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a b s t r a c t

Background: Respiratory syncytial virus (RSV) is a major cause of respiratory infections in children.
Palivizumab (PZ) is the only RSV-specific immunoprophylaxis approved by the U.S. Food and Drug Admin-
istration. Mutations leading to amino acid substitutions in the PZ binding site of the RSV F protein have
been associated with breakthrough RSV infections in patients receiving PZ.
Objective: To detect PZ resistance conferring mutations in RSV strains from children who received PZ.
Study design: Children aged ≤24 months on October 31 who were hospitalized or had outpatient visits
for respiratory illness and/or fever during October–May 2001–2008 in 3 US counties were included. PZ
receipt was obtained from parent interviews and medical records among children subsequently infected
with RSV. Archived nasal/throat swab specimens were tested for RSV by real-time RT-PCR. The coding
region of the PZ binding site of the RSV F protein was sequenced using both Sanger and pyrosequencing
methods.
Results: Of 8762 enrolled children, 375 (4.3%) were tested for RSV and had a history of PZ receipt, of
which 56 (14.9%) were RSV-positive and 45 of these had available archived specimens. Molecular typing
identified 42 partial F gene sequences in specimens from 39 children: 19 single RSV subgroup A, 17
subgroup B and 3 mixed infections. Nucleotide substitutions were identified in 12/42 (28.6%) RSV strains.
PZ resistance mutations were identified in 4 (10.2%) of the 39 children, of which one had documented PZ
receipt.
Conclusions: Although RSV PZ resistance mutations were infrequent, most RSV-associated illnesses in
children with a history of PZ receipt were not due to strain resistance.

Published by Elsevier B.V.

1. Background

Respiratory syncytial virus (RSV) is a leading cause of acute
respiratory infections resulting in hospital admission and death
among children <5 years worldwide [1]. The estimated global mor-
tality due to RSV infection in 2005 was 66,000–99,000 deaths in
children <5 years of age with 99% of those deaths in developing
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countries [2]. Infants born prematurely and those with chronic lung
or cardiac disease are at increased risk for severe disease from RSV
infection. Palivizumab (PZ; brand name Synagis®, MedImmune Inc.,
Gaithersburg, MD), is a humanized IgG monoclonal antibody that
neutralizes RSV by inhibiting viral fusion through interaction with
a site spanning residues 262–276 of the RSV fusion glycoprotein
(F) [3–5]. PZ is the only prophylaxis approved by the U.S. Food
and Drug Administration against RSV infection. [6,7]. Five monthly
PZ injections spanning the annual RSV epidemic period have been
shown to reduce hospitalizations among high-risk children in the
US [6]. However, the high mutation rates found with RNA viruses
allow their ready escape from immune pressure [8]. Antibody selec-
tion of PZ-resistant RSV strains in cell culture and animal systems
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have been well described, including mutant selection by the murine
parent of PZ [5,9–11]. Increasing use of PZ in high-risk children
and immunocompromised persons might provide opportunities
for PZ resistant mutants to arise with the potential for sustained
transmission to others. Previous reports have shown that muta-
tions leading to amino acid substitutions in the PZ binding site of
the RSV F protein, including S268I, K272Q, K272E, K272M, S275E,
S275L and N276S, have been associated with breakthrough infec-
tions in patients receiving PZ prophylaxis [11–14]. The extent to
which these mutations occur is not well known.

In this study, we analyzed RSV strains obtained from patients
prospectively enrolled by the New Vaccine Surveillance Network
(NVSN) through active surveillance for acute respiratory illness
and/or fever (ARI) in the US during 2001–2008 who experienced
RSV infections after reported PZ receipt in order to identify PZ resis-
tance conferring mutations in the F gene coding region of the PZ
binding site.

2. Objective

The present study aimed to detect PZ resistance conferring
mutations in RSV strains identified in children who had received
PZ.

3. Study design

NVSN enrolled children admitted to hospitals or seen as
outpatients with ARI during 2001–2008 who resided in 3 US
counties (Monroe County, New York; Davidson County, Ten-
nessee; Hamilton County, Ohio) after obtaining informed consent
and in accordance with a standardized protocol, as previously
described [15]. Mid-turbinate nasal and throat swab specimens
were obtained from enrolled children and tested for RSV by RT-PCR
and viral culture by site research laboratories. Demographic, med-
ical history, and clinical data were obtained from medical records
and parental report, and documentation of premature birth was
obtained.

This study includes the subset of children enrolled October
through May who were ≤24 months of age on October 31.
History of PZ receipt was obtained first from interviews with par-
ents/guardians (“parents”) of enrolled children who were asked
whether their child had received PZ injections for the current RSV
season. Then, for children who were RSV-positive by site testing
and whose parents reported PZ receipt, study staff retrospectively
contacted healthcare providers to confirm receipt of PZ and dates
of doses.

Archived frozen (−70 ◦C) combined nasal and throat swab
specimens from RSV-positive children with parental report of
PZ receipt were shipped to the Centers for Disease Control and

Prevention (CDC) for molecular analysis. Total nucleic acids were
extracted from each sample using the NucliSENS® easyMAG®

(bioMérieux) and the extracts tested for RSV by a real-time
RT-PCR (rRT-PCR) assay described by Fry et al. [16]. Positive
samples were subjected to RT-PCR and sequencing of the F
gene region encoding the PZ binding site using the following
primer sets (forward primers were 5′-biotinylated to facilitate
pyrosequecing): RSV A, fwd 5′-TAACTACACCTGTAAGCAC -3′ and
rev 5′-ACATGATAGAGTAACTTTGC -3′; RSV B, fwd 5′-AGCACT-
TACATGTTAACAAAC-3′ and rev 5′-TGATAGAATAACTTTGTTGCC-
3′). RT-PCR amplification was performed using the SuperScript III
One-step RT-PCR System (Invitrogen, Life Technologies) and the
amplicons (RSV A, 140 bp; RSV B, 123 bp) were purified using
exoSAP-IT (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Two sequencing procedures were applied: Sanger sequencing on
a 3130xl Genetic Analyzer (Life Technologies, Grand Island, NY,
USA) and pyrosequencing on a PyroMark Q24 instrument (Bio-
tage AB, Uppsala, Sweden) using a procedure newly developed for
this study (available on request). For Sanger sequencing, amplicons
were subjected to forward and reverse cycle sequencing using the
BigDye terminator sequencing kit v.1.1 (Applied Biosystems, Life
Technologies). Semi-quantitative pyrosequencing was performed
targeting 4 designated mutation sites known to alter PZ suscepti-
bility (codons: 268, 272, 275, 276) and analyses were performed
with PyroMark Q24 Analysis Software using the allele quantifi-
cation frequency mode. For each allele tested, a calibration curve
was generated from standards prepared with the following pro-
portions of the wild-type (WT)/mutant (M) allele 0/100%, 5/95%,
10/90%, 25/75% and 50/50%. Calibration standards were included
in each run and performed in triplicate at each dilution. The limit
of detection for each M allele was estimated by measuring the signal
obtained from 20 known negative respiratory swab samples (100%
WT) and calculating the positive response cut-off (WT46–54%/M50%
and WT≤12%/M100%). To exclude other possible viral etiologies, spec-
imens identified with RSV PZ resistance strains were also tested by
a panel of CDC in house RT-PCR assays for influenza, human metap-
neumovirus, parainfluenza virus types 1–3, adenovirus, rhinovirus,
and coronaviruses.

Based on the recommended PZ dosing schedule of 5 total
monthly doses over the RSV season [7], we defined an RSV infection
leading to a medical visit with the ARI occurring within 30 days of
the last confirmed PZ dose a “breakthrough” infection.

4. Results

Among 8762 enrolled children who met the age criteria for
this study, 399 (4.6%) had received PZ according to parental report
(Table 1; Fig. 1). Of these, 375 had by tested for RSV at the surveil-
lance sites and 56 (14.9%) were positive. Archived specimens were

Table 1
RSV detections among 375 reported palivizumab recipients enrolled by NVSN.

RSV seasons (October–May)a

2001 2002 2003 2004 2005 2006 2007 Total

No. palivizumab recipients 30 30 70 74 46 54 71 375
RSV detectionsb 4 (13.3%) 5 (16.7%) 10 (14.3%) 8 (10.8%) 10 (21.7%) 11 (20.3%) 8 (11.3%) 56 (14.9%)
RSV tested/confirmedc 3/3 2/2 5/5 7/7 10/8 10/6 8/8 45/39
RSV A 1 2 4 1 7 4 0 19
RSV A + Bd 0 0 0 0 0 0 1 1
RSV B 2 0 1 5 1 1 7 17
RSV B + Be 0 0 0 1 0 1 0 2

a Study year shown is the year the RSV season started.
b RSV detected by RT-PCR assays performed at NVSN surveillance sites.
c RSV tested and confirmed by real-time RT-PCR and RT-PCR/sequencing at CDC.
d RSV subgroup A and B codetection.
e RSV subgroup B genotype codetection.
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Fig. 1. Palivizumab (PZ) recipient testing flowchart.

available from 45 of the 56 RSV-positive children and were sent
to CDC for confirmatory testing and sequencing. Of these, 39 were
confirmed positive for RSV by rRT-PCR; the remaining 6 specimens
were negative at CDC for RSV by both rRT-PCR and RT-PCR assays.
Molecular typing identified 42 partial F gene sequences in the 39
specimens: 19 single RSV subgroup A; 17 single RSV subgroup B;
1 co-detection of single RSV A and B; and 2 co-detections of 2 dif-
ferent RSV B sequences. RSV A and B strains co-circulated during
most years and alternated in predominance over the study period
(Table 1).

Of the 42 partial RSV F gene sequences obtained, 12 (28.6%)
had nucleotide substitutions, including 3 RSV subgroup A and 9
RSV subgroup B strains; 8 (19.0%) mutations were synonymous
and 4 encoded predicted amino acid changes recognized to confer
PZ resistance (Table 2). Analysis of the sequence chromatograms
and pyrograms of the 4 PZ resistant strain revealed that 3 speci-
mens had both WT and M alleles present: RSV A, TWT7%/CM93% at

nt position 814 (K272E), TWT86%/CM14% at nt position 827 (N276S);
and RSV B, GWT31%/AM69% at nt position 824 (S275L), AWT87%/CM13%
at nt position 814 (K272Q) (Fig. 2). Specimens containing the RSV
PZ resistance strains were RT-PCR negative for other respiratory
viruses.

Of the 39 children with parental report of PZ receipt from whom
RSV F gene sequences were available, 10 had documentation in
their medical records that confirmed prior receipt of PZ for the cur-
rent RSV season. All of the 10 children with confirmed PZ receipt
and 27/29 (93%) children that lacked a medical record of PZ receipt
had an underlying medical condition or premature birth (born 6–16
weeks early by parental report). Among the 10 with confirmed PZ
receipt, 7 (63.6%) received PZ within 30 days prior to their ARI hos-
pitalization or outpatient visit, indicating that these 7 met the study
definition of breakthrough infections (Table 3). For these, PZ was
also received 30 days prior to the reported onset of illness. Of these
7 with breakthrough infections, only one (14%) possessed a known

Table 2
RSV strains with nucleotide substitutions in the F gene region encoding the palivizumab binding site among 42 sequences evaluated.

RSV subgroup Nt substitutiona Syn/NSynb Predicted AA substitution No. strains with mutation RSV seasons (Oct–May)

A G816A* Syn 1 2005
B A780G* Syn 4 2(2001), 2003, 2004
B T789C* Syn 1 2007
B A813G* Syn 2 2006, 2007
A A814G* NSyn K272E 1 2005
A C827T# NSyn N276S 1 2006
B A814C# NSyn K272Q 1 2006
B C824T# NSyn S275L 1 2001

a (*)Single sequence identified; (#) mixed wildtype and mutant sequences.
b Syn = synonomous base substitution; NSyn = nonsynonomous base substitution.
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Fig. 2. Pyrograms and chromatograms of sequences obtained from each of 4 RSV-positive samples that contained nonsynonymous nucleotide substitutions conferring
predicted PZ resistance (cutoff: mutant 100%, wild type ≤12%). Arrows point to base positions in the chromatograms that correspond to positions highlighted in the
pyrograms. Panel (A) shows a single mutation at RSV A codon K272E detectable in both pyrogram and chromatogram; panel (B) shows a mixture of mutant and wild type
alleles at RSV B codon K272Q that is only detectable in the pyrogram (wild type predominates); panel (C) shows a mixture of mutant and wild type alleles at RSV B codon
S275L detectable in both pyrogram and chromatogram (mutant predominates); panel (D) shows a mixture of mutant and wild type alleles at RSV A N276S that is only
detectable in the pyrogram (wild type predominates).

PZ resistance mutation, K272E. Of the 3 other PZ recipients infected
with resistant RSV strains, 2 did not receive PZ within the 30 day
window and one did not have dose dates noted in the medical
record.

5. Discussion

Our study identified RSV strains with nucleotide substitutions
in the coding region of the F gene PZ binding site that are predicted
to confer PZ resistance in 4 of 39 (10.3%) children with a medical

care visit for RSV and parental report of prior receipt of PZ for the
season. However, we were able to confirm breakthrough infections
in only 7 of 39 children because PZ receipt and/or dates of PZ doses
were unavailable in the medical records for most study children.
Only 1 of the 7 children had infection with an RSV strain associated
with PZ resistance, suggesting that resistance does not account for
the majority of PZ failures.

Although the PZ binding site on the RSV F protein is highly con-
served, over multiple years of surveillance, we found a frequency
of resistance conferring mutations similar to those reported by two
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other studies with similar patient populations with PZ receipt prior
to illness. One study reported a 5.4% mutation frequency among
high-risk infants with lower respiratory tract illness [11]; a sec-
ond study reported 8.7% with mutations among patients aged <3
years with respiratory tract illness [13]. Apparent breakthrough
RSV infections occurring during immunoprophylaxis could be due
to improper spacing of PZ doses, exposure to high virus concentra-
tions, frailty of the PZ recipient or occult co-infection with other
respiratory pathogens.

With the exception of N276S, none of the PZ resistant strains
identified in this study have been shown to occur naturally and
therefore most likely arose by PZ selection. The N276S mutation
was originally described in a patient with an RSV A breakthrough
infection and was shown to exhibit increased PZ resistance by
in vitro based microneutralization assay [12]. However, more
recent reports have shown RSV A N276S to be naturally occurring
and efforts to confirm PZ resistance by microneutralization assay
have failed [13,17]. It is interesting to note that S276 is the con-
sensus sequence of RSV B viruses and that 5 of the 7 breakthrough
strains we identified were RSV subgroup B, all possessing S276,
suggesting that these B strains may be inherently more resistant to
PZ whose murine parent was developed to RSV strain A2. Alterna-
tively, we cannot exclude the possibility that coincident mutations
outside of the PZ binding region may have contributed to PZ resis-
tance or that these infections simply occurred for other reasons as
noted above.

Our novel pyrosequencing method applied directly to the clin-
ical specimens proved useful for identifying low level variant
sequences that might be present in a quasispecies population
[18–20]. Pyrosequencing permitted rapid, sensitive and semiquan-
titative estimation of the relative prevalence of WT and M alleles
in these samples; 2 of the 3 samples identified by pyrosequencing
to have mixed sequences would have been missed using Sanger
sequencing alone. Pyrosequencing revealed that in most mixed
infections, the wild-type N allele predominated, with the excep-
tion of S275L, which was present in only a small fraction of the
total sample sequences, making it difficult in this case to attribute
the patient’s illness to a breakthrough infection.

Our study is limited in estimating the true rate of breakthrough
infections because parental recall of PZ receipt may be inaccurate
and it is challenging to obtain PZ records retrospectively. This was
compounded by our failure to locate some archived specimens and
confirm some specimens originally reported to be RSV-positive. A
study of RSV-negative infants detailed similar challenges in deter-
mining retrospectively which children strictly met the criteria for
PZ receipt and were recommended to receive it, and obtaining
documentation of receipt [21]. We note, however, that 95% of
the 39 children studied had an underlying medical condition or
premature birth and therefore might have been recommended to
receive PZ.

In conclusion, we identified RSV PZ resistance mutations in 4
children who received PZ. However, only 1 child was confirmed to
have a breakthrough infection with a PZ resistant strain. Although
RSV PZ resistance mutations were uncommon, continued efforts to
identify and monitor PZ resistance mutations is important to assess
their role in breakthrough infections and the potential for sustained
circulation in the population where they may pose a threat to high
risk groups receiving PZ immunoprophylaxis.
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[1] C.B. Hall, E.A. Simőes, L.J. Anderson, Clinical and epidemiologic features of
respiratory syncytial virus, Curr. Top. Microbiol. Immunol. 372 (2013) 39–57.

[2] H. Nair, D.J. Nokes, B.D. Gessner, M. Dherani, S.A. Madhi, R.J. Singleton, et al.,
Global burden of acute lower respiratory infections due to respiratory
syncytial virus in young children: a systematic review and meta-analysis,
Lancet 375 (2010) 1545–1555.

[3] J.A. Beeler, K. van Wyke Coelingh, Neutralization epitopes of the F
glycoprotein of respiratory syncytial virus: effect of mutation upon fusion
function, J. Virol. 63 (1989) 2941–2950.

[4] S. Johnson, C. Oliver, G.A. Prince, V.G. Hemming, D.S. Pfarr, S.C. Wang, M.
Dormitzer, J. O’Grady, S. Koenig, J.K. Tamura, R. Woods, G. Bansal, D.
Couchenour, E. Tsao, W.C. Hall, J.F. Young, Development of a humanized
monoclonal antibody (MEDI-493) with potent in vitro and in vivo activity
against respiratory syncytial virus, J. Infect. Dis. 176 (1997) 1215–1224.

[5] J.E. Crowe, C.Y. Firestone, R. Crim, J.A. Beeler, K.L. Coelingh, C.F. Barbas, D.R.
Burton, R.M. Chanock, B.R. Murphy, Monoclonal antibody-resistant mutants
selected with a respiratory syncytial virus-neutralizing human antibody fab

fragment (Fab 19) define a unique epitope on the fusion (F) glycoprotein,
Virology 252 (1998) 373–375.

[6] Anon, Palivizumab, a humanized respiratory syncytial virus monoclonal
antibody, reduces hospitalization from respiratory syncytial virus infection in
high-risk infants, Pediatrics 102 (1998) 531–537.

[7] K.A. Shadman, E.R. Wald, A review of palivizumab and emerging therapies for
respiratory syncytial virus, Expert Opin. Biol. Ther. 11 (2011) 1455–1467.

[8] E. Domingo, J. Holland, Mutation rates and rapid evolution of RNA viruses, in:
S. Morse (Ed.), The Evolutionary Biology of Viruses, Raven Press, New York,
1994, pp. 161–184.

[9] X. Zhao, F.P. Chen, W.M. Sullender, Respiratory syncytial virus escape mutant
derived in vitro resists palivizumab prophylaxis in cotton rats, Virology 318
(2004) 608–612.

[10] X. Zhao, W.M. Sullender, In vivo selection of respiratory syncytial viruses
resistant to palivizumab, J. Virol. 79 (2005) 3962–3968.

[11] Q. Zhu, J.M. McAuliffe, N.K. Patel, F.J. Palmer-Hill, C.F. Yang, B. Liang, et al.,
Analysis of respiratory syncytial virus preclinical and clinical variants
resistant to neutralization by monoclonal antibodies palivizumab and/or
motavizumab, J. Infect. Dis. 203 (2011) 674–682.

[12] O. Adams, L. Bonzel, A. Kovacevic, E. Mayatepek, T. Hoehn, M. Vogel,
Palivizumab-resistant human respiratory syncytial virus infection in infancy,
Clin. Infect. Dis. 51 (2010) 185–188.

[13] J. Papenburg, J. Carbonneau, M.È. Hamelin, S. Isabel, X. Bouhy, N. Ohoumanne,
P. Déry, B.A. Paes, J. Corbeil, M.G. Bergeron, G. De Serres, G. Boivin, Molecular
evolution of respiratory syncytial virus fusion gene, Canada, 2006–2010,
Emerg. Infect. Dis. 18 (2012) 120–124.

[14] G. Boivin, G. Caouette, L. Frenette, J. Carbonneau, M. Ouakki, G. De Serres,
Human respiratory syncytial virus and other viral infections in infants
receiving palivizumab, J. Clin. Virol. 42 (2008) 52–57.

[15] C.B. Hall, G.A. Weinberg, M.K. Iwane, A.K. Blumkin, K.M. Edwards, M.A. Staat,
P. Auinger, M.R. Griffin, K.A. Poehling, D. Erdman, C.G. Grijalva, Y. Zhu, P.
Szilagyi, The burden of respiratory syncytial virus infection in young children,
New Engl. J. Med. 360 (2009) 588–598.

[16] A.M. Fry, M. Chittaganpitch, H.C. Baggett, T.C. Peret, R.K. Dare, P. Sawatwong,
S. Thamthitiwat, P. Areerat, W. Sanasuttipun, J. Fischer, S.A. Maloney, D.D.
Erdman, S.J. Olsen, The burden of hospitalized lower respiratory tract infection
due to respiratory syncytial virus in rural Thailand, PLoS ONE 5 (2010)
e15098.

[17] Q. Xia, L. Zhou, C. Peng, R. Hao, K. Ni, N. Zang, L. Ren, Y. Deng, X. Xie, L. He, D.
Tian, L. Wang, A. Huang, Y. Zhao, X. Zhao, Z. Fu, W. Tu, E. Liu, Detection of
respiratory syncytial virus fusion protein variants between 2009 and 2012 in
China, Arch. Virol. 159 (2014) 1089–1098.

[18] F. Benzi, I. Vanni, G. Cassina, E. Ugolotti, E. Di Marco, C. Cirillo, E. Cristina, G.
Morreale, G. Melioli, M. Malnati, R. Biassoni, Detection of ganciclovir
resistance mutations by pyrosequencing in HCMV-infected pediatric patients,
J. Clin. Virol. 54 (2012) 48–55.

[19] M. Ronaghi, S. Karamohamed, B. Pettersson, M. Uhlén, P. Nyrén, Real-time
DNA sequencing using detection of pyrophosphate release, Anal. Biochem.
242 (1996) 84–89.

[20] S. Duwe, B.J. Schweiger, A new and rapid genotypic assay for the detection of
neuraminidase inhibitor resistant influenza A viruses of subtype H1N1, H3N2,
and H5N1, Virol. Methods 153 (2008) 134–141.

[21] K.N. Carroll, M.R. Griffin, K.M. Edwards, A. Ali, Y. Zhu, M.K. Iwane, P.G. Szilagyi,
M.A. Staat, T.P. Stevens, C.B. Hall, J.V. Williams, T.V. Hartert, Adherence to
guidelines for respiratory syncytial virus immunoprophylaxis among infants
with prematurity or chronic lung disease disease in three United States
counties, Pediatr. Infect. Dis. J. 31 (2012) e229–e231.


