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RSV F evolution escapes some monoclonal antibodies but does 
not strongly erode neutralization by human polyclonal sera
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ABSTRACT Vaccines and monoclonal antibodies targeting the respiratory syncytial 
virus (RSV) fusion protein (F) have recently begun to be widely used to protect infants 
and high-risk adults. Some other viral proteins evolve to erode polyclonal antibody 
neutralization and escape individual monoclonal antibodies. However, the impact of 
RSV F evolution on antibody neutralization is not yet thoroughly understood. Here, we 
develop an experimental system for measuring neutralization titers against RSV F using 
pseudotyped lentiviral particles. This system is easily adaptable to evaluate neutraliza­
tion of relevant clinical strains. We apply this system to demonstrate that the natural 
evolution of RSV F leads to escape from some monoclonal antibodies, but at most 
modestly affects neutralization by polyclonal serum antibodies. Overall, our work sheds 
light on RSV antigenic evolution and describes a tool to measure the ability of antibodies 
and sera to neutralize contemporary RSV strains.

IMPORTANCE We describe an efficient approach to measure how antibodies inhibit 
infection by historical and recent human strains of respiratory syncytial virus (RSV). This 
approach is useful for understanding how viral evolution affects antibody immunity. We 
apply this approach to demonstrate that RSV evolution can escape some monoclonal 
antibodies, but polyclonal serum antibodies are less impacted by viral evolution. This 
information is relevant given the recent development of RSV preventative measures, 
including monoclonal antibodies and vaccines.

KEYWORDS RSV evolution, lentiviral pseudotyping, viral evolution, monoclonal 
antibodies, respiratory syncytial virus, RSV

R espiratory syncytial virus (RSV) is the leading cause of hospitalization for infants in 
the United States (1, 2) and can also cause severe illness and death in older adults 

and immunocompromised individuals (3–5). RSV has two surface glycoproteins, the 
fusion (F) and attachment (G) proteins. Neutralizing antibodies targeting the pre-fusion 
conformation of F are correlated with protection in humans (6–17). Therefore, recent 
efforts have focused on developing monoclonal antibodies or vaccines targeting F that 
can protect infants and high-risk adults. Three vaccines consisting of pre-fusion stabilized 
F have recently been approved for adults in the United States (10–12, 18), including 
one to protect infants via passive transfer of maternal antibodies (17, 19). Furthermore, 
the anti-F monoclonal antibody nirsevimab is now recommended for administration 
to infants in the United States during RSV season (20–22) and is licensed in several 
countries. Thus far, nirsevimab has shown around 83% effectiveness in preventing 
hospitalizations of infants (13, 16, 20, 23), and in the first year, demand for the antibody 
outstripped supply (24). Additional anti-F antibodies are now being developed for use in 
infants (9, 25). RSV is therefore the first virus for which a monoclonal antibody will be in 
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widespread sustained use in an appreciable fraction of the human population in some 
countries.

Some other human RNA viruses evolve to escape monoclonal antibodies and erode 
neutralization by polyclonal serum antibodies. For instance, vaccines for influenza virus 
and SARS-CoV-2 are updated annually to keep pace with viral evolution (26, 27), and over 
the last few years, SARS-CoV-2 escaped most clinically approved monoclonal antibodies 
(28, 29). The extent to which RSV F evolves to erode neutralization by either polyclonal 
or monoclonal antibodies is not yet fully understood. At the sequence level, RSV F is less 
variable than the surface proteins of influenza viruses or human coronaviruses (30–32). 
However, the potential for RSV to escape from monoclonal antibodies has long been 
recognized (33). One monoclonal antibody (suptavumab) failed in an expensive phase 
III clinical trial because it was escaped by mutations in circulating RSV-B strains (34). 
Additionally, recent studies have identified occasional strains with resistance mutations 
in F to nirsevimab (31, 32, 35–39).

Efforts to understand how RSV F’s evolution impacts antibodies would benefit from 
assays to easily measure neutralization of F proteins from recent clinical strains. Currently, 
most common RSV neutralization assays utilize lab-adapted older strains that are not 
representative of recently circulating viruses (40, 41). Assays utilizing recent clinical 
strains are more challenging because the growth of clinical strains of RSV is challenging 
and yields low titers (42–47). Here, we developed a pseudotyping system to efficiently 
measure neutralizing antibody titers to the F proteins of historical and contemporary 
RSV strains. We show that RSV’s natural evolution only modestly affects neutralization by 
polyclonal serum antibodies, but does lead to escape from some monoclonal antibodies.

RESULTS

Efficient pseudotyping of lentiviral particles with F and G from a variety of 
RSV strains

A widely used approach to study antibody neutralization targeting viral proteins 
involved in cell entry is to generate single-cycle infectious lentiviral particles that display 
the viral proteins on their surface and rely on the function of these proteins to infect 
target cells (48, 49). These “pseudotyped” viral particles can be used to study the effects 
of genetic variation on the function and antigenicity of the viral proteins at biosafety 
level 2. A few papers have reported pseudotyping RSV F and G on lentiviral particles 
(50–53), but those methods have not been widely used outside the papers themselves, 
and we were unable to generate appreciable infectious titers of F and G pseudotyped 
lentiviral particles by following the methods described in those studies (Fig. S1).

We initially focused on a lab-adapted, subtype A strain of RSV termed the “Long 
strain.” To pseudotype RSV F and G on lentiviral particles, we transiently transfected 
293T cells with expression constructs encoding codon-optimized F and G from the Long 
strain, lentivirus helper plasmids, and a lentivirus backbone plasmid encoding luciferase 
and ZsGreen (54) (Fig. 1A). Prior studies report that pseudovirus titers can be improved 
by truncating the cytoplasmic tails of the entry proteins from multiple virus families 
including paramyxoviruses (55–61). For RSV, we first evaluated tiled truncations of G’s 
N-terminal cytoplasmic tail, which were each paired with full-length F. Titers measured 
on 293T target cells using a luciferase-based readout increased with longer truncations 
of the G cytoplasmic tail, and the highest titers were achieved with a 31-amino-acid 
deletion (Fig. 1B). We determined that the G cytoplasmic tail truncation increased the 
amount of both F and G protein expressed on pseudovirus particles as measured by 
Western blot (Fig. S2A and B), but did not impact the amount of pseudovirus particles 
produced as measured by p24 ELISA (Fig. S2C). We also tiled truncations of F’s C-termi­
nal cytoplasmic tail and paired these with the optimal G (31-residue cytoplasmic tail 
deletion). Titers were highest for conditions with the full-length F and shorter cytoplas­
mic tail truncations, but decreased with the deletion of 16 or more amino acids of the F 
cytoplasmic tail (Fig. 1C). Therefore, for all subsequent experiments in this paper, we used 
full-length F and G with a 31-amino-acid cytoplasmic tail deletion. Consistent with prior 
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studies of RSV, we found that flash freezing on dry ice and thawing at 37°C maintains 
pseudovirus infectivity (Fig. S3) (51, 62).

We next tested if we could produce high-titer pseudoviruses with F and G from 
other RSV strains in addition to the lab-adapted Long strain. We made pseudoviruses 
expressing codon-optimized F and G (with the 31-amino acid cytoplasmic tail deletion) 
from the subtype A lab-adapted A2 and subtype B lab-adapted B1 strains (Table S1). The 
pseudoviruses with F and G from these other two lab-adapted strains also yielded good 
titers of ~105 transducing units per milliliter on 293T cells (Fig. 2A).

Because F is the main target of monoclonal antibodies and vaccines (6), we next 
tested if we could produce pseudoviruses with F from clinical rather than lab-adapted 
RSV strains. We chose F proteins from direct sequencing of clinical specimens including 
subtype A strains from 1982 and 2020 and subtype B strains from 1982, 1992, 2019,
and 2024 (Table S1). We paired the F proteins (expressed from codon-optimized gene 
sequences) from clinical strains with the truncated G from the lab-adapted subtype 

FIG 1 Generation of pseudoviruses with RSV F and G. (A) Process to create lentiviral particles pseudotyped with RSV F and G and then perform neutralization 

assays. To produce the pseudotyped particles, 293T cells are transfected with lentivirus helper plasmids (encoding Gag-Pol, Tat, and Rev) along with a lentiviral 

backbone plasmid (encoding luciferase and ZsGreen), and plasmids expressing codon-optimized F and G with a truncated N-terminal cytoplasmic tail (CT). Note 

G is a type II membrane protein, so the cytoplasmic tail is at the N-terminus. (B) Titers of pseudotyped lentiviral particles expressing the lab-adapted subtype 

A Long strain F and G increased when full-length F was paired with G with a N-terminal cytoplasmic tail truncation. The highest titers were achieved with a 

31-amino-acid truncation of the tail; note that all subsequent experiments in this paper use G with this truncation. The plot shows particles pseudotyped with 

VSV-G as a positive control. Titers are reported in relative luciferase units per microliter (RLU/µL) following infection of 293T cells. Points indicate the mean ± 

standard error of two independent replicates. (C) Titers of pseudotyped lentiviral particles decreased with C-terminal cytoplasmic tail truncations of the F paired 

with the truncated G. Points indicate the mean ± standard error of two independent replicates.
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FIG 2 TIM1 expression increases infection of 293T cells by RSV pseudovirus without impacting neutralization. (A) Titers of 

RSV pseudoviruses are higher on 293T cells expressing TIM1 than unmodified 293T cells. Titers are shown for RSV pseudovirus 

expressing F and G from lab-adapted strains in transducing units per milliliter (TU/mL) using 293T or 293T-TIM1 target cells. 

VSV-G pseudotyped particles are shown as a positive control. Points indicate the mean ± standard error of two independent 

replicates. (B) F and G from a variety of subtypes A and B are lab-adapted, and clinical strains are efficiently pseudotyped 

on lentiviral particles. Titers in relative luciferase units per microliter (RLU/µL) measured on 293T or 293T-TIM1 cells for 

RSV pseudoviruses expressing F and G from lab-adapted strains (subtype A Long and A2, subtype B B1), or F from clinical 

sequences (A 1982, A 2020, B 1982, B 1992, B 2019, and B 2024) paired with Long G. Points indicate the mean ± standard error 

of two independent replicates. (C) Neutralization titers for RSV pseudoviruses are the same on 293T and 293T-TIM1 target cells. 

Neutralization curves for RSV pseudoviruses expressing F from clinical strains RSV A 2020 or B 2024 or from the lab-adapted 

Long strain paired with Long G against the F-directed monoclonal antibody Nirsevimab, recent pooled human sera, and a 

human serum specimen collected from a healthy adult in 1987. Pseudovirus expressing VSV-G is a negative control that is not 

expected to be neutralized by nirsevimab. IgG-depleted human sera from BEI resources were used as a negative control and 

tested for neutralization of RSV Long pseudovirus. Points indicate the mean ± standard error of technical replicates.
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A Long strain and named the pseudoviruses based on the F protein (RSV A 1982, RSV A 
2020, RSV B 1982, RSV B 1992, RSV B 2019, and RSV B 2024; Table S1). All of these 
pseudoviruses with clinical strain F proteins gave appreciable titers on 293T cells (Fig. 
2B), although the titers were generally lower than for pseudoviruses with F from lab-
adapted strains. Pseudoviruses expressing subtype A clinical strain F proteins generally 
produced higher titers compared to those with subtype B clinical strain F proteins (Fig. 
2B). Pairing the F protein from clinical strains with the G protein from the Long strain 
yields similar to higher titers compared to pairing the F protein from clinical strains with 
the matched clinical strain G protein (Fig. S4A) and does not impact neutralization (Fig. 
S4B).

The titers of the RSV F and G pseudoviruses were further enhanced by infecting 293T 
target cells engineered to overexpress TIM1 (T-cell immunoglobulin and mucin domain 
1, Fig. S5A), which can serve as a non-specific attachment factor for some viruses by 
binding to phosphatidylserine in the viral membrane (63). The pseudovirus titers were 
generally ~7-fold higher on 293T-TIM1 cells compared to unmodified 293T cells (Fig. 2A 
and B). Note that the inclusion of the G protein is less essential for good pseudovirus 
titers on 293T-TIM1 than 293T cells (Fig. S5B), but does still enhance titers on both cell 
lines. RSV pseudovirus titers were higher on 293T-TIM1 target cells than on A549, Hep2, 
or Huh7.5.1 cells (Fig. S5C and D).

We used pseudoviruses with F from three different RSV strains (the lab-adapted Long 
strain, and the clinical strains RSV A 2020 and RSV B 2024) paired with Long G to generate 
neutralization curves against the clinically relevant F-directed monoclonal antibody 
nirsevimab, a pool of recently collected human sera, and a serum sample collected from 
a healthy adult in 1987. All three RSV pseudoviruses were neutralized by the antibody 
and sera, and the neutralization was the same on 293T, 293T-TIM1, and A549 target 
cells (Fig. 2C; Fig. S5E). These data suggest that TIM1 expression does not affect the 
measured neutralization titers, so for all subsequent neutralization assays in this study,
we used 293T-TIM1 target cells since they gave higher titers. We also found that the 
RSV pseudovirus must be diluted at least fourfold to make the neutralization titers 
independent of the pseudovirus dilution factor (Fig. S6A), possibly because undiluted 
transfection supernatant contains components that affect neutralization. Provided the 
pseudovirus was diluted at least fourfold, neutralization titers were otherwise similar 
across a range of input virus amounts (Fig. S6B).

Pseudovirus neutralization titers match expected values from a full-virus 
neutralization assay and for reference sera

We validated our neutralization assay with RSV pseudoviruses by comparing neutraliza­
tion titers for 28 human serum specimens measured using our RSV A2 pseudovirus to 
recently published titers from an assay using full-length, replicative A2 virus (64). The 
titers measured with the pseudoviruses were nearly identical to those measured with the 
full-length virus (Fig. 3A; Fig. S7).

As further validation, we measured neutralization by three reference sera from BEI 
Resources against pseudoviruses with F and G from the A2 or B1 strains of RSV. The titers 
were highly reproducible across independent experiments performed on different days 
(Fig. 3B; Fig. S8A). To compare neutralization titers of the BEI Resources reference sera to 
published standardized neutralization titers, we also measured neutralization of the 
WHO International Standard Antiserum to RSV (NIBSC 16/284) against pseudoviruses 
with F and G from the A2 or B1 strains of RSV to calculate a conversion factor between 
pseudovirus neutralization titers and International Units per milliliter (IU/mL) (64–66) 
(Fig. S8A and B). These measurements were also highly reproducible across independent 
experiments (Fig. S8A). Standardized RSV pseudovirus neutralization assay titers for the 
BEI Resources reference sera against both A2 and B1 pseudoviruses were within 2-fold of 
the published reference values (Fig. 3C).

Full-Length Text Journal of Virology

July 2025  Volume 99  Issue 7 10.1128/jvi.00531-25 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
02

 F
eb

ru
ar

y 
20

26
 b

y 
65

.1
83

.1
70

.1
85

.

https://doi.org/10.1128/jvi.00531-25


RSV pseudovirus neutralization assay measures F-directed neutralizing 
antibodies

Previously published RSV neutralization assays utilizing immortalized cell lines measure 
neutralization by F-directed but not G-directed antibodies. However, assays on primary 
cells or using complement on immortalized cell lines can measure G-directed neutraliza­
tion (41, 67–70). To test the relative contributions of F- and G-directed antibodies to 
neutralization measured using our pseudovirus assay, we depleted a pool of recently 
collected human sera of G- or F-directed antibodies (Fig. 4A and B) and then measured 
neutralization of pseudoviruses with F and G from the Long strain (Fig. 4C). Depletion of 
F-directed antibodies dramatically decreased serum neutralization by over two orders of 
magnitude (Fig. 4C). In contrast, depletion of G-directed antibodies caused no appre­
ciable change in neutralization. Therefore, the RSV pseudovirus neutralization assay 
measures serum neutralization that is almost entirely due to F-directed antibodies.

RSV F evolution does not erode polyclonal serum neutralizing titers

To determine if the evolution of RSV F erodes neutralization by human polyclonal serum 
antibodies, we measured neutralization of pseudoviruses with F from historical and 

FIG 3 RSV pseudovirus neutralization titers match expected values from a full-virus neutralization assay and reference sera. (A) Correlation between neutraliza­

tion titers against RSV A2 measured with our pseudovirus neutralization assay (y-axis) versus previously published values measured using full-length replicative 

RSV A2 (x-axis). 1:1 is shown by the gray dashed line. Neutralization titers are the reciprocal serum dilution at 50% fraction infectivity. Each point represents 

the geometric mean neutralization titer of two independent experiments for a different human serum sample. (B) Neutralization measurements are highly 

reproducible. Neutralization curves of pseudoviruses with F and G from the RSV A2 or B1 strains against three different reference sera from BEI Resources. Points 

indicate the mean ± standard error of technical repeats of experiments performed on the same day. Different replicates indicate independent experiments 

performed on different days. See Fig. S8 for additional independent replicates validating the reproducibility. (C) Neutralization titers for the three reference sera 

from BEI Resources match published values. Plots show neutralization titers for pseudoviruses expressing F and G from RSV A2 or B1 strains versus published 

neutralization values (64, 65). Neutralization titers were standardized to International Units per milliliter (IU/mL) as described in Fig. S8.
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recent RSV strains. Specifically, we used the F proteins from 1982 and 2020 strains of 
subtype A, or 1982, 1992, 2019, and 2024 strains of subtype B (Fig. 5; Table S1). The 
sequences for these proteins are all close to the trunk of the global RSV F phylogenetic 
trees rather than on long branches (Fig. 5), indicating that they are representative of 
strains from that time and do not have rare private mutations. The 1982 and 2020 
subtype A proteins differ by only two amino-acid mutations, both in defined antigenic 
regions (71) (Fig. 5A). The 1982 and 2024 subtype B proteins differ by 10 amino acid 
mutations, 8 of which are in antigenic regions (Fig. 5B).

To test the effect of F’s evolution on serum antibody neutralization, we used the 
approach in Fig. 6A. We assembled a panel of 20 historical sera collected from healthy 
adults between 1985 and 1987 (Table S2). No information was available about recent 
respiratory virus infections of these individuals, but since humans are regularly re-
infected with RSV throughout adulthood (3, 72–74), most of these individuals were likely 
infected with a 1980s RSV strain within a few years preceding serum collection. None of 
the individuals would have been infected with recent strains prior to serum collection, 
since those strains did not yet exist. We depleted all sera of antibodies directed to G 
(from the Long strain) to ensure any measured neutralization was due to F-binding 
antibodies. We then measured neutralization by each historical serum of pseudoviruses 
with F from the historical and recent strains paired with G from the Long strain. If F 
evolution erodes serum antibody neutralization, then historical sera should neutralize 

FIG 4 RSV pseudovirus neutralization assay measures F-directed neutralizing activity. (A) Process to deplete pooled polyclonal human sera of either G- or 

F-binding antibodies using G- or F-coated magnetic beads. Sera were depleted of G-directed antibodies using beads coated with the Long G protein and 

depleted of F-directed antibodies using beads coated with either unmodified or pre-fusion stabilized (PreF) Long F protein. (B) ELISA binding curves validate that 

the depletions nearly completely removed the G- or F-binding antibodies. The ELISA plates were coated with G, unmodified F, or pre-fusion stabilized F, all from 

the Long strain. Points indicate the mean ± standard error of two technical replicates. (C) Neutralization titers against pseudoviruses with the Long strain F and G 

decrease with depletion of F- but not G-directed antibodies. Shown is the neutralization of pseudovirus with Long F and G against sera depleted by the indicated 

method, or undepleted or mock-depleted sera. Points indicate the mean ± standard error of two technical replicates. All experiments shown in this figure utilized 

a pool of human sera collected in 2021.
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historical F strains better than recent F strains; otherwise, the strains should be similarly 
neutralized (see hypothetical data in Fig. 6A).

FIG 5 RSV strains used to study the effects of F evolution on serum and antibody neutralization. (A) Phylogenetic tree of 

subtype A RSV F gene sequences with black circles indicating the historical (1982) and recent (2020) sequences selected 

for study. Amino acid differences in F between the historical 1982 and recent 2020 sequences are shown in green on 

one protomer of the RSV F homotrimer (PDB 5C6B); the protomer with the amino acid differences indicated is in dark 

gray, and the other two protomers are in light gray. An interactive version of this phylogenetic tree can be found here: 

https://nextstrain.org/community/jbloomlab/RSV-evolution-neut@main/RSV-A-F. (B) Phylogenetic tree of subtype B RSV F 

gene sequences with black circles indicating the historical (1982 and 1992) and recent (2019 and 2024) sequences selected 

for study. Amino acid differences in F between the 1982 and 2024 sequences are shown on the F structure as in panel 

(A). An interactive version of this phylogenetic tree can be found here: https://nextstrain.org/community/jbloomlab/RSV-evo­

lution-neut@main/RSV-B-F.
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Neutralization by historical sera was similar for pseudoviruses expressing historical 
and recent F proteins from both RSV subtypes A and B (Fig. 6B; Fig. S9). Specifically, most 
individual sera neutralized pseudoviruses with F proteins of the 1982 and 2020 subtype 
A strains at similar titers, and likewise for pseudoviruses with the F proteins of subtype B 
from 1982, 1992, 2019, and 2024 strains (Fig. 6B). This lack of erosion of serum neutraliza­
tion by RSV F evolution contrasts with similar experiments with the same sera against 
pseudoviruses with influenza hemagglutinin from historical versus recent human H3N2 
strains, which show that influenza hemagglutinin evolution largely escapes serum 
neutralization over the same timeframe (Fig. 6C; Fig. S10). We note that prior experiments 
on other sera have also shown rapid erosion of neutralization by the evolution of the 
spikes of CoV-229E and SARS-CoV-2 (75, 76). Overall, these results suggest that RSV F 
evolution does not rapidly erode polyclonal serum antibody neutralization, in contrast to 
the evolution of influenza hemagglutinin and spike proteins of SARS-CoV-2 and 
CoV-229E.

FIG 6 RSV F evolution does not strongly erode polyclonal serum antibody neutralization. (A) Design of experiment to test if F evolution erodes serum antibody 

neutralization. Historical sera collected from healthy adults in 1985-1987 were depleted for G-binding antibodies and then tested for neutralization of RSV 

pseudoviruses with G from the Long strain and F from either a historical (e.g., 1982) or a recent (e.g., 2020–2024) subtype A or B strain. The plot at right shows 

hypothetical data for two different scenarios: the sera are expected to neutralize pseudoviruses with the historical F (since it is from individuals who would have 

been infected with similar viruses), but will not neutralize pseudoviruses with the recent F if that protein undergoes rapid antigenic evolution. (B) Neutralization 

titers for 20 historical sera against the pseudoviruses expressing the Long strain G and F from historical and recent RSV A (left panel) or RSV B strains (right panel). 

Each set of gray dots connected by lines represents titers against a different serum (geometric mean of two independent experiments), and the black lines 

represent the median titer against that pseudovirus across all 20 sera. Individual neutralization curves are in Fig. S9. An interactive version of this plot colored 

by serum sample is available at https://github.com/jbloomlab/RSV-evolution-neut/blob/main/03_output/plots/RSVEvo_historicalsera_neutralization_plot_col­

ored_interactive_subset.html. (C) Neutralization titers decrease for the same 20 historical sera against pseudoviruses expressing the hemagglutinin from an 

historical (A/Netherlands/233/1982) versus recent (A/Massachusetts/18/2022) strain of human H3N2 influenza. Dots and lines have the same meaning as in panel 

(B). Individual neutralization curves are in Fig. S10.
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Natural evolution of RSV F escapes some monoclonal antibodies

Even if RSV F’s evolution does not strongly erode neutralization by polyclonal serum 
antibodies, it could lead to escape from individual monoclonal antibodies. Indeed, 
sporadic RSV strains have been reported to carry mutations that escape nirsevimab, 
which is clinically used for RSV prevention for infants (32, 35–37). These known escape 
mutations (K68Q/N and N201S/T) are found in a few sequences scattered across the 
global RSV-B F phylogenetic tree (Fig. 7A). We chose F proteins from recent RSV B strains 
with the K68Q, N201S, and N201T nirsevimab escape mutations to test for neutralization 
by monoclonal antibodies, also testing the more representative historical and recent RSV 
F proteins described in the previous section.

Pseudoviruses expressing the representative F proteins from both recent and 
historical RSV A and B strains were all neutralized by nirsevimab as well as four other 
monoclonal antibodies that are in clinical use (palivizumab [77, 78]), clinical trials 
(clesrovimab [79]) or pre-clinical studies (AM14 [80] and MPE8 [81]) (Fig. 7A; Fig. S11). 
However, two other antibodies (suptavumab [34] and hRSV90 [82]) failed to neutralize 
the representative recent RSV B strain (Fig. 7A; Fig. S11). We note that the failure of 
suptavumab to neutralize recent RSV B strains was already known, but was discovered 
only through the costly failure of a phase III clinical trial of this antibody in humans (34).

Pseudoviruses expressing F from recent RSV B strains with the K68Q, N201S, or N201T 
mutations were strongly resistant to nirsevimab and also escaped suptavumab and 
hRSV90 (Fig. 7A; Fig. S11). These results highlight the potential for recent RSV B F variants 
to evolve to escape neutralization by a monoclonal antibody in clinical use and empha­
size the importance of using assays like the one we describe here to monitor for resist­
ance in recent strains.

We next evaluated whether the recent F proteins with the sporadic mutations that 
escape nirsevimab also have reduced neutralization by polyclonal human sera. To do this, 
we tested the neutralization of the pseudoviruses expressing recent RSV B F proteins 
with the N201S/T mutations against the 20 historical sera described in the prior section 
(again depleted of G antibodies). A number of the sera showed modestly reduced 
neutralization of F with the N201S/T mutations relative to the F of representative recent 
RSV B strains that lack these mutations (Fig. 7C; Fig. S12). Therefore, for some sera, a 
measurable fraction of the neutralization is due to antibodies targeting an epitope 
similar to that bound by nirsevimab, and so nirsevimab resistance mutations can also 
influence serum neutralization.

DISCUSSION

We developed a pseudotyping system to quantify how evolution of RSV F affects 
antibody neutralization. We found that efficient pseudotyping of RSV F and G on 
lentiviral particles requires truncation of the G cytoplasmic tail, and that titers were 
further improved by the use of TIM1-expressing target cells. With this system, we 
produce high titers of pseudovirus expressing F from clinical strains of both RSV sub­
types A and B. Neutralization titers measured using these pseudoviruses closely match 
those from a full-length replicative virus assay.

We found that the evolution of F, even over several decades, only modestly affects 
neutralization by human polyclonal serum antibodies. Therefore, RSV F stands in clear 
contrast to the entry proteins of human seasonal influenza and coronaviruses, which 
evolve to rapidly erode serum antibody neutralization (26, 75, 76). Further work will be 
needed to determine why RSV F has a slower rate of antigenic change than some other 
viral entry proteins, but possible hypotheses are that F is less tolerant of mutations (83, 
84) or that polyclonal serum antibodies target so many distinct F epitopes that individual 
mutations are unable to provide much antigenic benefit to the virus (85). Despite the 
lack of strong erosion of F-directed neutralization by RSV evolution, humans are 
reinfected by RSV multiple times throughout their lives (2, 3, 74, 86). The fact that these 
reinfections occur despite F’s relatively slow antigenic evolution suggests that either 
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FIG 7 Natural evolution of RSV F escapes some monoclonal antibodies. (A) Phylogenetic tree of F gene sequences from 

recent subtype B RSV strains, with colored circles indicating the representative RSV B 2024 strain used in our experiments as 

well as other strains containing known nirsevimab resistance mutations. Arrows indicate F proteins used in our experiments. 

(B) Neutralization curves for monoclonal antibodies versus pseudoviruses expressing the indicated F protein paired with 

Long G. Points indicate the mean ± standard error of technical replicates. Neutralization curves for these monoclonal 

antibodies from a separate experiment performed on a different day as well as versus pseudoviruses expressing F and G from 

lab-adapted strains are in Fig. S11. (C) Neutralization titers for the 20 historical sera against pseudoviruses expressing the 

indicated F protein paired with Long G. Each set of gray dots connected by lines represents titers against a different serum 

(geometric mean of two independent experiments), and the black lines represent the median titer against that pseudovirus 

across all 20 sera. The historical sera are the same as those used in Fig. 6B and C and are depleted of antibodies that bind to 

Long G. The points for the RSV B 2019 and RSV B 2024 strains shown in this panel are the same as those shown in Fig. 6B. See 

Fig. S9 and S12 for the neutralization curves.

Full-Length Text Journal of Virology

July 2025  Volume 99  Issue 7 10.1128/jvi.00531-2511

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
02

 F
eb

ru
ar

y 
20

26
 b

y 
65

.1
83

.1
70

.1
85

.

https://doi.org/10.1128/jvi.00531-25


F-directed neutralizing antibody titers wane over time (87–90), or that F-directed 
neutralizing antibodies are not actually as protective as widely believed—although this 
second explanation would seem at odds with studies indicating good efficacy of anti-F 
vaccines and monoclonal antibodies in humans (6–17). In either case, the fact that 
reinfections can occur even without much F antigenic evolution could in turn lead to less 
immune pressure on F to evolve antigenically.

However, our results confirm that the natural evolution of F does result in escape from 
some individual monoclonal antibodies. In particular, we confirmed that more recent 
subtype B strains have escaped monoclonal antibodies (e.g., suptavumab and hRSV90) 
that target a prefusion-specific antigenic region near the trimer apex, consistent with 
prior studies (34, 91).

The fact that monoclonal antibody nirsevimab is now being widely administered to 
infants in the United States and some other countries could increase the evolutionary 
pressure on F (20, 92). We confirmed that rare RSV B strains have sporadic mutations 
that confer escape from nirsevimab (32, 35–37). Nirsevimab targets an epitope on the 
apex of the F trimer that is relatively close to the region targeted by the antibodies 
suptavumab and hRSV90 that are now escaped by most recent subtype B strains (34, 
82, 93). Therefore, it may be advisable to consider cocktails with additional antibodies 
targeting other RSV epitopes. We also note that the antibody escape mutations observed 
to date seem to be mostly in RSV B (32, 34–37), which has accumulated more mutations 
than RSV A over the last few decades.

We found that the currently rare nirsevimab escape mutations in some RSV B strains 
also measurably reduced F-directed neutralization by the polyclonal antibodies in some 
sera. This finding suggests that an appreciable fraction of neutralization by some sera 
is due to antibodies targeting the apex of the F trimer near the nirsevimab site (8, 
71). Therefore, as nirsevimab (and possibly future monoclonal antibodies) are more 
widely administered, it will be important to monitor not only for resistance to the 
antibodies themselves, but also evaluate if any resistance mutations affect neutralization 
by polyclonal antibodies elicited by infection or vaccination. The pseudovirus assay 
we describe here will therefore be a valuable tool to continue to monitor how new 
antibodies and vaccines affect and are affected by RSV evolution.

Limitations of study

Our RSV pseudovirus neutralization assay measures only F-directed neutralizing 
antibodies. The G protein is maintained by RSV in nature, so it is clearly important for 
viral infection of airway cells during human infections, but is largely dispensable for viral 
infection of immortalized cell lines (52, 53, 94, 95). G is particularly dispensable on the 
293T-TIM1 cells used in our paper, likely because TIM1 binding to phosphatidylserine on 
the virion can mediate attachment (63). Note that most other established RSV neutral­
ization assays also only measure F-directed neutralization (8, 67–70, 94). Despite the 
inability of our assay to measure G-directed neutralization, G is under stronger pressure 
for adaptive evolution than F during actual RSV evolution (30), suggesting G-directed 
antibodies play an important role in human immunity. The use of TIM1-overexpress­
ing cells may interfere with future applicability to study G, since TIM1 promotes viral 
attachment in the same way that G is thought to promote attachment in actual primary 
airway cells. Our pseudovirus assay also does not measure other immune mechanisms 
that could be relevant to RSV immunity, including T-cells and antibody effector functions.

Additionally, the pseudotyped lentiviral particles used in our assays likely have a 
different morphology and density of F and G glycoproteins than authentic RSV, which 
could influence some aspects of antibody neutralization. We also note that the nucleolin 
protein thought to act as a co-receptor for F may be more highly expressed in cell lines 
like the ones used for our assay than in primary human airway cells (96, 97).

The fact that our pseudoviruses are based on lentiviral particles also precludes their 
use on serum samples from people living with HIV who are being treated with antiretro­
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virals, since these antivirals will interfere with reverse transcription or integration of the 
lentiviral genome.

Our experiments primarily used sera collected in the 1980s from healthy adults, but 
no information is available about recent respiratory virus infections of these individuals. 
It is possible that the titers and specificities of serum antibodies could differ in individuals 
of other ages or exposure histories.

MATERIALS AND METHODS

Serum samples

The following reagent was obtained through BEI Resources, NIAID, NIH: Panel of Human 
Antiserum and Immune Globulin to Respiratory Syncytial Virus, NR-32832. The WHO First 
International Standard Antiserum to Respiratory Syncytial Virus 16/284 was obtained 
from NIBSC, product number 16/284. See Table S2 for available metadata on historical 
serum samples used in this study and the recently published study by Piliper et al. (64) 
for sera used for pseudovirus assay validation. Pooled human sera collected in 2021 were 
purchased from the Program in Immunology at the Fred Hutch Cancer Center. All sera 
were heat inactivated at 56°C for 1 h and then stored long term at −80°C. For assays 
assessing serum neutralization of influenza HA and NA expressing pseudovirus, sera were 
treated with receptor destroying enzyme as described previously (98).

Antibodies

The RSV monoclonal antibodies palivizumab (78), nirsevimab (22), suptavumab 
(34), clesrovimab (99), and hRSV90 (82) were produced by Genscript as 
human IgG1 kappa isotypes. AM14 (80) and MPE8 (81) were kindly provi­
ded by Neil King at the University of Washington. The sequences for heavy 
and light chains are at https://github.com/jbloomlab/RSV-evolution-neut/blob/main/
03_output/summary_tables/RSV_mAb_AAseq.csv. Sequences were obtained from the 
referenced publications, structures in the Protein Data Bank or original patents. hRSV90 
amino acid sequence was obtained from the Protein Data Bank (PDB) 5TPN. Palivizumab 
originated from patent US6955717B2.

Cell line handling

All cell lines were cultured in D10 media (Dulbecco’s modified Eagle medium supple­
mented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U/mL 
penicillin, and 100 mg/mL streptomycin) and cultured at 37°C with 5% CO2.

Creation and validation of the 293T-TIM1 cells

Human TIM1 (GenBank: AAC39862.1) followed by 2A peptide and mTagBFP2 was cloned 
into the pHAGE2 lentivirus vector. TIM1 lentivirus pseudotyped with VSV-G was rescued 
from 293T cells and used to transduce 293T cells. Note that low titers of this virus 
were obtained probably due to TIM1 binding virions to producer cells, but we did 
obtain sufficient titers for transduction. After picking and expanding a single 293T clone, 
immunostaining was performed to confirm the expression of TIM1 (see Fig. S5A). For this 
immunostaining, 293T and 293T-TIM1 cells were digested by trypsin and resuspended 
into single cells with 1% BSA. The cells were stained with anti-TIM1 primary antibody 
(AF1750-SP, R&D Systems) diluted in 1% BSA at 1:100 for 1 h on ice. After three washes 
with PBS, the cells were stained with 488-conjugated donkey anti-goat IgG secondary 
antibody (A-11055, ThermoFisher) diluted in 1% BSA at 1:1,000 for 1 h on ice. After three 
washes with PBS, the cells were resuspended in 1% BSA for flow cytometry analysis.
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Phylogenetic analysis of RSV F

NextStrain RSV phylogenetic trees are maintained and available at nextstrain.org/rsv 
(100). These trees display a subsample of available sequences and are updated over 
time. To visualize all available sequences at the time of our analysis without sub­
sampling, we utilized the workflow at https://github.com/nextstrain/rsv and removed 
the subsampling steps to construct subtypes A and B F trees containing all sequen­
ces as on 9 May 2024 (Fig. 5). Interactive versions of these trees are available 
at https://nextstrain.org/community/jbloomlab/RSV-evolution-neut@main/RSV-A-F and 
https://nextstrain.org/community/jbloomlab/RSV-evolution-neut@main/RSV-B-F.

Plasmids encoding viral entry proteins

The RSV F and G’s used in experiments as well as the influenza HA and NA’s are detailed 
in Table S1 including accession numbers. For RSV G’s, we deleted 31 amino acids from 
the N-terminal cytoplasmic tail as shown in Fig. 1. RSV Long F and G codon-optimized 
sequences were obtained from a previously published study (52, 53). All other RSV F and 
G sequences were human codon optimized using a tool by GenScript found at https://
www.genscript.com/tools/gensmart-codon-optimization. Codon-optimized sequences 
were then modified to remove homopolymers (>5 nucleotides) and premature poly A 
signals (AATAAA), which have previously been shown to impact RSV F protein synthesis 
from transfection (101, 102).

The A/Netherlands/233/1982 (H3N2) HA, A/Massachusetts/18/2022 (H3N2) HA, and 
A/Massachusetts/18/2022 (H3N2) NA sequences were human codon optimized by 
GenScript. The A/HongKong/1/1968 (H3N2) NA sequence was human codon optimized 
by Twist. No further modifications were made to these codon-optimized sequences.

We then had the genes synthesized commercially and cloned them into an HDM/CMV 
driven expression plasmid 27_HDM-tat1b after cutting with NotI and HindIII with 
the NEBuilder Hifi DNA Assembly Kit, incubating at 50°C for 30 min to 1 h, and 
transformed into Stellar competent cells (Takara, Cat. #636763) or NEB 5-alpha Com­
petent Escherichia coli (NEB, Cat. #C2987H). All plasmids were confirmed by whole 
plasmid sequencing by Plasmidsaurus. The resulting plasmids are linked in Table S1 
and the full plasmid maps are at https://github.com/jbloomlab/RSV-evolution-neut/tree/
main/04_plasmid_maps. Relevant expression plasmids for the RSV F and G sequences 
can also be found on AddGene at https://www.addgene.org/browse/article/28253256/ 
(HDM_RSV_B1_F product ID 237353, HDM_RSV_B1_G_31AACTdel product ID 237354, 
HDM_RSV_A_1982_F product ID 237355, HDM_RSV_A_2020_F product ID 237356, 
HDM_RSV_B_1982_F product ID 237357, HDM_RSV_B_1992_F product ID 237358, 
HDM_RSV_B_2019_F product ID 237359, HDM_RSV_B_2024_F product ID 237360, 
HDM_RSV_B_MN365362_F_K68Q product ID 237361, HDM_RSV_B_OQ279862_F_N201T 
product ID 237362, and HDM_RSV_B_OR795252_F_201S product ID 237363).

We generated N-terminal cytoplasmic tail deletions to G by PCR amplification from 
the full-length RSV Long G using primers to delete the desired number of amino acids. 
C-terminal cytoplasmic tail deletions to F were generated by PCR amplification from the 
full-length RSV Long using primers to introduce a stop codon. These gene fragments 
were cloned into the expression vector as described above.

All plasmid maps are available at https://github.com/jbloomlab/RSV-evolution-neut/
tree/main/04_plasmid_maps. The lentivirus helper plasmids are available from AddGene: 
HDM-tat1b product ID 204154, pRC-CMV-Rev1b product ID 20413, HDM-Hgpm2 product 
ID 204152 (103). The VSV-G expression plasmid used as a positive control is also available 
from AddGene: HDM_VSV_G product ID 204156. A lentiviral backbone plasmid that uses 
a CMV promoter to express luciferase followed by an IRES and ZsGreen is available from 
AddGene pHAGE-CMV-Luc2-IRES-ZsGreen-W product ID 164432 (54).
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Generation and titration of pseudotyped lentiviral particles encoding 
luciferase and ZsGreen

We generated pseudovirus expressing RSV F and G and encoding luciferase and ZsGreen 
as shown in Fig. 1. To make RSV pseudovirus, 293T cells were plated the day before 
transfection in D10 to achieve ~70% confluency on the day of transfection. The cells were 
plated in either six-well dishes (600,000 cells per well), 10 cm dishes (4,000,000 cells) or 
15 cm dishes (11,000,000 cells) depending on the desired volume of viral supernatant. 
Sixteen to twenty-four hours after plating, 293Ts were transfected using BioT (Bioland 
Scientific) with the appropriate µg of plasmid DNA designated in the product manual. 
For example, in a single well of a six-well dish, 2 µg total of DNA was transfected split 
up between 1 µg of the lentiviral backbone plasmid encoding luciferase and ZsGreen, 
200 ng of RSV F expression plasmid, 100 ng RSV G expression plasmid, and 233 ng 
each of lentiviral helper expression plasmids 26_HDM-Hgpm2 (Gagpol), 27_HDM-tat1b 
(Tat), and 28_pRC-CMV-Rev1b (Rev). If producing in larger plates, DNA was scaled up 
accordingly, keeping the proportions the same between plasmids. After around 48 h 
the supernatant was filtered using a 0.45 µm syringe filter. Aliquots of viral stocks were 
then labeled and flash-frozen using a prechilled CoolRack CF45 Cooling Block (Fisher Cat. 
#UX-04392-51) on dry ice until frozen solid (around 15 min) before transferring to −80°C 
for long-term storage.

To titrate these pseudoviruses (Fig. 1 and 2), we seeded 60,000 target cells (293T or 
293T-TIM1 cells) per well in 100 µl D10 on 96-well plates the day before infection to 
achieve 90% confluency at infection. We plated in white-walled, clear bottom 96-well 
plates for luciferase measurements and clear 96-well plates for ZsGreen measurement 
by flow cytometry. Sixteen to twenty-four hours after plating, aliquots of RSV pseudovi­
rus were thawed in a 37°C water bath and serially diluted in 96-well plates. Technical 
replicates were performed within each experiment. We then added 100 µL of diluted 
virus per well to the cells for infections. If determining viral titer by flow cytometry, prior 
to transferring virus dilutions, two to four wells of the 96-well plate were trypsinized and 
counted to determine cell count per well at the time of infection for TU/mL calculations. 
Titer plates were harvested at 48–72 h following infection.

If determining titers by luciferase, we measured RLU using the Bright-Glo Luciferase 
Assay System (Promega, Ref. No. E2620). Briefly, 150 µL of media was aspirated from wells 
to leave ~30 µL per well before adding 30 µL of BrightGlo reagent per well to each well of 
the white 96-well plate for a 1:1 vol ratio in each well. To reduce background lumines­
cence, we placed a white sticker to mask the clear bottoms of all wells or transferred 
to opaque white plates. We measured luminescence activity with a plate reader. For 
readings that were in the linear range, we normalized counts to volume to generate 
RLU/µL. For each pseudovirus, we calculated an RLU/µL from technical replicates by 
taking the mean of all individual replicates.

If determining titers using flow cytometry based on percent positive ZsGreen cells, 
wells with ~1–10% green cells were estimated by eye, trypsinized from the plate, spun 
down in a V-bottom 96-well plate, and washed three times with 1–3% BSA in PBS. 
Washed cells were then read on a flow cytometer, and the percentage of ZsGreen 
positive cells was determined based on gating of uninfected wells in FlowJo. This, along 
with the cell count per well on the day of infection, was used to calculate TU/mL 
(transducing units per mL).

We generated pseudovirus expressing influenza HA and NA using a similar protocol 
as described above with a few modifications. 293T cells were plated in 10 cm dishes the 
day before transfection in D10 to achieve ~70% confluency on the day of transfection. 
Sixteen to twenty-four hours after plating, 293Ts were transfected using BioT (Bioland 
Scientific) with 11.25 µg of DNA total per dish, 5 µg of lentiviral backbone encoding 
luciferase and ZsGreen, 1.25 µg each of lentiviral helper plasmids, 1.25 µg HA, 0.25 µg 
NA, and 1 µg of the HAT protease that activates HA. Twelve to sixteen hours post-trans­
fection, media was swapped from D10 to IGM (influenza growth media) (98). Viral 
supernatant was collected around 48 h post-transfection by syringe filtering through 
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a 0.45 µm filter. Aliquots were stored at −80°C. To determine viral titers by luciferase, 
MDCK-SIAT1 cells (104) were plated on the day of infection around 2 h before infection 
by adding 15,000 cells per well in 50 µL of NAM (neutralization assay media, consisting 
of Medium-199 supplemented with 0.01% heat-inactivated FBS, 0.3% BSA, 100 U/mL 
penicillin, 100 µg/mL streptomycin, 100 µg/mL calcium chloride, and 25 mM HEPES) 
(105) supplemented with 2.5 µg/mL Amphotericin B, which increases pseudovirus titers 
(103). Serial dilutions of pseudovirus were then set up in NAM supplemented with 
500 nM of oseltamivir, which inhibits neuraminidase from cleaving sialic acids on target 
cells, therefore making entry more efficient. The dilution plate was incubated on ice 
for 20 min for oseltamivir to bind. Then, 100 µL of each serial dilution was added to 
previously plated cells. After adding pseudovirus, the MDCK-SIAT1 plate was incubated 
for 48 h. To read titer for luciferase activity, BrightGlo was added, and plates were read as 
described above for RSV.

RSV F- and G-binding antibody depletion from sera and validation of 
depletion

We depleted sera of F- or G-binding antibodies as shown in Fig. 4. We obtained 
commercially available His-tagged, soluble RSV G protein based on the Long strain from 
SinoBiological (Cat: 40041-V08H). Soluble RSV F protein based on the Long strain, both 
unmodified and stabilized in the pre-fusion conformation using the SC-DM mutations 
as previously described (106), was produced by the removal of the transmembrane and 
cytoplasmic tail domains and addition of a trimerization domain (107) and N-terminal 
His-tag. The proteins were produced with pCMV/R vectors using endotoxin-free DNA 
in ExpiHEK293F cells grown in suspension using Expi293F expression medium (Life 
Technologies) at 33°C, 70% humidity, 8% CO2 rotating at 150 rpm. The cultures were 
transfected using PEI-MAX (Polyscience) with cells grown to a density of 3.0 million cells 
per mL and cultivated for 3 days. Supernatants were clarified by centrifugation (5 min 
at 4,000 rcf ), addition of PDADMAC solution to a final concentration of 0.0375% (Sigma 
Aldrich, #409014), and a second centrifugation (5 min at 4,000 rcf ). The secreted proteins 
were purified from cell supernatant by IMAC, followed by SEC on a Superdex 200 10/300 
Gl (GE Healthcare) equilibrated in 50 mM Tris pH 7.4, 250 mM NaCl, 50 mM Glycine, and 
5% vol/vol Glycerol.

Magnetic Dynabeads for His-tag isolation and pulldown (Invitrogen Cat. #10104D) 
were aliquoted (100 ul per condition) and washed once with PBS in a magnetic stand. 
After the removal of supernatant, washed beads were resuspended in 10 µg protein (or 
PBS for mock conditions). Beads were incubated with protein for 10 min at 4°C on a 
rocker to allow his tagged protein to bind with the magnetic beads. After incubation,
the beads were washed two times, and the supernatant was discarded. Beads were then 
resuspended in 100 µL sera. Serum and bead mixture was incubated on a rocker at 4°C 
overnight. After overnight incubation, samples were placed on a magnetic rack for 2 
mins to separate antibodies bound to protein-conjugated beads from supernatant. The 
supernatant was collected, and a second round of depletion was performed. Depleted 
sera were stored at −80°C.

We validated depletion of RSV F- or G-binding antibodies from sera by ELISA (Fig. 4B). 
Immunlon 2HB 96-well plates (Thermo Scientific 3455) were coated with 100 µL of RSV 
Long F, preF or G protein at 1 µg/mL for 30 min at 37°C in PBS. Unbound protein was then 
removed by washing three times in PBS + 0.1% Tween-20 (PBS-T). Plates were blocked 
for 1 h at room temperature in 200 µL per well 5% (wt/vol) dried milk in PBS-T. Blocking 
buffer was removed, and sera/mAbs from serially diluted sera were added (100 µL per 
well) and incubated at 37°C for 1 h. After incubation, plates were washed three times in 
PBS-T and then incubated for 1 h at 37°C in secondary antibody HRP-conjugated goat 
anti-human IgG (Bethyl Labs, Cat. #A80-104P) at a dilution of 1:2,000 in blocking buffer 
(50 µL per well). Secondary antibody was washed off with three washes in PBS-T. Plates 
were developed with 100 µL TMBE for 4 min and stopped with 100 µL 1 N HCL before 
reading absorbance (450 nm) on a plate reader.
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Pseudovirus neutralization assays

Neutralization assays with pseudovirus were performed as previously described with the 
modifications described below (54, 75). To perform neutralization assays using pseudovi­
ruses expressing RSV F and G, we plated 293T-TIM1 cells (60,000 per well) in 96-well 
white-walled clear-bottom tissue culture treated plates 16–24 h prior to setting up the 
neutralization assay. Serum samples were diluted 1:10 or 1:50 in D10 and then serially 
diluted 3-fold for a total of nine dilutions per serum. Monoclonal antibodies were diluted 
to 1,000 ng/mL with nine total 3- or 3.5-fold serial dilutions. 50 µL of these diluted 
serum or mAb samples was then added to 96-well “set-up” plates in duplicate (two 
columns) per serum sample. Pseudoviruses expressing RSV F and G were then diluted 
the appropriate amount to achieve 600,000 to 2,000,000 RLU per well. These dilution 
factors varied per virus due to differences in titer (Fig. 1A and B) but were always diluted 
at least twofold (Fig. S6). 50 µL of diluted virus was then added to assay “set-up” plates 
that contain 50 µL of serum or mAb (note that pseudovirus is therefore diluted at least 
fourfold after this step, Fig. S6) as well as 50 µL of virus only added to 50 µL of D10 as a 
virus only control, and “set-up” plates were incubated for 1 h at 37°C with 5% CO2. After 
the incubation, 100 µL per well of the set-up plate was transferred to the plated target 
cells. These plates were then incubated for 48 h before reading the luciferase signal as 
described above for pseudovirus titration.

Neutralization assays for pseudoviruses expressing influenza HA and NA were 
performed similarly to those using RSV pseudoviruses with a few differences. As 
described for titration of viruses, MDCK-SIAT1 cells were plated in clear-bottom white-
walled 96-well tissue culture plates 2 h before infection. The cells were plated in 50 µL 
of NAM supplemented with amphotericin B. Serum samples were first treated with RDE,
which resulted in a 1:4 dilution of sera. This initial dilution was accounted for when 
setting up serially diluted sera with a starting dilution of 1:10. Serum dilutions and virus 
dilutions were done in NAM, and virus dilutions were supplemented with 500 nM of 
oseltamivir. The rest of the assay was performed as described above for RSV pseudoty­
ped lentivirus.

Fraction infectivity was calculated as compared to a no-serum or no-antibody well. 
Neutralization curves were then fit to the data using the neutcurve package (https://
jbloomlab.github.io/neutcurve/) (108).

p24 ELISA

Lentiviral particle p24 protein concentration in RSV pseudovirus preparations was 
quantified using the QuickTiter Lentivirus-Associated p24 ELISA Kit (Cell Biolabs, Inc.) 
following the manufacturer’s instructions. Briefly, viral supernatants were diluted in assay 
diluent. Samples were added to a 96-well plate pre-coated with an anti-p24 monoclonal 
antibody and incubated according to the kit protocol. Bound p24 was detected with 
an HRP-conjugated secondary antibody and visualized using TMB substrate. Absorbance 
was measured at 450 nm, and p24 concentrations were calculated from a standard curve 
generated with recombinant p24 protein provided in the kit. Lentiviral particle con­
centrations were estimated using the conversion provided in the kit manual, assuming 
that 1 ng of p24 corresponds to approximately 1.25 × 10⁷ lentiviral particles. Values are 
reported as lentiviral particles per mL (Fig. S2C).

SDS-PAGE and western blotting

RSV Long pseudovirus expressing Long F paired with either G with a 31-amino-acid 
cytoplasmic tail truncation or full cytoplasmic tail was produced as described above 
and concentrated using ultracentrifugation with a 20% sucrose cushion at 100,000 g for 
1 h. The pseudoviruses pelleted to the bottom of the cushion, and the pellets at the 
bottom of the tube were resuspended in PBS. Soluble RSV G, native F, and stabilized 
PreF proteins, along with RSV pseudovirus preparations, were prepared for SDS-PAGE by 
mixing with Sample Loading Buffer for Western Blots (LI-COR, Cat. No. 928-40004) with 
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beta-mercaptoethanol as a reducing agent. For F and G proteins, 100  ng was loaded per 
lane. Samples were heated at 95°C for 5 min. Samples were then loaded onto a 4–15% 
SDS-PAGE gel (Bio-Rad, Cat. No. 4561094). Proteins were transferred to PVDF membranes 
using the iBlot 3 dry blotting system (Invitrogen, Cat. No. IB1001) with iBlot 3 Transfer 
Stacks Mini PVDF (Invitrogen, Cat. No. IB34002), following the manufacturer’s protocol. 
Membranes were briefly equilibrated in PBS, then blocked in 5% nonfat dry milk in TBST 
(TBS with 0.1% Tween-20) for 1 h at room temperature or overnight at 4°C with gentle 
shaking. Membranes were horizontally cut between 25 and 37  kDa to allow differential 
probing. The upper portion was probed with antibodies specific to RSV G (SinoBiological 
polyclonal rabbit anti-G Cat: 40041-T62 at 1:5,000) and RSV F (palivizumab at 1:5,000 
and nirsevimab at 1:5,000), and the lower portion was probed with an anti–HIV-1 p24 
antibody (Abcam ab32352 at 1:5,000) as a loading control for pseudovirus-containing 
samples. Primary antibodies were diluted in TBST with 5% nonfat dry milk and incubated 
with membranes for 1 h at room temperature. Blots were washed three times with TBST 
(0.2% Tween-20) for 5 min each, then incubated for 1 h at room temperature with a 
mix of HRP-conjugated secondary antibodies (anti-mouse HRP Millipore Sigma 710453, 
anti-rabbit HRP Invitrogen 31460, and anti-human HRP Bethyl Labs A80-104P each at 
1:5,000) in TBST with 5% milk. After a second round of washes, membranes were rinsed 
in PBS. Signal was developed using a 1:1 mixture of ECL substrate and diluent (Super­
Signal West Pico PLUS Chemiluminescent Substrate Thermo Protein Biology 34580) for 
5 min and detected using a Bio-Rad imaging system. Western blot band intensities 
were quantified using the Gel Analysis tool in ImageJ (NIH). For each blot, the lanes 
corresponding to RSV F and G proteins and the corresponding HIV-1 p24 loading control 
were analyzed. Images were first converted to 8-bit grayscale, and the Gel Analyzer tool 
was used. Densitometric peaks were generated, and the area under the curve for each 
band was determined. For each lane, the intensity of the RSV F or G band was normalized 
to the corresponding p24 band to account for loading variation. The resulting values 
were reported as relative band intensity.
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RSV-evolution-neut/tree/main/01_data. Interactive versions of the RSV F protein 
phylogenetic trees used in this study are at https://nextstrain.org/community/jbloom­
lab/RSV-evolution-neut@main/RSV-A-F and https://nextstrain.org/community/jbloom­
lab/RSV-evolution-neut@main/RSV-B-F.
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