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ABSTRACT Middle East respiratory syndrome coronavirus (MERS-CoV) causes a
highly lethal pulmonary infection with �35% mortality. The potential for a future
pandemic originating from animal reservoirs or health care-associated events is a
major public health concern. There are no vaccines or therapeutic agents currently
available for MERS-CoV. Using a probe-based single B cell cloning strategy, we have
identified and characterized multiple neutralizing monoclonal antibodies (MAbs) spe-
cifically binding to the receptor-binding domain (RBD) or S1 (non-RBD) regions from
a convalescent MERS-CoV-infected patient and from immunized rhesus macaques.
RBD-specific MAbs tended to have greater neutralizing potency than non-RBD S1-
specific MAbs. Six RBD-specific and five S1-specific MAbs could be sorted into four
RBD and three non-RBD distinct binding patterns, based on competition assays,
mapping neutralization escape variants, and structural analysis. We determined co-
crystal structures for two MAbs targeting the RBD from different angles and show
they can bind the RBD only in the “out” position. We then showed that selected
RBD-specific, non-RBD S1-specific, and S2-specific MAbs given prophylactically pre-
vented MERS-CoV replication in lungs and protected mice from lethal challenge. Im-
portantly, combining RBD- and non-RBD MAbs delayed the emergence of escape
mutations in a cell-based virus escape assay. These studies identify MAbs targeting
different antigenic sites on S that will be useful for defining mechanisms of MERS-
CoV neutralization and for developing more effective interventions to prevent or
treat MERS-CoV infections.

IMPORTANCE MERS-CoV causes a highly lethal respiratory infection for which no
vaccines or antiviral therapeutic options are currently available. Based on continuing
exposure from established reservoirs in dromedary camels and bats, transmission of
MERS-CoV into humans and future outbreaks are expected. Using structurally de-
fined probes for the MERS-CoV spike glycoprotein (S), the target for neutralizing an-
tibodies, single B cells were sorted from a convalescent human and immunized
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nonhuman primates (NHPs). MAbs produced from paired immunoglobulin gene
sequences were mapped to multiple epitopes within and outside the receptor-
binding domain (RBD) and protected against lethal MERS infection in a murine
model following passive immunization. Importantly, combining MAbs targeting
distinct epitopes prevented viral neutralization escape from RBD-directed MAbs.
These data suggest that antibody responses to multiple domains on CoV spike
protein may improve immunity and will guide future vaccine and therapeutic de-
velopment efforts.

KEYWORDS MERS-CoV, protection, RBD, S1, escape mutation, monoclonal antibody

Middle East respiratory syndrome coronavirus (MERS-CoV) is one of four
�-coronaviruses in the family Coronaviridae found to infect humans. It has

emerged as a highly fatal cause of severe acute respiratory infection since April 2012.
As of 10 November 2017, there have been 2,103 confirmed cases of infection, including
733 related deaths from 27 countries (http://www.who.int/emergencies/mers-cov/en/).
Although human-to-human transmission of the virus has been identified on several
occasions, most outbreaks are hospital related, as exemplified by a large outbreak that
occurred in South Korea in 2015 and in Saudi Arabia since 2013 (1, 2). Dromedary
camels serve as a principal reservoir for transmission, and future outbreaks of infection
in humans are expected (3–6). The high case fatality rate, vaguely defined epidemiol-
ogy, and absence of prophylactic or therapeutic measures against this novel virus have
created an urgent need for effective vaccines and therapeutic options, should out-
breaks expand to pandemic proportions.

Administration of neutralizing monoclonal antibodies (MAbs) has become an in-
creasingly attractive option for prophylaxis or therapy of viral infections (7). The
homotrimeric spike glycoprotein (S) is the primary target for neutralizing antibodies on
coronaviruses. S is a typical class I fusion glycoprotein that undergoes proteolytic
cleavage resulting in two subunits: S1, which is distal to the virus membrane, and S2,
which includes the amino-terminal hydrophobic fusion peptide, transmembrane do-
main, and two heptad repeat sequences that mediate membrane fusion required for
viral entry (8–11). The S1 subunit contains the receptor-binding domain (RBD) that
mediates virus attachment to its host receptor, dipeptidyl peptidase 4 (DPP4) (10, 12).
Several research groups have isolated anti-MERS-CoV MAbs from immunized mice,
convalescent MERS patients, or naive human antibody phage display libraries (13–19).
While most reported MERS-CoV-neutralizing MAbs are RBD specific, two non-RBD
S1-specific MAbs have recently been reported (20, 21). Structural studies revealed that
three RBD-specific MAbs, D12 and 4C2 (from immunized mice) and MERS-27 (from a
naive human phage display library), have highly similar binding patterns in complex
with the RBD, mainly interacting with residues centered around W535 in the RBD, while
m336 (isolated from a human immunoglobulin library) and MCA1 (from a MERS human
survivor) interacted more broadly with RBD contact residues largely overlapping the
DPP4-binding site (15, 20, 22–24). Although RBD-specific MAbs can neutralize virus with
high potency and have been reported to protect animals against infection in pre- and
postexposure models (13, 14, 25, 26), there is a potential risk for virus to escape under
selection pressure if only a single site is targeted (27, 28). Therefore, using two or more
MAbs targeting different RBD epitopes or conserved non-RBD domains may have
advantages for therapeutic applications (27, 29–32). Using hybridoma technology, we
previously generated a panel of MAbs from full-length S-immunized mice that target
the RBD, S1 (non-RBD portion), and S2. In this study, we used MERS-CoV S-specific
probes to sort single B cells and clone the heavy- and light-chain immunoglobulin
genes to identify neutralizing MAbs specifically binding to the RBD or S1 (non-RBD)
from a MERS-CoV-infected individual and immunized nonhuman primates (NHPs). Six
RBD-specific and five S1-specific MAbs were further characterized according to binding
specificity, neutralization breadth, shared and unique neutralizing epitopes, and
atomic-level structure. We demonstrate that a combination of RBD- and S1-specific
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MAbs or two RBD-specific MAbs targeting distinct epitopes could prevent emergence
of escape mutations in the RBD. In addition, MAbs specific to the RBD, S1, or S2
protected DPP4-transgenic mice against MERS-CoV infection.

RESULTS
Characterization of serum from immunized rhesus macaques and a MERS

CoV-infected convalescent human volunteer. First, we analyzed serum from immu-
nized rhesus macaques and a convalescent MERS patient for antibody binding speci-
ficity (see Fig. S1A in the supplemental material) by enzyme-linked immunosorbent
assay (ELISA) and a pseudotyped lentivirus reporter neutralization assay (Fig. S1B).
Similar to serum from macaques immunized three times with full-length S DNA
(3�DNA) or two times with full-length S DNA and once with S1 protein (2�DNA/
protein) (20), human serum could bind to the RBD, S1, and S2 of MERS-CoV S. In
contrast, two immunizations with S1 protein (2�protein) (20) induced antibodies
binding only the RBD and S1, but not S2, as expected. Anti-RBD and -S1 antibody titers
in the human donor obtained 3 weeks after infection were lower than those in
macaques immunized with 2�DNA/protein or 2�protein (Fig. S1A). Similar results were
observed using the pseudotyped reporter virus neutralization assay, perhaps attribut-
able to the time point for sample collection and difference between natural infection
and immunization (Fig. S1B). However, there was a higher level of anti-S2 antibody
detected in human serum (Fig. S1A), suggesting that natural infection of MERS-CoV or
vaccination with full-length S induces antibodies targeting multiple structural domains
of S. Since the 2�DNA/protein regimen induced the highest neutralizing activity
among the three groups, we isolated MAbs from immunized macaques in addition to
those from the human donor.

Isolation and characterization of MAbs. In this study, we isolated neutralizing
MAbs targeting the RBD and S1 from a MERS patient and vaccinated macaques using
MERS-CoV specific probes combined with single B cell cloning strategy (33, 34).
Peripheral blood mononuclear cells (PBMCs) from the immunized macaques (2 weeks
after the last boost) and human donor (3 weeks after onset of illness) were stained with
a viability marker (VIVID), antibodies to exclude T cells and monocytes (CD3/CD4/CD8/
CD14), antibodies to label B cells (CD20/IgG/IgM for NHP and CD20/IgG for human), and
probes for the RBD and S1. IgG� IgM� probe� (NHP) or IgG� probe� (human) single
B cells were sorted and subjected to PCR amplification and cloning of VH/VL genes (Fig.
S2A and S2B). A panel of MAbs was generated (Fig. S2C) and selected for further
characterization on the basis of binding specificity and neutralization potency. Three
MAbs from the macaque JC57 (JC57-11, JC57-13, and JC57-14) were from the same VH

germ line (IGHV4-2), as observed in anti-simian immunodeficiency virus (anti-SIV)
antibodies (34), but were paired with different VL genes (IGKV3-9, IGKV1-20, and
IGKV2S17). A MAb isolated from another macaque (FIB), FIB-H1, used a different VH and
VL than JC57-derived MAbs. The somatic mutation rate (nucleotide) ranged from 3% to
17% for VH and 1% to 9% for VL based on currently available data in the IMGT database
for rhesus macaques. Two of four MAbs from the human donor (CDC2-C2 and CDC2-
A10) utilized IGHV1-69, which is a commonly used allele for neutralizing antibodies
against many other viruses, including MERS-CoV (17, 18, 35–37). All four human MAbs
used different VL genes. Remarkably, V segments of human MAbs showed very low
levels of somatic mutation, ranging from 0% to 5% for VH and 1% for VL, which may be
related to the early postinfection collection time point. Both JC57-11 and CDC2-C2 have
relatively long VH complementarity-determining region 3 (CDRH3) sequences, 23 and
20 amino acids, respectively (Fig. S2C).

Binding specificity, neutralization potency, and breadth. MAbs were first tested
for binding to the MERS-CoV S RBD or S1 proteins by ELISA. JC57-11 and JC57-14 from
macaques and CDC2-C2 and CDC2-C5 from humans were found to be RBD-specific
MAbs, binding to both the RBD and S1. JC57-13 and FIB-H1 from macaques and human
CDC2-A2 and CDC2-A10 bound to S1, but not the RBD, suggesting specificity for
non-RBD S1 domains (Fig. 1A). The MAbs display nanomolar affinity for S1 similar to

Neutralizing MAbs Target Multiple CoV Spike Epitopes Journal of Virology

May 2018 Volume 92 Issue 10 e02002-17 jvi.asm.org 3

http://jvi.asm.org


FIG 1 MAb binding specificity and neutralization potency. (A) Binding specificity. MAbs isolated from immunized NHPs and a MERS survivor were assayed by
ELISA for binding to soluble receptor-binding domain (RBD) or S1 protein. RBD-specific MAbs (in red) bound to both RBD and S1 proteins, while S1-specific
MAbs (in blue) bound only to S1. (B) Neutralization potency. Neutralization activity was measured using a MERS-CoV EMC S-pseudotyped lentivirus
neutralization assay. NHP MAbs are shown in the left graph and human MAbs in the right graph (two NHP RBD-specific MAbs in black were included for
comparison). Percent neutralization at the different MAb concentrations is shown. Data points represent the means of triplicate replicates with standard errors.
(C) IC50, IC80, and IC90 neutralization titers. aIC values represent average results from two technical replicates of neutralization testing using a pseudovirion entry
assay or plaque reduction neutralization testing (PRNT). bThe PRNT IC50 for MAb JC57-13 was not available (N/A), as �50% neutralization was obtained at the
lowest concentration of MAb tested, 0.0032 �g ml�1.
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those of previously described MERS-specific antibodies (Fig. S3). MAbs were also tested
in an S-pseudotyped lentiviral reporter neutralization assay (Fig. 1B and C). Reciprocal
IC50 neutralization titers (where IC50 is the concentration resulting in 50% reduction of
infectivity) for JC57-11 and JC57-14 against MERS-CoV EMC pseudoparticles were
similar (0.0096 and 0.0084 �g/ml, respectively), and these MAbs had higher potency
than the human MAb CDC2-C5 (IC50 � 0.0563 �g/ml). CDC2-C2 was the most potent
RBD-specific MAb against MERS-CoV EMC, with IC50 and IC80 values of 0.0057 and
0.0122 �g/ml, respectively, in the pseudovirus neutralization assay and 0.058 and 0.073
�g/ml, respectively, in plaque reduction neutralization tests (PRNT) using native MERS-
CoV EMC (Fig. 1C). The neutralizing potential of CDC2-C2 is comparable to that of the
two most potent MAbs (m336 and REGN3051) described to date (13, 18). All S1
non-RBD-specific MAbs failed to neutralize 100% of the input virus, reaching no more
than 90% neutralization. Therefore, these MAbs had high reciprocal IC50 titers and had
negative IC90 neutralizing activity. This phenomenon has also been reported for
influenza virus and human immunodeficiency virus type 1 (HIV-1) antibodies. Although
not as potent as the RBD-specific MAbs, S1-specific MAbs, like G2, previously isolated
by our group (20) were different from other reported MAbs against MERS-CoV (13–19)
in their ability to neutralize virus despite targeting epitopes outside the RBD (Fig. 1B
and C).

MAbs were tested for cross-neutralization against a panel of 8 to 11 MERS-CoV
S-pseudotyped lentiviruses. The most potent RBD-specific MAb, CDC2-C2, neutralized
pseudoparticles representing 10 MERS-CoV strains with high potency and partially
neutralized the Bisha1 strain (GenBank accession number KF600620.1) (Fig. 2A and C),
which differs from other strains by an aspartic acid-to-glycine substitution at residue
509 (D509G). The other three RBD-specific MAbs (JC57-11, JC57-14, and CDC2-C5)
neutralized pseudoparticles bearing S from each of eight tested MERS-CoV strains,
including Bisha1, but with lower potency than CDC2-C2 (Fig. 2A and C). These MAbs can
also neutralize S-pseudotyped particles corresponding to most recent strains from
Korea and China (Fig. 2A and C). Notably, all three S1-specific MAbs isolated from
macaques and the human donor were unable to neutralize the Jordan N3 strain
(GenBank accession number KC776174.1, which contains three differences in the
N-terminal domain (NTD) of S: glycine versus valine, histidine versus tyrosine, and
arginine versus leucine at positions 94, 194, and 301, respectively. In addition, CDC2-A2
and CDC2-A10 showed no neutralization activity against Hasa14b (GenBank accession
number KF600643.1), which differs from EMC by a tyrosine-to-histidine substitution at
position 58. These results suggest that the S1-specific MAbs interact with the NTD.
Unexpectedly, these MAbs showed lower neutralization potency than G2 (Fig. 2B), a
murine MAb previously reported by our group (20), which neutralized S pseudopar-
ticles representing all eight strains, including those containing polymorphisms in the
NTD (blue lines). Taken together, these findings indicate that human MAb CDC2-C2 is
most potent RBD-specific Mab, with a neutralization IC50 of 0.002 to 0.011 �g/ml
against pseudovirion surrogates of 10 MERS-CoV strains, and that murine MAb G2 is the
broadest and most potent S1-specific MAb, with an IC50 neutralizing activity of 0.010 to
0.028 �g/ml to S pseudoparticles representative of eight MERS-CoV strains (Fig. 2C).

Structural analysis of RBD-specific antibodies. To structurally characterize the

RBD-specific antibodies we determined the crystal structure of JC57-14 and CDC2-C2 in
complex with the RBD (Fig. 3; see also Fig. S4 and Tables S1 to S5). Consistent with the
blocking and neutralization data, JC57-14 binds the RBD similarly to the previously
described D12 antibody (Fig. 3A; see also Fig. S4A) (20). JC57-14 binds the RBD utilizing
both heavy- and light-chain interactions with W535 at the center of the epitope.
Residues that have undergone somatic mutation within the heavy chain do not contact
the RBD, while those in the light chain make significant contacts with the RBD,
including residues Asn 30 and Tyr 50 (Table S3), forming hydrogen and salt bridge
bonds.

Neutralizing MAbs Target Multiple CoV Spike Epitopes Journal of Virology

May 2018 Volume 92 Issue 10 e02002-17 jvi.asm.org 5

http://www.ncbi.nlm.nih.gov/nuccore?term=KF600620.1
http://www.ncbi.nlm.nih.gov/nuccore?term=KC776174.1
http://www.ncbi.nlm.nih.gov/nuccore?term=KF600643.1
http://jvi.asm.org


CDC-C2 binds to the MERS RBD at an angle 90° rotated from JC57-14 (Fig. 3B; see
also Fig. S4B) binding to the RBD predominantly using the antibody heavy chain. The
angle of approach is similar to that of the human receptor DPP4, and there is significant
overlap with DPP4 contacting residues (Fig. S4D). The CDC-C2 antibody is reminiscent
of the previously described m336 using a related VH1– 69 gene-encoded heavy chain
and containing a noncanonical disulfide bond in the CDR H3. In fact, most residues
involved in recognition of the RBD are germ line-encoded, including significant inter-
actions by Phe 54 and Lys 73, with the exception of Ile 31 (Table S4). In contrast to

FIG 2 MAb neutralization breadth. RBD-specific MAbs (in red) (A) and S1-specific MAbs (in blue) (B) were measured for neutralization activity against 8 to 11
strains of MERS-CoV S-pseudotyped viruses as indicated, including strains identified from 2012 to 2015. CDC2-C2, CDC2-C5, CDC2-A2, and CDC2-A10 were
isolated from a human donor, JC57-11, JC57-14, JC57-13, and FIB-H1 from immunized rhesus macaques, and G2 from an immunized mouse (20). Percent
neutralization at the different MAb concentrations is shown. Data points represent the means of triplicate replicates with standard errors. (C) IC50, IC80, and IC90

neutralization titers for panels A and B.
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m336, the CDC-C2 CDR H3 is two residues longer than the m336 CDR H3 and does not
contain the m336 junction-encoded NRG motif, although it can still make significant
contacts with the RBD through Tyr100a and an additional eight residues of the CDR H3.

Structural comparison of the seven structurally characterized RBD-specific antibod-
ies described indicates that to date, there are two major modes of recognition that have
been identified. One focuses around W535 as well as contacting residues 390 to 400
(Fig. S4D) seen with JC57-14, D12, 4C2, and MERS27 antibodies and utilizing both heavy
and light chains for recognition (Table S3). The second mode of binding targets the
DPP4 receptor-binding site contacting residues 500 to 515 as well as W535 and

FIG 3 Structural characterization of macaque and human MERS virus-neutralizing antibodies. (A) Crystal structure of JC57-14 antibody bound to MERS
England1 RBD. (B) Crystal structure of CDC-C2 bound to MERS England1 RBD. (C) JC57-14 and CDC-C2 are modeled using the MERS spike trimer structure
(PDB code 5W9H) bound to a single RBD in the open conformation. (D) Antibody epitopes of JC57-14 and CDC-C2 are displayed on the surface of the
RBD structure. Residues highlighted and labeled differing in natural viral variants were tested to characterize antibody epitopes.
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adjacent residues, predominantly using a VH1– 69 gene-encoded heavy chain to bind the
MERS RBD, as exemplified by antibodies CDC-C2, m336, and MCA1, and to bind to
residues largely contacted by the DPP4 receptor (Table S4).

In the context of the recently described MERS spike trimer, all structurally charac-
terized antibodies can bind to the outward-rotated RBD molecule (Fig. 3C). However,
the JC57-14 mode of recognition is fully ablated in the closed RBD structure, and in
addition, both m336 and MCA1 antibodies clash with a neighboring protomer, indi-
cating that these antibodies would not be able to bind the fully closed trimer molecule
(Fig. S4C). Based on the antibody epitope contact residues (Fig. 3D; see also S4D) and
mutagenesis data, CDC2-C5 matches well with the JC57-14 mode of binding, while
CDC2-C2 is consistent with the m336 binding pattern. The neutralization and binding
data indicate that both JC57-11 and F11 have epitopes dissimilar to the structurally
characterized antibodies. Further structural analysis of these MAbs in complex with the
RBD or the intact S trimer in combination with escape mutation data will be required
for a comprehensive understanding of epitopes and binding orientations.

Mapping RBD-specific neutralizing MAbs. We previously demonstrated that
mouse RBD-specific MAbs F11 and D12 make contact with two distinct regions of the
RBD at and around residue 509 for F11 and at residues 535 and 536 for D12. Therefore,
F11 and D12 can bind to the RBD simultaneously, suggesting the potential for additive
neutralization effects and prevention of escape mutations (20).

To define the epitopes for macaque and human RBD-specific MAbs, we generated
12 mutations (Fig. 4) within the RBD of MERS-CoV EMC S. These were designed based
on published MAb structures and escape mutants (15, 20, 22, 23). Six MAbs were tested
for neutralization activity against pseudotyped lentiviral particles containing EMC S and
its mutant derivatives. D12, JC57-14, and CDC2-C5 showed similar specificities of
neutralization (Fig. 4; see also Fig. S5), dependent on residues 534, 535, 536, and 539.
E536R and D539R mutations completely eliminated neutralization by D12 and CDC2-C5
and partially diminished the neutralizing activity of JC57-14, which matches the binding
footprint of these MAbs on the RBD (Fig. 3). Mutation of residues between 539 and 542
resulted in reduced sensitivity to neutralization by MAbs JC57-11 and CDC2-C2, while
mutations at positions 506 and 509 resulted in loss of neutralizing sensitivity to MAbs
F11 and CDC2-C2. Therefore, in agreement with the crystal structure, MAb CDC2-C2
(Fig. S4D) interacts more broadly across epitopes within the RBD, which may explain its
higher potency, similar to that of m336 isolated from a nonimmune human immuno-
globulin library (23). Notably, the D539R mutation completely or almost completely
ablated neutralizing activity by all MAbs except for F11, which was unique in its
neutralization specificity, with D509G diminishing and L506F and Y540H enhancing
neutralizing sensitivity. In aggregate, we demonstrated that six RBD-specific MAbs have
four different patterns of binding to mediate neutralization.

Competitive antibody binding. To determine whether MAbs recognize similar or
different epitopes, binding competition assays by ELISA and biolayer interferometry
(BLI) were performed. Percent inhibition of analyte MAb binding by competing un-
tagged MAbs is shown in Fig. 5 and in Fig. S6 in the supplemental material and
competition curves are shown in Fig. S7. F11 binding to S1 was completely blocked by
JC57-11. D12 and JC57-14 showed a similar pattern, competing with each other and
also with JC57-11. CDC2-C2 was blocked by all RBD-specific MAbs, and CDC2-C5
exhibited a similar pattern, except for reduced competition by F11. Conversely,
CDC2-C2 but not CDC2-C5 could block F11 binding (77.96% inhibition by CDC2-C2).
Notably, JC57-11 could block all RBD-specific MAbs, while CDC2-C2 could be competed
by all RBD-specific MAbs. These results indicate that the six RBD-specific MAbs repre-
sent four distinct binding patterns represented by (i) D12, JC57-14, and CDC2-C5, (ii)
CDC2-C2 (m336-like), (iii) JC57-11, and (iv) F11, which is generally consistent with
neutralization escape mapping data (Fig. 4). Therefore, the combined data demonstrate
that RBD-specific MAbs have 2 major modes of recognition but four different patterns
of binding to mediate neutralization.
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FIG 4 Neutralization epitopes of RBD-specific MAbs. RBD-specific MAbs neutralize MERS-CoV by interacting with the different residues in
the receptor-binding domain. (A) Neutralization curves. Six RBD-specific MAbs (CDC2-C2 and CDC2-C5 from a human, JC57-11 and JC57-14

(Continued on next page)
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The five non-RBD S1-specific MAbs showed three binding patterns. G2, JC57-13, and
FIB-H1 competed with each other but did not compete with CDC2-A2 or CDC2-A10.
CDC2-A2 and CDC2-A10 did not compete with each other despite similar neutralization
patterns (neither was able to neutralize JordanN3 S pseudovirions), suggesting that
additional non-RBD S1 domains outside the NTD, such as SD1 and SD2, may be targets
by S1-specific MAbs. Results of competition analysis by ELISA and BLI for S1-specific
MAbs were in full agreement, while some discrepancies between the two assays were
observed for RBD-specific MAbs (Fig. 5; see also Fig. S6).

Passive administration of MAbs protects mice against MERS-CoV infection. To
test whether MAbs targeting different regions of S could protect against lethal MERS-
CoV infection, DPP4-transgenic mice were intraperitoneally injected with 20 mg/kg (of
body weight) of antibody 24 h prior to intranasal infection with 106 50% tissue culture
infective doses (TCID50) of MERS-CoV (strain EMC/2012) (Fig. 6A). All control animals
died within 6 days postchallenge, while the animals that received single RBD-specific
MAb CDC2-C2, S1-specific MAb G2 (20), or S2-specific MAb G4 (20) survived during 28
days of observation (Fig. 6B). Infectious virus was undetectable in lungs of MAb-treated
groups 3 days postchallenge (Fig. 6C). None of the treated animals and 1 out of 4
control animals had detectable virus in brain tissue at day 3 postchallenge (Fig. 6D). We
did not collect brain samples at the postmortem time point when virus is typically
present in untreated animals. These results show that MAbs targeting the RBD, non-
RBD S1, or S2 of S can block MERS-CoV replication in the lower airways and lungs of
mice and prevent severe disease following lethal MERS-CoV challenge.

Combining MAbs to delay escape mutations. To investigate whether MERS-CoV
could evolve strategies for escaping neutralization by MAbs individually or in combi-
nation, we performed in vitro selection for MERS-CoV escape mutants using single
RBD-specific MAbs and pairs of RBD- plus S1-specific or two RBD-specific MAbs with
distinct binding patterns. At passage 10 (P10), escape mutants selected by RBD-specific
MAbs (CDC2-C2, CDC2-C5, JC57-11, and JC57-14) contained one or more amino acid
substitutions within the RBD (Fig. 7). Consistent with our neutralization mapping data

FIG 4 Legend (Continued)
from NHPs, and F11 and D12 from mice) were tested for neutralizing activity against pseudoviruses displaying MERS-CoV EMC S with
engineered mutations in the RBD. EMC is shown in red, mutant constructs fully resistant to neutralization are shown in boldface blue type,
mutant constructs partially resistant to neutralization are shown in lightface blue type, and mutant constructs with enhanced neutralization
are shown in dark red. Data points represent the means of triplicate replicates with standard errors. The experiment was repeated once to
ensure reproducible results; results from one of the two experiments are shown. (B) Fold changes in IC50 neutralization titers corresponding
to mutant forms of EMC S. Mutant S IC50 neutralization titers (Fig. S5) are presented relative to native S (set equal to 1). Six MAbs display
a total of four unique neutralization patterns, which are color-coded in blue, red, black, and purple.

FIG 5 Competition map of MAb binding by ELISA. RBD-specific MAbs (in red) and S1-specific MAbs (in blue) were biotinylated and
used for competition binding to MERS-CoV S1 with MAbs listed in the leftmost column. Percent inhibition of analyte (biotinylated)-
MAb binding by competitor (unlabeled) MAbs is indicated by color as shown in the color key. Competition binding curves are shown
in Fig. S7A and S7B.
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FIG 6 Passive transfer of RBD-, S1-, and S2-specific neutralizing MAbs protect against MERS-CoV
infection. (A) Groups of 10 human DPP4-transgenic (hDPP4) mice were administered MAb CDC2-C2 (RBD

(Continued on next page)
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(Fig. 4), the CDC2-C2-, CDC2-C5-, and JC57-11-selected escape mutants contained
arginine-to-threonine, glutamic acid-to-aspartic acid, and arginine-to-glycine substitu-
tions at amino acids 542, 536, and 542, respectively. Escape mutations were not
detected when CDC2-C2 (RBD specific) and CDC2-A10 (S1 specific), JC57-11 (RBD
specific) and JC57-13 (S1 specific), or JC57-11 (RBD specific) and JC57-14 (RBD specific)
were combined. In contrast, CDC2-C2 (RBD specific) combined with CDC2-A2 (S1
specific) and CDC2-C5 (RBD specific) combined with CDC2-A2 (S1 specific) or CDC2-A10
(S1 specific) yielded escape mutations, suggesting that the effects of a second MAb on
emergence of escape mutant viruses is determined by the specificities of paired MAbs
rather than neutralization potency of each MAb. Extending the analysis to the 20th
passage (P20) in the presence of protective double-MAb combinations did eventually
select for escape mutations (Fig. 7). In general, escape mutations occurred at expected
sites in the RBD (e.g., Asn 398 to Lys in the case of JC57-14). The exception was the
mutation of Ser 612 to Leu that occurred in the JC57-11/JC57-14 combination. This
residue is not surface exposed but does occur at a pivot point at the base of the RBD,
and we hypothesize that this may affect the orientation or ratio of outward-facing RBD
molecules, thus indirectly reducing RBD-directed neutralization. Achieving viral resis-
tance to two-MAb combinations was more difficult than selection of escape mutant
viruses using a single RBD-specific MAb. Shallower concentration ramps of paired MAbs
than of single MAbs were necessary to prevent viral extinction under similar time- and
cytopathic-effect (CPE)-delimited passage conditions. At P10, MAb concentrations un-
der dual-MAb selection were 1.8- to 6-fold lower than their respective concentrations
under single-MAb conditions (Fig. S8). Using two MAbs, virus passage beyond P10 was
required to attain MAb concentrations equivalent to those in P10 single-MAb cultures,
and in some cases, the final (P20) MAb concentration was substantially lower in the
two-MAb passage than in the single-MAb experiment (e.g., JC57-13 alone versus
JC57-11 plus JC57-13 [Fig. S8]). Additional empirical modulation of key experimental
parameters, such as incubation interval and inoculum volumes, might alter the kinetics
of viral adaptation to a second MAb and manifest as a shift in the single- and two-MAb
concentration curves. However, taken together, these results support the conclusion
that two MAbs targeting distinct epitopes on S can prevent or substantially delay
emergence of escape mutations depending on the MAb combination.

DISCUSSION

The continuous increase in MERS cases with high mortality (http://www.who.int/
emergencies/mers-cov/en/) and potential for future outbreaks or a pandemic highlight
the need for developing effective prophylactic and therapeutic countermeasures
against MERS-CoV. Viral S mediates viral attachment and virus-cell fusion and is a key
target for antiviral agents and neutralizing antibodies. Several anti-RBD MAbs have
been reported to neutralize MERS-CoV in vitro and protect animals against infection in
pre- and postexposure models of antibody administration (13, 14, 25, 26). Although
RBD-specific MAbs can neutralize virus with high potency, there is a potential risk for
virus to escape under selection pressure if only a single site is targeted (27, 28). It is
interesting that despite low sequence divergence in isolated MERS viruses, mutations
in the RBD have been seen in the Bisha1 strain (506L and 509G) and the more recent
Korea002 strain (530L). These mutations map to the two regions on the RBD molecule
associated with the two modes of antibody recognition defined by structural analysis.

FIG 6 Legend (Continued)
specific), G2 (S1 specific), or G4 (S2 specific) (20) via the intraperitoneal route 1 day prior to challenge with
MERS-CoV EMC. hDPP4 mice were challenged intranasally with 106 TCID50 of MERS-CoV (strain EMC/2012).
At 3 days postinfection (dpi), four animals were sacrificed and lungs were collected for analyses. The
remaining six animals were observed for 28 days for survival. (B) Survival curves of the different groups (6
hDPP4 mice per group). After challenge, hDPP4 mice were euthanized due to the severity of disease signs
or at 28 dpi. (C and D) MERS-CoV viral titers in the lower respiratory tract (C) and in the brain (D) of hDPP4
mice at 3 dpi. Mean values � SD were calculated. The dashed line indicates the cutoff limit of the TCID50

assay.
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This is consistent with a recent report showing that a stabilized MERS spike protein
(S-2P) induced high neutralization titers against all MERS strains, except for Bisha1 and
Korea002 (38). Therefore, the ability to use two or more MAbs targeting different
epitopes on the RBD or conserved non-RBD domains of S may have advantages for
reducing the potential for escape mutations and enabling therapeutic applications (27,
29–32). Most MAbs published to date are RBD specific. The effect of combinations of
two MAbs on prevention of escape mutations and treatment of MERS-CoV infection in
vivo has not been previously reported.

FIG 7 S mutations associated with viral escape from neutralizing MAbs. EMC was serially passaged in the presence of the indicated human and NHP
neutralizing anti-S MAbs, singly or combined, and S mutations associated with antibody escape in the 10th (P10) or 20th (P20) passage were determined
by S gene sequence analysis of 11 to 15 plaque isolates (P10 single MAb and P20 double MAb) or three independent population virus cultures (P10
double MAb). Percentages of viral isolates or cultures containing the indicated mutation are shown. MAb combinations that prevented the emergence
of RBD mutations are shown in red.
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In this report, we describe the generation of MAbs targeting the RBD and non-RBD
S1 subunit of MERS-CoV S from a convalescent patient and vaccine-immunized NHPs
using a probe-based single B cell sorting and cloning strategy. RBD-specific MAbs
showed higher neutralization potency than non-RBD S1-specific MAbs. Six RBD-specific
MAbs and five non-RBD S1-specific MAbs recognize, in seven distinct ways, the RBD and
non-RBD S1 regions of MERS-CoV S based on results of competition-binding and
neutralization assays. Our results demonstrate that combinations of RBD-specific MAb
plus S1-specific MAb or two RBD-specific MAbs targeting different epitopes on S
prevented the emergence of escape mutations in the RBD in vitro. In addition, RBD-, S1-,
and S2-specific MAbs inhibited MERS-CoV pulmonary infection and prevented lethal
disease when delivered 1 day before challenge. Since individual MAbs completely
protected mice from infection, it was not possible to assess the value of combination
MAbs in vivo. This may take a series of dose titration experiments. Overall, this report
describes MAbs targeting both the RBD and non-RBD epitopes of MERS-CoV S that have
potential clinical applications in the prevention and/or treatment of disease.

Sera from infected human and immunized NHPs bound the MERS-CoV RBD, S1, and
S2, suggesting that natural MERS-CoV infection and vaccination with full-length S
induce antibodies targeting multiple structural domains of S. Passive transfer of poly-
clonal IgG from convalescent infected humans, marmosets, or camels (39–41) effec-
tively reduced signs of clinical disease as well as viral load in lung tissues. The
combination of two or more MAbs having unique epitope targets on S, and potentially
acting through different mechanisms to achieve neutralization, may function like
polyclonal antibodies in suppression of viral infection and with fewer concerns about
escape mutations. This premise has been explored in the treatment of other viral
infections, such as ZMapp for Ebola virus and neutralizing antibodies targeting the
CD4-binding site, the V1, V2, or V3 loop, and membrane-proximal external region
(MPER) for HIV-1 (31, 42–44). However, to date, most reported neutralizing antibodies
to MERS-CoV target epitopes within the RBD and cross-compete. We and one other
group recently have reported non-RBD S1-specific MAbs, G2 and 5F9, and an S2-specific
MAb, G4 (20, 21, 38). Because we have isolated a panel of MAbs targeting the RBD, S1,
and S2 from mouse, NHP, and human sources, the opportunity now exists to explore
combinations of noncompeting MAbs for preventing or treating MERS CoV infection
and their impact on disease and escape mutations in vivo.

CDC2-C2 is our most potent RBD-specific MAb comparable to the most potent
published MAbs, m336 and REGN3051 (13, 18). CDC2-C2 can cross-neutralize 10 of 11
MERS-CoV strains isolated in 2012 to 2015 with high potency and partially neutralize
the Bisha1 strain. In contrast, S1-specific MAbs isolated from a human and NHPs,
CDC2-A2, CDC2-A10, and JC57-13, displayed lower neutralizing potency than mouse
S1-specific MAb G2 (20). NHP and human S1 MAbs failed to neutralize the JordanN3
strain, which contains amino acid changes within the NTD. These three MAbs did not
compete with each other in ELISA and BLI assays, suggesting that in addition to
epitopes in the NTD, they may also interact with SD1 or SD2 in the C-terminal aspect
of S1 (38, 45). Interestingly, we observed that addition of CDC2-A10, but not CDC2-A2,
to CDC2-C2 prevented the emergence of escape mutation at the position 542. Other
MAb combinations, JC57-11 with JC57-13 (one RBD-specific MAb with one S1-specific
MAb) and JC57-11 with JC57-14 (two RBD-specific MAbs), also prevented escape
mutations. Crystal structures of MAbs complexed with the RBD and HR1/HR2 6-helix
bundle have helped elucidate neutralizing mechanisms for severe acute respiratory
syndrome (SARS)-CoV and other viruses (46, 47). More structural data are needed to
determine precise atomic details of epitopes and the orientation and angle of approach
for neutralizing MAbs to understand the basis of antibody neutralization and the
mechanisms by which combining MAbs can delay viral escape. The availability of stable
spike trimers and well-defined epitopes will allow the development of B cell probes to
further interrogate vaccine- and infection-induced immune responses and identify
novel neutralizing antibodies.

We selected our most potent MAbs from each major specificity, including RBD-
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specific and S1-specific MAbs, CDC2-C2 and G2, respectively, and S2-specific MAb G4
(38), to test efficacy in vivo. All individual MAbs completely protected against MERS-CoV
EMC challenge; 100% of prophylactically treated mice survived a lethal challenge, with
undetectable viral load in lung tissues. While there are caveats for interpreting these
results in a nonphysiological mouse model, these mice are highly permissive to
infection. The data suggest that not only RBD-specific MAbs but also S1- and S2-specific
MAbs can play a role in protection against MERS-CoV infection. Further studies to
evaluate the combination of two or more MAbs in protection against virus escape
mutations in animal models will be needed to define the ability to delay in vivo escape
mutations vis-à-vis in vitro escape (Fig. 7).

In conclusion, a panel of murine, NHP, and human MAbs targeting diverse regions
of the MERS-CoV S RBD, non-RBD S1, and S2 are valuable reagents for development of
passive immunoprophylactic and immunotherapeutic strategies against MERS for sup-
porting studies of structure-function relationships in S and for understanding mecha-
nisms of CoV neutralization. In addition, atomic-level structures of S in its trimeric
prefusion conformation have recently been solved for several human CoVs, including
MERS-CoV, SARS-CoV, and human CoV HKU1 (45, 46, 48). The definition of neutralizing
antibody binding determinants and atomic-level structures will help guide rational
antigen design for vaccines against recognized and preemergent human CoVs.

MATERIALS AND METHODS
Samples from macaques and the human subject. Human PBMCs and serum were collected and

cryopreserved by the U.S. CDC from the laboratory-confirmed Florida/USA-2 MERS patient (https://www
.cdc.gov/coronavirus/mers/us.html#florida) at week 3 post-symptom onset. The CDC determined these
activities to be encompassed by Public Health Practice and Public Health Response guidelines, and thus
Investigational Review Board review was not required. Rhesus macaques were immunized with three
different vaccine regimens—3�DNA, 2�DNA/protein, or 2�protein—as described previously (20). Sera
and PBMCs were collected 2 weeks after the last injection.

DNA and protein vector constructs. We synthesized cDNAs encoding S from the following
11 MERS-CoV strains (GenBank accession numbers are in parentheses): England1 (AFY 13307), Batin1
(KF600628), Bisha1 (KF600620), Buraidah1 (KF600630), EMC (AFS88936), Hasa14b (KF600643), JordanN3
(KC776174), Munich (KF192507), Florida/USA-2 (KJ829365), ChinaGD01 (KT006149), and KOR/KNIH/002
(KT029139). We also synthesized 12 EMC-based S genes with RBD mutations for neutralization mapping
studies (Fig. 4). All MERS-CoV S genes used for pseudovirus production were cloned into the mammalian
expression vector VRC8400 (49, 50) and confirmed by sequencing. S truncations, the RBD, S1, and S2
were synthesized by PCR using a full-length S template, cloned into plasmid vector VRC8400, and
sequence confirmed for protein production as described previously (20). S constructs used for ELISA
binding contained a C-terminal 6�His tag for protein purification. Constructs used for making S-based
probes contained an Avi tag for biotinylation followed by a His tag, and proteins were expressed by
transfection of vectors into the Expi293 cell line. Transfected cell culture supernatants were collected and
purified on HisTrap HP Hiload 16/60 Superdex columns (GE Healthcare, Piscataway, NJ).

Pseudovirus neutralization assay. S-containing lentiviral pseudovirions were produced by cotrans-
fection of three plasmids (packaging plasmid pCMVDR8.2, transducing plasmid pHR= CMV-Luc, and
CMV/R-MERS-CoV S plasmid) into 293T cells using Fugene 6 transfection reagent (Promega, Madison, WI)
(20, 51, 52). We generated peudoviruses from 11 strains of MERS-CoV S for the cross-neutralization assay
(Fig. 2) and 12 MERS-CoV EMC S mutants for neutralization mapping (Fig. 4). Huh7.5 cells, provided by
Deborah R. Taylor of the U.S. FDA, were plated into 96-well white/black Isoplates (PerkinElmer, Waltham,
MA) at 10,000 per well the day before infection. Serial dilutions of serum or MAbs were mixed with
different strains of titrated pseudovirus, incubated for 30 min at room temperature, and added to Huh7.5
cells in triplicate. Following 2 h of incubation, wells were replenished with 100 �l of fresh medium. Cells
were lysed 72 h later, and luciferase activity was measured. Percent neutralization and neutralization
IC50s were calculated from luminometry data.

Isolation of MAbs by single B cell sorting. Cryopreserved human or rhesus macaque PBMCs were
thawed and stained with LIVE/DEAD fixable violet dead cell stain (Life Technologies). After washing, cells
were stained with a cocktail of anti-human antibodies, including CD3 (clone SP34-2; BD Biosciences), CD4
(clone OKT4; BioLegend), CD8 (clone RPA-T8; BioLegend), CD14 (clone M5E2; BioLegend), CD20 (clone
2H7; BioLegend), IgG (G18-145; BD Biosciences), and IgM (clone G20-127; BD Biosciences) and subse-
quently stained with fluorescently labeled RBD and S1 probes. Probe-positive single B cells were sorted
into 96-well plates containing lysis solution as previously described (34, 53, 54). Immunoglobulin heavy-
and light-chain mRNAs were reverse-transcribed and amplified by nested PCR using published primers
(33). Paired heavy- and light-chain cDNA sequences were cloned into expression vectors containing
constant regions of human or rhesus macaque immunoglobulin heavy (�) and light (� or �) chains. IgG
was expressed by cotransfecting Expi-293 cells with equal amounts of paired heavy- and light-chain
plasmids, followed by antibody purification using protein A Fast Flow (GE Healthcare) according to the
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manufacturer’s instructions. Antibody heavy- and light-chain sequences were compared to human or
rhesus monkey immunoglobulin germ line sequences using IMGT/V-QUEST (55, 56).

ELISA. ELISA plates were coated with MERS-CoV RBD, S1, or S2 protein at 1 �g ml�1 in phosphate-
buffered saline (PBS) at 4°C overnight. After standard washes and blocks, plates were incubated with
serial dilutions of serum or MAbs. Anti-human IgG-horseradish peroxidase (HRP) conjugates (Jackson
Laboratory, Bar Harbor, ME) were used as secondary antibodies, and tetramethylbenzidine (TMB) (KPL,
Gaithersburg, MD) was used as the substrate for signal generation.

Competition ELISA. Detailed methods for competition ELISAs have been published elsewhere (34,
57). Briefly, MAbs were biotinylated using an EZ-Link sulfo-NHS-biotinylation kit (Thermo Fisher Scientific,
Waltham, CA) and titrated on MERS-CoV S1-coated plates. Avidin D-HRP conjugate (Vector Laboratories,
Burlingame, CA) and TMB (KPL, Gaithersburg MD) were used for color development. The optical density
at 450 nm (OD450) was determined with SpectraMax Plus (Molecular Devices, Sunnyvale, CA). The
concentration of biotinylated MAb in the linear range of the titration curve was chosen for competition
ELISA. Unlabeled competitor MAbs were serially diluted and added to the S1-coated plate. Following
incubation for 30 min at room temperature, biotinylated MAbs were added, and OD readings were
recorded using biotinylated MAb alone as a binding control. Percent inhibition of binding was calculated
as follows: 100 � (reading with biotin-MAb in the presence of competing MAb)/reading with biotin-MAb
alone) �100.

Binding studies using biolayer interferometry. Binding kinetics of MERS-CoV S molecules to MAbs
were carried out using a FortéBio Octet HTX instrument. Assays with agitation set to 1,000 rpm in PBS
buffer supplemented with 1% bovine serum albumin (BSA; 50 �l per well) were performed at 30°C in
solid black tilted-bottom 384-well plates (Greiner Bio-One). For direct binding studies, MAbs (40 �g ml�1)
were used to load anti-human IgG Fc capture (AHC) probes for 300 s to capture levels of 1 to 1.5 nm.
Biosensor tips were then equilibrated for 60 s in PBS–1% BSA buffer prior to binding assessment of
MERS-CoV S1 protein for 300 s, followed by dissociation for 300 s. For competition binding studies,
His-tagged S1 protein was loaded on anti-Penta-His probes for 300 s. Biosensor tips were then
equilibrated for 60 s in PBS–1% BSA buffer prior to binding the saturated competitor MAbs (saturated
amount of MAb binding to S1 protein was determined prior to competition assay) for 300 s, followed by
binding of analyte MAb for 300 s. Data analysis and curve fitting were performed with Octet software,
version 9.0.

X-ray crystallography for JC57-14 and CDC2-C2. RBD England1 (residues 367 to 606) with a
C-terminal HRV3C cleavage site and His6 purification tag was produced in GnTi cells for crystallization
with JC57-14 as previously described (20). The RBD was purified by nickel-nitrilotriacetic acid (Ni-NTA)
affinity chromatography. The JC57-14 antigen-binding fragment (Fab) was prepared using the Pierce Fab
fragment preparation kit. The RBD molecule was mixed with the JC57-14 Fab fragment in a 1:1.2 molar
ratio and allowed to sit for 30 min at room temperature. All proteins were purified by size exclusion
chromatography (Superdex S200) and concentrated to �5 to 8 mg ml�1. Crystallization screening was
carried out using a Mosquito crystallization robot, using the hanging-drop vapor diffusion method at
20°C by mixing 0.1 �l of protein complex with 0.1 �l of reservoir solution, followed by manual
optimization. The JC57-14 Fab crystals were grown in 0.23 M ammonium sulfate and 22% polyethylene
glycol 8000 (PEG 8000). The JC57-14 Fab-RBD England1 complex crystals were grown in 90 mM CHES (pH
9.5) and 18% PEG 8000. Both crystals were cryocooled in liquid nitrogen using mother liquor containing
22% ethylene glycol as a cryoprotectant. Data were collected at a wavelength of 1.00 Å at SER-CAT
beamlines ID-22 and BM-22 (Advanced Photon Source, Argonne National Laboratory).

A gene encoding MERS-CoV S1 RBD (England1 strain, residues 367 to 589) with a C-terminal HRV3C
cleavage site and human IgG1 Fc fragment was inserted into the eukaryotic expression vector p�H. Three
hours after transient transfection of the plasmid into FreeStyle 293-F cells, kifunensine was added to a
final concentration of 5 �M. After 6 days, the supernatant was passed over a protein A agarose column,
and deglycosylation was conducted on-column by adding endoglycosidase H (Endo H; New England
BioLabs) (10% [wt/wt]) at room temperature. After 12 h, the column was washed with PBS and the RBD
was eluted by incubating the resin with HRV3C (1% [wt/wt]). The RBD was further purified over a
Superdex 75 column (GE Healthcare Biosciences). A gene encoding the CDC2-C2 heavy chain with an
HRV3C cleavage site between the first and second constant domains was cloned into the eukaryotic
expression vector pVRC8400. This plasmid, along with a similar plasmid encoding the CDC2-C2 light
chain, was cotransfected into FreeStyle 293-F cells (Invitrogen). After 6 days, the supernatant was passed
over a protein A agarose column, and the Fab was eluted by incubating the resin with HRV3C (1%
[wt/wt]). The Fab fragment was further purified over a Superdex 75 column. Purified RBD was mixed with
a 1.2-fold molar excess of CDC2-C2 Fab. After incubation on ice for 1 h, the complex was separated from
excess Fab fragment on a Superdex 200 column (GE Healthcare Bioscience). Purified CDC2-C2 Fab
fragment bound to the RBD was concentrated to 10.5 mg/ml in TBS (2 mM Tris [pH 8.0] and 200 mM
NaCl) for crystallization. Crystals were produced at room temperature using the sitting-drop vapor-
diffusion method by mixing 0.1 �l of protein with 0.1 �l of reservoir solution containing 0.1 M Tris (pH
6.5), 10% (vol/vol) 2-propanol, and 10% (wt/wt) PEG 3350. Crystals were soaked in reservoir solution
supplemented with 20% (vol/vol) ethylene glycol and flash-frozen in liquid nitrogen. X-ray diffraction
data were collected at the SBC beamline 19-ID (Advanced Photon Source, Argonne National Laboratory).

JC57-14 (with or without RBD) diffraction data were processed with the HKL2000 suite (58). CDC-C2
diffraction data were processed using the CCP4 software suite. Data were indexed and integrated in
iMOSFLM (59) and scaled and merged with AIMLESS (60). All structures were solved by molecular
replacement using PHASER (61). For the JC57-14 Fab structure, four Fab molecules were identified in the
asymmetric unit, using the D12 Fab structure as a search model. For the JC57-14 –RBD England1 complex,
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a solution was obtained using PDB code 4ZPT molecule S as a search model for the RBD, the JC57-14 Fab
fragment was used as a search model for the Fab variable domain, and the Fab constant domain
searched for separately. The CDC-2–RBD complex was solved using PDB code 4XAK as a search model.
A cross-validation test set using 5% of the data was used to assess the model refinement process, with
structure model validation carried out using MolProbity (62). All structures were built manually in Coot
(63) and refined using PHENIX (64).

The JC57-14 Fab structure gave a final R factor value of 17.9% and Rfree value of 21.3%. The
JC57-14 –RBD England1 complex gave a structure model with a final R factor value of 22.0% and Rfree

value of 27.0%. The CDC-C2–RBD England1 complex gave a structure model with a final R factor value
of 19.1% and Rfree value of 22.8%. All structures had 100% residues in the favored region of the
Ramachandran plot. Data collection and refinement statistics are presented in Table S1.

PRNT. Fivefold serial dilutions of MAbs ranging from 10 to 0.0032 �g/ml were combined with 26 to
44 PFU of MERS-CoV EMC/2012 in a total volume of 200 �l of gelatin saline (0.3% [wt/vol] gelatin in
phosphate-buffered saline supplemented with CaCl2 and MgCl2), and the mixture was applied to
confluent Vero 81 cells in 6-well (10-cm2) plates for 1 h at 37°C. Monolayers were overlaid with Dulbecco’s
modified Eagle’s medium (DMEM) containing 1% agar, and plaques were enumerated at 72 h postin-
fection (hpi). The fraction of residual plaques was plotted as a function of log10 MAb concentration, and
the relationship was fit to a four-parameter dose-response curve using GraphPad PRISM 7.00 (R2 values,
0.96 to 1). Using PRISM tools, plaque reduction neutralization testing (PRNT) titers were interpolated from
the dose-response curves as MAb concentrations resulting in 50% or 80% plaque reduction. PRNT assays
were performed in duplicate for each MAb, and PRNT titers from the two experiments were averaged to
generate the final value used in subsequent calculations.

Selection and sequence analysis of antibody escape mutant viruses. A P0 stock of recombinant
MERS-CoV EMC/2012 recovered from an infectious clone (65) was serially passaged in Vero 81 cell
(25-cm2 flasks) cultures supplemented with increasing concentrations of individual MAbs or double-MAb
combinations. Three parallel passage series were performed for each single- and double-MAb experi-
mental condition. Passages were initiated at viral multiplicities of infection (MOI) ranging from approx-
imately 0.001 to 0.3 PFU per cell and MAb concentrations ranging from 0.12� to 4.2� (single-MAb
selection) and 0.06� to 1.9� (double-MAb selection) of their respective PRNT IC80s. Culture supernatants
were passed onto fresh cells when monolayer involvement by viral CPE approached 50 to 60%. Viral
inoculum volume and MAb concentrations were empirically coadjusted between passage steps to
produce the target CPE level of 50 to 60% at approximately 48 hpi. MAb concentrations at the terminal
passage level ranged from 3.6 to 105 times (single-MAb selection, P10) and 1.9 to 69 times (double-MAb
selection, P20) their respective PRNTs. Clonal escape mutant viruses were isolated from terminal-culture
lysates (obtained by freeze-thaw) via plaque purification on Vero 81 cells in the presence of MAbs at their
respective final concentrations. Viral plaques were expanded in Vero 81 cells (25-cm2 flasks) without MAb
supplementation to generate P0 cultures, from which supernatant virus was preserved and cell-
associated virus was harvested in TRIzol reagent (Invitrogen). To identify changes in S associated with
antibody escape, TRIzol-extracted viral RNA from cell monolayers, culture lysates (200 �l), or P0
supernatants of plaque expansions (200 to 400 �l) served as template to generate overlapping cDNA
amplicons spanning the entire S gene open reading frame (ORF) by reverse transcription-PCR (RT-PCR)
using Superscript III reverse transcriptase (Invitrogen) and Easy-A high-fidelity thermostable DNA poly-
merase (Agilent Technologies) or Q5 high-fidelity thermostable DNA polymerase (New England BioLabs).
PCR products were subjected to dideoxy sequencing, and reads were aligned to the native EMC/2012 S
gene sequence (GenBank accession number JX869059.2) using MacVector Assembler tools to identify
differences from the parental sequence. To identify cell culture-adaptive changes in S resulting from
serial MERS-CoV passage, three parallel lineages of antibody-free P10 and P20 EMC/2012 cultures were
examined for S mutations by RT-PCR as described above. These mutations were omitted from analyses
of changes in S identified in clonal isolates and populations of antibody escape mutant viruses.

Animal studies. Approval of animal experiments was obtained from the Institutional Animal Care
and Use Committee of the Rocky Mountain Laboratories. The performance of experiments was done
following the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) by certified staff in an AAALAC-approved facility, following the guidelines and basic principles
in the Public Health Service Policy on Humane Care and Use of Laboratory Animals (66) and the Guide for
the Care and Use of Laboratory Animals (67). Work with infectious MERS-CoV strains under biosafety level
3 (BSL3) conditions was approved by the Institutional Biosafety Committee (IBC). Inactivation and
removal of samples from high containment were performed according to IBC-approved standards.

Six- to eight-week-old DPP4-transgenic mice (68, 69) were injected intraperitoneally, while anesthe-
tized by inhalation of isoflurane, with a total of 20 mg/kg of MAbs or sterile saline as a control 1 day prior
to infection. Mice were anesthetized via inhalation of isoflurane, followed by intranasal inoculation with
1 � 106 TCID50 of MERS-CoV (EMC/2012) diluted in a total volume of 50 �l. Ten mice per group were
used. Four mice per group were euthanized at day 3 postinfection, and lungs were harvested for analysis
of MERS-CoV replication. The remaining six animals per group were observed for 28 days.

Infectious virus titration. Lung tissue samples in 1 ml of 2% DMEM were homogenized, and
MERS-CoV was titrated in quadruplicate on VeroE6 cells. Tenfold serial dilutions of tissue homogenates
were applied to cells, followed by 1 h of incubation at 37°C and 2 washes with PBS. Cytopathic effect was
scored at 5 days postinfection. TCID50 values were adjusted for tissue weight and calculated by the
Spearman-Karber method (39).

Statistical analysis. We used Prism software (version 7.03; GraphPad, La Jolla, CA) to calculate IC50s,
IC80s, and IC90s for each MAb from the dose-response curves as MAb concentrations resulting in 50%,
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80%, or 90% reduction of infectivity. Log rank (Mantel-Cox) test was used to calculate P value for survival
curves using the Prism software. Statistically significant differences met a threshold (�) of 0.05. Statistical
variation within each data set is represented as the standard error in each of the figures.

Accession number(s). Atomic coordinates and structure factors of structures for JC57-14 Fab,
JC57-14, and CDC2-C2 in complex with the RBD have been deposited in the Protein Data Bank under
accession codes 6C6X, 6C6Y, and 6C6Z.
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