in the experiments. 

Omicron genetic and epidemic analysis 
Amino acid mutation frequencies in the spike protein for 

each variant (Alpha = 1,138,704, Beta = 40,135, Gamma = 
117,200, Delta = 3,441,137, and Omicron = 5,469 sequences) 
were extracted from the report of outbreak.info 
(https://outbreak.info/compare-
lineages?pango=Delta&pango=Omicron&pango=Al-
pha&pango=Beta&pango=Gamma&gene=S&thresh-
old=0.2&nthresh=1&sub=false&dark=true%29.%20Accessed

%2017%20December%202021.) as of December 17, 2021. Mu-
tation frequencies of each amino acid substitution which was 
observed in Omicron were plotted using “corrplot” package 
in R. Time course of variant distribution was analyzed by 
Nextclade ver 1.7.0 
(https://joss.theoj.org/papers/10.21105/joss.03773) from 
SARS-CoV-2 nucleic acid sequences which were downloaded 
from GISAID database as of December 17, 2021. A phyloge-
netic tree of spike proteins from SARS-CoV-2 variants and 
relatives were inferred based on full-length amino acid se-
quences taken from GISAID, GenBank, National Genomics 
Data Center, and Coronavirus Antiviral & Resistance Data-
base of Stanford University (https://covdb.stanford.edu/). 
The neighbor joining method (36) was applied to a distance 
matrix estimated by the maximum likelihood method. To per-
form multiple sequence alignment (MSA) of spike proteins, 
6,000,693 spike protein amino acid sequences were down-
loaded from GISAID on Dec 14, 2021. The frequency of all 
unique RBD regions (defined as R319-541F) were determined 
for each major variant (as defined in 
https://www.who.int/en/activities/tracking-SARS-CoV-2-
variants/), and the most frequent instance within a variant 
was used as a representative. The sequences were multiply 
aligned by Multiple alignment by fast Fourier transform 
(MAFFT) (37) with the corresponding RBD regions from PG-
GD1, VIW1 and CoV-1. The MSA was rendered using an in-
house script to show only positions non-identical to the Wu-
han strain. The code is available at Zenodo (DOI: 10.5281/ze-
nodo.6440010). 

Cell culture 
Lenti-X 293T cells (Clontech) and its derivative, 

293T/ACE2 cells were cultured at 37 °C with 5% CO2 in Dul-
becco’s modified Eagle’s medium (DMEM, WAKO) contain-
ing 10% fetal bovine serum (Gibco) and 
penicillin/streptomycin (100 U/ml, Invitrogen). Vero 
E6/TMPRSS2 cells were a gift from National Institutes of Bi-
omedical Innovation, Health and Nutrition (Japan) and cul-
tured at 37°C with 5% CO2 in DMEM (WAKO) containing 5% 
fetal bovine serum (Gibco) and penicillin/streptomycin (100 
U/ml, Invitrogen). All cell lines routinely tested negative for 
mycoplasma contamination. 

Protein synthesis and purification 
Monoclonal antibodies and engineered ACE2 were ex-

pressed using the Expi293F cell expression system (Thermo 
Fisher Scientific) according to the manufacturer’s protocol. 
Fc-fusion proteins were purified from conditioned media us-
ing the rProtein A Sepharose Fast Flow (Cytiva). Fractions 
containing target proteins were pooled and dialyzed against 
phosphate buffered saline (PBS). 

Pseudotyped virus neutralization assay 
Pseudotyped reporter virus assays were conducted as pre-

viously described (5). With a plasmid encoding the SARS-



First release: 26 April 2022 www.science.org/journal/stm  (Page numbers not final at time of first release) 7 

CoV-2 spike protein (addgene #145032) as a template, muta-
tions for variants of concern, including omicron BA.1 and 
BA.2, as well as the ΔC19 deletion (with 19 amino acids de-
leted from the C terminus) were cloned into pcDNA4TO 
(Invitrogen) (38). Pangolin CoV GD-1, Bat CoV RsSHC014, 
and WIV1 spike proteins were synthesized (Integrated DNA 
Technologies) and cloned into pcDNA4TO (Invitrogen) in the 
form of ΔC19 (10, 39). Pangolin CoV GX-P5L, Bat CoV RaTG13, 
and Rs4231 RBDs were synthesized (Integrated DNA Tech-
nologies) and cloned into the RBD of SARS-CoV-1 (ΔC19) (5, 
10, 11, 39). Spike protein-expressing pseudoviruses with a lu-
ciferase reporter gene was prepared by transfecting plasmids 
(OmicronΔC19, psPAX2-IN/HiBiT (40), and pLenti firefly) 
into LentiX-293T cells with Lipofectamine 3000 (Invitrogen). 
After 48 hours, supernatants were harvested, filtered with a 
0.45 μm low protein-binding filter (SFCA), and frozen at –
80 °C. The 293T/ACE2 cells were seeded at 10,000 cells per 
well in 96-well plates. HiBit value-matched pseudoviruses 
and three-fold dilution series of serum or therapeutic agents 
were incubated for 1 hour, then this mixture was added to 
293T/ACE2 cells. After a 1 hour pre-incubation, medium was 
changed. At 48 hours post infection, cellular expression of the 
luciferase reporter, indicating viral infection, was determined 
using ONE-Glo Luciferase Assay System (Promega). Lumines-
cence was read on Infinite F200 pro system (Tecan). The as-
say for each serum sample was performed in triplicate, and 
the 50% neutralization titer was calculated using Prism ver-
sion 9 (GraphPad Software). 

Library construction, FACS, and Illumina sequenc-
ing analysis 

Saturation mutagenesis was focused on the original Wu-
han strain spike residues F329 to C538, forming the RBD. 
Pooled oligos with degenerate NNK codons were synthesized 
by Integrated DNA Technologies, Inc. Synthesized oligos 
were extended by overlap PCR and cloned into pcDNA4TO 
HMM38-HA-full length spike plasmids. Transient transfec-
tion conditions were used that typically provide no more than 
a single coding variant per cell (20). Expi293F cells at 2 × 106 
cells per ml were transfected with a mixture of 1 ng of library 
plasmid with 1 μg of pMSCV as a junk plasmid per ml using 
ExpiFectamine (Thermo Fisher Scientific). Twenty-four 
hours after transfection, cells were incubated with ACE2-
harboring green fluorescent protein (GFP) reporter viruses, 
which were generated by transfecting pcDNA4TO ACE2, 
psPAX2 (addgene #12260), and pLenti GFP into LentiX-293T 
cells with Lipofectamine 3000 (Invitrogen). The viruses have 
ACE2 on the surface instead of glycoprotein and can infect 
the spike protein-expressing cells. In case of escape analysis, 
cells were pre-incubated with neutralizing agents for 1 hour. 
After the 1 hour incubation with ACE2-harboring virus, the 
medium was replaced and cells were collected 24 hours after 
infection for FACS. Cells were washed twice with PBS 

containing 10% bovine serum albumin (BSA) and then co-
stained for 20 min with anti-hemagglutinin (HA) Alexa Fluor 
647 (clone TANA2,1:4000 dilution; MBL). Cells were again 
washed twice before sorting on a MA900 cell sorter (Sony). 
Dead cells, doublets, and debris were excluded by first gating 
on the main population by forward and side scatter. From the 
HA positive (Alexa Fluor 647 positive) population, GFP-
positive and -negative cells were collected. The total numbers 
of collected cells were about 2 million cells for each group. 
Total RNA was extracted from collected cells TRIzol (Life 
Technologies) and Direct-zol RNA MiniPrep (Zymo Research 
Corporation) according to the manufacturer's protocol. First-
strand complementary DNA (cDNA) was synthesized with 
PrimeScript II Reverse Transcriptase (Takara) primed with a 
gene-specific oligonucleotide. Libraries were designed for 3 
sections separately in the RBD and then pooled. After cDNA 
synthesis, each library was amplified with specific primers. 
Following a second round of PCR, primers added adapters for 
annealing to the Illumina flow cell and sequencing primers, 
together with barcodes for experiment identification. The 
PCR products were sequenced on an Illumina NovaSeq 6000 
using a 2 × 150 nucleotide paired-end protocol in Department 
of Infection Metagenomics, Research Institute for Microbial 
Diseases, Osaka University. Data were analyzed comparing 
the read counts with each group normalized relative to the 
wild type sequence read-count. Log10 enrichment ratios for 
all the individual mutations were calculated and normalized 
by subtracting the log10 enrichment ratio for the wild type 
sequence across the same PCR-amplified fragment. 

Viruses 
The SARS-CoV-2 (Wuhan: 2019-nCoV/Japan/TY/WK-

521/2020, Omicron: 2019-nCoV/Japan/TY38-873/2021) strain 
was isolated at National Institute of Infectious Diseases 
(NIID). SARS-CoV-2 viruses were propagated in Vero 
E6/TMPRSS2 cells. Viral supernatant was harvested at two 
days post-infection and viral titers were determined by 
plaque assay. 

SARS-CoV-2 neutralization assay 
Vero E6/TMPRSS2 cells were seeded at 80,000 cells in 24 

well plates and incubated overnight. Then, SARS-CoV-2 was 
infected at multiplicity of infection of 0.1 together with solu-
ble ACE2-Fc protein. After 2 hours, cells were washed with 
fresh medium and incubated with fresh medium for 22 hours. 
Culture supernatants were collected and analyzed by quanti-
tative real-time reverse transcriptase-polymerase chain reac-
tion (qRT-PCR) assay. 

Animal models of SARS-CoV-2 infection 
Four week-old male Syrian hamsters were purchased from 

SLC Japan. Hamsters were anaesthetized by intraperitoneal 
administration of 0.75 mg/kg medetomidine (Meiji Seika), 2 
mg/kg- midazolam (Sandoz) and 2.5 mg/kg butorphanol tar-
trate (Meiji Seika) and challenged with 1.0 × 104 PFU of SARS-
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CoV-2 Omicron (in 60μL) by the intranasal route (30μL per 
nostril). After 2 hours post inoculation, ACE2-Fc (3N39v2, 
20mg/kg) were administered by intraperitoneal injection. On 
day 5 post inoculation, all animals were euthanized and lungs 
were collected to analyze the virus genome copy number and 
host gene expression by qRT-PCR. 

CAG-hACE2 transgenic mice (hACE2-Tg) were obtained 
from the Laboratory Animal Resource Bank of the National 
Institutes of Biomedical Innovation, Health and Nutrition 
(NIBIOHN). These mice were maintained by crossing with 
wild type C57BL/6 mice. The primers for genotyping were  
5′-CTTGGTGATATGTGGGGTAGA-3′ and  
5′-CGCTTCATCTCCCACCACTT-3′ as shown previously (13). 
Male and female mice aged at four-week-old were anaesthe-
tized and challenged with 1.0 × 103 PFU of SARS-CoV-2 Omi-
cron (in 20μL) by the intranasal route (10μL per nostril). At 
2 hours post inoculation, ACE2-Fc (3N39v2, 20mg/kg) was 
administered by intravenous injection. Mice were monitored 
daily for survival. 

Quantitative RT-PCR 
Total RNA of lung homogenates was isolated using 

ISOGENE II (NIPPON GENE). Real-time RT-PCR was per-
formed with the Power SYBR Green RNA-to-CT 1-Step Kit 
(Applied Biosystems) using a AriaMx Real-Time PCR system 
(Agilent). The relative quantitation of target mRNA expres-
sion was performed using the 2-ΔΔCT method. The values 
were normalized by those of the housekeeping gene, β-actin. 
The following primers were used: for Actb (encoding  
β-actin), 5′-TTGCTGACAGGATGCAGAAG-3′ and  
5′-GTACTTGCGCTCAGGAGGAG-3′; for 2019-nCoV_N2,  
5′-AAATTTTGGGGACCAGGAAC-3′ and  
5′-TGGCAGCTGTGTAGGTCAAC-3′; for Il6,  
5′-GGACAATGACTATGTGTTGTTAGAA-3′ and  
5′-AGGCAAATTTCCCAATTGTATCCAG-3′; for Ccl5,  
5′-TCAGCTTGGTTTGGGAGCAA-3′ and  
5′-TGAAGTGCTGGTTTCTTGGGT-3′; and for Cxcl10, 
5′-TACGTCGGCCTATGGCTACT-3′and  
5′-TTGGGGACTCTTGTCACTGG-3′. 

Quantitative RT-PCR of Viral RNA in the superna-
tant 

The amount of RNA copies in the culture medium was de-
termined using a qRT-PCR assay as previously described with 
slight modifications (41). In brief, 5 μl of culture supernatants 
were mixed with 5 μl of 2× RNA lysis buffer (2% Triton X-100, 
50 mM KCl, 100 mM Tris-HCl [pH 7.4], 40% glycerol, 0.4 U/μl 
of Superase IN [Life Technologies]) and incubated at room 
temperature for 10 min, followed by addition of 90 μl of 
RNase free water. Next, 2.5 μl of volume of the diluted sam-
ples was added to 17.5 μl of the reaction mixture. Real-time 
RT-PCR was performed with the Power SYBR Green RNA-to-
CT 1-Step Kit (Applied Biosystems) using a AriaMx Real-Time 
PCR system (Agilent). 

Statistical analysis 
Neutralization measurements were done in technical trip-

licates and relative luciferase units were converted to percent 
neutralization and plotted with a non-linear regression 
model to determine 50% neutralization titer (NT50) values us-
ing GraphPad Prism software (version 9.0.0). Comparisons 
between two groups were made with paired t tests, Mann-
Whitney U tests, and log-rank tests. More than two groups 
were compared by one-way ANOVA and Tukey’s multiple 
comparison tests. 

SUPPLEMENTARY MATERIALS 
www.science.org/doi/10.1126/scitranslmed.abn7737 
Figs. S1 to S10 
MDAR Reproducibility Checklist 
Data file S1 
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Fig. 1. The Omicron (B.1.1.529) variant is characterized by the cluster of mutations in the spike protein. 
(A) Amino acid mutations in the spike protein are shown for the indicated SARS-CoV-2 strains. Mutation 
frequencies of each amino acid substitution in the spike protein were calculated using SARS-CoV-2 
sequences reported in GISAID as 17th Dec 2021 (Alpha = 1,138,704; Beta = 40,135; Gamma = 117,200; Delta 
= 3,441,137, and Omicron = 5,469 sequences). The circle size and color represent the mutation frequency 
according to the scale shown at the right. (B) A structural model of the SARS-CoV-2 spike trimer with all 
three RBDs in the open state based on PDB: 7A89 is shown. In the RBD, the RBM is highlighted in dark blue, 
and Omicron mutations are highlighted in purple or red in or outside the RBM. (C) The relative proportions 
of variant cases during 2021 in South Africa, United Kingdom, North America, and Asia are shown. 
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Fig. 2. The Omicron variant evades immunity due to mutations localized not only in the RBD but also in the 
NTD. (A to C) Reciprocal dilution of 50% neutralization titer (NT50) values were determined in 293T/ACE2 cells 
for serum samples isolated from 12 individuals 3 months after two doses of BNT162b2 vaccination (A), 
convalescent serum from 11 patients infected with the Alpha variant (B), and 18 patients infected with the Delta 
variant (C). (D) Neutralization efficacy in 293T/ACE2 cells is shown for 12 vaccinated serum samples against 
parental virus (D614G mutation), parental virus with replacement with Omicron’s NTD, Omicron, and Omicron 
with replacement with parental NTD. The NT50 values are summarized in the right panels. n = 3 technical 
replicates. P-values were determined by two-sided paired t-tests. Dotted lines indicate detection limit. 
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Fig. 3. ACE2 decoys have intact neutralization efficacy against the Omicron variant. (A) Neutralization 
efficacy in 293T/ACE2 cells is shown for a cocktail of imdevimab and casirivimab (left) and monotherapy 
of sotrovimab (right)against Omicron pseudovirus. (B) Neutralization efficacy in 293T/ACE2 cells is shown 
for the 3N93v4 engineered ACE2 decoy (left), the 3J320v2 engineered ACE2 decoy (middle), or the wild 
type ACE2 decoy (right). The 3N39v4 and 3J320v3 have specific mutations providing high affinity toward 
the RBD and common S128C/V343C substitutions to inhibit ACE2 enzymatic activity. All adopted ACE2s 
were 740 amino acids with the collectrin domain. n = 4 technical replicates. The indicated concentrations 
of imdevimab and casirivimab were applied in a 1:1 ratio. 
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Fig. 4. Neutralization assay for engineered ACE2 with pseudoviruses expressing spike proteins from 
SARS-CoV-2 variants and additional sarbecoviruses. (A) A phylogenetic tree of the RBD from variants of 
SARS-CoV-2 and relatives is shown. Accession number or lineage name is shown for each sequence. 
Bootstrap values larger than 80% are shown at the corresponding branches. (B) Neutralization efficacy was 
measured for engineered ACE2 (3N39v4) against previous SARS-CoV-2 variants in 293T/ACE2 cells. (C) 
Neutralization efficacy was measured for engineered ACE2(3N39v4) (top) or wild type ACE2(WT)-Fc 
(bottom) decoys against sarbecoviruses in 293T/ACE2 cells. n = 4 technical replicates. 
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Fig. 5. Engineered ACE2 neutralizes authentic Omicron and confers protection in hamsters and hACE2 
transgenic mice. (A) Sensitivity of engineered ACE2 to the Wuhan and Omicron strains was compared by 
using each infectious virus in Vero E6/TMPRSS2 cells. RNA copy number was analyzed by qRT-PCR against 
nucleocapsid. n = 3 technical replicates. (B) Experimental scheme for the hamster model of SARS-CoV-2. (C) 
Quantification of viral RNA in the lungs of treated or untreated hamsters at day 5 post infection with the SARS-
CoV-2 Omicron strain was performed by qRT-PCR against nucleocapsid. (n=4 per group). (D) Gene 
expression of inflammatory cytokines and chemokines was quantified by qRT-PCR in the hamsters. The 
expression of the gene encoding β-actin was used for normalization. (n=4). (E) A survival curve is shown for 
CAG-hACE2 Tg mice infected with the Omicron strain with or without 3N39v4 ACE2 decoy treatment (control: 
2 male, 2 female, treated: 3 male and 3 female). P-values were determined by Mann-Whitney U test (C), one-
way ANOVA and Tukey's multiple comparison test (D) and log-rank test (E). 
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Fig. 6. Deep mutational scanning identified no single-residue mutation to induce complete escape from 
engineered ACE2. (A) A schematic of the deep mutational scanning (DMS) approach to evaluate infectivity and 
escape from neutralizing agents is shown. FACS, fluorescence activated cell sorting. NGS, next generation 
sequencing. (B) Heatmaps illustrating how all single mutations that Omicron obtains affect its infectivity. Boxed 
squares indicate amino acid present in Omicron. Squares with a diagonal line through them indicate the original 
Wuhan strain amino acid. Heatmap squares are colored by mutational effect according to scale bars on the 
right. This and all subsequent coloring matches fig. S7 and S8. (C) The heatmaps show the alteration of 
infectivity and escape value from casirivimab in casirivimab antigen-binding sites of the spike protein. Boxed 
squares are mutations found in Omicron (left). Correlation in mutation effects on infectivity and escape from 
casirivimab are shown on the right. Colored dots are all amino acid substitution at the indicated major 
casirivimab antigen-binding sites. (D) The heatmap illustrates how all single mutations that Omicron obtained 
affect its escape from vaccinated serum samples. Boxed squares indicate amino acid present in Omicron (left). 
Correlations in mutation effects on infectivity and escape from vaccinated serum are shown on the right. (E) 
The heatmap illustrates how all single mutations that Omicron obtained affect its escape from 3N39v4. Boxed 
squares indicate amino acid present in Omicron (left). The dot plot shows the correlation between Omicron 
infectivity and escape from 3N39v4. Indicated mutants were individually analyzed in (F). (F) Neutralization 
efficacy was measured in 293T/ACE2 cells for 3N39v4 or wild type ACE2 decoys against the five indicated 
escape candidates. n = 4 technical replicates. 


