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SUMMARY

Emerging severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants
of concern pose a challenge to the effectiveness of current vaccines. A vaccine that
could prevent infection caused by known and future variants of concern as well as
infection with pre-emergent sarbecoviruses (i.e., those with potential to cause dis-
ease in humans in the future) would be ideal. Here we provide data showing that
potent cross-clade pan-sarbecovirus neutralizing antibodies are induced in survivors
of severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1) infection who have
been immunized with the BNT162b2 messenger RNA (mRNA) vaccine. The antibod-
ies are high-level and broad-spectrum, capable of neutralizing not only known
variants of concern but also sarbecoviruses that have been identified in bats and
pangolins and that have the potential to cause human infection. These findings
show the feasibility of a pan-sarbecovirus vaccine strategy. (Funded by the Singapore
National Research Foundation and National Medical Research Council.)

HE CORONAVIRUS DISEASE 2019 (COVID-19) PANDEMIC THAT STARTED IN

December 2019 is caused by SARS-CoV-2.! SARS-CoV-2 shares an overall

genome sequence identity of approximately 80% with SARS-CoV (referred
to here as SARS-CoV-1 to avoid confusion). SARS-CoV-1 was responsible for the
SARS outbreak in 2002-2003, which included more than 8000 infections and more
than 700 deaths worldwide.?

SARS-CoV-1 and SARS-CoV-2 belong to the species SARS-related coronavirus
(subgenus sarbecovirus, genus betacoronavirus).® Antigenically, the two coronaviruses
are placed in two distinct phylogenetic clades'*; convalescent serum specimens
from patients with SARS or Covid-19 lack cross-neutralization,’ despite the major-
ity of survivors of SARS-CoV-1 infection continuing to have detectable neutralizing
antibodies against the homologous SARS-CoV-1 virus 17 years after infection.’

In this study, we investigated the possibility of a cross-clade boost of broad-spec-
trum neutralizing antibodies in survivors of SARS-CoV-1 infection in Singapore who
had received the BNT162b2 mRNA vaccine (Pfizer-BioNTech) against SARS-CoV-2.

METHODS

SERUM SPECIMENS
Five serum panels were included in this study. The SARS-CoV-1-patient panel con-
sisted of serum specimens obtained from 10 SARS-CoV-1 infection survivors in Singa-
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pore at different time points (2012 and 2020)
before the vaccination program started in Janu-
ary 2021. The SARS-CoV-2—patient panel consist-
ed of 10 serum specimens obtained from patients
with SARS-CoV-2 infection during 2020 as part
of a national longitudinal study. The healthy—
vaccinated panel consisted of 10 serum specimens
obtained at day 14 after the second dose of the
BNT162b2 mRNA vaccine, which is equivalent to
35 days after the first dose. The SARS-CoV-2—
vaccinated panel consisted of 10 serum speci-
mens obtained from Covid-19 survivors who had
received two doses of BNT162b2 vaccine. The
SARS-CoV-1-vaccinated panel consisted of 8 se-
rum specimens obtained from SARS-CoV-1 in-
fection survivors 21 to 62 days after the first
BNT162b2 vaccination; 4 of the 8 specimens
were obtained from patients whose serum was
in the SARS-CoV-l-patient panel. Written in-
formed consent was obtained from all patients
whose serum was included in the study, and ethics
approval was obtained from the National Health-
care Group and the National University of Singa-
pore. The authors vouch for the accuracy and
completeness of the data presented in this report.

SURROGATE VIRUS NEUTRALIZATION TESTS

Two different methods of performing surrogate
virus neutralization tests (SVNTs) were used in
this study. The singleplex sVNTs for SARS-CoV-1
and SARS-CoV-2 have been described previously®
and are briefly described in the Methods section
of the Supplementary Appendix, available with
the full text of this article at NEJM.org. The sVNT
kit for SARS-CoV-2 has been commercialized un-
der the trade name cPass (GenScript), with Food
and Drug Administration emergency use autho-
rization granted in November 2020.

For multiplex sVNTs, we adapted the sVNT us-
ing the Luminex platform as described previously.”
AviTag-biotinylated receptor-binding domain
(RBD) proteins from 10 different sarbecoviruses
were coated on MagPlex-Avidin microspheres
(Luminex) at 5 ug per 1 million beads (see the
Methods section of the Supplementary Appendix).
RBD-coated microspheres (600 beads per anti-
gen) were preincubated with serum at a final
dilution of 1:20 or greater for 1 hour at 37°C
with 800 rpm agitation. After 1 hour of incuba-
tion, 50 wl of phycoerythrin (PE)-conjugated
human angiotensin-converting enzyme 2 (ACE2)
(hACE2; 1 ug per milliliter; GenScript) was added
to the well and incubated for 30 minutes at 37°C
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with agitation, followed by two washes with 1%
bovine serum albumin in phosphate-buffered
saline (PBS). The final readings were acquired
with the use of the MAGPIX system (Luminex).

B-CELL PROFILING

For flow-cytometry analysis, cryopreserved pe-
ripheral blood mononuclear cells were thawed
and surface stained for SARS-CoV-1-specific and
SARS-CoV-2—specific B cells with the use of RBD
bait tetramers (see the Methods section of the
Supplementary Appendix). In brief, thawed pe-
ripheral blood mononuclear cells were incubated
for 40 minutes at room temperature with SARS-
CoV-1 RBD tetramers and SARS-CoV-2 RBD tet-
ramers with 10% fetal bovine serum (FBS) in
fluorescence-activated cell sorting (FACS) staining
buffer (PBS supplemented with EDTA [2 mmol per
liter] and 2% FBS), after which staining with
surface panel fluorochrome-conjugated antibod-
ies was performed. Surface staining was per-
formed with viability dye (LIVE/DEAD Fixable
Aqua Dead Cell Stain [Invitrogen]), anti-human
CD3 antibody conjugated with fluorescein iso-
thiocyanate (FITC), anti-human CD14 antibody
conjugated with FITC, anti-human CD56 anti-
body conjugated with FITC, anti-human CD19
antibody conjugated with PE-Cy5, anti-human
CD27 antibody conjugated with APC-H7, and
anti-human CD38 antibody conjugated with
BV786 for 30 minutes in FACS staining buffer at
4°C. Stained cells were washed twice with FACS
staining buffer and acquired on the same day.
Samples were acquired on a BD LSRFortessa
analyzer or BD FACSAria III (BD Biosciences)
equipped with 355-nm, 405-nm, 488-nm, 561-nm,
and 640-nm lasers. SARS-CoV-1-specific and
SARS-CoV-2—specific B cells were quantified by
gating on CD19+ B cells after excluding Aqua-
positive (dead) cells and CD3+, CD14+, and
CD56+ cells.

STATISTICAL ANALYSIS

Data processing and analysis were performed
with R software, version 4.0.2 (R Project for Sta-
tistical Computing) with the Tidyverse package,
version 1.3.0. Continuous variables were compared
between the reference group and the compari-
son group with the use of Wilcoxon signed-rank
tests. All tests were two-sided, and a P value of
less than 0.05 was considered to indicate statisti-
cal significance. Box plots and scatterplots were
generated with the ggplot2 package in R soft-
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ware, version 3.3.2. A binomial linear model was
fitted to examine the relationship between the
inhibition of ACE2-RBD interaction and pan-sar-
becovirus monoclonal antibody concentration.

RESULTS

BOOSTING OF NEUTRALIZING ANTIBODIES AGAINST
SARS-COV-1 AFTER SARS-COV-2 VACCINATION
To examine whether persons who have previously
been exposed to sarbecovirus in one clade can
have boosting of broad pan-sarbecovirus neu-
tralizing antibodies through vaccination with the
spike (S) protein of sarbecovirus from a different
clade, we assessed eight survivors of SARS-CoV-1
infection in Singapore for neutralizing antibod-
ies against both SARS-CoV-1 and SARS-CoV-2.
For quantitative comparisons of neutralizing
antibodies, we used the sVNT platform our group
had previously developed, which has good con-
cordance with the live-virus neutralization test.*8
Before vaccination, survivors of SARS-CoV-1 in-
fection had detectable neutralizing antibodies
against SARS-CoV-1 but no or only low levels of
anti-SARS-CoV-2 neutralizing antibodies (Table S1
in the Supplementary Appendix). After receiving
two doses of the BNT162b2 mRNA vaccine, all
eight participants had high levels of neutralizing
antibodies against both SARS-CoV-1 and SARS-
CoV-2. Participants 1 and 4, whose serum sam-
ples had been obtained after receipt of a single
dose of mRNA vaccine, showed saturation (100%)
inhibition against SARS-CoV-2, a level similar to
that in the other six participants, who had re-
ceived two doses. A uniform boosting of anti—
SARS-CoV-1 neutralizing antibodies was also ob-
served, regardless of the baseline level before
vaccination.

ANTIBODY CROSS-NEUTRALIZATION

AGAINST DIFFERENT SARBECOVIRUSES

We then examined the breadth of antibody
cross-neutralization against 10 different sarbe-
coviruses — 7 from the SARS-CoV-2 clade (the
original strain of SARS-CoV-2; SARS-CoV-2 vari-
ants of concern B.1.1.7 [or alpha],’ B.1.351 [or
beta],’® and B.1.617.2 [or delta]'!; bat coronavirus
RaTG13'; and pangolin coronaviruses GD-1'2
and GX-P5L'?) and 3 from the SARS-CoV-1 clade
(SARS-CoV-1, bat WIV1," and bat RsSHC014%3).
These viruses were chosen on the basis of their
broad representation of the known sarbecovirus
RBD phylogenetic spectrum (Fig. S1). To achieve
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more accurate and reproducible side-by-side
comparison of neutralizing antibody levels, we
modified the original sVNT by adapting it onto
the Luminex platform to achieve multiplexity.

As shown in Figure 1A, the SARS-CoV-1-vac-
cinated serum panel was the only group with a
broad spectrum of neutralizing antibodies against
all 10 sarbecoviruses, whereas the other four
serum panels showed a clear gradient of neutral-
izing antibody levels, with the highest targeting
the homologous virus of exposure or vaccination.
Because the assay was performed with a fixed
dilution of 1:20 for all serum samples, the SARS-
CoV-1-vaccinated panel showed a near satura-
tion neutralization for all samples against the
10 viruses.

To better compare the neutralizing antibody
titers for the different serum panels, the 50%
neutralization titer was determined by serial di-
lution (Fig. 1B). This analysis confirmed that the
SARS-CoV-1-vaccinated panel was the only one
showing true pan-sarbecovirus neutralizing anti-
bodies against all viruses examined in this study.
Although the SARS-CoV-2-vaccinated panel
showed enhanced levels of neutralizing antibod-
ies against viruses in the SARS-CoV-2 clade, the
neutralizing antibody level against viruses in the
SARS-CoV-1 clade was still significantly lower
than it was in the SARS-CoV-1-vaccinated panel.

EFFECT OF CROSS-CLADE PRIME AND BOOST

We hypothesized that the pan-sarbecovirus
neutralizing antibodies observed in the SARS-
CoV-1-vaccinated serum specimens were a result
of enrichment of cross-reacting neutralizing
antibodies from a cross-clade prime (infection)
and boost (vaccination). To test this hypothesis,
we used two different approaches. First, we con-
ducted a competition study using monoclonal
antibody 5B7D7, which is known to bind to all
10 RBDs and is capable of neutralizing all 10
sarbecoviruses (Fig. S2A). The data shown in
Fig. S2B clearly indicate that the SARS-CoV-1-
vaccinated panel is the only group of serum
specimens that maintained a high level of inhi-
bition against all viruses, confirming the find-
ings shown in Figure 1A and 1B. In addition,
the boosting of cross-reacting neutralizing an-
tibodies in the SARS-CoV-1-vaccinated serum
specimens was further confirmed by direct
staining of B cells with the use of virus-specific
RBD proteins. As shown in Figure 1C and 1D,
the double-stained B cells (i.e., B cells that bind
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were significantly enriched in the SARS-CoV-1-
vaccinated panel as compared with both the
healthy—vaccinated and SARS-CoV-2-vaccinated
panels.
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Within the past two decades, we have had three
major human infectious disease outbreaks caused
by zoonotic coronaviruses — SARS in 2002-2003,
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Figure 1 (facing page). Boosting of Cross-Clade
Pan-Sarbecovirus Neutralizing Antibodies.

Panel A shows the multiplex surrogate virus neutral-
ization test (sVNT) analysis of five panels of human
serum specimens against 10 different sarbecoviruses.
All serum was used at a dilution of 1:20. A cutoff of
30% was set as previously determined. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
was used as the reference for comparison. The serum
panels were as follows: SARS-CoV-1-patient, serum
specimens from survivors of SARS-CoV-1 infection;
SARS-CoV-2—patient, serum specimens obtained dur-
ing 2020 from patients with SARS-CoV-2 infection;
healthy—vaccinated, serum specimens obtained from
healthy persons at day 14 after the second dose of
the BNT162b2 messenger RNA vaccine; SARS-CoV-2—
vaccinated, serum specimens obtained from Covid-19
survivors who had received two doses of BNT162b2
vaccine; and SARS-CoV-1-vaccinated, serum speci-
mens obtained from SARS-CoV-1 infection survivors
21 to 62 days after the first dose of BNT162b2 vac-
cine. Panel B shows titration of neutralizing antibod-
ies expressed as the 50% neutralization titer (NTsp)
with the use of the same serum panels and viruses as
in Panel A. Specimens were tested at dilutions from
1:20 to 1:20,480 by means of serial titration. The
SARS-CoV-1-vaccinated panel was used as the refer-
ence group. A cutoff of 1:100 is indicated by the
dashed line. Panel C shows representative flow cy-
tometry plots for the SARS-CoV-1-vaccinated panel
(5 specimens), the healthy—vaccinated panel (6 speci-
mens), and the SARS-CoV-2-vaccinated panel (5
specimens), indicating the frequency of cells positive
for both SARS-CoV-1 and SARS-CoV-2. Panel D shows
a plot of the frequency of cells positive for both
SARS-CoV-1 and SARS-CoV-2 among all SARS-CoV-1-
positive or SARS-CoV-2—positive cells. The SARS-
CoV-1-vaccinated panel was used as the reference
group. Box plots (Panels A, B, and D) show all data
points; the whiskers indicate the range, the top and
bottom of each box the 75th and 25th percentiles,
and the horizontal line inside each box the 50th per-
centile. Significance was determined with a Wilcoxon
signed-rank test. P values are indicated above each
plot. A P value of less than 0.05 was considered to in-
dicate statistical significance. Viruses from the SARS-
CoV-1 clade are shaded in gray in Panels A and B.

Middle East respiratory syndrome (MERS) since
2012, and Covid-19 since December 2019.** All
three outbreaks caused devastating human and
economic losses worldwide. For SARS-CoV-1 and
MERS coronavirus, we still do not have a licensed
vaccine. For SARS-CoV-2, the unprecedented
speed of vaccine development has resulted in sev-
eral licensed vaccines for mass vaccination in
humans.”

The recent emergence of SARS-CoV-2 variants
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that can partially evade the immune response to
vaccines that are based on the original virus
strain'®?® heightens the need for a second-gener-
ation coronavirus vaccine that will be protective
against infection by all known and any future
SARS-CoV-2 variants. Efforts are in progress to
develop such a vaccine.”

However, a “dream” vaccine would cover not
only SARS-CoV-2 and its known variants of con-
cern but also future variants of concern and other
coronaviruses with known potential to cause se-
vere human diseases in the future,® most likely
from the genus betacoronavirus.® Although calls
have been made for developing pan-betacorona-
virus or pan-coronavirus vaccines,” a more real-
istic and urgent goal is for a pan-sarbecovirus
vaccine or a third-generation coronavirus vaccine.
First, given their high transmissibility in humans,
the sarbecoviruses pose a higher risk than the
other, non-sarbecovirus zoonotic coronaviruses,
despite the fact that MERS has the highest case
fatality rate among the illnesses caused by these
viruses." Second, all zoonotic sarbecoviruses
identified to date use hACE2 as the entry recep-
tor, which ensures a higher chance of success in
generating a pan-sarbecovirus vaccine by induc-
ing cross-neutralizing antibodies that block the
common hACE2-virus interaction. A deep muta-
genesis study of various sarbecovirus RBDs indi-
cated mutational constraints on folding and
ACE2 binding.* Such constraints may explain the
existence of highly conserved — but not immuno-
dominant — cross-clade neutralizing epitopes in
sarbecovirus RBDs. This finding also points to
a potential pan-sarbecovirus vaccine candidate
that will induce strong cross-clade neutralizing
antibodies targeting the more conserved epitopes
that play a role in virus neutralization, whether
they are located within or outside the direct
RBD-ACE?2 interface.*

The findings from the current study showed
the efficient induction of high-level and broad-
spectrum pan-sarbecovirus neutralizing anti-
bodies that can neutralize all variants of concern
and five pre-emergent sarbecoviruses. Our find-
ings showed the feasibility of achieving pan-
sarbecovirus neutralization through cross-clade
boosting. Previous studies have provided proof-
of-concept data for a pan-sarbecovirus vaccine in
studies in animals.?*? In comparison, our study
showed boosting of pan-sarbecovirus neutraliz-
ing antibodies in humans that was more uniform
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and stronger than that observed in animals. Such
a high level of pan-sarbecovirus neutralizing anti-
body boosting may be achievable with a single-
dose cross-clade boosting vaccination, as indicated
with the serum from two of the eight participants
in our study.

The newly developed multiplex sVNT used in
this study can play a pivotal role in studies that
require accurate side-by-side comparison of neu-
tralizing antibody levels against different virus-
es. This is especially important when not all live
viruses are available, as is the case for bat coro-
navirus RaTG13,' bat coronaviruses WIV1 and
RsSHCO014," and pangolin coronaviruses GD-1 and
GX-P5L. Although we are aware that neutralizing
antibodies targeting non-RBD regions do exist,*
multiple studies have shown that for sarbecovi-
ruses, the majority of neutralizing antibodies tar-
get the immunodominant RBD.** Previous studies
have indicated that the RBD-based sVNT has a
high concordance with live virus—based neutraliza-
tion tests.>® We have provided further data on the
concordance between the sVNT and a pseudotyped
virus neutralization test for three selected sarbeco-
viruses (see the Supplementary Appendix).

The current data in humans were obtained
from SARS-CoV-1 infection survivors immunized
with a SARS-CoV-2 S-based mRNA vaccine. Fur-
ther investigation is needed to address whether
serial administration of vaccines based on two
distantly related S or RBD proteins in the reverse
order — that is, priming from the SARS-CoV-2
clade followed by boosting from the SARS-CoV-1
clade — will produce a similar level of pan-sar-
becovirus neutralizing antibodies. If successful,
this will lay a strong foundation for the develop-
ment of a third-generation Covid-19 vaccine for
controlling current and emerging variants of
concern, as well as for preventing future sarbe-
covirus pandemics.
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