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Neutralizing antibody responses to the surface glycoproteins of enveloped viruses play an important role in immunity.
Many of these glycoproteins, including the severe acute respiratory syndrome-coronavirus (SARS-CoV) spike (S) protein
form trimeric units in the membrane of the native virion. There is substantial experimental and pre-clinical evidence
showing that the S protein is a promising lead for vaccines and therapeutics. Previously we generated a panel of
monoclonal antibodies (mAbs) to whole inactivated SARS-CoV which neutralize the virus in vitro."? Here, we define their
specificity and affinity, map several of their epitopes and lastly characterise chimeric versions of them. Our data show
that the neutralizing mAbs bind to the angiotensin-converting enzyme 2 (ACE2) receptor-binding domain (RBD) of the
SARS S protein. Three of the chimeric mAbs retain their binding specificity while one conformational mAb, F26G19, lost
its ability to bind the S protein despite high level expression. The affinity for recombinant S is maintained in all of the
functional chimeric versions of the parental mAbs. Both parental mAb F26G18 and the chimeric version neutralize the
TOR2 strain of SARS-CoV with essentially identical titres (2.07 and 2.47 nM, respectively). Lastly, a comparison with other
neutralizing mAbs to SARS-CoV clearly shows that the dominance of a 33 amino acid residue loop of the SARS-CoV RBD
is independent of repertoire, species, quaternary structure, and importantly, the technology used to derive the mAbs. In
cases like this, the dominance of a compact RBD antigenic domain and the central role of the S protein in pathogenesis
may inherently create immunoselection pressure on viruses to evolve more complex evasion strategies or die out of a
host species. The apparent simplicity of the mechanism of SARS-CoV neutralization is in stark contrast to the complexity

shown by other enveloped viruses.

Introduction

The rapid extension of severe acute respiratory syndrome-corona-
virus (SARS-CoV) virus from animals into the human population
in 2003 illustrates the iterative pressure pathogens place on hosts
while developing new niches.> Conversely, the rapid departure
of the SARS-CoV from humans and the lack of a chronic state
indicate that the virus was not ready to make a permanent jump
into humans. This also implies that the host defence mechanisms
were capable of repelling the virus, or at least were not quite suit-
able for sustained SARS-CoV viral pathogenesis. However, as an
emerging infectious disease, the virus remains as a model system
and a warning for vigilance.

It is clear that SARS-CoV is actively undergoing antigenic
variation in its membrane glycoprotein spike (S) protein. The S
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protein mediates attachment to host cells, and causes fusion of
the host cell and viral membranes. The S protein exists in vivo
as a trimer composed of monomers that contain globular heads,
formed by the SI region, which contains the receptor binding
domain (RBD; amino acids 318—510).%> Each monomer also con-
tains an S2 region that forms the stalk and possesses two heptad
repeat motifs of the coiled-coil structure important in membrane
fusion.® Host cell receptors that bind S protein have been iden-
tified. Angiotensin-converting enzyme 2 (ACE2), a membrane-
bound host protein, binds S protein and mediates virion entry,
making it the primary receptor for the virus.” The RBD alone
has been shown to be sufficient to mediate binding to ACE2.8
The Spike protein is quite divergent among coronaviruses and
suffers point mutational changes. The X-ray crystal structures
of the RBD in complex with ACE-2 and monoclonal antibodies
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(mAbs) reveal critical contact residues that provide a molecular
explanation for virus neutralization and species-specific receptor
binding differences.*"!

Membrane glycoproteins represent some of the most challeng-
ing targets for antibody discovery. The ability to engender broad
and potent neutralizing antibodies to viral membrane proteins is
generally thought to be limited by our ability to generate prop-
erly folded and oligomerized forms of these membrane proteins
in vaccine preparations. Moreover, RNA viruses as a group have
evolved a spectrum of antigenic variation systems, including
point mutation, recombination, cryptic fusion domains/epitopes,
glycan shields and multimeric assemblies.'*" For these reasons,
recombinant monomeric fragments of the envelope proteins of
RNA viruses like HIV-1, Ebola and influenza A (gp120 or HA
subunit proteins) are poorly immunogenic and elicit extreme
type-specific protective antibody.’*" This may be due to a lack
of native structure, high epitope mobility, incorrect or absent
glycosylation or response to cryptic non-neutralizing or narrow
spectrum epitopes.

Immunity to SARS-CoV has been established in several ani-
mal models and is mediated via humoral responses to the S pro-
tein. Vaccines are often predicated upon the findings of passive
vaccines whereby the protective antigens are identified.?” Subunit
delivery of the S protein using live virus,” DNA delivery,? recom-
binant S protein,? or even the minimalist RBD*¥*¢ provides pro-
tection against infection by eliciting antibodies that neutralize
SARS virus in vitro or in vivo. This suggests that dominant pro-
tective epitopes are contained in the S protein, and that these
key epitopes are readily recapitulated in a variety of expression
systems and formats. Higher neutralizing antibody responses
to the S protein were correlated with a favourable disease out-
come in SARS patients.”” Active immunization with whole virus
induces S protein specific antibodies that neutralize the virus"*
and block receptor binding.”® Previously, we assisted in dem-
onstrating that polyclonal serum antibody responses elicited by
whole SARS-CoV virus inoculation in six different species, map
to an extended loop (residues 424—-494) that mediates all contact
with ACE2. This strongly suggests that most protective antibody
should map to the RBD.

When administered as prophylaxis, neutralizing antibod-
ies to viruses can serve as a type of viral entry inhibitor drug.
Prophylaxis is effective in a variety of viral infections, including
varicella, hepatitis A, hepatitis B, rabies and respiratory syncy-
tial virus (RSV).*® During the SARS epidemic, hyperimmune
sera from convalescent patients were used as treatment with no
adverse side effects.’’ An assessment of the efficacy of this treat-
ment is hard to complete due to the small sample numbers avail-
able, though it did seem to shorten hospitalisation time. Soon
after the isolation of SARS-CoV, mAbs were developed in mice
by hybridoma techniques,' and from memory B cells of con-
valescent patients by phage display®**
transformation.* In addition to providing essential reagents for

and Epstein-Barr virus

diagnostics and screening, many potent neutralizing antibodies
have been isolated and characterized.

Many improved strategies are being used to develop mAbs
to infectious agents. These include high-throughput screening

54 mAbs

for antigenic variants,” direct cloning of B cells,**¥ more accu-
rate portrayal of viral membrane proteins using VLPs or live

virus*®*4

or altering immunodominance through re-focussing
antibody responses to epitopes.*”° Our understanding of anti-
body responses is a direct reflection of the techniques used to
derive the antibody (immune, synthetic or naive antibody sys-
tems), which are each presumed to be affected by the structural
characteristics of the immunogen or antigen used to derive the
mAD.

Native virions represent the most natural immunogen or anti-
gen for use in immunization or mAb discovery, respectively.'*'
Ideally, to understand natural human immunity to a pathogen,
the epitopes targeted through the human B cell response to whole
virus must be obtained; conversely, the epitopes targeted by mAbs
made to recombinant proteins, would not necessarily be expected
to target the same epitopes as those in human infections. In some
cases the use of whole virus as an antigen is not feasible, and
recombinant protein was used as a simple and safe surrogate for
screening. While there are multiple immune, synthetic and naive
mAb discovery methods, the process is still empirical,” and the
method used to produce a mAD clearly can bias characteristics of
the mAbs produced. It is generally recognized that these meth-
ods are capable of collectively providing unique mAbs to diverse
epitopes if applied to the same targets.

mAbs further enable the specific dissection of the fine speci-
ficity of host protective immune responses.”””* The identifica-
tion of protective epitopes reveals important functional domains
that might lead to therapies that may prevent viral escape. We
previously generated murine mAbs to whole inactivated SARS-
CoV virus and the most potent of these neutralizing mAbs were
F26G9, F26G10, F26G18 and F26G19.! Molecular charac-
terization of these neutralizing mAbs revealed a relatively con-
served immunoglobulin structure suggesting a pauciclonal B cell
response, likely due to structural properties of the S-protein that
result in a stringent B cell selection.?

Here, we characterize the epitopes of parental murine and
chimeric versions of mAbs generated to the whole SARS-CoV.
Recently, neutralizing mAb F26G19 was co-crystallized in
complex with the RBD and the structure clearly reveals the
contact sites critical to this interaction.'® Further characterisa-
tion of these antibodies and an additional non-neutralizing S
protein specific monoclonal antibody (mAb G8) was performed
to define their epitopes and affinities. Epitope competition
using labelled mAbs was performed on whole virus and peptide
mapping revealed the identity of two linear epitopes for mAbs
F26G18 and F26G8. Despite having attributes of conforma-
tional epitope binding, F26G18 and its chimera map to a dis-
crete sequential epitope (,, FSPDGKPCT PPALNCYW,__ ) in
the RBD and neutralize live virus in vitro. Four mAbs (F26G9,
F26G10, F26G18 and F26G19) utilize related V, genes and
they previously demonstrated high neutralization titres in vitro
against wild-type virus. However, chain swapping experiments
performed here revealed the importance of the natural pair-
ing of these related V,, genes and showed that the light chain
partners are important in maintaining epitope specific bind-
ing. These data suggest that these mAbs have potential use in
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antiviral therapy, but, more importantly, clearly show

>
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ELISA (Fig. 1B) and also in western immunoblot (data

not shown).

A competition ELISA (cELISA) performed between
mAbs on whole virus reveals several major overlapping
groups (“bins”) of epitopes. Three spike specific mAbs

were biotinylated for direct detection in immunoassay:

Figure 1. ELISA Epitope characterisation of murine F26 series mAbs. All the F26
series mADbs tested bind to rFS and F26G8 is the only mAb that does not bind to
the ACE2BD region, as demonstrated by lack of binding to either rACE2BDS or
dgrACE2BDS (A). These results were confirmed by a competitive ELISA with rFS
coating and dgrACE2BDS inhibition which clearly shows a reduction in signal with
increasing dgrACE2BDS protein concentration for all mAbs except F26G8 (B).

biot-F26G6 (immunofluorescence [IFA] positive, non-
neutralizing mAb), biot-F26G9 (IFA positive, neutraliz-
ing mADb), biot-F26G18 (IFA positive, highly potent neutralizing
mADb). A concentration of labelled mAb which produced a half
maximal signal (OD 405 nm) in ELISA was mixed 1:1 with the
other mAD supernatants from cell culture.

The neutralizing and non-neutralizing mAbs to SARS-CoV
essentially fall into four main bins as depicted in Figure 2.
There is a non-neutralizing epitope bin (Fig. 2A) where F26G8
and competes with biot-F26G6 to greater than a 90% reduc-
tion in binding; this is consistent with F26G8 being unable to
bind to the RBD fragment (residues 318-510) and both being
non-neutralizing mAbs. Next is the biotF26G9 neutralizing
mAb bin (Fig. 2B) which overlaps with all neutralizing mAbs
(F26G7, F26G10, F26G18, F26G19; all IFA positive, neutral-
izing mAbs to the RBD 318-510 fragment), except F26G3 and
non-neutralizing F26G4. Interestingly, the non-neutralizing
mAb F26G8 competes better with this bin than neutralizing
mAb F26G18. This suggests that critical contact residues are
key to neutralization, and that some mAbs compete by simple
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steric interference. The biot-F26G18 bin (Fig. 2C) overlaps by
about 90% with F26G9 bin, although there is less than 50%
overlap with F26G19; this is consistent with the pepscan data
that shows the critical contacts of F26G18 are adjacent to, but do
not overlap with, the linear stretch of F26G19 epitope as deter-
mined in X-ray co-crystal.'® Lastly, F26G3 (IFA positive, neutral-
izing mAb) and F26G4 (IFA negative, non-neutralizing mAb)
have essentially unique non-overlapping epitopes with the other
mAbs. In general, the neutralizing mAbs tend to cluster within
one bin, but there are some surprisingly low overlaps. For exam-
ple, F26G18 and F26G19 show less than 50% overlap using biot-
F26G18. There is also a 50% reduction of the non-neutralizing
biot-F26G6 signal by both the F26G18 and F26G19, which is
likely due to steric hindrance. Interestingly, the steric hindrance
appears to be one-way as the biotin-G18 does not show the same
phenomenon with unbiotinylated G6. F26G8 and F26G6 both
have very short VH-CDR3 regions which distinguish them from
the neutralizing mAbs.?
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Figure 2. Competition ELISA with biotinylated mAbs to whole inac-
tivated SARs-CoV. The biotinylated mAbs F26G6 (A), F26G9 (B) and
F26G18 (C), were evaluated for the ability to bind in the presence of
competing mAbs. The signal was detected using goat anti-mouse Fc
gamma hrp and normalized to 100% binding in the presence of PBS.
White bars, less than 0-50% inhibition; Gray bars, around 50% inhibi-
tion of binding; Black bars, >75% inhibition of the biotinylated mAb.

Chimeric mAbs were developed for these genetically related
mAbs whereby human constant regions were fused in frame to
the murine variable region gene cDNA. The human-mouse chi-
meras of F26G9, F26G10, F26G18 and F26G19 were named
9HIL, 10HI10L, 18HI8L and 19HIIL, respectively. This also
allowed simple naming of chain swapped pairs and tracking
back to the original F26 clone. Transfection of 293 cells fol-
lowed by ELISA screening of the supernatant shows that three
of the original V, and V| pairs (9HIL, 10HI0L and 18H18L)
and two of the uniquely assembled chain-swapped pairs (9H10L
and 10HIL) produce antibody that binds to rFS (Fig. 3A). The
rationale for chain swapping was that many of these V , and V|
genes were highly related and may be promiscuous binders. Of
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note, when paired, 10HI9L and 18HI9L are the only constructs
that seem to not produce significant antibody, although there
is a slight increase in the gamma heavy and kappa light chain
signal for 18HI9L. This suggests an incompatibility between
these two specific sets of immunoglobulin variable region genes.
Interestingly, the plasmid parental V gene pair of 19HI9L pro-
duces significant amount of antibody in the 293 cell line but the
antibody does not bind rFS (data not shown). This is the only
parental pairing where rFS binding is lost, and shows the changes
to the constant domains through the chimerization process have
a negative impact on the function of these V genes. We cannot
discount the potential effects of the addition of a couple of two
artificial amino acid residues on binding of 19H19L however these
are not in the antigen contact regions and do not effect binding of
the remaining mAbs. These modifications were instituted during
the addition of a cloning site for the hinge region. Furthermore,
this shows that V gene relatedness is not always a good predictor
of promiscuity and that somatic mutations clearly impact func-
tional pairings empirically. The binding of the chimeric mAbs to
the Spike protein was evaluated in ELISA assay and cELISA. As
can be seen from Figure 3A, many of the chimeric mAbs bind
to rFS, rACE2BDS and dgrACE2BDS, although binding to
rACE2BDS and the deglycosylated form is lower for IOHIL and
9HI10L. A cELISA was then done to confirm these results (Fig.
3B), which demonstrates that all of the chimeric antibodies are
inhibited in their binding to rFS by increasing concentrations of
dgrACE2BDS.

Western immunoblot. Previous western blotting with whole
viral lysate from Vero-E6 cells showed that the parental murine
mAbs F26G8, F26G18 and F26G19 bound to a band correspond-
ing to S protein via a linear epitope, while F26G9 and F26G10
did not.! When this experiment was repeated herein instead using
the recombinant baculovirus expressed S protein, F26G8 and
F26G18 bind rFS by western blot compared to F26G9, F26G10
and F26G19 which do not (data not shown); F26G19 was retested
at several concentrations to verify this result. While it is not clear
why F26G19 binds to viral expressed S protein but not baculovi-
rus expressed Spike, it may be due to differences in conformation
or lack of ability to standardise amounts of S protein in viral frac-
tions versus pure recombinant protein. However, F26G18 binds
to ACE2BDS, which clearly confirms the ELISA and cELISA
data. Western immunoblotting was repeated for the most potent
chimeric mAb 18H18L. Using anti-human Fc-gamma secondary
reagents 18H18L shows the same binding pattern in western blot
as parental murine F26G18, binding to both rFS and rACE2BDS
and not rPA (Fig. 3B and inset).

Linear epitope mapping of F26G8 and F26G18. Since west-
ern immunoblot shows F26G8 and F26G18 recognized linear
epitopes in rFS, further epitope mapping was undertaken to min-
imize the binding area. The F26G18 epitope (neutralizing mAb)
is clearly localized to a single pin-peptide at amino acid 460-476,
ESPDGKPATPPALNAYW,_  (Fig. 4A). This

460 476
novel linear epitope is located within the receptor binding domain

with sequence
region, as the ELISA and western blotting experiments predicted

it would. Pepscan experiments show clear recognition of two
pins for non neutralizing mAb F26G8, 604-620 and 612-628,
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suggesting that the epitope lies within the 9-mer overlap
region with sequence ADQLTPAWR (Fig. 4A). This
epitope was also found as part of a motif recognized by
F26G8 using random phage peptide library. Biopanning
the commercial Ph.D-12-mer random library reveals a
motif that matches pepscan (Fig. 4A, inset). Consistency
between pepscan and phage peptide libraries has been
seen previously.”” Some binding also seems to occur at
amino acid residues 444—460, which can be discounted
as background since C-ELISA with dgrACE2RBS shows
no competition for binding to rFS for F26G8 (Fig. 1).

Another signal was seen for F26G9 at pin correspond-
ing to amino acid residues 540-556. Although it is most
probably background, it is hard to discount immediately,
since the sequence does lie outside of the 318-510 and in
the region of S1 that it is known to bind.

Soluble peptides were also utilized to confirm epitope
specificity. Based on pepscan information, four soluble
peptides were synthesized; two were identical to the
respective epitope regions, and two were scrambled ver-
sions of the epitopes. A direct ELISA on tethered soluble
peptide showed that both murine antibodies recognized

Absorbance @ 405 nm

their respective peptide epitopes directly, and did not
bind to the scrambled versions (Fig. 4B and inset). A
cELISA was then performed with rFS coated to the
plate and the soluble peptides used as binding competi-
tors (Fig. 4B). Both G8PEP and GI8PEP compete in
a concentration dependent manner with rFS for bind-
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ing to F26G8 and F26G18, respectively. Compared to

the scrambled peptides, GBPEPScr and G18PEPScr, did
not affect binding. As for F26G18, peptide mapping
was performed on its chimera, 18HI18L, using 17-mer
pin peptides with 9-mer overlaps and soluble G18PEP
and GI18PEPScr. Pepscan mapping, using the anti-
human reagents, was unable to locate the epitope for
the chimeric human constructs (Fig. 5A); solid phase

Figure 3. ELISA epitope characterisation of chimeric mAbs. Direct ELISA (A) shows
that all the chimeric mAbs bind strongly to rFS, while rACE2BDS and rdgACE2BDS
bind with varying degrees. Competitive ELISA (B) shows that rdgACE2BDS suc-
cessfully competes with rFS for antibody binding for all the chimerics. B-inset
shows western immunoblotting on rFS (2), rACE2BDS (3) and rPA (4) using chi-
meric antibody 18H18L. The chimeric antibody binds to both rFS and rACE2BDS,
without binding rPA. Lane 1 is the molecular weight marker, with the values in
kiloDaltons (kDa) on the left hand side.

peptide ELISA were equally as inconclusive as18HI8L
did not bind to GI8PEP stronger than to background
(G18PEPScr, GS8PEP, G8PEPScr) (Fig. 5B). A cELISA using
soluble GI8PEP and GI8PEPScr as competitors cleatly showed
that G18PEP inhibits 18H18L binding to rFS in a concentration
dependent fashion (Fig. 5C). G18PEPScr, on the other hand,
produces no inhibitory effect. This demonstrates that 18H18L
binds to the specific sequence in G18PEP and maintains the same
epitope specificity as the parental murine version. While it is not
clear why pepscan fails and soluble peptides succeeds in mapping
chimeric F26G18 binding the authors suspect that the problems
were typical of many other human antibodies which generally do
not work well in pepscan (Berry JD, personal experience).
Surface plasmon affinity analysis. Affinity analysis was
performed using the BIACore 2000 surface plasmon surface
resonance (SPR) technique with a CM5 chip coated with rFS.
Varying concentrations of the murine F26 series and chimeric
human mAbs were flowed over the chip for association to occur,
then disassociation was measured by the drop in resonance over
time when only buffer was flowing (data not shown). Calculation

www.landesbioscience.com

mAbs

of the kinetic constants (k and k) and affinity constant (K)
was performed and the results are shown in Table 1. All spike
specific antibodies have nM level affinities (consistent with an
affinity matured T cell dependent response). Interestingly,
the two mAbs with linear epitopes, the non-neutralizing mAb
F26G8, and neutralizing mAb F26G18, binds rFS strongest with
K, of 0.83 (+0.36) nM and 1.78 (£0.63) nM, respectively. The
conformational mAbs, F26G9, F26G10 and F26G19 have simi-
lar values of 10.3 (£0.52), 7.49 (£0.40) and 4.05 (£1.01) nM,
respectively. When affinity measurements were repeated using a
full length S protein without the transmembrane region provided
by the Biodefense and Emerging Infectious Pathogens Resources
(BEI) Resources, the affinity measures were essentially identical,
thereby illustrating the specificity for the ectodomain (data not
shown). Finally, the chimeric forms had essentially the identical
affinity when the original V,/V| pairing from the parental hybri-
domas was maintained and where there was measurable expres-
sion of functional mAb (Table 1). These V , and V| genes had
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Figure 4. Epitope Mapping of murine mAbs F26G8 and F26G18. (A) Pepscan Mapping of murine mAbs F26G8 and F26G18 on overlapping pin peptides
spanning the S1 region (A) inset, Random Phage peptide mapping of mAb F26G8. Mimotope identification of anti-SARS monoclonal antibody, F26G8
after the second selection from Ph.D-12-mer phage displayed random peptide library mapping. Above the clone sequences is shown the actual S
protein motif sequence. (B) inset, Direct ELISA on tethered peptide in an ELISA and (B), a competitive soluble peptide ELISA on rFS which confirms that
mAbs F26G8 and F26G18 bind S1 with critical contacts in regions aa612-620 and aa460-476, respectively.

previously been shown to be highly related, so more light chain
promiscuity was expected.?

Neutralization assay on chimeric antibodies. Neutralization
assays were performed on the chimeric antibodies, while running
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the original murine version (i.e., F26G18) side-by-side so as to
limit errors due to different lab adapted viral stocks. All the
antibodies successfully neutralized the wild-type TOR2 strain
of SARS-CoV. The titres for the mAbs are shown in Table 1.
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nant of binding." There are many other
examples of neutralizing mAbs that map C
to the RBD that were developed using
alternative S1 protein targets and discov-
ery platforms. Similar to F26G19, the
neutralizing human mAb 80R binds via
a conformational epitope in the RBD.
Unlike the F26 mAbs, 80R was iso-
lated as a single-chain variable fragment
(scFv) from a non-immune human B cell

(naive) library screened against recombi-
32,57

Absorbance @ 405nm

nant insect cell expressed S1 protein.
The mAb 80R has potent in vitro neu-
tralizing capability, high affinity for the
RBD (1.59 nM),*? and it reduced viral
titres below detection when used pro-
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phylactically in a mouse model>® Viral 0

=== G18PEP
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escape from 80R has lead to the study 3140
of recombinant mAbs with broadened

N

9.8)50"“ 0.0(;125
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activity.”” The crystal structure of 80R

in complex with the RBD shows that all
six complementary determining region

(CDR) loops, as well as extensive frame- 22460-476 peptide.

Figure 5. Peptide Mapping of 18H18L. Pin Peptide Mapping (A) and direct peptide binding ELISA (B)
results are inconclusive compared to background (black bar, G18PEP; white bar, G18PEPScr; grey bar,
G8PEP; hatched bar, GBPEPScr), while the competitive ELISA (C) demonstrates that 18H18L binds the

work (FR) residues, are involved in bind-
ing.’ The dependence on FR residues for
binding may be a result of the fact that 80R was selected from a
naive library rather than an immune individual. Similarly, Zhu
et al. isolated m396 from a non-immune human scFv library
through screening against a recombinant form of the RBD.*® The
IgG1 version of this antibody demonstrates an affinity of 4.6 pM
and can neutralize the GD03T0013 isolate.'"*® Crystal structure
analysis of Fab m396 in complex with the RBD S protein shows
that m396 recognizes the epitope 482-491, using CDR loops H1,
H2, H3 and L3.>® Other examples include the use of transgenic
mice with human immunoglobulin genes,” or semi-synthetic
libraries®® (Table 2). This supports the notion that the RBD must
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be relatively exposed on the viral surface.®¢

! This is supported by
the immunogenicity of this region in animals®* and humans.®
Collectively it’s clear, that mAbs F26G18 and F26G19, and other
neutralizing mAbs to SARS-CoV neutralize SARS-CoV primar-
ily by preventing binding of S1 to the ACE-2 receptor.

The SARS-CoV S1 protein has a dominant neutralization
region within the RBD consisting of a 33 residue segment.
Despite the use of different host species and immunoglobu-
lin repertoires (naive, immune, synthetic) different forms of
antigen (monomeric, multimeric), and different glycoforms
(mammalian, insectoid, bacterial) essentially all S1 mAbs
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Table 1. Binding characteristics of murine and chimeric human mAbs on recombinant full length baculovirus spike protein and virus neutralisation

titres
mAb Isotype Specificity
F26G3 G2a/k? S protein®
F26G4 G2a/k® unknown
F26G6 G2b/k? S protein®
F26G8 G2a/k? S protein®
F26G9 G2a/k? S protein/RBD
F26G10 G2a/k? S protein/RBD
F26G18 G2b/k® S protein®/RBD
F26G19 G2a/k? S protein®/RBD®
F20G7-5 G1/k PA-toxin
Chimeric F26G9 G1/k S protein/RBD
Chimeric F26G10 G1/k S protein/RBD
Chimeric F26G18 G1/k S protein/RBD
Chimeric F26G19 G1/k Binding lost*

Affinity for S Epitope/mapping Neutralizing titre (nM)*
protein KD (nM) procedure
Tor3h Tor2i
0.83 (£0.26) C/C-ELISAY 26 nd
nd C/C-ELISAY non non
nd Phage non non
0.83 (+0.26) L/peptides? non non
10.2 (£3.5) C/C-ELISA 1 nd
7.5 (+2.7) C/C-ELISA 1 nd
1.79 (+0.50) L/peptides® 0.075 2.07
4.05 (£1.01) C/Co-crystal® 1 nd
nd n/a n/a n/a
2.69 (+0.50) C/Nd nd nd
3.62 (+1.46) C/Nd nd nd
1.28 (+0.78) L/peptides’ nd 2.47
n/a n/a n/a n/a

aref. 1; Pref. 10; “Epitope properties described as follows: L, linear or contiguous; C, conformational; “Phage-peptide, and/or pepscan, and C-ELISA
mapped; ¢Pepscan mapped, soluble synthetic peptide competition, and C-ELISA; fsoluble synthetic peptide competition; 9lowest concentration for
90% neutralization of TCID, | CPE; "ref. 3; "Tor2 is an uncloned strain of SARS-CoV which likely represents a quasispecies; “Despite high level expres-
sion F26G19 loses binding ability to S when expressed on human Fcgammal and kappa CH regions; n/a, not applicable; nd, not determined; non, non

neutralizing.

Table 2. Different methods and forms of S protein all generate or select neutralizing mAbs to the SARS-CoV RBD

Oligomeric
membrane
glycoprotein

Monomeric
protein

Immunogen/Antigen
Whole virus—BPL
inactivated
Whole virus—gamma
irradiated
Virus infection
Whole virus—gamma
irradiated

Recombinant S protein
(Human cell expressed)

Recombinant S protein
(Insect cell expressed)

Recombinant S protein
(Insect cell expressed)

Recombinant S protein
(E. coli expressed)

Source/Mab
technology

Murine immune B cells/
hybridoma

Murine immune B cells/
hybridoma

Human convalescent B
cells/EBV immortalization

Semi synthetic library/
Phage display
Murine immune B cells/
human V-gene hybridoma

Murine immune B cells/
human V-gene hybridoma

Human randomized naive
library/Phage display

Murine immune B cells/
hybridoma

neutralize via a common footprint. Indeed the critical contact
residues involve the 33 amino acid segment consisting of residues
4()OFSPDGKPCTPPALNCY\WPLNDYGFYTTTGIGYCL‘”
(Fig. 6), and various neutralizing mAbs recognize both common
overlapping sets of residues and unique contact residues relative to
that recognized by the ACE-2 receptor.’® This region is exposed
regardless of the glycoform, and has a critical role in attachment
to the host ACE2 receptor. These factors combine to make this
antigenic region an immunological “Achilles heel,” for the virus.
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Authenticity of Screening/ Neutralizing

. . . References
antibody pairings Selection mAbs to RBD
Natural—In vivo intact virions Yes 1
Natural—In vivo intact virions Yes 77
. SDS/heated
Natural—In vivo /. Yes 34
virus
Ran'dom—'syr!thetlc intact virions Yes 33
library, in vitro
Trans i i
g.]em.c mouse Recomberant Yes 59
in vivo S-protein
Trans i i
gen{c mouse Recomberant Yes 68
in vivo S-protein
R;.andom.—n.alve Recomberant Yes 1,56
library, in vitro S-protein
. Recombinant
Natural—In vivo Yes 78

S-protein

The mAb F26G18 uses seventeen of these residues as a core of
critical contacts as determined by pepscan, and conformational
mAb F26G19 engages seven of these amino acid residues.
Chimeric mouse-human mAbs do not always retain func-
tionality. Three out of four recombinant chimeras functioned as
the parental murine versions, but one (199H19L) failed to bind its
cognate antigen. While some studies have shown that changes
in fine specificity can result from chimerization with alternative
isotypes,® the process can clearly have more profound effects as
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Figure 6. Depiction of the SARS-CoV Achilles heel. A schematic depicting the location of neutralizing epitopes and binding domains on the 193 amino
acid receptor binding domain (RBD) of the S1 protein (Li et al. 2005). (A) Contact residues of ACE2 and mAbs which interrupt S1 binding to ACE2 are
depicted with blue filled boxes. The DC-SIGN and mAbs which are known to block S1 binding to DC-SIGN are depicted with a pink filled box. The mAbs
F26G18 and F26G19 were raised in immune response to native SARS-CoV spike protein (whole virus) and are outlined in red lined boxes. mAbs with
linear epitopes are shown with solid lined boxes. mAbs with conformation epitopes have dashed lines on their boxes to indicate contact residues fall
in the region as determined from co-crystal structure with S1 proteins. (B) The core 33 amino acid residues containing the known critical contacts of
neutralizing mAbs and the ACE-2 receptor in the RBD (green dashed box). This immunodominant determinant corresponds to amino acid residues
460-492 of the S1 protein (green dashed box). This region is shown to illustrate the diversity of recognition of this compact region as well as the
proximity of the contact residues of neutralizing mAbs in relation to the contact residues of the ACE2 host cellular receptor. Occlusion of the recep-
tor is the main mechanisms of SARS virus neutralization for mAbs binding in this region. The boxes show the minimal epitope contact “footprint” in
this region either from crystal structures and or other epitope mapping strategies for each of: ACE2 (red broken box); conformational mAb 80R (blue
dotted box); conformational mAb F26G19 (black dashed box, 486-492); conformational mAb m396 main contact residues (brown box); and the linear
epitope of mAb F26G18 (black box, 460-476). The known contact residues for ACE-2 are color coded red. Data has been extracted from this paper and
other previously published articles.*?1105676
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19H19L completely failed to function as a chimera. This may
be due to somatic mutational changes of the germline V genes
which are unique to the F26G19 pairing but incompatible with
the human Fc regions in chimerization. The results of the ELISA
assays confirm the specificity of our neutralizing mAbs to the
S protein, specifically the RBD domain (residues 318-510).
Previous analysis of these murine mAbs was performed using
whole SARS CoV. The neutralizing mAbs F26G9 and F26G10
were western immunoblot negative and as such their protein
target was unknown. These data confirm the conformational
nature of the corresponding epitopes of F26G9 and F26G10 as
they could not be mapped via pepscan and extend the findings in
that we are able to show that they recognize both the SARS-CoV
spike protein and the RBD in ELISA. We were able to measure
SPR using the recombinant full length spike protein produced
from BEIL The mAbs competition data showed that there are at
least four easily discernable bins of mAbs. Moreover, multiple
mAbs can bind to epitopes in the RBD with partial overlap. Our
data on the binding of the neutralizing mAbs to dgrACE2BDS
show that carbohydrates are not part of the epitopes for these
mADbs.

Ideally, a chimeric mAb should retain the same immmu-
nochemical parameters and biological activity as the parental
mAb. The most potent murine mAb F26G18, was created as a
chimera, 18HI18L. Chimeric 18HI8L binds to the full-length
spike and the minimal ACE2BDS in western-immunoblot (Fig.
3). Furthermore, 18H18L has the same affinity for recombinant
spike and it neutralizes live virus in vitro as well as the parental
mAb does (Table 1). Epitope mapping of the binding specific-
ity of 18HI8L was performed using both pepscan and soluble
peptides. The chimeric 18H18L mAb failed to perform in pep-
scan, which is likely due to a general incompatibility of secondary
antibody reagents. The F26G18 and F26G19 epitope data from
pepscan and X-ray crystallography,' respectively, showed that
critical residues for F26G18 and F26G19 are closely located but
not overlapping (Fig. 6), and this is consistent with the partial
overlap of these mAbs seen in competition ELISA on the whole
virus. Soluble peptide inhibition experiments with GI8PEP con-
taining the critical contact residues of F26G18 confirmed the
peptide epitope by specifically competing for binding to rFS.

Recombinant integral membrane proteins are not always reli-
able immunogens for eliciting broadly protective anti-viral anti-
bodies. Indeed, the immune response to recombinant fragments of
the S protein would not be expected to accurately mimic a trimeric
integral membrane protein. Moreover, the dominance of epitopes
on different forms of the same immunogen might be perturbed
when expressed as a monomer as most neutralizing antibodies
bind to conformational epitopes and can, as in the case of Ebola,
span subunits.®” In this regard, a soluble recombinant monomeric
S protein would be expected to be the least desirable immunogen.
Similarly, the use of a monomeric S protein fragment as an anti-
gen in phage biopanning would not be expected to necessarily
select for the best virus neutralizing mAb as the presentation and
prominence of a given epitope is not likely to be native. This has
been the case for other enveloped viruses including HIV-1 where
monomeric Env can fail to select for potent antibody responses to
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the virus.® Thus our initial actempts at antibody development for
SARS-CoV made use of the most native form of the virus, that
obtained by gentle chemical inactivation. Since that time, the
collective mAb field has shown that mAbs of essentially equiva-
lent potency can be derived to SARS-CoV S protein using techni-
cally distinct methods. While the virus does show the capacity to
mutate residues to escape neutralization by individual mAbs, the
extreme dominance of the region along with the ability of mAbs
to redundantly recognize key critical residues likely contributed
to the limited infection of humans.

Epitopes in a single region in the S-protein consistently elicit
or select the majority of neutralizing mAbs for SARS-CoV. With
the addition of our data to the body of the literature, we establish
the following conclusion regarding the novel properties of the
SARS-CoV spike RBD: dominance of the neutralizing subre-
gion in the receptor binding domain of Severe Acute Respiratory
Virus S1 is independent of antibody repertoire, host species, tar-
get quaternary structure and mAb technology (Table 2). This
seems unlike what has been frequently observed with many other
enveloped RNA viruses such as those found in the Filoviruses and
Lentiviruses, where each of these factors has produced confound-
ing obstacles that slow the development of useful and safe anti-
body therapeutics or vaccines. Indeed, SARS-CoV is relatively
simple with the vast majority of antibody bioactivity mediated
through one site critical to the virus pathogenesis, which thus
represents a single fatal weakness. Other viruses have perhaps had
more evolutionary time to evolve their membrane glycoproteins
to avoid direct immune recognition of a single Achilles heel by
gaining structural features to sequester the conserved receptor or
co-receptor binding surfaces. Relative to even bacterial systems,*
RNA viruses have a high level of gene expression noise, which
makes them highly adaptable to environmental stress and immu-
nological selection; however the fact that human naive mAb
libraries provide high-affinity protective mAbs to SARS suggests
that it was repelled from the human population because of rela-
tively resistant people with pre-existing antibody to the protec-
tive domain. An important caveat is that we simply have not yet
studied the virus in enough detail to observe antigenic variants
and to understand the importance of other regions of the S pro-
tein.®*® It will be important to continue to monitor the evolution
of SARS-CoV for the emergence of escape variants that could
confound current thinking on antibody-based vaccines.

Materials and Methods

Cells, hybridomas, constructs, proteins and antibodies.
Monoclonal antibodies were generated by hybridoma fusion
to whole inactivated SARS-CoV viral particles as the immu-
nogen and the antigen as described previously."* The mAbs
examined in this paper are listed in Table 1. Several purified
murine mAbs as indicated were labelled commercially (Rockland
Immunochemicals) with biotin to perform mAb competition
studies on whole SARS-CoV grown at the National Microbiology
Laboratory under BL-3 conditions. Free-style 293 cells were
obtained from Invitrogen. Recombinant S-protein were produced
in mammalian and baculovirus expression systems and purified.
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Both full length spike protein (rFS) and transmembrane deficient
Spike (rFS-TMless) were graciously provided by the Biodefence
and Emerging Infectious Pathogens Resources (BEI). A mam-
malian expressed ACE-s minimal binding domain fragment
(rACE2BDS) protein fragment (aa 318-510) was prepared as
described previously.®>”® Purity was assessed by Coomassie blue
staining following SDS-PAGE. A deglycosylated version of the
rACE2BDS, termed (dgrACE2BDS), was prepared by pngase
digestion. Sequence data on the variable regions (V, and V) of
the F26 mAbs have been published previously.? Chain promiscu-
ity was assessed by interchanging V, and Vs in chimeric plgG
constructs and the original pairings (i.e., I8H18L) and uniquely
assembled pairings (i.e., 9H10L) were analyzed. While the origi-
nal pairings represent chimeric leads, the uniquely built pairings
might reveal information regarding the relative contributions of
both heavy and light chain V genes to binding.

Cloning of V, and V| genes, construction and expression of
chimeric mAbs. Chimeric mAbs were produced in several ver-
sions of a mammalian expression vector with human IgGl1 and
kappa constant regions. Immunoglobulin variable region gene
RT-PCR was performed essentially as described®”! with the fol-
lowing exceptions. Briefly, the GeneRacer™ System (Invitrogen)
was used to perform RNA ligase-mediated rapid amplification of
c¢DNA ends (RLM-RACE) when the blocking primer failed to
prevent AbVk amplification.”? Polymerase Chain Reaction (PCR)
was then used to amplify the V| and V,, using combinations
primers published previously.>”" Amplified V,, and V| genes were
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cloned into the plgG vector™* and all clones were sequenced

at each step. Sequence data obtained from commercial services
or the NML DNA core were analyzed using DNAStar software.
Variable region genes with an internal Sac I site in the V , region
that would interfere with the digestion and ligation strategy was
removed via site-directed mutagenesis using the QuikChange® I1
XL Site-Directed Mutagenesis Kit (Stratagene). The light chain
variable region gene was fused to the human Ckappa constant
region using overlap PCR. Primers were developed to link the
murine V| to the human C_and provide the appropriate 5" and 3'
RE sites (Hind III and Xba I respectively) for ligation in the pIgG
vector. The pIGG-P14 plasmid clone and parental plgG vector
were obtained as a gift from Christoph Rader (NIH) and Carlos
Barbas (TSRI).”*” Following this the V , genes were inserted into
the pIGG-containing the V| C . Individual clones were screened
for inserts using restriction digests and by PCR and sequenc-
ing, followed by expression tests. The human-mouse IgG1 anti-
bodies were expressed transiently in batches in free-style 293F
cells. The 9H and 10H immunoglobulin variable region gene
c¢DNAs from F26G9 and F26G10 parental hybridomas were
paired with all four possible combinations of light chains (9L,
10L, 18L and 19L), while 18H and 19H were each paired with
18L and 19L only. This gave a total of 12 constructs, with four
original pairings and eight uniquely assembled pairs. Eight
clones of the ligation reactions were screened by sequencing,
showing that all the constructs created were correct and in-
frame (data not shown). The cells were transfected with plas-
mids using 293fectin™ according to the manufacture’s protocol
(Invitrogen) and incubated at 37°C with 8% CO, for six days
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prior to collection, screening in ELISA, concentration and finally
protein A purification.

Enzyme-linked  immunosorbent  assays (ELISAs).
Monoclonal antibody were tested for binding to full-length
baculovirus expressed recombinant spike protein (rFS; at 200
ng/well), rACE2BDS (100 ng/well), and recombinant protec-
tive antigen (rPA; 200 ng/well) (Cedarlane) coated to individual
wells of a MaxiSorp 96 well plate NUNC™). The plates were
handled as described previously."? Biotinylated F26G6, F26G9
and F26G18 were used to group epitopes on the whole inactivated
SARS coated on plate and conjugated mAbs used at 2 x 1/2 max-
imum optical density were than mixed 1:1 with unlabelled com-
petitor mAbs. A competition ELISA was performed on the mAbs
in order to test for specificity for proteinaceous epitopes in the
ACE-2 BDS protein. For the RBD competition ELISA, 200 ng
of rFS was coated per well on MaxiSorp 96 well plates overnight
at 4°C as above. Tissue culture supernatant from parental murine
hybridomas were diluted with PBS to a dilution, determined pre-
viously, that yielded an absorbance unit of approximately OD =
1 at 405 nm versus rES when the substrate is applied for an hour,
and incubated for 30—40 minutes with twofold serial dilutions in
PBS of deglycosylated (dgrACE2BDS), starting at 0.03625 mg/
ml down to 1.77 x 10° mg/ml. Competitive ELISA using the
soluble peptides was carried out, with the following modifica-
tions. Instead of dgrACE2BDS, the soluble peptides were mixed
at twofold serial dilutions starting from 100 ug/ml, and ending
at 0.097 ug/ml. Each antibody was tested against the peptide
containing its putative binding domain and the corresponding
scrambled peptide. The protocols outlined above were followed
for characterisation of the chimeric antibody with the follow-
ing modifications. In ELISA, cELISA and western blotting, the
GoH IgG-y HRP antibody was substituted for the anti-mouse
secondary.

Western immunoblots. Antibody binding specificity was
determined using western immunoblotting as described pre-
viously."? Diaminobenzidine (DAB)/Metal Substrate (Pierce,
Rockford, IL) was applied to the membrane until substantial
colour development could be seen, usually 0.5 to 4 minutes.
Excess substrate was then washed away with water and the mem-
brane allowed to dry prior to scanning to obtain a digital image.

Epitope mapping of F26G8 and F26G18 with pepscan.
Using the TOR2 strain S protein as a template, forty-nine 17-mers
with 9aa overlap were developed, synthesised and attached via an
extra C-terminal cysteine to pins (synthesis and attachment per-
formed by PepScan Presto) spanning from 300700 aa. Internal
cysteines were replaced by alanine. For the assay, the pins were
blocked for 2 hours and the mAb was diluted to 1 ug/mL in
0.1% skim milk and 0.1% Tween-20 in PBS and reacted with
the pins overnight at 4°C. The pins were washed three times
then incubated with GoM IgG-y HRP (Southern Biotech) in
dilution buffer for 1 hour. After washing again, 200 pl of ABTS
substrate was applied to a MaxiSorp 96-well plate and the read-
ings taken at timed intervals. The absorbance reading was then
plotted versus the peptide sequence, and secondary antibody
alone used as the negative control. The pin block was regener-
ated via sonication at 60°C for 1 hour in a phosphate solution
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with 1% SDS and 0.1% BME, followed by sonication for 30
minutes in water according to the manufacturer’s instructions.
Epitope mapping of F26G8 and F26G18 using soluble
peptides. Based on the pin peptide analysis, soluble 17-mers of
the putative binding sequence were commercially developed
with an N-terminal biotin (United Biochemical Research).
Epitope mapping was performed on the huG1-F26G18 chime-
ric monoclonal antibody using pin peptides and soluble pep-
tides identical to the methods described, except substituting
the GaH IgG-y HRP antibody for the anti-mouse secondary.
Oligopeptides containing the identical amino acid residues but
in scrambled order were synthesized as controls. The soluble
synthetic peptide names and sequences are as follows: G18PEP,

N-Biotin-FSPDGKPCTPPALNCY W-COOH; G18PEPScr,
N-Biotin-KGCPWAYLSPPCTDPNE-COOH; GS8PEPD,
N-Biotin-TAIHADQLTPAWRIYST-COOH:; GS8PEPScr,

N-Biotin-HITARQTPWAADLITYS-COOH. The mAbs were
first tested for binding to the synthetic oligopeptides in an indi-
rect ELISA using streptavidin (Zymed) coated on a MaxiSorp 96
well plate to capture the peptides. A competitive peptide ELISA
was performed in order to confirm specificity for the minimal
peptide epitopes. In this case the soluble peptides were used to
inhibit mAb binding to rFS.

Surface plasmon resonance. Affinity analysis was performed
on a BIACore 2000 essentially as described previously using
CMS5 chips” coated with rFS. Briefly, surface plasmon reso-
nance was done using 0.15 M NaCl, 0.005% Surfactant P20,
0.01 M HEPES pH 7.4 (HEPES-P) (BIACore) as the buffer with
a flow rate of 5 pl/minute. The rFS was coated onto flow cell
1 in all cases of an activated commercial grade CM-5 chip. An

increase in signal from baseline (after activation) to after coating
indicated that sample had been successfully coated onto the chip.
A minimum of five samples runs was used for each antibody.

Virus neutralization assay. Vero-E6 cells were grown in a
tissue culture 96 well plate to confluence in DMEM with 2%
FBS (Gibco). Antibody was diluted tenfold in the medium and
heat inactivated at 56°C for 30 minutes. The Vero-E6 cells and
antibody were then taken into the Biosafety Level 3 Laboratory.
Various dilutions of antibody were then mixed with a TCID,
= 100 of SARS-CoV TOR2 strain (uncloned) and incubated at
37°C for 1 hour. After incubation, 20 ul of the antibody/virus
dilutions were applied to six wells per dilution to the plate and
incubated for 1 hour to allow for infection. Virus titers of TCID,
=10, 1 and 0.1 were used as a positive control. Next, 100 pl of
medium was then added to each well and the plates incubated at
37°C for 3—4 days, then scored under a microscope for the pres-
ence of cytopathic effect (CPE).
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