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Abstract

Respiratory syncytial virus (RSV) remains a major human pathogen, infecting the majority of
infants before age two and causing re-infection throughout life. Despite decades of RSV research,
there is no licensed RSV vaccine. Most candidate vaccines studied to date have incorporated the
RSV fusion (F) surface glycoprotein, because the sequence of F is highly conserved among strains
of RSV. To better define the human B cell response to RSV F, we isolated from a single donor 13
new neutralizing human monoclonal antibodies (mAbs) that recognize the RSV F protein in the
pre-fusion conformation. Epitope binning studies showed that the majority of neutralizing mAbs
targeted a new antigenic site on the globular head domain of F, designated here antigenic site VIII,
which occupies an intermediate position between the previously defined major antigenic sites Il
and site @. Antibodies to site VIII competed for binding with antibodies to both of those adjacent
neutralizing sites. The new mAbs exhibited unusual breadth for pre-fusion F-specific antibodies,
cross-reacting with F proteins from both RSV subgroups A and B viruses. We solved the X-ray
crystal structure of one site VIII mAb, hRSV90, in complex with pre-fusion RSV F protein. The
structure revealed a large footprint of interaction for hRSV90 on RSV F, in which the heavy chain
and light chain both have specific interactions mediating binding to site V111, the heavy chain
overlaps with site &, and the light chain interacts partially with site 11.
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RSV expresses three surface proteins: attachment (G), small hydrophobic (SH) and fusion
(F) proteins. The G and F glyco-proteins are the targets of neutralizing antibodies. Although
the RSV G protein does induce neutralizing antibodies, antigenic diversity in G proteins
among RSV strains makes it difficult to design a broadly protective vaccine candidate based
on immunogenicity to this protein. Although there is no licensed RSV vaccine, a
prophylactic monoclonal antibody (mAb), palivizumab?! (Synagis; Medimmune), is
available for prophylactic treatment of high-risk infants, yet the high cost and moderate
efficacy limit its use. The F protein is a class | fusion glycoprotein that adopts two
conformations during viral infection. The pre-fusion F conformation is metastable and is
triggered easily to the post-fusion conformation, resulting in a dramatic change involving the
formation of a six-helix bundle extending the hydrophobic fusion peptide into the host cell
membrane?. Recent structural breakthroughs in X-ray crystallography have provided atomic-
resolution detail of the post-fusion and pre-fusion F conformations34. Furthermore,
structure-based design of the F protein has resulted in stabilized F constructs (Ds-Cav1l and
SC-TM) that retain components of the pre-fusion F conformation and induce neutralizing
antibody immune responses® 6. Several neutralizing antigenic sites have been reported
previously, recognized by the representative mAbs 131-2a (ref. 7) (site I), palivizumab! and
motavizumab?8 (site I1), 101F (ref. 9) (site 1V), 7.936 (ref. 10 (site V, near amino acid 447),
7.916 and 9.432 (ref. 10) (site VI, near amino acid 432) and the recently discovered pre-
fusion specific mAb D25 (ref. 4) (site &). Furthermore, a quaternary-dependent pre-fusion-
specific epitope has been described using mAb AM14 (ref. 11), as well as an RSV/
metapneumovirus cross-neutralizing region near site 11 (ref. 12). Antigenic sites Il and 1V-
VI are retained in both the pre- and post-fusion conformations of F (ref. 13), as evidenced by
the X-ray structures having exposed epitopes at these sites in both conformations. Antigenic
site @ is pre-fusion-specific, as the conformational epitope is lost in the rearrangement to the
post-fusion conformation.

We recently described the isolation and characterization of several new human mAbs
targeting antigenic sites | and 11, which were identified by screening for binding to the RSV
strain A2 F protein in the post-fusion conformationl4. Several site 11 mAbs were described
that are potently neutralizing, including clones with binding poses on site 11 that differ from
that of palivizumab and exhibit distinct functional patterns. While site 1l is the target of
palivizumab and the second-generation mAb motavizumab, and has been shown to induce
potently neutralizing mAbs, antigenic site 11 may not be the optimal antigenic site to induce
protective mAbs against RSV infection. Non-neutralizing mAbs that recognize a nearby
newly recognized antigenic site (site V11, centred near amino acid Leu467) compete for
binding at antigenic site 11, particularly in the context of the post-fusion conformation?4.
Recent experiments suggested a dominant role for epitopes in the pre-fusion conformation
of RSV F in the induction of serum neutralizing antibodies, particularly a major role for
antigenic site @ in immunogenicityl®. However, although site @-specific mAbs are indeed
among the most potently neutralizing, very few human mADs to this site have been isolated
and characterized. To further characterize the human immune response to the RSV F protein,
and in particular the pre-fusion form of RSV F, we used hybridoma technology2® to isolate
new mAbs to RSV F and identified 13 new neutralizing human mAbs that recognize the pre-
fusion conformation of the RSV F protein.
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Human antibody generation

Peripheral blood mononuclear cells were isolated from a single eight-year-old human donor
by Ficoll-gradient centrifugation and the cells were frozen for later use. For B cell screening,
thawed cells were transformed with Epstein—Barr virus and plated in 384-well plates to
generate immortalized lymphoblastoid cell lines. Supernatants from the transformed cells
were screened for antibodies binding to a highly stable pre-fusion conformation of RSV A2
F, using the single-chain triple mutant (SC-TM) construct®. B cells from cultures producing
antibodies reactive with the pre-fusion F protein were electrofused with the HMMAZ2.5
myeloma cell line to generate stable hybridoma cell lines. To obtain homogeneous antibody
secretions, hybridoma cells were cloned biologically by single-cell flow cytometric sorting.
Hybridomas were expanded stepwise to 1 | cultures and mAbs were purified from filtered
culture supernatants. Purified mAb yields from the cultures ranged widely depending on the
hybridoma clone, with the lowest being 1.5 mg 171 and the highest nearing 30 mg I=1 (Table
1). RSVF-specific mAbs were characterized by antibody isotyping analysis. All mAbs
except hRSV130 were of the immunoglobulin G1 (IgG1) subclass, and the majority of light
chains were of the kappa subtype (Table 1).

Antibody neutralization and binding specificity

To determine neutralizing potency, we tested the mAbs by plaque-reduction assay using
RSV A2 (subgroup A virus), RSV 18537 B (subgroup B virus) and RSV Long (subgroup A
virus). All mAbs had half-maximal inhibitory concentration (1Csq) values less than 1 g
ml~1 for RSV A2(Table 1 and Supplementary Fig. 1). All mAbs also neutralized RSV 18537
B and RSV Long strains, indicating the mAbs have neutralizing breadth across RSV A and
B subgroups. We determined the half-maximal effective concentration for binding (ECs)
values by enzyme-linked immunosorbent assay to test the F-protein strain specificity and
preference for pre-fusion versus post-fusion F conformations. We used four different
proteins in the binding experiments: RSV strain A2 pre-fusion F (SC-TM), RSV strain
18537 B pre-fusion F (Ds-Cavl), RSV strain A2 post-fusion F and RSV strain 18537 post-
fusion F (Table 1 and Supplementary Fig. 2). Interestingly, all mAbs except hRSV131 and
hRSV12 bound specifically to the pre-fusion conformation of F, with hRSV131 and
hRSV12 binding both pre-fusion and post-fusion conformations from RSV strain A2 or
18537 B. Furthermore, the mAbs all exhibited cross-reactive binding to F of both RSV
subgroups A and B. Cross-reactive pre-fusion conformation-specific mAbs have been
reported only in one case, that of the quaternary-epitope dependent mAb AM14 (ref. 11).
Other pre-fusion specific mAbs, such as D25, bind at antigenic site @, yet these mAbs are
specific for RSV subgroup A. The mAbs hRSV90 and hRSV20 were particularly potent in
neutralizing RSV strain A2, with 1Csq values <45 ng mI~1. The remaining mAbs had
neutralizing ICs values at or less than 350 ng ml~2, a level of activity that is similar to, or
better than that of, the licensed mAb palivizumab?!. Binding ECs values were similar for the
majority of the neutralizing mAbs, suggesting that the binding pose or fine epitope
specificity, rather than the affinity, are the principal determinants of differential neutralizing
potency. As the isolated mAbs have therapeutic potential for prophylactic treatment of RSV,
we tested the mAbs for self-reactivity using a human cell line (Jurkat). None of the mAbs
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exhibited significant self-reactivity as compared to a known /GHV4-34*01 self-reactive
mAD, or to an antigen-specific mAb control (Supplementary Fig. 3).

Sequence similarity

The transcribed antibody heavy and light chain variable genes from hybridoma cell lines
were sequenced to determine if there were any common genetic features in transcripts
encoding these mAbs. We found remarkable genetic similarities among clones, suggesting
common structural features deriving from the germline gene-encoded antibody structures.
Two genetic clusters were observed among neutralizing mAbs (Table 2). Four neutralizing
mAbs (hRSV90, hRSV20, hRSV130 and hRSV97) were encoded by VH3-9*01. Of these,
hRSV90, hRSV20 and hRSV130 used the same JH gene. Furthermore, hRSV90, hRSV20
and hRSV130 used a similar light chain variable gene V.3-15%01, and these mAbs have
nearly identical light chain junction regions. Although hRSV90 and hRSV20 shared nearly
identical gene segment usage, the two mAbs are probably not clonal siblings due to a heavy
chain complementarity determining region 3 (HCDR3) insertion in hRSV20.

Epitope binning

To determine the antigenic sites targeted by the mAbs, we performed epitope binning using
biolayer interferometry. RSV A2 F SC-TM protein was loaded onto anti-penta-HIS
biosensor tips and then one RSV mAb was loaded onto the F protein. Following this, a
second RSV mAb was loaded and competition was measured (Fig. 1). Recombinant forms
of mAbs D25, palivizumab and mota-vizumab, and 101F were used as controls in mapping
antigenic sites @, 1l and IV, respectively. Additionally, the trimer-dependent mAb AM14 was
used in the study. Interestingly, we discovered a unique competition-binding pattern (and by
inference a new anti-genic site) for an antibody cluster that competed with both antigenic
sites @ and I1, which we designated antigenic site VI11. Antigenic sites @ and 1l are over 40
A apart in the RSV F SC-TM structure (PDB: 5C6B), yet antigenic V111 site evidently
possesses residues in or near both sites @ and 11, as competition was observed between site
VIll-specific mAbs and palivizumab/motavizumab. Several of the new mAbs also competed
with AM14, suggesting binding near the antigenic region for that mAb. It is worth noting
that three of the new pre-fusion F-specific mAbs we isolated (designated hRSV97, hRSV7
and hRSV106) showed competition for binding with palivizumab/motavizumab but did not
compete with mAbs in the antigenic site VIII competition block. This finding suggests that
the mADs target an alternative antigenic site. The mAbs hRSV75, 131 and AM14 competed
for binding with the antigenic site IV mAb 101F in addition to competing for mAbs at site
VIII. As expected, hRSV90 and hRSV20 exhibited similar competition-binding patterns,
consistent with the identical gene usage among these mAbs. V+1-18*01 gene-encoded
mAbs hRSV12, hRSV61, hRSV139 and hRSV131 also showed similar competition-binding
patterns with V+3-9%01 gene-encoded mAbs hRSV90 and hRSV20. Interestingly, mAbs
hRSV131 and hRSV12 shared similar gene usage to hRSV61 and hRSV139, yet the former
bind both pre- and post-fusion conformations of F protein, suggesting subtle changes caused
by somatic mutations in the differing recombined genes incorporating V+1-18%*01 and/or
differing light chain genes altered mAb specificity and created an antigenic site VIII mAb
that has both pre- and post-fusion F binding capacity. It is worth noting that hRSV131
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showed appreciable binding to the metapneu-movirus fusion protein (Supplementary Fig. 2).
This unusual cross-reactive binding pattern, coupled with the epitope binning data, suggest
the mAb may bind at a similar location to the previously described human mAb MPES (ref.
12).

X-ray crystal structure of hRSV90-RSV F SC-TM complex

To characterize the newly identified antigenic site V11 further, we determined the X-ray
crystal structure of the most potently neutralizing mAb, hRSV90, in complex with pre-
fusion RSV A2 F SC-TM protein. hRSV90-Fab was obtained by papain cleavage from the
hybridoma-secreted 1gG, complexed with pre-fusion F protein and purified by size-exclusion
chromatography. The Fab-F complex eluted in one band and crystals formed in several
conditions including 1.5 M LiSO4-H,0/100 mM HEPES pH 7.5 and 20% PEG 550
MME/100 mM NaCl/100 mM BICINE pH 9.0. The largest and best diffracting crystals were
obtained in 30% PEG 400/200 mM MgCl,-6H,0/100 mM HEPES pH 7.5. The diffraction
was significantly anisotropic, so the processed data were submitted to the diffraction
anisotropy serverl’ which gave a= 3.6, 5= 3.6 and ¢ = 3.1. The structure was solved to 3.1
A (Ruyork! Reree = 22126%) using molecular replacement with the RSV A2 FSC-TM
structure(PDB:5C6B) and an alanine truncated Fab structure (PDB: 4Q9Q) as search models
(Supplementary Table 1). Density for the Fab was observed at the interface between
antigenic sites @ and |1, consistent with the competition-binding data, and identified a novel
antigenic site that is the target of potently neutralizing antibodies (Supplementary Fig. 4).

The asymmetric unit contained one RSV F protomer and one hRSV90-Fab molecule, and
the complex crystallized in a trimer based on the position of symmetry related partners (Fig.
2a). The trimerization domain of the recombinant F protein was clearly visible in the
electron density (Supplementary Fig. 4). The three hRSV90-Fabs in the trimer structure are
distant from each other and each Fab interacts only with one protomer of F, suggesting
hRSV90 is not trimer-specific. hRSV90 is positioned ~30° upward from the horizontal F
axis, engaging only the top 37 A of the F protein. When viewed from the top face, the three
Fabs radiate outward from the RSV F trimer, engaging a 35 A surface (Fig. 2a). hRSV90
binds to RSV F primarily through the ‘helix-loop-sheet’ motif at residues 163-181 (Fig. 1b).
The Fab uses an 18-residue HCDR3 that is bulged at the torso and that inserts itself between
antigenic sites @ and |1 at the helix-loop-sheet motif. The hRSV90 heavy chain interacts
with residues 163-181 and site &, while the light chain interacts with residues 163-181 and
site 1. hRSV90 interacts only with the DIIl domain of RSV F (Supplementary Fig. 5a). The
helix-loop-sheet residues are rearranged in the post-fusion conformation, forming part of the
extended helix of the heptad repeat A portion (Supplementary Fig. 5b). This rearrangement
explains the pre-fusion specificity of hRSV90 and similar mAbs described here, as the
primary antigenic region is absent in the post-fusion conformation. This property is similar
for mAb D25, as the site @ antigenic region is rearranged in post-fusion RSV F.

When comparing previously described antigenic sites to site V11, hRSV90 is nestled
between sites Il and &, and is also in close proximity to the trimer-dependent mAb AM14
site, while being distant from 101F at antigenic site IV. While AM14 and mota-vizumab
bind at opposite interfaces of the RSV F protein in an orientation that is approximately

Nat Microbiol. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mousa et al.

Page 6

parallel, hRSV90 is turned nearly 90°, engaging with RSV F in a perpendicular orientation.
When observing the antigenic overlay from the apex, bound hRSV90 sits between bound
AM14 and motavizumab on F, while being shifted 80° downward from D25 (Fig. 3a).

hRSV90 uses the heavy chain to interact with antigenic sites V111 and &, binding at the
interface between the two sites. The HCDR3 sits perpendicular to the long axis of the RSV F
protein, on top of site VIII. The torso of the HCDR3 interacts with site V111 through Asp107,
hydrogen-bonding to the loop residue Ser173 (Fig. 3b). The HCDR3 contains multiple Tyr
residues. However, only Tyr113 is involved in hydrogen bonding, interacting with Asn175,
also on the loop portion of antigenic site VIII. Tyr109 and Tyr112.1 are pointed directly
toward the RSV F protein, but they do not interact directly with the protein. Possibly, these
Tyr residues are involved in indirect bonding through water molecules, but this mode of
interaction is unclear in the 3.1 A resolution structure. We considered whether the Tyr
residues were post-translationally modified by sulfation, but we did not observe density for
sulfate at the tyrosine residues. HCDR3 Ser111 hydrogen bonds to Asp194 just below site
@. Additional interactions are present with RSV F through the HCDR2 and HCDR1. The
HCDR?2 interacts with the helix of site V111 by hydrogen bonding to Ser169 through Tyr64.
A single distant interaction with site @ is mediated by the CDR1 residue Asp36 to RSV F
Lys201. While the heavy chain interacts with site V111 and site @, the light chain interaction
provides the basis for hARSV90 competition with antibodies that recognize antigenic site |1
(Fig. 3c). Both the light chain CDR2 (LCDR2) and LCDRL are in sufficiently close
proximity to hydrogen-bond with site Il residue Asp263 via interactions with Ser83 and
Ser37, respectively. A further hydrogen bond from LCDR1 Asn38 allows interaction with
the site V111 loop residue Thr174. Furthermore, the single site VIII sheet direct hydrogen
bond is provided by LCDR3 Asn108 interacting with the backbone carbonyl of Val178.

Mutagenesis of hydrogen-bond interactions

To confirm the X-ray structure and determine the critical residues responsible for RRSV90
binding to RSV F, we mutated each of the contact residues observed in the X-ray structure
(Table 3 and Supplementary Figs 6-8). Surprisingly, mutating individual residues to alanine
showed no significant effect on hRSV90 binding. To probe the interactions further, we
mutated each residue to arginine to test for steric effects. All site VIII mAbs identified from
epitope binning showed loss of binding for one or more mutants, confirming the site of the
binding region for these mAbs. Mutant Ser173Arg (interacting with hRSV90 HCDR3)
resulted in loss of binding for hRSV90, hRSV20 and hRSV130. Mutant Thr174Arg
(interacting with hRSV90 LCDR3) caused loss of binding for mAbs hRSV90, hRSV20,
hRSV130, hRSV61, hRSV137 and hRSV141. The mAbs clustered outside site V111 from
epitope binning experiments (hRSV97, hRSV7, hRSV106, hRSV131 and hRSV75) retained
binding in all tested mutants, also confirming the uniqueness of antigenic site VIII. We did
observe significant loss of binding for mAb D25 when mutating the site @ residue
Lys201Ala, and this binding was rescued in the Lys201Arg mutation. The epitope for AM14
was previously determined using MARM generation, which showed Leul60Ser and
Asn183Lys mutations, among others. Asn183 is positioned at the end of the loop of the site
V111 epitope and does not interact with hRSV90.
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Discussion

Methods

The protein sequence in the site V11 epitope is highly conserved in field isolates between
RSV A and B subgroups (Supplementary Fig. 9), similar to antigenic sites Il and IV. The X-
ray structure of hRSV90 with RSV F defines the structural basis for the newly discovered
antigenic site VII1. The most potently neutralizing RSV mAbs previously described include
those at antigenic site @, a pre-fusion specific epitope. We provide new insight into a novel
pre-fusion conformation-specific major antigenic site residing between antigenic sites @ and
I1. The isolated mAbs are comparable to the best-in-class RSV antibodies described to date
in terms of binding and neutralization. This new antigenic site has probably been
unrecognized previously due to the majority of human antibody experiments using
polyclonal serum. Indeed, when measuring serum antibody competition-binding to site @ or
site 11, the activity of antibodies binding to antigenic site VIII may have been grouped into
one or the other sites. However, site V11 contains unique epitopes for potently neutralizing
antibodies. Further experimentation will probably identify additional mAbs targeting the site
V11 epitope. Site VIII also induces broadly cross-reactive F protein antibodies that
recognize both subgroups of RSV. The previously discovered cross-reactive mAb AM14
provides the same cross-reactive response. However, site V111 resides on one protomer. This
characteristic of site VIII may prove useful for future structure-based vaccine designs,
because highly quaternary sites comprising domains from multiple protomers are difficult to
recapitulate with synthetic antigens.

Enzyme linked immunosorbent assay (ELISA)

For recombinant protein capture (ELISA), 384-well plates were incubated with 2 pg mi~1 of
antigen overnight at 4°C. The plates were blocked for one hour with 2% non-fat dry milk
supplemented with 2% goat serum. Plates were washed three times with PBS-T and primary
mAbs or hybridoma cell culture supernatants were applied to wells for one hour. Plates were
washed with PBS-T four times before applying 25 pl secondary alkaline phosphatase-
conjugated antibody (goat anti-human IgG Fc, Meridian Life Science) at a dilution of
1:4,000 in blocking solution. After a 1 h incubation, the plates were washed five times with
PBS-T and 25 pl of substrate solution (1 mg mI~1 pNPP disodium salt hexahydrate, Sigma)
was added to each well. The plates were incubated at room temperature for approximately
30 min before reading the optical density at 405 nm on a Biotek plate reader. Experiments
with the RSV F mutants were conducted similarly.

Human hybridoma generation

The generation of human hybridomas has been described previously4. Briefly, PBMCs
were isolated from a single human donor and were transformed with Epstein—Barr virus
(EBV). After seven to ten days, culture supernatants were screened for binding to
recombinant RSV A2 F SC-TM. Cells from positive wells were fused with HMMA2.5
myeloma cells by electrofusion to generate hybridomas?®. Hybridomas were placed in
hypoxanthine-aminopterin-thymidine and ouabain selection media and screened after two
weeks for mAb production by ELISA. Cells from wells with reactive supernatants were
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expanded to 48-well plates for one week before being screened again by ELISA and then
subjected to single-cell flow cytometric cell sorting. After cell sorting into 384-well plates
containing Medium E (StemCell Technologies), hybridomas were screened by ELISA
before expansion into both 48-well and 12-well plates. Hybridoma cells lines were expanded
in Medium E until 80% confluent in 75 cm? flasks. For antibody production, cells from one
75 cm? cell culture flask were collected with a cell scraper and expanded to four 225 cm?
cell culture flasks in serum-free medium (Hybridoma-SFM, GIBCO). After 21 days,
supernatants were filtered using 0.45 um pore size filter devices.

Virus sequencing

RSV A2 and RSV Long viruses were sequenced at the region surrounding antigenic site Il to
confirm strain specificity. Hep-2 cells were infected with each RSV strain and cells were
collected after four days. RNA was extracted using Qiagen RNeasy Mini kit and RT-PCR
was conducted using Clontech Primescript HIFI Onestep kit following the manufacturer's
protocol. The primers used for the RT-PCR and subsequent sequencing were 5’-
GTTACCTATTGTGAA CAAGC-3”" and 5'-GCTGCTTACATCTGTTTTTG-3". No
mutations were present in the amplified region, which matched NCBI Sequence ID
CUS01855.1 for RSV A2 and NCBI Sequence ID AAC18601.1 for RSV Long strain.

RSV plaque neutralization experiments

The mADbs isolated from hybridoma supernatants were incubated 1:1 with a suspension of
infectious RSV strain A2, 18537 B, or Long for 1 h. Following this, confluent HEp-2 cell
culture monolayers, maintained in Opti-MEM | + GlutaMAX (Fisher) supplemented with
2% fetal bovine serum at 37 °C in a CO, incubator, in 24-well plates, were inoculated with
50 pl of the antibody:virus mixture for 1 h. After the hour, cells were overlaid with 1 ml of
0.75% methylcellulose dissolved in Opti-MEM | + GlutaMAX. Cells were incubated for
four days, after which the plaques were visualized by fixing cells with 10% neutral-buffered
formalin and staining with crystal violet. Plaques were counted and compared to a virus
control. Data were analysed with Prism software (GraphPad) to obtain 1Csq values.

Human mAb and Fab production and purification

For antibody purification from hybridoma supernates, HiTrap MabSelectSure columns (GE
Healthcare Life Sciences) were used to purify antibodies using the manufacturer's protocol.
To obtain fragment antigen-binding (Fab) fragments, papain digestion was used (Pierce Fab
Preparation Kit, Thermo Scientific). Fab fragments were purified by removing IgG and Fc
contaminants using a HiTrap MabSelectSure column followed by purification with an anti-
CH1 column (GE Healthcare Life Sciences).

Assessing self-reactivity of mAbs by flow cytometry

Cultures of Jurkat E6-1 (ATCC) and lentivirus transducted Jurkat E6-1 cells that express
Zaire Ebolavirus glycoprotein on the surface (gift from C. Davis and R. Ahmed, Emory
University School of Medicine) were grown in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS, HyClone) according to ATCC recommendations. Cells were
washed with ice-cold FACS buffer (Dulbecco's PBS containing 2% FBS and 50 nM
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Dasatinib), counted, seeded at ~50,000 viable cells per well in V-bottom 96-well plate for
each mADb to be tested and incubated 60 min at 4 °C with serial tenfold dilutions of mAb in a
total volume 100 pl per staining. Cells were washed with FACS buffer by centrifugation for
2 min at 800g followed by incubation with 1:500 dilution of secondary goat anti-human IgG
PE Ab (SouthernBiotech) in FACS buffer. After washing, 5,000-10,000 live cell events were
acquired using a three-laser LSR-I1 flow cytometer (BD Biosciences) and analysed with
FlowJo software (Tree Star). The dead cell population was excluded using propidium iodide
staining.

Production and purification of recombinant RSV F protein and RSV mAbs

Plasmids encoding cDNAs for RSV subgroup A strain A2 F protein (wild-type post-fusion
lacking the signal peptide and transmembrane domain), the SC-TM construct and the
subgroup B strain 18537 protein construct (wild-type post-fusion F protein lacking the
signal peptide and transmembrane domain) were synthesized (Genscript). The RSV B 18537
Ds-Cav1l (pre-fusion) construct was a gift from B. Graham (NIH). Plasmids were expanded
in E. coliDH5a cells and DNA was purified using Qiagen Plasmid Maxiprep kits (Qiagen).
For each litre of transfected culture, 1.3 mg of plasmid DNA was mixed with 2 mg of
polyethylenimine in Opti-MEM | + GlutaMAX cell culture medium (Fisher). After 10 min,
the DNA mixture was added to HEK293 cells at 1 x 10° cells per ml. The culture
supernatant was collected after 6 days and the protein was purified by a HiTrap Talon crude
(GE Healthcare Life Sciences) column for RSV F protein variants and mutants. Expression
and purification of mAbs 101F, motavizumab and D25 have been described previously14.
Commercial preparations of palivizumab (Synagis; Medimmune) were obtained from the
pharmacy at Vanderbilt University Medical Center.

Crystallization and structure determination of the hRSV90-RSV F SC-TM complex

To crystallize hRSV90-Fab in complex with RSV A2 F SC-TM, both Fab cleaved from
hybridoma-derived 1gG of hRSV90 and RSV A2 F were buffer-exchanged in excess into 50
mM Tris pH 7.5, 50 mM NaCl. hRSV90-Fab was mixed in excess with RSV A2 F SC-TM
protein and incubated at 37 °C for 2 h. Following this, the sample was subjected to size
exclusion chromatography (S200, 16/600, GE Healthcare Life Sciences) in 50 mM Tris pH
7.5, 50 mM NaCl. The complex was concentrated to 10 mg ml~ and crystals were obtained
in Hampton Crystal Screen HT in various conditions. The best diffracting crystals were
obtained in 30% PEG 400, 200 mM MgCl,-6H,0 and 100 mM HEPES pH 7.5. X-ray
diffraction data were collected at the Advanced Photon Source LS-CAT beamline 21-1D-G.
Data were indexed and scaled using X-ray Detector Software20 and were significantly
anisotropic. The data were submitted to the diffraction anisotropy server and the data were
truncated to 3.1 A along the ¢* axis and to 3.6 A along the &*/6* axes. A molecular
replacement solution was obtained in Phaser?! using the RSV A2 F SC-TM structure (PDB:
5C6B) and by separately searching the variable and constant regions of a poly-alanine
truncated Fab structure (PDB: 4Q9Q). The structure of the complex was completed by
manually building in COQOT (ref. 22) followed by subsequent rounds of manual rebuilding
and refinement in Phenix2L. The data collection and refinement statistics are shown in
Supplementary Table 1.
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RSV F mutant western blot

An SDS-PAGE gel (4-12% Bis-Tris) was run for the RSV F SC-TM protein mutants. The
proteins were transferred to a PVDF membrane using the iBlot system (Thermo Fisher
Scientific). The membrane was blocked in 5% nonfat milk for 1 h and then washed three
times with PBS-T. Following this, the membrane was incubated with a 1:1,000 dilution of
monoclonal anti-polyhistidine-alkaline phosphatase antibody (Sigma, #A5588) in 5% nonfat
milk for 1 h. The membrane was washed three times with PBS-T and incubated with BM
purple chromogenic substrate (Roche, 11442074001).

Data availability

The structure of the hRSV90-RSV F SC-TM complex has been deposited in the Protein
Data Bank under accession code 5TPN.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Epitope binning for the RSV F-specific mAbs
Data indicate the per cent binding of the second antibody in the presence of the primary

antibody, as compared to the second antibody alone. Cells filled in black indicate full
competition, in which <33% of the uncompeted signal is observed, grey indicates
intermediate competition, if the signal is between 33 and 66%, and white indicates non-
competing, if the signal is =266%. Antigenic sites are highlighted at the top and side based on
competition-binding with the control mAbs D25 (site &), palivizumab (PVZ) or
motavizumab (MVZ) (site I1), or 101F (site 1V). Those coloured in yellow are encoded by
VH3-9701, and those in light blue are encoded by V=1-18%01. Competition for binding with
D25 and palivizumab/motavizumab revealed a novel antigenic site V111 bound by antibodies
that compete with both mAbs specific for site @ or mAbs specific for site 11. The site VIII
competition-binding group is indicated by a green border.
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Site @

RSV F

Figure 2. X-ray crystal structure of hRSV90-RSV F SC-TM complex
a, Overall structure of the hRSV90-RSV F trimer. Antigenic sites are labelled with site 1V in

red, site Il in orange and site @ in purple. hARSVV90-Fab (magenta) binds at a unique site
between antigenic sites Il and @. The structure is turned 90° and shown looking down at the
viral membrane. One protomer is shown as a cartoon in each representation, where the RSV
F is coloured cyan. b, Overall interactions between hRSV90 and pre-fusion RSV F. hRSV90
binds at two clefts around the newly identified antigenic site VIII (green). The heavy chain is
close to site @ (purple), while the light chain is close to site Il (orange). The unique features
of site VIl comprise residues 163-181 of the RSV F protein. The structure is turned 180° to
show both sides of the Fab-RSV F interaction.
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Figure 3. Comparison between hRSV90 and known antigenic sites and interactions between
hRSV90 and pre-fusion RSV F

a, Known X-ray structures are superimposed on the hRSVV90-RSV F structure to compare
antigenic sites. mAb AM14 (PDB: 4ZYP) and mAb D25 (PDB: 4JHW) were overlaid at
RSV F, motavizumab (PDB: 3IXT) was overlaid at the site 1l peptide, and mAb 101F (PDB:
3041) was overlaid at the site IV peptide. The structure is turned 90° to show the
comparison looking down on the viral membrane. hRSV90 overlaps with mAbs at sites 11
and @. b, Specific interactions between the hRSV90 heavy chain and RSV F are shown.
hRSV90 is shown in magenta, antigenic site VIII in green, site Il in orange and site @ in
purple, while the RSV F protein is coloured cyan. The heavy chain CDR3 mediates binding
to site VIII and site @. c, Interactions between the hRSV90 light chain and RSV F. The
colours are as in b. The hRSV90 light chain mediates binding to antigenic site VIII and 1I.

Nat Microbiol. Author manuscript; available in PMC 2017 June 08.



Page 15

Mousa et al.

"801M) 1se3] 1e Ajjuspuadapul payeadal sem Juswiiiadxa

yoe3 "eyep Buipuiq 1oy sayedldal [e1uyda) JNoy pue sjuswlIadxa uolyezljelinau Joy sejedljdal [edjuyds) asiyl Jo abessne ue S| anjeA yoe3 T-lw Brl T mojag pajosiap Jou [eubis Sa1edIpul < PBAISSHO SeM
uonanpal anbejd 950G Ya1ym Je uo1eiuaduod qyw ayl 0} spuodsaliod 0G| ayy ataym ‘Aesse uononpal-anbeld e Buisn pauiLLIBIBp a1am SanjeA uolezijeinaN “Wu Go 1e Asuap [eando sy} uo paseq ‘vS|113
U1 paurelqo sem [eubis WnwixXew-$[ey sy} YdIYm Je uofieliuaduod ayy 03 puodsalod senfen 0SO3 “syaam a8y} 104 UMoIB SaIN3Nd BWIOPLIGAY 8131] T OM] WOJJ 3INsal 8y} SI [8A8] Uolssaidxa abelane ay |

86T < < 90T 534 89 14 A T - YINVY
18 o 124 67 (474 00€'T 006'T A T - gewnzinljed
¥8 [44 €8 LT 6 16 €T b T —  (ewnziAeloN
96 ¥S S8 or 6 60T 4014 A T - 4101
< < < S6 6 < TC A T - Ged
SgyW [043U0D
< oy < €9 69 59 0s€ A T L'y 16
< 144 < or €€ (0014 €ee A T T8 6€T
< €€ < 9 6L 74 0T¢ X T 99 90T
< [44 < Le 6¢ 89 0T¢ A T T LET
< 9€ < 6¢ €T LVT 9.1 A T 6T T
< LZ G8¢ 8¢ o 9CT 7R A T €¢ 4"
< oy < 144 8¢ 8¢T 1A X T 0€ 72
6 o 0.€ €9 0¢ LVT qTT A T €€ TET
< ¥9 < 8 8¢ (445 90T X T T L
< 9 < Le TC 9T 06 A T L 19
< 0¢Z8 < 0TL 9 €6 cL A 4 L9 0€T
< 14 < €€ € T 14 A T a7 0¢
< T€ < 8¢ 13 ) 1% A T 9 06
(3s0d) (s4d) TARD-SQ (a1ad) NL
LESBTEASH  LES8TAASH  (sod) 2¥ ASH  -OS 2V ASH Buo 9 /€981 A
(-1 (11 Bw) j3n8|
(;-1w Bu ‘0553) urens pareaipul 4oy Buipuig uisload-o Bu ‘0S9|) ureais paredlpul 10} UoljezijedinaN ureyd ybi1  sseogns 96| uoissaidxa abelany gqvw ASHY

‘Auuiye Buipuiq pue Aousjod uonezijennau ‘adA1os! ‘|aAs)] uolssaldxs Aq uolieziialoeleyd Apognue uewnH

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Nat Microbiol. Author manuscript; available in PMC 2017 June 08.



Page 16

Mousa et al.

*auab uoibas Buluiol ureyd by ¢ ‘aush uoibal sjgersea ureyd b “IA ‘auab uoibai Buiuiol
ureyd Aneay ‘Hr ‘auab uoifas ajgerien ureys Aneay ‘HA "sausb ¢ pue A Jo Hr pue HA 104 pakeldsip osfe si suonaipald 1SINOA/LOINI Uo paseq abiesn aush pajoipaid yoes oy A1uapi Juad Jad ay ) (8T “481) 1SINOA/LOINI AQ 1IN0 PaLLILRD SeMm SISA[euy "UoILasul €4ADH
Ue sey 0ZASHY pue abesn auab [eonuapt Areau aney 0ZASHY pue 06ASHY "S3ush HA Jejilis asn 66TASHY PUB TOASHY ‘TETASHY ‘ZTASHY pue ‘ssush HA Je[iwis 8sn Z6ASHY pue 0STASHY '0ZASHY ‘06ASHY “sisAjeue aush A ureyo Axesy uo paseq padnolb are sy

4SOINOVSNANDD oT'e9 WVBLOxIIHOI  %S6 T0xLZ ~TAMOI MSAIdOD LOVAVMAAONDD IT8'8  I0x6T ~9GHII %SBZOxPHII %16 [0x6 EAHOI 16
A1TdMNNADDD 6€9 %L6 IOx#IOI  Y%V6 I0xST ~EAMOI MAQTOALASOSNAIAHSANAD 61'8'8  10x2Z ~EAHOI WLLIOXIHOI %26 T0x6 ~ENHOI 0€T
41IdMNNADDD 6'€9 %00T I0xGrMOI %96 T0xST ~EAMOI  MWIATOAAAAASSASOSVANGNAD 12'8'8  I0x0T ~€GHOI %6 Z0xIHOI  %L6 T0x6 ENHOI 0z
41TdMNNADDD 6'€9 WEB TOx1IHOI %96 T0xST ~EAMDI MATTOAAAAASDOSAAVAIAD 81'8'8 10«0 ~€AHOI %68Z0xIHOI  %L6T0x6 ENHOI 06
41dddMHLOOND oTETT %S6 I0xSIMO %96 10x06 ~CAMOI MADIIIADSADSOUSD v1'8'8  Z0x0T ~€AHOI %¥8 I0xIHOI %26 T0x8 ~TAHOI 6€T
4VSTISHAADD 8¢9 %6 I0x IOl %96E0xS ~IAMOI MAQddOAAADNAYYD ET'8'8  T0xGT ~ZAHOI WEBZOxHTHOI %6 T0x8T ~TNHOI 19
41TdMNNADDD 6€TT %L6 T0x1IHOI %28 T0x0E ~ZAMOI MAQTIOVVLISddIIVO ST'8'8  I0xET ~9AHII %LBZOxPHOI  %EB I0x8T ~TAHOI TET
4S9dMHLYOND 6€TT %GB FOxZIHO %96 Z0x0E ~CAMOI MATTISAVVIADIOEVD v1'8'8  T0xET ~9GHOI %S8Z0x#THOI %68 T0x8T ~TAHOI T
uonoung  syibus| ¥ao1  Auspl 95 9usb Ir AMIUspI 9% 3udh A uondune  sybus| YAoH auab Ha  Amuapr 9p 8usb HE  Aauapt 94 aush HA
ureyd 611 ureyo AnesH gvw ASHY

"SqvW Buizijesinau palos|as 1o} abesn auab Apognuy

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Nat Microbiol. Author manuscript; available in PMC 2017 June 08.



Page 17

Mousa et al.

"I Bri £:0 Mojag panasgo sem [eubis ou sajedtpul < “adIm) 1sea| Je Ajluapuadapul pajeadal sem uawiLiadxa Y3 “sajeat|dal [e1ULa) Inoj Jo aBeIaAe Ue I anjeA yoes ‘suonisod uaas

3} JO 40ea e Pa)sal aJam suoleINW auluibie pue suluB|e Y10g "UOIEINW YIBa SA0CE Pajedlpul ale a1njanis Ael-X 8y} Ul Sanpisal P1oe oulwe N 1-0S 4 ASH pan1oads yim Bunoessiul sdoo] 4ADd 06ASHY

8T 8¢ 9 yx4 < < 89 < T 0LT 9¢ 8T €¢ 8¢ VTNV
97 TC x4 6T [44 069 1474 L0T T¢ S€ T¢ 67 ¢ 0€9 Sed
SgyW [043U0D
A Jeie} 143 [47% 90T 90T 98¢ 8.1 €LT o 29 €9 S9 78 16
9 98 €97 29 114 85T 869 8yl 98T 17 g6 6. 29 26 L
vT 6T €¢ 67 [44 89 8¢ yx4 8T TC 8T 8T ST T¢ TET
< Tle < 144 < < < (045 144 9€ 96T 6€ 0€ 43 T
9T v < 9¢ < 99 8L ¥S =7 514 oy LE 1€ 123 6ET
6€ 8y 174" ti% 9TT 8 L6T ¥ET €8 19 0S 8y 1% S 90T
< oy < 6¢ < [44 < 66 LE 6¢ Ll e 9¢ 1€ LET
< v < 67 ti% cL S0T i 86 29 99 69 Ly 534 19
< 0L¢ 0S¢ v.0'T < 08y e ¢0€ < 09¢ T0C S6T 09T 08¢ 0€T
Y4 €¢ < LT < 124 0€ €€ Ly 6¢ 9¢ 124 LT 4 [4)
4" L €¢ ST 0¢ 99 [44 9¢ LT 97 97 14 ST 67 72
< 9T 8T 97 0¢ 0S 6T 0¢ < S9¢€ 14 qT €T 0¢ 0¢
< 8T 8T [44 17 8¢ [4 4% < 07 67 €¢ 8T T¢ 06
dv/TL  VPLTL  d€92Ad  VE9ZA  HSLTN  VSLZIN  d¥6TA  VY6TA  HELTIS  VELIS  d69TS  VE9TS  H10¢H  VTO0CH
€4ao 2/1dao €4doH ¢ddaoH TdAOH
(;-1w Bu 0553) 06ASHY 40 HAD ParedIpUl Y1 BunoeIuod senpisal 10} utsload JuelreA Jueinw julod 4 ASYH JueuIquiodsl paredlpul o1 bulpulg gQvw ASHY

Author Manuscript

"06ASHY /W 198IU02 JRY) SaNPISal 18 pareInw sulaloid 4 JueLIeA 01 SqVW ASHY J0) sonsiieloereyd Bulpuig

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Nat Microbiol. Author manuscript; available in PMC 2017 June 08.



	Abstract
	Human antibody generation
	Antibody neutralization and binding specificity
	Sequence similarity
	Epitope binning
	X-ray crystal structure of hRSV90-RSV F SC-TM complex
	Mutagenesis of hydrogen-bond interactions
	Discussion
	Methods
	Enzyme linked immunosorbent assay (ELISA)
	Human hybridoma generation
	Virus sequencing
	RSV plaque neutralization experiments
	Human mAb and Fab production and purification
	Assessing self-reactivity of mAbs by flow cytometry
	Production and purification of recombinant RSV F protein and RSV mAbs
	Crystallization and structure determination of the hRSV90-RSV F SC-TM complex
	RSV F mutant western blot
	Data availability

	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3

