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Human monoclonal antibodies (mAbs) that target the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein have been
isolated from convalescent individuals and developed into therapeutics
for SARS-CoV-2infection. However, therapeutic mAbs for SARS-CoV-2 have
been rendered obsolete by the emergence of mAb-resistant virus variants.
Here we report the generation of a set of six human mAbs that bind the
human angiotensin-converting enzyme-2 (hACE2) receptor, rather than the
SARS-CoV-2 spike protein. We show that these antibodies block infection by
allhACE2 binding sarbecoviruses tested, including SARS-CoV-2 ancestral,
Delta and Omicron variants at concentrations of ~7-100 ng mI™. These
antibodies target an hACE2 epitope that binds to the SARS-CoV-2 spike, but
they do notinhibit hACE2 enzymatic activity nor do they induce cell-surface
depletion of hACE2. They have favourable pharmacology, protect hACE2
knock-in mice against SARS-CoV-2 infection and should present a high
geneticbarrier to the acquisition of resistance. These antibodies should

be useful prophylactic and treatment agents against any current or future
SARS-CoV-2 variants and might be useful to treat infection with any
hACE2-binding sarbecoviruses that emerge in the future.

Human monoclonal antibodies (mAbs) can be used therapeutically to
confer astate of passive immunity"?and have been developed to target
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
spike protein as both therapeutic and preventive agents®”. How-
ever, therapeutic or prophylactic use of spike-targeting antibodies
against SARS-CoV-2in particular, and viruses in general, has two main
drawbacks.

First, mAbs developed for therapy are produced by human
immune systems, and the most potent of them are very similar to

neutralizing antibodies commonly elicited by infection or vaccina-
tion>®’, Over time, as SARS-CoV-2 has replicated inhuman populations
that have immunity owing to either infection, vaccination or both,
the virus has frequently encountered naturally elicited neutralizing
antibodies and has thus evolved to become resistant to therapeutic
mAbs, even when they have notbeen widely used'* . Indeed, emergent
SARS-CoV-2 variants have rendered obsolete most SARS-CoV-2 mAbs
thatwere generated fromimmune repertoires of individuals exposed
to SARS-CoV-2 or its emergent variants™™,

'Laboratory of Retrovirology, The Rockefeller University, New York, NY, USA. 2Laboratory of Lymphocyte Dynamics, The Rockefeller University, New
York, NY, USA. ®Department of Biology, Stanford University, Stanford, CA, USA. “Tri-Institutional Therapeutics Discovery Institute, New York, NY, USA.
SLaboratory of Virology and Infectious Disease, The Rockefeller University, New York, NY, USA. °Chan Zuckerberg Biohub, San Francisco, CA, USA.

"Howard Hughes Medical Institute, The Rockefeller University, New York, NY, USA.

e-mail: thatziio@rockefeller.edu; pbieniasz@rockefeller.edu

Nature Microbiology | Volume 8 | June 2023 | 1051-1063

1051


http://www.nature.com/naturemicrobiology
https://doi.org/10.1038/s41564-023-01389-9
http://orcid.org/0000-0001-7427-3771
http://orcid.org/0000-0002-5606-9803
http://orcid.org/0000-0002-1693-9392
http://orcid.org/0000-0002-7373-1176
http://orcid.org/0000-0003-3087-8079
http://orcid.org/0000-0003-2754-5951
http://orcid.org/0000-0002-7889-0766
http://orcid.org/0000-0002-2368-3719
http://crossmark.crossref.org/dialog/?doi=10.1038/s41564-023-01389-9&domain=pdf
mailto:thatziio@rockefeller.edu
mailto:pbieniasz@rockefeller.edu

Article

https://doi.org/10.1038/s41564-023-01389-9

Second, whileitis might seem prudent to stockpile sarbecovirus
spike-targeting mAbs in anticipation of future pandemics, forecast-
ing whichvirus species might emerge or cause disease is difficult. For
example, SARS-CoV-2isoneof three recently emergent coronaviruses
that are antigenically distinct from each other”. It is therefore not
feasible to pre-emptively generate spike-targeting mAb therapeutics
or prophylactics that offer reliable and effective protection against
an emergent virus. Ideally, mAbs developed in anticipation of future
emergent viral disease would beresilient to mutations that arise during
epidemic spread and effective against entire classes of viruses.

Sarbecoviruses, including SARS-CoV, SARS-CoV-2 and
SARS-related coronaviruses in bats and other mammals, use
angiotensin-converting enzyme-2 (ACE2) as their primary functional
receptor'®”, In principle, antivirals against sarbecoviruses could
target human (h)ACE2 rather than spike proteins. Resistance would
require a profound change in how sarbecoviruses interact with hACE2,
or acquisition of the ability to use a new receptor, both of which are
likely to be high genetic hurdles. It is possible that mAbs targeting
a self-molecule (such as ACE2) might cause side effects, but there
are precedents for using mAbs or small molecules to block recep-
tors, particularly in situations when the viral or cellular ligands are
too variable to be blocked by single mAbs. For example, the HIV-1
receptor (CD4)-binding antibody ibalizumab is approved to treat
patients infected with multidrug-resistant HIV-1 (ref. 18). Likewise, a
CCRS5-binding mAb, leronlimab, protects monkeys against mucosal
simian/human immunodeficiency virus (SHIV) transmission®. A
small molecule targeting CCR5, maraviroc, has been developed as an
anti-HIV-1 therapeutic®. Therapeutic receptor-blocking antibodies
include those used in interferonopathies; the 16 type-l interferons
are too variable to be neutralized by a single mAb, but anifrolumab, a
mAb that ablates interferon action by binding the type-11IFN receptor,
isused as a treatment for systemic lupus erythematosus®-*. Crucially,
self-targeting mAbs can be made safe for use inhumans by engineering
Fc domains to ablate cytotoxic effector functions® 2.

Inthis Article, we produced a suite of human mAbs that bind hACE2
with affinities in the low nanomolar to picomolar range. These mAbs
blockinfection by pseudotypes of all tested sarbecoviruses, with poten-
cies that approach those of SARS-CoV-2 spike targeting therapeutic
mAbs. A 3.3 A cryo-electron microscopy (cryo-EM) structure of one
suchmAb bound to hACE2 shows recognition of the al helixand com-
petition with the spike receptor binding domain (RBD). The anti-hACE2
mAbs do not inhibit hACE2 enzymatic activity orinduce hACE2 inter-
nalization and, importantly, have favourable pharmacology and pro-
vide protection against SARS-CoV-2 lung infection in hACE2 knock-in
mice. The mAbs described herein may thus be used as prophylactic
and treatment agents against any emergent SARS-CoV-2 variant and
future sarbecovirus pandemic threats.

Results

Production of hACE2-binding human mAbs

Inapilotexperiment, BALB/c6 mice were immunized with recombinant
hACE2 extracellular domain (1-740aa). Sera collected at 35 days after
immunization showed potent antiviral activity against SARS-CoV-2
pseudotyped viruses, with 50% inhibitory titres in the range 1,860-
6,050 (Extended Data Fig.1), consistent with findings that murine mAbs
targeting hACE2 caninhibitsarbecovirus infection®. To develop human
anti-hACE2 mAbs, we used AlivaMab mice, which produce chimaeric
antibodies consisting of human Fab domains and amurine Fc domain.
To maximize the diversity of the anti-hACE2 mAbs, the KP AlivaMab
mouse strain that generates human Kappa light chain (k) containing
antibodies and the AV Alivamab mouse strain that generates both
human Kappa (k) and Lambda (A) light chains, were immunized with
recombinant hACE2 extracellular domains that were either monomeric
orrendered dimeric by fusion to the Fc portion of human IgG1. Hybri-
domaswere generated from mice with sera that inhibited SARS-CoV-2

pseudotyped viruses, and hybridoma supernatants were screened for
hACE2-binding mAbs by enzyme-linked immunosorbent assay (ELISA)
with hACE2-coated plates (Fig. 1a). Eighty-two hybridomas expressing
hACE2-binding mAbs were identified, and ten (1C9H1,2C12H3, 2F6A6,
2G7A1,4A12A4,05B04,05D06, 05E10,05G01and 05HO2, Fig.1a) were
selected from these on the basis of potent inhibition of pseudotyped
virusinfection of Huh-7.5 cells. Chimaeric mAbs were purified from the
hybridoma culture supernatants and antiviral activity was reconfirmed
using the SARS-CoV-2 pseudotype assay. Also the human Fab variable
regions (VH and VL) were sequenced (Figs. 1a,b and Supplementary
Tables 1and 2). Four out of five mAbs from the KP AlivaMab mice,
namely 05B04, 05D06, 05E10 and 05GO01, shared similar, or identi-
cal, complementarity-determining regions (CDRs) (Supplementary
Tables 1and 2). In contrast, the mAbs from AV AlivaMab mice were
diverse and originated from distinct germline precursors (Supple-
mentary Tables1and 2).

Human anti-hACE2 mAbs inhibit diverse sarbecoviruses

To generate fully human anti-hACE2 mAbs, the variable domains
from the six most potent chimaeric human-mouse mAbs were cloned
into a human immunoglobulin-y1 (IgG1) expression vector carrying
substitutions at L234/L235 (LALA) and M428/N434 (LS)*%°. Human
mAbs were thus generated by co-expression of corresponding heavy
and light chains. As 05D06 generated low yields, a hybrid mAb,
05B04LC/05D06HC, was made by co-expression of the light chain of
05B04 and the heavy chain of a clonally related mAb, 05D06.

We tested the ability of the six mAbs to inhibit SARS-CoV-2
(Wuhan-hu-1) spike pseudotyped HIV-1 infection in Huh-7.5 target
cells. Each of the mAbs was able to inhibit SARS-CoV-2 (Wuhan-hu-1)
pseudotyped virus infection with half maximal inhibitory concentra-
tion (ICs,) values from 7.0 ng ml™ to 89 ng ml™ (Fig. 1b and Extended
DataTable1). The two most potent mAbs, 05H02 and 2G7A1, had similar
IC, values to potent spike targeting mAbs and were more than tenfold
more potent than a previously reported anti-hACE2 antibody, h11B11,
that has murine variable regions grafted onto a human antibody?’.

The six anti-hACE2 mAbs also inhibited infection by SARS-CoV-2
variant pseudotypes, including Beta, Delta and Omicron (BA.1), with
comparable potency (IC, values from 8.2 ng ml™ t0 197 ng mlI™) (Fig. 1b
and Extended Data Table 1). Anti-hACE2 mAb-treated Huh-7.5 cells
were also challenged with viruses pseudotyped with spike proteins
from SARS-CoV or SARS-related coronaviruses from other mammals,
specifically pangolin CoV-GD, pangolin CoV-GX, bat CoV Rs4231 and
bat CoVRs7327. All of the sarbecoviruses tested were inhibited by all six
the human anti-hACE2 mAbs, with comparable potencies (ICs, values
from 3.0 ng ml™ to 140 ng m1™) (Fig. 1b-d and Extended Data Table 1).

Next, human Huh-7.5 or African green monkey (agm) Vero E6 cells
were incubated with the 05B04 mAb and challenged with authentic
SARS-CoV-2 USA_WA/2020. 05B04 inhibited infection with similar
potency on both cell lines (Fig. 2a). Because SARS-CoV-2 Omicron/
BA.1replicates poorly in Huh-7.5 cells we tested the four most potent
antibodies using Vero E6 target cells only. Three mAbs, namely 2G7Al,
05B04 and 05B04LC/05D06HC, potently inhibited both SARS-CoV-2
USA_WA/2020 and SARS-CoV-2 Omicron/BA.1, while 05SHO2 was less
potent in Vero E6 cells (Fig. 2b) than predicted by its activity against
spike pseudotypes in Huh-7.5 cells (Extended Data Table 1). Sequence
differences between hACE2 and agmACE2 in the vicinity of the RBD
binding site might account for the reduced potency of 05H02 in Vero
E6 cells (Fig. 2b and Extended Data Fig. 2). Nevertheless, the remaining
three human anti-hACE2 mAbs could inhibit infection both by spike
pseudotypes and replication-competent SARS-CoV-2.

Human anti-hACE2 mAbs inhibit SARS-CoV-2 spike-hACE2
binding

We assessed the interaction between the five non-hybrid human
anti-hACE2 mAbs and hACE2 using flow cytometry, where each
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Fig.1|Human anti-hACE2 antibodies that block sarbecovirus pseudotype
infection. a, Recombinant hACE2 extracellular domain (1-740aa) as His-tagged
(monomer) or Fc-fused (dimer) proteins were injected into KP AlivaMab mice that
generate human Kappa (k) light chains or AV AlivaMab that generate both human
Kappa (k) and human Lambda (A) light chains. ELISA screening yielded 82 reactive
hybridoma clones. The supernatants of positive hybridoma clones were tested
forinhibition of SARS-CoV-2 spike-pseudotyped virus infection, and thereafter
ten human IgGl antibodies were constructed. b-d, Inhibition of HIV-1-based
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pseudotyped virus infection by anti-hACE2 mAbs. Six fully human anti-hACE2
antibodies (2C12H3, 05G01, 05H02,2G7A1, 05B04 and the hybrid antibody
05B04LC/05D06HC) were incubated with Huh-7.5 target cells, and cells were
infected with pseudotypes bearing spike proteins from SARS-CoV-2 variants (b),
SARS-CoV (c) or pangolin and bat sarbecoviruses (d), with the sarbecovirus spike
proteins indicated. Infection was measured using NanoLuc luciferase assays.
Mean and range of four independent experiments s plotted.
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Fig. 2| Inhibition of authentic SARS-CoV-2 infection by human anti-hACE2
mAbs. a,b, Anti-hACE2 mAbs (2G7A1, 05H02, 05B04 and the hybrid antibody
05B04LC/05D0O6HC) were serially diluted and incubated with Vero E6 and Huh-
7.5target cells (a) or Vero E6 target cells only (b). Thereafter, cells were infected
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with authentic SARS-CoV-2 (WA1/2020) (a and b) or SARS-CoV-2 Omicron BA.1

variants (b). Infected cells were quantified by immunostaining and plotted as a
percentage of the number of cells infected in the absence of anti-hACE2 mAbs.
Mean and range of three independent titrationsis plotted.

mAD tested bound to A549 cells expressing hACE2, but not parental
A549 cells (Fig. 3a and Extended Data Fig. 3a). Each of the three most
potent mAD tested bound to A549 cells expressing macaque ACE2

and hACE2 equivalently (Extended Data Fig. 3a,b). This property
should facilitate the pre-clinical evaluation of the mAbs in macaque
models.
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Fig.3|Binding to hACE2 by human anti-hACE2 antibodies. a, Parental A549
cells (top) or A549 cells stably expressing hACE2 (bottom) were incubated
inthe presence (solid lines) or absence (dotted lines) of the indicated hACE2
antibodies. The cells were then incubated with Alexa Fluor 488 conjugated
goat anti-human IgG and then analysed by flow cytometry. b, Four anti-hACE2
mADbs (2G7A1, 05H02, 05B04 and the hybrid antibody 05B04LC/05D06HC)
were immobilized onto a Protein G Sensor chip. His-tagged hACE21-740aa
proteins (7.8 nM, 31.2 nM, 125 nM or 500 nM) were injected at 30 pl min™ for
240 sfollowed by a dissociation phase of 2,400 s at a flow rate of 30 pl min™.

Ky values were calculated from the ratio of association and dissociation constants
(Kp = ky/k,), derived using a1:1binding model. RU, resonance unit. ¢, Schematic

representation of the spike-hACE2 binding assay in which NanoLuc luciferase
was appended to the C-termini of aconformationally stabilized SARS-CoV-2
spike trimer, S-6P-NanoLuc (based on Wuhan-hu-1, or Omicron BA.1 variants).
The fusion protein was incubated with His-tagged hACE2 (1-740aa) that was pre-
incubated in the presence or absence of anti-hACE2 mAbs, and complexes were
captured using His-tag magnetic beads. d, Serially diluted mAbs (2G7A1, 05B04,
05HO02 or 05B04LC/05D06HC) were mixed with 100 ng of His-tagged hACE2
1-740aa proteins. After incubation, the mixture was then incubated with Wuhan-
hu-1or Omicron S-6P-NanoLuc proteins (10 ng) followed by capture on His-tag
magnetic beads. Bound NanoLuc activity was measured after washing. Mean and
range of four independent experiments is plotted.

Affinity measurement using surface plasmon resonance (SPR)
revealed association constants between the four most potent mAbs
and hACE2 ranging from 1.45 x 10* t0 3.22 x 10*, while the dissociation

constants ranged from 3.99 x 107 to 4.48 x 10~ (Fig. 3b). As such, the
equilibrium dissociation constant (K,,) values ranged from 3.24 x10° M
t02.76 x107° M (Fig. 3b). These measurements may underestimate the
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Fig.4|Cryo-EMstructure of the 05B04-hACE2 complex. a, Cryo-EM density
of 3.3 A for the 05B04 Fab-hACE2 complex. Density for 05B04 Fab variable
domains is shown as shades of slate blue, and hACE2 is shown as wheat. b, Close-
up view of 05B04 variable domains (blue cartoon) binding to hACE2 (surface and
cartoon, wheat). N-linked glycans modelled in ACE2 are shown as teal spheres.

¢, Superimposition of PDB 6VW1on the 05B04-ACE2 structure, aligned on the Ca

atoms of the ACE2 al and a2 helices. Predicted clashes between the RBD (grey)
and 05B04 variable domains (shades of blue) are highlighted with a red star.

d, CDRH3-mediated contacts on ACE2 (surface and cartoon rendering), which
include burying of 05B04 Fab residue Met98,, in a hydrophobic patch between
ACE2 aland a2 helices. e, CDRH2-, CDRL1- and CDRL3-mediated contacts with
the al helix. Potential hydrogen bonds are shown as black dashed lines.

affinity of bivalent mAbs binding to dimeric cell-surface hACE2 due to
the use of soluble, monomeric hACE2 to detect binding toimmobilized
anti-hACE2 mAbs.

To assess inhibition of hACE2:spike binding by anti-hACE2 mAbs,
we fused NanoLuc luciferase at the C-terminus of ‘HexaPro’ trimeric
SARS-CoV-2 spike (S-6P-NanoLuc) and performed binding assays using
immobilized His-tagged hACE2 (Fig. 3¢). Pre-incubation ofimmobilized
hACE2 with the anti-hACE2 mAbs blocked hACE2 binding to SARS-CoV-2
(Wuhan-Hu-1) trimers (Fig. 3d). The mAbs also inhibited Omicron
BA.1spike trimer binding toimmobilized hACE2 with similar potency
(Fig. 3d). Overall, we conclude that human anti-hACE2 mAbs block
interactions between hACE2 and SARS-CoV-2 spike and consequently
inhibit virus infection with breadth and potency.

hACE2 genetic variation and mAb binding efficacy

Population variation in hACE2 might affect the antiviral efficacy
of hACE2-binding mAbs. Non-synonymous hACE2 variants in the
vicinity of the SARS-CoV-2 spike binding site occur at frequencies of
0.001-0.388% in humans®® (Extended Data Fig. 4a). We carried out
fluorescence-activated cell sorting analyses using cells expressing
hACE2 with each of 18 non-synonymous variants that encode amino
acid substitutions close to the SARS-CoV-2 spike binding site (Extended
DataFig.4b,c). Seventeen of 18 hACE2 variants did not affect recogni-
tion by the four mAbs tested. Only the K68E variant, which occurs at
an extremely low frequency in human populations (0.001%) (ref. 28),
impaired binding by 2G7A1and 05HO2 (Extended DataFig. 4c). Notably,
the K68E substitution is proximal to the D67E substitutionin agmACE2
(Extended DataFigs.2and 4a), providing a possible explanation for the
reduced potency of 05HO2 in Vero cells (Fig. 2b). Notably, neither K6S8E
nor any other hACE2 variant affected 05B04 or 05B04LC/05D06HC
binding (Extended Data Fig. 4c). Thus, variation in hACE2 among
humans should have little effect on anti-hACE2 mAb efficacy.

Structural analyses of the anti-hACE2 mAb 05B04

To delineate the structural basis for broad neutralization of
anti-hACE2 mAbs, we determined the structure of soluble hACE2
(ref.29) bound to the antigen-binding fragment (Fab) of 05B04, which
is among the most potent mAbs whose binding was not impaired
by naturally occurring human ACE2 variation, using single-particle
cryo-EM. Focused refinement resulted in a 3.3 A resolution map,
revealing a 05B04 Fab bound to the N-terminal helices of hACE2
(Fig.4a,b, Extended Data Fig. 5a-d and Supplementary Table 3). The
binding orientation of 05B04 sterically hinders and competes with
SARS-CoV-2RBD (Fig. 4c) and is similar to the binding orientations
and epitopes of murine antibodies 3E8 and h11B11 (Extended Data
Fig. 5e-g)***". The 05B04 CDR loops CDRH2, CDRH3, CDRL1 and
CDRL3 contribute to binding an epitope that comprises residues
from the al and a2 helices, resulting in a total buried surface area
(BSA) of -1,265 A2 (613 A2 epitope BSA + 652 A2 paratope BSA). The
CDRH3 loop mediates extensive polar and van der Waals contacts,
including insertion of Met98,,c into a hydrophobic pocket involv-
ing Phe28, Leu79, Met82 and Tyr83 of hACE2 (Fig. 4d). CDRH2,
CDRL1 and CDRL3 loops contribute to a hydrogen bond network
with both main chain and side chain atoms of hACE2. For example,
GIn24 of hACE2 forms a hydrogen bond with the hydroxyl group of
Tyr32,., while hACE2 residue Glu23 forms asalt bridge with Arg56,,c
(Fig.4e). Theseinteractions mimic favourable interactions between
the SARS-CoV-2 RBD ridge and the N-terminal al helix of hACE2,
which were critical to increases in affinity for SARS-CoV-2 RBD
relative to SARS-CoV RBD***, Thus, 05B04-mediated inhibition of
ACE2-binding sarbecovirusesis achieved through molecular mimicry
of SARS-CoV-2 RBD interactions, providing high binding affinity
to hACE2 despite the smaller binding footprint on hACE2 relative
to the RBD (Extended Data Fig. 5f,g). These structural analyses are
likely to be generally similar for the 05B04LC/05D0O6HC hybrid
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Fig.5|No effect of anti-hACE2 mAbs on hACE2 activity and distribution.

a,b, The ACE2 inhibitor control MLN-4670 (a) or anti-hACE2 mAbs (2G7Al,
05B04, 05H02 and 05B04LC/05D06HC, 2 png mi™, 10 pg ml™ and 50 pg mi™) (b)
were mixed with hACE2 (0.2 pg ml™) and a fluorogenic ACE2 substrate in 96-well
plates. After incubation, fluorescence intensity (555 nm/585 nm, excitation/
emission), indicative of hACE2 enzymatic activity, was measured and plotted as
apercentage of the uninhibited control. Mean and range of four independent
experimentsis plotted. ¢, Outline of an assay to determine hACE2 and anti-hACE2
mAb internalization. Live A549 cells expressing a C-terminally (intracellular)

Overlay + DAPI

Alexa-488

No anti-hACE2

HA-tagged hACE2 receptor were incubated with anti-hACE2 mAbs, Then, cells
were fixed and permeabilized. Total hACE2-HA was thenimmunostained witha
mouse anti-HA-tag antibody. The internalization of hACE2-HA and anti-hACE2
mAbs was then evaluated by staining with anti-mouse Alexa Fluor 594 (Alexa-594)
and goat anti-human Alexa Fluor 488 (Alexa-488), respectively.d, Localization of
anti-hACE2 mAbs (green, left) or hACE2-HA (red, centre) or both (right) following
incubation of live A549/hACE2-HA cells with2G7A1, 05B04 or 05HO02, or the
absence of human anti-hACE2 antibody as indicated. Blue stain (DAPI) indicates
cellnuclei. Scale bars, 10 pum. Representative of three independent experiments.

antibody but different for 05SH02 and 2G7A1 whose binding is sen-
sitive to the K68E substitution, which is located outside the 050B4
binding site.

Anti-hACE2 mAbs and human hACE2 enzymatic activity
ACE2 catalyses the hydrolysis of angiotensin I or angiotensin Il
(refs. 32,33). Its active site is distal to the N-terminal al helix, where
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Fig. 6 | Prophylaxis of human anti-hACE2 antibodies for SARS-CoV-2infection  of SARS-CoV-2 pseudotyped virus infection. b,c, Human ACE2 knock-in mice

inmice. a, Anti-hACE2 mAb levels following subcutaneous injection of 250 pg
(equivalent to approximately 12.5 mg kg™) of anti-hACE2 antibodies (05B04,
05H02,2G7A1and 05B04LC/05D0O6HC) into each of five hACE2 knock-in mice
(B6.129S2(Cg)-Ace2tm1(ACE2)Dwnt/J)) on day 0. Serum dilutions (0.5 pl, 0.1 pl
or 0.02 pl) of the sera collected on the indicated days or mAb standards were
mixed with hACE2 (1-740aa)-NanoLuc fusion protein and captured by Protein
Gbeads (Extended Data Fig. 4). Dashed red line indicates ICs, for inhibition

(B6.129S2(Cg)-Ace2tm1(ACE2)Dwnt/)) (n = 5) were injected with 250 pg
(equivalent to12.5 mg kg™) of the anti-hACE2 antibodies (05804, 05H02, 2G7A1
or 05B04LC/05D06HC): at 2 days after antibody injection mice were challenged
intranasally with SARS-CoV-2, USA_WA/2020 P3,2 x 10° PFU per mouse (virus
titres measured on Vero E6 cells) (b); 3 days later, mouse lungs were collected and
RNA extracted, and the number of viral genomes per pg of total lung RNA was
measured using qRT-PCR (c).
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sarbecovirus spike proteins and 05B04 bind**** (Extended Data
Fig. 5e-g). To measure any effect on hACE2 activity, the anti-hACE2
mAbs were mixed with hACE2 protein at varying molar ratios (10:1,
50:10r 250:1) and hACE2 enzymatic activity was determined. While
the inhibitor MLN-4760 inhibited hACE2 activity at concentrations
0f10-100 nM (Fig. 5a), none of the anti-hACE2 mAbs tested affected
hACE2 activity (Fig. 5b). Thus, while allosteric inhibition of hACE2 activ-
ity by the mAbs was theoretically possible, suchinhibition did not occur.

To test whether anti-hACE2 mAbs binding induced hACE2 down-
regulation from the cell surface, we developed a fluorescence-based
assay in which anti-hACE2 mAbs were incubated with A549 cells
expressing hACE2, influenza haemagglutinin (HA, amino acids
98-106)-tagged atits intracellular C-terminus. Following mAb incuba-
tion, cells were fixed and stained to reveal the subcellular distribution
of theanti-hACE2 mAbs and the HA-tagged hACE2 (Fig. 5c). Asacontrol,
cellswereincubated with an anti-CD44 antibody, which s internalized
in A549 cells®. Each anti-hACE2 mAb tested exhibited near complete
co-localization with hACE2-HA marked by anti-HA antibody staining.
Both hACE2 protein and the anti-hACE2 mAbs remained localized on
the cell surface, while the control anti-CD44 antibody accumulated
atintracellular sites (Fig. 5d and Extended Data Fig. 6a,b). Only very
low levels of intracellular hACE2 were detected, irrespective of mAb
treatment. Thus, the anti-hACE2 mAbs had no effect on hACE2 inter-
nalization or recycling, suggesting that the anti-hACE2 mAbs would be
unlikely to undergo accelerated target-dependent clearance fromthe
circulation duringin vivo use.

Anti-hACE2 mAbs protect against SARS-CoV-2 infectionin
mice

We next determined whether our set of four human anti-hACE2 mAbs
could protect against SARS-CoV-2 infection in an animal model. We
used hACE2 knock-in mice that are susceptible to SARS-CoV-2 infec-
tion¥, in which the endogenous mouse ACE2 is replaced by hACE2
and thereby more likely mimic the levels and distribution of hACE2
expression encountered in humans.

First, we determined the pharmacokinetic behaviour of the hACE2
mAbs. To measure the levels of anti-hACE2 mAb in mouse serum, we
generated ahACE2 (1-740)-NanoLuc fusion protein that could be cap-
tured by protein G magnetic beads when bound to anti-hACE2 mAbs
(Extended DataFig. 7a). This assay allowed the detection of -0.01 ng to
10 ng of anti-hACE2 mAb in mouse serum, with linear standard curves
inthis concentration range (Extended Data Fig. 7b). Mice were injected
subcutaneously with 250 pg of each anti-hACE2 mAb (-12.5 mg kg™) on
day O, and the levels of mAbs in serum were measured until day 14. For
05B04, 05H02 and 2G7Al, the serum mAb concentration remained
above 10 pg ml™ on day 14 (Fig. 6a),100-1,000-fold higher than their
IC,, values. For 05B04LC/05D06 HC, the mAb levels remained stable for
around 7 daysbut dropped from day 7 to 14, suggestive of the onset of
animmune response to the non-self humanantibody. The mean serum
half-life for 05B04, 05HO2 and 2G7A1 over 14 days was 8.3 days, 5.3 days
and 9.6 days, similar to that typically observed for humanIgGlin mice®.
Overall, the anti-hACE2 mAbs showed favourable pharmacokinetics
and conferred no obviousill effects on the hACE2 knock-in mice.

Each of four anti-hACE2 mAbs was then injected intravenously
into mice (five mice per group) 2 days before intranasal challenge with
2 x10° plaque forming units (PFU) of SARS-CoV-2, strain USA_WA/2020
P3 (Fig. 6b). Levels of viralRNA in the lungs of mock treated mice were
in the range of 10*-10° copies per pg total RNA at 2 days after infection,
comparable to previous observations using this model”. Strikingly,
pre-treatment of the mice with any one of the four anti-hACE2 mAbs,
reduced SARS-CoV-2replicationinlungs, to levels below or close to the
limit of detection (-1 copy of viral RNA per pg total RNA) (Fig. 6¢). Thus,
when used prophylactically in hACE2 knock-in mice, the anti-hACE2
mAbs provided near-sterilizing protection against lung SARS-CoV-2
infection.

Resilience of anti-hACE2 mAbs to SARS-CoV-2 escape

To assess whether SARS-CoV-2 spike can evolve to evade our set of
anti-hACE2 mAbs, we used a recombinant virus carrying SARS-CoV-2
spike (rVSV/SARS-CoV-2/GFP)* that rapidly produces SARS-CoV-2
escape mutants that are resistant to anti-spike mAbs'®". Diversified
populations of 10¢ infectious units of rVSV/SARS-CoV-2/GFP were
applied to 293T/ACE2cl.22 cells that express high levels of ACE2
(ref. 39), pre-treated with varying anti-hACE2 mAb concentrations
(1to 50 pg mI™), and passaged up to four timesin the presence of each
mAb (Extended DataFig. 8a,b). A control anti-spike antibody (C144, IC,
<10 ng ml™) selected rVSV/SARS-CoV-2/GFP variants that replicated
at titres equivalent to the no antibody controls within two passages
(Extended Data Fig. 8a,b) and carried RBD substitutions (E484K or
Q493R) that abolish C144 sensitivity, in line with previous findings'™.
Conversely, 10 or 50 pg ml™ of the anti-hACE2 mAbs blocked repli-
cation and rVSV/SARS-CoV-2/GFP was undetectable after passage
4 (Extended Data Fig. 8a,b). At reduced concentration (1 pg ml™),
replication was extinguished by 05B04LC/05D06HC and reduced
but not extinguished for 05B04, 2G7A1 and 05HO2 (Extended Data
Fig. 8a,b). Spike sequences amplified from rVSV/SARS-CoV-2/GFP at
passage 4 with 1 ug mI™ 05B04 or 2G7A1 revealed no changes, while
one of two replicate rVSV/SARS-CoV-2/GFP cultures with 0SHO2 har-
boured aQ498H substitution. Interestingly, Q498 substitutions arose
during SARS-CoV-2 adaptation to rodents*** and increase spike affinity
for hACE2 (ref. 42), which could plausibly reduce the susceptibility to
anti-hACE2 mAbs. Nevertheless, Q498H conferred only minor (<2-fold)
increased IC, for the anti-hACE2 mAbs in pseudotype infection assays
(Extended DataFig. 8c). We conclude that the barrier to the acquisition
of resistance to anti-hACE2 antibodies by SARS-CoV-2 is high.

Discussion

As SARS-CoV-2 has adapted to theimmunological pressures imposed
by naturally elicited spike-binding antibodies, many therapeutic mAbs
have become obsolete”. Although it might be possible toisolate addi-
tional spike-targeting human mAbs, SARS-CoV-2 will continue to evolve
and adapt to human antibodies which will probably limit broad utility
of any new spike-targeting mAb therapy. As we report here, human
anti-hACE2 mAbs offer the chance of durable, ‘resistance proof” prophy-
laxis and treatment. Although SARS-CoV-2 might acquire the ability to
usealternate receptors*, such an event would representamuch greater
genetic hurdle to overcome than evasion of spike-targeting mAbs.

ACE2 has arolein the regulation of cardiovasular and renal func-
tion®****, However, the hACE2 enzymatic active site is distal to the site
that is bound by sarbecovirus spike proteins®** and the anti-hACE2
mAbs we report here. Indeed, none of the four most potent mAbs
affected hACE2 enzymatic activity and none induced the internaliza-
tion of hACE2 that is normally localized on the cell surface. Thus, the
mAbs are not predicted to have deleterious side effects based on their
target specificity.

While the current work suggests that anti ACE2 antibodies will be
effective inhibitors of sarbecovirus infection in humans, the fact that
the antibodies target a host receptor molecule rather than the viral
spike protein will necessitate the testing of safety, efficacy and pharma-
cological behaviour of anti-ACE2 antibodies in primate models before
human clinical trials. Ultimately, anti-hACE2 mAbs may be particularly
usefulin patients who are especially vulnerable, for example those with
immunodeficiency or who are undergoing immunosuppressive treat-
ment and in which vaccine-elicited protective immunity is more diffi-
cultto achieve® *. mAbs with ‘LS’ mutations that enhance interaction
with the neonatal Fc receptor and prolong antibody half-life”>"> may
enable asingle protective dose during the early phase of high incidence
waves or seasons. Moreover, the exceptional breadth and potency
with which our engineered mAbs inhibit infection by hACE2-utilizing
sarbecoviruses might mean that they could be an effective intervention
inthe event of future outbreaks of SARS-like coronaviruses.
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Methods

Cell lines

Human embryonic kidney HEK-293T cells (American Type Culture
Collection (ATCC) CRL-3216) and the derivative expressing hACE2,
thatis, 293T/hACE2.cl22 (ref. 39), Caco-2 cells (ATCCHTB-37), human
hepatoma-derived Huh-7.5 cells*®, Vero E6 cells and a derivative express-
ing TMPRSS2 (ref.49) and A549 cells (adenocarcinomic humanalveolar
basal epithelial cells) were maintained in Dulbecco’s modified Eagle
medium (DMEM) supplemented with10% foetal bovine serum (Sigma
F8067) and gentamycin (Gibco). All cell lines used in this study were
monitored periodically to ensure the absence of retroviral contamina-
tion and mycoplasma.

Generation of hACE2-specific human mAbs

ACE2-binding mAbs with humanvariable regions were generated using
AlivaMab Mouse (Ablexis) transgenic mouse strains. Specifically, Ali-
vaMab mice wereimmunized subcutaneously with recombinanthuman
ACE2 extracellular domain (1-740aa) fused to human IgG1 Fc and/or a
polyhistidine tag. Mice wereimmunized at 3 week intervals at least four
times, using 10 pg subcutaneous injections at differentsites. Mice with
sera exhibiting SARS-CoV-2 infection inhibiting activity in the pseu-
dotype virus assay were acute boosted before fusion of splenocytes
with SP2/0 cells for hybridoma generation. Hybridomas expressing
antibodies that bound to hACE2 were identified by ELISA using plates
coated with purified hACE2. Anti-hACE2 hybridoma supernatants that
contained antibodies with human ACE2 binding activity were tested for
inhibition of SARS-CoV-2 pseudotyped virus infection of Huh-7.5 cells.
Thisanalysisindicated ten hybridomaantibodies that were positive for
binding and potently inhibited SARS-CoV-2 pseudotype virus infection
that were chosen for hybridoma cell subcloning and expansion. Anti-
bodies were purified from these hybridoma culture supernatants and
were further tested for potency ranking in the SARS-CoV-2 pseudotype
virusinhibition assay.

Human mAb expression plasmids

DNA encoding the variable regions of the heavy (VH) and light (VL)
from hybridomas was PCR amplified from DNA extracted from the
hybridoma cell lines. For the 05B04 and 05D06 antibodies, the DNA
sequences encoding VH and VL were human codon-optimized using
GenSmart Codon Optimization, synthesized by Integrated DNA Tech-
nologies (IDT). For each mAb, DNA encoding VH were fused to com-
plementary DNA encoding the Fc domain of human IgGl, in which Fc
domainwas modified toinclude the substitutionsatL234 L235(LALA)
thatabolish FCR-gammainteraction, and substitutions at M428 N434
(LS) thatenhance interaction with the neonatal Fcreceptor to prolong
mADb half-life in humans* . To construct the expression plasmids for
heavy and light chain antibody expression®’, PCR amplicons or syn-
thetic DNA encoding variable regions were subcloned using Agel and
Xhol (for LC), or Agel and Sall (for HC), respectively, using NEBuilder
HiFi DNA Assembly.

Human ACE2 and sarbecovirus spike expression plasmids
Plasmids expressing the spike proteins from SARS-CoV, SARS-CoV-2
(Wuhan-hu-1, Beta (B.1.351), Delta (B.1.617.2) and Omicron (B.1.1.529)
variants), the pangolin (Manis javanica) coronaviruses from Guang-
dong, China (pCoV-GD) and Guanxi, China (pCoV-GX) were previously
described"***', Human codon-optimized cDNAs encoding spike pro-
teins from the rufous horseshoe bat (Rhinolophus sinicus) corona-
viruses Rs4231 and Rs7327 were generated using GenSmart Codon
Optimization, synthesized by IDT as gBlocks, and inserted into the
pCR3.1 expression vector using Nhel and Xbal and NEBuilder HiFi
DNA Assembly.

To construct the plasmids expressing NanoLuc-fused to conforma-
tionally stabilized versions of the SARS-CoV-2 Wuhan-hu-1or Omicron
variant spike proteins, the HexaPro (6P) modified cDNA was fused at

its C-terminus with DNA encoding a trimerization domain, a GGSGG
spacer sequence, NanoLuc luciferase (NLuc), a human rhinovirus 3C
protease cleavage site and a polyhistidine tag (8XHis). This cDNA,
termed (S-6P-NanoLuc), wasinserted into the pCR3.1expression vector.

To constructaplasmid expressing catalytically inactive His-tagged
or IgGl1 Fc-fused soluble ectodomain of hACE2 (1-740aa), H374N and
H378N substitutions were introduced by overlap extension PCRinto a
hACE2 cDNA and a His-tag was fused toits C-terminus, and the purified
PCR product wasinserted into the pCAGGS expression vector (hACE2-
1-740aa-His). To construct the expression plasmid encoding hACE2
(1-740aa)-NanoLuc-8XHis, the hACE2 1-740aa and NanoLuc-8XHis frag-
ments were PCR amplified using hACE2-1-740aa-His and S-6P-NanoLuc
astemplates, respectively, followed by Gibsonassembly and insertion
into the pCR3.1 expression vector. Oligonucleotide sequences used
during molecular construction are provided in Supplementary Data 1.

Protein and antibody expression and purification

To express the monomeric, His-tagged human ACE2 extracellular
domain (residues 1-740) used as immunogen, His-tagged hACE2
(1-740aa)-NanoLuc or soluble hACE2 used for cryo-EM studies
(residues 1-614), Expi293 cells were transfected with the expression
plasmid hACE2-1-740aa-8xHis, hACE2(1-740aa)-NanoLuc-8XHis, or
hACE2-1-614aa-8xHis using ExpiFectamine 293 (Thermo Fisher Scien-
tific), respectively. Four days later, the supernatant was filtered with
0.22 pm membrane filter and loaded on Ni-NTA agarose (Qiagen) and,
after washing, hACE2 proteins were eluted with200 mM imidazole in
phosphate-buffered saline (PBS). For cryo-EM structural studies, a
subsequent size-exclusion chromatography step on a Superdex 200
10/300 column (Cytiva) was performed against PBS, and fractions cor-
responding to monomeric soluble hACE2 were pooled and stored at
4 °C.Dimeric, Fc-fused hACE2 extracellular domain was also expressed
inExpi293 cellsinthe same way. The secreted proteinsin supernatant
were firstincubated with Protein G Sepharose 4 Fast Flow overnight at
4°C,loadedinto columnand, after washing, eluted with 0.1 M glycine,
pH2.9into tubes containing 1/10th volume of 1 M Tris, pH 8.0.

To express mAbs, Expi293 cells were transfected with the cor-
responding light chain and heavy chain expression plasmids at the
ratio of 1:1 using ExpiFectamine 293. Four days later, the mAbs in the
supernatant were purified through Protein G Sepharose 4 Fast Flow
and eluted with 0.1 M glycine, pH 2.9 as described above.

To express S-6P-NanoLuc proteins, Expi293 cells were transfected
with S-6P-NanoLucexpression plasmids thatincluded for the original
Wuhan-hu-1or Omicron spike variants using ExpiFectamine 293. Three
dayslater, the supernatant was collected and loaded on Ni-NTA agarose
and, after thorough wash, S-6P-NanoLuc proteins were released after
HRV 3C protease (TaKaRa) treatment overnight at 4 °C.

Allrecombinant proteins, including purified mAbs, were dialysed
against PBS before used in further experiments.

Sarbecovirus spike-bearing pseudotypes and infectivity
inhibition assay

To generate HIV-1 virions pseudotyped with sarbecovirus spikes,
including SARS-CoV, SARS-CoV-2 (Wuhan-hu-1, Beta, Delta and Omi-
cronvariants), pangolin coronavirus pCoV-GD, pangolin coronavirus
pCoV-GX and bat coronaviruses SARSr-CoV 4231and SARSr-CoV 7327,
tenmillion293T cellsina15 cm dish were transfected with 25 pg of an
HIV-1envelope-deficient proviral plasmid expressing NanoLuc along
with 7.5 pg of spike expression plasmids, in which the C terminal 19aa
was truncated (A19) (ref. 39). Cells were washed twice with PBS the next
morning, and virions were collected at 48 h post transfection, filtered
(0.22 um) and purified by Lenti-X Concentrator (TaKaRa). To measure
the infectivity, viral stocks were twofold serially diluted and added
toHuh-7.5 cells*, which express hACE2 (ref. 52) and are permissive to
SARS-CoV-2 (ref. 53), in 96-well plates seeded 1 day before infection.
Cellswerethen collected at 48 h postinfection for measuring NanoLuc
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activity using the Nano-Glo Luciferase Assay System and GloMax
Navigator Microplate Luminometer (Promega).

To measure antiviral activity, the hACE2 mAbs were fourfold seri-
ally diluted (beginning with 2 pg ml™) in 96-well plates over seven
dilutions and incubated with Huh-7.5 target cells for 1 h at 37 °C.
Thereafter, the mAb-treated Huh-7.5 cells were infected with sarbe-
covirus spike pseudotyped viruses. Cells were collected 48 h post
infection and NanoLuc luciferase activity measured ininfected cells as
described above.

SARS-CoV-2virus stocks and titration

SARS-CoV-2 strains USA-WA1/2020 and the Omicron variant B.1.1.529
were obtained from BEI Resources (catalogue nos. NR-52281 and
NR-56461, respectively). The original virus (WA1/2020) was amplified
inCaco-2 cells, which were infected at a multiplicity of infection of 0.05
PFU per cell and incubated for 5 days at 37 °C. The Omicron variant
B.1.1.529 was amplified in Vero E6 cells (ATCC) that were engineered
to stably express TMPRSS2. Vero-TMPRSS2 cells were infected at a
multiplicity of infection of 0.05 PFU per cell and incubated for 4 days
at33 °C. Virus-containing supernatants were subsequently collected,
clarified by centrifugation (3,000g x 10 min), filtered with a 0.22 pym
membrane and stored at —80 °C. To measure the virus stock titres
by standard plaque assay, 500 pl of serial tenfold virus dilutions in
Opti-MEM were used to infect 4 x 10° Vero E6 cells (from Ralph Baric) in
six-well plates. After 1.5 hadsorption, the virusinoculum was removed,
and cells were overlaid with DMEM containing 10% FBS with 1.2% micro-
crystalline cellulose (Avicel). Cells were incubated for 4 days at 33 °C,
followed by fixation with 7% formaldehyde and crystal violet staining
for plaque enumeration. All SARS-CoV-2 experiments were performed
inabiosafety level 3 laboratory.

SARS-CoV-2inhibition assays

The day before infection, Vero E6/Huh-7.5 cells were seeded at 1 x 10*
cells per well into 96-well plates. Antibodies were serially diluted in
DMEM, mixed with target cells and incubated for 60 minat 37 °C. Subse-
quently aconstantamount of SARS-CoV-2 was added to achieve 40-50%
virus-positive cells. Cells were fixed 18-24 h after infectionby adding an
equal volume of 7% formaldehyde to the wells, followed by permeabili-
zation with 0.1% Triton X-100 for 10 min. After extensive washing, cells
were incubated for 1-2 h at room temperature with blocking solution
of 5% goat serum in PBS (005-000-121; Jackson ImmunoResearch).
Arabbit polyclonal anti-SARS-CoV-2nucleocapsid antibody (GTX135357;
GeneTex) was added to the cells at 1:1,000 dilution in blocking solu-
tion and incubated at 4 °C overnight. A goat anti-rabbit Alexa Fluor
594 (A-11012; Life Technologies) at a dilution of 1:2,500 was used as a
secondary antibody. Nuclei were stained with Hoechst 33342 (62249;
Thermo Scientific) ata concentration of 1 ug ml™. Images were acquired
withafluorescence microscope and analysed using ImageXpress Micro
XLS and MetaXpress software (Molecular Devices).

MAD binding measurements using SPR

SPR experiments were performed using a Biacore 8K instrument (GE
Healthcare). Human mAbs 2G7A1, 05B04, 05H02 and hybrid mAb
05B04LC/05D06HC were captured with a Series S Sensor ship Pro-
tein G (Cytiva) at a concentration of 20 nM at a flow rate of 10 pl min™
for 60 s. Flow cell 1 was kept empty and used as a negative control. A
concentration series of His-tagged hACE2 1-740aa proteins (fourfold
dilutions from a maximum concentration of 500 nM) was injected at
30 pl min™ for 240 s followed by a dissociation phase of 2,400 s ata
flow rate of 30 pl min™. Binding reactions were allowed to reach equi-
librium, and K, values were calculated from the ratio of association
and dissociation constants (K, = k/k,), which were derived using a1:1
binding model that was globally fit to all curvesin adataset. Flow cells
wereregenerated with10 mMglycine pH 1.5 ataflow rate of 30 pl min™
for30s.

Spike hACE2 binding and binding inhibition assay

To evaluate whether anti-hACE2 mAbs inhibit spike-hACE2 interaction,
400 ng of each mAb (2G7A1, 05B04, 05HO02 or 05B04LC/05D06HC)
and a twofold serial dilution thereof over seven dilutions were mixed
with 100 ng of His-tagged hACE2 1-740aa proteins in PBS containing
2% bovine serum albumin. After 1 hincubation at 4 °C, the mixture was
incubated with 10 ng of Wuhan-1 or Omicron S-6P-NanoLuc proteins
for1hat4°C. Then1pl of Dynabeads His-Tag Isolation and Pulldown
magnetic beads (Thermo Fisher Scientific) was added into each well.
After 1 h incubation at 4 °C, the beads were washed three times and
bound NanoLuc activity measured using Nano-Glo Luciferase Assay
System and a GloMax Navigator Microplate Luminometer (Promega).

Cryo-EM sample preparation, data collection and structure
refinement
Purified 05B04 Fab was mixed with monomeric soluble hACE2 (residues
1-614) at an equimolar concentration for 1 h at room temperature.
Fab-hACE2 complex was concentrated to 4 mg ml™ and deposited on
afreshly glow discharged 300 mesh, R1.2/1.3 Quantifoil grid (Electron
Microscopy Sciences). Samples were vitrified in 100% liquid ethane
usingaMarkIV Vitrobot (Thermo Fisher) after blotting at room temper-
ature and 100% humidity for 3 s with Grade 595 filter paper (Ted Pella).
Single-particle cryo-EM datawere collected ona Titan Krios trans-
mission electron microscope equipped with a GatanK3 direct detector,
operating at 300 kV and controlled using SerialEm automated data
collectionsoftware*. A total dose of 60 e~ A?was accumulated on each
movie comprising 40 frames with a pixel size of 0.867 A and adefocus
range of 1.0 to —2.6 pm. Data processing was carried out as previously
described* using cryoSPARC v3.2 (ref. 55) and summarized in Supple-
mentary Table 3. Briefly, 6,599 movies were patch motion corrected for
beam-induced motion and contrast transfer function (CTF) estimates
were performed onnon-dose weighted micrographsin cryoSPARCv3.2.
After curationtoremoveimages with poor CTF fits and ice contamina-
tion, particles were automatically picked using blob picker, extracted
4x-binned and 2D classified. Class averages that showed secondary
structure features were pooled and used to generate ab initio volumes
(n=4). Particles corresponding to volumes that resembled the Fab-
SACE2 complex were re-extracted at 2x-bin, pooled and subsequently
3D classified in cryoSPARC. Particles corresponding to the 3D classes
with well-defined features were pooled, unbinned and subjected to
CTF and non-uniform refinement (C1 symmetry) in cryoSPARC. This
resulted in aglobal map with an estimated resolution of 3.5 Abased on
gold standard FSC calculations. A mask was generated to exclude Fab
constant domains from focused refinement, which yielded an overall
map resolution for the locally refined volume of 3.3 A as calculated
using the gold-standard Fourier shell correlation of 0.143 criterion.

Structure modelling, refinement and analysis
Coordinates forinitial complexes were generated by docking individual
chains from reference structures into cryo-EM density using UCSF
Chimera®. An initial model for the 05B04 Fab-hACE2 structure was
generated from coordinates of Protein Data Bank (PDB) 7SOB (chain A:
05B04 heavy chain), PDB 7DPM (chain B: 05B04 light chain) and PDB
6VWI (chain A: hACE2). Models were refined using one round of rigid
body refinement with morphing followed by real space refinement in
Phenix”. Sequence-updated models were built manually in Coot** and
thenrefined using iterative rounds of refinement in Coot and Phenix.
Glycans were modelled at potential N-linked glycosylation sites in Coot.
Validation of model coordinates was performed using MolProbity*’.
Structure figures were made with UCSF ChimeraX®°. Local resolu-
tionmaps were calculated using cryoSPARC v3.2. BSAs were calculated
using PDBePISA® and a 1.4 A probe. Potential hydrogen bonds were
assigned asinteractions that were <4.0 A and with A-D-H angle >90°.
Potential van der Waals interactions between atoms were assigned
as interactions that were <4.0 A. Hydrogen bond and van der Waals
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interaction assignments are tentative due to resolution limitations.
hACE2 epitope residues were defined as residues containing atom(s)
within 4.5 A of a 05B04 Fab atom.

hACE2 enzymatic activity assay

To measure the effect of anti-hACE2 mAbs on the catalytic activ-
ity of hACE2, various concentrations of 2G7A1, 05B04, 05H02 and
05B04LC/05D06HC (2 pug mI™, 10 pg mi™ and 50 pg ml™) were mixed
with hACE2 at 0.2 pg ml™. Human ACE2 enzymatic activity was
then measured using the ACE2 Inhibitor Screening Assay Kit (BPS
Bioscience) following the manufacturer’sinstructions. The intensity of
thefluorescent product ofthe hACE2 reaction product was detected at
555 nm/585 nm (excitation/emission) with Clariostar Plus Microplate
Reader (BMG Labtech). MLN-4760 (Sigma, #5306160001) served as a
positive control ACE2 inhibitor.

Flow cytometric analysis of cell surface hACE2 binding by
human anti-hACE2 mAbs

To evaluate the ability of anti-hACE2 mAbs to bind to cell surface
ACE2 by flow cytometry, A549 cells (human alveolar basal epithelial
cells) were engineered to express ACE2. The hACE2 or macaque (mac)
ACE2-expressing cells were detached from plates with 10 mM ethylen-
ediaminetetraaceticacid in PBS and 10° cells incubated in the absence
or the presence of human anti-hACE2 mAbs (2 pg ml™) for 2hat 4 °C.
After washing, the cells were incubated with Alexa Fluor 488 conjugated
goat anti-human IgG (Thermo Fisher Scientific). Flow cytometry was
performed using Attune NxT Acoustic Focusing Cytometer (Thermo
Fisher Scientific, V3.1.2and V5.1.0). The same procedure was applied to
parental, unmodified A549 cells as a negative control for non-specific
cell surface binding.

Toassesstheimpact of hACE2 variationon the interaction between
hACE2 and human anti-hACE2 antibodies, human 293T cells were trans-
fected with plasmids expressing 18 hACE2 variants, including S19P,
K26R,K26E, T27A,E35K, E37K, K68E, M82I, P84T, E329G, D355N, P389H,
P426A, D427Y, R559S, S692P, N720D, L731F and wild-type hACE2,
respectively, along a GFP-expressing plasmid. Cells transfected with
plasmids carrying GFP only served as the negative control. Two days
later, cells were collected and stained with anti-hACE2 antibodies fol-
lowed by incubation with Alexa Fluor 647 conjugated goat anti-human
IgG (Thermo Fisher Scientific). GFP-positive populations were gated
to measure anti-hACE2 mAbs binding.

hACE2 internalization assay

To determine whether the anti-hACE2 mAbs induced hACE2 internali-
zation, live A549 cells expressing hACE2 receptor with an HA-epitope
tag appended to its intracellular C-terminus were incubated with
anti-hACE2 mAbs (1 pg ml™) for 1 h at 37 °C. Then, cells were fixed
with 4% paraformaldehyde/PBS, treated with 10 mM glycine and per-
meabilized with 0.1% Triton X-100. Total hRACE2-HA was then detected
with mouse anti-HA.11antibody (BioLegend, cat 901503, clone 16B12,
1pg ml™?). Theinternalization of the hACE2-HA protein and anti-hACE2
mAbs was then evaluated by staining with goat anti-mouse Alexa Fluor
594 (to detect the HA-tagged hACE2) (1/500 dilution) and/or goat
anti-human AlexaFluor 488 antibodies (to detect the anti-hACE2 mAbs)
(1/500 dilution) (Thermo Fisher Scientific). As a control, anti-CD44
antibody conjugated with FITC (clone F10-44-2 from abcam, cat.
no. ab30405, 1/20 dilution) was used. Wheat germ agglutinin conju-
gated with Alexa Fluor 594 (Thermo Fisher Scientific, cat. no. W11262,
5 pg ml™) were used to visualize the cell surface. Images were captured
using a DeltaVision OMX SR imaging system (GE Healthcare).

Analysis of anti-hACE2 mAbs pharmacokinetics in mice

Six-week-old hACE2-knock-in female mice, in which human ACE2 cDNA
replaces the endogenous mouse ACE2 sequences, were obtained from
Jackson Labs (B6.129S2(Cg)-Ace2tm1(ACE2)Dwnt/J, strain 035000).

The mice were housed at a temperature of 22 °C and a humidity of
30-70% under a 12 h-12 h light-dark cycle with ad libitum access to
food and water. After acclimatization for 2 weeks, these mice received
subcutaneous injections of 250 pg of human anti-hACE2 mAbs per
mouse (n=>5). Mice were bled on day 0, day 1, day 3, day 7 and day 14
with blood collected into Microvette CB 300 Serum (Sarstedt).

Serially diluted mouse plasma (fivefold serial dilution over
four dilutions from a maximum volume of 0.5 pl) was diluted in PBS
buffer containing 2% bovine serum albumin and mixed with 30 ng of
His-tagged hACE2(1-740aa)-NanoLuc protein. After 1 h incubation
at 4 °C, the mixture was incubated with 3 pl of Dynabeads Protein G
magnetic beads (Thermo Fisher Scientific). After1 hrotationat4 °C, the
beads were washed three times and bound NanoLuc activity was meas-
ured using Nano-Glo Luciferase Assay System and a GloMax Navigator
Microplate Luminometer (Promega). To construct standard calibra-
tion curves for measurement of mAb levelsin plasma, 100 ng of mAbs
(2G7A1, 05B04, 05H02 or 05B04LC/05D06HC) were fivefold serially
diluted over seven dilutions and mixed with hACE2(1-740aa)-NanoLuc
proteins. MAb:hACE2(1-740aa)-NanoLuc complexes were captured
and quantified in parallel with those formed using the plasma samples
from mAb-infused mice.

All of the animal procedures and experiments were performed
by following protocols approved by the Rockefeller University Insti-
tutional Animal Care and Use Committee.

SARS-CoV-2 challenge experiments in hACE2-expressing mice
Six-week-old hACE2-knock-in female mice, in which human ACE2 cDNA
replacesthe endogenous mouse ACE2 sequences, were obtained from
Jackson Labs (B6.12952(Cg)-Ace2tm1(ACE2)Dwnt/J, strain 035000).
The mice were housed at a temperature of 22 °C and a humidity of
30-70% under a 12 h-12 h light-dark cycle with ad libitum access
to food and water. After acclimatization for 2 weeks, the mice (five
mice per treatment group) were injected retro-orbitally with 250 pg
(equivalent to ~12.5 mg kg™) of anti-hACE2 mAbs. At 2 days after
mAb injection, mice were challenged intranasally with SARS-CoV-2,
USA_WA/2020 P3, 2 x 10° PFU per mouse (virus titres determined on
Vero E6 cells). At 3 days after infection, mouse lungs were dissected
and homogenized in TRIzol. Chloroform was added to induce phase
separation. Then after centrifugation, RNA in the aqueous phase was
precipitated with isopropanol and, after wash withice-cold 75% etha-
nol, dissolved in nuclease-free water. The number of viral genomes
per microgram of total lung RNA was measured by qRT-PCR, using
Power SYBR Green RNA-to-CT 1-Step Kit (Thermo Fisher Scientific) on
StepOne Plus Real-Time PCR system (Applied Biosystems). The prim-
ers used target RNA sequences encoding the nucleocapsid protein:
2019-nCoV_NI1-F: 5-GACCCCAAAATCAGCGAAAT-3’ and 2019-nCoV_
N1-R: 5’-TCTGGTTACTGCCAGTTGAATCTG-3’. The standard was
obtained from IDT (2019-nCoV_N_Positive Control10006625).

Infectionexperimentsinmice, and all proceduresinvolved therein,
were approved by the Rockefeller University Institutional Animal Care
and Use Committee.

Selection of rVSV/SARS-CoV-2 variants in the presence of
antibodies

HEK-293T/ACE2cl.22 cells were incubated with anti-hACE2 mAbs at
concentrations of 50,10 or 1 pg ml™ for 1 h at 37 °C. Viral populations
(rVSV/SARS-CoV-2/GFP,,) containing 1 x 10° infectious units were then
added to the cells. As a control, the rVSV/SARS-CoV-2/GFP,, popula-
tions were incubated with the spike-specific mAb C144 (10 or 1 pg mi™)
for1hbeforeinfection. After 24 h, the mediumwasreplaced with fresh
medium containing the respective concentration of each mAb. After
another 24 h, the virus-containing supernatant was filtered (0.22 um),
and 100 pl of the supernatant was added to HEK-293T/ACE2cl.22 cells,
whichhad been pre-incubated with anti-ACE2 mAb (50,10 or 1 pg ml™)
for1hat37°Casindicated above. Two passages at 50 ug ml™ were or
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four passages at 10 and 1 ug ml™ were carried out. RNA was extracted
from 100 pl of filtered p4 supernatant and reverse transcribed using
the SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific).
Sequences encoding the extracellular domain of the spike protein were
amplified using KOD Xtreme Hot Start Polymerase (Sigma-Aldrich,
719753). These PCR products were sequenced to identify escape
substitutions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic model and cryo-EM map generated for the 05B04-hACE2
complex have been deposited at the Protein Data Bank (PDB) (http://
www.rcsb.org/) and the Electron Microscopy Databank (EMDB) (http://
www.emdataresource.org/) under accession codes 8E7M and EMD-
27939, respectively. All other numerical dataareinthe accompanying
source data files and have been deposited with Figshare (https://doi.
org/10.6084/m9.figshare.22572892).

References

1. Buss, N. A., Henderson, S. J., McFarlane, M., Shenton, J. M. & de
Haan, L. Monoclonal antibody therapeutics: history and future.
Curr. Opin. Pharmacol. 12, 615-622 (2012).

2. Corti, D., Purcell, L. A., Snell, G. & Veesler, D. Tackling COVID-19
with neutralizing monoclonal antibodies. Cell 184, 3086-3108
(2021).

3. Robbiani, D. F. et al. Convergent antibody responses to
SARS-CoV-2 infection in convalescent individuals. Nature 584,
437-442 (2020).

4. Weinreich, D. M. et al. REGN-COV2, a neutralizing antibody
cocktail, in outpatients with COVID-19. N. Engl. J. Med. 384,
238-251(2021).

5. Levin, M. J. et al. Intramuscular AZD7442 (tixagevimab-
cilgavimab) for prevention of COVID-19. N. Engl. J. Med. 386,
2188-2200 (2022).

6. Group, A.-T. S. Efficacy and safety of two neutralising monoclonal
antibody therapies, sotrovimab and BRII-196 plus BRII-198,
for adults hospitalised with COVID-19 (TICO): a randomised
controlled trial. Lancet Infect. Dis. 22, 622-635 (2022).

7. Yang, L. etal. COVID-19 antibody therapeutics tracker: a global
online database of antibody therapeutics for the prevention and
treatment of COVID-19. Antib. Ther. 3, 205-212 (2020).

8. Wang, Z. et al. mRNA vaccine-elicited antibodies to SARS-CoV-2
and circulating variants. Nature 592, 616-622 (2021).

9. Barnes, C. O. et al. SARS-CoV-2 neutralizing antibody structures
inform therapeutic strategies. Nature 588, 682-687 (2020).

10. Weisblum, Y. et al. Escape from neutralizing antibodies by
SARS-CoV-2 spike protein variants. eLife 9, €61312 (2020).

1. Muecksch, F. et al. Affinity maturation of SARS-CoV-2 neutralizing
antibodies confers potency, breadth, and resilience to
viral escape mutations. Immunity https://doi.org/10.1016/].
immuni.2021.07.008 (2021).

12. Baum, A. et al. Antibody cocktail to SARS-CoV-2 spike protein
prevents rapid mutational escape seen with individual antibodies.
Science 369, 1014-1018 (2020).

13. Cao, Y. et al. Omicron escapes the majority of existing
SARS-CoV-2 neutralizing antibodies. Nature 602,

657-663 (2022).

14. Schmidt, F. et al. Plasma neutralization of the SARS-CoV-2
omicron variant. N. Engl. J. Med. https://doi.org/10.1056/
nejmc2119641 (2021).

15. Sariol, A. & Perlman, S. Lessons for COVID-19 immunity from other
coronavirus infections. Immunity 53, 248-263 (2020).

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Li, W. et al. Angiotensin-converting enzyme 2 is a functional
receptor for the SARS coronavirus. Nature 426, 450-454 (2003).
Letko, M., Marzi, A. & Munster, V. Functional assessment of cell
entry and receptor usage for SARS-CoV-2 and other lineage B
betacoronaviruses. Nat. Microbiol. 5, 562-569 (2020).

Rizza, S. A., Bhatia, R., Zeuli, J. & Temesgen, Z. Ibalizumab for the
treatment of multidrug-resistant HIV-1 infection. Drugs Today 55,
25-34(2019).

Chang, X. L. et al. Antibody-based CCR5 blockade protects
macaques from mucosal SHIV transmission. Nat. Commun. 12,
3343 (2021).

Fatkenheuer, G. et al. Efficacy of short-term monotherapy with
maraviroc, a new CCR5 antagonist, in patients infected with HIV-1.
Nat. Med. 11, 1170-1172 (2005).

Peng, L., Oganesyan, V., Wu, H., Dall’Acqua, W. F. & Damschroder,
M. M. Molecular basis for antagonistic activity of anifrolumab, an
anti-interferon-a receptor 1 antibody. MAbs 7, 428-439 (2015).
Furie, R. et al. Anifrolumab, an anti-interferon-a receptor
monoclonal antibody, in moderate-to-severe systemic lupus
erythematosus. Arthritis Rheumatol. 69, 376-386 (2017).

Tamm, A. & Schmidt, R. E. IgG binding sites on human Fc gamma
receptors. Int. Rev. Immunol. 16, 57-85 (1997).

Zalevsky, J. et al. Enhanced antibody half-life improves in vivo
activity. Nat. Biotechnol. 28, 157-159 (2010).

Wang, X., Mathieu, M. & Brezski, R. J. IgG Fc engineering to
modulate antibody effector functions. Protein Cell 9, 63-73
(2018).

Chen, Y. et al. ACE2-targeting monoclonal antibody as potent and
broad-spectrum coronavirus blocker. Signal Transduct. Target
Ther. 6, 315 (2021).

Du, Y. et al. A broadly neutralizing humanized ACE2-targeting
antibody against SARS-CoV-2 variants. Nat. Commun. 12, 5000
(2021).

Lee, I. H., Lee, J. W. & Kong, S. W. A survey of genetic variants in
SARS-CoV-2 interacting domains of ACE2, TMPRSS2 and TLR3/7/8
across populations. Infect. Genet. Evol. 85, 104507 (2020).

Chan, K. K. et al. Engineering human ACE2 to optimize binding to
the spike protein of SARS coronavirus 2. Science 369, 1261-1265
(2020).

Yan, R. et al. Structural basis for the recognition of SARS-CoV-2 by
full-length human ACE2. Science 367, 1444-1448 (2020).

Shang, J. et al. Structural basis of receptor recognition by
SARS-CoV-2. Nature 581, 221-224 (2020).

Donoghue, M. et al. A novel angiotensin-converting
enzyme-related carboxypeptidase (ACE2) converts angiotensin |
to angiotensin 1-9. Circ. Res. 87, E1-E9 (2000).

Tipnis, S. R. et al. A human homolog of angiotensin-converting
enzyme. Cloning and functional expression as a
captopril-insensitive carboxypeptidase. J. Biol. Chem. 275,
33238-33243 (2000).

Towler, P. et al. ACE2 X-ray structures reveal a large hinge-bending
motion important for inhibitor binding and catalysis. J. Biol. Chem.
279, 17996-18007 (2004).

Lan, J. et al. Structure of the SARS-CoV-2 spike receptor-binding
domain bound to the ACE2 receptor. Nature 581, 215-220 (2020).
Glatt, D. M. et al. The interplay of antigen affinity, internalization,
and pharmacokinetics on CD44-positive tumor targeting of
monoclonal antibodies. Mol. Pharm. 13, 1894-1903 (2016).

Zhou, B. et al. SARS-CoV-2 spike D614G change enhances
replication and transmission. Nature 592, 122-127 (2021).

Vieira, P. & Rajewsky, K. The half-lives of serum immunoglobulins
in adult mice. Eur. J. Immunol. 18, 313-316 (1988).

Schmidt, F. et al. Measuring SARS-CoV-2 neutralizing antibody
activity using pseudotyped and chimeric viruses. J. Exp. Med.
https://doi.org/10.1084/jem.20201181 (2020).

Nature Microbiology | Volume 8 | June 2023 | 1051-1063

1062


http://www.nature.com/naturemicrobiology
http://www.rcsb.org/
http://www.rcsb.org/
http://www.emdataresource.org/
http://www.emdataresource.org/
https://www.rcsb.org/structure/8E7M
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-27939
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-27939
https://doi.org/10.6084/m9.figshare.22572892
https://doi.org/10.6084/m9.figshare.22572892
https://doi.org/10.1016/j.immuni.2021.07.008
https://doi.org/10.1016/j.immuni.2021.07.008
https://doi.org/10.1056/nejmc2119641
https://doi.org/10.1056/nejmc2119641
https://doi.org/10.1084/jem.20201181

Article

https://doi.org/10.1038/s41564-023-01389-9

40. Dinnon, K. H. 3rd et al. A mouse-adapted model of SARS-CoV-2 to
test COVID-19 countermeasures. Nature 586, 560-566 (2020).

41. Zhang, Y. et al. SARS-CoV-2 rapidly adapts in aged BALB/c mice
and induces typical pneumonia. J. Virol. https://doi.org/10.1128/
jvi.02477-20 (2021).

42. Bate, N. et al. In vitro evolution predicts emerging SARS-CoV-2
mutations with high affinity for ACE2 and cross-species binding.
PLoS Pathog. 18, €1010733 (2022).

43. Puray-Chavez, M. et al. Systematic analysis of SARS-CoV-2 infection
of an ACE2-negative human airway cell. Cell Rep. 36, 109364 (2021).

44. Hamming, |. et al. The emerging role of ACE2 in physiology and
disease. J. Pathol. 212, 1-11 (2007).

45, Akalin, E. et al. Covid-19 and kidney transplantation. N. Engl. J.
Med. 382, 2475-2477 (2020).

46. Deepak, P. et al. Effect of immunosuppression on the
immunogenicity of mMRNA vaccines to SARS-CoV-2: a prospective
cohort study. Ann. Intern. Med. 174, 1572-1585 (2021).

47. Prendecki, M. et al. Humoral and T-cell responses to SARS-CoV-2
vaccination in patients receiving immunosuppression. Ann.
Rheum. Dis. 80, 1322-1329 (2021).

48. Blight, K. J., McKeating, J. A. & Rice, C. M. Highly permissive
cell lines for subgenomic and genomic hepatitis C virus RNA
replication. J. Virol. 76, 13001-13014 (2002).

49. Wang, Z. et al. Analysis of memory B cells identifies conserved
neutralizing epitopes on the N-terminal domain of variant
SARS-CoV-2 spike proteins. Immunity 55, 998-1012.e1018 (2022).

50. von Boehmer, L. et al. Sequencing and cloning of antigen-specific
antibodies from mouse memory B cells. Nat. Protoc. 11, 1908-1923
(2016).

51. Schmidt, F. et al. High genetic barrier to SARS-CoV-2 polyclonal
neutralizing antibody escape. Nature 600, 512-516 (2021).

52. Shang, Y. et al. Investigation of interaction between the spike
protein of SARS-CoV-2 and ACE2-expressing cells using an in vitro
cell capturing system. Biol. Proced. Online 23, 16 (2021).

53. Zhu, N. et al. A novel coronavirus from patients with pneumonia in
China, 2019. N. Engl. J. Med. 382, 727-733 (2020).

54. Mastronarde, D. N. Automated electron microscope tomography
using robust prediction of specimen movements. J. Struct. Biol.
152, 36-51(2005).

55. Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A.
cryoSPARC: algorithms for rapid unsupervised cryo-EM structure
determination. Nat. Methods 14, 290-296 (2017).

56. Goddard, T. D., Huang, C. C. & Ferrin, T. E. Visualizing density maps
with UCSF Chimera. J. Struct. Biol. 157, 281-287 (2007).

57. Adams, P. D. et al. PHENIX: a comprehensive Python-based
system for macromolecular structure solution. Acta Crystallogr. D
66, 213-221(2010).

58. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D 66, 486-501 (2010).

59. Chen, V.B. et al. MolProbity: all-atom structure validation for macro-
molecular crystallography. Acta Crystallogr. D 66, 12-21(2010).

60. Goddard, T. D. et al. UCSF ChimeraX: meeting modern challenges
in visualization and analysis. Protein Sci. 27, 14-25 (2018).

61. Krissinel, E. & Henrick, K. Inference of macromolecular
assemblies from crystalline state. J. Mol. Biol. 372, 774-797 (2007).

Acknowledgements

The sACE2 wild-type plasmids used in the cryo-EM experiments were
a gift from E. Procko (Addgene plasmid 145147). Cryo-EM data for
this work were collected at the Stanford-SLAC Cryo-EM Center with
support from E. Montabana. This work is supported by grants from

RO1AI157809 (P.D.B.) and RO1AI78788 (T.H.). C.O.B. is supported by
the Howard Hughes Medical Institute (HHMI) Hanna Gray Fellowship
and is a Chan Zuckerberg Biohub investigator. P.D.B. is a Howard

Hughes Medical Institute Investigator. The funders had no role in
study design, data collection and analysis, decision to publish or
preparation of the manuscript. This article is subject to HHMI's Open
Access to Publications policy. HHMI lab heads have previously granted
a non-exclusive CC BY 4.0 licence to the public and a sublicensable
licence to HHMI in their research articles. Pursuant to those licences,
the author-accepted manuscript of this article can be made freely
available under a CC BY 4.0 licence immediately upon publication.

Author contributions

F.Z., T.H. and P.D.B. conceived the study. F.Z. and J.J. constructed,
expressed, purified human anti-hACE2 antibodies and performed affinity
measurements. F.Z. expressed and purified immunogens, constructed
hACE2 SNPs plasmids and performed the pseudovirus antiviral assays,
hACE2 competition assays, flow cytometry assays, hACE2 activity and
internalization assays and the pharmacology experiments. V.A.B. and
F.Z. performed virus selection experiment. RV.H.d.C., S.N.-H. and F.Z.

did in vivo prophylaxis experiments. E.K.N., D.A., LV.L.and |.C.L. did

the AlivaMab immunizations, hybridoma isolation and hACE2 binding
screen. T.H. and H.-H.H. did the in vitro live virus inhibition assays. T.C.,
M.E.A. and C.O.B. designed and carried out cryo-EM experiments. P.D.B.,
T.H., EKK.N., CM.R., G.DV. and C.O.B. supervised the work. F.Z., CO.B., T.H.
and P.D.B. wrote the manuscript with input from all co-authors.

Competinginterests

The Rockefeller University has filed a patent application for anti-hACE2
antibodies on which F.Z., T.H. and P.D.B. are listed as inventors. The
other authors have no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s41564-023-01389-9.

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41564-
023-01389-9.

Correspondence and requests for materials should be addressed to
Theodora Hatziioannou or Paul D. Bieniasz.

Peer review information Nature Microbiology thanks Olivier Schwartz,
Kurt Wibmer and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023

Nature Microbiology | Volume 8 | June 2023 | 1051-1063

1063


http://www.nature.com/naturemicrobiology
https://doi.org/10.1128/jvi.02477-20
https://doi.org/10.1128/jvi.02477-20
https://doi.org/10.1038/s41564-023-01389-9
https://doi.org/10.1038/s41564-023-01389-9
https://doi.org/10.1038/s41564-023-01389-9
https://doi.org/10.1038/s41564-023-01389-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article https://doi.org/10.1038/s41564-023-01389-9

-
o
I

& ACE2#1
-0~ ACE2#2
-o- ACE2#3
-~ Control

-
o
o

-
o
L

Infection (RLU)

-
o
L

1 1 1
10° 10* 103 102 101
Serum dilution

Extended Data Fig. 1| Inhibition of HIV-1based pseudotyped virus infection cells. Cells were then infected with SARS-CoV-2 pseudotyped HIV-1and infection
by anti-hACE2 mAbs mouse serum. Heat inactivated serum from hACE2-8XHis was measured using NanoLuc luciferase assay 48 h later. Mean and range of four
immunized mice or an unimmunized control was incubated with Huh-7.5 target independent experiments is plotted.
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Extended Data Fig. 2 | Differences in hACE2 and agmACE2 proximal to the SARS-CoV-2 spike binding site. Structure of the hACE2 is shown (PDB 6LZG), with the
SARS-CoV-2 spike binding site highlighted in blue and positions that differ in agmACE2 highlighted inred.
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Extended Data Fig. 3| Binding of anti-hACE2 antibodies to human and ACE2 (red, hACE2) were incubated in the presence of the indicated human anti-

macaque ACE2. (A) FACS sequential gating strategy for detection of ACE2 on hACE2 antibodies or anti-HA antibody. The cells were then incubated with Alexa
cell surface of A549 cells by human anti-hACE2 antibodies. Applies to Fig. 3A and Fluor 488 conjugated goat anti-human IgG (for anti-hACE2 antibodies) or Alexa
Extended Data Fig. 3B (B) Parental A549 cells (dashed lines), or A549 cells stably Fluor 488 goat anti-mouse IgG (for anti-HA antibody) and then analyzed by flow
expressing HA-tagged macaque ACE2 (blue, macACE2), or HA-tagged human cytometry.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Impact of hACE2 variation on human anti-hACE2
binding. (A) Structure of the hACE2 is shown (PDB 6LZG), with the SARS-CoV-2
spike binding site highlighted in blue and positions that differ in salient hRACE2
variants highlighted in green (K68E highlighted in yellow). (B) FACS sequential
gating strategy for detection of ACE2 on 293 T cell surface by human anti-hACE2

antibodies. Applies to Extended Data Fig. 4C. (C) FACS analysis of 293 T cells
transfected with plasmids expressing eighteen hACE2 variants, wild-type hACE2
(WT) or no hACE2. Cells were stained with anti-hACE2 antibodies as indicated
followed by incubation with AlexaFluor 647 conjugated goat anti-human IgG.
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Extended DataFig. 5| Cryo-EM data processing, validation, and structure
comparison. (A) Representative micrograph of 4,907 used and 2D class averages
for 05B04-hACE2 data collection. (B) Gold-standard FSC plot calculated in
cryoSPARC for local refinement. (C) 3D classification and refinement logic tree
for the 05B04-hACE2 cryo-EM data set. (D) Local resolution estimate for 05B04-
hACE2 locally refined map and representative cryo-EM density contoured at

'ACE2

a1 helix N24, i

490,485 particles

CTF refinement

N90, .,—glycan
@

I
I
1
I
1
1
I
|
|
1
1
i)
1

1 human ACE2 sequence
MSSSSWLLLSLVAVTAAQSTIEEQAKTFLDKFNH
signal peptide 0000 00 080 o
o0 s o
35
EAEDLFYOSSLASWNYNTNITEENVQNMNNAGDK

69
WSAFLKEQSTLAQMYPLOEIQON .« e coeeeess
™)
o oo
300

OAWDAQRIFKEAEKFFVSVGLPNMTQGFWENSML

334
TDPGNVQKAVCHPTAWDLGKGDFRILMCTKVTMD

368 ®05B04
DFLTAHHEMGHIQYDMAYAAQPF. .. @ H11B11

7o for boxed regions. (E) Structural superposition of anti-hACE2 mAbs 05B04
(slate blue), 3E8 (orange), h11B11 (green) and SARS-CoV-2 RBD (gray) modeled on
soluble ACE2 (wheat). (F, G) Comparison of anti-hACE2 mAb epitopes visualized
on an ACE2 model (F) or highlighted on the ACE2 sequence (G). anti-hACE2 mAb
epitopesare colored slate blue, orange, and green for 05B04, 3E8, and h11B11,
respectively. The SARS-CoV-2 RBD epitope is denoted as shaded gray boxes (G).

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article https://doi.org/10.1038/s41564-023-01389-9

anti-CD44 —FITC
[F10-44-2]

o

<

o

>

o

o

>

o

B Wheat germ anti-CD44 —FITC Overla
Agglutinin [F10-44-2] y

Extended Data Fig. 6 | Internalization of a control anti-CD44 antibody in three representative fields are shown. Red indicates staining of cell surface
A549/hACE2-HA cells. (A, B) Localization of anti-CD44 antibody (green, upper with Wheat Germ agglutinin conjugated with Alexa Fluor™ 594 in panel Bwhere
panels) following incubation of live A549/hACE2-HA cells with FITC-labelled two representative fields are shown. Scale bar: 10 um. Representative of two
anti-CD44 [F10-44-2]. Blue stain (DAPI) indicates cell nuclei in panel (A) where experiments.
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Extended Data Fig. 7 | Determination of anti-hACE2 antibody levels using mAbs and five-fold serial dilutions thereof, were mixed with 30 ng of hACE2
hACE2-NanoLuc fusion protein. (A) Schematic representation of the NanoLuc (1-740 aa)-NanoLuc protein. After 1 hr incubation at 4 °C, the mixture was
assay in which NanoLuc luciferase was appended to the C-termini of the hACE2 incubated with Dynabeads™ Protein G magnetic beads. The beads were washed
extracellular domain (1-740 aa). The fusion protein was incubated with anti- and bound NanoLuc activity was measured. Mean and range of four independent
hACE2 mAbs and complexes were then captured using Dynabeads™ Protein G experiments is plotted.

magnetic beads. (B) For the standard curves, 40 ng of the indicated anti-hACE2
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Extended Data Fig. 8 | Sensitivity to anti-hACE2 antibodies after rVSV/ anti-hACE2 mAbs. Anti-hACE2 antibodies (05H02,2G7A1, 05B04 and the hybrid
SARS-CoV-2/GFPreplication in the presence of anti-hACE2 antibodies. antibody 05B04 LC/05D06 HC) were incubated with Huh-7.5 target cells and cells
(A, B) Infectious virus yield after rVSV/SARS-CoV-2/GFPreplication for 2 passages ~ were infected with pseudotypes bearing WT or Q498H spike proteins. Infection
(A) or 4 passages (B) in the presence of each of four anti-hACE2 antibodies, or was measured using NanoLuc luciferase assays. Mean of two independent
the anti-RBD antibody C144. The concentrations (in pg/ml) indicated on the titrations is plotted, and ICs, values for each anti-hACE2 antibody virus

X-axis or in the absence of antibody (No). Data are derived from two independent combination is given below.
experiments. (C) Inhibition of HIV-1based pseudotyped virus infection by
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Extended Data Table 1| Antiviral potency (IC;, values, ng/ml) of fully human anti-hACE2 mAbs

2C12H3 | 05G01 05H02 2G7A1 05B04 05804 LC/
05D06 HC
SARS-CoV-2
(Wuhan-Hu-1) 89.15 | 52.40 7.012 16.24 31.62 19.85
SARS-CoV-2
(Beta) 163.9 107.4 12.11 51.36 81.76 40.52
SARS-CoV-2
(Delta) 197.5 73.50 10.26 33.69 74.96 35.24
SARS-CoV-2
~(Omicron) 107.6 76.23 8.249 18.62 54.76 30.22
SARS-CoV 71.91 35.42 6.423 8.219 27.71 15.55
Pangolin CoV-
GD 140.6 39.25 4.951 7.826 37.62 24.17
Pangolin CoV-
GX 92.66 72.17 6.519 16.50 62.60 35.05
Bat CoV
Rs7327 24.87 24.12 8.411 3.593 8.562 13.48
Bat CoV
Rs4231 43.39 32.04 3.038 5.111 31.64 17.35

1C5, values for anti-hACE2 mAb inhibition of pseudotyped virus infection determined using HIV-1 based pseudoviruses and Huh-7.5 target cells, as described in Fig. 1.
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Life sciences study design
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Sample size There was no basis on which to select sample size (number of replicate experiments) prior to completing the study. Sample size was chosen
arbitrarily

Data exclusions  No data were excluded from data analysis.

Replication All attempts reached the same conclusion, numbers of repetitions varies as as stated in the manuscript.

Randomization  No allocation was involved in this study.

Blinding The prophylaxis experiments in which the antibodies provide protection against SARS-CoV-2 infection in human ACE2 knock-in mice was
blinded experiment, in that one group of scientists administered antibodies while another group measured the viral RNA. Blinded experiments
were also done for antibody evaluation, in which one scientist (JJ) made the antibodies and another scientist (FZ) tested their potency. Under

some circumstances, a third scientist (TH) performed neutralization assay using live viruses (Fig 2). Other expriments were not blinded as it
was impractical and unnecessary to do so
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Antibodies

Antibodies used Monoclonal antibodies: anti-HA (BioLegend anti-HA.11, cat 901503, clone 16B12), FITC Anti-CD44 antibody [F10-44-2] (abcam, cat
ab30405), and anti-hACE2 monoclonal antibodies including 2G7A1, 05804, 05D06, 05H02, 1C9H1, 2C12H3, 2F6A6, 4A12A4, 05E10,
and 05G01 (developed in this study).




Validation

Polyclonal antibody: SARS-CoV-2 (COVID-19) Nucleocapsid antibody (GeneTex, cat GTX135357).

Secondary antibodies: goat anti-mouse Alexa Fluor 594 antibody (ThermoFisher Scientific, Cat # A-11005), goat anti-human Alexa
Fluor488 antibody (ThermoFisher Scientific, Cat # A-11013), and goat anti-human Alexa Fluo 647 antibody (ThermoFisher Scientific,
Cat # A-21445).

Lectin used in immunofluorescence: Wheat Germ Agglutinin, Alexa Fluor™ 594 Conjugate (ThermoFisher Scientific, cat W11262 )
(https://www.thermofisher.com/order/catalog/product/W11262).

anti-HA from BiolLegend: tested in western blot (WB), immunocytochemistry (ICC), immunoprecipitation (IP), and flow cytometry (FC)
(https://www.biolegend.com/en-us/products/purified-anti-ha-11-epitope-tag-antibody-11374).

FITC Anti-CD44 antibody [F10-44-2] from abcam: tested in flow cytometry (FC) (https://www.abcam.com/fitc-cd44-antibody-
f10-44-2-ab30405.html).

SARS-CoV-2 (COVID-19) Nucleocapsid antibody (GeneTex, cat GTX135357): tested in WB, ICC/F, IHC-P, IHC-Fr, FACS, IP, and ELISA
(https://www.genetex.com/Product/Detail/SARS-CoV-2-COVID-19-Nucleocapsid-antibody/GTX135357).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK-293T cells (ATCC CRL-3216) and the derivative expressing hACE2, ie 293T/hACE2.cl22 (generated at Rockefeller
University, J Exp Med (2020) 217 (11): e20201181.

https://doi.org/10.1084/jem.20201181); Caco-2 cells (ATCC HTB-37™); human hepatoma-derived Huh-7.5 cells (generated at
Rockefeller University https://doi.org/10.1128/JV1.76.24.13001-13014.2002

); Vero E6 cells and a derivative expressing TMPRSS249 (CRL-1586) ; A549 cells (CRM-CCL-185)

Not authenticated after purchase from ATCC.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines no commonly misidentified cell lines were used in the study

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

AlivaMab Mouse (Ablexis LLC); six-week old hACE2-knock-in female mice, in which human ACE2 cDNA replaces the endogenous
mouse ACE2 sequences, were obtained from Jackson Labs (B6.12952(Cg)-Ace2tm1(ACE2)Dwnt/J, strain 035000).

no wild animals were used in the study

No sex- and gender-based analysis was done since it is irrelevant to this study. We followed the procedure used in the Nature paper
(zhou B, 2021, Nature doi: 10.1038/s41586-021-03361-1), including animal sex.

no field collected samples were used in the study.

the Rockefeller University Institutional Animal Care and Use Committee (IACUC)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

The ACE2 expressing cells were detached from plates with 10 mM EDTA in PBS and then incubated in the absence or the
presence of human anti-hACE2 mAbs (2 pug/ml) for 2 hr at 4°C. After washing, the cells were incubated with AlexaFluorT™M
488 (or Alexa FluoTM 647 when indicated) conjugated goat anti-human IgG (ThermoFisher Scientific).

Attune® NxT Acoustic Focusing Cytometer (ThermoFisher Scientific)
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Software AttuneTM NXT software v3.1.2 &v5.1.0
Cell population abundance 100,000 cells were used per sample.

Gating strategy First we used FSC/SSC to gate the "cells", followed by FSC-H and FSC-A to gate the "Single cells".

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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