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Antibody cocktails based on the occupationally 
acquired immunity of pediatricians neutralize and 
confer protection against RSV and hMPV
Hui Zhai1,2†, Wenxiang Yu3,4†, Jinyue Wang3†, Jie Deng3,4†, Siyu Lei5,6,7, Teng Zhou1,2, Yixin Li3,4, 
Kaijun Xu3,4, Mengyang Ma3,4, Rui Feng3, Yaling Hu8, Luo Ren1,2*, Yunlong Cao5,7,9*,  
Enmei Liu1,10*, Xiangxi Wang1,3,4,8,9*

Human respiratory syncytial virus (RSV) and human metapneumovirus (hMPV) are major causes of severe respira-
tory infections in young children, older adults, and immunocompromised individuals. Here, we isolated RSV fu-
sion (F) protein–specific B cells from pediatricians who are routinely exposed to these viruses. We then derived 
monoclonal antibodies (mAbs) from those B cells to characterize their binding and neutralization profiles. Among 
the isolated mAbs, we found that CNR2056 and CNR2053 (targeting site Ø of the pre–F protein) potently neutral-
ized diverse RSV A and B strains; another mAb, CNR2047 (targeting site III), uniquely exhibited cross-neutralization 
capacity against both RSV and hMPV variants. In vivo, prophylactic administration of CNR2056 and CNR2053 con-
trolled lung viral loads and pathology in RSV A2– and B9320-challenged cotton rats. Moreover, a prophylactic 
dose of 0.5 milligrams per kilogram of CNR2047 resulted in complete protection against hMPV in the lungs of 
BALB/c mice. Structural analysis revealed unique binding modes for the three mAbs, supporting the potential for 
rational mAb cocktail design. Deep mutational scanning for RSV F further demonstrated that mutations required 
to evade CNR2053 and CNR2056 were primarily in evolutionarily constrained sites, suggesting a fitness cost to 
immune escape. Rationally combining site Ø– and site III–directed mAbs (e.g., CNR2056-CNR2047) into cocktails 
conferred additive effects, expanding coverage to hMPV and minimizing risk of escape variants. Thus, rationally 
designed cocktails of CNR2056, CNR2053, and CNR2047 may offer a versatile immunoprophylactic agent against 
a range of pneumoviruses with potential to protect against both current and future variants.

INTRODUCTION
Human respiratory syncytial virus (RSV) and human metapneumo-
virus (hMPV), members of the Pneumoviridae family, represent 
major global health burdens, causing acute lower respiratory tract in-
fection in older adults, immunocompromised individuals, and chil-
dren aged ≤2 years, particularly infants under 6 months of age (1–3). 
RSV is the leading cause of lower respiratory tract infection, ac-
counting for 30 to 50% of hospitalizations in children; human 
metapneumovirus (hMPV) follows closely, causing 6 to 15% of such 
hospitalizations and ranking as the second most prevalent pathogen 
(4–7). Despite recent US Food and Drug Administration–approved 
RSV vaccines for older adults using stabilized prefusion (pre-F) an-
tigens (8), pediatric vaccine development faces challenges because 
of vaccine-enhanced respiratory disease risks (9). Furthermore, vac-
cination before immune-ablative therapies is often ineffective for 

immunocompromised individuals, indicative of an urgent need for 
effective alternatives to vaccination. Moreover, approved therapeu-
tic or prophylactic options for hMPV infection are lacking. These 
highlight the critical unmet needs in this area.

The use of neutralizing monoclonal antibodies (mAbs) offers a 
highly effective alternative for protecting against viral infections. 
For both RSV and hMPV, the primary target for eliciting functional 
neutralizing antibodies is the fusion (F) protein located on the sur-
faces of virions, which plays a crucial role in mediating viral entry 
into host cells. As the F protein transitions from its metastable pre-F 
form to the stable postfusion (post-F) form, marked conformational 
changes occur, which initiate viral membrane fusion. Most potent 
neutralizing antibodies specifically target epitopes that are exclusively 
present on the pre-F form. Therefore, stabilized pre-F has been 
extensively used in the development of current vaccines and pro-
phylactic antibodies (10–12). The RSV F protein contains six major 
antigenic sites (Ø to V), with pre-F–specific sites Ø and V eliciting 
the most potent neutralizing responses (13–15). However, high im-
mune pressure on these sites drives viral escape; suptavumab (site 
V) failed in phase 3 trials because of resistant variants (16), whereas 
nirsevimab (site Ø) showed reduced efficacy against clinical isolates 
with site Ø mutations (17). In contrast, some site III/IV antibodies, 
such as RSV-199, M2D2, and 101F, have demonstrated broader neu-
tralization across RSV subgroups and hMPV, but their neutralizing 
activities can vary considerably (18–20). Last, site I/II–targeting an-
tibodies show limited efficacy, exemplified by the first approved RSV 
therapeutic, palivizumab (21).

Although RSV and hMPV exhibit slower evolutionary rates than 
influenza or coronaviruses (maintaining a single serotype with A/B 
subgroups showing ~5% F protein sequence divergence) (22, 23), 
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surveillance data demonstrate that emerging genotypes periodically 
become dominant circulating strains (24). Of particular concern is 
the widespread deployment of RSV vaccines, which may acceler-
ate the emergence of escape variants because of increased immune 
pressure (25), similar to observations made regarding severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) evolution (26). 
Although focusing antibody responses on conserved epitopes can 
mitigate escape risks, this strategy frequently comes at the cost of 
reduced neutralization potency. To address these challenges, we 
developed an integrated approach that began with isolating mAbs 
from pediatricians who experience repeated occupational exposure 
to these pneumoviruses. We performed detailed structural char-
acterization of their binding modes and comprehensive deep 
mutational profiling of potential escape variants, supported by viral 
surveillance of real-world mutation frequency. These insights facili-
tated the rational design of antibody cocktails that strategically com-
bine strain-specific and cross-reactive mAbs, which we tested as a 
prophylactic against RSV and hMPV in vivo.

RESULTS
Occupationally exposed pediatricians yield anti–pre-F mAbs 
that potently neutralize RSV and hMPV
We first established a cohort consisting of 10 pediatric health care 
workers who have worked in the Department of Respiratory Medi-
cine at the Children’s Hospital of Chongqing Medical University for 
more than 10 years and 14 healthy adults as controls. Serum neutral-
ization assays revealed that RSV-specific neutralizing antibody titers 
in the repeatedly exposed group were more than threefold higher 
than those in the healthy controls without occupational exposure 
to RSV/hMPV, and three pediatricians with high neutralizing titers 
were selected for the following study (Fig. 1A and fig. S1A). Using 
purified RSV pre–F glycoprotein (DS-Cav1) (13) as a bait, we sorted 
specific memory B cells from the peripheral blood mononuclear 
cells (PBMCs) of these three individuals (fig. S1, B and C). Subse-
quently, we performed single-cell V(D)J sequencing (scVDJ-seq) 
with pre-F feature barcodes on antigen-specific memory B cells, ex-
tracted the productive heavy-light–chain paired V(D)J sequences, 
and expressed the antibodies in vitro as human IgG1.

Characterization by enzyme-linked immunosorbent assay (ELISA) 
revealed that 56 of the 57 mAbs demonstrated robust binding to 
RSV pre-F, with EC50 (median effective concentration) values rang-
ing from 8 to 53 ng/ml (table S1). This finding confirms the integ-
rity of our probe-based identification of RSV F–specific B cells. To 
map the epitopes targeted by these mAbs, each was tested for bind-
ing competition with a panel of five well-defined RSV F–specific 
antibodies. Using biolayer interferometry (BLI) competition pro-
files, structural validation, binding characteristics (pre-F–specific or 
cross-reactive to pre- and post-F), and germline gene usage (Fig. 1, 
B and C; fig. S1, D to F; and table S2), we clustered the expressed 
mAbs: 25 mAbs targeted site Ø, 3 bound to site II (antigenic site 
overlapping with III and V, but only site II mAbs were cross-reactive 
to pre- and post-F), 9 recognized site III (with identical IGHV3-
21/IGLV1-40 pairing), 7 directed to site IV, and 11 belonged to site V 
(mainly derived from IGHV1-18/IGKV2-30 pairs) (Fig. 1D). All 57 
mAbs exhibited detectable neutralization against at least one RSV 
strain, with 51 achieving a median inhibitory concentration (IC50) 
value of less than 50 ng/ml and 25 achieving an IC50 of less than 
10 ng/ml, as determined by indirect immunofluorescence assays 

(table S1). Site Ø–directed antibodies, exemplified by CNR2056 and 
CNR2053, showcased potent and unbiased neutralizing activities 
against four RSV A and B strains (Fig. 1C and table S1). CNR2047 
exhibited broad and potent activity across RSV and hMPV subtypes 
(Fig. 1, E and F, and table S1). These mAbs also displayed high ap-
parent affinities for binding to RSV pre-F or hMPV pre-F, correlat-
ing with somatic hypermutation (SHM) rates exceeding 10% in the 
heavy chain (VH) (Fig. 1E and fig. S1, D to F), suggesting that re-
peated affinity maturation may have enhanced potency and cross-
reactivity to hMPV.

Classic plaque reduction neutralization tests (PRNTs) further 
substantiated the potency of CNR2056 and CNR2053 against four 
RSV strains, with IC50 values ranging from 1.1 to 2.3 ng/ml and 1.1 
to 5.1 ng/ml, respectively. In contrast, the IC50 values of positive 
controls MEDI8897 and MK-1654 ranged from 1.5 to 37.0 ng/ml 
and 6.4 to 23.3 ng/ml, respectively (Fig. 1F and table S1). CNR2047 
also robustly neutralized hMPV, with IC50 values of 6.9 to 18.3 ng/
ml (Fig. 1F). Collectively, these findings highlight that a subset of 
anti-F antibodies isolated from healthy pediatricians exhibits high 
potency and neutralizing breadth, positioning these antibodies as 
promising candidates for the development of next-generation im-
munoprophylactic agents against RSV and hMPV.

CNR2056 and CNR2053 confer prophylactic protection in 
cotton rats
To evaluate whether the enhanced neutralizing activities of CNR2056 
and CNR2053 observed in vitro could translate into antiviral effi-
cacy in vivo, we conducted prophylactic efficacy studies against RSV 
infection, using MEDI8897 as a positive control (Fig. 2A). Cotton 
rats were intramuscularly administered CNR2056, CNR2053, or 
MEDI8897 at one of six doses, ranging from 2 to 0.063 mg/kg, 1 day 
before challenge with RSV strains A2 or B9320. The negative control 
group received phosphate-buffered saline (PBS) (Fig.  2B). Lung 
tissues were harvested 4 days after challenge, with right lung 
samples used for viral titer assessment and left lung samples for 
histopathology scoring. All tested antibodies demonstrated dose-
dependent protection, characterized by reduced viral titers or com-
plete viral clearance (undetectable) in the lungs of infected cotton 
rats. MEDI8897 achieved this at a maximum dose of 2 mg/kg, whereas 
CNR2053 and CNR2056 enabled viral clearance at doses of 1 and 
0.5 mg/kg, respectively (Fig. 2B). The calculated doses required to 
achieve 100- and 1000-fold reductions in viral titers in the lungs, 
compared with PBS-treated controls, were 0.27 and 0.46 mg/kg for 
CNR2053, 0.4 and 1.25 mg/kg for MEDI8897, and 0.28 and 0.93 mg/
kg for CNR2056, respectively (Fig.  2B). In the B9320 challenge 
group, CNR2056 was estimated to achieve a 100-fold reduction 
in pulmonary viral titer at a theoretical dose of 0.2 mg/kg. In 
contrast, doses of 0.34 and 0.57 mg/kg were estimated to achieve 
a 100-fold reduction for CNR2053 and MEDI8897, respectively 
(Fig. 2B). An extremely low dose of 0.5 mg/kg of CNR2056 resulted 
in complete protection in the lungs from B9320 infection, whereas a 
dose of 2 mg/kg for MEDI8897 was required to achieve this (Fig. 2B). 
Histopathological analysis of the lungs revealed that all three anti-
bodies effectively mitigated pulmonary inflammation induced by 
RSV infections in a dose-dependent manner (Fig. 2C and fig. S2). 
Animals receiving doses of CNR2053 or CNR2056 at ≥0.5 mg/kg 
exhibited minimal peribronchiolitis and interstitial inflammation, 
as indicated by significantly (P < 0.05) lower histology scores than 
those receiving the same dose of MEDI8897 in B9320 challenge 
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groups, although pathology was comparable in the A2 challenge groups 
(Fig. 2, C and D). MEDI8897 administration resulted in moderate 
peribronchiolitis at doses of ≥0.5 mg/kg, with lower doses lead-
ing to more severe peribronchiolitis and substantial inflammatory 

cell infiltration in the RSV B9320 challenge group (Fig.  2C and 
fig. S2). No evidence of enhanced respiratory disease was observed, 
even at the lowest administered dose of 0.063 mg/kg (Fig. 2, C and 
D). To further explore the potential of CNR2053 and CNR2056 as 
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Fig. 1. Anti-F antibodies from healthy pediatricians neutralize RSV and hMPV. (A) Schematic diagram of the mAb identification process. (B) Schematic diagram of the 
defined epitopes of RSV pre-F. (C) Heatmap depicting inhibition rates (top) against RSV F antibodies with well-defined epitopes (MEDI8897, site Ø; motavizumab, site II; 
MPE8, site III; MK1654, site IV; and ADI-14442, site V) by competition assay and neutralizing activities (bottom) against RSV (A2, Long, B9320, and B18537) and hMPV A1 by 
indirect immunofluorescence assays. Red circles indicate the three antibodies (CNR2053, CNR2056, and CNR2047) selected from the initial screen of 57 antibodies for 
further functional characterization. (D) Uniform Manifold Approximation and Projection (UMAP) of RSV F protein–specific antibodies colored by epitope clusters. Each 
point represents a mAb, with colors indicating distinct epitope groups defined by combination with competitive binding assays, structural validations (four antigen-Fab 
complex structures in this manuscript), binding characteristics (pre-F–specific or cross-reactive to pre- and post-F), and germline gene usage. (E) Affinity measurements 
of CNR2053, CNR2056, and CNR2047 to purified recombinant RSV A2 and hMPV pre–F proteins using BLI, with Kd (equilibrium dissociation constant) values shown. 
(F) Dose-response regression curves for CNR2053, CNR2056, CNR2047, and positive control mAbs against RSV (A2, Long, B9320, and B18537) and hMPV A1, determined 
by the PRNT. IC50 values represent the concentrations of mAbs required to reduce viral infection by 50%.
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passive antibody drugs against RSV, we systematically compared the 
serum concentrations of CNR2053, CNR2056, and MEDI8897 that 
correlated with a reduction in RSV titers in the lungs of infected cot-
ton rats and calculated the effective serum concentration yielding a 
90% protection (EC90) with a decrease in lung viral titer when com-
pared with control. CNR2053 was calculated to have an EC90 value 
of 2.4 μg/ml against RSV A2. MEDI8897 gave an EC90 of 8.7 μg/
ml, and CNR2056 exhibited a comparable EC90 value to that of 
MEDI8897 (Fig. 2E). These in vivo results highlight that CNR2053 
and CNR2056 exhibit improved prophylactic efficacies compared 
with currently approved mAb drugs in RSV-infected cotton rats.

The structures of CNR2053 and CNR2056 bound to site Ø 
reveal the structural basis of unbiased and 
potent neutralization
To elucidate the epitopes targeted by CNR2056 and CNR2053 and 
to uncover the molecular basis for their unbiased neutralization 
against RSV A2 and B9320 strains, we determined the atomic struc-
tures of the individual complexes of Fab fragments of CNR2056 and 
CNR2053 bound to a stabilized RSV pre-F trimer using cryo–electron 
microscopy (cryo-EM) (fig. S3 and table S3). For each immune com-
plex, three copies of Fabs were bound to one pre-F trimer, with 
CNR2056, CNR2053, and MEDI8897 Fabs binding to the epitope 
region at distinct positions and orientations, effectively shielding 
most of the upper regions (Fig. 3A). CNR2056 binds to a conforma-
tional epitope comprising α3 and α4, which is broadly similar to the 
binding site observed for MEDI8897 (Fig.  3B) (27). Specifically, 
CNR2056 lies behind α4, whereas MEDI8897 binds slightly in front 
of α4 (Fig. 3B). The interaction surface on CNR2056 involves four 
complementarity-determining region (CDR) loops, with LCDR1, 
HCDR2, and HCDR3 extensively surrounding α4 (Fig. 3B and 
table S4). Tight binding was shown to be facilitated by extensive hy-
drophilic interactions, including hydrogen bonds and salt bridges, 
as well as hydrophobic contacts (Fig. 3C and table S4). Unexpect-
edly, we observed that CNR2053 binds vertically across α4 and 
α5, leading to the formation of a three-stranded β sheet involving 
HCDR3 and the linker between α4 and α5, which would normally 
be extended loops but instead adopt short β strands (Fig. 3B). Struc-
tural analysis revealed that the CNR2053 heavy chain dominated 
the interactions, primarily through LCDR1, HCDR2, and HCDR3 
(Fig. 3C). Major interactions involved a network of hydrogen bonds 
formed by Tyr54 (light chain), Asp100, Ser105, Thr108, Ala110, and 
Thr111 in the heavy chain of CNR2053 and Asn202, Lys209, Gln210, 
Ser211, and Ser213 in the pre–F protein and several hydrophobic con-
tacts, including Tyr35 (light chain), Val102, Ala106, and Gly107, in the 
heavy chain of CNR2053 and Pro205, Ile206, Ile214, and Pro215 in the 
pre–F protein (Fig. 3C).

Given that MEDI8897 exhibits compromised potency against 
some RSV B strains (28), such as B18537, whereas CNR2056 and 
CNR2053 display unbiased activities (Fig.  1), we scrutinized the 
sequence and conformational alterations in epitope residues rec-
ognized by these antibodies. There are three epitope residue sub-
stitutions [Asp200→Asn(D200N), Lys201→Asn (K201N), and 
Lys209→Gln (K209Q)] between the A and B strains, among which 
the alteration of D200N presumably causes marginal effects because 
of homologous residues (Fig. 3D). For CNR2056, the alterations of 
K209Q and K201N abolished one salt bridge with Asp31 on LCDR1 
but established three new hydrogen bonds with Asp31, Trp32 on 
LCDR1, and Asn97 on LCDR3, respectively, in B9320/B18537, 

further strengthening binding activity (Fig. 3D). This largely match-
es the in vitro neutralization activity and in vivo protective potency 
(Figs. 1 and 2). Regarding CNR2053, the alterations of K209Q and 
K201N only change the interaction type from one salt bridge to one 
hydrogen bond with Asp100 on HCDR3, which may not substan-
tially affect binding capability (Fig. 3D). In contrast, the alterations 
of K209Q and K201N directly lose one salt bridge with Asp92 on 
LCDR3 and replace two salt bridges with Asp101 on HCDR3 and 
Glu55 on LCDR2 by two hydrogen bonds, to some extent reducing 
the binding affinities of MEDI8897 to B strains (Fig. 3D).

To explore the possibility for broad neutralization and analyze 
epitope conservation, we constructed an antigenic phylogenetic tree 
based on all available amino acid sequences of RSV F retrieved from 
GISAID (Global Initiative on Sharing All Influenza Data), yielding 
two distinct clades with distinct antigenic drifts, reflected by 
representative mutations (Fig. 3E). The conservation of epitope 
residues targeted by the three antibodies was also analyzed using 
Weblogo from 221 representative strains, revealing several mutation 
hotspots, including Leu172→Gln (L172Q), D200N, K201N, Ile206→Met 
(I206M), Lys209→Arg/Gln (K209R/Q), and Ser213→Arg (S213R) 
(Fig. 3F). These findings indicate a positive correlation between 
“hot” immunogenic sites and high mutation frequencies. Most 
mutations in epitope residues have not been reported to markedly 
reduce potency of MEDI8897, although specific substitutions in clini-
cal isolates, such as Asn208→Ser (N208S), Asn208→Asp (N208D), 
Asn201→Ser (N201S), and Lys68→Asn (K68N)/Asn201→Ser (N201S), 
indeed exhibit resistance or even ineffectiveness to MEDI8897 
(17, 29–31).

HCDR3-driven recognition enables potent cross-reactivity of 
CNR2047 against RSV and hMPV
CNR2047, which exhibited robust neutralization potency against 
RSV strains in vitro, also demonstrated high neutralization efficacy 
against hMPV (Fig. 1F). We evaluated the prophylactic efficacy of 
CNR2047 in animal models, as detailed in Fig. 2. When adminis-
tered at doses of ≥1 mg/kg, CNR2047 reduced viral replication of both 
RSV A2 and B9320 strains by more than 100-fold in cotton rats, 
showing comparable protective capacities to those of MEDI8897 but 
slightly weaker efficacies compared with CNR2053 and CNR2056 
(Figs. 2B and 4A). In contrast, RSV-199, a previously reported po-
tent cross-neutralization site III mAb, failed to provide prophylactic 
protection at a dose of 1 mg/kg against either RSV A or B challenge 
(18). The cotton rats treated with CNR2047 at a dose of ≥1 mg/kg 
exhibited only modest inflammatory cell infiltration and a signifi-
cant (P < 0.05) alleviation of pulmonary histopathological damage 
(Fig. 4, B and C, and fig. S4). We further tested the in vivo efficacy of 
CNR2047 against the hMPV A2 strain using a mouse model, given 
its more efficient infection rate compared with that in cotton rats. 
Six- to 8-week-old BALB/c mice were administered different doses 
of CNR2047 1 day before viral challenge with hMPV A2. Doses of 
4.5, 1.5, or 0.5 mg/kg of CNR2047 resulted in complete protection 
from hMPV A2 infection in the lungs and a dose-dependent reduc-
tion in pulmonary inflammation, with nearly no detectable patho-
logical injury at the highest dose (Fig. 4, D to F). Thus, CNR2047 not 
only neutralized both RSV A and B subtypes and hMPV A in vitro 
but also provided potent protection in animal models.

To elucidate the structural basis for the cross-neutralization of RSV 
and hMPV by CNR2047, we determined the cryo-EM structures of 
CNR2047 in complex with RSV or hMPV pre-F to resolutions of 
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Fig. 3. The structures of CNR2053 and CNR2056 bound to site Ø reveal the structural basis of unbiased and potent neutralization. (A) Surface representations of 
cryo-EM structures of the RSV pre-F trimer (sky blue, thistle, and light gray) in complex with CNR2056 (top, heavy chain: gold; light chain: purple), CNR2053 (middle, heavy 
chain: tomato; light chain: lemon), and MEDI8897 (bottom, PDB: 5UDC, heavy chain: green; light chain: brown). (B) Enlarged views of the binding interfaces to illustrate 
the binding modes of CNR2056 (top), CNR2053 (middle), and MEDI8897 (bottom). The orientation of RSV pre-F is consistent across panels. The color scheme is consistent 
with (A). (C) Detailed interactions between RSV pre-F and CNR2056 (top) or CNR2053 (bottom). Residues involved in hydrophobic patches and hydrogen bonds are shown 
as transparent surfaces and labeled, respectively. The color scheme is consistent with (A). (D) Structural and epitope analysis of the neutralizing differences of these three 
antibodies against RSV A2 and RSV B9320. The conserved residues of CNR2053 (tomato), CNR2056 (gold), and MEDI8897 (green) between RSV subtype A and B are shown 
in gray. Amino acids in the common epitope that differ between RSV subtypes A and B are highlighted for all three antibodies. RSV A2 pre-F and RSV B9320 pre-F are 
colored in sky blue and peach puff, respectively. The color scheme is consistent with (A). (E) Maximum likelihood phylogenetic tree of 221 representative RSV variants built 
by using MAFFT (v7.505) for multiple sequence alignment and FastTree (v2.1.11) with default parameters. (F) Analysis of sequence conservation on residues involved in 
mAb binding. Logo plots of conservation of epitopes for CNR2056, MEDI8897, and CNR2053 from 221 representative RSV strains are shown. Mutated residues are high-
lighted in the logo plots.
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Fig. 4. HCDR3-driven recognition enables potent cross-reactivity of CNR2047 against RSV and hMPV. (A to F) Cotton rats [(A) to (C)] and BALB/c mice [(D) to (F)] were 
treated with CNR2047 and challenged with RSV or hMPV, respectively. Animals were infected 1 day later with the indicated strains of RSV or hMPV. Lungs were isolated 
4 days later for analysis. [(A) and (D)] Lung viral titers in cotton rats (A) and BALB/c mice (D) treated with CNR2047, measured 4 days after exposure to RSV A2 and RSV B9320 
determined by plaque assay or hMPV A2 by Reed-Muench assay. The black dashed lines indicate viral loads that are 100-fold lower than those in the PBS group. The limit 
of detection for viral load is shown by the bottom red dashed line. Error bars represent mean values with SD (n = 5). [(B) and (E)] Representative histopathological sections 
of cotton rat (B) or BALB/c mouse (E) lungs stained with H&E (magnification, ×200; scale bars, 100 μm). [(C) and (F)] Histology scores are shown for cotton rats (C) and 
BALB/c mice (F) based on (B) and (E). Data are presented as means ± SD (n = 5). Statistical analysis was performed using the Kruskal-Wallis test followed by Dunn’s test for 
multiple comparisons with the PBS group as the control; data from the CNR2047 groups were compared with the PBS group. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001; n.s., not significant. TCID50, median tissue culture infectious dose. (G) Surface representations of cryo-EM structures of CNR2047 (heavy chain: hot pink; 
light chain: pale green) in complex with the RSV pre-F trimer (top, sky blue, thistle, and light gray) or hMPV pre-F monomer (bottom, yellow). (H) Structure-based analysis 
of CNR2047’s cross-neutralizing activity. Details of the interactions are shown on the right and framed by dashed lines. Residues involved in hydrophobic patches and 
hydrogen bonds are shown as transparent surfaces and labeled, respectively. The color scheme is consistent with (G). (I) Logo plot of sequence conservation analysis of 
the epitope for CNR2047 from 221 representative RSV strains and 55 hMPV variants. Residues are colored on the basis of their conservation and chemical properties. The 
HCDR3 differences in sequence lengths of mAbs are shown in the table below the logo plot. Cross indicates cross-reactivity with RSV and hMPV; noncross indicates RSV 
specific. (J) Structure-based analysis of RSV-specific mAbs (CNR2035, CNR2042, and ADI-19425) for their lack of cross-reactivity with hMPV.
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3.8 and 4.1 Å, respectively (Fig. 4G and fig. S5). Unlike the trimeric 
structure of RSV F, each CNR2047 Fab fragment formed a 1:1 com-
plex with individual hMPV monomers (Fig.  4G), similar to the 
structural observations for RSV-199 (18). CNR2047 primarily tar-
geted a conserved epitope (site III) across RSV and hMPV strains 
with a root mean square deviation (RMSD) of 1.031 Å, analogous 
to the binding modes of RSV-199, MPE8, MxR, and ADI19425 
(18, 32–34) (fig. S6). Comparisons of the footprints of the CNR2047 
CDRs on RSV and hMPV F revealed nearly identical contacts with 
the two pre–F proteins, despite local sequence differences, mediated 
by hydrophilic and hydrophobic interactions from three major 
patches (Fig.  4H). Weblogo analysis of 277 representative strains 
showed that 83.3% of residues comprising the CNR2047 epitope 
were conserved across all four RSV and hMPV subtypes (Fig. 4I and 
fig. S7). In contrast, more than 65% of epitope residues targeted by 
site Ø antibodies were highly diverse, with most mutations involv-
ing major alterations in surface charge, distinguishing the antigenic-
ity between RSV and hMPV (fig. S7).

To further understand the subtle and specific variations between 
RSV and hMPV in the engagement by site III–directed antibodies 
derived from the same germline heavy (IGHV3-21) and light chain 
(IGLV1-40), we compared the structural differences between two 
subgroups: cross-reactive antibodies (e.g., CNR2047, RSV-199, MPE8, 
and MxR) (18,  32,  33) and RSV-specific mAbs (e.g., ADI19425, 
CNR2035, and CNR2042) (34) (fig. S8 and table S5). Although the 
sequences and structures of CDR1s and CDR2s were highly con-
served across all mAbs, with limited variations in LCDR3, the 
HCDR3s showed marked differences in sequence lengths and con-
figurations (Fig. 4I and fig. S8), indicating a critical role for HCDR3 
in cross-reactivity. All HCDR3s recognized a cavity formed by two 
adjacent F monomers, with MPE8 HCDR3 being the longest and 
most buried (Fig.  4J). The HCDR3s of all three RSV-specific 
mAbs contained the residue Tyr97, which appeared to cause ste-
ric clashes with Asn313 in hMPV, but not in RSV, due to a minor 
conformational shift in the βI-βJ loop (Fig.  4J). In contrast, all 
cross-reactive antibodies had a small side-chain residue at posi-
tion 97 in HCDR3, allowing flexible fitting into the cavity and en-
abling cross-reactivity (Fig. 4J).

DMS and clinical isolates identify escape hotspots but 
confirm retained potency of CNR2056 and CNR2047 against 
RSV variants
Although the frequency of mutations in epitope residues can pro-
vide insights into potential escape risks for antibodies, relying on 
only structural data reveals the contacting residues and does not iden-
tify genuine escape mutations for specific mAbs. Recent advances 
in deep antigen mutation screening (DMS) using a fluorescence-
activated cell sorting (FACS)–based cell display platform have en-
abled the mapping of all single amino acid mutations in the target 
antigen that affect the binding of mAbs (35, 36). To evaluate im-
munological tolerance and map key escape mutation sites, we char-
acterized the profile of RSV F escape mutations for representative 
mAbs binding sites Ø and III using DMS assays (37–39) (Fig. 5A), 
where higher escape scores indicated stronger disruption of anti-
body binding by the corresponding mutations. The escape mutation 
profiles indicated that MEDI8897 is sensitive to specific substitu-
tions at positions Leu204, Lys209, Pro205, Lys196, Asn208, Lys201, and 
Asp200. This sensitivity was corroborated by previously reported 
resistant strains with mutations such as K209Q/D200N/K201N/

Gln202→Arg(Q202R) observed in B18537 and N208S, N208D, N201S, 
and K68N/N201S identified in clinically escaped strains (17, 29–31) 
(Fig. 5, A and B). Similarly, changes at positions Leu204, Ile64, Lys196, 
Pro205, and Lys168 impaired the binding activity of CNR2056, where-
as substitutions at positions Ser211, Ile206, Glu294, and Pro205 compro-
mised CNR2053 (Fig. 5, A and B). Three continuous residues located 
around the terminus of the α4 helix, namely, Leu204, Pro205, and 
Ile206, form a hydrophobic patch that can engage with hydrophobic 
paratope residues of all three mAbs. Structurally, these presumably 
ensure the correct conformation for the α4-α5 region by terminat-
ing α4 with Pro205, thereby conferring high escape scores (Figs. 3 
and 5, A and B). These might indicate a high escape barrier to over-
come the Pro205 mutation. Residue substitutions at positions Thr50, 
Thr267, Gln270, Asp310, and Gly307, which are highly conserved across 
RSV and hMPV, conferred resistance to CNR2047 (Fig. 5, A and B). 
To address concerns about potential immune evasion from real-
world variants, we constructed a mutational heatmap using RSV F 
sequences obtained from publicly accessible databases [National 
Center for Biotechnology Information (NCBI), European Bioin-
formatics Institute (EBI), and GISAID] and analyzed the mutational 
diversity and accumulation over time at key escape sites (Fig. 5, C to 
E). Five residues at positions 200, 201, 206, 209, and 211, with high 
mutational frequencies and diversities, were identified as potential 
immune evasion sites. Among these, substitutions of K209R, I206M, 
and Ser211→Asn (S211N) have gradually outcompeted other mu-
tations in RSV variants and are widely observed in recent prevail-
ing variants (Fig. 5E). These findings suggest that MEDI8897 and 
CNR2053 are at relatively high risk of specific clinical RSV strains 
exhibiting resistance. To further verify these findings, we evaluated 
a panel of 24 recently isolated RSV clinical variants (16 RSV-A and 
8 RSV-B) with representative mutations for potential immune eva-
sion (fig. S9). Four RSV-B strains displayed moderate resistance 
(10- to 30-fold) to MEDI8897 because they harbored mutations like 
Lys201→Ser (K201S), K201N, Q202R, and K209Q. One isolate with 
I206M/S211N substitutions decreased the neutralizing potency of 
CNR2053 by 170-fold (Fig. 5F). However, CNR2056 and CNR2047 
could broadly neutralize all tested RSV-A and RSV-B isolates; the 
same breadth was found for the cross-neutralizing antibody MPE8. 
We did not identify RSV clinical isolates with key escape mutations 
for CNR2056 and CNR2047 in the public sequence datasets we ana-
lyzed. Alterations such as S211N and I206M resulted in the loss of 
one hydrogen bond with Tyr54 on LCDR2 and slight clashes with 
Thr104 on HCDR3, respectively, thereby reducing the binding affin-
ity and neutralizing potency for CNR2053 (fig. S10). Similarly, the 
mutation Asn208→Tyr (N208Y) caused severe clashes with Tyr100 
on HCDR3, and changes of either N201S or N208S appeared to de-
crease hydrophilic contacts, possibly driving compromised binding 
by MEDI8897 (fig. S10). In summary, both CNR2056 and CNR2047 
exhibited broad and potent binding activities against tested variants 
with minimal immune evasion potential.

Cocktail therapies confer cross-protection and mitigate 
mutational escape
Each of the three antibodies, CNR2053, CNR2056, and CNR2047, 
demonstrated potent neutralizing activity and provided effective 
protection in animal models. These findings enabled us to rationally 
design two mAb cocktails combining site Ø–targeting antibodies 
(CNR2053 or CNR2056) with the site III–targeting mAb CNR2047. 
We initially assessed the simultaneous binding of CNR2047 and the 
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Fig. 5. DMS and clinical isolates confirm retained potency of CNR2056 and CNR2047 against RSV variants. (A) Escape mutational profiles for RSV F binding activity 
derived from DMS results (top) and epitope amino acid conservation analysis of sites Ø and III (bottom). Escape scores for mAbs are shown in the top graphs, with top 
escape residues highlighted in green (for MEDI8897), yellow (CNR2056), orange (CNR2053), and magenta (CNR2047). Higher escape scores indicate stronger disruption of 
antibody binding by the corresponding mutations. The logo plot letter height in the top graph corresponds to the escape score for RSV F in binding activity. The bottom 
sequence alignment shows the epitope amino acid conservation of sites Ø and III between diverse RSV strains and hMPV strains. When the residue is conserved, amino 
acids are shown in gray; when variable, hydrophobic residues (A, L, I, P, F, and M) are black, polar residues (G, S, and T) are yellow, neutral residues (Q and N) are purple, and 
acidic residues (D and E) are red. (B) Surface representations of epitope escape risk in mAbs for RSV F, colored as in (A), with arrows indicating critical escape residues. 
(C) Shown is the conservation of mAb high-escape residues identified by DMS for RSV F in (A) across publicly available sequences of RSV-A (left) and RSV-B (right) subtypes. 
As shown in the color bar, conservation ranges from 0 to 5%; greater sequence variation is indicated by increasingly red shading. (D and E) Prevalences of key amino acid 
mutations in the RSV F protein are presented in total as a pie chart (D) and over time as a bar chart (E) from publicly accessible databases (NCBI, EBI, and GISAID), with di-
verse mutations represented by different colors; diverse mutations counting less than 0.1% are shown on the left side of the pie charts. (F) Fold change in mAb neutraliza-
tion against RSV clinical isolates compared with the RSV long strain. Fold changes in IC50 of less than 3 are shaded in light purple, and the top dashed line indicates a fold 
change of 10. Key mutation residues of RSV strains identified as functionally critical by DMS are labeled in red when the fold change is greater than 10; the remaining 
residues are shown in black. The circles at the bottom indicate RSV laboratory strains.
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two site Ø–targeting antibodies to RSV pre-F using competitive BLI 
(Fig. 6A). The nitrilotriacetic acid (NTA) sensor, labeled with RSV 
pre-F, was saturated with CNR2047 and subsequently exposed to 
CNR2053 or CNR2056 in the flow-through, or vice versa. As expect-
ed, CNR2047’s binding did not interfere with the attachment of 
CNR2053 or CNR2056 to RSV pre-F, highlighting the potential for 
these antibodies to form cooperative dual-mAb cocktails (Fig. 6A). 
Although CNR2053 and CNR2056 did not inhibit hMPV indi-
vidually, the mAb cocktails CNR2053-CNR2047 and CNR2056-
CNR2047 exhibited expanded breadth and neutralizing activity 
against all RSV variants tested and against hMPV, thereby poten-
tially reducing mutational escape risks raised from RSV (Fig. 6, B 
and C). We further evaluated the preclinical efficacy of these mAb 
cocktails as prophylaxes against RSV and hMPV infections in ani-
mal models. As anticipated, cocktails of CNR2053-CNR2047 or 
CNR2056-CNR2047 administered at a dose of 0.5 mg/kg reduced 
viral replication of RSV A2, B9320, and hMPV A2 strains by more 
than 100-fold compared with PBS. Higher doses of 2 mg/kg achieved 
complete protection in the lungs against RSV A2, B9320, and hMPV 
A2 challenges (Fig. 6, D and E). A low dose of 1 mg/kg of CNR2053-
CNR2047 resulted in complete clearance of RSV A2 and B9320 from 
the lungs, whereas a dose of 0.5 mg/kg of CNR2056-CNR2047 pro-
vided complete protection against hMPV A2 infection (Fig. 6, D 
and E). Furthermore, animals receiving doses of ≥0.5 mg/kg ex-
hibited only mild peribronchiolitis and interstitial inflammation 
(Fig. 6, F and G, and fig. S11). To elucidate the molecular basis 
for the cross-protective effect of these dual-mAb cocktails, we per-
formed cryo-EM analysis of the RSV pre-F trimer in complex with 
CNR2053-CNR2047 or CNR2056-CNR2047 (fig. S12). Unlike most 
structures of apo RSV pre-F or its complexes with antibodies, which 
typically exhibit homogeneous trimeric architectures (11, 40, 41), 
we observed a heterotrimeric complex composed of one RSV F pro-
tomer, CNR2056, and CNR2047, existing in monomeric (52%), di-
meric (38%), and trimeric (10%) assembly states, with RMSD values 
of less than 1 Å relative to the best-fit atomic model (Fig. 6H). This 
suggests that the binding of CNR2056 and CNR2047 possibly facili-
tates the disassembly of the stable pre-F trimer, which might provide 
the mechanistic basis for RSV and hMPV neutralization in addition 
to other unknown mechanisms (Fig. 6H). In contrast, we found that 
the pre-F–CNR2053–CNR2047 complex exists in a single trimeric 
state with six Fab fragments bound to one pre-F trimer. We observed 
that three CNR2053 Fabs bound on the top of the pre-F trimer, 
forming a cap layer (shield-1), and that three CNR2047 Fabs bound 
on the side, creating an exterior layer (shield-2) with a staggered 
array beneath the cap layer (Fig. 6, H and I). These two layers may 
act as a shield to mask most of the upper regions of the F trimer, 
presumably blocking viral attachment to the host cell. In addi-
tion, all three mAbs specifically recognize the pre-F conformation 
rather than the post–F protein, indicating conformational changes 
in the epitope regions during the viral fusion process. These suggest 
that the six Fab fragments may work to restrain further conforma-
tional changes from the pre-F to the post-F state, which is es-
sential for initiating viral fusion. These structural insights may explain 
the molecular basis for the neutralization mechanism of RSV by the 
mAb cocktails and provide a rationale for formulating two types of 
neutralizing antibodies. The cooperativity of two noncompeting 
antibodies—one targeting a more conserved epitope across RSV 
and hMPV and the other targeting an RSV-specific patch—confers 
potent and broad protection against these human pneumoviruses.

DISCUSSION
Passive immunization through RSV F–specific neutralizing anti-
bodies stands as a well-established and desirable strategy to protect 
infants against RSV infection with a superior safety profile. We rea-
soned that health care workers, particularly pediatricians with long-
term occupational exposure to respiratory viruses such as RSV and 
hMPV, serve as an underexplored repertoire to isolate highly potent 
neutralizing antibodies. From 57 RSV F protein–specific memo-
ry B cells isolated from pediatricians, we obtained three highly po-
tent (CNR2056, CNR2053, and CNR2047) mAbs harboring high 
SHM rates (>10% in VH), a higher efficiency compared with con-
ventional discovery approaches (15). CNR2053 and CNR2056 dem-
onstrated 1.5- to 25-fold and 5- to 20-fold higher neutralization 
potency compared with the clinical benchmark MEDI8897 and 
MK-1654, respectively, and showed unbiased neutralizing activity 
against RSV A and B strains. Moreover, 67% of the isolated mAbs 
specifically targeted the immunodominant Ø or III sites of the 
pre–F protein, with the majority exhibiting neutralizing activity. 
The enhanced mAb potency presumably correlates with long-term 
repeated viral exposure (median duration of more than 10 years 
of work in pediatrics in our cohort), which may continuously drive 
affinity maturation. This is supported by the high SHM rates observed 
in the isolated mAbs, consistent with the established paradigm that 
chronic or repeated antigen stimulation can promote B cell receptor 
optimization, leading to antibodies with exceptional neutralization 
breadth and potency (42). These findings collectively highlight both 
the efficiency and quality of mAb discovery from repeatedly exposed 
health care workers.

Our structural and functional analyses have unveiled critical 
insights into the differential escape profiles of site Ø–directed anti-
bodies. These mAbs are high-quality, RSV-specific antibodies with 
robust activity. However, despite the subtle differences in the epit-
opes of these antibodies, we observed substantial variation in the 
key sites that determine binding activity and potential to escape im-
mune pressure. Although antibodies targeting site Ø are relatively 
abundant, the high immune pressure on this site may drive viral 
escape. The hydrophobic patch comprising L204 and P205, located 
at the terminus of the α4 helix, represents an evolutionarily con-
strained region where mutations are strongly disfavored because of 
their destabilizing effects on the pre-F conformation. This explains 
the resilience of CNR2056, which targets this region. Particularly 
notable is CNR2053’s distinct mechanism: Its HCDR3 forms a 
three-stranded β sheet with the α4-α5 linker, forcibly restructuring 
a normally flexible loop region. This unconventional binding mode 
underlies its picomolar potency but creates a vulnerability: Substitu-
tions at Ser211 (e.g., S211N) would disrupt critical hydrogen bonds 
with HCDR3, whereas an I206M mutation introduces steric clashes. 
A combination of these mutations can therefore enable viral escape. 
The high prevalence of such escape variants in clinical isolates 
suggests that CNR2053-like antibodies may be common in human 
RSV–specific immune responses, driving selection pressure. These 
findings highlight how atomic-level understanding of antibody-
paratope interactions can predict both neutralization potency and 
evolutionary escape pathways.

The identification of HCDR3 as a primary determinant of cross-
reactivity among site III–targeting antibodies against RSV and hMPV 
holds implications for understanding the molecular basis of mAb 
specificity and for the development of broad-spectrum antiviral 
agents. Our findings underscore the critical role of HCDR3 sequence 
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and structural features in dictating mAb cross-reactivity (e.g., 
CNR2047, RSV-199, and MPE8), highlighting the importance of this 
region in mediating interactions with viral antigens. Specifically, 
the absence of bulky residues (e.g., Tyr97 in RSV-specific counterparts) 

enables the HCDR3 to engage a conserved cavity formed by adja-
cent F protomers without steric clashes with hMPV-specific resi-
dues like Asn313. However, cross-reactivity appeared to be further 
modulated by ancillary factors: (i) CDR1/CDR2 fine-tuning through 
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Fig. 6. mAb cocktails exhibit broad 
activity against RSV and hMPV. 
(A) Competitive binding of CNR2053, 
CNR2056, and CNR2047 to RSV pre-F 
detected by BLI. RSV pre-F was immo-
bilized onto the sensor. CNR2053 was 
first injected, followed by CNR2053, 
CNR2056, or CNR2047. Similarly, 
CNR2056 or CNR2047 was first in-
jected, followed by the three mAbs. 
(B and C) Neutralizing activity of mAb 
cocktails CNR2053/CNR2047 and 
CNR2056/CNR2047 against RSV A2, 
RSV B9320, and hMPV A1 (B) as well 
as clinical RSV isolates (C) determined 
by the PRNT. Error bars represent 
mean values with SEM (n = 16 for RSV 
A isolates; n = 8 for RSV B isolates). 
(D and E) Cotton rats (D) and BALB/c 
mice (E) were prophylactically admin-
istered (i.m.) mAb cocktails or PBS con-
trol and then infected the next day 
with the indicated strains of RSV and 
hMPV (i.n.); viral loads in the lungs 
were measured 4 days after exposure 
to RSV A2, RSV B9320, and hMPV A2 
by plaque assay (RSV) and Reed-
Muench assay (hMPV). Error bars rep-
resent mean values with SD [n = 5, 
except for PBS group with n = 10 in 
(D)]. The black curves represent the 
nonlinear regression analysis of mAb 
dose and viral load. The limit of de-
tection for viral load is indicated by 
the bottom red dashed line. The re-
maining black dashed lines indicate 
viral loads that are 100- or 1000-fold 
lower than those in the PBS group. 
(F and G) Representative histopath-
ological sections of lung tissues stained 
with H&E (magnification, ×200; scale 
bars, 100 μm) from cotton rats and 
BALB/c mice, showing the extent of 
inflammatory cell infiltration in each 
group at the indicated mAb cocktail 
doses against RSV A2 (top) and RSV 
B9320 (bottom) (F) and hMPV A2 
(G). Statistical analysis was performed 
using the Kruskal-Wallis test followed 
by Dunn’s test for multiple compari-
sons with the PBS group as the con-
trol; data from the mAb cocktail group 
were compared with the PBS group. ***P < 0.001; n.s., not significant. (H and I) Surface representations of cryo-EM structures of RSV pre-F in complex with CNR2047/CNR2056 
(H) and CNR2047/CNR2053 (I). Three binding patterns were identified for the CNR2047/CNR2056-RSV pre-F complex: monomeric binding (left), dimeric interface engagement 
(middle), and trimeric symmetry-adapted binding (right). CNR2053/CNR2056 Fabs bind at the top of RSV pre-F, forming the shield-1; CNR2047 Fabs bind at the side, construct-
ing an exterior layer (shield-2). HC, heavy chain; LC, light chain. RSV pre-F trimer (sky blue, thistle, and light gray); CNR2056 (HC, gold; LC, purple), CNR2053 (HC, tomato; LC, 
lemon); CNR2047 (HC, hot pink; LC, pale green).
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SHM, as seen in CNR2047’s enhanced affinity over RSV-199 because 
of optimized charge complementarity, and (ii) framework mutations 
that stabilize the paratope conformation, explaining CNR2047’s su-
periority to RSV-199/MPE8/MxR despite shared germline origins.

The conservation of site III (83.3% residue identity across RSV/
hMPV genotypes) positions it as an ideal target for broad-spectrum 
protection. By combining CNR2047 (site III) with site Ø–directed 
antibodies (e.g., CNR2056/CNR2053), we achieved multiple bene-
fits: (i) expanded neutralization breadth to encompass more pneu-
movirus genotypes and (ii) a potentially higher escape barrier for 
RSV, given that simultaneous mutations in both epitopes may impose 
prohibitive fitness costs. This dual-target strategy mirrors successful 
sarbecovirus mAb cocktails (43), offering a blueprint for overcom-
ing viral diversity in respiratory pathogens.

Although our study provides comprehensive structural and func-
tional insights into a panel of potent RSV- and hMPV-neutralizing 
antibodies, several limitations must be acknowledged. First, DMS 
was restricted to RSV F. Generating hMPV F DMS datasets is an 
immediate priority of our ongoing work. Second, the neutralizing 
activity for the cross-reactive mAb CNR2047 is limited to hMPV 
subtype A. Although binding assays suggest activity against hMPV-
B F, we lack neutralization and challenge data for subtype B because 
of the unsuccessful isolation of subtype B strains. Third, the hypoth-
esis that the mAb cocktail raises the RSV escape barrier remains to 
be validated with a larger panel of contemporary circulating strains. 
Last, the current cohorts of repeatedly RSV- and hMPV-exposed 
health care workers and healthy volunteers remain limited in size. 
Expanding these groups is essential to more accurately quantify the 
impact of recurrent exposure on antibody evolution and potency.

In conclusion, by leveraging natural immunity in repeatedly ex-
posed individuals, we identified mAbs with high potency against 
RSV and hMPV. Their structural and functional characterization 
not only advance our mechanistic understanding but also pave the 
way for broad-spectrum immunoprophylaxis against pneumoviruses. 
This CNR2056-CNR2047 cocktail, deliverable in a single low-
dose injection, may offer a versatile, broad-spectrum immuno-
prophylactic that shields the most vulnerable from present and 
future pneumoviruses.

MATERIALS AND METHODS
Study design
This study was designed to develop broad-spectrum cross-neutralizing 
mAb candidates for passive immunization against RSV and hMPV 
in pediatric populations. A panel of RSV mAbs was generated from 
human B cells donated by pediatricians with occupational RSV 
exposure and screened for in  vitro functional activity, including 
ELISA, RSV and hMPV neutralizing assays with technical repli-
cates, and BLI. Sample collection was approved by the Institutional 
Review Board of Children’s Hospital of Chongqing Medical University 
(2021-343-1). mAbs with the highest activity or cross-neutralizing 
activity against RSV and hMPV were selected for further explora-
tion of their protective efficacy in diverse RSV subtype–infected cot-
ton rats and hMPV-infected mice. Cryo-EM structures of their Fabs 
bound to RSV/hMPV pre-F defined epitopes and neutralization 
mechanisms. Deep mutational scanning and clinical isolate testing 
assessed escape risk. Epitope uniqueness and conservation guided 
formulation of mAb cocktails whose RSV/hMPV neutralizing ac-
tivities were verified in vitro and in vivo. All animal research was 

approved by the Institutional Biomedical Research Ethics Commit-
tee of the Institute of Biophysics, Chinese Academy of Sciences. All 
animal procedures were conducted in strict accordance with estab-
lished animal guidelines. Animals were randomly assigned to differ-
ent groups with n = 5 or 10. The sample sizes were derived from 
preliminary experiments or previous studies. All samples were in-
cluded in all of the experiments. All histology scores and virus titer 
assessments were performed by an investigator blinded to the ex-
perimental conditions.

Statistical analysis
Individual-level data are presented in data file S1. Statistical analysis 
was performed using GraphPad Prism10.1.2 by the Kruskal-Wallis 
test followed by Dunn’s test for multiple comparisons except for data 
in figs. S1A and S4C, which were analyzed by the Mann-Whitney U 
test. An alpha value of 0.05 was considered significant. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001; n.s., not significant.
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Antibody cocktails based on the occupationally acquired immunity of pediatricians
neutralize and confer protection against RSV and hMPV
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Hu, Luo Ren, Yunlong Cao, Enmei Liu, and Xiangxi Wang
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Editor’s summary
Pediatricians are routinely exposed to respiratory viruses such as respiratory syncytial virus (RSV) and human
metapneumovirus (hMPV); as such, their immune systems may offer a distinctly mature source of antibodies capable
of neutralizing these viruses. Here, Zhai et al. isolated B cells from pediatricians, then characterized monoclonal
antibodies (mAbs) produced by those B cells. The authors identified several mAbs targeting sites Ø and III on the
pre–fusion protein that could potently neutralize RSV and hMPV, including CNR2047, which neutralized both. The
authors showed that monotherapy with the identified mAbs conferred protection against RSV and hMPV infection in
preclinical models. The mAbs performed even better when rationally combined into a cocktail targeting both sites Ø
and III. Together, these data support further development of these rationally designed mAb cocktails for RSV and
hMPV prevention. —Courtney Malo
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