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has an extended in vivo half-life.
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SUMMARY

Control of the ongoing SARS-CoV-2 pandemic is endangered by the emergence of viral variants with
increased transmission efficiency, resistance to marketed therapeutic antibodies, and reduced sensitivity
to vaccine-induced immunity. Here, we screen B cells from COVID-19 donors and identify P5C3, a highly
potent and broadly neutralizing monoclonal antibody with picomolar neutralizing activity against all SARS-
CoV-2 variants of concern (VOCs) identified to date. Structural characterization of P5C3 Fab in complex
with the spike demonstrates a neutralizing activity defined by a large buried surface area, highly overlapping
with the receptor-binding domain (RBD) surface necessary for ACE2 interaction. We further demonstrate that
P5C3 shows complete prophylactic protection in the SARS-CoV-2-infected hamster challenge model. These
results indicate that P5C3 opens exciting perspectives either as a prophylactic agent in immunocompro-
mised individuals with poor response to vaccination or as combination therapy in SARS-CoV-2-infected in-
dividuals.

INTRODUCTION The rapid response of scientific communities around the world

has led to unparalleled progress in SARS-CoV-2 viral diagnos-

Since emerging in the Hubei province of China in late 2019, the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) has provoked a global health crisis. The ongoing pandemic
has resulted in more than 3 million deaths, a near collapse of
health care networks, and has had a devastating impact on so-
cieties and economies around the world (Abrams and Szefler,
2020; Zhou et al., 2020). Apart from the COVID-19 disease asso-
ciated with infection, 5%-10% of symptomatic individuals,
including young adults, have longer-term health consequences
of SARS-CoV-2 infection (Sudre et al., 2021).

Gheck for
Updates

tics and COVID-19 immune monitoring, the delineation of risk
factors for serious disease, the development of protective vac-
cines, and the identification of some treatment options, including
monoclonal antibodies with antiviral neutralizing properties.
Despite these successes, the worldwide propagation of SARS-
CoV-2 has resulted in the rapid evolution of this virus, with the
emergence of variants of concern (VOCs) that erode these
hard- fought advances. The B.1.1.7 variant (also called
501Y.V1) first identified in the UK contains mutations that
augment virus transmission rates by 65%-74% (Davies et al.,
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2021; Volz et al., 2021), launching in late 2020 a wave of infec-
tions that rapidly spread in many regions of the world. The
B.1.351 variant (a.k.a. 501Y.V2) identified soon after in South Af-
rica and the closely related P.1 (a.k.a. 501Y.V3, B.1.1.28 or Bra-
zilian VOC) carry many of the same changes, including a triple
substitution in the ACE2 receptor-binding domain (RBD) of the
viral Spike protein. These mutations, most notably at positions
417,484, and 501 of Spike, result in increased affinity of the virus
for the ACE2 cell surface receptor and/or in reduced recognition
by neutralizing antibodies, most of which recognize the RBD
(Barnes et al., 2020; Korber et al., 2020; Ozono et al., 2021; Pic-
colietal., 2020). As aresult, these VOCs have been found largely
to escape immunity induced by some COVID-19 vaccines and
have resulted in a resurgence of infection in several regions of
the world, with many documented cases of re-infection (Wang
et al., 2021b; Zhou et al., 2021). Furthermore, these VOCs
have a significant impact on the efficacy of neutralizing anti-
bodies developed as therapeutic agents for SARS-CoV-2-in-
fected individuals (Baum et al., 2020; Wang et al., 2021b).

The large-scale rollout of COVID-19 vaccines is anticipated to
mitigate the consequences of SARS-CoV-2 exposure for most
people. However, it will not improve the situation of the
numerous individuals unable to mount an effective humoral im-
mune response following vaccination due either to some form
of immunodeficiency or to immunosuppression following organ
transplant or as part of the treatment of immune diseases or
some cancers, notably by B cell depletion. Potent and broadly
active SARS-CoV-2 monoclonal antibodies, so far considered
essentially for their therapeutic potential in severely ill COVID-
19 patients, could also address this important unmet clinical
need as agents of passive immunization against the virus.

RESULTS

Identification of P5C3, a highly potent SARS-CoV-2
neutralizing antibody

In the present study, we screened a cohort of 40 hospitalized
COVID-19 patients for the presence of anti-Spike antibodies be-
tween 7 and 30 days after symptoms onset. At ~3 months post-
infection, we obtained blood samples from eight of these sub-
jects presenting the highest levels of anti-Spike immunoglobulin
(lg)G antibodies. Plasmablasts (CD19%/IgM~/IgD~/CD27*/
CD38™) and memory B cells (CD19*/IgM~/IgD~/CD27*) recog-
nized by fluorescently labeled Spike ectodomain and RBD
were sorted and a total of 1,165 B cell clones from the eight do-
nors (n = 41-239 by donor) produced anti-Spike binding anti-
bodies. We selected 103 clones (n = 6-15 by donor) with the
highest Spike binding activity for monoclonal antibody (mAb)
production via expression of paired heavy and light chains in Chi-
nese hamster ovary (CHO) cells. The 10 purified mAbs with the
strongest affinity to the 2019-nCoV Spike trimer (half-maximal
effective concentration [ECsg] values of 0.012-0.120 pg/mL)
were kept for further characterization (Figure S1A).

Given that emerging VOCs contain mutations in and around
the Spike RBD that confer resistance to potent neutralizing
mAbs (Korber et al., 2020; Ozono et al., 2021), we next examined
the binding properties of our 10 prioritized mAbs to Spike deriv-
atives with mutations and/or deletions found in VOCs.
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REGN1033, REGN10987, and S309, three mAbs used in the
clinic, were tested in parallel as benchmarks (Figures 1A and
S1B). In binding studies with different Spike protein mutations,
including N439K, S477N, E484K (present in B.1.351, P.1, and
B1.526/B1.232 New York variants), L452R (present in the Cali-
fornian CAL.20C variant) and full B.1.1.7, B.1.351, and P.1 vari-
ants (Table S1), P5C3 exhibited the highest affinity and without
a significant loss in binding for any of the tested Spike variants
(ECgp values of 0.02-0.035 pg/mL). In contrast, REGN10933 ex-
hibited a 60-fold, 15-fold, and 195-fold reduced binding affinity
for the K417N/E484K/N501Y, B.1.351, and P.1 Spike variants,
respectively. While REGN10987 was comparatively less affected
with these variants, it displayed a 4.4-fold reduced binding affin-
ity to the Spike N439K mutation (Figure 1A). S309 bound similarly
to all tested Spike versions, but its affinity was on average 12-
fold reduced compared with P5C3 (ECgq of 0.23-0.50 pug/mL).
As our nine other preselected mAbs presented various degrees
of reduced affinity to Spike variants (Figure S1B), P5C3 was
prioritized for further characterization and development.

As a first step, competitive Spike binding studies were per-
formed with the ACE2 protein and therapeutic antibodies known
to recognize distinct epitopes on the RBD. P5C3 competed for
RBD binding with ACE2 and REGN10933 but had a non-compet-
itive binding profile (<20% blocking) with REGN10987 or S309
mAbs (Figure 1B). Of note, this analysis additionally revealed
that through stearic hindrance or binding-induced conforma-
tional change in RBD, REGN10987 is at least partially competi-
tive with both REGN10933 and S309 mAbs for RBD binding.

We then measured the ability of P5C3 and benchmark mAbs to
neutralize 2019-nCOV SARS-CoV-2 and VOCs using assays
based on the infection of ACE2-positive cells with either lentiviral
particles pseudotyped with Spike or for infectious SARS-CoV-2
strains with sequence variants in the Spike gene.

P5C3 had the most potent neutralizing activity against 2019-
nCoV Spike-coated pseudoviruses, with an ECgy value of
0.021 pg/mL (Figures 2A and 2B). It displayed equally strong
neutralization of all tested Spike mutations, including the
E484K substitution that is a key mutation found in B.1.351, P.1,
and the new B1.526 variant identified in New York. The sole
exception was the S477N mutant for which the ECgq of P5C3
increased modestly to 0.08 ng/mL. REGN10933 was only ~2-
fold less active than P5C3 at blocking the original 2019-nCoV,
but consistent with published results (Baum et al., 2020; Wang
et al.,, 2021b) it had a significant loss in neutralizing activity
against pseudoviruses produced with the Spike E484K mutation
(ECgo of 0.325 png/mL for E484K/N501Y and 5.72 pg/mL for
K417N/E484K/N501Y) present in both B1.351, P.1, and B1.526
VOCs. REGN10987 was a few fold less potent than P5C3 against
most Spike mutations tested, notably those harboring the E484K
mutation (7- to 11-fold), and it was further considered as inactive
against particles coated with N439K Spike (ECgo of 3.73 ng/mL)
as previously described (Thomson et al., 2021).

Pseudoviral assays are valuable tools for profiling the impact
on neutralization of large series of Spike mutations. However,
neutralization studies using the real SARS-CoV-2 virus are
essential given that some classes of mAbs, including S309, op-
erate by mechanisms distinct from direct Spike/ACE2 blockade
and may demonstrate incomplete neutralization in pseudotype
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assays (Rappazzo et al., 2020). Therefore, we tested P5C3 and
the benchmark therapeutic mAbs against different SARS-CoV-
2 variants in live virus cytopathic effect assays. Viruses included,
in addition to the 2019-nCoV strain, the D614G Spike mutant that
emerged early in the pandemics, the B.1.1.7 and B.1.351 VOCs,
and a recent variant found in a mink-related cluster, with docu-
mented back-transmission to humans (Hoffmann et al., 2021).
We also used in these experiments a modified form of P5C3 con-
taining the so-called LS mutation in the Fc domain (M428L/
N434S), previously demonstrated to confer an extended half-
life in vivo (Zalevsky et al., 2010; Gautam et al., 2016). This effect,
important for envisioning the prophylactic use of P5C3, was veri-
fied in the human FcRn transgenic mouse model, where it ex-
hibited a 2.4-fold increased half-life compared to its unmodified
P5C3 IgG1 counterpart (Figure S2).

P5C3 LS demonstrated the most potent neutralizing activity of
all mAbs tested with ECgg values of 0.011, 0.022, 0.011, 0.014,
and 0.008 ng/mL against the 2019-nCoV strain, the D614G muta-
tion, B.1.1.7, B.1.351, and mink variant viruses, respectively (ECgq
values ranging from 50 to 140 pM). Neutralization profiles of refer-
ence therapeutic mAbs were consistent with previous publica-
tions where REGN10933, REGN10987, and S309 maintained po-
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Figure 1. Identification of P5C3, a human
mAb with high affinity binding to trimeric
spike protein with mutations found in VOCs
(A) Binding of P5C3 and three benchmark anti-
SARS-CoV-2 therapeutic mAbs to 10 trimeric Spike
proteins produced with mutations found in VOCs.
Representative of two to four independent experi-
ments with each concentration response tested in
duplicate. Mean values + SEM are shown.

(B) Competitive binding studies between antibodies
binding to the Spike RBD protein. RBC-coupled
beads pre-incubated with saturating concentrations
of competitor antibody were used for binding
studies with mAbs or ACE2. Competitors induced
either strong blocking (red boxes), partial competi-
tion (orange boxes), or non-competitive (white
boxes) binding with the corresponding mAb to RBD.
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tency against the D614G and B.1.1.7 variant
viruses but REGN10933 lost significant po-
tency against both the B.1.351 and mink-
related variants (Figure 3A) (Baum et al,
2020; Wang et al., 2021b). REGN10987
and S309 both displayed broad neutraliza-
tion potential against these variants, but
ECgo values of REGN10987 were 5.6- to
9.5-fold less potent than measured for
P5C3 LS against the 2019-nCoV and
D614G viruses, and S309 was 28- to 177-
fold less potent against all tested viruses
(Figure 3B).

Thus, the combination of binding studies
with neutralization assays performed with
pseudotyped- or live virus-based assays
singled out P5C3 as a mAb with un-
matched potency against the broad range

of Spike mutations found in circulating VOCs, prompting us to
perform additional studies aimed at characterizing how it inter-
acts with its antigenic target.

Structural basis for tight binding and potency against
VOCs
To understand the structural basis of P5C3 potent neutralization of
SARS-CoV-2 VOCs, we characterized the complex formed by the
stabilized SARS-CoV-2 Spike trimer, containing the D614G muta-
tion in the ectodomain backbone (Walls et al., 2020; Wrapp et al.,
2020a) and P5C3 Fab fragments using single particle cryoelectron
microscopy (cryo-EM) at a resolution of 3.5 A (Figures 4A and 4B;
Table S2; Figures S3 and S4). The EM map was generated by per-
forming non-uniform refinement (Figure S3) followed by local
refinement of the Fab-RBD interacting region to reach 4.3 A of
local resolution (Figure S4), with the Fab bound to the RBD in
the open conformation of Spike (Figures 4A-4C). Next, we built
an atomic model for the quaternary structure of the complex by
positioning the Ca chains and side chains of the amino acids
when they were visible, for the Fab and Spike (Figures 4C and S4).
First, we characterized the overall interaction between the P5C3
paratope and the viral Spike trimer. We confirmed that its target
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Figure 2. P5C3 demonstrates potent and
broad neutralizing activity against spike-
coated pseudoviruses

(A) Neutralization of lentiviral particles pseudotyped
with SARS-CoV-2 Spike expressing variants of
concern in a 293T-ACE2 infection assay. All Spike
proteins with mutations except Q493K and S494P
contained the D614G substitution that became
dominant early in the pandemic. Results shown are
the average of two independent experiments with
each concentration response tested in triplicate.
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Mean values + SEM are shown.

(B) Heatmap showing ECsq and ECgg neutralization
potencies for the indicated mAbs. Results are the
average of two to four independent experiments
with each concentration response tested in dupli-
cates or triplicates.

-= P5C3
-o- REGN10933
-o- REGN10987

on the Spike surface (Figures S4E and
S5C). In the CDR H3, P95, G100, S100a,
C100b, D100d, and F100f make multiple
contacts with the RBD thumb region (resi-

dues 475-489; Figures S4E and S5D), while
in CDR H2, W50 and S54 provide additional
interactions at the paratope-epitope inter-
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epitope overlaps with the ACE2 receptor-binding site of Spike (Fig-
ure 4D), indicating that P5C3 is a class | neutralizing antibody, that
is, ACE2 blocking, by binding RBD in the open only conformation
(Barnes et al., 2020). Upon analysis of the paratope/epitope inter-
action, we discovered that the P5C3-Spike interface covers alarge
region of about 600 A? surface centered on F486 (Figures 4D, S4D,
S4E, and S5A) and involving 23 aa of P5C3 and 21 aa of the Spike
RBD (Figures 4D, S5C, and S5D). This result is consistent with the
strong measured affinity and potency of the mAb. Moreover, we
could determine that P5C3 binds its epitope through five of its
complementarity-determining regions (CDRs), namely CDRs H1,
H2, and H3 of the heavy chain and L1 and L3 of the light chain (Fig-
ures 4D, S5C, and S5D). Interestingly, we observed that CDR H3 is
stabilized by an intra-loop disulfide bond between C97 and C100b
(Kabat numbering) that restrains the loop in an optimal binding
conformation (Figures S4E and S5B). Analysis of the CDR loop
contacts revealed that for the light chain CDRs, Y32 in L1 and
W96 in L3 are in close contact with P479 and F486, respectively,

4 Cell Reports 37, 109814, October 12, 2021

| 0325 [NECMM 0.254 |

over, CDRs at the interface are in close prox-
imity to form hydrophobic interactions and
aromatic contacts with residues F456,
Y473, F486, and Y489 of Spike. This binding
mode is unusual for paratope-epitope inter-
actions owing to the broad spatial separa-
tion of CDRH3 and CDRL3 (Figures 4D,
S5C, and S5D). Interestingly, the mAb bind-
ing epitope also partially covers the antipar-
allel B5, 6 strands of Spike (residues 451—
456 and 491-495), a domain that should
not be subjected to the development of
resistance mutations owing to its essential
folding function (Figure S5B).

To understand further why P5C3 binding is not affected by mu-
tations harbored by SARS-CoV-2 variants, we superimposed our
structure with that solved of the ACE2-RBD interaction (PDB:
6MO0J) (Lan et al., 2020) (Figures 5A and 5B). ACE2 covers around
860 A2 on the RBD, compared with 600 A2 for P5C3 where P5C3
interacts with the RBD ridge at a 90° angle compared with a 130°
angle for ACE2 (Wang et al., 2020b) (Figures 5A and 5B). Impor-
tantly, ~70% (414 A? out of 600 A% of the P5C3 buried surface
area is shared with the ACE2 site on the RBD. P5C3 and ACE2
binding overlaps with L455, F456, A475, G476, S477, E484,
F486, N487, Y489 and Q493 of the RBD, which constitute a
core for tight binding. Indeed, these residues form a hydrophobic
patch surrounding F486 on the RBD, where F486 interacts with
Q24,L.79, M82, and Y83 of ACE2. Furthermore, additional critical
residues necessary for RBD interaction with ACE2 are blocked
by P5C3, such as F456 and Q493 (Lan et al., 2020) (Figure S5D).

We went on to compare the P5C3 binding mode to that of
leader ACE2 blocking mAb candidates currently in clinical trials
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Figure 3. P5C3 LS demonstrates potent neutralizing activity against SARS-CoV-2 VOCs

(A) Neutralization activity of mAbs performed in a live SARS-CoV-2 infectious virus cytopathic effect assay. The indicated SARS-CoV-2 variants were used to
infect Vero E6 in vitro in the absence and presence of concentration response of the indicated mAb evaluated in duplicates or triplicates.

(B) Heatmap showing ECsq and ECgg neutralization potencies for the mAbs indicated in pseudoviral assay produced using the indicated mutated version of Spike.
Results shown are the average of two to four independent experiments with each concentration response tested in duplicates or triplicates. Mean values + SEM

are shown.

for REGN10933, REGN10987 (PDB: 6XDG) (Hansen et al.,
2020a), and LY-CoV016 (PDB: 7C01) (Shi et al., 2020) (Fig-
ure 5C). It was recently demonstrated that the neutralizing ac-
tivity of these three mAbs could be negatively affected by mu-
tation identified in circulating variants that are not affecting
ACE2 binding to the open RBD (Starr et al., 2021) (Figure 5D).
In particular, mutations K417T/N, N439K, S477N, E484K, and
N501Y have been reported to increase their affinity to ACE2
and/or render the mAbs LY-CoV555 (Jones et al., 2020),
REGN10933, and REGN10987 less efficient (Baum et al.,
2020). Remarkably, P5C3 binding and neutralizing activity are
not affected by these amino acid substitutions, due to its
epitope position (Figure 5E). Additionally, the Q493K Spike mu-

tations did not impact the neutralizing activity of P5C3 on
Spike-pseudotyped lentiviral particles despite structural evi-
dence of direct interactions made between the antibody and
Q493. These results suggest that the multiple contacts made
by P5C3 with 21 Spike aa including the large cluster of interac-
tions extending from A475 to G496 mitigate losses in affinity
that would result from some individual changes. As well, muta-
tions conferring resistance to some of these other mAbs are
distal to the RBD/ACE2 interaction site (Figures 5D and 5E),
with minimal effect on ACE2 binding and by extension on
P5C3 recognition. Taken together, these observations suggest
that virus variants harboring mutations in the P5C3-encoded
epitope would suffer from an important fithess cost.
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Figure 4. Structural characterization of P5C3 Fab bound to the SARS-CoV-2 spike
(A) Unsharpened cryo-EM map of P5C3 Fab in complex with SARS-CoV-2 spike at a resolution of 3.5 A. The constant region of the Fab is colored in dark gray, the

variable region of P5C3 in pink, and spike in gray.

(B) Resolution of the sharpened map is shown for the spike/Fab complex in two different poses. The spike core is below 3 A, while the structure of P5C3 Fab in
complex with the RBD is above 6 A. Local resolution of P5C3 Fab and RBD after local refinement to reach 4.3 A is shown. Mask and refinement are in Figure S4.
(C) SARS-CoV-2-P5C3 structure, with the spike protomers colored blue, green, and orange; the variable domain of the Fab is shown in pink.

(D) Buried surface area of the RBD bound by P5C3 Fabs shown in orange with the RBD F486 residue in red and the P5C3 CDR loops shown in pink and violet for

the light and heavy chains, respectively.

P5C3 confers strong in vivo prophylactic protection
from SARS-CoV-2 infection

Finally, we evaluated the neutralizing potency of P5C3invivoina
prophylactic hamster challenge model of SARS-CoV-2 infection.
Animals were administered intraperitoneally 5.0, 1.0, or 0.5 mg/
kg P5C3 or 5 mg/kg of an IgG1 isotype control and challenged
2 days later (day 0) with an intranasal inoculation of SARS-

6 Cell Reports 37, 109814, October 12, 2021

CoV-2 virus (2.4 x 10° 50% tissue culture infective dose
[TCIDsg)) (Figure 6A). Four days later, lungs from control animals
contained between 10* and 5 x 10° TCIDso per mg of tissue,
whereas infectious virus was undetectable in lung from hamsters
treated with 5.0 and 1.0 mg/kg P5C3, which displayed antibody
plasma levels >12 ng/mL (ranging from 12.2 to 16.4 ng/mL in the
1.0 mg/kg dose) at the time of viral inoculation (Figures 6B and
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6C). Animals administered 0.5 mg/kg P5C3 had median plasma
antibody levels of 6.7 pg/mL, and four out of seven also exhibited
undetectable infectious virus in the lung, while the remaining
three showed an ~2 log reduction in TCIDs¢/mg lung tissue
compared to the isotype mAb-treated controls. Significant
reduction of viral RNA levels was also observed in all P5C3-
treated groups (p < 0.001) with a ~4 log reduction in viral genome
copies per mg of lung tissue compared to control animals.

DISCUSSION

In sum, we report the discovery of P5C3, a highly potent SARS-
CoV-2 class | neutralizing antibody that blocks ACE2 binding

NYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGY
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Figure 5. Structural characterization of P5C3
Fab bound to the SARS-CoV-2 spike

(A) Superimposed surface structure of ACE2 in
green, P5C3 VHVL in pink on the RBD domain in
blue.

(B) Cartoon representation of one RBD domain in
blue, P5C3 VHVL in pink, and the helical domain of
ACE2 contacted by the RBD in green.

(C) Superimposed surface structure of LY-CoV016
VHVL in gray, P5C3 VHVL in pink, REGN10987
VHVL in orange, and REGN10933 VHVL in cyan on
the RBD domain in blue shown in front and side
views.

(D) Common mutations of SARS-CoV-2 VOCs on
RBD (K417, N439, L452, S477, E484, and N501) are
shown as red spheres. P5C3 VHVL is shown in pink
and RBD in blue with surfaces shown with trans-
parency.

(E) Depiction of the epitope or interaction site pre-
sent on the RBD. ACE2 interaction sites are shown
in green and P5C3 in pink. Red letters indicate virus
mutations present in virus variant circulating in the
population.

through interaction with RBD in the open
conformation. Distinct from other leader
mADbs currently in the clinic of this class,
including REGN10933 and LY-CoV555,
P5C3 retains full activity against a panel of
mutations found in circulating viral variants,
including the B.1.351 containing the
K417N/E484K/N501Y triple mutation in
the RBD. Likewise, binding and neutraliza-
tion assays performed with Spike muta-
tions indicate that P5C3 will retain full po-
tency against newly emerging variants,
including P.1, CAL.20C, and B1.526. Struc-
tural characterization demonstrated that
P5C3 binds the RBD with five CDR loops
and occupying a large buried surface area
that spans 600 A2 As such, the tight inter-
action of the antibody is spread over a large
1 region and lacks particular binding hot-
spots that may be sensitive to mutations
in the vicinity. These features could explain
why individual or combinations of muta-
tions including K417N and E484K at the edge of the P5C3 epitope
do not influence its neutralizing activity. Moreover, the binding
modes of P5C3 involving shared interactions with ACE2, contact
site with the 5 and (36 antiparallel strands, and hydrophobic con-
tacts with the RBD core suggest that mutations to escape P5C3
binding will invariably impact either affinity for ACE2 or folding
properties of the RBD, both resulting in either reduced overall
infectivity or an important fitness cost for the virus. As such, it is
predicted that direct mutations in the RBD at the contact site
with P5C3 will invariably impact the affinity for ACE2, resulting in
a reduced overall infectivity and fitness of the virus.
Apart from the in vitro neutralization activity and binding prop-
erties, we also demonstrated that P5C3 exhibited an excellent
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in vivo prophylactic protection in the hamster challenge model. A
1 mg/kg dose, which correlated with P5C3 plasma concentra-
tions of 12.2-16.4 pg/mL, completely suppressed the detection
of infectious virus in the lung. Furthermore, a strong ~4 log
reduction in viral RNA was observed in 5.0, 1.0, and 0.5 mg/kg
P5C3 treatment arms.

Despite the excellent neutralization profile of P5C3 against
current circulating variants, development of resistance is al-
ways a possibility when a specific selection pressure is
applied to a virus. With SARS-CoV-2, the millions of infected
individuals worldwide, the detection of viral quasi-species in
infected individuals, the enhancement of viral mutations
observed in immunocompromised subjects, and the worri-
some occurrence of inter-species virus transmission all pro-
vide opportunities for the virus to evolve escape mutations.
Interestingly, P5C3 does not compete for RBD binding with
several other classes of neutralizing antibodies including
REGN10987 and S309. As such, either of these antibodies
or others of similar binding classes could be used in combina-
tion with P5C3 to exert both a more potent neutralizing activity
and a higher barrier for the development of resistance.

Interestingly, antibodies sharing similar variable genetic region
rearrangements (also called public antibodies) were isolated
from several SARS-CoV-2-infected individuals (Robbiani et al.,
2020; Tortorici et al., 2020). A few previously characterized
SARS-CoV-2 neutralizing antibodies display features reminis-
cent of P5C3, including the presence of an intra-loop disulfide
bond between adjacent Cys residues within CDR H3 (Kreer
et al., 2020; Tortorici et al., 2020; Wang et al., 2021a). To date,
several mAbs using the VH1-58 allele were reported (Mo-
hammed et al., 2020), suggesting that P5C3 might belong to a
public antibody family (shared among infected donors). The
only mAb with the same VH structurally characterized is S2E12
(PDB 7K4N) (Chen et al., 2021b; Tortorici et al., 2020). However,
P5C3 uses a different JH segment (IGHJ2*01), its light chain is
distinct, and structural superimposition of the two Fabs demon-
strate discrete binding conformations where P5C3 uses CDR H2

8 Cell Reports 37, 109814, October 12, 2021

receiving COVID-19 vaccines is continually

increasing in many countries with a corre-
sponding reduced rate of infections and hospitalizations. How-
ever, preliminary reports indicate that pre-existing natural immu-
nity against the wild-type n-Cov19 is poorly effective against the
VOCs as indicated by the large proportion of re-infection in
geographic areas where there is wide circulation of the VOCs.
Furthermore, the efficacy of several vaccines seems to be sub-
stantially affected by VOCs such as AZD1222, BNT162b2, and
mRNA-1273 (Collier et al., 2021; Garcia-Beltran et al., 2021),
and the durability of the persistence of protective immune re-
sponses induced by vaccination remains to be determined.
More importantly, a significant portion of the population, quanti-
fied in several millions, with primary or acquired immunodefi-
ciency as well as those receiving immunosuppressive treat-
ments such as organ transplant recipients, cancer patients,
and patients with systemic inflammatory diseases, notably
undergoing B cell depletion therapy, do not mount a protective
humoral immune response following vaccination. For these
vulnerable individuals, passive immunization two to three times
per year with the extended half-life P5C3 LS represents a very
attractive treatment option (Chen et al., 2021a; Mohammed
et al., 2020; Weinreich et al., 2021). With its potent neutralizing
properties against all Spike mutations and SARS-CoV-2 variants
identified so far and the demonstrated in vivo prophylactic pro-
tection in the hamster challenge model, P5C3 represents a
best-in-class anti-SARS-CoV-2 antibody for use in the prophy-
lactic setting.
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REAGENT or RESOURCE AVAILABILITY SOURCE IDENTIFIER
Antibodies
P5C3 human monoclonal antibody This paper N/A

Mouse anti-human CD19 APC-Cy7
Mouse anti-human CD3-BV510
Mouse anti-human IgM-FITC
Mouse anti-human IgD PE-CF594
Mouse anti-human CD27-APC
Mouse anti-human CD38-V450

BD Biosciences
BD Biosciences
Biolegend

BD Biosciences
BD Biosciences
BD Biosciences

Cat#557791, RRID: AB_396873
Cat#563109, RRID: AB_2732053
Cat#314506, RRID: AB_493009
Cat#562540, RRID: AB_11153129
Cat#558664; RRID: AB_1645457
Cat#646851, RRID: AB_1937282

REGN10987 Hansen et al., 2020b N/A

REGN10933 Hansen et al., 2020b N/A

S309 Pinto et al., 2020 N/A

Bacterial and virus strains

SARS-CoV-2 Geneva University Hospitals hCoV-19/Switzerland/ GE9586

SARS-Cov-2 Mink-related variant
SARS-Cov2 recombinant clone D614G

Statens Serum Institute

Institute of virology and immunology
(Thi Nhu Thao et al., 2020)

hCoV-19/Denmark/ DCGC-9495/2020
N/A

SARS-Cov2 recombinant clone B1.1.7 Institute of virology and immunology N/A
SARS-Cov2 recombinant clone B1.351 Institute of virology and immunology N/A

Spike

NEB 5-alpha High Efficiency Competent New England Biolabs Cat# C2987H
E. coli bacteria

Chemicals, peptides, and recombinant proteins

Recombinant trimeric Spike of SARS-Cov-2 Fenwick et al., 2021b N/A
Recombinant trimeric Spike variants This paper and Fenwick et al. (2021b) N/A
D-desthiobiotin Sigma Cat#71610
RPMI medium GIBCO, Life Technologies Cat#61870-010
GlutaMAX™ supplement ThermoFisher Cat#35050061
Penicillin-Streptomycin GIBCO, Life Technologies Cat#15070-063
Fetal Bovine Serum (FBS) ThermoFisher Cat#10500064
Minimum Essential Medium Eagle Sigma Aldrich Cat#M2279
MEM Non-Essential Amino Acids Solution GIBCO, Life Technologies Cat#11140050

PEI MAX
ProCHO5 medium

Polysciences
Lonza

Cat#49553-93-7
Cat#BELN12-766Q

Human IL-2 Miltenyi Biotec Cat#130-097-742
Human IL-21 Miltenyi Biotec Cat#130-095-768
Human IL6 Miltenyi Biotec Cat#130-095-352
TLR9 agonist CpG 2006 Invivogen Catitlrl-2006
2-béta-mercaptoethanol Sigma Cat#M6250-10ML
Critical commercial assays

HIV p24 antigen ELISA Zeptometrix Cat#0801111
ONE-step Luciferase assay BPS Bioscience Cat#60690

Deposited data

Structural model: Full spike with P5C3 Fab

Structural model: Local refinement
RBD+Fab

PDB
PDB

PDB ID: 7P40 EMD-13190
PDB ID: 7PHG EMD-13415
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REAGENT or RESOURCE AVAILABILITY SOURCE IDENTIFIER

Experimental model and subject details

Experimental models: Cell lines

Human embryonic kidney cells (HEK293T) ATCC Cat#CRL-3216, RRID:CVCL_0063
ExpiCHO cells ThermoFischer Cat#A29127, RRID:CVCL_5J31
VeroE6 ATCC Cat#CRL-1586, RRID:CVCL_0574
B95-8 cells ATCC Cat#CRL-1612, RRID:CVCL_1953
3T3ms CD40L cells NIH AIDS Cat#12535, RRID:CVCL_1H10
HEK293T_ACE2 This paper and Fenwick et al. (2021b) N/A

Oligonucleotides

For recombinant trimeric Spikes constructs Fenwick et al., 2021b N/A

L452R recombinant trimeric Spike This paper, microsynth N/A

Recombinant DNA

pCDH-EF1-MCS
pMD2.G

psPAX2

pCAGGS-SARS2-S D614G
pMDL p.RRE

pRSV.Rev

pUltra-Chili-Luc vectors

pHAGE2-CMV-Luc-ZSgreen, Hgpm2,
REV1b and Tat1b

HDM-IDTSpike-fixK
HDM-IDTSpike-fixK-mutants
2019-nCoV plasmid
2019-nCoV mutants plasmids

System Biosciences
D. Trono

D. Trono

Wang et al., 2021a
D.Trono

D. Trono

M. Moore

Crawford et al., 2020

Crawford et al., 2020

Fenwick et al., 2021b

Wrapp et al., 2020b

This paper and Fenwick et al. (2021b)

Cat#CD502A-1

Addgene, Cat#12259,
RRID:Addgene_12259

Addgene, Cat#12260,
RRID:Addgene_12260

N/A
Addgene, Cat#12251
Addgene, Cat#12253

Addgene, Cat#48688,
RRID:Addgene_48688

N/A

BEI NR-52514
N/A
N/A
N/A

Experimental models: Animal models

Female hFcRn Tg32 mice of 12 weeks age.

Female wild-type Syrian Golden hamsters
(Mesocricetus auratus) 6 to 8 weeks of age.

Jackson laboratory
Janvier Laboratories

Stock No.014565
Syrian Golden hamsters

COVID-19 patient biological samples

B cells specific for SARS-CoV-2 Spike

Patient specific

ImmunoCov study

Software and algorithms

FlowJo v10
GraphPad Prism 8.3.0
BioTek Genb v.3.0.3

cryoSPARC v.3.0. 1
COOT

UCSF Chimera

PHENIX

EM RINGER
UCSF ChimeraX

FlowdJo, LLC
GraphPad
BioTek

Punjani et al., 2017
Emsley et al., 2010

Pettersen et al., 2004

Adams et al., 2010

Barad et al., 2015
Goddard et al., 2018

https://www.flowjo.com/solutions/flowjo
https://www.graphpad.com/

https://www.biotek.com/products/
get-info/gen5-get-info.html

https://cryosparc.com/

https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

http://www.cgl.ucsf.edu/chimera/index.
html

https://phenix-online.org/documentation/
index.html

https://github.com/fraser-lab/EMRinger
https://www.rbvi.ucsf.edu/chimerax/
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Pymol Schrédinger https://pymol.org/2/

Imaged software National Institutes of Health https://imagej.nih.gov

Other

Streptactin IBA Cat#15728207

StrepTrap HP Cytiva Cat#28907546

Streptavidin-PE BD Biosciences Cat# 554061; RRID: AB_10053328
Live/Dead Cell staining - Aqua Invitrogen Cat#L.34965

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Giuseppe
Pantaleo (Giuseppe.Pantaleo@CHUV.CH). E-mail subject title should be “CELL REPORTS_SARS-CoV-2 mAb REQUEST” to facil-
itate identification and processing of requests.

Materials availability

Reagent generated in this study will be made available on request, but we may require a payment and/or a completed
Materials Transfer Agreement, which allows the use of the antibodies for non-commercial purposes but not their disclosure to third
parties.

Data and code availability

o Data describe are available upon request and have been deposited at https://github.com/Laurent-9475/Cell-report and are
publicly available as of the date of publication. The cryo-electron maps reconstruction of the Spike complex by Electron micro-
scopy was deposited to the EMDataBank with the identifier EMD-13190 and EMD-13415.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study COVID-19 donors

Serum and blood mononuclear cell samples were from donors participating in the ImmunoCov study performed by the Immunology
and Allergy Service, Lausanne University Hospital. Hospitalized donors selected for B cell immortalization studies consisted of six
men and two women with mean ages of 51.5 and 52.4 years old, respectively. Study design and use of subject samples were
approved by the Institutional Review Board of the Lausanne University Hospital and the ‘Commission d’éthique du Canton de
Vaud’ (CER-VD).

Animals

Female hFcRn Tg32 mice used in the pharmacokinetic studies were of 12 weeks age were obtained from Jackson laboratory (Stock
No.014565) and hosted at the conventional animal facility of Lausanne University (Epalinges site). All experiments were approved by
the local Animal Care and Use Committee.

Wild-type Syrian Golden hamsters (Mesocricetus auratus) were purchased from Janvier Laboratories and were housed in venti-
lated isolator cages (IsoCage N Biocontainment System, Tecniplast) with ad libitum access to food and water and cage enrichment
(wood block). The animals were acclimated for 4 days prior to study start. Housing conditions and experimental procedures were
approved by the ethics committee of animal experimentation of KU Leuven (license P065-2020).

Cells and virus strains

Human embryonic kidney cells, HEK293T (ATCC Cat#CRL-3216) Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Institut de Biotechnologies Jacques Boy), MEM non-essential
amino acids (NEAA), 2 mM L-glutamine, 100 IU/ml penicillin, and 100 pg/ml streptomycin (GIBCO, Life Technologies). Cells were
cultured at 37°C, 5% CO2 at 95% air atmosphere.
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ExpiCHO cells (ThermoFischer, Cat#A29127) were cultured in ProCHO5 medium (Lonza). VeroE6 (ATCC,Cat#CRL-1586) were
cultured in DMEM medium supplemented with 2% FBS and NEAA, 2 mM L-glutamine, 100 IU/ml penicillin, and 100 png/ml strepto-
mycin (GIBCO, Life Technologies).

B95-8 cells (ATCC, Cat#CRL-1612) were cultured in Roswell Park Memorial Institute 1640 (RPMI) medium (GIBCO, Life Technol-
ogies) supplemented with 10% FBS, 100 IU/ml penicillin, and 100 pg/ml streptomycin (GIBCO, Life Technologies).

3T3ms CD40L cells were obtained from the NIH AIDS Reagent Repository (Cat#12535) and grown in the same medium and con-
ditions as used for HEK293T cells.

SARS-Cov2 D614G (hCoV-19/Switzerland/GE9586, a kind gift from I. Ackerle, Geneva University Hospitals) and SARS-Cov2 Mink-
related variant 16 (hCoV-19/Denmark/DCGC-9495/2020, a kind gift from A. Fomsgaard, Statens Serum Institute) are strains isolated
from infected patients. Clones with the D614G mutation only, the mutations found in B.1.1.7 strain or in the B1.351 Spike were
created by reverse genetics as previously described in Thi Nhu Thao et al. (2020). Viral stocks prepared in DMEM 2% FCS on VeroE6
cells were aliquoted, frozen and titrated by plaque assays on VeroEB6 cells. All the biosafety level 3 procedures were approved by the
Swiss Federal Office of Public Health.

The SARS-CoV-2 strain used in the hamster study, BetaCov/Belgium/GHB-03021/2020 (EPI ISL 109407976|2020-02-03), was
recovered from a nasopharyngeal swab taken from an RT-gPCR confirmed asymptomatic patient who returned from Wuhan, China
in the beginning of February 2020. A close relation with the prototypic Wuhan-Hu-1 2019-nCoV (GenBank accession 11 number
MN908947.3) strain was confirmed by phylogenetic analysis. Infectious virus was isolated by serial passaging on HuH7 and Vero
E6 cells (Boudewijns et al., 2020); passage 6 virus was used for the study described here. The titer of the virus stock was determined
by end-point dilution on Vero E6 cells by the Reed and Muench method. Live virus-related work was conducted in the high-contain-
ment A3 and BSL3+ facilities of the KU Leuven Rega Institute (3CAPS) under licenses AMV 30112018 SBB 219 2018 0892 and AMV
23102017 SBB 219 20170589 according to institutional guidelines.

METHOD DETAILS

Recombinant proteins
The Spike trimer was designed to mimic the native trimeric conformation of the protein in vivo and the expression vector was kindly
provided by Prof. Jason McLellan, University of Texas, Austin. It encoded the prefusion ectodomain of the original 2019-Cov Spike
with a C-terminal T4 foldon fusion domain to stabilize the trimer complex along with C-terminal 8x His and 2xStrep tags for affinity
purification. The trimeric Spike protein was transiently expressed in suspension-adapted ExpiCHO cells (Thermo Fisher) in ProCHO5
medium (Lonza) at 5 x10° cells/mL using PEI MAX (Polysciences) for DNA delivery. At 1 h post-transfection, dimethyl sulfoxide
(DMSO; AppliChem) was added to 2% (v/v). Following a 7-day incubation with agitation at 31°C and 4.5% CO,, the cell culture me-
dium was harvested and clarified using a 0.22 um filter. The conditioned medium was loaded onto Streptactin (IBA) and StrepTrap HP
(Cytiva) columns in tandem, washed with PBS, and eluted with 10 mM desthiobiotin in PBS. The purity of Spike trimers was deter-
mined to be >99% pure by SDS-PAGE analysis. Generation of Spike expression vectors encoding the mutations D614G, D614G plus
K417N, N439K, L452R, S477N, E484K, N501Y or combinations thereof were generated by InFusion- mediated site directed muta-
genesis using primers as previously described in Fenwick et al. (Fenwick et al., 2021b) and L452R: 5'-CAACTACAACTACCGG
TACCGGCTGTTTC-3'. The B.1.1.7, B.1.351 and P.1 variant clones were generated by gene synthesis (Twist Biosciences). Spike
protein for all mutants were produced and purified in an identical manner to the original 2019-CoV Spike protein. Biotinylation of Spike
or RBD proteins was performed using the EZ-Link NHS-PEG4-Biotin (Life Technologies) using a 3-fold molar excess of reagent and
using the manufacturer’s protocol. Biotinylated proteins were buffer exchanged with PBS using an Amicon Ultra-0.5 with a 3 kDa
molecular weight cut-off. Spike and RBD tetramers were prepared fresh before use and formed by combining biotinylated proteins
with PE-conjugated Streptavidin (BD Biosciences) at a molar ratio of 4:1.

Antibody heavy and light chain sequences were integrated into the AbVec2.0-IGHG1,AbVec1.1-IGKC and AbVec1.1-IGLC2-Xhol
vectors (Addgene) by synthetic gene synthesis (Twist biosciences). Antibodies produced by transient transfection of ExpiCHO cells
(ThermoFisher) were purified as previously described (Fenwick et al., 2021b).

Binding studies with SARS-CoV-2 Spike

Luminex beads used for the serological and purified antibody binding assays were prepared by covalent coupling of SARS-CoV-2
proteins with MagPlex beads using the manufacturer’s protocol with a Bio-Plex Amine Coupling Kit (Bio-Rad, France). Each of the
SARS-CoV-2 Spike proteins expressed with different mutations were coupled with different colored MagPlex beads so that tests
could be performed with a single protein bead per well or in a multiplexed Luminex binding assay. Binding curves with serial dilutions
of serum samples or antibodies was performed as previously described in Fenwick et al., 2021a (Fenwick et al., 2021a) with percent
binding to Spike trimer calculated using the formula: % binding = ((MFI Test dilution — MFI buffer negative control ]/ [MFI Max binding
— MFI buffer negative control]) x 100). Serum dilution response inhibition curves were generated with GraphPad Prism 8.3.0 using
Non Linear four parameter curve fitting analysis of the log (agonist) versus response. Competitive binding studies were performed
by pre-incubating 25 pg/ml of the indicated competitor antibody with RBD coupled Luminex beads for 30 minutes. Biotinylated
P5C3, REGN10933, REGN10987 or S309 antibodies (prepared as described above) were added to each well at 1 pg/ml followed
by a further 20-minute incubation. Biotinylated antibody bound to RBD in the presence of competitor was stained with
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Streptavidin-PE at a 1:1000 dilution (BD Biosciences) and analyzed on a 200 Bioplex instruments. COVID-19 serum samples from 40
donors were monitored for levels of IgG antibody binding to the SARS-CoV-2 Spike trimer in the Luminex bead based assay. Eight
donors with the highest levels of anti-Spike antibody were selected for antigen specific B cell cloning studies.

Anti-Spike and RBD B cell sorting, immortalization, and cloning

Blood from the eight selected COVID-19 hospitalized donors at the Lausanne University Hospital were collected in EDTA tubes and
the isolation of blood mononuclear cell was performed using Leucosep centrifuge tubes (Greiner Bio-one) prefilled with density
gradient medium (Ficoll-PaqueTM PLUS, GE Healthcare) according to the manufacturer’s instructions. Freshly isolated cells were
resuspended in RPMI medium (GIBCO, Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Insti-
tut de Biotechnologies Jacques Boy), 100 IU/ml penicillin, and 100 pg/ml streptomycin (GIBCO, Life Technologies). Cell were stained
for 30 minutes on ice with the cocktail of fluorescent conjugated antibodies containing anti-CD19 APC-Cy7, anti-CD3-BV510, anti-
IgM-FITC, anti-IlgD PE-CF594, anti-CD27-APC, anti-CD38-V450 (BD Biosciences) along with the pre-complexed Spike and RBD tet-
ramers (2 pg in 100ul) coupled to PE-streptavidin (BD Biosciences). Cells were then stained with Aqua Live/Dead cell stain (Invitrogen)
and viable Spike/RBD specific memory B cells (CD19+/IgM-/IgD-/CD27+) and plasmablasts (CD19+/IgM-/IgD-/CD27+/CD38hi)
were sorted using a FACSAria instrument. B cell immortalization was performed as previously described (Traggiai et al., 2004).
Briefly, antigen specific B cells were incubated for 2 hours at 37°C in complete RPMI medium that included a 1:3 dilution of EBV con-
taining supernatant from B95-8 cells (ATCC) and was supplemented with 2 ng/ml IL-2, 10 ng/ml IL-21 and 10 ng/ml IL-6 (Miltenyi
Biotec), 2.5 ng/mL TLR9 agonist CpG 2006 (Invivogen) and MEM Non-essential amino acids solution (GIBCO /Thermofisher). Cells
were then counted and plated at 3 cells per well in a 384-well plate with 1000 cells per well of irradiated 3T3ms CD40L cells (NIH AIDS
reagent program). B cells producing anti-Spike antibodies were determined by a Luminex binding assay (1165 wells total) and su-
pernatants from positive wells was further profiled at 1:5 and 1:40 dilutions in a Spike-pseudotyped lentiviral neutralization assays
as described below. For supernatants possessing the highest binding and neutralization activity for a given concentration of human
IgG antibody, RNA was isolated with the RNeasy Micro Kit (QIAGEN) and cDNA generated using the SMARTScribe Reverse Tran-
scriptase kit (Takara Bio) using human IgG constant region oligos (Smith et al., 2009) and the Template-switch oligo (5’ aagcagtgg-
tatcaacgcagagtacatgrgrgr 3’) according to the manufacturer’s protocol. Heavy and light chain variable regions were amplified using
the universal forward primer (5’ aagcagtggtatcaacgcagag 3') and reverse primers followed by a second round amplification with
nested primer as previously described (Meyer et al., 2019) except for the used of 0.2mM dNTP Mix (Thermo Fisher Scientific) and
0.5U of Platinum Tag DNA Polymerase High Fidelity (Invitrogen). PCR products were separated on an agarose gel and heavy and
light chain amplicon bands were excised, purified using the NucleoSpin Gel and PCR Clean-up Kit (NAGEL GmbH), ligated into
the pGEM-T Easy Vector Systems (Promega) using 3U of T4 DNA Ligase (Promega). Ligated samples were transformed into NEB
5-alpha High Efficiency Competent E. coli bacteria (New England Biolabs) with inserts amplified the following day by colony PCR.
Antibody Sanger sequencing was performed by Fasteris (Geneva, Switzerland) with the variable heavy and light chain sequences
annotated with IgBLAST. Sequences for 103 paired heavy and light chains were integrated into the AbVec2.0-IGHG1,AbVec1.1-
IGKC and AbVec1.1-IGLC2-Xhol vectors (Addgene) by synthetic gene synthesis (Twist biosciences). Antibodies produced by tran-
sient transfection of ExpiCHO cells (ThermoFisher) were purified as previously described (Fenwick et al., 2021b)().

SARS-CoV-2 live virus cell-based cytopathic effect neutralization assay

The day before infection VeroE6 cells were seeded in 96-well plates at a density of 1.25x10“ cells per well. Heat inactivated sera from
patients were diluted 1:10in DMEM 2% FCS in a separate 96-well plate. Four-fold dilutions were then prepared in DMEM 2% FCSina
final volume of 60 pl. Equal amounts of the different viruses (1500 plaque forming units)diluted in DMEM 2% FCS were added to the
diluted sera at a 1:1 volume/volume ratio. The virus-serum mixture was incubated at 37°C for 1 hour then 100 pl of the mixture was
subsequently added to the VeroE6 cells in duplicates. After 48 hours of incubation at 37°C cells were washed once with PBS and
fixed with 4% formaldehyde solution for 30 minutes at room temperature. Cells were washed once with PBS and plates were put
at 70°C for 15 minutes for a second inactivation. Staining was performed outside the BSL3 laboratory with 50 pl of 0.1% crystal violet
solution for 20 minutes at RT. Wells were washed 3 times with water and plates were dried, scanned and analyzed for the density of
live violet stained cells using Imaged software (National Institutes of Health). For each 96-well plate, at least 4 wells were treated with a
negative pool of sera from pre-pandemic healthy donors and 4 wells with virus only and used as negative and positive controls
respectively. The percent inhibition of cytopathic effect of the virus was calculated using the formula: % Inhibition = ([cell density
Test dilution — cell density with virus only] / [cell density negative control no virus infection — cell density with virus only]) x 100. Serum
dilution response inhibition curves were generated with GraphPad Prism 8.3.0 using NonLinear four parameter curve fitting analysis
of thelog(agonist) versusresponse. Neutralization ECsq and ECgg values were calculated using the GraphPad prism NonLinear four
parameter curve fitting analysis.

Spike-pseudotyped lentivector production and neutralization assays

HDM-IDTSpike-fixK plasmid (BEI catalog number NR-52514, obtained from J.D. Bloom, Fred Hutchinson Cancer Research
Center) encoding the Wuhan-Hu-1 (or 2019-nCoV) SARS-Cov2 Spike (GenBank NC_045512) was modified using QuickChange
mutagenesis to generate mutants with D614G alone or in combination with A222V, N439K, S477N and E484K/N501Y
and K417N/E484K/N501Y as previously described (Fenwick et al., 2021b). Spike-pseudotyped lentivectors were generated by
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co-transfecting HDM-IDTSpike-fixK, pHAGE2-CMV-Luc-ZSgreen, Hgpm2, REV1b and Tat1b (a kind gift from J.D. Bloom, Fred
Hutchinson Cancer Research Center) plasmids into 293T cells for 24 hours with the following ratio 3/9/2/2/2 (18 pg/ 56.7cm2 plate)
using Fugene transfection reagent (Promega). The following day, cells were transferred in EpiSerf medium, and cell supernatants
were collected after 8 hours and 16 hours. Harvested supernatants were pooled, clarified by low-speed centrifugation, filtered to re-
move cell debris and aliquoted. Pseudoviruses encoding Spike Q493K and S494P mutations were generated using the appropriate
pCAGGS-SARS2-S D614G-d18 Spike mutant vectors (Wang et al., 2020a) co-transfected with pMDL p.RRE, pRSV.Rev and pUltra-
Chili-Luc vectors (Addgene) into 293T cells in DMEM medium + 10% FCS using Fugene 6 (Promega) according to the manufacturer’s
protocol. Following a two day incubation in cell culture, pseudoviruses were harvested from the cell culture supernatant and treated
as described above. In the pseudoviral neutralization assay, 293T cells stably expressing the ACE2 receptor were suspended in
DMEM medium with 10% FCS and seeded at 1.0x10* cells per well into 96-well plates. After 5 hours in cell culture at 37°C,
three-fold dilutions of serum samples were prepared and pre-incubated with the same amount of each pseudovirus in a final volume
of 100 pL in DMEM + 10% FCS. Following a further 1 hour incubation at 37°C, the pseudoviruses/serum mixture was added to the
293T ACE2 cells. After 48 hours of incubation at 37°C, a luciferase assay was performed to monitor pseudoviral infection, using the
ONE-Step Luciferase assay system as recommended by the manufacturer (BPS Bioscience). Viral neutralization resulted in the
reduction of the relative light units detected. Neutralization ECso and ECg values were calculated using the GraphPad prism
NonLinear four parameter curve fitting analysis.

Cryo-EM sample preparation

For cryo-EM, P5C3 Fab with Spike D614G complexes (3 uL aliquot of Spike with Fab (1:4 molar ratio)) were almost immediately
applied to a freshly glow-discharged Quantifoil holey carbon grids (R2.0/2.0, 200 mesh, copper) at 1 mg/ml and. The grids were
placed in an automatic plunge freezing apparatus Vitrobot Mark IV (Thermo Fisher, Hillsboro, USA) to control humidity (100%)
and temperature (22°C). The blotting time was set for 2.0-3.0 s using filter paper (grade 595, Ted Pella Inc.) before vitrification in liquid
ethane.

Cryo-EM data collection and image processing

Dose-fractionated images (i.e., movies) were recorded with a FEI Titan Krios (Thermo Fisher), operated at 300kV, and equipped with a
Gatan Quantum-LS energy filter (20 eV zero-loss energy filtration) followed by a Gatan K2 Summit direct electron detector. Images
were recorded in counting mode, at a magnification yielding a physical pixel size of 0.82A at the sample level. Images were automat-
ically recorded with the SerialEM program (Mastronarde, 2005). A defocus range of 0.8-2.5 um was applied with a nominal magni-
fication of x105 000, corresponding to a calibrated pixel size of 0.82 A/pixel and with a total dose of 38e/A%. All data processing was
performed in cryoSPARC v.3.0.1, movie frame alignment, estimation of the microscope contrast-transfer function parameters, par-
ticle picking and extraction (extraction box size 600 pixels?) were carried out using cryoSPARC v.3.0.1 (Punjani et al., 2017). Next,
several round of reference-free 2D classification were performed to remove artifacts particles using cryoSPARC v.3.0.1 (Punjani
et al., 2017). Approximately 2 million of particles were used to generate four Ab initio volumes were generated, with one class of
585 005 particles revealing an S-trimer complexed with 3 Fabs. The map of interest was processed by non-uniform refinement
with C1 symmetry to generate a map with a resolution of 3.5A. Next, to improve the Fab RBD interface resolution, a local refinement
was performed with mask shown in Figure S4A. All procedures were carried out in cryoSPARC v3.1.0 (Punjani et al., 2017). The re-
ported resolutions are based on the gold-standard Fourier shell correlation curves (FSC = 0.143) criterion (Rosenthal and Henderson,
20083).

Cryo-EM model building and analysis

UCSF Chimera (Pettersen et al., 2004) and Coot (Emsley et al., 2010) were used to fit atomic model (PDB ID: 7K4N) (Tortorici et al.,
2020) into the cryo-EM map. The model was refined using iterative real-space refinements in PHENIX (Adams et al., 2010). After
several round of real-space refinement, when visible side-chains orientations were manually adjusted in Coot (Emsley et al., 2010)
to ensure energy-favored geometry. Analysis of Map and model was validated using MolProbity (Chen et al., 2010) and EMringer
(Barad et al., 2015). Figures were generated using UCSF ChimeraX (Goddard et al., 2018) and PyMOL (Schrédinger, Inc).

Hamster challenge model SARS-CoV-2 infection

KU LEUVEN R&D has developed and validated a SARS-CoV-2 Syrian Golden hamster infection model that is suitable for the eval-
uation of potential antiviral activity of novel antibodies (Boudewijns et al., 2020; Kaptein et al., 2020; Sanchez-Felipe et al., 2021). The
hamster infection model of SARS-CoV-2 has been described before (Boudewijns et al., 2020; Sanchez-Felipe et al., 2021). Female
hamsters of 6-8 weeks old were administered IgG1 isotype control (5 mg/kg) or P5C3 (5 mg/kg, 1 mg/kg or 0.5 mg/kg) by intraper-
itoneal injection. Two days later, hamsters were anesthetized with ketamine/xylazine/atropine, blood samples were collected and
animals were inoculated intranasally with 2.4 x 10° median tissue culture infectious dose (TCIDsg) of SARS-CoV-2 (day 0). Hamsters
were monitored for appearance, behavior and weight. Antibody concentrations present in the hamster plasma on day 0 of the study
were performed using the Luminex assay described above with Spike trimer coupled beads and using purified P5C3 antibody to
generate a standard curve. At day 4 post infection, hamsters were sacrificed and lung tissues were homogenized using bead disrup-
tion (Precellys) in 350 puL TRK lysis buffer (E.Z.N.A. Total RNA Kit, Omega Bio-tek) and centrifuged (10,000 rpm, 5 min) to pellet the cell
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debris. RNA was extracted according to the manufacturer’s instructions. Of 50 uL eluate, 4 uL was used as a template in RT-gPCR
reactions. RT-gPCR was performed on a LightCycler96 platform (Roche) using the iTag Universal Probes One-Step RT-gPCR kit
(BioRad) with N2 primers and probes targeting the nucleocapsid (Boudewijns et al., 2020). Standards of SARS-CoV-2 cDNA (IDT)
were used to express viral genome copies per mg tissue. For end-point virus titrations, lung tissues were homogenized using
bead disruption (Precellys) in 350 puL minimal essential medium and centrifuged (10,000 rpm, 5min, 4°C) to pellet the cell debris.
To quantify infectious SARS- CoV-2 particles, endpoint titrations were performed on confluent Vero E6 cells in 96- well plates. Viral
titers were calculated by the Reed and Muench method using the Lindenbach calculator and were expressed as 50% tissue culture
infectious dose (TCID5p) per mg tissue.

Pharmacokinetic studies in human FcRn transgenic mice

Pre-treatment sera was collected from each of the mice and the following day mice were administered 2 mg/kg of either P5C3 IgG1 or
P5C3 IgG1 LS antibodies by retro-orbital injection. Blood was recovered by facial vein collection atdays 1, 2, 3, 4, 5,6, 7, 10, 14, 17,
22,28, 35, 42 and 49 of the study. Serum samples were stored at —20°C until the end of the study when antibody concentrations were
determined in parallel analysis using the Luminex anti-Spike binding assay with purified P5C3 and P5C3 LS used to generate stan-
dard binding curves.

QUANTIFICATION AND STATISTICAL ANALYSIS

All Luminex binding studies for Spike affinity and for detection of P5C3 antibody levels in plasma from hamsters and serum from
hFcRn mice were performed with a 200 Bioplex instruments with data analysis and visualized using GraphPad Prism 8.3.0.

Cytopathic effect in the live virus neutralization assays was monitored by analyzing the density of live violet stained cells at a given
concertation of antibody using Imaged software (National Institutes of Health). Data analysis and figures were visualized using Graph-
Pad Prism 8.3.0.

Luciferase signals detected for the SARS-CoV-2 Spike pseudoviral assays were measured on a Synergy H1 instrument (BioTek)
using the Gen5 Software and with data analysis and visualized using GraphPad Prism 8.3.0.

Statistical parameters including the exact value of n, the definition of center, dispersion, and precision measures (Mean or Median
+ SEM) and statistical significance are reported in the Figures and Figure Legends. Data were judged to be statistically significant
when p < 0.05. In Figures, asterisks denote statistical significance as calculated using the two-tailed non- parametric Mann-Whitney
U test for two groups’ comparison. Analyses were performed in GraphPad Prism (GraphPad Software, Inc.) and Microsoft Excel.
In vivo terminal half-lives for P5C5 and P5C3 LS were calculated using a one-phase exponential decay analysis.
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