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ABSTRACT Human respiratory syncytial virus (RSV) is a major cause of lower respi-
ratory tract disease, especially in young children and the elderly. The fusion protein
(F) exists in a pre- and postfusion conformation and is the main target of RSV-neu-
tralizing antibodies. Highly potent RSV-neutralizing antibodies typically bind sites
that are unique to the prefusion conformation of F. In this study, we screened a sin-
gle-domain antibody (VHH) library derived from a llama immunized with prefusion-
stabilized F and identified a prefusion F-specific VHH that can neutralize RSV A at
subnanomolar concentrations. Structural analysis revealed that this VHH primarily
binds to antigenic site | while also making contacts with residues in antigenic sites
Il and IV. This new VHH reveals a previously underappreciated membrane-proximal
region sensitive to neutralization.

IMPORTANCE RSV is an important respiratory pathogen. This study describes a prefu-
sion F-specific VHH that primarily binds to antigenic site | of RSV F. This is the first
time that a prefusion F-specific antibody that binds this site has been reported. In
general, antibodies that bind to site | are poorly neutralizing, whereas the VHH
described here neutralizes RSV A at subnanomolar concentrations. Our findings con-
tribute to insights into the RSV F antigenic map.
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uman respiratory syncytial virus (RSV) is a major respiratory pathogen that is re-
sponsible for approximately 33 million cases of acute lower respiratory infection in
young children worldwide (1). Despite many years of research, still no active vaccina-
tion strategy has been licensed to prevent disease caused by RSV, and there are
no antiviral drugs available to treat RSV patients. The monoclonal antibody (MAb) pali-
vizumab (Synagis) is used for prophylaxis in high-risk children. Monthly intramuscular
injections of this biologic during the RSV season reduce the chance of RSV-related hos-
pitalization by 55% (2). Clinical trials are currently ongoing with the more potent and
half-life-extended MAb nirsevimab, which preferentially binds to the prefusion confor-
mation of the RSV fusion protein (F) at the so-called “site @.” A single intramuscular
injection of preterm infants with this antibody resulted in a 78.4% reduction in RSV-
associated hospitalization (3).
Next to some antibodies targeting the RSV attachment protein G, most of the anti-
viral antibodies that are in development to prevent or treat RSV target F, a trimeric
type | membrane protein, which is well conserved and exists in a metastable prefusion
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or an energetically more favorable postfusion conformation (3-8). Based on secondary
structure elements and the analysis of RSV antibody repertoires of human memory B
cells, the surface of RSV F has been divided into six antigenic sites: @, I, I, ll, IV, and V
(9, 10). Most of the RSV-neutralizing activity in human serum is specifically directed
against prefusion F (9, 11, 12). Antigenic sites @ and V, present in the apex of prefusion
F, are unique to the prefusion conformation, and monoclonal antibodies directed to
these sites have potent RSV-neutralizing activity (50% infective concentration [ICs,] of
=50ng/ml) (9). Site lll recognition is also primarily associated with prefusion F-specific
antibodies, even though the conformations of this site are almost identical in pre- and

postfusion F (9, 13). The three-dimensional structure of antigenic sites |, I, and IV is
largely conserved between the pre- and postfusion F conformations (13). While the
neutralizing activity of antibodies directed at site II, lll, or IV ranges from low to very

high, site I-specific antibodies typically have poor RSV-neutralizing activity or even lack
such activity (9, 14).

Previously, we described two RSV A- and B-neutralizing single-domain antibodies
(VHHSs) from a llama that had been immunized with recombinant, prefusion-stabilized
F (7). These VHHSs, F-VHH-4 and F-VHH-L66, can neutralize RSV in vitro at picomolar con-
centrations. F-VHH-4 and F-VHH-L66 are prefusion F specific and bind a highly con-
served cavity between two F protomers and thereby partly cover antigenic sites Il, Ill,
and V on a first protomer and IV on a neighboring protomer.

We were interested in the identification of new RSV-neutralizing VHHSs that are pre-
fusion F specific and target an epitope that does not overlap that of F-VHH-4. Here, we
report on the isolation, functional, and structural characterization of a new prefusion F-
specific RSV-neutralizing VHH that binds to a unique epitope that is located in the
lower part of prefusion F.

RESULTS

Isolation of a potent RSV-neutralizing VHH. To investigate which sites on prefu-
sion F, besides the F-VHH-4 epitope, are vulnerable for potent neutralizing VHHs, we
aimed to identify new RSV-neutralizing VHHs that do not compete with F-VHH-4 for
binding to prefusion F (7). Therefore, we screened a VHH-phage display library derived
from a llama that had been immunized with recombinant F protein stabilized in the
prefusion conformation (DS-Cav1) by panning on immobilized DS-Cav1 that had been
presaturated with F-VHH-4 (15). We note that F-VHH-4 has an extremely low dissocia-
tion rate once bound to DS-Cav1 (7). After two rounds of panning on F-VHH-4-satu-
rated DS-Cav1, we obtained a 242-fold enrichment of VHH-displaying phages. The
enriched VHH cDNA inserts were subsequently cloned as a pool into a Pichia pastoris
expression vector and the resulting library was used to transform P. pastoris cells. Next,
the RSV-neutralizing activity of crude yeast culture medium of 191 individual P. pastoris
transformants was determined in a 96-well-format plaque reduction assay. Several
VHH candidates with modest to high RSV A2-neutralizing activity were identified this
way (Fig. 1). Based on the apparent neutralizing activity, we selected 12 P. pastoris
transformants that were expanded, and the respective VHHs were purified from the
culture medium and then tested again in an RSV A2-neutralization assay (Fig. 2A). Six
of the 12 candidates did not exhibit neutralizing activity in this assay. This could be
explained by high expression of these clones in the initial screen, where there was no
normalization for the amount of VHH present, and the low starting concentration used
in this assay with purified VHHs. The most potent candidate, F-VHH-CI184, was selected
for further characterization. Although F-VHH-CI184 does not reach the very high neu-
tralizing activity of F-VHH-4, it is much more potent against RSV A2 than palivizumab
(Fig. 2B and C). F-VHH-CI184 can neutralize RSV A2, with an ICs, of 0.4nM (5.0 ng/ml),
but has only moderate neutralization activity against RSV B subtype strains, such as
RSV B49, with an ICs, of 21.6 nM (305.3 ng/ml) (Fig. 2C). Unlike F-VHH-4, F-VHH-CI184
lacks a cysteine residue in its complementarity-determining region 3 (CDR3), a feature
often present in VHHSs to help stabilize the extended CDR3 loop (Fig. 2D) (16).

June 2021 Volume 95 Issue 11 €02279-20

Journal of Virology

jviasm.org 2


https://jvi.asm.org

Prefusion F-Specific Single-Domain Antibody

1
11100 @1

1/1000 §) %)
1/10000 (ﬁ & @

12 13

14 15 16 17 18 19 0 21 22 23 24

80 87) 88 89 90 91 92 93 94 [95] 96
111000 G @ ¢
1110000 @) &E; ) 4

121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144

17100
1/1000 (G
1/10000 &

FIG 1 RSV-neutralizing activity in Pichia pastoris culture supernatants. VHHs were produced in 400-ul
P. pastoris cultures in 96-deep-well plates. Ten-fold serial dilutions (from 1/100 to 1/10,000) of the
cleared culture supernatants were tested for RSV A2-neutralizing activity in a 96-well-formatted
plaque-reduction assay. Boxes indicate P. pastoris clones that secrete VHHs that may have
neutralizing activity. Supernatants of F-VHH-4-expressing P. pastoris cells were included as a positive
control.

F-VHH-CI184 is prefusion specific. To determine the affinity as well as the pre-
ferred F conformation specificity of F-VHH-CI184, we performed a comparative surface
plasmon resonance (SPR) analysis with immobilized recombinant RSV A2-derived pre-
and postfusion F (Fig. 3). This analysis showed that F-VHH-CI184 binds tightly to prefu-
sion F, with an equilibrium dissociation constant (K,,) of 84 pM, an association rate con-
stant (k,) of 4.74 x 106 M~" s~ ', and a dissociation rate constant (k) of 3.99 x 10~% s~'
(Fig. 3A). Binding to postfusion F could not be detected, indicating that F-VHH-CI184 is
prefusion F specific (Fig. 3B).

F-VHH-CI184 binds to a prefusion-specificc membrane-proximal epitope in F.
To confirm that F-VHH-CI184 binds to an epitope that is different from that of F-VHH-4,
we performed a set of experiments using various F variants harboring single amino
acid substitutions within the F-VHH-4 epitope. We previously described the isolation of
an F-VHH-4 RSV A in vitro escape variant, which was attenuated and carried a Thr-to-
Asn substitution at position 50 in F (7). F-VHH-CI184 could neutralize this F-VHH-4
escape virus as efficiently as wild-type (WT) RSV A2 (Fig. 2B and Fig. 4A). Also, a palivi-
zumab escape virus with a Lys272Asn substitution in antigenic site Il was neutralized
equally well as WT RSV A2 by F-VHH-CI184 (Fig. 2B and Fig. 4A). These results suggest
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FIG 2 F-VHH-CI184 can neutralize RSV A and B. (A) RSV A2 was incubated with different concentrations of VHH before infection of Vero cells. Three days
later, the viral plaques were visualized with a polyclonal anti-RSV serum. A curve was fitted using a log versus response variable-slope 4-parameter
equation. (B) RSV A2 or RSV B49 was preincubated with different concentrations of F-VHH-4, F-VHH-CI184, or palivizumab before infection of Vero cells.
Viral plaques were visualized 3 days later. Assays were performed twice; mean values with standard deviation (SD) (n=2) based on the pooled data from 2
independently performed experiments are shown. A curve was fitted using a log versus response variable-slope 4-parameter equation. (C) IC;, values of F-
VHHs and palivizumab against RSV A2 and RSV B49 as determined by plaque reduction assay. (D) Amino acid sequences of F-VHH-CI184 and F-VHH-4 with
Kabat numbering. The complementarity-determining regions (CDRs) are boxed. F-VHH-CI184 CDRs were predicted by abysis.org. The amino acid sequence
of F-VHH-4 was aligned to the sequence of F-VHH-CI184.

that neither Thr50 nor Lys272 is involved in the binding of F-VHH-CI184 to F. We next
determined the binding of F-VHH-CI184 to a set of F variants that were expressed on
the surface of transfected cells by flow cytometry. F variants Leu305Arg and Thr267Ala
were selected because these are located in the epitope of F-VHH-4. The site lI-binding
palivizumab and the site @-binding D25 were included as positive controls. F-VHH-
Cl184 could efficiently bind to the three F variants (Thr50Ala, Leu305Arg, and
Thr267Ala), while F-VHH-4 failed to bind to the Thr50Ala and Leu305Arg variants (Fig.
4B). Together, these results show that F-VHH-CI184 can neutralize in vitro selected RSV
A2 variants that are poorly neutralized by palivizumab and F-VHH-4, as efficiently as
WT RSV A2.

Our neutralization and F-binding experiments are in line with the assumption that
F-VHH-CI184 and F-VHH-4 bind to different epitopes in prefusion F and validate our
panning approach. We next performed SPR-based competition experiments to try to
confirm this assumption. In this experiment, immobilized prefusion F was first satu-
rated with a competitor, and then responses resulting from F-VHH-CI184 binding were

A F-VHH-CI184 binding to pre-F B 20 F-VHH-CI184 binding to post-F
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FIG 3 F-VHH-CI184 is specific for prefusion F. Shown are surface plasmon resonance (SPR) sensorgrams
for the binding of F-VHH-CI184 to immobilized prefusion F (A) and postfusion F (B). Two-fold serial
dilutions of F-VHH-CI184 ranging from 12.5nM to 0.39nM in HBS-P+ buffer were injected over the
prefusion F and reference control cells. For binding experiments to postfusion F, 2-fold serial dilutions
of F-VHH-CI184 ranging from 100 nM to 3.13nM were used. ADI-14359 (100 nM), a postfusion F-specific
Fab, was included as a positive control for binding to postfusion F (black line). Binding data are shown
as black lines, and the best fit to a 1:1 binding model is shown as red lines.
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FIG 4 F-VHH-CI184 can neutralize RSV viruses that are resistant to palivizumab or partially resistant to
F-VHH-4. (A) F-VHH-4 escape virus (left panel) or palivizumab escape virus (right panel) was
preincubated with the indicated concentrations of VHH or palivizumab before infection of Vero cells.
Three days later, the viral plaques were stained with polyclonal anti-RSV serum. Assays were
performed twice; mean values with standard deviation (n=2) based on the pooled data from 2
independently performed experiments are shown. A curve was fitted using a log versus response
variable-slope 4-parameter equation. (B) HEK293T cells were transfected with the wild type (Fwt) or
T50A, L305R, or T267A mutant RSV F expression plasmid in combination with a green fluorescent
protein-nuclear localization signal expression vector (peGFP-NLS) or with the peGFP-NLS expression
vector combined with an empty expression vector. Cells were subsequently stained with a dilution
series of F-VHH-4 or F-VHH-CI184 or the indicated control antibodies and analyzed by flow cytometry.
The graphs show for each VHH the average * SD of the ratio of the median fluorescence intensity
(MFI) of the AF-633-labeled VHH detection antibody bound to GFP™* cells over the mean fluorescent
intensity (MFI) of GFP~ cells that were stained with the indicated VHH concentration in wg/ml (or at
1 g/ml for the controls) (n=2). *, P < 0.05, **, P < 0.01, ***, P < 0.001, and ****, P < 0.0001, by
two-way ANOVA.

recorded by SPR (Fig. 5A). This revealed that presaturation of immobilized prefusion
F with F-VHH-4 did not interfere with the binding of F-VHH-CI184 to prefusion F,
indicating that F-VHH-CI184 and F-VHH-4 bind nonoverlapping epitopes (Fig. 5B). A
variety of Fabs, including Fabs derived from motavizumab (site Il), AM14 (sites IV
and V), AM22 (site @), and MPES8 (sites II, IIl, IV, and V), as well as F-VHH-4 (sites I, llI,
IV, and V), were also used to evaluate potential competition with F-VHH-CI184 for
binding to prefusion F (7, 17-21). Interestingly, only Fabs derived from MPES, a
human monoclonal antibody that can neutralize RSV as well as human metapneu-
movirus, prevented binding of F-VHH-CI184 (Fig. 5B) (21). This suggests that F-VHH-
Cl184 might bind to a site that overlaps or is in proximity to antigenic site lll, the
binding site of MPES.

To narrow down the likely epitope of F-VHH-CI184, we selected for in vitro escape
viruses. After four rounds of selection of RSV A Long in the presence of the F-VHH-
Cl184, four escape viruses were selected. Remarkably, these viruses all contained muta-
tions that led to a change of the asparagine residue at position 380 (Asn380Ser,
Asn380lle, Asn380Thr, and Asn380Tyr), which is part of antigenic site I. These mutant
viruses remained susceptible to neutralization by F-VHH-4 and palivizumab but
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FIG 5 F-VHH-CI184 competes with MPE8 Fab. (A) Schematic diagram of the SPR-based competition
assay. Prefusion F (gray) is first saturated with a competitor Fab or VHH (blue), and then additional
responses from F-VHH-CI184 (pink) binding are measured through SPR. (B) SPR sensorgrams for the
binding of F-VHH-CI184 to prefusion F in the presence of the indicated Fabs or F-VHH-4.

completely (Asn380lle, Asn380Thr, and Asn380Tyr) or partially (Asn380Ser) resist F-
VHH-CI184 at a concentration of 3 wg/ml (Fig. 6).

To define the F-VHH-CI184 epitope, we determined the crystal structures of F-VHH-
Cl184 alone and in complex with prefusion F. The crystal structures of F-VHH-CI184
alone was determined to 1.9-A resolution, whereas the structure of the complex was
determined to 2.1-A resolution (Fig. 7A and Table 1). F-VHH-CI184 buries approximately
904 A2 of surface area on the membrane-proximal region of the globular prefusion F
ectodomain. The epitope of the VHH is confined to one protomer and largely overlaps
antigenic site |, the conformation of which is conserved in pre- and postfusion F (13).
While all three CDRs mainly contact residues on antigenic site |, CDR1 also reaches to
the edge of antigenic site Ill (Fig. 7B). This region partially overlaps the MPE8 epitope,
which explains why MPE8 competes with F-VHH-CI184 binding to prefusion F (Fig. 7C).
The residues in CDR1 and CDR3 contribute to the majority of the polar interactions
with F. For example, Tyr32 from CDR1 interacts with Asp344 via a hydrogen bond. On
the other hand, Trp52a from CDR2 forms hydrophobic interactions with Leu381,
Val384, Pro389, and Lys390 from antigenic site . CDR3 also contacts the 22 strand
that is part of the neighboring antigenic site IV (Fig. 7D). Two hydrophobic residues of
F-VHH-CI184 CDR3, Val100, and Trp100e are neatly packed in a small cavity between
antigenic sites | and IV, and Glu100d forms a salt bridge with Lys465 at £22 (Fig. 7D).
The prefusion F specificity of F-VHH-CI184 most likely originates from this contact with
22, as this strand changes conformation considerably during the transition of F from
the prefusion to the postfusion state. Our structural analysis also revealed that the epi-
tope of F-VHH-CI184 is poorly conserved between RSV A and B, explaining the reduced
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FIG 6 Neutralization of F-VHH-CI184 escape RSV strains. RSV A2 or the different escape viruses were
preincubated with different concentrations of the indicated VHH or palivizumab before addition to a
monolayer of Vero cells. Three days later, cells were fixed and stained with polyclonal anti-RSV serum
to visualize the plaques. A curve was fitted using a log versus response variable-slope 4-parameter
equation.

neutralizing activity of the VHH against RSV B. Indeed, position 380 in F of RSV B viruses
is a serine instead of an asparagine, which leads to the loss of the hydrogen bonds with
CDR1 Gly31 and CDR3 Gly97. The importance of this residue for the binding of F-VHH-
Cl184 to F is in line with those of the selected escape mutants, which all had an amino
acid substitution at Asn380. Finally, superimposition of F-VHH-4 on F-VHH-Cl184-bound
prefusion F structure showed that the epitopes of both VHHs do not overlap and that si-
multaneous binding is possible without any clashes, indicating that prefusion F can be
bound by both VHHs simultaneously (Fig. 7E).

DISCUSSION

In this study, we describe the isolation and characterization of an RSV-neutralizing
VHH that binds to a unique prefusion F-specific epitope. This VHH was isolated from a
previously described VHH library (7). Our panning strategy on immobilized prefusion F
that was presaturated with F-VHH-4 was successful for the isolation of F-VHH-CI184,
which binds to an epitope that is distinct from that of F-VHH-4. F-VHH-CI184 displays
potent RSV A-neutralizing activity and binds specifically and with high affinity to prefu-
sion F. The epitope of F-VHH-CI184 has not been described before and mainly overlaps
with antigenic site |, with additional interactions with antigenic sites Ill and IV. In the
screens described here, no VHHs with a neutralizing potency as high as that of F-VHH-
4 or F-VHH-L66 were identified. F-VHH-CI184 is approximately 10 times less potent
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Viral membrane

Viral membrane

FIG 7 The epitope of F-VHH-CI184 is mainly located in antigenic site |, contacts sites Ill and IV, and does not
overlap F-VHH-4. (A) F-VHH-CI184 (blue) bound to prefusion RSV F as viewed from the side. (B) Close-up of the
VHH-binding site as viewed from the side (left) and from the bottom (right). The key hydrophobic VHH
residues on the CDRs are highlighted. (C) The epitope of F-VHH-CI184 partially overlaps the epitope of MPES.
Shown is the structure of prefusion F bound to F-VHH-CI184 along with the footprints of the Fabs of AM22
(red), AM14 (orange), motavizumab (yellow), MPE8 (green), and F-VHH-CI184 (blue). (D) F-VHH-CI184 also
contacts antigenic site IV. A close-up of the VHH-binding site is shown; residues of the RSV F protein contacted
by the VHH are labeled. The key residues of VHH CDRs are labeled in blue. The 822 strand is shown in dark
green. (E) Prefusion RSV F in complex with F-VHH-4 (magenta) and F-VHH-CI184 (blue).

than F-VHH-4, yet it still reaches subnanomolar RSV-neutralizing activity against RSV
A2 and, in line with the elucidated epitope, shows a 540-fold-lower neutralizing activity
(ICs0, 21.6 NM) for RSV B.

The specificity of F-VHH-CI184 for prefusion F is surprising because its epitope
largely overlaps antigenic site |, which is often considered to be a postfusion F-specific
site, although the site is largely conserved during the transformation from prefusion to
postfusion F (10, 13, 22). The membrane-proximal position of this site in prefusion F
probably results in limited accessibility for conventional antibodies, while the site is
readily accessible at the tip of postfusion F. Previously described antibodies that bind
to antigenic site I, such as monoclonal antibodies 131-2a and 2F, preferentially bind
postfusion F and are poorly neutralizing (10, 23, 24). The (poor) neutralization of RSV
by these antibodies could be brought about by steric hindrance, limiting the accessibil-
ity of the virus to the host cell (24). F-VHH-CI184, however, can potently neutralize RSV
A2 and is specific for prefusion F. Residues in CDR3 make critical polar and hydropho-
bic contacts with the 22 strand located in antigenic site IV, which undergoes a con-
siderable transformation upon refolding of the F protein. Therefore, we speculate that
F-VHH-CI184 neutralizes RSV by locking 322 in a prefusion conformation and thus pre-
vents the transformation to postfusion F.

Despite several variations between RSV A and B in the epitope of F-VHH-CI184, the
VHH can still neutralize RSV B, although less potently. This reduced neutralizing activity
can be traced back to one amino acid residue difference between RSV A and B,
Asn380, which is a serine in RSV B. Four different RSV A2 escape mutants contain a
mutation leading to a substitution of Asn380, including the Ser corresponding to RSV
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TABLE 1 Crystallographic data collection and refinement statistics

Value for®:
Parameter F-VHH-CI184 F-VHH-CI184-prefusion F
PDB ID 7LVU 7LVW
Data collection statistics
Space group P4,22 P2,
Cell constants
a, b, c(A) 73.6,73.6,222.0 104.5,200.5, 134.7
a, B,y () 90, 90, 90 90, 105.9, 90
Wavelength (A) 0.9774 1.0332

Resolution (A)
No. of reflections:

73.9-1.9 (1.99-1.94)

89.9-2.1 (2.14-2.10)

Total 504,205 (19,524) 993,485 (50,385)
Unique 46,193 (2,987) 301,087 (15,113)
merge 0.098 (0.802) 0.083 (0.696)
Rpim 0.031 (0.331) 0.054 (0.447)
ol 17.1 (2.4) 8.4 (1.5)
CcG,), 0.998 (0.814) 0.989 (0.568)
Completeness (%) 99.9 (98.2) 97.4 (98.3)
Redundancy 10.9 (6.5) 3.3(3.3)
Refinement statistics

Resolution (A) 73.6-1.94 (2.01-1.94) 50.2-2.1 (2.12-2.10)
No. of unique reflections 46,099 301,032
R orid Rvee (%) 20.8/23.2 20.2/23.1
No. of atoms

Protein 3,730 28,340

Ligand/ion 0 86

Water 354 2,254
B-factors

Protein 29.6 439

Ligand/ion 56.4

Water 36.9 43.8
RMSD®

Bond length (A) 0.007 0.006

Bond angle (°) 0.92 0.85
Ramachandran plot (%)

Favored 99.2 96.5

Allowed 0.8 34

Outliers 0.0 0.2

aValues in parentheses are for the highest-resolution shell.
bRMSD, root mean square deviation.

B. Remarkably, RSV B is still much more susceptible to neutralization by F-VHH-CI184
than the RSV A mutant that has the single Asn380Ser change. Therefore, other varia-
tions in RSV B, either inside or outside the F-VHH-CI184 epitope, may compensate for
this serine. In addition, bivalent F-VHH-CI184 constructs—for example, by fusion with
an antibody Fc domain—could potentially have increased RSV B neutralizing potency.
The neutralizing epitope of F-VHH-CI184 is relatively novel since it does not overlap
the epitopes of F-VHH-4 or several neutralizing antibodies that recognize site @
(AM22), site V (AM14), or site Il (motavizumab). The epitope of F-VHH-CI184 partially
overlaps that of MPE8. Antigenic site | has not yet been associated with prefusion F-
specific antibodies, although such antibodies are detected in human serum in low lev-
els (9). Yet, in serum no highly neutralizing antibodies that bind to this site could be
detected. Possibly, neutralizing antibodies directed to sites located at the membrane-
proximal region of prefusion F can be more readily elicited by immunization with pre-
fusion F than by RSV infection. This could mean that a more diverse anti-F antibody
response could be evoked by immunization with F outside its viral context, such as
with the DS-Cav1 prefusion F subunit vaccine candidate, which has recently been
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evaluated in a phase | clinical trial (25). It still needs to be assessed if an increased anti-
body response against the membrane-proximal region of RSV F would also result in
better protection.

The reduced neutralizing activity against RSV B is a limitation for the possible devel-
opment of F-VHH-CI184 as a therapeutic. F-VHH-4 and -L66 escape viruses, which are
attenuated in vitro, have been isolated. A combination of F-VHH-CI184 with, e.g.,
F-VHH-4, or even merged in a single molecule could potentially lower the risk even
further that escape viruses emerge upon the usage of F-VHH-4 for the treatment of
RSV-associated disease. In line with this, it has been shown for rabies virus, Zika virus,
simian HIV, and, more recently, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), that a cocktail of two antibodies that bind to nonoverlapping epitopes can miti-
gate such a risk (26-29). Further research is necessary to verify if such a biparatopic
construct is indeed advantageous compared to the already very potent F-VHH-4 alone.

MATERIALS AND METHODS

Generation of prefusion F-specific VHH. A library of VHH-displaying phages was synthesized from
the lymphocytes of a llama immunized with prefusion F protein (DS-Cav1) as described in reference 7.
This library was subjected to two rounds of panning on prefusion F protein, captured with antifoldon
antibody (100 ng of MF4 [30]), which was presaturated with equimolar amounts of F-VHH-4 in one well
of a 96-well microtiter plate (Maxisorp; Nunc). Panning was performed in the same way as described
before (7). Sea Block blocking buffer (Thermo Scientific) was used during the first panning round, Pierce
protein-free blocking buffer (Thermo Scientific) was used during the second panning round.

Expression of VHHs in Pichia pastoris. The complete VHH library after the second panning round
was cloned as a single pool into a yeast expression vector. The VHH coding sequences were PCR ampli-
fied from the pHEN4 plasmid library using the respective forward and reverse primers 5'-GGGCTCT
TCAAGGCAGGTGCAGCTGCAGGAGTC-3" and 5'-GGGCTCTTCAAGTCTAGTGATGGTGATGGTGGTGGCTGGA
GACGGTGACCTGGG-3'. The resulting PCR product was mixed with pKai61 plasmid (described in refer-
ence 7, modified to include Sapl restriction sites), Sapl, and T4 DNA ligase, and a thermocycled restric-
tion-ligation reaction was performed. The resulting library was linearized with Pmel before transforma-
tion of P. pastoris strain GS115 using the lithium acetate-dithiothreitol (DTT) method described by Wu
and Letchworth (31).

Purification of VHHs produced by Pichia pastoris. Expression of VHHs by single P. pastoris trans-
formants for the RSV neutralization screening was performed in 400-ul cultures in 96-deep-well plates.
Production was performed as described before, adapted to the reduced culture volume (7). P. pastoris
transformants that produced RSV-neutralizing VHHs were selected for scaling up using 4-, 25-, or 100-ml
cultures. Purification was performed as described before (7).

Cells and viruses. Vero cells (ATCC CCL-81) and HEp-2 cells (ATCC CCL-23) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum
(FCS), 2 mM L-glutamine, nonessential amino acids (Invitrogen, Carlsbad, CA, USA), and 1 mM sodium py-
ruvate at 37°C in the presence of 5% carbon dioxide. RSV A2, an A subtype of RSV (ATCC VR-1540; ATCC,
Gaithersburg, MD), RSV B49, a B subtype of RSV (BE/5649/08 [described in reference 32]), RSV A Long
(ATCC VR-26 [a kind gift from Rik De Swart, Erasmus MC, Rotterdam, The Netherlands]), and palivizu-
mab-escape and F-VHH-4-escape RSV mutants (described in reference 7) were propagated on HEp-2
cells and quantified on Vero cells by plaque assay using goat anti-RSV serum (AB1128; Chemicon
International).

Plaque reduction assay. The plaque reduction assay was performed as described previously (7). In
short, a dilution series of the VHHSs, palivizumab, or raw yeast supernatant was prepared in Opti-MEM
(Gibco), incubated with RSV for 30 min at 37°C, and used to infect confluent Vero cells. After 3 h, an
equal volume of 1.2% Avicel RC-591 and growth medium was added to each well, and the infection was
allowed to continue for 3 days. Viral infection was tested by immunostaining of the viral plaques with
goat anti-RSV serum (AB1128; Chemicon International) and horseradish peroxidase-conjugated anti-
goat IgG (SC2020; Santa Cruz). The plaques were visualized by applying TrueBlue peroxidase substrate
(KPL, Gaithersburg, MD).

VHH binding to cells expressing F. HEK293T cells were transfected with pCAGGS containing a
codon-optimized WT, T50A, L305R, or T267A mutant RSV F cDNA with polyethyleneimine (PEI) transfec-
tion reagent (Polysciences, Inc.). To trace transfected cells, transfections were performed in the presence
of peGFP-NLS. Control transfections were performed with peGFP-NLS and an empty pCAGGS vector.
Twenty-four hours after transfection, the cells were detached, washed, and blocked. Subsequently, the
cells were incubated with 1, 0.1, or 0.01T ug/ml of VHH or 1 wg/ml control VHH (specific for an irrelevant
target) or MAb in phosphate-buffered saline (PBS) with 0.5% bovine serum albumin (BSA). One hour
later, the cells were washed and stained with mouse anti-histidine tag antibody (MCA1396; Abd Serotec)
followed by anti-mouse 1gG conjugated with Alexa 633 (Invitrogen) for the VHH samples or anti-human
19G conjugated with Alexa 633 (Invitrogen) for the MAb samples. The stained cells were analyzed using
a BD LSRII flow cytometer. All procedures were performed on ice or at 4°C.

Surface plasmon resonance. The surface plasmon resonance (SPR) experiment was performed as
described previously, with some modifications using a Biacore X100 (GE Healthcare) (7). In each cycle,
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either purified prefusion F (DS-Cav1) or postfusion F (FATM) was captured to ~400 response units (RU)
by a CM5 sensor chip that had been immobilized with an anti-Strep-Tagll Fab. The sensor chip was
regenerated between cycles using 0.1% SDS followed by 10 mM glycine at pH 2. Serial 2-fold dilutions of
F-VHH-CI184 from 12.5nM to 0.39 nM were injected through reference flow cells and then prefusion F-
coated cells in HBS-P+ buffer (0.01 M HEPES, pH 7.4, 0.15 M Nacl, 0.05 [vol/vol] surfactant P20). The
buffer-only control was also injected through both flow cells as a reference. For the binding experiment
to postfusion F, 2-fold dilutions of F-VHH-CI184 from 100 nM to 3.13 nM were used. ADI-14359, a postfu-
sion F-specific Fab, was also included as a positive control (14). The data were double-reference sub-
tracted and fit to a 1:1 binding model using BlAevaluation software.

Competition assay with SPR. Competition experiments were conducted by saturating captured DS-
Cav1 with a 100 nM (each) set of Fabs (AM14, AM22, motavizumab, and MPES8) or F-VHH-4 for 300 s fol-
lowed by 100 nM F-VHH-CI184 for 240 s. The additional resonance response (RU) generated by F-VHH-
C1184 binding was measured by a Biacore X100 (GE Healthcare).

RSV escape mutant analysis. RSV A Long (10,000 PFU) was mixed with a dose of palivizumab or F-
VHH-CI184 corresponding to 10x and 100x the IC;, and added to confluent HEp-2 cells in a 96-well
plate. This was performed in triplicate. After 7 days of infection, an aliquot of the supernatant was trans-
ferred to infect a subsequent series of HEp-2 cells in the presence of 10x and 100x the IC,, of palivizu-
mab or F-VHH-CI184 to continue the selection. After every round, a separate aliquot of supernatant was
transferred to fresh HEp-2 cells and mixed with a dose of 500x IC,, of palivizumab or F-VHH-CI184.
These cells were stained after 3 days of infection. After four rounds of selection, clonal RSV isolates were
obtained by serial dilution and then amplified on Vero cells. Total RNA was isolated from the resulting vi-
rus stocks, cDNA was prepared, and the F coding information was amplified and sequenced.

Expression and purification of F-VHH-CI184 and prefusion F. To express F-VHH-CI184 on a large
scale, the paH vector-based construct containing F-VHH-CI184 with a C-terminal His tag was transfected
into 1 liter of Freestyle 293-F cells at 37°C for 6 days. The protein was then purified from cell superna-
tants using Ni-nitrilotriacetic acid (NTA) resin, and the concentrated eluate was further applied to a
Superdex 200 column in 2 mM Tris buffer at pH 8 with 200 mM NaCl and 0.02% NaN,. To prepare F-VHH-
Cl184-F complex, two plasmids, F-VHH-CI184 without tags, and PR-DM (prefusion-stabilized F) with a C-
terminal 3C cleavage site and Strep tag, were cotransfected to Freestyle 293-F cells (33). After 6 days of
transfection, the supernatant containing the protein complex was purified with a Strep-Tactin resin (IBA
Lifesciences). The coeluted complex was then treated with human rhinovirus (HRV) 3C protease prior to
further purification using a Superdex 200 column in 2mM Tris buffer at pH 8 with 200 mM NaCl and
0.02% NaNs,. All proteins were concentrated and stored at —80°C.

Crystallization and data collection. F-VHH-CI184 crystals were produced by sitting-drop vapor dif-
fusion by mixing 100 nl of F-VHH-CI184 (22 mg/ml) with 100 nl of reservoir solution containing 0.1 M
HEPES (pH 7.5) and 2.0 M ammonium formate. Crystals were soaked in reservoir supplemented with
20% glycerol and frozen in liquid nitrogen. Diffraction data were collected to 1.94 A at SBC beamline
5.0.2 (Advanced Light Source, Lawrence Berkeley National Laboratory). Initial crystals of F-VHH-CI184 in
complex with PR-DM were grown by sitting-drop vapor diffusion by mixing 100 nl of the complex
(4.4 mg/ml) with 100 nl of reservoir solution containing 0.2 M ammonium citrate (pH 4.5), 12.5% (vol/
vol) isopropanol, and 21% (wt/vol) polyethylene glycol 3350 (PEG 3350). A single crystal that diffracted
to 2.1 A was obtained by seeding microcrystals from the initial condition into a reservoir solution con-
taining 0.1 M HEPES (pH 7.5) and 25% PEG MME2K. Diffraction data were collected at the SBC beamline
191D (Advanced Photon Source, Argonne National Laboratory).

Structure determination. All data were indexed and integrated in iMOSFLM and scaled and merged
using AIMLESS. F-VHH-CI1184 crystals formed in space group P4,22. A homologous VHH structure (PDB
ID 5VAK) was used as a search model for molecular replacement solution using PHASER. Each asymmet-
ric unit contains four molecules of VHH. After manual model building in Coot, the structure was refined
in PHENIX t0 R, /Rye. Values of 20.8%/23.2%.

The F-VHH-CI184 in complex with PR-DM formed crystals in P2, space groups. The unbound PR-DM
structure (PDB ID 5C69) was initially used as a search model for molecular replacement solution, and
VHH-CI184 was included as another assembly to search for the complex in the second run of molecular
replacement using PHASER. Each asymmetric unit contained two molecules of the complex. After itera-
tive model building in Coot and refinement in PHENIX, the structure was refined to R, /Ry Values of
20.2%/23.1%. Complete data collection and refinement statistics are presented in Table 1.

Data availability. The structures of RSV F-directed VHH Cl184 and RSV F in complex with VHH
Cl184 are available in the Protein Data Bank under PDB IDs 7LVU and 7LVW, respectively.
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