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Abstract

Serological and plasmablast responses and plasmablast-derived IgG monoclonal antibod-
ies (MADbs) have been analysed in three COVID-19 patients with different clinical severities.
Potent humoral responses were detected within 3 weeks of onset of illness in all patients
and the serological titre was elicited soon after or concomitantly with peripheral plasmablast
response. An average of 13.7% and 3.5% of plasmablast-derived MAbs were reactive with
virus spike glycoprotein or nucleocapsid, respectively. A subset of anti-spike (10 of 32) anti-
bodies cross-reacted with other betacoronaviruses tested and harboured extensive somatic
mutations, indicative of an expansion of memory B cells upon SARS-CoV-2 infection. Four-
teen of 32 anti-spike MADbs, including five anti-receptor-binding domain (RBD), three anti-
non-RBD S1 and six anti-S2, neutralised wild-type SARS-CoV-2 in independent assays.
Anti-RBD MAbs were further grouped into four cross-inhibiting clusters, of which six antibod-
ies from three separate clusters blocked the binding of RBD to ACE2 and five were neutral-
ising. All ACE2-blocking anti-RBD antibodies were isolated from two recovered patients with
prolonged fever, which is compatible with substantial ACE2-blocking response in their sera.
Finally, the identification of non-competing pairs of neutralising antibodies would offer poten-
tial templates for the development of prophylactic and therapeutic agents against SARS-
CoV-2.
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Author summary

The global COVID-19 outbreak poses a serious threat to human health and antibody-
mediated immunity plays a key role in controlling acute viral infection in humans. We
report the complete mapping of antibody responses, from serology through to single plas-
mablast-derived antibody clone, in three COVID-19 patients with different severities. The
data show that a subset of anti-spike plasmablast-derived antibodies cross-react with
other betacoronaviruses including human coronavirus OC43, which suggests an expan-
sion of memory B cells upon SARS-CoV-2 infection. Anti-SARS-CoV-2 spike antibody
clones target a diverse spectrum of epitopes on the receptor-binding domain (RBD), non-
RBD S1 and S2 regions of the spike glycoprotein, 40% of them neutralise wild-type SARS-
CoV-2. Anti-RBD antibodies constitute a major part of neutralising antibody response.
Potent antibodies target three non-overlapping epitopes on the RBD, and the neutralising
activity is linked to ACE2-binding blockade. Combinations of multiple antibody clones
targeting non-overlapping epitopes offer a potential avenue to combat the global
outbreak.

Introduction

In late 2019, a novel coronavirus emerged and was identified as the cause of a cluster of respi-
ratory infection cases in Wuhan, China. It spread quickly around the world. In March of 2020
a pandemic was declared by the World Health Organization, the virus was formally named as
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and the resulting disease
was named COVID-19. As of 1 April 2021, there have been over 128 million confirmed cases
of SARS-CoV-2 infection with over two million deaths (World Health Organization, https://
covid19.who.int/).

There is no fully effective drug for COVID-19. Antibodies neutralise SARS-CoV-2 in vitro,
consistent with the induction of neutralising antibodies and protection from disease seen after
vaccination [1,2], and antibodies may be an effective treatment for COVID-19 in clinical prac-
tice. Convalescent plasma is being tested in clinical trials as a therapy for COVID-19 [3,4], and
may be effective if given early after infection [5]. It was previously used in the treatment of
SARS [6]. The virus spike, a trimeric glycoprotein on the viral surface, is a target of neutralising
antibodies, and plays a central role in receptor binding and membrane fusion. The spike is
composed of two functional subunits; the S1 subunit contains the receptor-binding domain
(RBD) that is required for binding to host cell ACE2 receptor and the N-terminal domain
(NTD) and the S2 subunit mediates the fusion of the viral and host cell membranes [7].

B cell responses in COVID-19 patients have been detected concomitantly with follicular
helper T cell responses from week one after illness onset [8]. In SARS patients, B cell responses
typically arise first against the nucleocapsid protein then, within four to eight days after symp-
tom onset, antibody responses to spike glycoprotein have been found; neutralising antibody
responses begin to develop by week two, and most symptomatic patients develop neutralising
antibodies by week three [9]. Two serological studies of COVID-19 patients showed anti-
SARS-CoV-2 IgG seroconversion at week three after onset and some cross-reactivity to nucle-
ocapsid of SARS [10,11].

Antibodies may play a role in protection against SARS-CoV-2 infection. The underlying B-
cell response leading to the rapid production of plasmablasts (antibody-secreting cells) that
secrete antibodies upon natural SARS-CoV-2 exposure/infection is only beginning to be
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understood [8]. Here, we characterised the infection-induced serological and plasmablast
responses and the derived IgG anti-SARS-CoV-2 spike glycoprotein and nucleocapsid mono-
clonal antibodies (MAbs) from adult patients with laboratory-confirmed COVID-19. The anti-
genic specificity and breadth of antibodies and the sequence of their variable domains have
been characterised in detail. Virus neutralising antibodies were detected that bound epitopes
on receptor-binding domain, non-RBD regions of the S1 polypeptide, and the S2 polypeptide
of the spike glycoprotein.

Results

Serological response and anti-spike glycoprotein and anti-nucleocapsid IgG
antibodies from circulating plasmablasts

Serum IgG antibodies to the virus spike glycoprotein and the isolated RBD were analysed by
indirect enzyme-linked immunosorbent and flow cytometry assays in three patients with labo-
ratory-confirmed COVID-19. The clinical characteristics of the three patients studied are
shown in §1 Table. Antibodies to spike glycoprotein and RBD were detected in all three
patients after week 3 of illness onset (Fig 1A). Case A showed a robust response to spike glyco-
protein and the isolated RBD by day (D) 22 (D22). Longitudinal sera from case B and C
showed lower anti-spike glycoprotein and RBD IgG titres at week 1 or the beginning of week 2
and an elevated titre that peaked at the end of week 2 through week 3 (a peak 50% effective
dilution (EDs5y) titre to RBD 1:1,051 at D18 in case B and 1:588 at D14 in case C). Case B had
prolonged fever and developed pneumonia at the end of week 2, which was followed by a
robust increase of anti-spike glycoprotein and RBD IgG titres at week 3 (Fig 1A, S1 Table). By
contrast, case C experienced a two-day course of febrile illness and reduction of all symptoms
within the first week, followed by anti-spike glycoprotein and RBD IgG titres that peaked ear-
lier at the end of week 2 (Fig 1A, S1 Table).

An increased frequency of circulating plasmablasts was detected in all three patients
(healthy adults baseline less than 1%) [8] (Fig 1B). In case A, a plasmablast response containing
a substantial IgG subset was detected at the end of week 2 (D14), followed by a high serological
titre at week 3 (D22). Case B had a robust plasmablast response at the end of week 2 (D14) but
the IgG plasmablast subset continued to rise, dominated at week 3 (D18), but then subsided at
the beginning of week 4 (D22), which is compatible with high anti-spike glycoprotein and
RBD IgG serological titres at week 3. Case C produced a significant early plasmablast response
at the end of week 1 (D6), the IgG plasmablast subset dominated at the same time, and both
the plasmablast response and its IgG subsets subsided at the end of week 2 (D14).

Circulating plasmablasts were identified and used to generate human IgG monoclonal anti-
bodies (MAbs) from the three patients (Fig 2A). A total of 219 plasmablast-derived IgG MAbs
were produced, of which 40 (5 of 50 from case A, 27 of 131 from case B, 8 of 38 from case C)
were shown to bind spike glycoprotein or nucleocapsid antigens of SARS-CoV-2 by one or
more of the following: staining of spike glycoprotein, RBD and NTD-expressing cells, ELISA,
or immunofluorescence and specific virus neutralisation (Table 1). Averages of 13.7+6.8%
(6.0-18.4%) and 3.5+0.8% (2.6-4.0%) of plasmablast-derived IgG MAbs were reactive with
virus spike glycoprotein and nucleocapsid, respectively.

Genetic and phenotypic characteristics of anti-spike glycoprotein
antibodies

Among 32 anti-spike MAbs, 10 bound to the RBD, 13 to non-RBD §1, and the other 9 to the
S2 subunit of the SARS-CoV-2 spike glycoprotein (Table 1, Fig 2A). Twenty-four of these
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Fig 1. The IgG serology and plasmablast response to acute SARS-CoV-2 infection among enrolled patients. (A) The binding activity of post-infection sera IgG
with SARS-CoV-2 spike glycoprotein in an ELISA and SARS-CoV-2 RBD assessed by flow cytometry on transduced cells, among enrolled patients. Each
experiment was repeated twice. Values are presented as mean + standard error of the mean. Two sera from healthy adults (one collected at day 28 post 2018-19
influenza vaccination and one collected from an influenza-infected patient 9 days after symptom onset) in 2018 were included as controls. Linear regression was
used to determine the 50% end-point dilution (EDs,). (B) The gating strategy used for peripheral total B cells, plasmablasts and IgG plasmablasts in flow cytometry.
The frequency of circulating plasmablasts (percentage of total B cells) among enrolled cases was measured by flow cytometry. Onset date (D = Day).

https://doi.org/10.1371/journal.ppat.1009352.g001

MAbs bound to virus antigens as assessed by immunofluorescence of SARS-CoV-2-infected
Vero E6 cells (S1 Fig, Table 1), suggesting that the majority of anti-spike glycoprotein human
antibodies recognise complex conformational epitopes on the virus glycoprotein.

Moderate binding was observed for a subset (4 of 9) of anti-S2 M Abs with full-length spike
glycoprotein ectodomain in the indirect ELISA but bound strongly to the isolated S2 subunit
(Fig 2B). All anti-S2 MADbs bound to the MDCK-SIAT1 cells transduced to express the prefu-
sion-stabilized spike antigen (S2 Fig).

Ten of 32 anti-SARS-CoV-2 spike glycoprotein MAbs cross-reacted with the glycoproteins
of other betacoronaviruses, including SARS, Middle East Respiratory Syndrome coronavirus
(MERS) or human common cold coronavirus OC43 in ELISA (Table 1), suggesting the pres-
ence of conserved epitopes on the spike glycoproteins of betacoronaviruses [12-14].

Each of 32 anti-spike glycoprotein MAbs was encoded by a unique set of heavy chain VD]
and light chain V] rearrangements in the variable domain (S2 Table). Fourteen of 32 SARS--
CoV-2 spike-reactive MAb genes possessed low numbers of somatic mutations resulting in 0
or 1 amino acid substitutions suggesting a de novo B cell response to the SARS-CoV-2 virus in
humans. Six of the 32 MAD genes possessed > 20 nucleotide mutations, and these cross-
reacted on other beta-coronaviruses, including OC43. Of the nine anti-S2 antibodies five
cross-reacted on OC43 virus and three of these also cross-reacted on MERS (Table 1). All five
cross-reactive anti-S2 antibodies had high rates of somatic mutation (25+5), indicating a mem-
ory phenotype.

The CDR3 length varied among anti-spike glycoprotein antibodies (52 Table). No signifi-
cant differences were found between anti-S2 and anti-S1 or anti-RBD subsets. Among anti-S2
MAbs, a significantly longer heavy chain CDR3 length was found in the cross-reactive group
compared to the specific group (Cross-reactive 20+2 versus Specific 1244, p = 0.02, two-tailed
Mann-Whitney test; Fig 2C), indicating that a long CDR3 may play a role in antigen binding,
which is also found in several broadly reactive human MAbs against human immunodefi-
ciency virus and influenza virus [15,16].

The relationship of the binding activity to CDR3 length of anti-RBD MAbs was further
characterised in detail. Using MDCK-SIAT1 cells transduced to express the RBD at the cell
surface (by linkage to a transmembrane domain from Influenza haemagglutinin) and flow
cytometry, binding activities of the anti-RBD M Abs were shown to vary with 50% binding
concentration from 0.10 to 1.70 pg/ml (S3 Fig). The MAbs with strong anti-RBD binding have
a relatively long heavy chain CDR3 length (50% binding concentration <0.5 pg/ml versus
>0.5 ug/ml, p = 0.03, two-tailed Mann-Whitney test; 54 Fig).

Neutralisation by anti-spike glycoprotein antibodies

The 32 anti-spike glycoprotein MAbs were systematically examined by plaque reduction neu-
tralisation (PRNT) assay for neutralisation of wild-type SARS-CoV-2 virus (see methods,
Table 1). A total of 14 neutralising antibodies distributed between different regions of the
spike glycoprotein were identified: 5 of 10 to RBD, 3 of 13 to S1 (non-RBD), 6 of 9 to S2. The
ECs, concentrations, as a measure of potency, ranged from 0.05 to ~133 nM (8 ng/ml—

~20 pg/ml).
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Fig 2. Plasmablast-derived IgG monoclonal antibodies from three COVID-19 patients. (A) A total of 219 IgG monoclonal antibodies were produced from
COVID-19 patients (50 from case A, 131 from case B, 38 from case C). An average of 13.7+6.8% and 3.5+0.8% of antibodies were reactive with spike glycoprotein
(S) and nucleocapsid (N) antigens of SARS-CoV-2, respectively. The data are presented as specificity, number of antibodies, and the percentage of total antibodies
isolated from each patient. (B) The binding activity of anti-SARS-CoV-2 MAbs with spike glycoprotein, RBD and the S2 subunit in ELISA. Anti-influenza H3
MAD BS-1A and anti-SARS RBD CR3022 were included as controls. Each experiment was repeated twice. The OD s, values are presented as mean * standard
error of the mean. Panels (C) and (D) show numbers of variable domain mutations in MAb genes and variation in MAb CDR3 lengths among anti-S2 and anti-N
MAbs, respectively. Antibodies that strongly cross-react with at least one betacoronavirus (SARS or MERS or OC43) were defined as cross-reactive MAbs. CDR3
length and mutation numbers are presented as mean + standard error of the mean (anti-S2, specific, n = 4 versus cross-reactive, n = 5; anti-N, specific, n = 3
versus cross-reactive, n = 5). The two-tailed Mann-Whitney test was performed to compare the mutations between two groups. * p < 0.05; D, = Day; ns, non-
significant; CR, cross-reactive.

https://doi.org/10.1371/journal.ppat.1009352.9002

Neutralisation of anti-RBD antibodies was corroborated by a microneutralisation test that
measured a reduction in fluorescent focus-forming units (see methods, S5 Fig). A selection of
MAbs were also tested by a PCR-based neutralisation assay (see methods) and inhibition of
virus replication was measured by quantitative PCR in the supernatant bathing the infected
cells. This result corroborated that anti-RBD FD 11A, anti-RBD FI 3A, anti-RBD FD 5D, anti-
RBD EY 6A and anti-S2 EW 9C, as crude culture supernatants, reduced the virus signal from
~56- to ~10,085-fold (S6 Fig).

ACE2 blockade by anti-RBD antibodies

Potent neutralising antibodies to the RBD of SARS-CoV-2 spike glycoprotein were identified
and we then analysed the blockade of the ACE2-RBD interaction by anti-RBD antibodies in
two assays (Fig 3, Table 1), including an assay that we reported previously [17,18]. In the first
assay unlabelled MAbs in at least 10-fold excess were mixed with biotin labelled ACE2-Fc and
binding to the RBD, displayed on RBD-VLP [19] bound to an ELISA plate (Fig 3A, S7 Fig).
The RBD-VLP was used to display the RBD on the plate, because direct binding of RBD to the
ELISA plate resulted in loss of ACE2 binding (S7 Fig). Anti-RBD neutralising antibodies FI 3A
and FI 1C, as well as the unlabelled ACE2-Fc, strongly inhibited the binding of labelled
ACE2-Fc to RBD. A partial inhibition was detected by anti-RBD antibodies FD 11A, FD 5D
and FI 4A. Another unlabelled nanobody VHH72-Fc in excess inhibited the binding of
labelled ACE2-Fc to RBD in this assay. VHH72-Fc binds in the Class 4 region of the RBD [20],
and competes for binding with the characterised MAbs CR3022 and EY 6A (Table 1) [21-23].
The structure of VHH72-Fc bound to RBD is known [24] and its footprint on the RBD does
not overlap that of ACE2, so inhibition is thought to occur by steric hindrance.

In the second assay, we employed MDCK-SIAT1 cells overexpressing full-length human
ACE2 as a transmembrane protein. Unlabelled antibodies or ACE2-Fc were mixed in excess
with biotinylated RBD, and binding of RBD was detected with Streptavidin-HRP in ELISA
(Fig 3B). The results of this assay mostly mirrored those of the first assay and confirmed that
in this orientation anti-RBD neutralising antibodies FD 11A and FD 5D competed in excess
with soluble RBD for binding to ACE2 (Fig 3B). In addition, anti-RBD neutralising antibody
EY 6A competed with RBD for ACE2 binding. The binding pattern of EY 6A is analogous to a
previously described antibody CR3022 (Table 1) [21-23]. These two antibodies are known to
bind to the same region of RBD away from the ACE2 binding site, but they influence the bind-
ing kinetics of RBD to ACE2, presumably through steric effects [18].

Division of anti-RBD antibodies into cross-inhibiting groups

The ten anti-RBD MADs were then divided into cross-inhibiting groups as described for
human MADs to Ebola [25] by assessing competition of unlabelled antibodies at 10-fold (or
greater) excess over a biotin labelled target antibody by ELISA. Included as controls were the
VHH?72-Fc [24] and H11-H4-Fc [17] nanobodies linked to the hinge and Fc region of human
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Table 1. The antigenic specificity, cross-reactivity and function of 32 anti-SARS-CoV-2 spike monoclonal antibodies derived from COVID-19 patients.

RBD-specific
MADb Case FCM* IFA® SARS-CoV-2¢ Cross-reactivity® PRNT! ACE2-block®
S RBD NTD RBD MERS 0C43 ECso RBD anchored ACE2 anchored
(nM)
FD 11A B pos pos -ve pos 0.1 0.12 0.05 + ++
FI3A B pos pos -ve pos 0.08 0.09 8.67 e+t +t
FI1C B pos pos -ve pos 0.15 0.18 16.67 et ++
FD 5D B pos pos -ve pos 0.1 0.09 133.33 + +++
EY 6A A pos pos -ve pos 0.12 0.11 133.33 -ve ++
FI4A B pos pos -ve pos 0.09 0.1 -ve + -ve
EZ7A B pos pos -ve pos 0.1 0.11 -ve -ve -ve
FJ 10B B pos pos -ve -ve 0.1 0.14 -ve -ve -ve
FM 7B ¢ pos pos —ve pos 0.09 0.1 ve ve ve
FN 12A C pos pos -ve pos 0.29 0.38 -ve -ve -ve
S1-non-RBD
MAb Case FCM* IEA® SARS-CoV-2° Cross-reactivity® PRNT?
s RBD NTD N RBD Ss2 SARS MERS 0cC43 ECso
(nM)
FJ1C B pos -ve pos pos 0.27 0.15 0.23 0.15 0.16 55.5
FD 11E B pos -ve -ve pos 0.11 0.12 0.11 0.12 0.14 70
FD 1E B pos -ve -ve pos 0.11 0.13 0.12 0.12 0.14 110
EW 8B B pos -ve -ve -ve 0.11 0.13 0.11 0.11 0.12 -ve
FD 11D B pos -ve pos pos 0.18 0.22 0.42 0.25 0.29 -ve
FD11C B pos -ve -ve pos 0.14 0.2 0.11 0.11 0.12 -ve
FD 7D B pos -ve -ve -ve 0.12 0.14 0.11 0.11 0.12 -ve
FD 8B B pos -ve -ve -ve 0.14 0.12 0.08 0.1 0.09 -ve
FD 7C B pos -ve pos pos 0.15 0.15 0.13 0.12 0.13 -ve
FG12C A pos. -ve -ve pos 0.14 0.11 0.08 0.08 0.1 -ve
FN 8C C pos -ve -ve -ve 0.16 0.16 0.11 0.09 0.12 -ve
FD 5E B pos -ve -ve pos 0.34 0.16 0.16 0.13 0.11 0.11 -ve
EW 9B B pos -ve -ve -ve 0.22 0.17 0.11 0.09 0.1 0.09 -ve
S2-specific
MAb Case FCM* IEA® SARS-CoV-2° Cross-reactivity® PRNT?
S RBD NTD S RBD S2 SARS MERS 0C43 ECso
(nM)
FD 10A B pos -ve -ve pos 0.15 111.13
FB 1E* c pos —ve “ve pos 0.11 36
FJ 4E* B pos -ve -ve -ve 0.18 75.33
EW9C* B pos -ve -ve pos 0.18 13333
FG7A A pos -ve -ve pos 0.17 133.33
FM 1A C pos -ve -ve -ve 0.17 133.33
FB 9D* C pos -ve -ve pos 0.12 -ve
FD 1D B pos -ve -ve pos 0.15 -ve
FN2C* C pos -ve -ve pos 0.14 -ve
Controls
CR3022 pos pos -ve pos 1.08 131 0.1 2.24 0.11 0.11 42 -ve ++
BS 1A (flu H3) -ve -ve -ve -ve 0.07 0.09 0.11 0.1 0.09 0.11 -ve -ve -ve

a The specificity of antibody was tested using flow cytometry with MDCK-SIAT1 cells expressing the spike glycoprotein, RBD and NTD. CR3022 is a SARS and
SARS-CoV-2 RBD cross-reactive human MAb and BS-1A is an anti-influenza H3 human MAb.

b The antibody was assessed by immunofluorescence of wild-type SARS-CoV-2-infected Vero E6 cells.

¢ A sample (10 ug/ml) was considered positive when the measured extinction is at least 3 times the OD value of the negative control in the ELISA with SARS-CoV-2,
SARS, MERS and OC43 spike proteins. CR3022 is an anti-SARS and SARS-CoV-2 RBD human MADb and BS-1A is an anti-influenza H3 human MAb. The OD
value > 1.00, 0.50-0.99, or < 0.49 is highlighted in deep green, green and light green, respectively.

d The PRNT assay was performed with wild-type SARS-CoV-2 (see methods) and the 50% effective concentration (ECs,) was determined using linear regression
analysis.

e ACE2-blocking activity of anti-RBD antibody compared to ACE2-Fc (see methods): +, partial; ++, ICso > ACE2-F¢; +++, ICso ~ = ACE2-F¢; ++++, IC5o < ACE2-Fc.
* Memory phenotype.

Abbreviations: MAb, monoclonal antibody; FCM, flow cytometry; IFA, immunofluorescence; S, spike; RBD, receptor-binding domain; NTD, N-terminal domain;
PRNT, plaque reduction neutralisation assay; ACE2, Angiotensin-Converting Enzyme 2.

https://doi.org/10.1371/journal.ppat.1009352.t1001
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IgG1, CR3022 and S309 human IgG1 antibodies [21,26]. These four control molecules have
characterised binding footprints on the RBD defined by crystal structures [17,22,24,26], as
does EY 6A [18]. Also included was the protease domain (residues 18-615) of ACE2 linked to
the Fc region of human IgG1 (ACE2-Fc dimer).

The ten antibodies formed four cross-inhibiting clusters (Table 2), represented by antibod-
ies EY 6A (cluster 1, equivalent to Class 4 of Barnes et al, which included CR3022 and
VHH?72), FI 3A (cluster 2, equivalent to Classes 1 and 2 of Barnes et al, which included
H11-H4), FD 11A (cluster 3, equivalent to Class 3 of Barnes et al, which included S309) and FJ
10B (cluster 4, not represented in the Barnes classification) [20]. Cluster 2 is composed of anti-
bodies in the Barnes Classes 1 and 2 that have overlapping binding footprints and cross inhibit
each other’s binding [20]. The strongest inhibitors of ACE2-Fc binding were in clusters 2 and
3 (Tables 1 and 2). Neutralising antibodies were detected in clusters 1, 2 and 3, with the stron-
gest antibodies FI 3A and FD 11A being in clusters 2 and 3 (Tables 1 and 2). The sites of bind-
ing of the clusters of antibodies to the RBD and the ACE2 binding site are represented on a
diagram of the RBD represented as in the shape of a squirrel, as an aide memoire for orienta-
tion in S8 Fig.

Neutralising antibodies targeting independent RBD epitopes and
relationship to ACE2 blockade

Five neutralising anti-RBD MAbs partially or completely blocked the interaction between
RBD and ACE2 (Tables 1 and 2, Fig 3). The most potent neutralising antibodies were ACE2
blockers (FI 3A in cluster 2, and FD 11A in cluster 3), and bound independently of each other
to the RBD (Fig 3C). MAD EY 6A has been shown to alter the binding kinetics of the interac-
tion without full inhibition [18] and it had a moderate effect on ACE2 binding in the assay
where ACE2 was expressed at the cell surface. These three MAbs bound independently of each
other indicating the existence of at least three neutralisation-sensitive epitopes within the RBD
(Fig 3C).

All five neutralising MAbs to the RBD (EY 6A, FI 3A, FI 1C, FD 11A, FD 5A) had V gene
sequences close to germline (52 Table), indicating the development of de novo anti-RBD neu-
tralising antibodies upon natural SARS-CoV-2 infection in humans.

The ability of convalescent sera to block soluble RBD for binding to cell-expressed ACE2
was assessed. Both convalescent sera from case A (D22) and case B (D26) exhibited detectable
ACE2-blocking activities (Fig 3D). This serological activity is compatible with the isolation of
potent ACE2-blocking antibodies from both patients (Table 1). By contrast, the D18 serum
from case C showed minimal ACE2-blocking activity. Both cases A and B had prolonged fever
and the development of pneumonia during hospitalization (S1 Table), which suggests that the
development of ACE2-blocking antibody response in the convalescent stage is likely associated
with clinical severity after infection.

Neutralising antibodies to S2

Six of nine M Abs specific for S2 showed moderate neutralisation in the PRNT assay (Table 1).
The antibodies FB 1E, FJ 4E and EW 9C, are moderately neutralising (ECs, 36-133.33 nM),
cross-react on the spike glycoprotein from the common cold betacoronavirus OC43, and show
sequence characteristics of memory cells with high numbers of somatic mutations. This indi-
cates that memory B cells, likely primed by an endemic or epidemic betacoronavirus related to
OC43, can give rise to antibodies that neutralise SARS-CoV-2, albeit modestly. The other three
neutralising antibodies specific for S2, FD 10A, FG 7A and FM 1A were close to germline in
sequence (52 Table) and did not cross-react strongly with other betacoronaviruses (Table 1).
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Fig 3. ACE2-blocking activities with anti-RBD antibodies and convalescent sera. The analyses were performed with (A) RBD anchored
and (B) ACE2 anchored on plates (see methods). Anti-SARS-CoV-2 RBD nanobody VHH72 linked to the hinge and Fc region of human
IgG1 and ACE2-Fc were included as controls. Experiments were performed in duplicate and repeated twice. (C) Mapping of neutralising
anti-RBD antibodies on the SARS-CoV-2 RBD structure (PDB 6ZCZ) based on competitive binding and ACE2-blocking analyses. The RBD
was coloured in green. The epitopes recognized by EY 6A, CR3022 and VHH?72 (cluster 1 MAb) [18,21,24] were coloured in magenta. The
epitopes recognized by H11-H4 (cluster 2 MAb) [17] were overlapping with ACE2-binding site and coloured in blue. The epitopes
recognized by S309 (cluster 3 MAb) [26] were coloured in yellow. (D) Convalescent sera were analysed in the ACE2-blocking (ACE2
anchored) assay. Experiments were performed in triplicate. Anti-RBD antibody FD 11A and anti-influenza H3 antibody BS 1A were
included as controls. Data are presented as mean * standard error of the mean. ICsp, 50% inhibitory concentration.

https://doi.org/10.1371/journal.ppat.1009352.9003

FD 10A exhibits the most potent neutralising activity in the PRNT assay and also completely
inhibits SARS-CoV-2-induced cytopathic effect (see methods) at 8.33 nM.

Neutralising antibodies to non-RBD S1

Thirteen MAbs were defined that bound the S1 region and three, close to germline in
sequence, were neutralising. FJ 1C showed neutralisation (ECsq 55.5 nM), whilst FD 11E (ECs,
70 nM) and FD 1E (ECso 110 nM) were moderately neutralising (Table 1). We investigated the
specificity of these antibodies using flow cytometry and immunofluorescence with
MDCK-SIAT]1 cells expressing the NTD of spike glycoprotein linked to the transmembrane
and cytoplasmic region of influenza haemagglutinin (see methods). FJ 1C (neutralising) and
FD 7C bound strongly to this isolated NTD construct defining them as NTD-specific (Table I,
$9 Fig).

Characterisation of anti-nucleocapsid antibodies
A set of 8 anti-SARS-CoV-2 nucleocapsid MAbs were derived from circulating plasmablasts in
the naturally infected subjects (Table 3, S10 Fig); 5 of these strongly cross-react with SARS

Table 3. The antigenic specificity and cross-reactivity of 8 anti-SARS-CoV-2 nucleocapsid monoclonal antibodies
derived from COVID-19 patients.

MAb Light chain isotype Case SARS-CoV-2? Cross-reactivity”
MERS 0C43

EY 2A* Kappa A 0.31 0.33
EY 3B* Kappa A 0.22 0.26
FD 6D* Kappa B 0.12 021
EZ 7B Kappa B 0.29 0.33
EZ 4A Kappa B 0.36 0.45
EZ 4C-1* Kappa B 0.26 0.33
EZ11A Lambda B 0.16 0.13
FB 9B* Lambda C 0.13 0.21
Controls

CR3022 0.07 0.06 0.07 0.17
BS 1A (flu H3) 0.08 0.07 0.07 0.15

* A sample (10 pg/ml) is considered positive when the measured extinction is at least 3 times the ODys value of the
negative control in the ELISA. CR3022 is an anti-SARS RBD human MAb and BS-1A is an anti-influenza H3 human
MAb. OD values of > 1.00 or 0.50-0.99 or < 0.49 are highlighted in deep orange, orange and light orange,
respectively.

* Memory phenotype.

Abbreviations: MAb, monoclonal antibody.

https://doi.org/10.1371/journal.ppat.1009352.t003
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CoV in ELISA. This suggested cross-reactivity of the antibody response to epitopes in nucleo-
capsids of betacoronaviruses following natural infection with SARS-CoV-2.

The 8 MAbs were evolved from 7 clonal groups defined by their heavy chain VD] and light
chain VJ rearrangements (S3 Table). Those cross-reactive with SARS-CoV carried more nucle-
otide and amino acid substitutions than SARS-CoV-2-specific MADbs in their variable
domains, but this trend did not reach statistical significance (Cross-reactive heavy 24+19 nt
versus specific heavy 8+14 nt, p = 0.45; Cross-reactive heavy 13+10 aa versus specific heavy 5
+8 aa, p = 0.45; two-tailed Mann-Whitney test; Fig 2D).

Discussion

We detected a robust and rapid plasmablast response encoding diverse anti-spike glycoprotein
and anti-nucleocapsid antibody populations within 3 weeks of onset of illness in COVID-19
patients. The concomitant serologic response occurred as early as the first week after illness
onset, with gradually increasing levels of SARS-CoV-2 spike glycoprotein- and RBD-binding
IgG antibodies from the second to third week after symptom onset. The kinetics of plasmablast
and virus-specific serologic responses was observed to vary between subjects. Consecutive
samples from donor B showed a highly expanded plasmablast subset at the time of progression
into pneumonia, followed by class-switching to an IgG-predominant plasmablast response
until week three of illness. On the other hand, donor C presented with mild symptoms and
produced an early plasmablast response with class-switching at the end of first week of symp-
tom onset. Thevarajan et al demonstrated a similar kinetic of B cell response in a mild
COVID-19 case, in whom the peripheral plasmablast response and the SARS-CoV-2-binding
IgG antibodies peaked at day eight, soon after the disappearance of fever [8]. An early class-
switching phenotype of the humoral response was also noted within the first week of onset in
paediatric patients who mainly experienced mild illness after SARS-CoV-2 infection, although
the immunological basis for this phenotype is unclear [27]. Both peak plasmablast frequency
and serologic titre for spike glycoprotein were higher in donor B, who presented with severe
symptoms, than in donor C. Similar observations on the serologic titre and clinical severity
have been reported by others [10]. Such plasmablast response may originate from naive or
memory B cells, although its fate remains largely undetermined in humans [28,29]. The IgG
spike-specific plasmablasts that are detectable as soon as at the end of first week and become
dominant after the second week of onset are further characterised in the study and these cells
may represent either a rapid class-switching in the germinal center or a recall memory [30-
32].

In this study, a substantial subset of plasmablast-derived anti-S2 (five of nine, 56%) cross-
reacted with human betacoronavirus OC43. Cross-reactivity among betacoronaviruses has
also been reported in polyclonal sera [12-14]. Human coronavirus OC43, discovered in the
1960s, is one of the major betacoronaviruses that cause common colds in the community
[33,34], and severe respiratory infections in elderly and immunocompromised individuals
[12,35]. Epidemiologic surveys reveal that OC43 infection can occur in early childhood, and
that OC43 seropositivity reaches nearly 90% in adults [36,37]. The S2 component of SARS--
CoV-2 spike glycoprotein shares 43~89% amino acid identity with SARS, MERS and OC43,
and, similarly, the amino acid sequence of SARS-CoV-2 nucleocapsid protein of is 34~90%
homologous to those of other betacoronaviruses (S11 Fig and S12 Fig), suggesting the presence
of conserved epitopes on these antigens.

The presence of pre-existing immune memory to betacoronavirus that cross-react with
SARS-CoV-2 is supported by the accumulation of somatic mutations in the genes encoding
cross-reactive antibodies isolated from COVID-19 patients (Fig 2C, S2 Table). This situation is
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reminiscent of re-exposure to immunogenic epitopes shared by closely related viruses leading
to induction of broadly cross-reactive antibodies in patients infected with influenza, dengue or
Zika viruses [38-40].

The 32 MAbs that bound to the spike glycoprotein were systematically tested for neutralisa-
tion (summarised in Table 1). Results established that neutralising epitopes were present on
the RBD, S1-NTD, S1-non NTD/RBD, and S2 regions of the spike glycoprotein. The range of
neutralisation ECs titres against live SARS-CoV-2 reported in the literature for human and
murine monoclonal antibodies span at least three orders of magnitude, from ng/ml to pg/ml
[41,42]. Our results reflect the range of values in in vitro potency. The relationship between the
ECs value in neutralisation assays and therapeutic potential is not established, although anti-
bodies to the RBD with ECs in the nanogram range have shown therapeutic activity in small
animal models [43-45]. The majority of the most strongly neutralising antibodies were close
to germline in sequence, showing that full affinity maturation is not required in order to
achieve SARS-CoV-2 virus neutralisation. We made a similar observation for antibodies
induced by an Ebola vaccine [25], and this has been observed in other collections of monoclo-
nal antibodies to SARS-CoV-2 [7,42-49].

The RBDs of SARS and SARS-CoV-2 are known to contain neutralising epitopes [18,41-
51], and vaccines based on the RBD of SARS and SARS-CoV-2 induce strong neutralising anti-
bodies that are protective in animal models [52-54]. There is a tendency for the most potent
neutralising antibodies to be those that block the binding of the RBD to its receptor ACE2
[41-51,55-57]. Previous structural studies demonstrated that potent antibodies with footprints
overlapping that of ACE2 are composed of two major subgroups (named Class 1 and Class 2
by Barnes et al) [20], one with representative Vh3-53 gene usage and short CDR3 binding to
the RBD in an up conformation and the other binding RBDs in both up and down conforma-
tions and even adjacent RBDs [20,58]. Potent MAb FI 3A shares similar characteristics with
the first subgroup described above. Occasional antibodies that do not occupy the ACE2 foot-
print or weakly block ACE2 binding, i.e., S309, FD 11A and EY 6A, can be almost as potent,
perhaps through spike trimer cross-linking or triggering a conformational change in the spike
glycoprotein that renders it non-functional [7,18,26,49].

We characterise MAbs targeting the RBD that can be arranged into four cross-inhibiting
clusters (Table 2). Three of these MADb clusters (represented by EY 6A, FI 3A and FD 11A)
demonstrate neutralisation of SARS-CoV-2 to some level, while those in the fourth (repre-
sented by FM 7B) did not neutralise. This suggests that three neutralising antibodies may be
able to bind to the RBD simultaneously. The most potent neutralising MAbs fall in two clusters
and interfere strongly with ACE2 binding, which may be exploited therapeutically. For
instance, antibodies FI 3A in cluster 2 (ECs( 8.67 nM) and FD 11A in cluster 3 (EC5, 0.05 nM)
could be combined to limit possible selection of neutralisation-resistant variants. This princi-
ple has been demonstrated in recent studies [45,47,59].

Neutralisation by human MAbs to the S1-NTD of SARS-CoV-2 has been described [44,60],
but their mechanism of action is not known. The range of neutralising ECs, titres (0.09-51.1
nM) was overlapping with those targeting the RBD, similar to our NTD-specific antibody FJ
1C. Cocktails of antibodies that include a representative to the NTD would further reduce the
likelihood of selecting neutralisation-resistant viruses. A second strong binder to the NTD, FD
7C, was not neutralising. Structural comparisons of these two antibodies bound to spike glyco-
protein may provide insight into the neutralising action of FJ 1C [60].

We detected a subset of six MAbs to the S2 region of the spike glycoprotein that neutralised
moderately (ECs, 36-133 nM). Similar results are found in the antibodies to SARS [61-63]. It
has been shown that the neutralizing activity of anti-SARS S2 antibody involves the inhibition
of membrane fusion, but the function of anti-SARS-CoV-2 S2 antibodies could be complex
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and remain undetermined yet [61-65]. Five of our anti-S2 antibodies were clearly derived
from a memory population; showing significant accumulation of somatic mutations in the
MADb encoding genes and cross-reactivity for the OC43 common cold virus spike glycoprotein
(Fig 2C). Further investigation is required to ascertain whether such antibodies, that may be
weak- or non-neutralising and cross-reactive with common cold viruses, are beneficial or det-
rimental with respect to COVID-19 disease. Recent evidence is not conclusive on this issue
[66,67].

Our results have significance for serologic tests employing the N and S2 antigens of SARS--
CoV-2. Serologic surveys, some of which are based on these antigens, with sera from donors
infected with SARS-COV-2 during the spring and summer months have shown very high
specificity (as judged by comparing convalescent sera from COVID-19 patients versus sera
collected in the pre-COVID-19 period) (www.gov.uk/government/publications/covid-
19-laboratory-evaluations-of-serological-assays). However, if many individuals have memory
B cells to the S2 antigen of circulating betacoronaviruses that cross-react with SARS-CoV-2,
concurrent winter infections with these viruses might erode the specificity of serologic tests for
SARS-CoV-2 that include the S2 antigen. Cross-reactivity of antibodies targeting the S1 sub-
unit or RBD is relatively much lower, so using this antigen is more likely to give a true indica-
tion of SARS-CoV-2 specificity.

In summary, COVID-19 patients developed strong anti-SARS-CoV-2 spike glycoprotein
and nucleocapsid plasmablast and antibody responses. A panel of IgG MAbs targeted a diverse
spectrum of epitopes on the RBD, S1-NTD, non-NTD/RBD S1 and S2 regions of the spike gly-
coprotein, of which 14 neutralised wild-type viruses with ECss in the range 0.05 to ~133 nM.
Neutralising activities of the majority of anti-RBD MAbs were linked to ACE2-binding block-
ade, and non-competing pairs of such MAbs, perhaps combined with a neutralising MAb to
the NTD, offer potential formulations for the development of prophylactic and therapeutic
agents against SARS-CoV-2. Antibody responses to the S2 component of spike glycoprotein
confirm cross-reactivity with a common cold virus.

Methods

Ethics statement

The study protocol and informed consent were approved by the ethics committee at the
Chang Gung Medical Foundation and the Taoyuan General Hospital, Ministry of Health and
Welfare. Written informed consent was received from each participant prior to inclusion in
the study. The study and all associated methods were carried out in accordance with the
approved protocol, the Declaration of Helsinki and Good Clinical Practice guidelines.

Study subjects

This study was designed to isolate SARS-CoV-2 antigen-specific MAbs from peripheral plas-
mablasts of humans infected with SARS-CoV-2 and to characterise the antigenic specificity
and phenotypic activities of the MAbs. Diagnosis of SARS-CoV-2 infection was based on posi-
tive real-time reverse transcriptase polymerase chain reaction results of respiratory samples.

Staining and sorting of plasmablasts

Freshly separated peripheral blood mononuclear cells (PBMCs) or thawed PBMCs were
stained with fluorescent-labelled antibodies to cell surface markers purchased from BD Biosci-
ences, USA; Pacific blue anti-CD3 (clone UCHT1, Cat. No. 558117, BD), Fluorescein isothio-
cyanate anti-CD19 (clone HIB19, Cat. No. 555412, BD), Phycoerythrin-Cy7 anti-CD27 (clone
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M-T271, Cat. No. 560609, BD), Allophycocyanin-H7 anti-CD20 (clone L27, Cat. No. 641396,
BD), Phycoerythrin-Cy5 anti-CD38 (clone HIT2, Cat. No. 555461, BD) and Phycoerythrin
anti-human IgG (clone G18-145, Cat. No. 555787, BD). The CD3"*¢CD197*°*CD20"*®CD27-
MCD38"IgGP* plasmablasts were gated and isolated in chamber as single cells as previously
described [32].

Production of human IgG 1 monoclonal antibodies

Sorted single cells were used to produce human IgG MAbs as previously described [32].
Briefly, the variable region genes from each single cell were amplified in a reverse transcriptase
polymerase chain reaction (RT-PCR: QIAGEN, Germany) using a cocktail of sense primers
specific for the leader region and antisense primers to the Cy constant region for heavy chain
and Ck and CA for light chain. The RT-PCR products were amplified in separate polymerase
chain reactions for the individual heavy and light chain gene families using nested primers to
incorporate restriction sites at the ends of the variable gene as previously described [32]. These
variable genes were then cloned into expression vectors for the heavy and light chains. Plas-
mids were transfected into the HEK293T cell line for expression of recombinant full-length
human IgG MAbs in serum-free transfection medium. A selected panel of MAbs were further
expanded and purified.

To determine the individual gene segments employed by VD] and V] rearrangements and
the number of nucleotide mutations and amino acid replacements, the variable domain
sequences were aligned with germline gene segments using the international InMunoGeneT-
ics IMGT) alignment tool (http://www.imgt.org/IMGT_vquest/input).

Enzyme-linked immunosorbent assay (ELISA)

ELISA plates (Corning 96-well Clear Polystyrene High Bind Stripwell Microplate, USA) were
coated with 8 pug/ml SARS-CoV-2 antigens (spike glycoprotein extracellular or receptor-bind-
ing domains or S2 subunit, or nucleocapsid) or SARS antigen (spike glycoprotein S1 or S2 sub-
unit, or nucleocapsid) or MERS antigen (spike glycoprotein extracellular domain, or
nucleocapsid) or human coronavirus OC43 antigen (spike glycoprotein extracellular domain,
or nucleocapsid) at 4°C overnight. Recombinant SARS-CoV-2 proteins were purchased from
Sino Biologicals (S1+S2 extracellular domain, 40589-V08B1; RBD, 40592-V08B; S2,
40590-V08B; Nucleocapsid, 40588-V08B) and were produced in the baculovirus-insect cell
expression system. Recombinant SARS proteins were purchased from Sino Biologicals (S1,
40150-V08B1; S2, 40150-V08B3; Nucleocapsid, 40143-V08B) and were produced in the bacu-
lovirus-insect cell expression system. Recombinant MERS proteins were purchased from Sino
Biologicals (S1+S2 extracellular domain, 40069-V08B; Nucleocapsid, 40068-V08B) and were
produced in the baculovirus-insect cell expression system. Recombinant coronavirus OC43
proteins were purchased from Sino Biologicals (S1+S2 extracellular domain, 40607-V08B;
Nucleocapsid, 40643-VO7E). Plates were washed with phosphate-buffered saline containing
0.05% Tween-20 and blocked with 3% bovine serum albumin (BSA) at room temperature for
1 hour on a shaker. Serial dilutions of MAb-containing cell culture supernatant or purified
MAD were added and plates were incubated at 37°C for 1 hour. Plates were washed and incu-
bated with horseradish peroxidase-conjugated rabbit anti-human IgG secondary antibody
(Rockland Immunochemicals, USA). Plates were washed and developed with TMB substrate
reagent (BD Biosciences, USA). Reactions were stopped with 0.5M hydrochloric acid and
absorbances was measured at 450nm on a microplate reader. Non-transfected cell culture
supernatant, anti-influenza H3 human IgG MAbD BS 1A (in house), anti-SARS spike glycopro-
tein MAb CR3022 and convalescent serum were used as controls for each experiment.
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Reaction yielding an absorbance value above three times the mean absorbance of the negative
control BS 1A were considered positive.

Flow-cytometry based binding assay

MDCK-Spike cells were produced by stably transducing parental MDCK-SIAT1 cells with
cDNA expressing full-length SARS-CoV-2 spike glycoprotein. MDCK-RBD cells were pro-
duced by, stably transducing MDCK-SIAT1 cells [32] with a Lentiviral vector encoding a
cDNA expressing RBD amino acids 340-538 (NITNLCPFGEVFNATRFASVYAWNRKRI
SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKI
ADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAG
STPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKK) fused
via a short linker to the transmembrane domain of haemagglutinin H7 (A/Hong Kong/125/
2017) (EPI977395) at the C-terminus for surface expression. MDCK-NTD cells were produced
by stably transfecting parental MDCK-SIAT1 cells [32] with cDNA expressing the SARS-CoV-
2 NTD amino acids (VNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSN
VITWFHAIHVSGTNGTKRFDNPVLPENDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVN
NATNVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDL
EGKQGNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTL
LALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSET
KCTLKS) fused to the transmembrane domain of haemagglutinin H7 (A/Hong Kong/125/
2017) (EPI977395) at the C-terminus for surface expression. MDCK-Spike, MDCK-RBD and
MDCK-NTD cells were then FACS sorted for highly expressing cells using the CR3022 or FD
7C antibody. MDCK-Spike or MDCK-RBD or MDCK-NTD cells were prepared and resus-
pended. Cells were probed with purified MAbs in 3% BSA. Bound primary antibodies were
detected with FITC-conjugated anti-IgG secondary. The binding activities were analysed by
BD FACSCanto II flow cytometer (BD Biosciences, USA).

Immunofluorescence as say

Under biosafety level 3 (BSL-3) conditions, Vero E6 cells were infected with 100 TCID5,
(median tissue culture infectious dose) SARS-CoV-2 (hCoV-19/Taiwan/CGMH-CGU-01/
2020, EPI_ISL_411915). Infected cells were placed on coverslips and, and fixed with acetone at
room temperature for 10 minutes. After blocking with 1% BSA at room temperature for 1
hour and washing, fixed cells were incubated with MAb-containing cell culture supernatant.
The anti-influenza human monoclonal antibody BS 1A, anti-SARS spike glycoprotein MAb
CR3022 and convalescent serum were used as antibody controls for each experiment. Follow-
ing incubation and wash, cells were stained with FITC-conjugated anti-human IgG secondary
antibody and Evans blue dye as counterstain. Antibody-bound infected cells demonstrated an
apple-green fluorescence against a background of red fluorescing material stained by the
Evans Blue counterstain. Images were acquired with original magnification 40x, scale bar

20 um.

Plaque reduction neutralisation assay

Confluent monolayers of Vero E6 cells in 96-well plates were incubated with ~14 plaque form-
ing units (PFU) of SARS CoV-2 (hCoV-19/England/02/2020, EPI_ISL_407073) and antibodies
in a 2-fold dilution series (triplicates) for 3 hours at room temperature. Inoculum was then
removed, and cells were overlaid with plaque assay overlay. Cells were incubated at 37°C, 5%
CO, for 24 hours prior to fixation with 4% paraformaldehyde at 4°C for 30 minutes. Fixed
cells were then permeabilised with 0.2% Triton-X-100 and stained with a horseradish
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peroxidase conjugated-antibody against virus protein for 1 hour at room temperature. TMB
substrate was then added to visualise virus plaques as described previously for influenza virus
[68]. Convalescent serum from COVID-19 patients was used as a control.

Fluorescent focus-forming units microneutralisation assay (FMNT)

In brief, this rapid, high-throughput assay determines the concentration of antibody that pro-
duces a 50% reduction in infectious focus-forming units of authentic SARS-CoV-2 in Vero
cells, as follows. Triplicate serial dilutions of antibody are pre-incubated with a fixed dose of
SARS-CoV-2 (Australia/VIC01/2020, GenBank MT007544) [69] in triplicate before incuba-
tion with Vero cells. A carboxymethyl cellulose-containing overlay is used to prevent satellite
focus formation. Twenty hours post-infection, the monolayers are fixed with paraformalde-
hyde and stained for N antigen using MAb EY 2A. After development with a peroxidase-con-
jugated antibody and substrate, foci are enumerated by enzyme-linked immune absorbent
spot reader. Data are analysed using four-parameter logistic regression (Hill equation) in
GraphPad Prism 8.3.

Quantitative PCR-based neutralisation assay

Neutralisation activity of MAb-containing supernatant was measured using SARS-CoV-2
(hCoV-19/Taiwan/CGMH-CGU-01/2020, EPI_ISL_411915) infected Vero E6 cells. Briefly,
Vero E6 cells were pre-seeded in a 96 well plate at a concentration of 10* cells per well. The fol-
lowing day, MAb-containing supernatants were mixed with equal volumes of 100 TCID5,
virus preparation and incubated at 37°C for 1 hour, then mixtures were added to seeded Vero
E6 cells and incubated at 37°C for 5 days. Cell, virus and virus back-titration controls were
setup for each experiment. At day 5 the culture supernatant was harvested from each well, and
virus RNA was extracted and quantified by real-time RT-PCR targeting the E gene of SARS--
CoV-2 as previously described. The cycle threshold values of real-time RT-PCR were used as
indicators of the copy number of SARS-CoV-2 RNA in samples with lower cycle threshold val-
ues corresponding to higher virus copy numbers.

CPE-based neutralisation assay

Vero E6 cells in Dulbecco’s Modified Eagle’s Medium containing 10% FBS were added into
96-well plates and incubated at 37°C with 5% CO, overnight to reach confluence. After
washing with virus growth medium (VGM: Dulbecco’s Modified Eagle’s Medium contain-
ing 2% FBS), two-fold serially diluted MAbs in VGM starting at 100 pg/ml were added to
each duplicated well. The plates were immediately transferred to a BSL-3 laboratory and
100 TCID5o SARS-CoV-2 (hCoV-19/Taiwan/4/2020, EPI_ISL_411927) in VGM was added.
The plates were further incubated at 37°C with 5% CO, for three days and the cytopathic
morphology of the cells was recorded using an ImageXpress Nano Automated Cellular
Imaging System.

Competitive binding assays

Competitive binding assays were performed as described previously [25] with slight modifica-
tions for epitope mapping of the anti-RBD MAbs. Briefly, 0.5 pg/ml of RBD-VLP were coated
on NUNC plates (50 pl per well) overnight at 4°C, washed and blocked with 300 ul of 5% (w/v)
dried skimmed milk in PBS for 1 hour at room temperature prior to the assays. Antibody was
biotinylated using EZ-Link Sulfo-NHS-LC-biotin (21237; Life Technologies) and then mixed
with competing MAb (in at least 10-fold excess) and transferred to the blocked NUNC plates
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for 1 hour. A second layer Streptavidin-HRP (S911, Life Technologies) diluted 1:1,600 in PBS/
0.1% BSA (37525; Thermo Fisher Scientific) was then added and incubated for another 1 hour.
Plates were then washed, and signal was developed by adding POD substrate (11484281001,
Roche) for 5 minutes before stopping the reaction with 1 M H,SO,. Absorbance (OD,s,) was
measured using a Clariostar plate reader (BMG, Labtech). Mean and 95% confidence interval
of 4 replicate measurements were calculated. Competition was measured as: (X-minimum
binding/(maximum binding-minimum binding), where X is the binding of the biotinylated
MAD in the presence of competing MAb. Minimum binding is the self-blocking of the biotiny-
lated MADb or background binding. Maximum binding is binding of biotinylated MAb in the
presence of non-competing MAb (anti-influenza N1 neuraminidase MADb).

ACE2 blocking assays

Two assays were used to determine the blocking of binding of ACE2 to RBD by MAbs. RBD
was anchored on the plate in the first assay whereas ACE2 was anchored for the second assay.

In the first ACE2 blocking assay, RBD-VLP (Spycatcher-mi3 VLP-particles conjugated
with Spytagged-RBD recombinant protein) [19] was coated on ELISA plates as described for
the competitive binding assay. Recombinant ACE2-Fc (18-615) protein expressed in
Expi293F (Life Technologies) cells was chemically biotinylated using EZ-link Sulfo-NHS-Bio-
tin (A39256; Life Technologies) and buffer exchanged to PBS using a Zebaspin desalting col-
umn (Thermo Fischer). MAbs were titrated in duplicate or triplicate as half-log serial dilution,
8-point series starting at 1 pM in 30 pl volume with PBS/0.1% BSA buffer. 30 pl of biotinylated
ACE2-Fc at approx. 0.2 nM (40 ng/ml) was added to the antibodies. 50 pl of the mixture was
transferred to the PBS-washed RBD-VLP coated plates and incubated for 1 hour at room tem-
perature. Secondary Streptavidin-HRP antibody (S911, Life Technologies) diluted to 1:1600
was then added to the PBS-washed plates and incubated for 1 h at room temperature. Plates
were then washed four times with PBS and signal was developed by adding POD substrate
(11484281001, Roche) for 5 minutes before stopping with 1 M H,SO,. OD450 was measured
using a Clariostar plate reader (BMG, Labtech). The control antibody (a non-blocking anti-
influenza N1 MAb) or ACE2-Fc without antibody used to obtain the maximum signal and
wells with PBS/BSA buffer only were used to determine the minimum signal. Graphs were
plotted as % binding of biotinylated ACE2 to RBD. Binding % = {(X—Min)/(Max—Min)}*100
where X = measurement of the antibody, Min = buffer only, Max = biotinylated ACE2-Fc
alone. 50% inhibitory concentrations of the antibodies against ACE2 were determined using
non-linear regression curve fit using GraphPad Prism 8.

The second ACE2 blocking assay was performed as described previously [17,18]. Briefly,
MDCK-SIAT]1 cells were stably transfected to overexpress codon-optimised human ACE2
cDNA (NM_021804.1) using lentiviral vector and FACS sorted (MDCK-ACE2). Cells (3 x 10*
per well) were seeded on a flat-bottomed 96-well plate the day before the assay. RBD-6H (340-
538; NITN.GPKK) was chemically biotinylated using EZ-link Sulfo-NHS-Biotin (A39256; Life
Technologies). Serial half-log dilutions (starting at 1 M) of antibodies and controls were per-
formed in a U-bottomed 96 well plate in 30 pl volume. 30 pl of biotinylated RBD (25 nM) were
mixed and 50 pl of the mixture was then transferred to the MDCK-ACE2 cells. After 1 hour a
second layer Streptavidin-HRP antibody (S911, Life Technologies) diluted 1:1,600 in PBS/
0.1% BSA (37525; Thermo Fisher Scientific) was added and incubated for another 1 hour.
Plates were then washed four times with PBS and signal was developed by adding POD sub-
strate (11484281001, Roche) before stopping with 1 M H,SO, after 5 minutes. OD450 was
measured using a Clariostar plate reader (BMG, Labtech). The control antibody (a non-block-
ing anti-influenza N1 antibody) was used to obtain maximum signal and PBS only wells were
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used to determine background. Graphs were plotted as % binding of biotinylated RBD to
ACE2. The 50% inhibitory concentration of the blocking antibody was determined as
described above.

Statistics

The two-tailed Mann-Whitney test was performed to compare differences between two inde-

pendent groups. The 50% effective concentration (EC50) was determined using linear regres-

sion analysis. A p value of less than 0.05 was considered significant. Graphs were presented by
Microsoft Excel and GraphPad Prism software.

Supporting information

S1 Table. Clinical characteristics of COVID-19 patients and sampling dates in the study.
(DOC)

$2 Table. Anti-SARS-CoV-2 spike monoclonal antibody heavy and light chain variable
domain gene usage.
(DOC)

$3 Table. Anti-SARS-CoV-2 nucleocapsid monoclonal antibody heavy and light chain vari-
able domain gene usage.
(DOC)

S1 Fig. Binding of anti-spike antibodies to SARS-CoV-2-infected cells in immunofluores-
cence assay. Representative immunofluorescence staining of anti-RBD, anti-S1 and anti-S2
MADbs are shown as apple-green fluorescence a background of red fluorescing material stained
by Evans Blue counterstain. Anti-influenza H3 MADb BS 1A was included as a control. Images
were acquired with original magnification 40x, scale bar 20 pm.

(TIF)

S2 Fig. The binding activity of anti-SARS-CoV-2 S2 antibodies with spike-expressed
MDCK cells in the flow cytometry. We produced MDCK-Spike by stably transducing paren-
tal MDCK-SIAT1 cells with cDNA expressing full-length SARS-CoV-2 spike glycoprotein.
This cell membrane-bound full-length spike carries trimer-stabilizing proline mutations
(986KV987 to 986PP987) and substitutions at the S1-S2 furin cleavage site (682RRAR685 to
682GSAG685), which indicates that the spike would display the prefusion conformation.
MDCK-H3 cells were stained in the control experiment. Anti-influenza H3 MAb BS-1A was
included as an antibody control. Each experiment was repeated twice (n = 2). The binding per-
centage was presented as mean + standard error of the mean.

(TIF)

$3 Fig. Binding activity of anti-SARS-CoV-2 RBD antibodies to MDCK-RBD cells mea-
sured by flow cytometry. Anti-influenza H3 MAb BS-1A was included as a control. Binding
percentages are presented as mean + standard error of the mean. Each experiment was
repeated twice (n = 2). The 50% binding concentration (BCs,) was measured with a curve fit
using non-linear regression.

(TIF)

S4 Fig. The correlation of CDR3 length with BCs, among anti-RBD antibodies. The CDR3
length (number of amino acids) and MAD gene mutation numbers are presented as

mean = standard error of the mean (< 0.5 pg/ml, n = 5 versus > 0.5 pg/ml, n = 5). The two-
tailed Mann-Whitney test was performed to compare the CDR3 length and mutation numbers
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between two groups. * P < 0.05; ns, non-significant; BCsp, 50% binding concentration.
(TIF)

S5 Fig. Neutralisation of wild-type SARS-CoV-2 by anti-RBD monoclonal antibodies. Neu-
tralisation assays were performed on the indicated antibodies according to the fluorescent
focus-forming units microneutralisation method (see methods). Data were normalized to con-
trol (no antibody) values of foci, and the grey region comprises + 1 standard deviation the
mean control values. Individual points are displayed + 1 standard deviation of technical, and
curves are shown only where the data for a particular antibody fitted the standard dose-
response (Hill) equation (n = 3). Partial: MAb neutralises at least ~40% viruses at 100 nM
(highest concentration tested). ECsy, 50% effective concentration.

(TIF)

S6 Fig. Neutralisation of SARS-CoV-2 by monoclonal antibodies in the PCR-based neutra-
lisation assay. (A) An illustrative example of measuring Ct value of virus signal in the tissue-
culture supernatant of SARS-CoV-2 infected Vero E6 cells using an E gene-based real-time
reverse-transcription PCR assay. The right shift of the amplification plot reflects the increase
in Ct value and the decrease of viral load. (B) Neutralisation data for MAbs EW 9C, EY 6A, FD
5D, FD 11A and FI 3A. Increases in Ct value indicate decreases in virus loads. Each unit
increase indicates a 2x reduction resulting from the presence of MAb. A 10x increase in

Ct = 1,024-fold reduction of virus load.

(TIF)

$7 Fig. Binding of ACE2-Fc and MAbs to ST1-RBD (340-538) compared to ST1-RBD-
mi3VLP in the ELISA. RBD bound directly to plate (Panel 1) fails to bind ACE2-Fc, but
RBD-VLP bound to plate (Panel 2) exposes the ACE2 binding site on RBD, and the epitopes
bound by the MAbs CR3022 and EY 6A. VLP only (Panel 3) was included as a control in the
assay. Other MAbs EW 9B, EW 9C, EW 8B bind elsewhere on the spike glycoprotein (there-
fore are negative in this assay), anti-influenza H7 haemagglutinin MAb is a negative control.
Each experiment was repeated twice.

(TIF)

S8 Fig. The binding site of the clusters of anti-RBD antibodies are represented on a “squir-
rel” diagram of the RBD. Cluster 2 antibodies is composed of antibodies in the Barnes Classes
1 and 2 antibodies that bind to the left and ride side of the head/shoulder of the “squirrel” RBD
[20]. Cluster 1 antibodies that correspond to Barnes Class 4 antibodies bind to the left hip of
the “squirrel” RBD. Cluster 3 antibodies that correspond to Barnes Class 3 antibodies bind to
the right hip of the “squirrel” RBD.

(TTF)

S9 Fig. The binding activity of anti-SARS-CoV-2 NTD with MDCK-NTD cells in immuno-
fluorescence. Anti-influenza neuraminidase Z3-B2 (Flu MAb) was included as control in the
experiment. Each experiment was repeated twice. Values are presented as mean * standard
error of the mean.

(TIF)

$10 Fig. The binding activity of anti-SARS-CoV-2 nucleocapsid (N) antibodies with anti-
gens of SARS-CoV-2 in ELISA. Anti-influenza H3 BS-1A and anti-SARS spike CR3022 MAbs
were included as controls. Each experiment was repeated twice. OD450 values are presented as
mean + standard error of the mean.

(TIF)
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S11 Fig. Percentage identities of spike glycoprotein, RBD and S2 amino acid residues
among human coronaviruses. Sequences were retrieved from the Genbank database
(DQ243979, DQ243983, KY014282, KF963239, L14643, KF600651, KJ556336, AY291451,
AY463060) and the EpiFlu database of GISAID (EPI_ISL_411915, EPI_ISL 424972,
EPI_ISL_424973, EPI_ISL_444278).

(TIF)

S12 Fig. Percentage identities of nucleocapsid amino acid residues among human corona-
viruses. Sequences were retrieved from the Genbank database (DQ243957, KM055524,
KY014282, KF963212, KF600651, KJ556336, AY291451, AY463060) and the EpiFlu database
of GISAID (EPI_ISL_411915, EPI_ISL_424972, EPI_ISL_424973, EPI_ISI,_444278).

(TIF)
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