
Current Topics in Microbiology and Immunology

Challenges 
and Opportunities 
for Respiratory 
Syncytial Virus 
Vaccines

Larry J. Anderson
Barney S. Graham Editors



Current Topics in Microbiology
and Immunology

Volume 372

Series editors

Klaus Aktories
Medizinische Fakultät, Institut für Experimentelle und Klinische Pharmakologie und Toxikologie, Abt. I Albert-Lud-
wigs-Universität Freiburg, Albertstr. 25, 79104 Freiburg, Germany

Richard W. Compans
Department of Microbiology and Immunology, Emory University, 1518 Clifton Road, CNR 5005, Atlanta, GA 30322,
USA

Max D. Cooper
Department of Pathology and Laboratory Medicine, Georgia Research Alliance, Emory University, 1462 Clifton
Road, Atlanta, GA 30322, USA

Jorge E. Galan
Boyer Ctr. for Molecular Medicine, School of Medicine, Yale University, 295 Congress Avenue, room 343, New
Haven, CT 06536-0812, USA

Yuri Y. Gleba
ICON Genetics AG, Biozentrum Halle, Weinbergweg 22, 06120 Halle, Germany

Tasuku Honjo
Faculty of Medicine, Department of Medical Chemistry, Kyoto University, Sakyo-ku, Yoshida, Kyoto 606-8501, Japan

Yoshihiro Kawaoka
School of Veterinary Medicine, University of Wisconsin-Madison, 2015 Linden Drive, Madison, WI 53706, USA

Bernard Malissen
Centre d’Immunologie de Marseille-Luminy, Parc Scientifique de Luminy, Case 906, 13288 Marseille Cedex 9, France

Fritz Melchers
Max Planck Institute for Infection Biology, Charitéplatz 1, 10117 Berlin, Germany

Michael B. A. Oldstone
Department of Immunology and Microbial Science, The Scripps Research Institute, 10550 North Torrey Pines Road,
La Jolla, CA 92037, USA

Rino Rappuoli
Novartis Vaccines, Via Fiorentina 1, Siena 53100, Italy

Peter K. Vogt
Department of Molecular and Experimental Medicine, The Scripps Research Institute, 10550 North Torrey Pines
Road, BCC-239, La Jolla, CA 92037, USA

Honorary Editor: Hilary Koprowski (deceased)
Biotechnology Foundation, Inc., Ardmore, PA, USA

For further volumes:
http://www.springer.com/series/82

http://www.springer.com/series/82


Larry J. Anderson • Barney S. Graham
Editors

Challenges and
Opportunities for
Respiratory Syncytial
Virus Vaccines

Responsible series editor: Richard W. Compans

123



Editors
Larry J. Anderson
Department of Pediatrics and Children’s

Healthcare of Atlanta
Emory University
Atlanta, GA
USA

Barney S. Graham
Vaccine Research Center
National Institute of Allergy and Infectious

Diseases
National Institutes of Health
Bethesda, MD
USA

ISSN 0070-217X ISSN 2196-9965 (electronic)
ISBN 978-3-642-38918-4 ISBN 978-3-642-38919-1 (eBook)
DOI 10.1007/978-3-642-38919-1
Springer Heidelberg New York Dordrecht London

Library of Congress Control Number: 2013955565

� Springer-Verlag Berlin Heidelberg 2013
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must
always be obtained from Springer. Permissions for use may be obtained through RightsLink at the
Copyright Clearance Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

Respiratory syncytial virus (RSV) was first isolated from chimpanzees in 1955, and
shortly thereafter from young children, and recognized as an important cause of
serious lower respiratory tract disease in infants and young children, i.e., pneu-
monia and bronchiolitis. Shortly after its discovery efforts to develop a vaccine
began. It is now over 50 years since its discovery and no safe and effective vaccine
is yet available. The fact that the peak of disease occurs in young infants despite the
presence of maternally acquired antibody and that humans have multiple disease-
associated infections througout life, foretell the challenge in inducing protective
immunity with a vaccine. The first RSV vaccine, formalin-inactivated tissue culture
grown virus (FI-RSV) formulated with alum, was ineffective, associated with
enhanced respiratory disease, and raised concerns that other vaccines might also
predispose to FI-RSV vaccine enhanced respiratory disease. Older children did not
experience FI-RSV vaccine enhanced respiratory disease suggesting that prior
infection establishes a safe immune response pattern. Therefore, development of
RSV vaccines for the RSV naïve infant has focused on live-attenuated RSV or other
live viruses expressing RSV genes, while other types of vaccines are being
developed for older children and adults. Subsequent to the FI-RSV vaccine trial, a
number of live-attenuated RSV strains, live virus and other gene expression sys-
tems, and protein subunit vaccines in different platforms have been developed and
tested in animals and a few have also being studied in humans. No vaccine has yet
shown sufficient promise to move toward licensure. However, the prospects for
many candidate vaccines, as well as different vaccine platforms, will remain
unknown until clinical trials in the selected target population for the vaccine are
performed. Though the lack of success to date highlights the biological difficulties
in developing an RSV vaccine, the efficacy of immune prophylaxis suggests a safe
and effective vaccine is achievable. The availability of ever more powerful tools to
study the immune response and pathogenesis of disease and ability to construct a
wide variety of vaccines using different vaccine platforms suggest that an RSV
vaccine should be within reach. Caren Hall who made so many contributions to our
understanding of RSV wisely noted in a poem one of the ongoing challenges to
achieving an RSV vaccine (Anderson and Heilman 1995).
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Immunity and RSV
What is this thing we call immunity?
Does it exist for ills from RSV?
Perhaps for mice within their splenic soul,
But in the babe, the old, what is its role?
Is there a pattern of response we can discern?
Or is it like night skies that change with each earth’s turn,
With season, angle viewed, and light years passed?
Has each from different, fluid molds been cast?
Thus, is it only solitary stars we see.
And not a constellation called immunity?

Caroline Breese Hall

We feel this book brings together in one place what we know about RSV and helps
to organize the constellation of facts about the virus and host factors that can guide
successful development of an RSV vaccine. We feel that a better understanding of
the of clinical and epidemiologic features of infection, functional and structural
features of the virus, pathogenesis of the associated disease, and the immune
response it induces provide the underpinnings for success.

Finally, we mourn the passing of Caren Hall. She has been the queen of RSV
and authored most of the seminal studies on the clinical and epidemiologic
features of infection and transmission of the virus. Equally important, she has been

Caroline Breese Hall (center) teaching and mentoring
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a wonderful friend to so many in the field and an example to all of an outstanding
scientist with a kind and nurturing spirit. In recognition of what she accomplished
and the person she was, we dedicate this book to her. We refer the reader to the
obituaries published in the Journal of Pediatric Infectious Disease Society in May
2013 Plotkin et al. (2013); Caserta and Long (2013); Englund et al. (2013). These
three tributes provide a glimpse into why we felt so honored to have known and
worked with her.

Larry J. Anderson
Barney S. Graham
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Respiratory Syncytial Virus: Virology,
Reverse Genetics, and Pathogenesis
of Disease

Peter L. Collins, Rachel Fearns and Barney S. Graham

Abstract Human respiratory syncytial virus (RSV) is an enveloped, nonseg-
mented negative-strand RNA virus of family Paramyxoviridae. RSV is the most
complex member of the family in terms of the number of genes and proteins. It is
also relatively divergent and distinct from the prototype members of the family. In
the past 30 years, we have seen a tremendous increase in our understanding of the
molecular biology of RSV based on a succession of advances involving molecular
cloning, reverse genetics, and detailed studies of protein function and structure.
Much remains to be learned. RSV disease is complex and variable, and the host
and viral factors that determine tropism and disease are poorly understood. RSV is
notable for a historic vaccine failure in the 1960s involving a formalin-inactivated
vaccine that primed for enhanced disease in RSV naïve recipients. Live vaccine
candidates have been shown to be free of this complication. However, develop-
ment of subunit or other protein-based vaccines for pediatric use is hampered by
the possibility of enhanced disease and the difficulty of reliably demonstrating its
absence in preclinical studies.

P. L. Collins (&)
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1 Introduction

Respiratory syncytial virus (RSV) was first isolated in 1955, but its biochemical
and molecular characterization remained rudimentary for many years due to its
relatively inefficient growth in cell culture, pleomorphic and cell-associated nature,
and physical instability. Detailed characterization began in 1981 with the molec-
ular cloning and sequencing of RSV RNA. The resulting molecular tools have
greatly increased our understanding of RSV and revolutionized research towards
treatment and prevention. For example, candidate live-attenuated RSV vaccine
viruses designed by reverse genetics are presently in clinical studies (see chapters
by H.Y. Chu and J.A. Englund, and by R.A. Karron et al., this volume). Vectored
vaccines and recombinantly expressed viral antigen vaccines also are under
development (see chapters by T.G. Morrison and E.E. Walsh, and by R.J. Loomis
and P.R. Johnson, this volume). The murine monoclonal antibody that was the
basis for palivizumab, used clinically for passive immunoprophylaxis in high-risk
infants and children, was produced using recombinantly expressed antigen.

2 Classification

RSV is the type species of Genus Pneumovirus, Subfamily Pneumovirinae, Family
Paramyxoviridae, Order Mononegavirales. Human RSV exists as two antigenic
subgroups, A and B, that exhibit genome-wide sequence divergence (Table 1). The
other members of this genus are bovine RSV (BRSV), ovine RSV(ORSV), and
pneumonia virus of mice (PVM) (see Table 1 for amino acid sequence
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relationships). More pneumoviruses remain to be identified: recent wide-ranging
fieldwork provided sequence evidence of RSV-like viruses in African bats
(Drexler et al. 2012). Subfamily Pneumovirinae contains a second genus, Meta-
pneumovirus, which consists of human and avian metapneumoviruses (HMPV and
AMPV). The other subfamily of Family Paramyxoviridae, Paramyxovirinae,
includes animal and human parainfluenza viruses (PIVs), mumps, measles, Nipah
and Hendra viruses, and numerous other viruses whose number continues to
expand (Drexler et al. 2012). Some of the notable features of RSV are summarized
in Table 2.

Table 1 Amino acid sequence identity between the proteins of RSV subgroup A (RSV-A) and
the indicated members of subfamily Pneumovirinaea

Viruses compared Amino acid sequence identity for the indicated protein (%)

NS1 NS2 N P M SH G F M2-1 M2-2 L

RSV-A versus RSV-B 87 92 96 91 91 76 53 89 92 72 93
BRSV 69 84 93 81 89 38 30 81 80 42 84
PVM 16 20 60 33 42 23 12 43 43 10 53
HMPV-A –b –b 42 35 38 23 15 33 36 17 45
AMPV-A –b –b 41 32 38 19 16 35 37 12 43

a Viruses are listed in order of decreasing relatedness to HRSV-A. RSV-B is RSV subgroup B;
HMPV-A and AMPV-A are subgroup A of human and avaian human metapneumovirus. Viruses
in Paramyxovirinae are not shown for comparison because the percent identity is \20 % at the
level of the entire protein
b This virus does not have this gene

Table 2 Notable features of RSV

Replication and budding in vitro are inefficient, infectivity is unstable, particles grown in vitro are
mostly large filaments

RSV encodes additional proteins that are either unique to the genus (NS1 and NS2) or found only
in a subset of viruses in Paramyxoviridae (SH, M2-1, and M2-2)

Two genes, NS1 and NS2, are dedicated to expressing proteins that interfere with the host type I
interferon system, among other functions

Overlapping ORFs in the M2 mRNA encode factors that confer transcription processivity (M2-1)
or shift viral RNA synthesis from transcription to RNA replication (M2-2)

The M2 and L genes overlap and L mRNA is expressed by a backtracking mechanism
The small hydrophobic (SH) protein forms a pentameric ion channel, but its function is unclear
The F protein precursor is activated by cleavage at two furin recognition sites
The F protein activates TLR-4 signaling pathways, but this is inhibited by the G protein
Viral attachment appears to involve both the F and G proteins, but F fuses independently of G
The G protein is heavily glycosylated, nonglobular, and highly variable
The G protein bears a CX3C fractalkine-like motif that may modify the cellular immune response
The G protein is expressed in membrane-bound and secreted forms; the latter interferes with

antibody-mediated neutralization, and interacts directly with antigen presenting cells to
modify their function

Respiratory Syncytial Virus 5



3 Virion

The RSV virion consists of a nucleocapsid packaged in a lipid envelope derived
from the host cell plasma membrane (Figs. 1, 2). Virions produced in cell culture
consist of spherical particles of 100–350 nm in diameter and long filaments that
usually predominate and are 60–200 nm in diameter and up to 10 lm in length
(Jeffree et al. 2003) (Fig. 1). In vitro, 95 % of progeny virus remains associated
with the cell surface as particles that seemingly have failed to fully bud. In pre-
paring virus stocks, infected cells typically are subjected to freeze-thawing, son-
ication, or vortexing to release attached virus, although this reduces infectivity and
increases cellular contamination. RSV readily loses infectivity during handling
and freeze-thawing due to particle instability and aggregation, although this can be
partly overcome by excipients such as sucrose (Ausar et al. 2007). There is indirect
evidence that the surface glycoproteins, especially F, are factors in the instability
(Sastre et al. 2007; Rawling et al. 2011). The long filamentous shape of the particle
likely also confers fragility.

Fig. 1 Photomicrographs (a and b) and electron micrographs (c–e) of RSV-infected cells and
associated viral structures. a is a photomicrograph of a syncytium in an RSV-infected cell
monolayer (several nuclei are indicated with arrows; courtesy of Dr. Alexander Bukreyev). b is a
fluorescence photomicrograph of a syncytium in an RSV-infected cell monolayer (not the same
one as in a) stained with an antibody specific to the F protein, showing filamentous viral
projections (courtesy of Dr. Ursula J. Buchholz). c is an electron micrograph of negatively stained
budding RSV virions: V indicates a budding virion and F indicates filamentous cytoplasmic
structures that likely are nucleocapsids (courtesy of Dr. Robert M. Chanock) (Kalica et al. 1973).
d and e are field emission scanning electron micrographs of the surface of uninfected (d) and
RSV-infected (e) cells, illustrating viral filamentous structures (VF in e) that are thought to form
at sites of virus budding and may yield filamentous particles; also shown are microvilli (mv in d)
that are found in uninfected cells (courtesy of Dr. Richard Sugrue) (Jeffree et al. 2003)

6 P. L. Collins et al.



The RSV envelope contains three viral transmembrane surface glycoproteins:
the large glycoprotein G, the fusion protein F, and the small hydrophobic SH
protein (Fig. 2). The nonglycosylated matrix M protein is present on the inner face
of the envelope. The viral glycoproteins form separate homo-oligomers that appear
as short (11–16 nm) surface spikes. RSV lacks neuraminidase or hemagglutinin
activity and the F is known to be heavily sialylated, presumably because of the
lack of a neuraminidase. There are four nucleocapsid/polymerase proteins: the
nucleoprotein N, the phosphoprotein P, the transcription processivity factor M2-1,
and the large polymerase subunit L (Fig. 2).

4 RNAs

The RSV genome (Fig. 3) is a single-stranded nonsegmented negative-sense RNA
of 15,191–15,226 nt for six sequenced strains (subgroup A strain A2, 15,222 nt,
GenBank accession number M74568, is the reference strain). RNA replication
involves a complementary copy of the genome called the antigenome (Fig. 4). The
genome and antigenome lack 50 caps or 30 polyA tails. The first 24–26 nt at the 30

ends of the genome and antigenome have 88 % sequence identity (Fig. 3b), rep-
resenting conserved promoter elements that will be described later. The genome
and antigenome are bound separately for their entire length by the N protein to
form stable nucleocapsids. These are the templates for RNA synthesis and remain
intact throughout the replicative cycle and in the virion. In addition, encapsidation

plasma
membrane

budding 
virion

lipid envelope

ribonucleocapsid
150 nm

nonstructural 

NS1
NS2 transcription 

RNA replication 

M2-2

regulatory

inner envelope face

assemblyM

M2-1 transcription 
processivity 

factor

RNA-binding

phosphoprotein

polymerase

N

P

L

Neutralization
and protective
antigens

SH

G attachment

fusion, attachment

viroporin; ion channel

F

inhibit type I IFN     
induction and
signaling,
inhibit apoptosis

encapsidation

RNA replication

transcription

Fig. 2 RSV proteins and their functions and location in the virion, shown in reference strained
electron micrographs of negatively stained budding (a) and free (b) virions (courtesy of Dr.
Robert M. Chanock)
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protects the RNA from degradation and shields it from recognition by host cell
pattern recognition receptors that initiate innate immune responses.

The genome has 10 genes in the order 30 NS1-NS2-N-P-M-SH-G-F-M2-L
(Fig. 3). Each gene encodes a corresponding mRNA (Fig. 4) (Collins et al. 1986).
The mRNAs have methylated 50 caps and 30 polyA tails. Each mRNA encodes a
single major protein except for M2, which has two separate ORFs that overlap
slightly and encode the M2-1 and M2-2 proteins. The downstream M2-2 ORF is

3 M2N P  M  SHNS1 NS2 F  G

532 503 1203 914 410 1903923 961 6578  nt958

44
4499 52 155 nt19 26 1 46 (68)

le tr

L

1 2

139 391 241 256 574 194/90 2165  aa124 64 298

15,222 nt  total

(a)

(b)

Fig. 3 Diagram of the 30 to 50 negative-sense RSV genome (approximately to scale, strain A2),
and sequences of the leader region, gene junctions, overlap, and trailer region. a Genome
diagram: each box represents a gene encoding a separate mRNA. The first row of numbers over
the diagram indicates the nucleotide lengths of the genes, and the second, upper row of numbers
(italicized) indicates the amino acid lengths of the primary, unmodified proteins. The overlapping
ORFs of the M2 mRNA are illustrated over the M2 gene. The numbers under the diagram
indicate the lengths of the leader, intergenic, and trailer regions (underlined) and the gene overlap
(parentheses). b Sequences of the leader region, gene junctions, overlap, and trailer region (30 to
50, negative-sense). This shows the leader region, followed by the NS1, NS2, N, P, M, SH, G, and
F genes and their intergenic regions, followed by the overlapping M2 and L genes and the trailer
region. The main body of each gene is deleted and is represented by a box with the gene name.
Nucleotide assignments that are conserved between the 30 ends of the genome and the antigenome
(represented here as the reverse complement in the trailer region) are in bold capitals. The gene-
start and gene-end signals of the gene are underlined, and conserved asignments are in capitals
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accessed by ribosomes that exit the M2-1 ORF and reinitiate, a process that is
influenced by upstream structure in the M2 mRNA (Gould and Easton 2007).

The 30 end of the genome consists of a 44-nt extragenic leader region that
precedes the NS1 gene. The 50 end of the genome consists of a 155-nt extragenic
trailer region that follows the L gene (Fig. 3). Each gene begins with a highly
conserved 9-nt gene-start (GS) signal and terminates with a moderately conserved
12–14-nt gene-end (GE) signal that ends with 4–7 U residues (genome-sense) that
encode the polyA tail by polymerase stuttering (Fig. 3b). The first nine genes are
separated by intergenic regions that vary in length from 1 to 58 nt for the strains
sequenced to date. These lack any conserved motifs, are poorly conserved between
strains, and appear to be unimportant spacers, except that at some gene junctions
the first nucleotide of the intergenic region is important for mRNA termination
(Bukreyev et al. 2000; Harmon and Wertz 2002). A tolerance for intergenic var-
iability is illustrated by the finding that incrementally increasing the length of an
intergenic region in recombinant RSV up to 160 nt had little effect on gene
expression or viral replication in vitro; however, this was moderately attenuating
in mice, indicating that excessive length is restrictive (Bukreyev et al. 2000). The
last two genes, M2 and L, overlap by 68 nt: specifically, the L GS signal is located
68 nt upstream of the end of the M2 gene (Collins et al. 1987) (Fig. 3b). The same
overlap occurs in BRSV, and gene overlaps occur for some genes in some
members of Rhabdoviridae and Filoviridae.

leader trailerNS2NS1 P F LM SH GN

3

M2

Genome (negative-sense, ~15.2 kb)

3

Antigenome (positive-sense)

RNA
replication

mRNAs (positive sense)

Gene
transcription

Fig. 4 Overview of RSV transcription and RNA replication. The polymerase enters the
negative-sense genome at its 30 end executes transcription to yield positive-sense subgenomic
mRNAs (in a polar gradient) or executes the first step in RNA replication to yield full-length
positive-sense antigenome. The polymerase enters the antigenome at its 30 end and executes the
second step of RNA replication to yield full-length progeny genomes. Note that the L gene yields
two polyadenylated mRNAs: a very short species due to termination in the gene overlap, and full-
length L mRNA
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5 Proteins

RSV encodes 11 separate proteins, and thus is more complex than most members
of Paramyxovirinae, which typically have 6–7 mRNAs encoding 7–9 separate
proteins (Fig. 5). The N, P, M, F, and L proteins of RSV have clear orthologs
throughout Paramyxoviridae, and their relative genome order is conserved
(Fig. 5). Amino acid sequence relatedness between RSV and Paramyxovirinae is
low and is evident primarily for the F and L proteins and segments in the C-
terminal region of N. The NS1, NS2, M2-1, and M2-2 proteins of RSV have no
counterparts in Paramyxovirinae, and an SH protein (which is found in all
members of Pneumovirinae) is present only in a few members of
Paramyxovirinae.

The RSV F and G glycoproteins are the only viral neutralization antigens and
are the major protective antigens. These proteins are reviewed elsewhere (see
chapter by J.S. McLellan et al., this volume) and will only be briefly described
here. The 574-amino acid F protein directs viral penetration and syncytium for-
mation, like a typical F protein of Paramyxoviridae. The RSV F protein has
general structural similarity to the F proteins of Paramyxovirinae, and similarly is
synthesized as an inactive F0 precursor that is activated by cellular endoprotease to
yield two disulfide-linked subunits, NH2-F2–F1-COOH. However, RSV F has
two, rather than one, cleavage sites (Gonzalez-Reyes et al. 2001): one site
(KKRKRR;F-137) corresponds to that found in other paramyxoviruses, and the

Pneumo-
virinae

Subfamily

Paramyxo-
virinae

Pneumovirus

Metapneumo-
virus

Respirovirus

RSV

HPIV1, 3

Rubulavirus HPIV2

HMPV

N P/C M

N MV/P

N MP L

3 5

NS2NS1 N MP SH M2 L

M2 GSH

L

L

N P/C/V M

F

F HN

HN

G F

F

F H LMorbillivirus MeV

Genus
* * * * *(M2-2) 

Fig. 5 Comparison of the genes and gene order of RSV with those of selected members of
Paramyxoviridae: HMPV, human parainfluenza virus (HPIV) serotypes 1, 2, and 3, and measles
virus (MeV). The genes are shown in their 30 to 50 order in genomic RNA, which is the direction
of transcription. Genes are not to scale, and orthologous genes are aligned vertically as much as
possible (the only genes that could not be appropriately aligned are SH and G of RSV and SH of
HMPV), with gaps introduced to maximize the alignments. Genes encoding major protective
antigens are in dark shading. Asterisks indicate proteins that can be deleted from RSV without
loss of replication, although this may be reduced. Proteins that have no direct ortholog in RSV
include: C small accessory protein, V cysteine-rich accessory protein, HN hemagglutinin-
neuraminidase glycoprotein, H hemagglutinin glycoprotein. The Henipavirus and Avulavirus
genera and a number of unclassified viruses within Paramyxovirinae are not represented
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second site (RARR;E-110) is located 27 amino acids upstream. RSV F0 is readily
cleaved intracellularly by furin-like protease and is not a limiting factor for viral
infectivity and tropism. The RSV F protein also binds to TLR-4, initiating signal
transduction and innate immune responses (Haynes et al. 2001).

The 298-amino acid RSV large glycoprotein G, involved in attachment, appears
to be unrelated to the Paramyxovirinae HN, H, or G attachment proteins. RSV G
has a membrane anchor near its N-terminus, with the C-terminal two-thirds of the
molecule being external. G also is produced as a secreted form—estimated to
account for 80 % of released G protein (Hendricks et al. 1988)—that lacks the
membrane anchor due to translational initiation at the second AUG in the ORF
followed by proteolytic trimming. The ectodomain of G consists of two large
divergent domains flanking a short central conserved segment. The divergent
domains have a high frequency of amino acid differences among RSV strains; in
addition, variants of G have been noted in nature containing partial intra-gene
duplications (Eshaghi et al. 2012), small frame shifts, and C-terminal extensions.
The central conserved region has a cysteine noose stabilized by two disulfide
bonds, and this includes a CX3C motif. Surprisingly, this conserved region can be
deleted with little effect on replication in vitro or in mice (Teng and Collins 2002).
The large divergent domains have a high content of serine, threonine, and proline
residues, as well as a high content of N-linked and, especially, O-linked sugars,
and these large domains are thought to have extended, unfolded structures. These
features also are characteristic of mucins, suggesting possible mucin mimickry by
G, although the significance of this is unknown. The sugar side chains increase the
estimated Mr of G from 32,000 for the polypeptide backbone to 80,000–90,000,
and possibly 180,000 (Kwilas et al. 2009). The amino acid divergence and the
presence of a sheath of host-specified sugars are thought to reduce immune rec-
ognition. Surprisingly, given its involvement in attachment, RSV lacking the G
gene replicates in some cell lines as efficiently as wt RSV. A live-attenuated RSV
vaccine candidate lacking most of the SH and G genes due to spontaneous dele-
tions during passage in vitro appeared to be competent for replication in children,
although it was highly restricted (Karron et al. 1997a). RSV isolates have been
found, from infants exposed to or infected with human immunodeficiency virus,
with deletions spanning most of the G ectodomain, indicating that loss of most of
G can occur in nature in some situations (Venter et al. 2011). Thus, G is a
malleable, variable protein that is absolutely not essential for replication.

In addition to its role in attachment, G helps RSV evade host immunity. The
region of G containing the CX3C motif noted above has been reported to mimic
the CX3C chemokine fractalkine, with the effect of reducing the influx of immune
cells into the lungs of RSV-infected mice (Tripp et al. 2001). The secreted form of
G has been shown to interfere with antibody-mediated neutralization, acting as an
antigen decoy as well as impeding cell-mediated neutralization of RSV by Fc
receptor-bearing immune cells (Bukreyev et al. 2008). G has been speculated to
mimic the receptor for tumor necrosis factor alpha (TNF-a), with the possible
effect of inhibiting the antiviral effects of that cytokine (Langedijk et al. 1998). G
can interact with DC-SIGN on human dendritic cells (DCs) and alter signaling
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pathways associated with antigen presentation (Johnson et al. 2012). Also, the
central conserved domain of the G protein has been shown to inhibit the activation
of several TLRs including TLR-4, thus countering the effect of the F protein
(Polack et al. 2005).

The 64-amino acid SH protein is a transmembrane protein that is anchored near
the N-terminus, with the C-terminus oriented extracellularly. Most of the SH
protein is unglycosylated (Mr * 7,500), but SH also accumulates in a variety of
forms from Mr 4,500 to up to 60,000 or more due to differences including N-linked
sugar, polylactosaminoglycan, and translational initiation at the second methionine
codon. This array of isoforms is conserved but their significance is unknown. SH
forms pentameric pore-like structures that confer cation-selective channel-like
activity (Carter et al. 2010; Gan et al. 2012), although the significance of this for
RSV is not clear. Thus, the SH protein appears to be a viroporin, a class of small
viral proteins that can modify membrane permeability and can affect budding and
apoptosis. SH was reported to reduce apoptosis, but the effect was small (Fuentes
et al. 2007). SH also appeared to inhibit signaling from TNF-a, an antiviral
cytokine (Fuentes et al. 2007). Recombinant RSV lacking SH can replicate
somewhat more efficiently in vitro than its wt parent—presumably due to its
smaller genome size and smaller number of genes—and was slightly attenuated in
mice and chimpanzees (Whitehead et al. 1999).

The 256-amino acid M protein plays key roles in virion morphogenesis. Early
in infection, M is detected in the nucleus and may be responsible for the modest
inhibition of host transcription during RSV infection, whereas later M is found
associated with cytoplasmic viral inclusion bodies—thought to be the site of viral
RNA synthesis—and the plasma membrane—the site of virion formation
(Ghildyal et al. 2006). M appears to silence viral RNA synthesis by nucleocapsids,
presumably in preparation for their packaging into virions (Ghildyal et al. 2006),
and appears to be required for the transport of nucleocapsids from viral inclusion
bodies to the plasma membrane (Mitra et al. 2012). M is not required to initiate the
formation of viral filaments (thought to be the precursor to infectious virus), but in
the absence of M the filaments remain stunted and immature (Mitra et al. 2012).
Crystallography revealed an M protein monomer that is organized into compact N-
terminal and C-terminal domains joined by a short linker (Money et al. 2009). The
monomer surface contains a large positively charged area that extends across the
two domains and may mediate association with nucleocapsids and the negatively
charged plasma membrane (Money et al. 2009).

The 391-amino acid N protein binds tightly to the genome and antigenome to
form helical nucleocapsids, creating the templates for RNA synthesis. N protein
expressed in bacteria bound to host RNA to form decamer rings that resembled one
turn of the helical nucleocapsid (Tawar et al. 2009). Determination of the atomic
structure of the N-RNA rings indicated that each N monomer consists of N-
terminal and C-terminal domains separated by a hinge. Each N monomer was
associated with seven nt of RNA, with the RNA groove at the hinge. Adjacent
monomers were oriented in the same direction and loosely connected, providing
flexibility that would allow polymerase access without disassembling the helix.
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Of the seven nt associated with each N monomer, nt 2–4 are oriented into the
groove while the other four nt face outward. Passage of the polymerase may
induce a transient hinge movement that makes the three buried nucleotides flip out
to be accessible (Tawar et al. 2009). The N protein also has a role in antagonizing
host innate immunity: N binds to the dsRNA-regulated protein kinase PKR and
prevents it from phosphorylating eIF-2a and inhibiting protein synthesis (Grosk-
reutz et al. 2010).

The 241-amino acid P protein is an essential polymerase co-factor. It also acts as
an adapter that binds to the N, M2-1, and L proteins to mediate interactions in the
nucleocapsid/polymerase complex. In addition, P binds to free N protein monomers
and delivers them to nascent genomes/antigenomes, thus preventing N from self-
aggregating or binding to nonviral RNA (Castagne et al. 2004). The expression of N
and P alone are sufficient to form viral inclusion bodies, which are large, dense
cytoplasmic structures that are thought to be the sites of viral RNA synthesis. P exists
as a homotetramer formed through a multimerization domain in the middle of the
molecule, which is flanked by intrinsically disordered domains (Castagne et al. 2004;
Llorente et al. 2006). The C-terminal region of P was shown to interact with the
nucleocapsid by binding to a pocket on the surface of the N protein that includes
discontinuous residues from positions 46–151 brought together in the folded struc-
ture (Galloux et al. 2012); other P-N binding sites may also exist, perhaps depending
on conformation. P may contribute to conformational changes that help the poly-
merase access the RNA template (Castagne et al. 2004) and appears to be necessary
for promoter clearance and chain elongation by the viral polymerase (Dupuy et al.
1999). It also appears to have a role in dissociating the M protein from the nucleo-
capsid during uncoating to initiate infection (Asenjo et al. 2008). P is the major
phosphorylated RSV protein and contains phosphate at more than 10–12 sites, with
different sites exhibiting differing rates of turnover due to interplay between cellular
kinases and phosphatases (Asenjo et al. 2005). Many of the activities of P described
above appear to be affected by dynamic phosphorylation/dephosphorylation at a
subset of these sites, apparently involving a small percentage of the total phosphate
content (Asenjo et al. 2006, 2008). Experiments in which P phosphorylation was
reduced by mutational ablation or the use of inhibitor against cellular kinase sup-
ported the idea that phosphorylation is important for RSV replication, but that much
of the low-turnover phosphate is not essential (Lu et al. 2002).

The 2,165-amino acid RSV L protein is very similar in length to its Param-
yxovirinae counterparts and shares low but unambiguous sequence relatedness
along nearly its entire length. Specific segments are conserved within and beyond
Mononegavirales that are thought to represent catalytic domains involved in
polymerization. Analysis of RSV mutants has provided preliminary identification
of functional regions in L, including the polymerization domain (Fix et al. 2011), a
putative nucleotide-binding site involved in capping (Liuzzi et al. 2005) as well as
residues that affect the efficiency of recognition of GE signals (Cartee et al. 2003).

The 194-amino acid M2-1 protein is an essential transcription processivity
factor (Fearns and Collins 1999b; Collins et al. 1996, 1999). M2-1 accumulates in
phosphorylated and nonphosphorylated forms and forms a homotetramer via an
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oligomerization domain at residues 32–63 (Tran et al. 2009; Cartee and Wertz
2001). The M2-1 protein binds RNA: the specificity of this interaction remains
somewhat unclear, but M2-1 may preferentially bind RSV mRNAs (Cartee and
Wertz 2001; Blondot et al. 2012). M2-1 also interacts with the P protein: binding
to RNA or P involves partially overlapping domains in the center of the molecule
(Blondot et al. 2012). M2-1 can be found in viral inclusion bodies and its presence
there depends on interaction with P (Blondot et al. 2012). Interactions with RNA
or the P protein are essential for the ability of M2-1 to support RNA synthesis and
are competitive (Tran et al. 2009; Blondot et al. 2012), suggesting that P delivers
M2-1 to the nucleocapsid and is then displaced. M2-1 also binds to the M protein
and mediates its transport to inclusion bodies and interaction with nucleocapsids
(Li et al. 2008). M2-1 contains a CCCH zinc finger motif near its N-terminus
(residues 7–25) that is essential for its activity in viral RNA synthesis (Hardy and
Wertz 2000). This unusual CCCH motif is also found in tandem in a family of
cellular zinc finger proteins that includes tristetraprolin (TTP), which binds to AU-
rich elements present in a number of host response mRNAs including cytokine
mRNAs and affects their stability. Like TTP, M2-1 was recently shown to asso-
ciate with cellular stress granules, which are involved in translational regulation
under stress conditions, but the significance of this possible similarity is unclear
(Fricke et al. 2013). M2-1 is unique to Pneumovirinae, although it shares structural
homology with the VP30 transcriptional activator of Filoviridae (Blondot et al.
2012).

The M2-2 protein (88 or 90 amino acids, depending on the start site; Chang
et al. 2005) is expressed at a low level in infected cells, and its status as a virion
component is not known. Deletion of M2-2 from recombinant RSV results in a
virus that exhibits delayed and reduced RNA replication and increased ‘‘runaway’’
transcription; this contrasts with wt RSV, for which transcription appears to be
downregulated later in infection in favor of RNA replication (Bermingham and
Collins 1999). These results suggest that M2-2 plays a role in regulating RNA
synthesis; specifically, as the level of M2-2 increases during the time course of
infection, it reduces transcription and promotes RNA. Consistent with a direct
effect on RNA synthesis, over-expression of M2-2 inhibited RNA synthesis by
mini-replicons and inhibited replication of complete RSV (Collins et al. 1996;
Cheng et al. 2005). In addition, in experiments designed to produce virus-like
particles, expression of M2-2 increased the efficiency of packing: this might reflect
its effects on RNA synthesis or might be an unrelated activity (Teng and Collins
1998). Replication of DM2-2 RSV in vitro is delayed but reaches titers comparable
to wt RSV, whereas in mice and chimpanzees the virus was restricted approxi-
mately 500- to 1000-fold compared to wt RSV (Bermingham and Collins 1999;
Teng et al. 2000).

The NS1 and NS2 proteins (139 and 124 amino acids, respectively) are thought
to be nonstructural. While the two proteins can function separately, they appear to
form complexes and may have synergistic effects, but this is poorly understood
(Spann et al. 2005; Swedan et al. 2011). NS1 and NS2 interfere with innate
immune responses including interferon induction and signaling (Spann et al. 2005;
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Swedan et al. 2011). They also inhibit apoptosis, thereby prolonging the life of the
cell and increasing viral yield (Bitko et al. 2007). In a mini-replicon system, co-
expression of NS1—and, to a lesser extent, NS2—inhibited transcription and RNA
replication, affecting both the genomic and antigenomic promoters (Atreya et al.
1998). These effects remain to be further investigated, but they suggest that NS1
and possibly NS2 might downregulate and restrain viral RNA synthesis. This may
be comparable to effects shown for the C and V proteins of some members of
Paramyxovirinae that, by downregulating viral RNA synthesis, avoids the accu-
mulation of viral dsRNA that otherwise activates innate immunity. Recombinant
RSV lacking the NS1 and/or NS2 genes have increased sensitivity to interferon,
cause increased apoptosis, and replicate with reduced efficiency in cultured cells
and experimental animals, with the effect of deleting NS1 being greater (Teng
et al. 2000; Whitehead et al. 1999) (see chapter by S. Barik, this volume).

6 Transcription and RNA Replication

For transcription, the polymerase enters at the 30 end of the genome and copies the
genes into their corresponding mRNAs (Fig. 4) by a sequential stop–start process
guided by the GS and GE signals (Kuo et al. 1996). Synthesis of each mRNA
initiates opposite the first nucleotide of the GS signal. Surprisingly, the initiating
nucleotide can be selected by the polymerase independent of the template (Kuo
et al. 1997). Thus, the GS signal triggers the start of mRNA synthesis; in addition,
its complementary sequence present in the nascent transcript is thought to act as a
signal for capping and cap methylation by the polymerase, based on analogy with
other nonsegmented negative-strand RNA viruses (Wang et al. 2007). Capping
and/or methylation appears to be essential for mRNA elongation: when RSV
capping was blocked by a specific inhibitor, transcription produced uncapped
abortive RNAs of *45 to 50 nt (Liuzzi et al. 2005). Polymerase that is engaged in
mRNA synthesis is unresponsive to encountering an additional GS signal, but
encountering a GE signal triggers polyadenylation/termination of the mRNA and
makes the traversing polymerase responsive to a GS signal (Kuo et al. 1996;
Fearns and Collins 1999a). The triggering of polyadenylation/termination at the
various GE signals is not completely efficient, and the polymerase occasionally
continues synthesis through the next gene. This produces various readthrough
mRNAs that account for approximately 10 % of total mRNA (Collins and Wertz
1983). RSV transcription has a polar gradient in which gene transcription
decreases along the gene order (Fig. 4). This is typical for Mononegavirales and
occurs because some of the transcribing polymerases disengage and exit the
genome at the various gene junctions.

Studies with mini-replicons showed that N, P, and L are the viral proteins
necessary for transcription, but under these conditions transcription terminates
prematurely and nonspecifically within several hundred nt, and genes that are
further downstream are not significantly transcribed (Collins et al. 1995, 1996,
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1999; Fearns and Collins 1999b). Fully processive transcription requires in addi-
tion the M2-1 protein, which can be present in relatively low relative molar
amounts (Fearns and Collins 1999b; Collins et al. 1996). In mini-replicon
experiments, M2-1 also decreased the efficiency of termination at the GE tran-
scription signals—possibly a reflection of the same processivity activity—result-
ing in increased production of readthrough mRNAs (Hardy and Wertz 1998).
These activities raise the possibility that M2-1 might affect the relative levels of
expression of the various viral genes, such as by promoting sequential transcription
and reducing the transcriptional gradient, but this has not been observed in infected
cells (Fearns and Collins 1999b).

One-way sequential transcription does not provide for initiation at the L GS
signal, since it is located upstream of the M2 GE signal, as noted (Fig. 3a). Studies
with mini-replicons showed that, upon completing transcription of the M2-1 gene,
the polymerase backtracks by retrograde scanning to initiate at the L GS signal
(Fearns and Collins 1999a). Apart from the M2 GE and L GS signals, the overlap
region did not appear to contain any other cis-acting elements needed for this
activity. Furthermore, the polymerase was found to scan in both directions. This
led to the realization that scanning may occur at each gene junction and may be the
mechanism by which the next GS signal is located, and could explain the tolerance
for intergenic variability noted above. The presence of the M2 GE signal within
the L gene (due to the overlap) causes 90 % of newly initiated L gene transcripts to
add polyA and terminate at the signal, producing a 68-nt polyadenylated RNA that
does not appear to encode a protein and is not known to have any further sig-
nificance (Collins et al. 1987). The synthesis of full-length L mRNA depends on
the ‘‘error’’ of polymerase readthrough at the M2 GE signal (Collins et al. 1987).
Whether the level of M2-1 protein affects this process remains to be evaluated.
Although 90 % of L gene transcripts terminate at the M2 GE signal, there is not a
steep drop in the transcriptional gradient at the L gene (Fearns and Collins 1999a;
Kwilas et al. 2010). This indicates that backtracking is very active. The gene
overlap appears to be an accidental arrangement that may provide no advantage
but can be tolerated due to the scanning function of the polymerase.

The relative level of expression of the various RSV genes is determined mostly
by the polar gradient of transcription. Thus, the most abundant mRNAs are for the
NS1 and NS2 proteins that antagonize host responses. The expression of the L
mRNA, the last gene in the order, is further reduced by an unidentified effect that
appears to be post-transcriptional (Kwilas et al. 2010), possibly mRNA stability.
Differences in the efficiency of polyadenylation/termination by the various GE
signals due to natural sequence variation may affect the relative levels of gene
expression by changing the amount of transcriptional readthrough (Harmon and
Wertz 2002). On the one hand, increased readthrough spares the polymerase from
disengagement at the gene junctions, providing more polymerase to downstream
genes. On the other hand, ORFs that are at internal positions in readthrough
transcripts are not efficiently translated, reducing the synthesis of proteins from
genes downstream of inefficient GE signals. Thus, the overall effect is complex,
and the impact of GE variation is not clear.
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RSV RNA replication initiates opposite the first nucleotide at the 30 end of the
genome. As with transcription, the initiating nucleotide can be selected indepen-
dent of the template (Noton et al. 2010; Noton and Fearns 2011). The polymerase
ignores the GS and GE signals and produces a full-length positive-sense replica-
tive intermediate, the antigenome (Fig. 4). A fraction of antigenomes are modified
at their 30 termini by addition of 1–3 nt, which are not copied into the genome
RNA. The significance of the addition is not known, but it might represent a
mechanism of promoter regulation (Noton et al. 2012). At least 10-fold more
genome is produced than antigenome, both because the antigenome promoter is
more efficient than that of the genome, and because synthesis from the genome is
divided between RNA replication and transcription (Fearns et al. 2000; Hanley
et al. 2010). Whereas efficient RNA replication by members of subfamily Pa-
ramyxovirinae requires that the genome nucleotide length be an even multiple of
six (‘‘rule of six’’), RSV has no comparable length requirement. Studies with mini-
replicons showed that N, P, and L are the viral proteins that are necessary and
sufficient to direct RNA replication, and that RNA replication is unaffected by
M2-1 (Collins et al. 1996; Grosfeld et al. 1995).

The cis-acting sequence elements at the 30 end of the genome that are involved
in initiating transcription and RNA replication were analyzed using mini-replicons
(Fig. 6). Transcription was found to require two sequence elements: the 30-ter-
minal 11 nt of the genome, and the presence of a nearby, downstream GS signal.
In addition, the efficiency of transcription was increased by the presence of a

Fig. 6 Nucleotide positions in the leader region of genomic RNA that are important for
transcription (top) and RNA replication (bottom). Important residues present in positions 1–11 are
indicated with open boxes; note that those that are important for transcription are a subset of those
important for RNA replication. A region that increases the efficiency of transcription is indicated
with a dashed box. The GS signal of the first gene, necessary for transcriptional initiation but not
involved in RNA replication, is underlined in the diagram for transcription. A region that contains
an apparent encapsidation signal necessary to produce full-length replication products is indicated
with a shaded box. Sequences are in negative-sense
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U-rich sequence found at the end (nt 36–44) of the leader region (Fig. 6)
(McGivern et al. 2005). Furthermore, the efficiency of transcription was affected
by the length of the nucleotide chain between the 30-terminal 11 nt and the GS
signal: a length similar to that in wt RSV was the most efficient (McGivern et al.
2005; Fearns et al. 2000). For RNA replication, the 30-terminal 11 nt of the gen-
ome was sufficient for initiation, but the resulting transcripts terminated prema-
turely and were unencapsidated: the synthesis of full-length encapsidated RNA
depended on the additional presence of nt 16–34, implying the presence of an
encapsidation signal within the first 34 nt of the genome (Fig. 6) (Cowton and
Fearns 2005; McGivern et al. 2005). Thus, these studies identified the 30-terminal
11 nt of the genome as a promoter element necessary for both transcription and
RNA replication. Saturation mutagenesis showed that transcription was particu-
larly dependent on positions 3, 5, 8, 9, 10, and 11. RNA replication depended on
these same positions, as well as positions 1, 2, 6, and 7 (Fig. 6). The assignment at
position four differentially affected transcription versus RNA replication: the wt
assignment of 4G (negative-sense) favored transcription over RNA replication,
whereas the substitution of 4C or 4U had the opposite effect (Fearns et al. 2002).

The cis-acting elements at the 30 end of the antigenome (i.e., containing the
promoter involved in producing progeny genomes) are less well characterized. As
noted, there is considerable sequence identity between the 30-terminal 24–26 nt of
the genome and antigenome, reflecting conserved promoter elements (Fig. 3b). In
particular, the first 11 nt of the genome and antigenome differ only at position 4:
the assignment in the genome (4G) is optimal for transcription, whereas that in the
antigenome (4U) is optimal for RNA replication (Fearns et al. 2002). Mutation
analysis of the antigenomic promoter showed that single nucleotide substitutions at
positions 1–7 of this promoter have similar effects on RNA replication as the
corresponding mutations in the genome, although they do not behave identically
(Peeples and Collins 2000; Noton and Fearns 2011). Mini-replicon studies showed
that the first 36 nt of the antigenome were sufficient for initiation and synthesis of
full-length genomes; however, production was increased by including nt 37–155
(Fearns et al. 2000). In infectious recombinant virus, nt 37–155 could be deleted
with only minimal restriction of viral replication in vitro and in mice although,
consistent with the mini-replicon studies, the synthesis of genomes was reduced
(Hanley et al. 2010). In the same study, a mutant virus containing the complement
of the 44-nt Le in place of the trailer region (i.e., in which the antigenomic
promoter was replaced with the genomic promoter), replicated with reduced effi-
ciency over multiple cycles and exhibited increased accumulation of stress gran-
ules (Hanley et al. 2010). One plausible interpretation of these data are that the 50

terminal 36 nt of the wt trailer RNA inhibits stress granule formation, which
would otherwise reduce RSV replication, although another study has indicated that
stress granules might benefit RSV replication (Lindquist et al. 2010).

The involvement of the 30- terminal 11 nt of the genome in both transcription
and RNA replication indicates that the first step in either process involves
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recognition of this segment by the polymerase. RNA replication initiates opposite
the first nucleotide at the 30 end of the genome, as noted. For transcription, early
events remain unclear. One possibility is that synthesis also initiates opposite the
first position and produces a short transcript of the leader region. The polymerase
may release this leader RNA—perhaps as abortive synthesis due to its uncapped
nature—and reinitiate at the first GS signal. In an alternate model for transcription,
the polymerase does not synthesize a leader RNA and instead scans without
synthesis along the leader region to locate the first GS signal, similar to the
proposed scanning at intergenic regions. These two models are discussed in detail
by Cowton et al. (2006). It is not known whether a single form of polymerase
complex is partitioned between transcription and RNA replication, or whether
there are functionally distinct transcriptase and replicase complexes (which seems
more likely). A common hypothesis for this type of virus is that there is a balance
between transcription and RNA replication, and that the availability of soluble N
protein promotes RNA replication at the expense of transcription, but this was not
observed in studies with RSV mini-replicons (Fearns et al. 1997). The detailed
mechanism of RNA synthesis, and how proteins such as P, M2-1, and M2-2
interact with the polymerase and nucleocapsid template, remains largely unknown.
Cellular proteins likely are involved in RSV transcription and RNA replication.
Soluble actin is important for RSV transcription, and its activity is augmented by
profilin. Actin appears to function by binding directly to the viral N-RNA template
and recruiting profilin to the complex (Harpen et al. 2009). Also, heat shock
protein 70 associates with the RSV polymerase complex and there is evidence it
augments RNA synthesis activity (Brown et al. 2005). A cell-free system for RSV
RNA synthesis, in which polymerase activity is reconstituted with recombinant
proteins and a synthetic template, has recently been developed and will provide the
means for detailed characterization (Noton et al. 2012).

7 Summary of cis-Acting RNA Sequences

As detailed above, essential cis-acting signals include much of the 44-nt leader
region, the 10 GS and GE signals, and the last *36 nt of the trailer region (which
encodes the 30 end of the antigenome). These segments contain a total of *300 nt,
accounting for 2 % of the genome. It is likely that further fine-mapping will find that
the essential positions in these segments comprise substantially fewer than 300 nt.
As noted, there may be additional sequence in the M2 mRNA that promotes trans-
lation of the M2-2 ORF, and the efficiency of virus replication in vivo was increased
slightly by including the complete trailer regions. There is presently no evidence of
additional essential cis-acting signals.
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8 Viral Replicative Cycle

RSV attachment and entry are mediated by the G and F glycoproteins, with no
apparent contribution by SH, and are reviewed elsewhere (see chapter by J.S.
McLellan et al., this volume).Entry occurs by fusion of the viral envelope with the
cell plasma membrane. There is also evidence of entry by clathrin-mediated
endocytosis, although endosomal acidification was not required and thus this
pathway involves the same fusion mechanism as at the plasma membrane
(Kolokoltsov et al. 2007; Srinivasakumar et al. 1991). Genome transcription and
replication occur in the cytoplasm and the virus can grow in enucleated cells and in
the presence of actinomycin D, indicating a lack of essential nuclear involvement.

By extrapolation from prototype members of Mononegavirales, incoming nu-
cleocapsids engage in transcription by preformed polymerases (primary tran-
scription). The availability of newly synthesized soluble viral N and P proteins
promotes elongation of RNA replication products, leading to the production of
full-length encapsidated antigenomes and genomes. Progeny genomes engage in
transcription (secondary transcription) and RNA replication. Transcription and
RNA replication occur concurrently. RSV mRNAs and proteins can be detected
intracellularly at 4–6 h after infection and reach a peak accumulation by 15–20 h.
At this time, transcription may be downregulated in favor of RNA replication and
the production of genomes needed for packaging, and this appears to be mediated
by the M2-2 protein (Bermingham and Collins 1999). However, there is no evi-
dence of a change in the relative molar amounts of the various viral mRNAs
during the infection time course (Fearns and Collins 1999b). The release of
progeny virus begins by 10–12 h post infection, reaches a peak after 24 h, and
continues until the cells deteriorate by 30–48 h.

As already noted, RSV-infected cells develop large cytoplasmic inclusion
bodies that become evident by 12 h post-infection (Lindquist et al. 2011; Lifland
et al. 2012). These have been shown to contain the viral N, P, M2-1, and L
proteins, as well as viral RNA. As noted, the inclusion bodies are thought to be
sites of RNA synthesis. More recently, the viral inclusion bodies have been shown
to sequester key cellular signaling components and thereby inhibit cellular
responses to infection. These include Mda5 and MAVS involved in interferon
induction (Lifland et al. 2012) as well as p38 mitogen-activated protein kinase and
O-linked N-acetylglucosamine tranferase involved in stress responses and stress
granule formation (Fricke et al. 2013). Infected cells develop filamentous surface
projections that bear viral glycoproteins and may give rise to viral filaments
(Fig. 1). Infected cell lines develop syncytia (Fig. 1) that are a major viral cyto-
pathic effect and lead to the destruction of the monolayer, but that are much less
evident in differentiated, polarized epithelium in vitro and in vivo (Johnson et al.
2007; Zhang et al. 2002).

RSV assembly and budding occur at the plasma membrane. In polarized cells,
this occurs at the apical surface (Roberts et al. 1995; Zhang et al. 2002). These
regions contain localized virus-modified lipid rafts involving all three viral surface
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proteins and the M protein (McDonald et al. 2004; Jeffree et al. 2003; McCurdy
and Graham 2003; Henderson et al. 2002; Yeo et al. 2009). The minimum viral
protein requirements for the formation of virus-like particles capable of delivering
the viral genome to target cells are the F, M, N, and P proteins (Teng and Collins
1998), and expression of these proteins induced the formation of viral filaments
(Utley et al. 2008). Both genome and antigenome have been detected in virions,
suggesting a lack of selective packaging. Genome-containing nucleocapsids are
much more abundant in the infected cell, and are correspondingly more abundant
in virions. RSV appears to hijack cellular apical recycling endosomes for budding,
a pathway that is distinct from that described for a number of other enveloped
RNA viruses (Brock et al. 2003; Utley et al. 2008).

9 Spontaneous Mutations

RSV has a high rate of nucleotide substitution (10-3 to 10-4), as is typical of RNA
viruses. Virus passaged in vitro occasionally can acquire inserts of one (usually) or
more U residues (negative sense) into the U tract at the end of GE signals or into
untranslated sequence. Spontaneous deletion of the G and SH genes has been noted
in vitro, and deletion of most of the G gene has been noted in vivo (Venter et al.
2011). Two different spontaneous intragenic duplications of a segment of the G
gene have been documented in nature (Eshaghi et al. 2012), and in one case the
resulting virus has spread worldwide and continued to evolve. The mechanism for
this duplication is not known, but might involve backtracking of the polymerase
following pausing at a secondary structure in the RNA. Recombination can occur
when the polymerase jumps between templates during synthesis. This can create
defective interfering genomes, which are typical for Mononegavirales but are
poorly described for RSV. This also has the potential to create replication-com-
petent mosaic genomes, although this appears to be very rare (Spann et al. 2003).
Fresh clinical isolates of RSV may undergo some sort of adaptation to cell culture
(Marsh et al. 2007), but this is poorly understood. In any event, passaged labo-
ratory strains retain their virulence for chimpanzees and humans (Karron et al.
1997b; Whitehead et al. 1998). Circulating RSV appears to accumulate progres-
sive changes in sequence and antigenicity, primarily in the G protein, in response
to immune pressure, but this is a slow process occurring over decades.

10 Reverse Genetics

Reverse genetics involves the production of mini-replicons or complete virus from
cDNA. Mini-replicons are versions of the genome or antigenome in which most or
all of the viral genes are deleted and may be replaced by one or more convenient
marker genes, such as chloramphenicol acetyl transferase or luciferase (Fig. 7a).
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The marker genes are each under the control of a set of RSV GS and GE signals. In
the plasmid, the mini-replicon cDNA is flanked by a promoter for T7 RNA
polymerase and a self-cleaving ribozyme sequence, which provide for synthesis of
a negative- or positive-sense (depending on the orientation of the insert) mini-
replicon with nearly correct ends. Typically, the mini-replicon plasmid is trans-
fected into tissue culture cells together with so-called support plasmids that
express individual viral proteins under the control of T7 RNA polymerase pro-
moters. T7 RNA polymerase can be supplied by a vaccinia virus recombinant, by a
constitutively expressing cell line, or by a eukaryotic expression plasmid. One can
provide whatever combination of RSV proteins is desired, and in the desired
relative molar amounts. Depending on the support proteins and cis-acting elements
included in the minigenome, this system can execute mini-replicon encapsidation,
transcription, RNA replication, and particle morphogenesis (Fearns and Collins
1999a; Collins et al. 1996; Teng and Collins 1998; McGivern et al. 2005; Noton
et al. 2010). Due to the small size and relative simplicity of the mini-replicons, this
approach is ideal for detailed structure-function studies of cis-acting RNA signals
or trans-acting viral proteins. Since the viral proteins are supplied in trans, the
supply is independent of the mini-replicon, and thus the system can be used to
study mutations that have drastic effects on mini-replicon transcription or RNA
replication and could not be recovered and studied in complete recombinant virus.

The production of complete infectous virus from cDNA provides the means to
introduce predetermined changes into infectious virus. The recovery of cDNA-
derived virus involves co-transfection of cultured cells with a plasmid encoding a
copy of the antigenome and support plasmids expressing proteins of the nucleo-
capsid/polymerase complex, namely N, P, M2-1, and L (Fig. 7b) (Collins et al.
1995, 1999). The expressed RSV antigenome and support proteins assemble into
nucleocapsids that launch a productive infection. The expression of the positive-
sense antigenome rather than the negative-sense genome avoids hybridization with
the positive-sense RNAs expressed from the support plasmids. Recovery of
infectious virus is not very efficient but, once recovered, cDNA-derived virus is
readily propagated in the same manner as biologically derived virus and is dis-
tinguishable only by introduced mutations.

The genomes of RSV and other Mononegavirales have proven to be very
amenable to manipulation. As noted, the RSV cis-acting RNA signals are short and

b Fig. 7 Reverse genetic systems. A Helper-dependent mini-replicon system, illustrated with a
dicistronic mini-replicon (shown here as an antigenome-sense replicon) containing chloram-
phenicol acetyl transferase (CAT) and luciferase (LUC) marker genes under the control of RSV
GS and GE signals (not shown) and flanked by the complements of the RSV leader and trailer
regions (gray boxes, lec and trc, respectively). The mini-replicon cDNA is flanked by a T7 RNA
polymerase promoter (arrow, T7 pr) and a self-cleaving ribozyme (black box, rbz). This is
complemented by support plasmids encoding various RSV proteins. b Recovery of complete
infectious virus from a full-length antigenome expressed from a transfected plasmid in the
presence of support plasmids encoding the N, P, M2-1, and L proteins. The complements of the
leader and trailer regions are shown (gray boxes, lec and trc, respectively), as are the T7 RNA
polymerase promoter (arrow, T7pr) and ribozyme (black box)
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circumscribed, and the modular organization of the genes also faciliates engi-
neering: since the mRNAs and proteins are expressed independently of each other
(apart from the transcription gradient), they can readily be manipulated indepen-
dently. The upper limit for added sequence has not been determined for RSV and
other members of Mononegavirales, and there probably is no strict packaging
limit. The efficiency of replication in vitro decreases with added sequence, but the
effect can be for inserts of several hundred or thousand nts minimal. For example,
insertion of the 3.2-kb b-galactosidase gene into RSV (increasing its nucleotide
length by 21 %) caused only a marginal reduction in replication in vitro. Effects
in vivo of increasing genome length have not been studied carefully but appear to
be substantially more restrictive

Reverse genetics provided new tools for basic virologic and pathogenesis
studies. As already described, mini-replicon systems have been used to identify
trans-acting proteins and cis-acting RNA signals and structures necessary for
genome encapsidation, transcription, polymerase scanning, RNA replication, and
virion morphogenesis. At the level of complete virus, mutants have been made that
lack, for example, the NS1, NS2, SH, G, secreted G, and M2-2 genes, or which
lack portions of these genes, or which have mutations to genome structures such as
intergenic regions. In addition, RSV has been engineered to express fluorescent
proteins, providing for real-time monitoring of infection.

Reverse genetics also provides the means to make new live-attenuated RSV
vaccine candidates. This involves identifying mutations that attenuate RSV, and
introducing attenuating mutations in desired combinations into RSV to create
specific, well-characterized candidates for pre-clinical and clinical evaluation. As
a second approach, PIVs have been developed as vectors to express the RSV F and
G proteins. Vaccine candidates based on this technology are described elsewhere
(see chapter by R.A. Karron et al., this volume).

All steps in the generation and development of RSV for evaluation in humans
must be done with cells and reagents qualified for human product use. For
example, this avoids components derived directly from animals (e.g., bacterial
growth medium is plant-derived, porcine trypsin is replaced by recombinant
trypsin). Recovery is performed in qualified cells, such as qualified lots of African
green monkey Vero cells. T7 RNA polymerase is supplied by a co-transfected
plasmid rather than by a recombinant virus or expressing cell line, and transfection
is replaced by electroporation (Surman et al. 2007). These steps substantially
reduce the efficiency of recovery. Of course, clinical trial material is subjected to
extensive safety testing prior to use. Although engineered virus is of recombinant
origin, it is propagated and ‘‘behaves’’ like biologic virus. The transfecting plas-
mids are needed only for the initial recovery, and the content of residual plasmid
DNA quickly becomes insignificant upon passage of the virus. Producing virus
from cDNA provides a virus with a short and well-defined passage history, which
is important for safety and regulatory reasons (Surman et al. 2007). It thus has a
safety advantage compared to biologically derived virus, which originates in an
infected human and typically has been passaged extensively in cell culture. Cloned
cDNAs also provide a stable vaccine seed. The ability to alter the virus provides a
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means to update a vaccine, for example, to modify the level of attenuation or to
replace the F and G genes with those of newer strains.

The relatively poor growth and lability of RSV render some reverse genetics
applications impractical. For example, RSV likely is not a good choice for
obtaining high-level expression of foreign antigens from inserted genes. RSV has
limited suitability as a human vaccine vector because most humans are exposed to
RSV early in life and have substantial immunity, which would limit vector rep-
lication and immunogenicity.

11 Pathogenesis

RSV pathogenesis is complex and variable. Disease can range from mild to lethal
and can encompass a wide range of acute upper and lower respiratory tract disease
manifestations, from mild rhinitis at one extreme to bronchiolitis and pneumonia at
the other. The heterogeneity of RSV disease also can include an association
between severe disease in infancy and subsequent airway hyperreactivity during
childhood and perhaps beyond, giant cell pneumonia in immunocompromised
patients, and infection of the institutionalized elderly that result in exacerbation of
underlying conditions and excess mortality. Host factors play a major role in
disease heterogeneity: these include premature birth, young age or frail old age,
low serum antibody titer, underlying conditions such as chronic lung or heart
disease or immunosuppression, narrow or reactive airways, and other host factors
of a more subtle genetic nature that remain to be fully described. More recently,
the question of heterogeneity in RSV strain virulence as another factor is being
revisited. Many of these factors and unique host populations will be discussed in
other chapters. Here we will briefly discuss the species and cell tropism of RSV,
and the syndrome of vaccine-enhanced illness that occurred in children immunized
with a formalin-inactivated RSV vaccine (FI-RSV) in the 1960s.

11.1 Viral Tropism

RSV infection and replication are largely restricted to the human. Although human
RSV strains can infect other animals such as mice, cotton rats, sheep, and African
green monkeys, these hosts are semi-permissive and transmission between animals
or spread within a population does not occur. Conversely, the animal strains BRSV
and PVM are strongly restricted in primates (Brock et al. 2012; Buchholz et al.
2000). Chimpanzees are the only animal host in which human RSV infects and
replicates well enough to permit animal-to-animal transmission and to reliably
produce respiratory tract disease.

In vivo, RSV is largely restricted to the superficial cells of the respiratory
epithelium. RSV is recovered in abundance from nasal secretions, nasopharyngeal
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swabs, lung washes, and the sinuses. Using in situ hybridization and immuno-
staining for viral antigen, there is evidence in humans and cows naturally infected
with their respective RSVs that epithelial cells from trachea, bronchi, and bron-
chioles are infected. Ciliated cells can clearly be shown to be infected in human
airway epithelium, and it appears that basal epithelial cells are spared. Based on
nearly circumferential staining of airway structures, it is possible that some non-
ciliated epithelial cells may also be infected, but this is not confirmed based on
human pathology (Johnson et al. 2007). Both type I and type II alveolar pneu-
mocytes are infected. Macrophages are sometimes shown to be immunostain-
positive, but it is thought that this is most likely from phagocytized virus or virus
proteins and not associated with replication. RSV RNA can be detected in the
blood and in isolated reports from cerebrospinal fluid and the myocardium, and
RSV antigens have been detected in circulating mononuclear leukocytes (Eisenhut
2006; Rohwedder et al. 1998), but these observations may not involve extrapul-
monary infection. Infectious RSV is rarely recovered from an extrapulmonary
location, and the few instances of recovery usually involve immunosuppressed
individuals or experimental animals (Johnson et al. 1982; Eisenhut 2006).

Studies in vitro confirm a tropism for the superficial cells of the epithelium, but
one that is not absolute. Infection of human airway epithelial cells in organ cul-
tures is consistent with findings from human autopsy specimens and suggests RSV
primarily infects ciliated cells (Zhang et al. 2002), although rare nonciliated cells
may be infected in primary human airway epithelial cell cultures (Villenave et al.
2012) or adenoid organ cultures (Wright et al. 2005). Virus shedding occurs
strictly at the apical membrane suggesting that polarized epithelium is the pre-
ferred cellular target. Paradoxically, studies with immortalized human cell in vitro
have demonstrated that a wide variety of cell types can be infected. RSV can
replicate in transformed cell lines derived from lung, kidney, liver, neural tissue,
colon, breast, and ovarian tissues. Therefore, RSV replication is not necessarily
restricted to its tissue of origin in the respiratory tract or confined to polarized
epithelium, but highly differentiated cells (particularly ciliated cells that have
undergone mesenchymal epithelial transition and achieved planar polarity) are
much more permissive than other cells in the context of airway epithelium.
Intriguingly, in vitro cultures of primary human airway cells (which should be a
more authentic substrate than cell lines) were refractory to RSV infection and
replication when freshly seeded but gained susceptibility upon differentiation over
a number of days, suggesting that infection of primary epithelial cells involves a
differentiation-specific factor (Zhang et al. 2002). Non-epithelial human primary
cells also have been infected with RSV, but generally with substantially less
efficiency: these include fibroblasts, bone marrow stromal cells (Rezaee et al.
2011), eosinophils (Dyer et al. 2009), and DCs (Johnson et al. 2011). Myeloid and
monocyte-derived DCs are more permissive (5–15 % infection rate) than plas-
macytoid DCs (\1 %), and other nonadherent cells of hematopoetic origin are
infected at very low frequencies. In addition, RSV can infect and replicate with
reasonable efficiency in cell lines derived from other species, including African
green monkeys, bovines, and hamsters.
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These general observations suggest that there are cell-specific, species-specific,
and context-specific factors that favor the growth of RSV in the human respiratory
epithelium. Cellular tropism potentially can be determined by the presence of
receptors (and co-receptors) for viral attachment and entry, host structures that
may be utilized by the virus for various steps in the replicative cycle, restriction
elements that may interfere with viral transcription or replication, or other innate
defense mechanisms. Species-specific sequence differences in host molecules
involved in virus replication may contribute to reduced efficiency of viral infection
and replication in non-native hosts, since viruses have co-evolved with the native
host. Reduced ability to counter antiviral responses—in particular the type I IFN
response—in a non-native host also can be an important factor. The multiple
mechanisms that RSV has evolved to block the host IFN response (see chapter by
S.M. Varga and T.J. Braciale, this volume) illustrates the importance of this
inhibition for the virus. For example, in mice, RSV replication is typically
restricted almost exclusively to the type I alveolar pneumocytes, but a combined
MAVS and MyD88 knockout that blocks IFN induction allows RSV to replicate in
bronchiolar epithelium (Bhoj et al. 2008).

A specific receptor interaction that explains tissue tropism for RSV has not yet
been identified. Both the RSV G and F glycoproteins can interact with heparan
sulfate and are heavily glycosylated. Therefore, RSV can bind to proteoglycans
and C-type lectins indiscriminately, which has complicated the search for a more
specific RSV receptor. This may also contribute to the ability to infect a variety of
cell types. Although the G glycoprotein is known as the attachment protein
because of its strong glycosaminoglycan binding properties, G is not required for
infection of cells in vitro, as noted, and thus the F glycoprotein may be more likely
to have an essential, specific receptor-binding activity. Nucleolin has recently been
described as a functional receptor for the RSV F protein, and it clearly increases
permissivity to RSV infection (Tayyari et al. 2011). However, nucleolin is ubiq-
uitously expressed and thus does not explain the strong preference that RSV has
for respiratory epithelium. It is possible that there may be unique tissue-specific
post-translational modifications of nucleolin, or a tissue-specific co-receptor, but
these possible tissue-specific factors remain to be identified. Other interactions
have been noted between RSV and cellular proteins, such as between F and TLR4
or G and CX3CR1, although possible contributions to attachment and tropism
remain to be defined. There is very little information available on cellular factors
that may facilitate or restrict RSV replication and thereby affect cellular or species
tropism, and this is an area that needs more attention.

11.2 Vaccine-Enhanced Illness

FI-RSV is an intramuscular, alum-adjuvanted, formalin-inactivated, whole-virus
RSV vaccine that was evaluated in infants and young children in the 1960s. This
vaccine was poorly protective and primed for enhanced disease upon RSV
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infection from subsequent natural exposure. The legacy of vaccine-enhanced ill-
ness has hovered over the field of RSV vaccine development for over 40 years,
especially for the pediatric population. Much of the work on pathogenesis and
animal model development for RSV has been devoted to understanding this
phenomenon, because it was perceived to be the greatest barrier to having a robust
pipeline of candidate vaccines for clinical evaluation. As a result, we have a better
general understanding of the molecular mechanisms of RSV immunopathology
and immunoregulation, and have developed better assays to measure the function
and specificity of T cell and antibody responses. However, still there are uncer-
tainties about the basis for the enhanced illness induced by FI-RSV and the ability
to reliably determine preclinically whether new pediatric vaccine candidates are
free of this phenomenon.

A series of clinical studies were done in the 1960s to evaluate the FI-RSV
vaccine in children of different ages (Kim et al. 1969; Kapikian et al. 1969;
Fulginiti et al. 1969; Chin et al. 1969). The vaccine did not protect against sub-
sequent infection and, compared to control groups, caused a much greater fre-
quency of severe disease, particularly in the youngest age group (\6 months of
age). Of 31 infants immunized with FI-RSV, 25 required hospitalization following
natural infection and two died (Kim et al. 1969). Only one of the 40 infants who
received a control preparation of formalin-inactivated PIV3 required hospitaliza-
tion. While the frequency of severe illness diminished as children became older
(Fulginiti et al. 1969), enhanced disease was seen in children up to 37 months of
age at the time of immunization (Fulginiti et al. 1969), and was common in
children up to 23 months of age (Kapikian et al. 1969). The clinical manifestations
appeared to be similar to those seen in the 3–4 % of infants in the general pop-
ulation who experience the most severe disease during RSV epidemics. This was
suggestive of enhanced rather than altered disease, although this was not carefully
evaluated. Lung pathology in two children who died showed peribronchiolar
inflammation and fibrinous exudates composed of sloughed epithelial cells,
mononuclear cells, neutrophils, and eosinophils causing obstruction of small air-
ways. Eosinophilia among vaccine recipients was also noted in one study (Chin
et al. 1969). This analysis was complicated by the occurrence of bacterial super-
infection in both individuals. Although RSV-specific antibody responses measured
by complement fixation were high, there was poor neutralizing and fusion-inhib-
iting activity (Murphy et al. 1986; Murphy and Walsh 1988). Delayed-type
hypersensitivity (DTH) and significant lymphoproliferative responses were
detected in peripheral blood mononuclear cells (Kim et al. 1976), similar to
patients experiencing atypical measles syndrome which was a consequence of
immunization with a whole, inactivated measles virus vaccine (Lennon et al.
1967). In addition, there was immunohistochemical evidence of immune complex
deposition in small airways (Polack et al. 2002). Similar immune complex
deposition has been noted in young adult patients with severe disease from pan-
demic influenza, with the presumption that cross-reactive low-avidity antibody
failed to clear virus and caused complement deposition and inflammation resulting
in more severe disease (Monsalvo et al. 2011).
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FI-RSV vaccine-enhanced illness has been modeled in mice (Graham et al.
1993), cotton rats (Connors et al. 1992), calves (Gershwin et al. 1998), and non-
human primates (Kakuk et al. 1993; De Swart et al. 2002). Many of the patho-
logical features of the disease have been recapitulated in these models, but because
they are all either semi-permissive hosts or use an alternative virus and host (i.e.,
BRSV), these models likely are inexact surrogates for human infants. Unfortu-
nately, the original phenomenon in the human vaccinees occurred long ago and
was not well characterized. Thus, data from animal models cannot exclude the
possibility that a vaccine may cause an enhanced illness syndrome in humans.
However, vaccine-enhanced RSV disease appeared to be specific to RSV-naive
vaccinees, which also is the case in experimental animals. Studies in experimental
animals indicate that enhanced disease is associated with protein-based RSV
vaccines such as whole inactivated virus or purified proteins, but not with wild-
type or attenuated replication-competent RSV. We know from clinical studies that
replication-competent RSV given intranasally (Wright et al. 2007) or intramus-
cularly (Belshe et al. 1982) to human infants is not associated with enhanced RSV
disease, nor is repeated exposure to RSV in nature associated with enhanced
disease. Thus, replication-competent RSV vaccines are considered safe for testing
in RSV-naïve infants, whereas protein-based vaccines are not.

Based on the diminished frequency of FI-RSV vaccine-enhanced illness in
older children, vaccine studies in adults, and studies in animal models, it is thought
that initial priming with live virus mitigates the effects of subsequent immuniza-
tion with protein-based vaccines, and thus these vaccines are considered safe for
use in older children and adults. We also know from animal models that the
immunology of FI-RSV induced inflammation involves Th2-biased immune
responses (Graham et al. 1993) including the production of IL-4, IL-5, and IL-13.
Thus, enhanced disease likely involves altered immunologic priming, probably
influenced by the mode of antigen presentation. Based on the available data from
humans and animal models, two major immunological processes associated with
the FI-RSV vaccine-enhanced disease can be articulated, and should be given
careful consideration when deciding on the appropriate target population and
regulatory requirements for new vaccine candidates. It is particularly important to
consider these issues when the candidate vaccine is designed to be the first
exposure to RSV antigen for RSV-naïve infants. First, RSV-specific antibody was
induced with poor functional activity. This antibody was insufficient to restrict
RSV replication, and may have contributed to immune complex deposition in
small airways. Secondly, the FI-RSV enhanced disease was associated with a Th2-
biased CD4 T-cell response characterized by cytokines related to allergic
inflammation. Therefore, vaccines should be designed to optimize neutralizing
activity and to avoid Th2-biased T-cell responses. There is evidence from epi-
demiological and genetic studies that associate immune components involved in
allergic inflammation with severe RSV disease from primary infection. These data
are discussed in other chapters in detail.
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Clinical and Epidemiologic Features
of Respiratory Syncytial Virus

Caroline B. Hall, Eric A. F. Sim}oes and Larry J. Anderson

Abstract Since its discovery in 1955, respiratory syncytial virus (RSV) has
consistently been noted to be the single most important cause of lower respiratory
tract illness in infants \1 year of age. RSV also causes repeat infections and
significant disease throughout life. In addition to the young child, persons with
compromised immune, pulmonary or cardiac systems, and the elderly have sig-
nificant risk from infection. Though RSV causes the full spectrum of acute
respiratory illnesses, it is most notably associated with signs and symptoms of
increased airway resistance manifested as wheezing and, in the young child,
diagnosed as bronchiolitis. In temperate climates, RSV occurs as yearly outbreaks
usually between late fall and early spring lasting 3–4 months in a community. The
timing of outbreaks varies between years and in the same year between regions and
even between nearby communities. RSV can be a serious nosocomial pathogen in
high risk individuals but nosocomial transmission that can often be prevented with
meticulous attention to good infection control practices. High risk groups include
the premature infants and persons of any age with compromised cardiac, pul-
monary, or immune systems. Risk factors for infection include increased number
of children in the household and day care center attendance. There are reasonable
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estimates of the sizable burden of RSV disease in infants and young children and
the elderly but less data on disease in older children, the role of RSV in later
reactive airway disease (see chapter by M.T. Lotz et al., this volume), and RSV-
associated mortality in developing countries. The available data on burden of
disease suggests there are at least four potential target populations for a vaccine,
the young infant, young children [4–6 months of age, pregnant women, and the
elderly. A link between infection in the young infant and later reactive airway
disease and mortality in developing countries is needed. Each target population has
different vaccine safety and efficacy concerns and may warrant a different type of
vaccine.
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1 Introduction

Over a half century ago, Morris et al. (1956) reported an outbreak of colds and
coryza among a colony of chimpanzees and the recovery of a new agent, the
chimpanzee coryza agent (CCA). Their description of its clinical import and
transmission is prescient of the epidemiologic and clinical mein of CCA in
humans, now recognized as respiratory syncytial virus (RSV). In chimpanzees,
CCA could be transmitted by inoculating respiratory secretions into the nose, it
had a high attack rate, and it spread efficiently. The illness, URI symptoms and
cough, became evident *3 days after inoculation and lasted up to 2 weeks.
Subsequent studies over the following decades found similar features in human
RSV infections globally and have demonstrated the substantial healthcare burden
RSV imposes in developed and developing countries. RSV causes repeat infec-
tions throughout life but severe disease is most notable in the very young. In this
chapter, we summarize our understanding of the clinical and epidemiologic fea-
tures of RSV disease with a focus on the relevance of these features to developing
vaccines.
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2 Clinical Features

Primary RSV Infection often occurs during the first encounter with RSV, which
is usually in infancy, and essentially all become infected by 2 years of age (Glezen
et al. 1986). The singular clinical features of RSV primary infection are that most
children are symptomatic, lower respiratory tract involvement is frequent,
wheezing is prominent, and the very young, those in the first 3 months of life, are
most severely affected (Hall 2012; Kim et al. 1973; Ogra 2004).

Typically, RSV infection starts with several days of mild upper respiratory tract
signs, cough, and low grade fever. A worsening cough is usually heralded by lower
respiratory tract involvement, and the infant becomes tachypneic and may have
progressively more labored breathing, with dyspnea and retractions of the chest
wall (Fig. 1). The most common auscultatory signs are crackles and wheezes, but
they are often variable over minutes to hours. Radiologic findings most frequently
show hyperinflation and peribronchial thickening (Wright and Piedimonte 2011).
Scattered interstitial infiltrates may be present, but more characteristic are areas of
atelectasis, particularly in the right middle and upper lobes. The physical exami-
nation and radiographic findings commonly do not reflect the degree of illness,
e.g., severely ill children may have little or no fever and minimal auscultatory
findings.

The acute illness usually lasts about 5–10 days, but the cough may be pro-
longed for several weeks. The duration of hospitalization for 918 infants and
children under 5 years of age with laboratory-confirmed RSV infection was a
median of 2 days and no children died (Hall et al. 2009). The most frequent
discharge diagnosis among RSV positive hospitalized infants \1 year of age was

Fig. 1 The clinical characteristics of children less than 5 years of age with respiratory syncytial
virus (RSV) infection who were outpatients compared to those who were hospitalized. RSV
infection was laboratory confirmed during population-based surveillance of acute respiratory
illnesses conducted in counties surrounding Nashville, TN, Rochester, NY, and Cincinnati, OH
during 2000–2004. (Data form Hall et al. (2009))
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bronchiolitis (85 %) but was asthma (60 %) and pneumonia (51 %) among older
children 2–5 years of age. In this same study, RSV positive children seen in a
clinician’s office or the emergency department were most commonly diagnosed
with upper respiratory tract infections (32 %), bronchiolitis (20 %), asthma
(13 %), and pneumonia (8 %).

Apnea may develop in 1.2–23.8 % of infants and may be the initial manifes-
tation before other respiratory signs are present (Ralston and Hill 2009). The apnea
is generally self-limited, is most common in premature infants, and does not recur
with subsequent respiratory infections.

In developed countries, simultaneous or secondary bacterial infection, other
than otitis media, is uncommon with RSV infection (McIntosh 1991; Hall et al.
1988; Ralston et al. 2011). Urinary tract infections are the most frequent con-
current infections, identified in about 3 % of infants, and may be coincidental
because the age of their initial occurrence is similar to that of RSV (Ralston et al.
2011). In developing countries, secondary bacterial infection or co-infection may
be a more substantial contributor to RSV disease (Madhi and Klugman 2004).

Recurrent wheezing and long-term pulmonary sequelae have been reported in
up to 30–50 % of infants hospitalized with RSV lower respiratory infection (Sigurs
et al. 2010; Sly et al. 2010; Stein and Martinez 2010). However, it is unclear if
RSV infection causes the predisposition to recurrent wheezing or a predisposition
to recurrent wheezing increases the risk of RSV hospitalization (Stensballe et al.
2009).

RSV Infections among Older Children and Adults are frequent and occur
multiple times throughout life independent of antigenic changes in the virus (Hall
et al. 1991). Most recurrent infections are symptomatic upper respiratory tract
illnesses that tend to be more severe and prolonged than the average cold (Falsey
2007; Hall et al. 1978, 2001). Low grade fever and upper respiratory tract com-
plications, such as sinusitis and otitis media, are common. As many as one-fourth
of RSV-infected, healthy adults will have lower respiratory tract signs such as
wheezing and cough. Compared to influenza, RSV infection usually has a less
acute onset and less fever and systemic symptoms.

The importance of RSV infections among older adults has been increasingly
appreciated (Walsh et al. 2007; Walsh 2011; Hall et al. 1976; Falsey et al. 2005)
The clinical presentation of RSV in elderly adults is not distinctive and more
severe illness is often diagnosed as exacerbation of comorbid conditions, such as
chronic obstructive pulmonary disease and congestive heart failure.

3 Transmission

Clinical observations of the spread of RSV within families, daycare, and other
groups of children have noted that the transmission of RSV requires close contact
with infected individuals or with their secretions (Hall 2007 and Lindsley et al.
2010). These observations and volunteer studies indicate that RSV is primarily
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spread by two mechanisms: (1) large particle droplet aerosols (10–100 lm) which
are propelled short distances (B0.9 m) by sneezing, coughing, and even quiet
breathing; and (2) by infectious secretions contaminating environmental surfaces
followed by self-inoculation (Lindsley et al. 2010; Hall and Douglas 1981; Hall
et al. 1981). RSV in the nasal secretions of infants remains infectious on count-
ertops for about 6 h and on cloth and paper tissue for about 30 min (Hall et al.
1980). Survival is also augmented when the humidity is low (B30 %) as is usual
during the winter respiratory season (Miller and Artenstein 1967 and Siegel et al.
2007). The likely portals of inoculation are the nose, eyes, and upper respiratory
tract. Although detected in air samples in a fashion suggestive of having spread
long distances by small particle aerosols (Lindsley et al. 2010), epidemiologic
studies suggest this mode of transmission is uncommon.

Nosocomial spread of RSV is problematic in high risk populations such as
pediatric wards and in patients with compromised immune, pulmonary, or cardiac
systems (Bont and Nosocomial 2009; Englund et al. 1991; Hall 2000; El Saleeby
et al. 2008). Risk of nosocomial RSV primary occurs during community outbreaks
but periodic outbreaks can occur outside of the RSV season.

Recommendations for the control of RSV are primarily based on interrupting
the assumed major modes of transmission by emphasizing the avoidance of close
contact with infected individuals and preventing direct or indirect contact with
infectious secretions. However, the ubiquity of infection during the RSV season
among all ages and the fact that ill visitors and staff can contribute to nosocomial
spread complicates control efforts (see chapter by H.Y. Chu and J.A. Englund, this
volume). The U.S. Centers for Disease Control and Prevention (CDC) advises
contact precautions in addition to standard precautions (Siegel et al. 2007). Inte-
gral to these recommendations is consistent and assiduous hand hygiene, which
emphasizes the importance of fomite transmission and the pivotal role that per-
sonnel play in nosocomial spread of RSV.

4 Temporal and Geographic Patterns of Community
Outbreaks

In temperate climates, RSV regularly causes community outbreaks in fall, winter,
and spring months, i.e., November to April in many Northern hemisphere locations
and March to October in many Southern hemisphere locations. Within this regu-
larity, however, is substantial variability in the timing and duration of outbreaks.
For example, in the USA, the timing of outbreaks for the same region or com-
munity between years and between different communities for the same year can
vary substantially. Over a 10-year period, U.S. surveillance showed the onset of
RSV season occurs between early November and late January in most commu-
nities. South census region tends to have earlier onset and the Midwest census
region later onset of the RSV seasons (Mullins et al. 2003). Within regions and
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between communities there is additional variation. For example, RSV outbreaks in
Florida occur as early as July and August in the Miami area and October or
November in northern Florida (Light et al. 2008). Even communities within a few
miles of each other can have substantially different timing of the onset of RSV
outbreaks, e.g., in two communities 25 miles apart the onsets were [4 week dif-
ferent 20 % of the time (Mullins et al. 2003). The duration of RSV outbreaks is
usually 12–20 weeks but can be substantially longer, especially in some southern
regions. Surveillance studies from other countries have identified other patterns of
RSV outbreaks such as alternating years with early and late onset of seasonal
outbreaks. Seasonal patterns of community outbreaks in tropical regions are less
consistent. In tropical regions, more distant from the equator, RSV outbreaks tend
to occur in cool dry or cool wet seasons while in regions closer to the equator RSV
tends to be detected throughout the year but with periods of increased activity
(Stensballe et al. 2003). In other tropical regions with distinct yearly outbreaks, the
timing of these outbreaks can vary more year to year than in temperate climates.
Thus, local data is needed to most accurately predict timing of RSV outbreaks in a
given community.

Understanding the temporal and geographic patterns of RSV outbreaks has been
important for timing of RSV immune prophylaxis, implementing RSV infection
control strategies, and estimating the burden of RSV disease. In temperate cli-
mates, the regularity of RSV seasonal outbreaks makes it possible to define the
months during which RSV transmission is likely to occur and focus RSV immune
prophylaxis (From the American Academy of Pediatrics 2009) (see chapter by
H.Y. Chu and J.A. Englund, this volume). However, the variability of the time of
RSV circulation that occurs between years and between communities makes such
predictions imprecise even with local data (Panozzo et al. 2010).

5 Risk Factors for Infection and Disease

Age and sex are important risk factors for serious RSV disease with the very young
and the elderly being the two highest risk groups for serious complications from
infection (Sommer et al. 2011 and Langley and Anderson 2011). A review of
recent studies of RSV hospitalization rates (Simoes 2003) revealed that approxi-
mately 10–28 % of infants hospitalized with RSV are aged below 6 weeks,
49–70 % below 6 months, and 66–100 % below 1 year. Consequently, young age,
e.g., \6 months of age, at the onset of RSV season increases the risk of RSV
hospitalization (Liese et al. 2003; Carbonell-Estrany et al. 2000; Figueras-Aloy
et al. 2008; Law et al. 2004). Male sex has consistently been a risk factor for
severe RSV LRTI and analysis of representative studies over the last 30 years
found the risk ratio of boys to girls being 1.425:1 (Simoes 2003).

Much of the disease in elderly persons can be attributed to underlying condi-
tions. In a comprehensive 4-year study of RSV in adults (Falsey et al. 2005), 608
healthy adults and 540 high risk adults were followed for one or more RSV
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seasons. In addition, 1388 adults 65 years or older or with physician diagnosed
congestive heart failure or chronic lung disease hospitalized for an acute respi-
ratory illness were studied. Among those followed prospectively, none of the 46
RSV-infected healthy elderly were hospitalized with their RSV infection while 9
(16 %) RSV-infected high risk adults were hospitalized. Among adults hospital-
ized with RSV, 80 % had an underlying cardiopulmonary condition. Of note, for
many of the adults hospitalized with an RSV infection, the discharge diagnosis
was exacerbation of underlying heart or lung disease. In this study, RSV was
detected in 11 % of adults hospitalized with the diagnosis of pneumonia, 11 %
with the diagnosis of chronic obstructive lung disease, 5 % with the diagnosis of
congestive heart failure, and 7 % with the diagnosis of asthma. Over the four study
years, 3–10 % of the prospectively followed adults became infected with RSV.

Underlying conditions such as prematurity in the infant and young child has
been associated with a risk of hospitalization of 4–14 % depending on the study
and gestational age at birth (Sommer et al. 2011 and Langley and Anderson 2011).
Otherwise healthy infants \1 year of age have hospitalization rates of 1–3 %
(Langley and Anderson 2011). Infants and children with chronic lung disease and
prematurity are reported to have a 10–25 % risk of being hospitalized with RSV.
Other chronic lung conditions such as cystic fibrosis have been associated with
more severe illness with RSV infection (Garcia et al. 2007). Hospitalization rates
among infants and children with Down syndrome have been reported as high as
7–11 % depending on presence of associated conditions such as congenital heart
disease (Zachariah et al. 2012). The risk of hospitalization among children with
congenital heart disease has been reported to be as high as 36 % but more recent
estimates suggest lower rates of hospitalization. These lower recent estimates
probably reflect better management of the patient’s illness. At risk children also
have more severe illness when hospitalized as indicated by longer hospital stays,
more frequent admissions to the intensive care unit, and more frequent need for
mechanical ventilation. Although several risk factors have been associated with a
higher frequency of severe RSV-mediated disease, more than 50 % of hospital-
izations caused by RSV infections are in infants and children with no known risk
factors (Boyce et al. 2000).

RSV infection in immune compromised patients initially can be similar to
infection in otherwise healthy persons but they can have a high rate of serious
complications and death. Recipients of hematopoetic stem cell transplants (HSCT)
have had especially high rates of severe disease and death from RSV infection with
those receiving allogenic HSCT’s having the greatest risk. The greatest risk is the
post HSCT period before engraftment. Delay in engraftment and graft versus host
disease also is associated with an increased risk of serious RSV disease. Up to
50 % of RSV infections in HSCT recipients progress to the lower respiratory tract
and between 6 and 80 % of lower respiratory tract infections are reported to result
in death (Ison 2009 and Shah and Chemaly 2011).

Recipients of other transplanted organs or immune suppressive therapy for
cancer or other conditions with moderate levels of immune suppression may also
have an increased risk of serious RSV disease, but this risk has not been well
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studied (Weigt et al. 2011). Severe immune suppression of any origin, however,
likely is associated with a substantially increased risk of complications with RSV
infection. Lung transplant recipients have been reported to have a high risk of fatal
outcome with RSV infection, up to 10–15 %, as well as risk of new onset and
progression of bronchiolitis obliterans syndrome [BOS] and the associated irre-
versible decline in lung function (Zamora et al. 2011 and Liu et al. 2010). HIV-
infection can result in prolonged RSV shedding and may predispose to more
severe RSV infection. A large prospective study in South Africa found nearly an
eightfold increase in RSV hospitalization in HIV-infected children compared to
those without HIV infection (Madhi et al. 2006).

Detection of RSV infection is one key to preventing and treating disease in high
risk patients. In general, antigen detection assays and viral isolation are much less
sensitive than molecular techniques but adequate for detecting infection in young
children. In adults a sensitive assay, such as real time PCR, is necessary to reliably
detect RSV and other viral respiratory infections (Falsey et al. 2002). Attention to
good infection control practices inside and outside the health care setting can
decrease the risk of infection (Danziger-Isakov et al. 2012) (see section on RSV
Transmission).

Living at an altitude higher than 2500 m is associated with an increased risk of
RSV hospitalization (relative risk [RR]: 1.30; P \ 0.018 compared to living at
moderate altitudes) and 1–4-year-old children exhibit an 80 % increase in their
hospitalization rates (RR: 1.80; P \ 0.001) (Choudhuri et al. 2006). Altitude could
contribute to disease severity by lowering oxygen saturation, impairing respiratory
airway ciliary activity, and causing hypoxia-related pulmonary vasoconstriction.

Malnutrition and small for gestational age have most often been studied as
RSV risk factors in developing countries. A Kenyan cohort study found children
with stunting (height for age z-scores \-2) had a higher rate of RSV ALRI (RR
1.73 [95 %CI 1.08–2.76]) (Okiro et al. 2008). A study from Philippines found that
infants who were underweight (weight for age z-scores \-2) at 6 weeks of age
had a significantly increased rate of subsequent RSV ALRI hospitalisation (RR
1.60 [95 %CI 1.07–2.41]) and were more likely to be hypoxemic than those who
were not (30 % vs. 15 %, p = 0.03) (Paynter et al. 2013). Studies focusing on
malnutrition in developing countries have concluded that malnutrition is less
important to the severity of RSV than to bacterial infections and some studies
suggested malnourished children may have less severe disease than well-nourished
children (Simoes 2003). Intrauterine growth restriction was found to be an inde-
pendent risk factor for RSV hospitalization in the Canadian PICNIC- Study (Law
et al. 2004).

Day care attendance/older siblings in school or day-care and crowding are
significant risk factors for LRTI. Liese et al. (2003) from the Munich RSV Study
Group found that the presence of siblings in day-care attendance increased the risk
factor for RSV rehospitalisation in preterm infants, while the Canadian PICNIC
study (Law et al. 2004) showed that day-care-attendance of children was the single
greatest risk factor for RSV hospitalization. Many studies demonstrated a signif-
icant effect of increased numbers of persons sharing a bedroom on RSV LRTI
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(Simoes 2003). This effect was increased in families with low maternal education
and even more in families with low maternal education who had not breast-fed
their babies. School- and preschool-aged siblings impart an increased for the
young infant to acquire RSV infection. In the Canadian PICNIC study (Law et al.
2004) the presence of preschool-aged siblings was significantly and independently
associated with an increased risk for RSV related hospitalization, and a weaker
association was found with the presence of school-aged siblings. Crowding,
defined as five or more people living in one household, was also demonstrated to
be a significant risk factor for RSV related hospitalization. The Spanish FLIP study
(Carbonell-Estrany et al. 2000) revealed that only school-aged siblings and the
presence of more than four additional residents and visitors at home were risk
factors significantly associated with RSV related hospitalization. In the FLIP-2
study (Figueras-Aloy et al. 2008), the effect of school- aged siblings was con-
firmed but not crowding by use of the same definition. The Munich RSV Study
Group (Liese et al. 2003) found that siblings at day care attendance significantly
augmented the risk for RSV related hospitalization.

Multiple births carry an increased risk of RSV hospitalization. A study of
twins and triplets in Colorado found a significantly higher risk of severe RSV
LRTI and hospitalizations compared to matched singletons (Simoes et al. 1993).
This finding was confirmed by a study on hospitalization rates in preterm infants
aged 29–36 weeks by Resch et al. in (2005) that revealed multiple births being a
risk factor for RSV related hospitalization (odds ratio 5.5, CI 95 % 1.439–21.028).

Other factors of uncertain association with disease have sometimes been
linked to RSV disease. Lower socioeconomic status and parental education have
been reported to be risk factors for RSV infection in some studies (Glezen et al.
1981 and Jansson et al. 2002) but not in other studies (Figueras-Aloy et al. 2008;
Anderson et al. 1988; McConnochie and Roghmann 1960). In combination with
other risk factors, maternal education was positively correlated with RSV related
hospitalization in the Tucson study (Holberg et al. 1991). Lack of breast feeding
was not found to be an independent risk factor for RSV disease or hospitalization,
in epidemiologic studies of normal infants after accounting for other risk factors
(Law et al. 2004 and Resch et al. 2005). In Denmark, the largest case control study
of RSV hospitalization, that included all known risk factors in the model, did not
include breastfeeding in any of the models of protection against RSV hospital-
ization (Stensballe et al. 2006). However, some studies, in more restricted popu-
lations (Carbonell-Estrany et al. 2000 and Bulkow et al. 2002) or older studies
(Holberg et al. 1991) did find that the absence of breast-feeding in combination
with other risk factors like crowding, passive smoke exposure or low socioeco-
nomic status significantly increased the risk for development of RSV LRTI.

Maternal smoking and indoor smoke exposure contribute to lower respira-
tory tract infection (LRTI) in infants and young children (Simoes 2007), but it is
not clear that it specifically contributes to risk of RSV LRTI (Carroll et al. 2007).
An early case control study from the US showed an increased risk of bronchiolitis
in families with C1 smoker (McConnochie and Roghmann 1960) but several other
prospective case–control studies showed a significant effect in univariate analysis
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(P = 0.018 and 0.0004, respectively) but not in multivariate analysis (Bulkow
et al. 2002; Sigurs et al. 1995; Juntti et al. 2003). A large cohort study in Arizona
showed no significant effect of environmental tobacco smoke exposure in a
multivariate analysis (Holberg et al. 1991) while a more recent large nested case–
control study from the Danish birth cohort (2564 infants and children hospitalized
with RSV and 12816 age-matched controls) (Stensballe et al. 2006), found an
association between tobacco smoke exposure and an increased risk of hospital-
ization with RSV (odds ratio: 1.35; 95 % confidence interval: 1.20–1.52). A recent
study implicated maternal smoking during pregnancy in ICU admission in infants
and children with bronchiolitis (Mansbach et al. 2012). Among premature infants,
several studies have found an association between maternal smoke exposure and
RSV disease (Liese et al. 2003; Carbonell-Estrany et al. 2000; Figueras-Aloy et al.
2008; Law et al. 2004; Carbonell-Estrany and Quero 2001) but in only two was
smoke exposure found to be an independent risk for RSV hospitalizations
(Carbonell-Estrany et al. 2000 and Law et al. 2004).

A family history of atopy or asthma In the Canadian PICNIC—study (Law
et al. 2004) a history of eczema in a first degree family member was found to be an
independent protective factor for RSV hospitalization. However, no association
was found for family history wheezing or any other allergic disorder. Data from
the Spanish FLIP-2- study (Figueras-Aloy et al. 2008) confirmed these findings
showing that a family history of wheezing did not reach statistical significance. In
the previous FLIP—study, (Carbonell-Estrany et al. 2000) however, a history of
wheezing in the family was found to be of statistical significance, whereas the
interaction between a history of asthma or eczema in the family did not reach
statistical significance in the multivariate logistic regression analysis. Finally the
large Danish study established the role of an atopic disposition for hospitalization
of infants with RSV bronchiolitis: the adjusted relative risk of RSV hospitalization
in the offspring was 1.11 for maternal atopic dermatitis, 1.72 for maternal asthma,
and 1.23 for paternal asthma (Stensballe et al. 2006).

6 Burden of RSV Disease: Industrialized Countries

Young Infants and Children are at higher risk for severe complications and
hospitalization with RSV infection. RSV also accounts for significant outpatient
disease and disease in older children and adults. Estimates from the U.S. National
Hospital Discharge Survey (NHDS) from 1980 to 1996 indicated bronchiolitis was
the leading cause of all hospitalizations for infants, and that RSV was the most
frequent cause of bronchiolitis and all lower respiratory tract disease among young
children (Shay et al. 1999). An estimated 74,000–1,26,000 hospitalizations for
infants in the USA resulted from RSV each year between 1994 and 1996, and the
number of RSV hospitalizations appeared to be increasing in both the USA and
Canada, especially among those less than 6 months of age (Shay et al. 1999 and
Langley et al. 2003). The annual RSV hospitalization rates estimated from national
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discharge and insurance databases generally have been 25–40 per 1,000 for infants
and 6–10 times lower in the second year of life (Boyce et al. 2000; Zhou et al.
2012; Holman et al. 2004; Leader and Kohlhase 2003). More recent estimates for
1997–2006 showed the RSV-coded hospitalization rates were 26 per 1,000 infants
and 1.8 per 1,000 children 1–5 years old and caused an estimated 24 % of all
hospitalizations among children under 5 years of age (Stockman et al. 2012).

Prospective studies with population-based surveillance have provided more
defined rates of RSV hospitalizations among young children (Hall et al. 2009 and
Iwane et al. 2004). A 4-year study conducted by the CDC prospectively examined
laboratory-confirmed RSV infections among children \5 years of age in counties
in three states (Hall et al. 2009). Among over 5,000 enrolled children, 18 % had
RSV infections. RSV was associated with 20 % of hospitalizations for acute
respiratory illnesses during November–April, 18 % of emergency department
visits, and 15 % of office practice visits. The annual rates of hospitalization were 3
per 1,000 for children under 5 years of age and 17 per 1,000 infants, among those
under 6 months of age. In comparison to the hospitalization rates for influenza or
parainfluenza viruses in this same population, rates for RSV were 3 times higher
among children under 5 years of age and 6–8 times greater among infants. Similar
rates of RSV-associated hospitalizations have been reported from other industri-
alized countries with rates reported of 9–28/1,000 children for the first year of life
and 3–6/1,000 for children\5 years of age (Fjaerli et al. 2004; Forster et al. 2004;
Nicholson et al. 2006; van Gageldonk-Lafeber et al. 2005; Eriksson et al. 2002).

Outpatient Disease with RSV infection confers appreciable clinical and eco-
nomic burden, but it is less well estimated or appreciated. Information on the RSV
burden from outpatients is limited and underappreciated. Few studies have defined
and characterized the national healthcare impact from confirmed RSV illnesses
among ambulatory patients, especially among those cared for in pediatric offices.
In emergency departments in the USA, the average yearly rate of bronchiolitis has
been estimated during 1992–2000 as 26 per 1,000 children under 2 years of age,
and 64 % of ED visits for bronchiolitis were RSV positive (Mansbach et al. 2008)
Among children under 8 years of age, the rate of emergency department visits for
RSV during the winter has been estimated as 21.5 per 1,000 children (Bourgeois
et al. 2009). The prospective, population-based CDC studies showed annual rates,
28 per 1,000 children under 5 years of age, and 55 per 1,000 under 6 months (Hall
et al. 2009).

Visits for RSV illness among pediatric practices are notably greater. In the pop-
ulation-based study of German outpatients, the annual rate of RSV infection was 77
per 1,000 children under 3 years of age (Forster et al. 2004). In the USA, population-
based surveillance showed rates of RSV visits to pediatric offices were 80 per 1,000
children less than 5 years old and 132 per 1,000 children under 6 months of age.(Hall
et al. 2009) Extrapolating these results to the entire U.S. population suggests that
among children\5 years of age, RSV results in 1 of 334 hospitalizations, 1 of 38
emergency department visits, and 1 of 13 pediatric office visits each year.

Older Children and Adults also suffer significant RSV associated disease but the
impact on healthcare resources is least well recognized among older children and
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healthy adults. RSV infection is frequent in adults in families with young children, as
high as 40 %, but usually undiagnosed (Hall et al. 1976). In a prospective virus
surveillance study of healthy adults, the 211 RSV infected adults had substantial
disease with infection. 40 % of infected adults missed work and the average duration
of the RSV illness, 10 days, was twice that of acute respiratory infections from other
viruses. Among military recruits, RSV is also a major cause of acute respiratory
illness and causes ward confinement at rates similar to that of influenza (O’Shea et al.
2005). The morbidity and mortality associated with RSV in adults is greatest in those
with comorbidities. In a 4-year study of 608 health community dwelling adults
C65 years of age, 540 adults with cardiopulmonary disease, and 1,388 adults hos-
pitalized with an acute respiratory illness, 3–13 % of the various cohorts were
infected each year (Falsey et al. 2005). Among the prospective healthy cohort, 17 %
saw their clinician during an RSV infection and none was hospitalized. In contrast,
among the high-risk group, 29 % had office visits, 9 % visited the emergency
department, and 16 % required hospitalization. In a recent study, it was estimated
that yearly rates of RSV hospitalization among persons 50–64 years old was 0.82/
1,000 and 2.5/1,000 persons[65 years of age or about 40,000 and 1,25,000 hospi-
talizations/year respectively in the USA (Widmer et al. 2012).

Mortality associated with RSV infection is relatively rare among young chil-
dren in developed countries. Less than 500 fatal cases are estimated to occur in the
USA per year (Leader and Kohlhase 2003; Shay et al. 2001; Thompson et al.
2003). Among older children and adults under 50 years of age mortality is gen-
erally the lowest. In the Netherlands, excess mortality during the winter related to
RSV was not observed among those 1–18 years of age, was slight (0.3 per
1,00,000) among 18–49 year olds, and markedly increased among those
50–64 years (5.4) and those C65 years of age (98.7) (Jansen et al. 2007).

Economic burden of RSV disease in the USA and in other developed countries
is appreciable. The greatest proportions of these costs are engendered by RSV
illness among infants and the elderly. In the USA, the total annual RSV costs for
infants have been estimated during 1997–2000 as $202 million for emergency
department visits and $2.6 billion for hospitalizations (Leader and Kohlhase 2003).
In comparison, estimates of the cost of RSV-associated disease in Australia were
substantially lower, i.e., annual direct healthcare cost in 2005 of $24–$50 million
for children\5 years of age and $20–$40 million for infants (Ranmuthugala et al.
2011). Among the elderly in the USA, the annual direct costs of RSV hospital-
izations was estimated in 1995 as $150–$680 million, and more recently as
exceeding $1 billion (Falsey et al. 2005 and Han et al. 1999).

7 Burden of RSV Disease: Developing Countries

Two recent estimates of the burden of RSV disease have been made, one esti-
mating the global incidence of and mortality from episodes of acute lower
respiratory infection due to RSV in children younger than 5 years in 2005 (Nair
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et al. 2010) and a more recent estimate of the Global Burden of Diseases (GBD)
2010, that included estimates of RSV specific mortality for all age groups (Lozano
et al. 1990). The first estimate by Nair et al. utilized a systematic review of data
published between January, 1995, and June, 2009, and ten unpublished population-
based studies, utilizing the CHERG methodology, estimated that in 2005, 33�8
(95 % CI 19�3–46�2) million new episodes of RSV-associated ALRI occurred
worldwide in children younger than 5 years. Of these about 10 % or 3�4 (2�8–4�3)
million episodes required hospital admission. It was estimated that
66,000–1,99,000 children younger than 5 years died from RSV-associated ALRI
in 2005, with 99 % of these deaths occurring in developing countries. The second
estimate, by Lozano et al. (1990), is part of a GBD study of 291 causes of death.
This cause of death analysis has been performed at the country level for 187
countries with models available from 1980 to 2010. The estimates for RSV used
systematic reviews of published data and metanalysis using GBD Bayesian meta-
regression methods. These generated region-age-sex specific estimates that were
then applied to estimates of lower respiratory tract infections (the so called
Aetiology Modeling). Using these methods, it has been estimated that RSV causes
234,000 deaths in children\5 years of age. Since the majority of acute respiratory
deaths globally occur in the community without etiologic studies, it is difficult to
validate these estimates. Better data on RSV mortality in the community in
developing countries is needed.

8 Comment

The clinical and epidemiologic features of RSV disease foretell both difficulties
and promise for developing an RSV vaccine. For example, repeat infections and
serious disease throughout life suggest that inducing a protective immune response
will be difficult. On the other hand, high titers of neutralizing antibodies correlate
with protection and anti-F protein neutralizing antibody (palivizumab) prophylaxis
protects the high risk infant and young child from serious disease. The substantial
burden of disease throughout life suggests that there are at least four target pop-
ulations that should be considered for vaccine development, the young infant to
prevent the maximum amount of disease in children; the child over 4–6 months of
age who is better able to respond to a vaccine but still suffers sufficient disease to
warrant vaccination (especially in developing countries); pregnant women to offer
protection to her infant during the period of highest risk—the first few months of
life; and the elderly to protect them from serious complications of infection. Since
each population has different safety and efficacy challenges, each may require a
different approach to vaccination. Matching a candidate vaccine to the most
appropriate target population is important to improve its chance of success.
Understanding the epidemiology of RSV is also important to choosing a study
population that is suited to efficient evaluation of candidate vaccines.
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Influence of Respiratory Syncytial Virus
Strain Differences on Pathogenesis
and Immunity

José A. Melero and Martin L. Moore

Abstract Molecular epidemiology studies have provided convincing evidence of
antigenic and sequence variability among respiratory syncytial virus (RSV) iso-
lates. Circulating viruses have been classified into two antigenic groups (A and B)
that correlate with well-delineated genetic groups. Most sequence and antigenic
differences (both inter- and intra-groups) accumulate in two hypervariable seg-
ments of the G-protein gene. Sequences of the G gene have been used for phy-
logenetic analyses. These studies have shown a worldwide distribution of RSV
strains with both local and global replacement of dominant viruses with time.
Although data are still limited, there is evidence that strain variation may con-
tribute to differences in pathogenicity. In addition, there is some but limited evi-
dence that RSV variation may be, at least partially, immune (antibody) driven.
However, there is the paradox in RSV that, in contrast to other viruses (e.g.,
influenza viruses) the epitopes recognized by the most effective RSV-neutralizing
antibodies are highly conserved. In contrast, antibodies that recognize strain-
specific epitopes are poorly neutralizing. It is likely that this apparent contradiction
is due to the lack of a comprehensive knowledge of the duration and specificities
of the human antibody response against RSV antigens. Since there are some data
supporting a group- (or clade-) specific antibody response after a primary infection

J. A. Melero
Unidad de Biología Viral, Centro Nacional de Microbiología, Instituto de Salud Carlos III,
Madrid, Spain

J. A. Melero (&)
Centro de Investigación Biomédica en Red de Enfermedades Respiratorias (CIBERES),
Instituto de Salud Carlos III, Madrid, Spain
e-mail: melero@isciii.es

M. L. Moore
Department of Pediatrics, Emory University, Atlanta, GA, USA

M. L. Moore
Children’s Healthcare of Atlanta, Atlanta, GA, USA

L. J. Anderson and B. S. Graham (eds.), Challenges and Opportunities for Respiratory
Syncytial Virus Vaccines, Current Topics in Microbiology and Immunology 372,
DOI: 10.1007/978-3-642-38919-1_3, � Springer-Verlag Berlin Heidelberg 2013

59



in humans, it may be wise to consider the incorporation of strains representative of
groups A and B (or their antigens) in future RSV vaccine development.
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1 Introduction

An early study of the seroepidemiology of RSV in Sendai, Japan found that patient
sera did not differ in neutralization of a small number of homologous and heter-
ologous RSV strains, as measured by reduction in tissue culture infectious dose
(TCID50) in HEp-2 cells (Suto et al. 1965). Using a methylcellulose overlay plaque
assay developed in 1966, sera from infected ferrets detected limited strain anti-
genic variability, reflected in slightly different plaque reduction neutralization
(PRN) titers for homologous (Long) versus heterologous (CH18537) strains
(Coates et al. 1966). However, it was also found in those early days that children
could be naturally infected in consecutive years with RSV strains indistinguishable
by cross-PRN, and adults were naturally reinfected despite preexisting neutralizing
antibodies (Abs) (Beem 1967).

Despite the previous comments, antigenic groups of RSV strains were defini-
tively identified by enzyme-linked immunosorbent assay (ELISA) using a panel of
10 monoclonal Abs (mAbs) obtained from mice immunized with different RSV
strains, such as A2, Long, and CH18537 (Anderson et al. 1985). In a separate study
from the same year, RSV isolates from West Virginia were probed with a panel of
mAbs generated against RSV Long (Mufson et al. 1985). RSV proteins recognized
by the mAbs were identified by radioimmunoprecipitation assay (RIPA) and SDS-
PAGE of 35S-labeled infected cell extracts. When these mAbs were tested against
RSV field isolates by RIPA, it was revealed that RSV separated into two antigenic
groups, A and B, based on eight epitope differences in the attachment glycoprotein
(G), one epitope difference in the fusion glycoprotein (F), and one epitope dif-
ference in the nucleoprotein (N). The antigenic groups correlated with genetic
differences identified by sequencing cDNA clones of the G genes of RSV A2 (A
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group), Long (A group), and CH18537 (B group) strains. Thus, while the deduced
G-protein sequences of A2 and Long strains shared 94 % amino acid identity,
those of CH18537 and A2 strains shared only 53 % amino acid identity, with the
majority of the diversity residing in the predicted extracellular domain (Johnson
et al. 1987b). The classification of RSV isolates into A and B antigenic groups is
now more often done via sequencing of variable region(s) of the G extracellular
domain, rather than by mAb reactivity. The RSV A and B group designation is also
referred to as antigenic ‘‘subgroups’’ in the literature, group A being more pre-
valent than group B (Hall et al. 1990; Matheson et al. 2006).

Sequence-based molecular epidemiology of RSV led to the identification of
genetically distinct, cocirculating genotypic lineages. Evidence of RSV lineages
within group A was revealed in isolates from Birmingham, U.K. (1989) using
partial sequences of the small hydrophobic (SH) gene and restriction patterns of
RSV nucleoprotein (N) gene PCR amplicons (Cane and Pringle 1991). RSV G
gene sequences from 27 group A isolates from Montevideo, Uruguay and Madrid,
Spain (1987–1993) were aligned with those of A2, Long, and six isolates from
Birmingham, UK to analyze the phylogenic relatedness of group A strains, and
distinct lineages were evident (Garcia et al. 1994). Similarly, lineages were
observed by analyzing sequences of the two variable domains of the G gene from
48 group A RSV isolates collected from 1956 to 1993 in the US, Australia, UK,
Norway, Sweden, and Finland (Cane and Pringle 1995). Both studies also found
local cocirculation of group A lineages and a high ratio of nonsynonymous to
synonymous (dN/dS) mutations in the C-terminal variable region of G, suggesting
positive selection. Furthermore, both studies probed isolates with panels of mAbs
to the G protein and found that the strength of reactivity roughly paralleled the
position on the phylogenetic dendrogram, consistent with contribution of immune
selection to RSV G variability (Cane and Pringle 1995; Garcia et al. 1994).

A more detailed picture of RSV genetic lineages emerged with additional
sequences. It was determined that the C-terminal 270 nt of the G gene can serve as
a proxy for full length G gene variability (Peret et al. 1998). Phylogenetic analysis
of G sequences from 204 RSV isolates collected in Rochester, New York from
winter 1990/1991 to winter 1994/1995 revealed a number of genetically distinct
clusters of genotypes (clades) within A and B groups of RSV (Peret et al. 1998).
These clades were designated GA1 to GA5 for group A and GB1 to GB4 for
group B. This work provided a clade nomenclature and framework that was
consistent with earlier observations of distinct RSV lineages and aided ongoing
investigations of RSV molecular epidemiology. Subsequent RSV studies with
large sequence datasets of RSV isolates over time from around the globe con-
firmed these cocirculating clades and identified additional clades (Gaunt et al.
2011; Matheson et al. 2006; Reiche and Schweiger 2009; Shobugawa et al. 2009;
Venter et al. 2001; Zlateva et al. 2007; Botosso et al. 2009). Genetic relatedness of
RSV group A strains is depicted in Fig. 1 by a phylogenetic tree composited from
multiple studies, showing clades and representative isolates. Since the late 1990s,
the GA2 and GA5 clades have dominated among group A RSV clades, with
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season-to-season fluctuation in relative rate of isolation. Group B RSV clades will
be discussed in more detail below. In general, there is greater diversity between
group A clades than there is between group B clades.

2 Temporal and Geographical Distribution of RSV Strains

Initial analysis of multisequence alignments of RSV G gene sequences showed
clustering of strains temporally and not geographically. Phylogenetically related
RSV strains could be found at similar times in different continents, whereas iso-
lates collected in the same place from the same epidemic may show greater
diversity (Garcia et al. 1994). Additional evidence for temporal and not geographic
clustering came from a study comparing 106 group A and 38 group B RSV isolates

Fig. 1 Phylogenetic tree for RSV group A isolates. All group A G gene sequences from the
following references were obtained from the NCBI database (Garcia et al. 1994; Peret et al. 1998,
2000; Venter et al. 2001, 2002; Botosso et al. 2009; Matheson et al. 2006; Zhang et al. 2007;
Gaunt et al. 2011; Reiche and Schweiger 2009; Stokes et al. 2011; Yamaguchi et al. 2011). The
isolates span years 1961–2007. Using Geneious Pro (Aukland, New Zealand) software, the
sequences were trimmed to 270 nt corresponding to the second variable region of G, and
identical, redundant sequences were removed. A total of 496 unique G sequences were aligned
using ClustalW. Phylogenetic reconstruction was by the Maximum Likelihood (general time
reversible model, 1000 bootstrap replicates) using MEGA5 software (Tamura et al. 2011). The
tree was graphed and annotated using FigTree version 1.4. Representative isolates are shown to
the right. Clades GA1 through GA7 are indicated, as well as the span of years of isolation for
each clade. Branch lengths are measured in the number of substitutions per site (scale bar)
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from New Zealand (collected 1967–2004) with published isolates from around the
world. The New Zealand isolates did not cluster with each other, and RSV isolates
clustered by clade, not by country (Matheson et al. 2006). However, despite data
on wide geographic dissemination of RSV strains, community-based transmission
likely plays a role in RSV epidemiology. RSV isolates were collected from the
1994–1995 RSV season in the following cities, states/province: Birmingham,
Alabama, Rochester, New York, Houston, Texas, St. Louis, Missouri, and Win-
nipeg, Mannitoba (Peret et al. 2000). The GA1 clade was most prevalent in Bir-
mingham, Rochester, and St. Louis, whereas the GA5 clade was dominant in
Houston, and the GA5 and GA7 clades codominated that season in Winnipeg.
RSV isolates from Japan generally clustered with known clades, but some were
genotypically unique, suggesting a role for geographic clustering and community-
based spread (Kuroiwa et al. 2005).

One way to gauge community-specific RSV distribution is to compare RSV
studies reporting RSV isolates from different locations spanning the same time
frame. Table 1 compares the prevalence of RSV group A and group B as well as
the prevalence of the dominant group A clades (GA2, GA5, and GA7) over time in
different regions. Dominant group B clades were omitted in Table 1 because their
classification is less consistent. Table 1 shows some patterns of widespread RSV
distribution. For example, the relative A to B and relative GA2 to GA5 rates are
roughly similar in Belgium, Germany, and Buenos Aries over three RSV seasons,
1998–1999, 1999–2000, and 2000–2001 (Table 1). Yet, site-specific group and
clade restrictions are also evident. For example, Belgium and Germany differ in
whether A or B is more prevalent in three of the eight overlapping seasons
(Table 1). Also, GA5 was the dominant group A clade in Belgium, Germany, and
Japan in the 2003–2004 season. However, GA2 was dominant the next season in
Belgium and Japan, whereas GA5 remained dominant in Germany (Table 1). In
tropical and subtropical regions, the relative prevalence of A and B differed
between Buenos Aires and Kenya in two out of three overlapping seasons
(Table 1). RSV seasonality in tropical regions is distinct, and epidemics occur
during the rainy season from July to November, with a biennial pattern of low and
high incidence seasons, as observed in Cambodia (Arnott et al. 2011). In Cam-
bodia and China, the dominance of group A or group B in a particular season was
strong (Table 1). In summary, factors determining RSV group and clade compo-
sitions of epidemics are complex. Region-specific factors play a role, and, as
discussed in more detail below, specific genotypes can also spread globally.

Although RSV groups and clades cocirculate and can appear in successive
years, year-to-year changes in the predominance of group A and group B and year-
to-year changes in the predominance of clades were observed in a given location
(Peret et al. 1998). Subsequent studies confirmed that clades co-circulate locally
and alternate in predominance over time, potentially due to immune selection but
without evidence of progressive evolution as defined by new strain emergence
(Botosso et al. 2009; Gaunt et al. 2011; Matheson et al. 2006; Reiche and
Schweiger 2009; Venter et al. 2001). Two key questions about the temporal dis-
tribution of RSV strains are: (i) what drives season-to-season changes in clade

Relevance of RSV strain variation 63



T
ab

le
1

R
S

V
gr

ou
p

pr
ev

al
en

ce
an

d
gr

ou
p

A
cl

ad
e

pr
ev

al
en

ce
by

lo
ca

ti
on

,
st

ud
y,

an
d

ep
id

em
ic

se
as

on

19
97

–1
99

8
19

98
–1

99
9

19
99

–2
00

0
20

00
–2

00
1

20
01

–2
00

2
20

02
–2

00
3

20
03

–2
00

4
20

04
–2

00
5

20
05

–2
00

6
20

06
–2

00
7

20
07

–2
00

8

T
em

pe
ra

te
R

eg
io

n
W

in
te

r
E

pi
de

m
ic

L
eu

ve
n,

B
el

gi
um

a

A
/B

b
64

/3
4

25
/7

5
75

/2
4

82
/1

8
15

/8
5

55
/4

5
61

/3
7

22
/7

6
84

/1
5

G
A

2/
G

A
5c

70
/3

0
42

/5
8

26
/7

4
41

/5
9

83
/1

7
20

/8
0

0/
10

0
75

/2
5

22
/7

8
G

er
m

an
yd

A
/B

20
/8

0
93

/7
58

/4
2

67
/3

3
34

/6
6

75
/2

5
80

/2
0

64
/3

6
53

/4
7

G
A

2/
G

A
5/

G
A

7
50

/5
0/

–
37

/5
8/

5
38

/6
2/

–
50

/5
0/

–
4/

48
/4

8
28

/7
2/

–
13

/8
7/

–
26

/7
4/

–
57

/4
3/

–

N
ii

ga
ta

,
Ja

pa
ne

A
/B

94
/6

22
/7

8
89

/1
1

80
/2

0
70

/3
0

70
/3

0
G

A
2f /G

A
5/

G
A

7
–/

97
/3

–/
69

/3
1

–/
10

0/
–

81
/1

9/
–

91
/1

/–
10

0/
–/

–

L
an

zh
ou

an
d

C
ho

ng
qi

ng
,

C
hi

na
g

A
/B

10
0/

–
97

/3
G

A
2/

G
A

5
10

0/
–

10
0/

–
Su

bt
ro

pi
ca

l
or

T
ro

pi
ca

l
E

pi
de

m
ic

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

B
ue

no
s

A
ir

es
,

A
rg

en
ti

na
h

A
/B

38
/6

2
10

0/
0

83
/1

7
29

/7
1

74
/2

6
82

/1
8

G
A

2/
G

A
5

64
/3

6
30

/7
0

43
/5

7
–/

10
0

78
/2

2
50

/5
0

K
il

ifi
D

is
tr

ic
t,

K
en

ya
i

A
/B

10
0/

0
98

/2
39

/6
1

G
A

2/
G

A
5

5/
95

27
/7

3
–/

10
0

C
am

bo
di

aj

(c
on

ti
nu

ed
)

64 J. A. Melero and M. L. Moore



T
ab

le
1

(c
on

ti
nu

ed
)

19
97

–1
99

8
19

98
–1

99
9

19
99

–2
00

0
20

00
–2

00
1

20
01

–2
00

2
20

02
–2

00
3

20
03

–2
00

4
20

04
–2

00
5

20
05

–2
00

6
20

06
–2

00
7

20
07

–2
00

8

A
/B

0/
10

0
10

0/
–

92
/2

8/
92

G
A

2k
/G

A
5

–
10

0/
–

98
/2

10
0/

–

a
D

at
a

fr
om

Z
la

te
va

et
al

.
(2

00
7)

b
%

of
is

ol
at

es
th

at
w

er
e

R
S

V
gr

ou
p

A
/%

of
is

ol
at

es
th

at
w

er
e

R
S

V
gr

ou
p

B
c

%
of

gr
ou

p
A

is
ol

at
es

th
at

w
er

e
cl

ad
e

G
A

2/
%

of
gr

ou
p

A
is

ol
at

es
th

at
w

er
e

cl
ad

e
G

A
5

d
D

at
a

fr
om

R
ei

ch
e

an
d

S
ch

w
ei

ge
r

(2
00

9)
e

D
at

a
fr

om
S

ho
bu

ga
w

a
et

al
.

(2
00

9)
f

N
ii

ga
ta

is
ol

at
es

as
si

gn
ed

to
N

A
1

an
d

N
A

2
cl

ad
es

ar
e

re
pr

es
en

te
d

as
G

A
2

be
ca

us
e

th
es

e
th

re
e

cl
ad

es
ar

e
m

or
e

cl
os

el
y

re
la

te
d

to
ea

ch
ot

he
r

th
an

to
G

A
5

g
D

at
a

co
m

bi
ne

d
fr

om
Z

ha
ng

et
al

.
(2

01
0a

,
c)

h
D

at
a

fr
om

V
ie

ga
s

an
d

M
is

tc
he

nk
o

(2
00

5)
i

D
at

a
fr

om
S

co
tt

et
al

.
S

co
tt

et
al

.
(2

00
4)

j
D

at
a

fr
om

A
rn

ot
t

et
al

.
(2

01
1)

k
C

am
bo

di
a

is
ol

at
es

as
si

gn
ed

to
N

A
1

cl
ad

e
ar

e
re

pr
es

en
te

d
as

G
A

2

Relevance of RSV strain variation 65



predominance? and (ii) do RSV clades impact natural infection and reinfection by,
for example, providing some degree of immune evasion? A recurring hypothesis
has been that alternating clade prevalence is a result of short-lived strain- or clade-
specific herd immunity that favors circulation of a heterologous clade. Although it
has yet to be shown definitively, there are published data consistent with the
hypothesis of selection by herd immunity. Thus, several of the amino acid residues
in the C-terminal hypervariable region of the G protein identified as having a high
dN/dS ratio map within known Ab epitopes (Botosso et al. 2009; Garcia et al.
1994). Furthermore, a number of positively selected amino acid sites in the
C-terminus of G show a reversion (‘‘flip-flop’’) pattern of evolution, consistent
with rising and waning strain-specific immunity (Botosso et al. 2009). The infant
serum Ab response to primary RSV infection contains clade-specific Abs, as
measured by ELISA using plates coated with polypeptides corresponding to the C-
terminus of G (Scott et al. 2007). More recently, the RSV group and clade of
infecting and reinfecting strains were identified in a birth cohort in Kenya.
Excluding seven reinfections that occurred during the same epidemic, there were
46 reinfections documented (Agoti et al. 2012). Over 28 (61 %) of those rein-
fections were group heterologous (A then B, or B then A). Among the 46 rein-
fections, there were only six instances where group A infection was followed by
group A in a subsequent season. Of those six, four were heterologous for GA2/
GA5 clade. Although the numbers are small, the authors state that the majority of
reinfections are heterologous at the group or clade level (Agoti et al. 2012). It
would be more compelling if higher rates of heterologous clade reinfection could
be documented when the reinfecting clade is subdominant.

A better understanding of the potential for global spread of RSV strains has
been facilitated by the discovery, in 1999, of a novel group B RSV genotype. It
was isolated for the first time in Buenos Aires and contained a 60 nt duplicated
region in the C-terminal one-third of G, and the clade was named BA (Trento et al.
2003). These initial BA isolates had an exact 60 nt duplication, resulting in two
tandem sequences of TERDTSTSQSTVLDTTTSKH from amino acids 240 to 280
in G (Trento et al. 2003). This insertion was then used as a ‘‘tag’’ to analyze the
global distribution and evolution of a new RSV genotype since its initial emer-
gence (Trento et al. 2006, 2010). The BA clade rapidly disseminated worldwide
and became dominant, and these findings have been confirmed by a number of
RSV molecular epidemiology studies with relatively large datasets (Baek et al.
2012; Gaunt et al. 2011; Zhang et al. 2007; Botosso et al. 2009). The BA clade
continued to evolve, the two exact 60 nt repeats diverged slightly, and a new BA-
IV lineage essentially replaced all other group B RSV G strains. The biological
significance of the duplicated region in BA G is not known.

Besides evolutionary studies, analysis of sequence variation in the G gene may
have other practical applications as, for instance, tracing the origin of infecting
viruses during outbreaks in hospitalized patients (Mazzulli et al. 1999; Taylor et al.
2001).
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3 Clinical Differences Between RSV Strains

Early work showed that group A RSV is associated with slightly greater clinical
severity than group B RSV (Hall et al. 1990). RSV disease severity was correlated
with RSV clades in small cohorts, but these studies are not definitive because clade
GA2 was found to be less pathogenic in one study and more pathogenic in others
(Gilca et al. 2006; Martinello et al. 2002). Thus, the role of RSV strain differences
in disease remains to be elucidated.

4 Phenotypic Differences Between RSV Strains In Vitro
and in Animal Models

Small changes in viral gene sequences may have a large impact on pathogenesis. For
instance, the elevated virulence of 1918 and avian influenza strains hinges on few
amino acids differences (Conenello et al. 2007; Tumpey et al. 2005). Passage of
viruses in animal hosts can lead to adaptation. The RSV Long strain was adapted to
mice (line 19) by serial intracranial inoculation, resulting in higher virus replication
presumably due to mutations that have not been characterized (Cavallaro and Ma-
assab 1966). Infection of BALB/c mice with the laboratory RSV strains A2 or Long
results in a predominant TH1-type antiviral response (Moore and Peebles 2006). In
contrast, the line 19 strain of RSV induces a TH2 type and IL-13-dependent airway
hyperreactivity (AHR) and pulmonary mucus in BALB/c mice (Lukacs et al. 2006).
The F protein of the line 19 RSV strain has a unique sequence and is a factor that can
induce pulmonary IL-13 and mucin expression in RSV infection (Moore et al. 2009).
In addition, six RSV isolates have been screened for lung IL-13 levels and airway
mucin expression in BALB/c mice. Three of these isolates induced lung IL-13 and
gob-5 (a marker of mucin) expression, and were found to be differentially mucogenic
in BALB/c mice (Stokes et al. 2011). RSV clinical isolates also infect the airway
epithelium of mice to a greater extent than the laboratory adapted A2 strain (Stokes
et al. 2011). In differentiated primary pediatric airway epithelial cells cultured at air–
liquid interface, a RSV clinical isolate exhibited enhanced infectivity (but not virus
yield) and induced greater mucus production than the laboratory A2 strain (Villenave
et al. 2012). The molecular bases for these strain-specific phenotypes are largely
unknown.

5 Protective Immunity

Animal and human studies have provided a wealth of evidence indicating that
protection against RSV infection is afforded mainly by neutralizing antibodies. In
early experiments (Prince et al. 1983), it was found that cotton rats infected with
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RSV developed complete resistance to pulmonary reinfection which lasted at least
18 months. Adaptive transfer studies with the convalescence blood showed that
serum antibody, but not circulating lymphocytes, conferred resistance. Immune
pregnant cotton rat females transmitted protective antibodies to their young mainly
through colostrum and milk (Prince et al. 1983). Similar findings were observed in
pregnant ferrets (Prince and Porter 1975) and guinea pigs (Buraphacheep and
Sullender 1997). Human convalescent serum and human immunoglobulin (Ig)
preparations were also found to confer pulmonary protection against RSV in the
cotton rats. Serum neutralizating antibody titres of 1:380 or higher were required
for complete protection in the lungs, whereas about 10-fold higher titres were
required for protection in the nose (Prince et al. 1985). Therapeutic administration
of neutralizing Abs reduced significantly the level of RSV replication in the lungs
of cotton rats and owl monkeys but showed only a slight trend of beneficial effects
in a limited number of RSV-infected children (Hemming and Prince 1990). In
addition to polyclonal antibodies, administration of certain monoclonal antibodies
(mAbs) directed against either G or F glycoproteins protected the lungs of mice
(Taylor et al. 1984) and cotton rats (Walsh et al. 1984) against a RSV challenge. In
one study, it was found that passive protection of mice afforded by a nonneu-
tralizing mAb directed against the G glycoprotein was dependent on both the Fc
fragment of the antibody and the host complement (Corbeil et al. 1996), explaining
the lack of strict correlation between in vitro neutralization in the absence of
complement and in vivo protection (Taylor et al. 1984; Walsh et al. 1984).

In humans, protection of adult volunteers to RSV challenge was correlated with
high titres of preexisting serum neutralizing antibodies (Hall et al. 1991). Addi-
tionally, an inverse correlation was observed between high titres of RSV-neu-
tralizing serum antibodies and risk of infection in children (Glezen et al. 1986).
However, whereas in animal models the quantitative aspects of passive protection
to RSV infection by neutralizing antibodies is well established, the situation in
human is less certain. For instance, contradicting results were reported by the same
group, about correlation (Falsey and Walsh 1998) or lack of correlation (Falsey
and Walsh 1992) between neutralizing antibody titers and risk of RSV infection in
the elderly. Nevertheless, the consensus inferred from the majority of data is that
neutralizing antibodies protect against RSV infection and particularly against
RSV-associated pathology. Perhaps the best evidence for this assertion was pro-
vided by the clinical studies carried out with a Ig preparation (RS-IVIG, Respi-
gamTM), selected for high titers of RSV-neutralizing antibodies which was
administered prophylactically to high-risk infants (Groothuis et al. 1993). The
beneficial effect of RS-IVIG was noticed in the reduction of hospitalizations
(55 %) and days of intensive care (97 %) rather than frequency of RSV infections.
These studies led to licensing of Respigam in 1996 for prophylaxis of RSV
infections in high-risk infants. Respigam was replaced in 1998 by a humanized
neutralizing mAb (MEDI-493, palivizumab) directed against the RSV F glyco-
protein (Beeler and Van Wyke 1989) that showed similar efficacy but it was easier
to administer than Respigam (see chapter by H.Y. Chu and J.A. Englund, this
volume).
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Despite the beneficial effects of antibodies in protection against RSV, some
caution is needed because:

(1) Passive serum Abs have been shown to inhibit the antibody responses to F and
G glycoproteins expressed by recombinant vaccinia viruses (Murphy et al.
1988) or administered as purified antigens adjuvanted with alum (Murphy
et al. 1991); however, they did not suppress the T-cell response nor the
priming for a strong secondary antibody response (Fisher et al. 1999; Crowe
et al. 2001). Therefore, a well-balanced dose of prophylactic neutralizing
antibodies may be required to avoid interference with the host immune
response to either RSV infection or RSV vaccination.

(2) Weakly neutralizing Abs may have detrimental effects that contribute to the
enhanced respiratory disease observed in seronegative children that were
vaccinated in the 1960s with a formalin inactivated RSV preparation (Kim
et al. 1969). It has been shown that antibodies may lead to formation of
immune complexes that correlate with enhanced pathology in mice after an
RSV challenge. Immune complex activation of complement was also observed
in postmortem lung sections from children with enhanced RSV disease
(Polack et al. 2002). Nonreplicating RSV vaccines that fail to promote anti-
body affinity maturation may prime for immune complex formation upon RSV
infection (Delgado et al. 2009).

Although antibodies are important for resistance to infection, T cells are
imperative for virus clearance. Thus, individuals with compromised T cell
immunity can shed virus for months (Hall et al. 1986). Prolonged virus shedding is
also observed in nude or irradiated mice (Cannon et al. 1987) and in mice depleted
of both CD4+ and CD8+ lymphocytes (Graham et al. 1991). Furthermore, CD8+

cytotoxic lymphocytes may provide some protection in mice against infection, but
this effect is short-lived (Connors et al. 1991, 1992). In infants with severe RSV
infection, the peak of activated CD8+ T cell numbers in bronchoalveolar lavage
(BAL) samples and in blood correlated with convalescence, consistent with a role
for CD8+ T cells in recovery (Heidema et al. 2007).

6 Protective Antigens

Identification of antigens able to induce a neutralizing and protective immune
response was achieved initially by immunization of mice or cotton rats with
recombinant vaccinia viruses encoding individual RSV gene products (Stott et al.
1986, 1987; Wertz et al. 1987; Olmsted et al. 1986). It was promptly found that
only the external F and G glycoproteins were able to confer long-lasting protection
against RSV infection and that this protection correlated with induction of neu-
tralizing antibodies. The nucleoprotein (N) and the M2-1 (or 22k) proteins were
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also able to induce partial and short-lived protection which, at least in the case of
the M2-1 was mediated by cytotoxic T lymphocytes (Connors et al. 1992).

It was also noticed that: (i) recombinant vaccinia viruses expressing the F
protein conferred higher level of protection against RSV than those expressing the
G protein (Olmsted et al. 1986) and (ii) the neutralizing immune response against
the F protein was cross-protective against viruses of a different antigenic group,
whereas the neutralizing and protective response against the G protein was
restricted to viruses of the same antigenic group (Johnson et al. 1987a; Stott et al.
1987). These differences reflect the dissimilar structural and antigenic character-
istics of the F and G glycoproteins and their differences at the level of antigenic
and genetic relatedness between RSV isolates.

In the case of the F glycoprotein (the viral glycoprotein that mediates fusion of
the virus and cell membranes), there is 89 % amino acid sequence identity
between the proteins of groups A and B of human RSV (Johnson and Collins
1988). This is reflected in the high level of antigenic relatedness observed with
murine mAbs (Garcia-Barreno et al. 1989). Epitopes have been mapped in the F
protein primary structure primarily by isolation and sequencing of mutants that
grow in the presence of individual mAbs. These escape mutants normally con-
tained single amino acid substitutions that obliterated the epitopes recognized by
the antibodies used in their selection (see chapter by J.S. McLellan et al., this
volume). Figure 2 summarizes the amino acid changes in escape mutants reported
up to date by different groups (Arbiza et al. 1992; Lopez et al. 1998; Crowe et al.
1998; Zhao et al. 2004a, b). In most cases, selection was done with murine mAbs,
except in the case of the mutant I266 M that was selected with a recombinant
human Fab fragment (Crowe et al. 1998). It is worth stressing that frequently the
same mutation could be repeatedly selected with different antibodies (e.g., K272N
isolated with mAbs 151, 1200, 47F, and palivizumab). Occasionally, more than

SP FP HRA TMHRB

II I IV

Antigenic sites

1 100 150 300250 350 50040020050 450 550

Fig. 2 Scheme of the F protein primary structure. The sequence length is indicated above the
main rectangle. Black boxes denote the hydrophobic signal peptide (SP), fusion peptide (FP), and
transmembrane region (TM). Shaded boxes symbolize heptad repeat sequences, HRA, and HRB
and the two arrows indicate the location of the proteolytic cleavage sites. Vertical lines denote
the location of the indicated amino acid changes selected in escape mutants described in the
following articles: Arbiza et al. (1992), Lopez et al. (1998), Crowe et al. (1998), and Zhao et al.
(2004a, b). These amino acid changes have been grouped in antigenic sites I, II, and IV as shown
above the main rectangle
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one amino acid change was selected at the same position (e.g., N262S or N262Y)
and one of the changes (N268I) was also selected after passing the virus in the
presence of a polyclonal rabbit antiserum raised against purified F protein (Tome
et al. 2012). These findings probably reflect the dominance of certain epitopes and
the propensity of the F protein to incorporate certain mutations but not others. The
amino acid changes depicted in Fig. 2 and therefore the corresponding antibody
epitopes are clustered in three regions (antigenic sites) of the F protein primary
structure, named sites II, I, and IV and corresponding to sites A, B, and C as
designated by Beeler and Van Wyke (1989). The epitopes of antigenic sites II and
IV (Anderson et al. 1985; Beeler and Van Wyke 1989; Garcia-Barreno et al. 1989)
are very conserved among RSV strains, while those of antigenic site I are group-
specific; i.e., they are conserved only in RSV strains of the same antigenic group
(Garcia-Barreno et al. 1989).

In contrast to the antigenic and genetic conservation of the F protein, the G
glycoproteins of RSV group A and B strains share less than 50 % amino acid
sequence identity (Johnson et al. 1987b). This genetic variation is reflected in the
high level of antigenic differences detected with anti-G mAbs (Garcia-Barreno
et al. 1989). As with the F protein, the epitopes recognized by anti-G MAbs have
been mapped in the protein primary structure mainly by selection and sequencing
of escape mutants (Fig. 3). Three types of epitopes were identified: (i) epitopes
conserved among all RSV strains that mapped in the central unglycosylated
segment of the G protein ectodomain, (ii) group-specific epitopes that overlapped
partially with the conserved epitopes and that were retained only in RSV strains of
the same antigenic group, and (iii) a majority of strain-specific epitopes that were

1 20 40 60 80 100 120 140 160 180 200 220 240 260 280

Mucin-Like
Regions

Conserved and 
Group-specific epitopes

Strain-specific
epitopes

Fig. 3 Scheme of the G protein primary structure. The sequence length is indicated above the
main rectangle. Two mucin-like variable regions of the G protein ectodomain are indicated.
Black dots denote Cys residues, black arrowheads denote N-glycosylation sites, and short vertical
lines (below the main rectangle) O-glycosylation sites. The black box delineates the
transmembrane region. The gray boxes delineate the location of conserved and group-specific
epitopes in the central segment and the strain-specific epitopes in the C-terminal mucin-like
region, respectively (Garcia-Barreno et al. 1990; Rueda et al. 1991, 1994, 1995; Martinez et al.
1997; Walsh et al. 1998). The continuous horizontal line denotes the segment of identical
sequence (amino acids 164–176) in all RSV isolates and the broken horizontal line the segment of
identical sequence (amino acids 163–189) in all RSV group A isolates
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located in the C-terminal third of the G protein ectodomain and that were present
only in some RSV strains of the same antigenic group (Martinez et al. 1997).
Additionally, and in clear distinction with the escape mutants selected with anti-F
MAbs, those selected with anti-G mAbs frequently contained drastic genetic
alterations, other than single amino acid changes and which included: (i) frame-
shift mutations that altered the C-terminal third of the G molecule (Garcia-Barreno
et al. 1990), (ii) premature stop codons that shortened the G polypeptide between 1
and 42 amino acids (Rueda et al. 1991, 1995; Martinez et al. 1997), (iii) multiple
A-G transitions (A-G hypermutations) that change several amino acids, including
some cysteines in the G protein ectodomain (Rueda et al. 1994; Martinez et al.
1997; Walsh et al. 1998), and (iv) amino acid changes that prevent insertion of G
in the viral membrane (Walsh et al. 1998). All these findings emphasize the
extreme plasticity of the G molecule to adopt sequence changes, something that
might be related to the fact that G is not required for RSV replication in Vero cells,
although viruses lacking G are attenuated in HEp-2 cells and in vivo (Karron et al.
1997).

Another major difference between mAbs specific for the F and G glycoproteins
is their potency and mechanism of neutralization. Whereas certain mAbs reacting
with epitopes in sites II or IV of the F glycoprotein are potent neutralizers of RSV
infectivity in vitro (Lopez et al. 1998) most mAbs specific of the G glycoprotein
neutralize RSV very poorly, even if tested against the homologous strain used in
their isolation. However, mixtures of anti-G mAbs show a synergistic effect in
neutralization that is not observed with anti-F MAbs (Martinez and Melero 1998;
Anderson et al. 1988). It has then been postulated that neutralizing antibodies
directed against the F glycoprotein inhibit RSV infectivity by blocking the con-
formational changes that follow activation of RSV F to initiate the process of
virus-cell membrane fusion (Magro et al. 2010). In contrast, results obtained with
anti-G mAbs suggest that neutralization is afforded in this case by steric hindrance
of G-protein interactions with cell surface components (likely proteoglycans). This
steric inhibition requires simultaneous binding of several antibodies to the same G
molecule, explaining the synergistic effect found with combinations of these
antibodies (Martinez and Melero 1998). Despite these findings, it has been
reported that a minority of human antibodies with high affinity for the central
conserved region of RSV G are potent neutralizers of virus infectivity (Collarini
et al. 2009) and may neutralize RSV infectivity by mechanisms others than steric
hindrance.

In summary, most data indicate that F is more potent than G in inducing
neutralizing and protective antibodies. The potent neutralizing antibody response
afforded by anti-F antibodies is widely cross-reactive, while the poorer neutral-
izing anti-G response is rather strain or group-specific. These differences are
probably deep-rooted in the level of genetic variability of F and G between RSV
isolates and in the mechanism of virus neutralization afforded by different anti-
bodies, particularly in vivo.
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7 Human Antibody Response

As noted in previous sections, most studies carried out so far with neutralizing
antibodies have been done with murine mAbs. Therefore, two relevant questions
are: (i) what are the specificities of human neutralizing Abs? and (ii) are they the
same as those of murine Abs?

Not much is known about the specificities of human anti-RSV neutralizing Abs.
This gap between human and animal studies is due at least in part to the inherent
difficulty of experimenting with humans. The use of technologies to clone and
express human antibodies produced by individual B cells should facilitate in the
future dissecting the repertoire of specificities represented in the human neutral-
izing antibody response against RSV.

Nevertheless, it has been reported already that human Ig preparations contain
antibodies that compete with most murine anti-F antibodies (Sastre 2004); how-
ever, human neutralizing Abs have been identified that recognize F protein frag-
ments laying outside of the antigenic sites demarcated by murine mAbs (Sastre
et al. 2004). Additionally, neutralizing Abs specific for the untriggered form of
RSV F, not represented in the collections of murine mAbs so far described were
recently unveiled in human Ig preparations (Magro et al. 2012). Therefore,
although the specificities of murine anti-F Abs are present in human sera, human
Abs seem to embrace a broader range of specificities than murine Abs.

Similarly, certain specificities of anti-G mAbs also seem to be relevant in the
human antibody response. Thus, human Igs were able to out compete binding of
certain anti-G mAbs that recognized epitopes of the unglycosylated central seg-
ment of the G protein ectodomain (Sastre 2004). Furthermore, neutralizing anti-
bodies could be purified from human Ig preparations by affinity chromatography
with a fragment of the G glycoprotein corresponding to the conserved ectodomain
segment (Sastre et al. 2004). In agreement with these results, group-specific serum
antibodies directed against the central nonglycosylated G-protein segment have
been found after primary infections of children (Murata et al. 2010a, b). These
antibodies are likely responsible for the partially group-specific neutralizing
antibody response reported in previous studies after primary RSV infections
(Hendry et al. 1988; Muelenaer et al. 1991). However, it remains uncertain
whether or not human sera contain Abs reacting with strain-specific epitopes of the
C-terminal third of the RSV G glycoprotein. Detection of this type of antibodies in
convalescent sera is likely dependent on the use of an appropriate G protein (or
fragment thereof) that matches the antigenic properties of the infecting virus. Since
detailed information about the infecting virus is not available for most sera,
detection of strain-specific antibodies has been reported only in a few cases (Pa-
lomo et al. 2000; Cane et al. 1996; Jones et al. 2002; Scott et al. 2007)

In summary, it is apparent that the antibody specificities of murine mAbs are
also represented in human convalescent sera, but human antibodies seem to rec-
ognize a broader range of F and G-protein epitopes than murine Abs. It will be
important in the future to elucidate the actual relevance of the different antibody
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specificities for protection against infection and pathology. This might be partic-
ularly relevant in the case of anti-G Abs; for instance, it has been reported that
certain murine Abs that block the interaction of the fractalkine-like motif of
RSV_G with the CX3CR1 receptor reduced pulmonary inflammation and virus
replication in mice (Zhang et al. 2010b). Likewise, other Abs may block addi-
tional, but still unrecognized activities of the F or G glycoproteins involved in
virus replication and/or pathology.

8 Antigenic Variation, Immune Selection, and RSV
Evolution

It has been observed that generally viral antigens accumulate amino acid changes
at the sites that are recognized by neutralizing Abs as exemplified by the influenza
virus haemaglutinin (HA) (Knossow and Skehel 2006). In this case, most of the
sequence changes that are retained in viruses of the same subtype over the years
involve residues on the surface of the HA head that are part of the epitopes
recognized by neutralizing Abs. In other words, to escape neutralization by pre-
existing antibodies new influenza strains are positively selected that can infect
again the same human population.

The situation described for influenza virus is in apparent contradiction with that
found in RSV and outlined in previous sections. Thus, in the case of human RSV,
the most effective neutralizing antibodies are those directed against antigenic sites
II and IV of the F glycoprotein (Fig. 2), which are highly conserved among RSV
isolates. In contrast, the antibodies that recognize epitopes in the C-terminal third
of the G glycoprotein are only weakly neutralizing (Fig. 3), although this segment
of the G molecule represents an extreme example of sequence variation, compared
with antigens of related viruses (e.g., influenza virus). In other words, the para-
doxical situation in RSV is that the epitopes recognized by the most potent neu-
tralizing antibodies are highly conserved, whereas those recognized by poorly
neutralizing antibodies are extremely variable.

As mentioned before, two types of evidence support the notion that the
sequence variation found in the G protein is the result of positive selection: (i)
whereas synonymous nucleotide changes have a uniform distribution along the G-
protein gene, nonsynonymous changes accumulate in the two variable mucin-like
regions of G (Melero et al. 1997), in analogy with the accumulation of nonsyn-
onymous changes at the antigenic sites of influenza HA due to positive Darwinian
evolution (Fitch et al. 1991) and (ii) phylogenetic methods have identified several
positively selected sites in group A and B of RSV isolates (Woelk and Holmes
2001; Botosso et al. 2009). The fact that some of the positively selected sites
coincide with epitopes recognized by anti-G mAbs and that the antigenic changes
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detected with a panel of anti-G mAbs correlated with the position of RSV isolates
in a phylogenetic tree (Garcia et al. 1994) support the notion that positive selection
of changes in the G glycoprotein might be immune driven.

Data from human studies offer conflicting interpretations about the relevance of
antigenic variation and immune selection in protection against infection and in
RSV evolution, respectively. On the one hand, as noted before the epitopes rec-
ognized by the most efficient neutralizing anti-F mAbs are highly conserved
among RSV isolates and antibodies with the same specificities are present in
human Ig preparations (Sastre et al. 2004). These results would argue against
immune selection playing any role in the generation of RSV variability and sup-
port the idea that RSV vaccines may require only one virus strain or its antigens.

On the other hand, studies conducted with convalescent sera have provided
evidence that upon primary RSV infections there was some dominance of group-
specific neutralizing antibodies (Muelenaer et al. 1991; Cane et al. 1996; Scott
et al. 2007). This group-specific response was also observed by ELISA with sera
from convalescent primary infections using segments of the central core of the G
glycoprotein as antigens (Murata et al. 2010a; Scott et al. 2007; Cane et al. 1996).
However, the group-specificity of the neutralizing and antigen-binding antibodies
was blurred upon secondary infections (Murata et al. 2010a). Consequently, there
is a critical need for detailed assessment of the antibody specificities (including
strain-specific) induced upon RSV infection and reinfection and their actual
contribution to the human neutralizing immune response.

It is possible that the immune selective pressure on RSV is not as strong as that
operating in influenza virus; for instance, if the antibody response is short-lived in
RSV in comparison with influenza virus, replacement of preexisting RSV strains
by new variants may be a slower process than in influenza. Of note, the new
variants of RSV group B with a 60-nucleotide duplication in the G-protein gene
replaced the preexisting strains of the same antigenic group worldwide but after a
6 to 7-year period (Trento et al. 2010), which is clearly longer than the observed
replacement of influenza A viruses by new variants (usually 2–3 years). A com-
bination of immune selection and high plasticity of the G protein may be at the
basis of the extreme sequence variation observed for this gene among RSV iso-
lates. In consequence, until new information concerning the specificities of human
Ab responses is available, it would be wise to include viruses (or antigens) rep-
resenting the two RSV antigenic groups in vaccine development.
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Structure and Function of Respiratory
Syncytial Virus Surface Glycoproteins

Jason S. McLellan, William C. Ray and Mark E. Peeples

Abstract The two major glycoproteins on the surface of the respiratory syncytial
virus (RSV) virion, the attachment glycoprotein (G) and the fusion glycoprotein
(F), control the initial phases of infection. G targets the ciliated cells of the air-
ways, and F causes the virion membrane to fuse with the target cell membrane.
The F protein is the major target for antiviral drug development, and both G and F
glycoproteins are the antigens targeted by neutralizing antibodies induced by
infection. In this chapter, we review the structure and function of the RSV surface
glycoproteins, including recent X-ray crystallographic data of the F glycoprotein
in its pre- and postfusion conformations, and discuss how this information informs
antigen selection and vaccine development.
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1 F Glycoprotein

The F gene encodes a type I integral membrane protein that is synthesized as a 574
amino acid inactive precursor, F0, decorated with 5–6 N-linked glycans, depending
on the strain (Collins et al. 1984). It is also palmitoylated at a cysteine in its
cytoplasmic domain (Arumugham et al. 1989). Three F0 monomers assemble into
a trimer and, as the trimer passes through the Golgi, the monomers are activated by
a furin-like host protease (Bolt et al. 2000; Collins and Mottet 1991). The protease
cleaves twice, after amino acids 109 and 136 (González-Reyes et al. 2001; Zimmer
et al. 2001a), generating three polypeptides (Fig. 1). The N-terminal and C-ter-
minal cleavage products are the F2 and F1 subunits (named in order of size),

Fig. 1 Refolding the F protein to initiate fusion. In the prefusion form of the F1 protein the
fusion peptide (FP) at the N terminus of F1 (turquoise) is followed by four short a-helices (blue)
connected by three nonhelical peptides. Triggering causes these nonhelical connecting peptides to
refold into a-helices, completing a single long HRA a-helix that thrusts the FP into the target cell
membrane. The long HRA a-helices trimerize, the molecule folds in half, and the HRB a-helices
(red) insert into the grooves between the HRA units forming a stable 6-helix bundle (6HB). As a
result, the virion and cell membranes are brought together and initiate membrane fusion. The
central region of the F protein does not rearrange during triggering and refolding and, therefore, is
not represented here. It would be positioned at the bend in the molecule
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respectively, and are covalently linked to each other by two disulfide bonds
(Gruber and Levine 1983; Day et al. 2006). The intervening 27 amino acid peptide,
pep27, contains two or three N-linked glycans, but dissociates after cleavage
(Ruiz-Arguello et al. 2002). The F2 subunit contains two N-linked glycans,
whereas the larger F1 subunit contains a single N-linked site. Unlike the others, this
F1 glycan is essential for the protein to cause membrane fusion (Li et al. 2007;
Zimmer et al. 2001b).

During respiratory syncytial virus (RSV) replication, the F mRNA is produced
in the cytoplasm, and is not exposed to the polyadenylation and splicing machinery
of the nucleus. The F mRNA contains cryptic polyadenylation sites and splice sites
(Ternette et al. 2007) that must be removed for transient expression of the RSV F
protein from a plasmid in cultured cells.

The functional F protein trimer in the virion membrane is in a metastable, pre-
fusion form. It is not yet clear what causes the F protein to trigger, but the result is a
major refolding into its postfusion form (Fig. 1). At the N-terminus of each F1

subunit is the fusion peptide (FP), a stretch of hydrophobic residues that insert into
the target membrane (Collins et al. 1984). The FP is mirrored by the transmembrane
(TM) domain near the C-terminus of F1, and each is connected to a heptad repeat
(HR) in this order: FP-HRA-HRB-TM. Upon triggering, the pre-HRA refolds into
the long HRA helix and trimerizes. The F protein folds in the center as the target and
viral membranes approach each other, enabling HRB to bind to the grooves in the
HRA trimer, forming a hairpin 6-helix bundle (6HB) (Zhao et al. 2000).

The F glycoprotein is highly conserved among RSV isolates from both A and B
subgroups, with amino acid sequence identities of 90 % or higher. Much of the
variability in F (* 25 %) is found within an antigenic site at the apex of the
prefusion trimer (antigenic site Ø) composed of an a-helix from F1 (aa 196–210)
and a strand from F2 (aa 62–69) and may be a site that determines subtype-specific
immunity (McLellan et al. 2013). This high sequence conservation combined with
its surface location on the virion, its obligatory role in viral entry, and antigenic
sites associated with potent neutralization, make F an ideal target for neutralizing
antibodies (Anderson et al. 1988; Walsh and Hruska 1983). Thus, F protein is
being examined as a vaccine antigen (Costello et al. 2012), and is the target of
antibodies used in, and being developed for, passive prophylaxis (The IMpact-
RSV Study Group 1998; Wu et al. 2007b). In addition to these factors, the dra-
matic conformational changes that the F protein undergoes make it a major target
for small molecule antiviral drug development (Costello et al. 2012).

1.1 Postfusion F Protein

Jose Melero’s group was the first to produce and isolate a soluble form of the RSV
F (sF) protein that lacked its transmembrane and cytoplasmic domains. They
expressed this sF protein from a vaccinia virus vector in HEp-2 cells (Calder et al.
2000). Many of the sF protein molecules were cleaved at both furin sites and
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formed organized aggregates or ‘rosettes’ detected both by EM and velocity
sucrose gradient analysis. The rosettes were a result of aggregation of the exposed,
highly hydrophobic FPs, and since the FP is only exposed upon triggering, these
molecules were in the postfusion form (Gonzalez-Reyes et al. 2001). Some of the
sF proteins that were inefficiently cleaved remained as separate trimers, as did
mutants whose furin cleavage sites were mutated (Ruiz-Arguello et al. 2002).

Melero’s group also found that deletion of the first 10 amino acids of the RSV
FP prevented rosette formation without inhibiting cleavage, confirming that the FP
is responsible for rosette formation (Ruiz-Arguello et al. 2004). Two independent
groups recently determined the crystal structure of a similar mutant (McLellan
et al. 2011; Swanson et al. 2011). The structures revealed a cone-shaped molecule,
with a globular head and an extended stalk (Fig. 2). The three F2/F1 subunits that
make up the trimeric molecule are tightly intertwined, with threefold symmetry
that runs the length of the molecule. The globular head contains both the F2 and F1

subunits, as well as the cysteine-rich region, and has both a-helices and b-sheets.
The stalk region is almost entirely helical, composed of the 6HB that is charac-
teristic of the postfusion state of many type I viral fusion proteins. Since the 6HB
is composed of three HRA coiled-coils in the center, with three anti-parallel HRB

Fig. 2 Crystal structures of RSV F in pre- and postfusion conformations. Binding of antibody
D25 locks the F glycoprotein in the prefusion conformation. Two of the prefusion F protomers are
shown in surface representation and colored pink and green, while the third protomer is shown as
ribbons colored blue to red, from the N-terminus of F2 to the C-terminus of F1, respectively.
Three D25 Fabs are shown, with the heavy chain colored dark red and the light chain colored
white. The Fab shown as ribbons is bound primarily to the F protomer shown as ribbons, while
the other two Fabs are shown in surface representation. The two middle images show a pre- and
postfusion protomer in ribbons, with labeled secondary structure elements. Antigenic sites Ø, I, II
and IV are labeled
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helices on the outside, the N- and C-termini of F1 reside near each other in the
postfusion state. It is the formation of this extremely stable 6HB that brings the
viral and cellular membranes together to initiate fusion and ensures that the pro-
cess is nonreversible.

Prior to the determination of the postfusion F structures, crystal structures of
two RSV-neutralizing antibodies that target distinct antigenic sites on the F protein
were determined in complex with their peptide epitopes (McLellan et al. 2010a, b).
The first antibody structure was that of motavizumab (Wu et al. 2007a), a more
potent derivative of palivizumab (Johnson et al. 1997), in complex with a peptide
corresponding to F residues 254–277, known as antigenic site II. This structure
revealed that antigenic site II exists as a helix-loop-helix, with motavizumab
binding to one face of the epitope (McLellan et al. 2010b). Modeling of mot-
avizumab bound to a prefusion F conformation based on the parainfluenza virus 5
(PIV5) crystal structure suggested that the epitope may be buried in the prefusion
state, and that motavizumab would recognize an intermediate conformation. The
second antibody structure was that of 101F in complex with a peptide corre-
sponding to F1 residues 422–438, known as antigenic site IV (McLellan et al.
2010a). The peptide epitope existed as an unstructured coil, lying in a groove that
ran the length of the heavy and light chain interface. Using structures of related
paramyxovirus F proteins in the pre- and postfusion states, it was suggested that
101F could bind both conformations.

When the postfusion F structure was determined, one of the unexpected find-
ings was that both antigenic sites II and IV were in conformations that resembled
the antibody-bound peptide structures, suggesting that antibodies targeting these
two epitopes could bind, and be elicited by, the postfusion F conformation.
Binding studies confirmed that palivizumab, motavizumab, 101F, and a site I-
directed antibody bound with nanomolar affinity to the postfusion ectodomain F
protein (McLellan et al. 2011). This result was surprising given that neutralizing
antibodies are generally thought to bind the prefusion conformation and prevent
transition to the postfusion state. Since 101F and palivizumab are known to block
fusion (McLellan et al. 2010a; Magro et al. 2010; Huang et al. 2010), and because
binding to the postfusion state should not prevent fusion, these antibodies very
likely also bind to the prefusion form and intermediate states, and perhaps block
fusion of the membranes due to steric effects. Additional structural and bio-
chemical studies are needed to define the precise mechanism by which antibodies
targeting antigenic sites II and IV disrupt the fusion process.

1.2 Prefusion F Protein

The Lamb/Jardetzky groups first stabilized a paramyxovirus F protein in the
prefusion conformation by fusing a known self-trimerizing GCNt domain to the C-
terminus of the PIV5 sF protein (Yin et al. 2006). They also mutated the cleavage
site on the PIV5 sF protein to prevent cleavage by furin during its passage through
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the Golgi. This prefusion sF protein had a ‘lollipop’ shape by EM (Connolly et al.
2006), similar to the shape of the GCNt-stabilized sF protein determined from the
crystal structure (Yin et al. 2006).

Prefusion RSV sF protein can be expressed in mammalian cells without the
GCNt addition and without mutation of the furin cleavage sites. It does not form
rosettes as determined by velocity sedimentation or EM (Chaiwatpongsakorn et al.
2011). However, this sF protein can be triggered by reducing the buffer molarity,
resulting in the classical postfusion rosettes. Dialysis in the presence of liposomes
resulted in sF associating with liposomes, confirming that triggering by reduced
molarity results in exposure of the highly hydrophobic FP. Mutation of the FP-
proximal furin cleavage site prevented liposome association under low molarity
conditions, confirming the requirement for N-terminal FP for liposome insertion
(Chaiwatpongsakorn et al. 2011). At physiological molarity this sF protein remains
in its prefusion form (S. Chaiwatpongskorn and M. Peeples unpublished data),
suggesting that a reduction in molarity could be involved in the physiological
triggering of the F protein.

In addition to high osmolality, recently discovered neutralizing antibodies can
stabilize the RSV F protein in the prefusion state. McLellan et al. (2013) isolated a
mouse antibody, 5C4, that potently neutralized RSV but showed no binding to F
proteins in the postfusion state. It was determined that 5C4 shared these properties
with two human antibodies, D25 and AM22, which were shown to neutralize RSV
with 100-fold greater potency than the prophylactic antibody palivizumab (Syn-
agis

�
) (Kwakkenbos et al. 2010). Co-expression of these antibodies with an RSV

sF construct containing residues 1-513 with a C-terminal fibritin T4 trimerization
motif (Frank et al. 2001) allowed for purification of antibody-F complexes. The
complex of D25 Fab bound to RSV F was crystallized, and its structure was solved
to 3.6 Å resolution (McLellan et al. 2013).

The D25-bound RSV F structure (Fig. 2) resembled the lollipop shapes seen
previously by EM, and although its structural elements were similar to the PIV5 sF
structure, its shape is more oval and the spatial relationship of individual residues
is quite different than could be predicted by modeling. Each F monomer is divided
into two lobes separated by a seven-strand anti-parallel barrel. Two of those
strands hydrogen bond for over 70 Å and make up portions of the two lobes and
central barrel. Each lobe contains the F2 and F1 subunits, which are tightly
intertwined, as observed in the postfusion structure. F2 starts in the membrane-
proximal lobe and then extends through the central barrel and into the membrane-
distal lobe. The N-terminal portion of F2 is mostly b-strand and the C-terminal
portion is a-helical. A short unstructured region connects these two secondary
structure elements, and this is the only portion of F2 that moves more than 5 Å
when compared to the postfusion conformation. The N-terminus of F1, which
contains the FP, is buried in the central trimer cavity, and is connected to two
perpendicular helices (a2 and a3) followed by a b-hairpin (b3 and b4) and another
helix (a4). The FP and these five secondary structure elements undergo a dramatic
conformational change upon triggering and refold into a single a-helix in the
postfusion state. The next 240 amino acids of F1, which includes antigenic sites I,
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II and IV, show little conformational change between the pre- and postfusion
states. The remaining F1 residues, like the N-terminal F1 residues, also undergo a
dramatic conformational change that swings HRB (a10) around the molecule,
bringing it near HRA to complete the 6HB observed in the postfusion state.

The epitope for D25, which resides at the apex of the prefusion F trimer,
consists of the unstructured region in F2 (residues 62–69) and helix a4 in F1

(residues 196–210). Both of these regions move more than 5 Å between the pre-
and postfusion state, with the helix changing orientations by *180�. Minor
contacts are also made between D25 and a neighboring protomer. Thus, the
specificity of D25 for the prefusion state is because its epitope does not exist in the
postfusion conformation. The D25 epitope, which is also targeted by AM22 and
5C4, is referred to as antigenic site Ø. Perhaps due to the potency of antibodies
against this site, or its prominent location at the apex of the trimer, this region is
the most variable portion of the prefusion sF protein, suggesting that it may be
under immune pressure. Indeed, some antibodies against this epitope are subtype
specific, whereas others can broadly neutralize RSV strains from both subtypes A
and B (J. McLellan unpublished observations). Understanding the structural basis
for this specificity will be important for designing vaccines.

1.3 F Protein Intermediates

It is not clear what triggering events initiate restructuring of the metastable pre-
fusion F protein into the pre-hairpin intermediate. In this fully extended transient
state, the viral heptad repeats are 180� apart, the viral and cellular membranes are
parallel, and the F protein is inserted into both membranes. The pre-hairpin
intermediate then ‘jackknifes’, folding at its center and bringing the HRBs closer
to the HRA coiled-coil trimer, as the viral and cellular membranes come closer
together (Fig. 1). As the three HRB helices lock into the grooves on the surface of
the trimeric HRA coiled-coil to form the 6HB, their attached hydrophobic domains
are pulled together thereby merging the membranes in which they are embedded to
initiate membrane fusion.

It was discovered in the 1990s that peptides that target fusion intermediates and
prevent formation of the 6HB are capable of inhibiting viral fusion. Wild et al. first
demonstrated that synthetic peptides derived from the HRA or HRB regions of the
HIV-1 gp41 fusion protein potently inhibited HIV-1 infection (Wild et al. 1992,
1993). The HRB peptides were found to be the most effective leading to the
development of a peptide drug (T-20, Fuzeon

�
or enfuvirtide), the first licensed

antiretroviral fusion inhibitor. This synthetic HRB peptide competes with the viral
HRBs for binding to the HRA coiled-coil trimer thereby preventing 6HB forma-
tion. A similar approach was developed to inhibit fusion caused by paramyxovirus
F proteins (Lambert et al. 1996). A synthetic HRB peptide from RSV F (residues
488–522) inhibited RSV infection with an EC50 of 50 nM. Although the HRB-
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derived peptides are potent and specific, their high cost and requirement for fre-
quent subcutaneous injections are prohibitive.

Little structural information is available on the intermediates of any type I viral
fusion glycoprotein, due in part to their instability and the spectrum of confor-
mations that exist during the transition. Structures of a pre-hairpin intermediate
state, stabilized by a peptide, antibody, drug or cross-link could greatly enhance
our knowledge of the fusion process, and possibly identify new drug or vaccine
targets. Neutralizing antibodies that target the intermediates are rare, and none
have been found for the RSV F protein. But the peptide and drug inhibitors of the
RSV F protein may provide an advantage.

1.4 F Protein Receptors, Triggering and Antiviral Drugs

Virions that contain the RSV F protein as their only glycoprotein are infectious,
indicating that the RSV F protein can trigger without help from the viral attach-
ment glycoprotein, unlike most other paramyxoviruses. It is not known what
causes the RSV F protein to trigger. Bovine and human RSV infect cells of their
respective host species preferentially and this species specificity has been traced to
the F protein, particularly the F2/pep27 region (Schlender et al. 2003). This result
suggests that the F protein interacts with a receptor and that this receptor is
species-specific. Several cell surface proteins that interact with the F protein and
might function as receptors have been identified: ICAM-1 (Behera et al. 2001),
TLR4 (Haynes et al. 2001), and nucleolin (Tayyari et al. 2011). One or more of
these host proteins may be involved in attaching virions to target cells, triggering
the F protein, or both. However, these molecules have been studied in immor-
talized cells or by ectopic expression in cells that are not susceptible to RSV
infection. If they are available and functional on the airway epithelium in vivo is
not known. Other factors such as exposure to low molarity may contribute to
triggering (Chaiwatpongsakorn et al. 2011). An attachment function for the F
protein would be especially important for virions lacking the G protein, but in
complete virions, the G protein is required for efficient infection of primary well
differentiated human airway epithelial (HAE) cultures (Kwilas et al. 2009). The
key cellular receptors involved in attachment and required for F triggering have
not been identified and cellular receptors that explain tropism have still not been
determined.

Most small molecules that inhibit RSV infection in cell culture target the F
protein, probably due to its metastable nature and the major rearrangements that it
must make to initiate membrane fusion. These small molecules could cause pre-
mature F protein triggering, before the virion is close enough to a target cell to
allow membrane fusion, or they could prevent triggering once the F protein is in
contact with a target cell. The prefusion F protein, therefore, would seem to be the
most likely target for antiviral drugs against the F protein. But another possibility
is that an antiviral compound prevents one of the motions required during the
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refolding process. The antiviral peptides that represent a portion of the HRB
sequence and compete for the F protein’s own HRB binding to its HRA trimer
during the 6HB formation would prevent this final, essential refolding step thereby
preventing membrane fusion.

We have recently reviewed the small molecule drugs developed against RSV
and we would refer readers to this review for a list and a more thorough discussion
(Costello et al. 2012). The largest and best studied group of small molecule
antiviral compounds against the RSV F protein bind to Y198 in the HRA domain
(Cianci et al. 2004b; Douglas et al. 2003; Roymans et al. 2010). They share drug-
resistant mutants, but none of these compounds select mutations in Y198 sug-
gesting that Y198 plays an essential role in F protein function. BMS-433771
inhibited both RSV subgroups A and B with an average EC50 of 20 nM (Cianci
et al. 2004b). Modeling based on the crystal structure of the RSV F 6HB (Zhao
et al. 2000) suggested that BMS-433771 bound in a hydrophobic pocket in the
HRA coiled-coil and prevented HRB from binding properly in that region (Cianci
et al. 2004a). Crystal structure analysis revealed that TMC353121, a benzimid-
azole-based compound with an EC50 of 0.1 nM (Bonfanti et al. 2008), bound
similarly (Roymans et al. 2010). This structure suggested that rather than com-
pletely preventing 6HB formation, these small molecule fusion inhibitors distort
the membrane-distal structure of the postfusion 6HB.

2 G Glycoprotein

The RSV G protein was first described by Seymour Levine as a heavily glycos-
ylated 80 kDa protein in purified virions produced in HeLa cells (Levine 1977).
He later showed that rabbit antibodies to G protein, but not to F protein, prevented
virions from binding to HeLa cells, indicating that the G protein is the major virus
attachment protein (Levine et al. 1987). The G protein backbone contains 289–299
amino acids (32–33 kDa), depending on the strain, and is palmitoylated (Collins
and Mottet 1992). It has no sequence homology with other paramyxovirus
attachment proteins, and no hemagglutinating or neuraminidase functions. With
30–40 O-linked glycans and 4–5 N-linked glycans, the G protein is similar to
mucins produced in the airways although much smaller in molecular mass (Satake
et al. 1985; Wertz et al. 1985). Approximately 60 % of the G protein molecular
mass is carbohydrate.

The size of the G protein varies depending on the cell type in which it is
produced: 80–100 kDa in immortalized cell lines (Garcia-Beato et al. 1996) but
180 kDa in primary HAE cultures (Kwilas et al. 2009). This larger form is not a
disulfide-linked dimer because it does not dissociate in reducing conditions. It is
likely either a dimer held together by a different bond or a more heavily glycos-
ylated monomer.
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2.1 G Protein Domains

The central region of the G protein contains a 13-amino acid highly conserved
domain (Fig. 3a), partially overlapping the cysteine noose domain with four
cysteines linked 1–4 and 2–3 (Gorman et al. 1997), followed by a highly basic
heparin-binding domain (HBD). The HBD is the likely attachment site for heparan
sulfate (HS) found on the surface of most cells. A peptide from the G protein HBD
(amino acids 184–198) binds efficiently to HEp-2 cells and inhibits RSV infection
(Feldman et al. 1999).

Two large mucin-like domains flank the central region (Fig. 3b) and are highly
variable in sequence, making the G protein the most variable RSV protein, a useful
characteristic for RSV evolution studies. The overall Ser and Thr content of these
two regions is relatively stable, suggesting that they may provide substrates for O-
linked glycan decoration rather than any particular sequence or specific function.
The appearance of a 20 amino acid repeat in the second mucin-like domain of the
G protein of a B strain virus (Trento et al. 2003) and a 24 amino acid insertion in
the same region of an A strain virus (Eshaghi et al. 2012) underscore the flexibility
of this region. This B strain spread throughout the world in the decade since it
appeared, suggesting that the repeat provides some advantage to the virus.

2.2 G Protein Receptor Candidates

The receptor for the RSV G protein on immortalized cells appears to be HS
(Feldman et al. 1999, 2000; Hallak et al. 2000a, b; Krusat and Streckert 1997;
Escribano-Romero et al. 2004), similar to a number of other viruses (Hallak et al.
2007). But HS is not detectable on the apical surface of HAE cultures (Zhang et al.
2005) suggesting that RSV most likely uses a different receptor to enter these cells.
Furthermore, RSV infects nearly exclusively the ciliated cells in these HAE cul-
tures (Villenave et al. 2012; Zhang et al. 2002), suggesting a more specific
receptor.

Tripp et al. noticed that the third and fourth cysteines in the cysteine noose of
the G protein are separated by three amino acids, similar to the CX3C motif in the
chemokine CX3CL1, also called fractalkine (Tripp et al. 2001). G competes with
CX3CL1 for binding to its receptor, CX3CR1, and like CX3CL1, G attracts
neutrophils in modified Boyden chamber experiments (Tripp et al. 2001).

MAb 131-2G against the G protein prevents it from binding to CX3CR1 (Tripp
et al. 2001). When this mAb is mixed with RSV, it does not neutralize infection of
immortalized cells (Anderson et al. 1988). However, since the G protein likely
uses a different receptor in vivo this mAb might block attachment to that receptor.
In fact, we recently found that mAb 131-2G does neutralize RSV, reducing
infectivity nearly 100-fold in HAE cultures (Johnson, S.M. and Peeples, M.E.,
manuscript in preparation). Since this mAb has been shown to prevent the G
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Fig. 3 Schematic of the RSV G protein. The RSV A2 strain G protein is 298 amino acids long
and consists of two heavily glycosylated mucin-like regions, separated by a central conserved,
unglycosylated cysteine noose (yellow-green loop at the top) that is stabilized by a pair of
disulfide bonds. The unglycosylated N terminus (blue) includes the cytoplasmic and transmem-
brane domains. To approximate the structure, a linear a-helical prototype of the G protein was
subjected to steered molecular dynamics (NAMD), pulling the central noose perpendicular to the
backbone until mucin-like region 1 (green) and 2 (orange) arrived in a near-parallel arrangement.
This simulation resulted in the loss of a-helical structure over much of each mucin domain,
primarily due to the abundant prolines, without affecting the helical structure in the TM and N-
terminal domains. Complex glycans were positioned at each of the four N-linked sites (yellow
side chains), and simple glycans (gray) were positioned at each O-linked site predicted by
NetOGlyc3.1. The glycans in this representation have slightly higher-than-biological mass to
reflect the probable space they would occupy
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protein from binding to CX3CR1 (Tripp et al. 2001), CX3CR1 might be a receptor
for RSV on HAE cells. MAb 131-2G also reduces RSV production in mice
(Haynes et al. 2009; Radu et al. 2010), suggesting that it does neutralize the virus
in vivo.

Two other molecules have been identified as potential RSV G protein receptors:
Surfactant Protein A (SP-A) and Annexin II. SP-A is a secreted, innate immune
pattern recognizing collectin that has been shown to bind to RSV, enhancing
infection of HEp-2 cells. SP-A binds to G in a Ca2+ and carbohydrate dependent
manner (Barr et al. 2000; Hickling et al. 2000). SP-A has a receptor (p63) that
enables it to bind to cells, although p63 has only been reported on type II pneu-
mocytes (Gupta et al. 2006). An antibody that binds Annexin II inhibited HEp-2
cell infection, and Annexin II binds to G in a Ca2+ dependent manner (Malhotra
et al. 2003). The roles of these G-binding proteins, as those of the F-binding
proteins described above, need to be examined in HAE cultures or in vivo
infection.

RSV G also interacts with the lectins DC-SIGN and L-SIGN on dendritic cells,
but neither functions as a receptor for virus infection (Johnson et al. 2012). Instead,
this interaction stimulates ERK1/2 phosphorylation which inhibits dendritic cell
activation and could represent a partial explanation for the limited immunity
against RSV reinfection. The addition of RSV virions to A549 cells also induces
ERK1/2 phosphorylation (Kong et al. 2004), but these cells are nonetheless
infected by RSV (Kwilas et al. 2009).

2.3 Soluble G Protein

A soluble form of the G protein (sG) is released from infected HEp-2 cells
(Hendricks et al. 1987), and detected in the medium prior to the release of virions
(Hendricks et al. 1988). The sG protein is 65–74 amino acids shorter at its N-
terminus than the full-length G protein. Its translation begins with the second AUG
(codon 48) in the G mRNA (Roberts et al. 1994) which deletes the cytoplasmic
domain and a portion of the transmembrane domain. This remaining hydrophobic
portion of the G protein is essential for translocating it into the lumen of the ER
during translation and would likely maintain its membrane association until a
proteolytic event releases sG into the medium. It is not clear why such a proteo-
lytic event occurs only on the shortened G protein since the full-length G protein
contains the same sequence. The sG protein produced in HEp-2 cells is a mono-
mer, whereas the anchored G protein is an oligomer, perhaps a tetramer (Escrib-
ano-Romero et al. 2004).

To examine the role of the sG protein in vivo, the wild-type virus was compared
to a recombinant virus lacking the second methionine in mice (Bukreyev et al.
2008). The sG protein occupied neutralizing antibody and, in addition, inhibited
antibody-mediated antiviral effects of pulmonary macrophages and complement
(Bukreyev et al. 2012).
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3 SH Protein

The SH gene encodes a protein that is 64 (subgroup A) or 65 (subgroup B) amino
acids in length. The protein contains a single transmembrane region, with an
extracellular C-terminus and an intracellular N-terminus (Collins and Mottet
1993). The SH protein primarily localizes to the ER and Golgi complex in infected
cells, though protein clusters are also observed on the plasma membrane. The SH
protein is incorporated into mature RSV filaments at very low levels (Rixon et al.
2004). Several different species of the SH protein have been detected, including an
N-terminally truncated form, and two N-linked glycan variants, one of which is
further modified with polylactosamine (Olmsted and Collins 1989). The major
species, however, is the full-length, nonglycosylated form.

The oligomeric state of the SH protein has been extensively investigated using a
number of techniques. Early cross-linking experiments demonstrated oligomers as
large as pentamers (Collins and Mottet 1993), and electron microscopy images of
recombinant SH resuspended in liposomes revealed channel-like structures with
five- or sixfold symmetry (Carter et al. 2010). Analytical ultracentrifugation data
of SH protein solubilized in C14 betaine or dodecylphosphocholine (DPC) were
best fit by a monomer-pentamer equilibrium (Gan et al. 2012).

NMR spectra of the SH protein solubilized in DPC was used to determine the
structure of an SH monomer. The SH protein has an N-terminal a-helix co-planar
with the membrane, connected by a linker to the transmembrane-spanning a-helix,
which is connected by a linker to a C-terminal b-turn (Gan et al. 2012). The
monomer structure was used to reconstruct a model of the pentameric SH protein
using a number of additional experimental restraints. The convergent model
revealed a funnel-like channel approximately 45 Å long, with a pore diameter of
3.5 Å at its narrowest. This structure suggests that the SH protein belongs to a class
of channel-forming proteins called viroporins (Nieva et al. 2012). Indeed, the SH
protein has been shown to induce membrane permeability in liposomes (Carter
et al. 2010) and act as an acid-activated, nonselective cation channel in mam-
malian cells (Gan et al. 2012).

Unlike the F and G glycoproteins, the role of the SH protein in RSV replication
and pathogenesis is not well understood. Serial cold-passaging of RSV in cell
culture resulted in a virus, cp-52, lacking both the G and SH proteins that was
infectious and replicated in vitro (Karron et al. 1997). In comparison to wild-type
virus, recombinant RSV lacking the SH gene produced plaques that were 70 %
larger in HEp-2 cells (Bukreyev et al. 1997). In some cell lines, the DSH virus
replicated [ 12-fold better than wild-type virus. In mice, the DSH virus replicated
in the lower respiratory tract as well as wild-type virus, but was tenfold lower in
the upper respiratory tract (Bukreyev et al. 1997). In chimpanzees, however, the
DSH virus replication was decreased 40-fold in the lower respiratory tract but was
similar to wild-type in the upper respiratory tract (Whitehead et al. 1999). Col-
lectively, these data demonstrate that the SH protein is not essential for RSV
replication in cell culture, but is involved to some degree in RSV survival in vivo.
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The RSV SH protein, like the SH proteins of PIV5 and mumps, inhibit TNF-a-
induced apoptosis in the context of PIV5 missing its own SH protein (Fuentes et al.
2007). Inhibiting TNF-a production might enhance viral replication in vivo.

4 Vaccine Implications

As discussed above, the F and G glycoproteins are the target of neutralizing
antibodies, and one or both glycoproteins are included in most vaccine modalities. In
this section, we describe several vaccines that are being developed and summarize
their attributes based on our knowledge of RSV glycoprotein structure and function
(see chapters by R.A. Karron et al., and by T.G. Morrison and E.E. Walsh, this
volume).

4.1 Attenuated Virus Vaccine

RSV lacking its G gene is viable, but replicates to lower titers than the complete
virus in immortalized cells (Karron et al. 1997; Techaarpornkul et al. 2001; Teng
et al. 2001), and is overly attenuated in human vaccination experiments (Karron
et al. 1997). The attenuated RSV vaccines that are in development are produced in
a World Health Organization approved Vero (African green monkey’s kidney) cell
line. Much of the G protein produced in Vero cells and inserted into virions is
cleaved (Kwilas et al. 2009). As a result, these virions infect HAE cultures at least
10-fold less efficiently than the same virus grown in HEp-2 cells and similar to
RSV lacking the G gene (Kwilas et al. 2009).

4.2 Experimental F Protein Vaccines

The F protein is highly conserved across the spectrum of RSV strains, making it
likely that an F protein vaccine would protect against all strains of RSV. An
experimental F protein vaccine produced by Wyeth-Lederle has been evaluated in
adults (Munoz et al. 2003). This vaccine contained full-length F protein from
disrupted RSV-infected cells that was purified by mAb-affinity chromatography.
The vaccine was safe and induced antibodies to the F protein, but the antibodies
were not very effective at neutralizing the virus. It is likely that the F protein in this
vaccine was in the postfusion form.

Immunization of mice with the postfusion sF protein does induce antibodies to
the F protein at a titer sufficient to neutralize RSV and protect cotton rats from
RSV challenge (Swanson et al. 2011). Three neutralizing antigenic sites on F (I, II,
and IV) are present in the postfusion F protein structures (McLellan et al. 2011;
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Swanson et al. 2011), and mAbs to sites I, II, and IV do, in fact, bind the postfusion
form (McLellan et al. 2011). However, postfusion F lacks antigenic site Ø that is
uniquely found in the prefusion F protein, and thus would not elicit the remarkably
potent antibodies that target this site (McLellan et al. 2013).

The location of antigenic site Ø at the apex of the prefusion conformation of F
suggests that this epitope will be readily accessible to antibodies, and may be an
immunodominant epitope. Indeed, Magro et al. determined that most neutralizing
activity in Respigam (MedImmune), a high-titered antibody product from pooled
human plasma, was specific for the prefusion conformation of RSV F (Magro et al.
2012). Furthermore, they found that neutralizing antibodies raised in rabbits
against the complete F protein were not removed by exposure to the postfusion sF
protein but did react with a disulfide-stabilized sF protein, indicating that these
neutralizing antibodies targeted the prefusion F protein. Therefore, antibodies that
uniquely recognize the prefusion sF protein are much more effective at neutral-
izing RSV than antibodies to the postfusion sF protein, suggesting that prefusion F
would be the preferred vaccine antigen conformation.

4.3 Experimental G Protein Vaccines

The RSV G protein is the other major neutralizing antibody target on the surface of
the RSV virion, and its expression from a vaccinia or Sendai virus vector induced a
protective immune response in animals (Stott et al. 1986; Takimoto et al. 2004).
Although G is highly variable and decorated with glycans that are in general
poorly immunogenic, the central region is not glycosylated and is conserved in
sequence, particularly a region on the upstream side of the cysteine noose. A large
unglycosylated peptide that included the central region of the G protein (amino
acids 130–230), linked to an albumin-binding domain of streptococcal protein G
(BBG2Na) was able to induce a protective immune response in mice (Power et al.
1997). Immunization with this Escherichia coli-produced peptide did not cause
enhanced disease in mice upon RSV challenge (Plotnicky-Gilquin et al. 1999).
This vaccine progressed to phase III clinical trials but rare adverse events stopped
the trials. These problems have been attributed to an Arthus reaction to the BB
component (Libon et al. 2007). Without the BB component, the G2Na peptide
induced protective immunity in cotton rats and, in previously immunized mice, it
was recently shown to boost antibody titer to RSV (Nguyen et al. 2012), sug-
gesting that this approach might work to boost immunity to RSV in older adults.
Another group performed vaccination studies in naïve mice with a similar peptide
(amino acids 131–230) and mucosal immunization, without the addition of an
adjuvant. The immunized mice were nearly completely protected from an RSV
challenge, without indications of enhanced disease (Kim et al. 2012).

The Tripp group confirmed the immunogenic value of the central region of the
G protein by immunizing mice with a shorter peptide (amino acid 148–198). This
synthetic peptide induced a greater neutralizing antibody response to RSV than did
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the peptides flanking it (Choi et al. 2012). These antibodies also inhibited G
protein binding to CX3CR1 and reduced the effect of the G protein on lymphocyte
migration. However, if CX3CR1 is the receptor for RSV on the ciliated cells of the
airway epithelium as suggested above, these antibodies could also be neutralizing
RSV in vivo.

4.4 Experimental SH Protein Vaccine

Antibodies to the SH protein are not neutralizing, but they can affect viral repli-
cation in vivo by ADCC (antibody dependent cellular cytotoxicity) (Schepens
et al. 2012).

5 Conclusions

We are entering a new era in our understanding of the RSV glycoproteins, the
major targets for vaccination strategies and for antiviral drug development.
Solving the structures of the pre- and postfusion sF protein has been a major
accomplishment that will allow us to evaluate and improve drugs that target the F
protein and to design better vaccine antigens. The prefusion sF in a native,
metastable form and in a stabilized form will also provide important reagents for
understanding biochemically what triggers the F protein, identifying cellular
receptors that determine tropism, and characterizing serological responses to
natural infection and vaccines more precisely.

Another major advance has been the use of primary well differentiated HAE
cultures for RSV entry studies. RSV enters these cells via a different receptor than
it uses to enter immortalized cells. Identification of the cellular receptors on HAE
cultures for the G and F proteins using new information from neutralizing mAbs
against G and the structure of the prefusion F will provide additional targets for
antiviral drug development and guide vaccine antigen design. The G protein that is
produced in these HAE cells is dramatically different from the G protein produced
in standard immortalized cells, perhaps providing another target for antiviral drug
development and vaccine design efforts. All in all, this is an exciting time to be
working with the RSV surface glycoproteins.
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Respiratory Syncytial Virus and Reactive
Airway Disease

Matthew T. Lotz, Martin L. Moore and R. Stokes Peebles Jr.

Abstract Reactive airway disease (RAD) is a general term for respiratory ill-
nesses manifested by wheezing. Respiratory syncytial virus (RSV) results in
wheezing, either by causing bronchiolitis or by inducing acute exacerbations of
asthma. There has been a long-standing interest in whether severe RSV bronchi-
olitis in infancy is a risk factor for the development of asthma later in childhood.
While epidemiologic studies have suggested that such a link exists, a very recent
study suggests that infants with greater airways responsiveness to methacholine
instead have an increased prevalence of severe RSV bronchiolitis. Increased air-
ways responsiveness to methacholine has been implicated as a key factor for loss
of lung function in asthmatic subjects, suggesting that instead of being causal,
severe RSV infection may instead be a marker of a predisposing factor for asthma.
In this chapter, we will explore the evidence that RSV infection leads to RAD in
infants and adults, and how these different forms of RAD may be linked.
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1 Introduction

The relationship between respiratory syncytial virus (RSV) infection and reactive
airway disease (RAD) has been of great interest for decades, mainly because of the
question as to whether early life RSV infection predisposes to the development of
asthma later in childhood. RAD is a general term for respiratory illnesses mani-
fested by wheezing. Wheezing is produced by turbulent airflow as a result of
airway narrowing, either by constriction or obstruction. The wheezing that occurs
in asthma is characterized by reversible bronchial reactivity that is predominantly
a result of smooth muscle constriction, airway mucus production, and inflamma-
tory cell migration into the airway wall (NHLBI/WHO workshop report 1995). It
is important to recognize that RAD constitutes more than just asthma, and
therefore RAD is a broader concept to consider when exploring the relationship of
RSV to lung disease. In contrast to asthma, the wheezing that occurs in infants
with RSV infection is a manifestation of bronchiolitis (American Academy of
Pediatrics Subcommittee on Diagnosis and Management of Bronchiolitis 2006).
Bronchiolitis in its simplest definition is inflammation of the bronchioles, which
are the smallest air passages in the lung. In this chapter, we will discuss the
immunologic and physiologic aspects that lead to both bronchiolitis and asthma,
and the supportive, but not definitive, evidence that there is a link between severe
bronchiolitis in early life and the later development of asthma.

2 RSV Bronchiolitis

2.1 Epidemiology of Human RSV Bronchiolitis

Almost all children are infected with RSV by age 3 (Glezen and Denny 1973).
Most RSV infections in these early years of life are mild and do not require
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medical attention. However, some infections are more severe and result in out-
patient visits to emergency departments, or hospitalization. The percentage of
children with mild symptoms versus those with more severe bronchiolitis was
reported in infants enrolled in the Tennessee Medicaid program born between
1995 and 2000 (Carroll et al. 2009b). In that study, 82 % of infants did not require
a health care visit, 9 % sought care in an outpatient clinic, 4 % required an
emergency department visit, and 5 % were admitted to the hospital for bronchi-
olitis. A slightly decreased hospitalization rate of 26 per 1,000 (2.6 %) was
reported in a retrospective analysis of hospital discharges in the USA from 1997 to
2006 (Stockman et al. 2012). There are several consistent risk factors that have
been identified for severe RSV bronchiolitis. In an Italian study performed over
four consecutive RSV seasons from 2000 to 2004, the seven predictors for hos-
pitalization for RSV infection included the number of children in the family, the
chronological age at the onset of the RSV season, birth weight and gestational age,
being at least the second baby in the family, daycare attendance, and previous RSV
infections (Rossi et al. 2007). This study suggested that there were specific host/
environmental factors that identified children at greatest risk for hospitalization for
RSV infection. This was supported by a different study using the Tennessee
Medicaid data base previously mentioned in which infants who were 122 days of
age (95 % CI, 118–126) at the winter virus peak had the highest risk of developing
clinically significant bronchiolitis after adjusting for gender, race, number of living
siblings, birth weight, gestational age, maternal smoking, marital status, maternal
education, region of residence, and season (Wu et al. 2008). A more recent study
in Canadian infants identified age less than 6 months at the time of infection,
underlying heart disease, and household crowding as risk factors for RSV hospi-
talization (Papenburg et al. 2012). Of those hospitalized, age less than 6 months
and prematurity were associated with more severe RSV disease. Interestingly,
breast-feeding and viral co-infection were protective against hospitalization
(Papenburg et al. 2012). In a study examining infants admitted to the hospital in St.
Louis, exposure to post-natal cigarette smoke from the mother, younger age, and
Caucasian race in contrast to black race were all predictors of more severe RSV
bronchiolitis (Bradley et al. 2005).

2.2 Immunologic Determinants of Severe RSV Bronchiolitis
in Human Infants

RAD and wheezing with RSV-induced bronchiolitis are most likely consequences
of physical changes in the airway that are associated with the immune response to
infection and the body’s mechanism of clearing the virus. Airway obstruction is a
key underlying factor in the severity of RSV infection. The extent of obstruction is
determined by the size of the airway, the extent of the inflammatory infiltrate and
mucus production, and the dynamic properties of the airway. The pathologic
manifestations of bronchiolitis in infants include influx of monocytes,
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CD3 ? double-negative T-cells, CD8 ? T-cells, and neutrophils into the airway
smooth muscle, epithelium, and lumen (Johnson et al. 2007). The airway
obstruction in RSV-induced bronchiolitis in infants is caused by luminal epithelial
and inflammatory cell debris mixed with fibrin, mucus, and edema, in addition to
extrinsic airway compression by hyperplastic lymphoid follicles (Johnson et al.
2007).

Several investigative teams have attempted to determine the immune response
profile associated with severe RSV bronchiolitis in order to understand the path-
ogenic mechanisms leading to morbidity associated with airway obstruction during
infection. Bronchoalveolar lavage (BAL) is a technique to sample the alveolar
lining fluid and cells in the airway, while nasal lavage can be performed to
measure the mediators and cells in the nose as a representation of the upper airway.
BAL can be obtained by two methods. First, a bronchoscope is placed into the
airway and directed into specific subsegments of the lung, where it is then wedged
into a small airway, after which lavage can be performed to obtain samples distal
to the location where the bronchoscope is wedged. The second technique is to
perform BAL in intubated patients where a suction catheter is advanced until it
meets resistance and then lavage fluid is introduced through the catheter and then
suctioned. In this situation, the location of the catheter relative to the airways is not
known and it is not clear that the catheter is necessarily wedged. Therefore, there
may be differences in the results obtained with these techniques.

There are only a few studies in which bronchoscopy and BAL have been
performed in infants with bronchiolitis because of the risk associated with hyp-
oxemia during the procedure. One such study compared the BAL findings in six
healthy children compared to 20 subjects with recurrent wheezing or prolonged
wheezing of greater than 2 months over a 6-month period (Krawiec et al. 2001). In
this report, the average age of the healthy children was 23 months compared to
15 months for the wheezing subjects. The wheezing subjects had a significantly
greater number of total cells, lymphocytes, epithelial cells, neutrophils, and
eosinophils compared to controls. Wheezing subjects also had increased BAL
levels of leukotriene (LT)B4 and LTE4 than control subjects (Krawiec et al. 2001).
LTB4 is a neutrophil chemotactic factor (Wenzel 1997). LTE4 is the final
metabolite in the cysteinyl leukotriene pathway and has been shown to be an
important mucus secretagogue, induce smooth muscle constriction, and be an
eosinophil chemotactic factor (Wenzel 1997). While mucus is important in
clearing foreign particles from the airway, excessive mucus secretion can be an
important contributor to airway obstruction. Eosinophils are thought to have an
important role in RAD because they produce proteins and enzymes (major basic
protein, eosinophil cationic protein, and eosinophil peroxidase) that cause des-
quamation of airway epithelial cells, further contributing to airway obstruction. In
addition, eosinophil major basic protein blocks the inhibitory muscarinic M2
receptor on the postganglionic parasympathetic nerve that normally inhibits ace-
tylcholine release (Jacoby et al. 1993). This inhibition of M2 receptor function
leads to increased acetylcholine release and airway smooth muscle contraction
(Jacoby et al. 2001). There was no difference between the wheezing and healthy
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children in the BAL concentrations of either PGD2 or b-tryptase, mediators
released predominantly by mast cells, cells which are important in IgE-mediated
hypersensitivity reactions that occur in allergic diseases such as asthma (Krawiec
et al. 2001). Bronchoscopy has also been performed to determine if there were
differences in mediators and cells present in the lower airway of children with
either RSV-induced bronchiolitis (average age 9 months), acute asthma with no
identifiable viral infection (average age 5 years), or controls who did not have
asthma, but who did have indication for bronchoscopy (average age 6.4 years)
(Kim et al. 2003). The subjects with bronchiolitis had significantly greater total
cells that the other two groups. Asthmatic subjects had a greater median per-
centage of BAL eosinophils (3 %) than either the bronchiolitis group or control
group (both 0 %). There was a small subgroup of bronchiolitis subjects with BAL
eosinophils (6 subjects with eosinophils and 16 without). Asthmatic subjects and
subjects with bronchiolitis and BAL eosinophils had a greater concentration of IL-
5 in BAL fluid compared to the subjects with bronchiolitis and no BAL eosinophils
or controls. IL-5 is the most important eosinophil growth, differentiation, and
survival factor. Interestingly, in this study, there was no difference in interferon
(IFN)-c levels in the bronchiolitis, asthma, and control groups. Children with RSV
bronchiolitis also had an increased median percentage of BAL neutrophils
(37.5 %) compared to the asthma group (3.3 %) or the controls (2.3 %). The
increase in total cells and BAL neutrophils in subjects with RSV-induced bron-
chiolitis was also confirmed by other investigators (McNamara et al. 2003).

Nasal lavage was used as a means to compare the immune profile of 63 children
with RSV bronchiolitis and 22 controls in a study in Texas of children less than
2 years of age (Bennett et al. 2007). The RSV bronchiolitis group had a signifi-
cantly greater number of inflammatory cells, as well as median nasal lavage
concentrations of IL-8 (269.4 vs. 13.8) compared to controls. IL-8 is an important
neutrophil survival and chemotactic factor and the increase demonstrated in this
study suggests a mechanism for the increased neutrophils seen in the previously
mentioned bronchoscopy studies. There were also significant increases in nasal
lavage IL-6, GM-CSF, IFN-c, TNF-a, IL-1b, G-CSF, and MIP-1b concentrations
in the RSV group compared to controls. The subjects were stratified based on age
at time of infection into four groups, 0 B 3 months, 3 B 6 months,
6 B 12 months, 12 B 24 months, and there was no difference between the groups
and cytokine levels. Interestingly, there was an inverse correlation between nasal
lavage levels of IL-6, IL-8, IL-10, and IFN-c and the duration of supplemental
oxygen necessary to prevent hypoxia in the RSV group (Bennett et al. 2007).
Higher nasal lavage levels of IFN-c were associated with protection against RSV
illness in a British study of 197 infants admitted to the hospital with RSV bron-
chiolitis (Semple et al. 2007). Therefore, a deficient IFN-c response may be a risk
factor for more severe RSV disease. IFN-c is the signature cytokine produced by
CD4 ? T helper (Th1) cells, and is also produced in abundance by
CD8 ? cytotoxic T lymphocytes, and Natural Killer (NK) cells which have potent
anti-viral activity.
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2.3 Primary Infection in Mice

Examining host immune response to naturally occurring RSV infection in humans
is very complex. First, almost every host has a unique genetic composition. Sec-
ond, there is little similarity in the environments in which people live or work.
Third, there are genetic differences between RSV strains that may greatly affect the
host immune response. These complexities are somewhat simplified by the use of
the mouse model of RSV where at least a relatively constant environment can be
maintained and utilizing genetically identical mice minimizes differences in host
immune responses. However, mice are not perfect models of human disease.
Beside the fact that some immune molecules present in humans have no murine
counterpart, the airway epithelial desquamation seen in humans is virtually absent
in mice. Some of the benefits of using the mouse model are the opportunity to test
the inflammatory response of different RSV strains in hosts of the same strain of
mouse, or to use mouse strains that vary in only one gene to determine the impact
of that gene on the host immune response (see chapter by P.J. Openshaw, this
volume).

The impact on viral genetics on airways responsiveness to methacholine, a
surrogate of RAD has been extensively studied between RSV strains A2 and line
19 (Lukacs et al. 2006; Moore et al. 2009). Both A2 and line 19 are RSV group A
viruses. There are two major antigenic groups of RSV, A and B, which are
classified based on monoclonal antibodies to the major structural glycoproteins G
and F (Anderson et al. 1985). A2 was isolated in Australia in the late 1950s and
line 19 is a clinical isolate from the University of Michigan cultured in the 1960s.
In BALB/cJ mice, line 19 infection induced lung IL-13 protein expression which
was not detected in A2 infected mice (Lukacs et al. 2006). IL-13 is a central
mediator of airway responsiveness, in part as a result of its direct effects on smooth
muscle contraction and epithelial cell mucus metaplasia as well as mucus secretion
(Wills-Karp et al. 1998). Indeed, line 19-infected mice had goblet cell metaplasia
and hyperplasia, whereas neither occurred following A2 infection (Lukacs et al.
2006). Line 19 infection induced significant increases in Muc5ac, a mucus gene
expressed in the airways, and gob-5, a member of the Ca2+-activated chloride
channel family which has selective expression in airway goblet cells. Mice
infected with line 19 had significantly increased airways responsiveness to
methacholine compared to mice similarly infected with A2. In this technique, mice
are anesthetized, intubated, mechanically ventilated, and challenged with either
aerosolized or intravenous methacholine. Methacholine is a synthetic derivative of
acetylcholine, which causes airway smooth muscle constriction (Cockcroft 2010).
The methacholine challenge test is performed in people to help make the diagnosis
of asthma when other causes of dyspnea are being considered. People with asthma
have increased airways obstruction with concomitant decrease in pulmonary
function when they are challenged with aerosolized methacholine in comparison to
persons without asthma. The meaning of methacholine reactivity in mice is not as
clear as in humans, but the airways responsiveness induced by methacholine in
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mice is likely a result of a combination of heightened smooth muscle construction,
the presence of epithelial mucus metaplasia narrowing the airway lumen, mucus
present in the airway, and infiltration of inflammatory cells in the airway wall. In
these experiments, the mucus airways responsiveness and mucus seen with line 19
infection was dependent upon the ability of this strain to induce lung IL-13 protein
expression, as neither characteristic was present in IL-13 knockout mice. The
differences seen between A2 and Line 19 were independent of viral load (Lukacs
et al. 2006).

Further studies have revealed the importance of differences in the F protein
between line 19 and A2 in modulating lung IL-13 protein expression, airway
epithelial cell mucus metaplasia, and airways responsiveness. Generation of chi-
meric RSV strains using a reverse genetics approach where all genes are from the
A2 strain with the exception of the line 19 F protein (rA2-line 19F) or an A2 F
(rA2-A2F) revealed that rA2-line 19F infection recapitulated the lung IL-13
protein expression, epithelial cell mucus metaplasia, and airways responsiveness
seen with line 19 infection, while these were absent from rA2-A2F. Studies are
ongoing to determine which amino acids in the F protein regulate these immu-
nologic and physiologic parameters (Moore et al. 2009).

Mice infected with different low passage clinical isolates also may have
pathologic sequelae similar to those seen with line 19 and A2 infection (Stokes
et al. 2011). Nasal secretions obtained from children presenting to the Vanderbilt
Vaccine Clinic with RSV group A infection were used to infect HEp-2 cells. The
isolates were passaged by limiting dilution and nine strains were then propagated.
BALB/cJ mice infected with one of these strains, RSV A2001/2-20, had lung IL-
13 protein expression, epithelial cell mucus metaplasia and increased airway
mucus and airway responsiveness. In contrast, mice infected with another strain,
RSV A2001/3-12, did not have lung IL-13 protein expression, increase airway
responsiveness or mucus production. Interestingly, the child infected with RSV
A2001/2-20 had a more severe lower respiratory tract illness than the child
infected with RSV A2001/3-12. Studies are ongoing to define the role of RSV
strain differences in RSV-induced disease severity and asthma development
(Stokes et al. 2011). (see chapter by J.A. Melero and M.L. Moore, this volume).

3 RSV-Induced Bronchiolitis and Asthma Later
in Childhood

In the 1980s, several retrospective studies suggested that severe RSV infection in
infancy predisposed to the development of asthma later in childhood. However,
other retrospective studies refuted these findings, leaving the role of RSV-induced
bronchiolitis in asthma development in doubt. Two large prospective longitudinal
studies published in the 1990s supported the concept that severe RSV lower
respiratory tract infection in early life was an important risk factor for asthma or
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wheezing-related illness up to adolescence. The first report was a prospective
cohort study of 47 Swedish children enrolled before 1 year of age with severe RSV
bronchiolitis that was compared to age and gender matched controls in the same
location as the cases (Sigurs et al. 1995). At 3 years of age, the children admitted
to the hospital with RSV bronchiolitis had a significant increase in asthma com-
pared to the control group (23 % vs. 1 %; p \ 0.001). In addition, allergic sen-
sitization as defined by a positive skin test to an aeroallergen was also significantly
increased in the RSV bronchiolitis group compared to controls (32 % vs. 9 %;
p = 0.002) In this study, RSV bronchiolitis was the most important risk factor for
asthma and allergic sensitization, with a family history for asthma or allergic
disease further increasing this risk. This cohort has now been followed to age 18
and the RSV bronchiolitis group continues to have an increased prevalence of
asthma (39 % vs. 9 %) and allergic sensitization (41 % vs. 14 %) compared to the
control group (Sigurs et al. 2010). In addition, persistent or relapsing wheezing at
age 18 was significantly increased in the group that had RSV bronchiolitis in
infancy compared to the controls (30 % vs. 1 %) and the RSV group had decreased
lung function compared to controls, independent of a diagnosis of asthma. The
second report examined 1,246 newborns were enrolled into the Tucson Children’s
Respiratory Study between May 1980 and January 1984 (Stein et al. 1999). Lower
respiratory tract illnesses (LRTI) suffered by these children in the first 3 years of
life were assessed for etiologic agents by means of culture and serology and the
children were followed to age 13 for determination of wheezing. In this study,
RSV LRTI was defined as deep or wet chest cough, wheezing, hoarseness, stridor,
shortness of breath. RSV LTRI was associated with an increased risk of infrequent
wheezing and frequent wheezing at age 6 and 11, but not at age 13. These results
suggested that children might ‘‘outgrow’’ the effect of early life RSV LRTI on
wheezing at the start of the teenage years. In this study, RSV LTRI before age 3
was not a risk factor for aeroallergen sensitization as defined by skin testing. A
more recent population-based birth cohort study of 90,341 children further sug-
gests a link between the severity of early life RSV infection and the later devel-
opment of asthma (Carroll et al. 2009a). The Tennessee Asthma Bronchiolitis
Study (TABS) examined the children enrolled in the state Medicaid program from
1995 to 2000 and found that infants requiring a health care visit for respiratory
symptoms during the winter months when RSV is the dominant cause of bron-
chiolitis were significantly more likely to be diagnosed with asthma between the 4
and 5 � years of age (relative risk 1.98). Further investigation of the TABS
database revealed that there was a severity-dependent relationship between infant
bronchiolitis severity and childhood asthma. Of the children assessed in this study,
11.6 % were hospitalized for bronchiolitis, 8.2 % had an emergency department
visit for bronchiolitis, 13.7 % had a clinic visit for bronchiolitis, and 66.5 % had
no health care visit for bronchiolitis. Infants that had a bronchiolitis hospitalization
during infancy had an adjusted odds ratio of 1.51 (1.26–1.80) of an asthma
diagnosis at age 4–5 � years. One limitation of this study was a lack of virologic
confirmation of the diagnosis of RSV being the causative agent of bronchiolitis.
This is an important concern given the recent recognition that rhinovirus (RV) has
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also been determined to be a cause of infant bronchiolitis. In one study, wheezing
with RV from birth to age 3 was associated with a greater risk of asthma at age 6
(odds ratio 9.8) compared to RSV (odds ratio 2.6), although wheezing from either
virus conferred a greater risk of asthma compared to children who did not wheeze
(Jackson et al. 2008).

Other prospective studies support the concept that children who suffer from
severe RSV infection in infancy have a predisposition to the later development of
asthma and eczema, both diseases associated with allergic diatheses. A total of 206
infants in St. Louis were enrolled in the RSV Bronchiolitis in Early Life (RBEL)
cohort and followed prospectively through 6 years of life (Castro et al. 2008). Of
these children with severe RSV bronchiolitis during infancy, 48 % developed
asthma and 48 % were diagnosed with eczema at age 6. Thirty-two percent had
allergic sensitization, as defined by positive skin tests to allergens prevalent in the
St. Louis region (Castro et al. 2008). Independent determinants that were signif-
icantly linked to physician-diagnosed asthma at the seventh birthday included the
mother having asthma, exposure to high levels of dog allergen, positive aeroal-
lergen skin tests at age 3, recurrent wheezingduring the first 3 years of life, and
CCL5 (RANTES) expression in nasal epithelia during the acute RSV infection
during infancy. Of this cohort, white children and children who attended day care
were significantly less likely to have physician-diagnosed asthma at the seventh
birthday (Bacharier et al. 2012). Interestingly, when peripheral blood was drawn
from the children diagnosed with asthma at age 6, the isolated T cells had
decreased IL-13 expression following phorbol 12-myristate 13-acetate (PMA) and
ionomycin stimulation compared to those without asthma (Castro et al. 2008).

While severe RSV bronchiolitis has been linked to the development of asthma
later in life, it is possible that the severe RSV infection is not causative of asthma,
but instead a marker of the true risk factor for asthma. This possibility was
investigated in the Copenhagen Prospective Studies on Asthma in Childhood
(COPSAC2000) cohort, a prospective clinical study of a birth cohort of 411 neo-
nates born to mothers with a history of asthma (Chawes et al. 2012). Methacholine
challenge and pulmonary function measurements were performed on 1-month-old
infants using the raised volume rapid thoracoabdominal compression technique
before these children had experienced a lower respiratory tract infection. The
infants were then prospectively followed and closely monitored for bronchiolitis
signs and symptoms. A total of 34 subjects (8.5 %) were diagnosed with acute
severe bronchiolitis before 2 years of age. A total of 21 of these children (62 %)
required hospitalization and 23 of those diagnosed with bronchiolitis had detect-
able RSV infection. Those children who subsequently experienced severe bron-
chiolitis had a 2.5-fold increased responsiveness to methacholine at 1 month of
age compared to control subjects. There was no difference in pulmonary function
at 1 month between those who developed bronchiolitis and those who did not
(Chawes et al. 2012). This study strongly suggests that baseline bronchial
responsiveness to methacholine is an important risk factor for severe bronchiolitis.
This study has two significant implications. First, children who are at greatest risk
for bronchiolitis can be identified for prophylactic treatment with RSV immune
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globulin. Second, it is highly likely that these children with increased bronchial
responsiveness to methacholine are those that are more likely to develop asthma
later in childhood because bronchial responsiveness has long been recognized as
the prime factor that determines longitudinal loss of lung function in asthmatic
adults (Peat et al. 1987; Rijcken et al. 1995; Van Schayck et al. 1991).

4 RSV as a Cause for Asthma Exacerbations

4.1 Identification of RSV During Asthma Exacerbations
in People

Asthma is a disease of intermittent, reversible airway obstruction (Lemanske and
Busse 2010). During exacerbations of asthma, patients experience dyspnea, chest
tightness, and wheezing, often associated with cough. Approximately 90 % of
children with asthma have allergic sensitization defined as positive skin tests to
common aeroallergens. Roughly 75 % of adults with allergies are allergically
sensitized. While exposure to an allergen to which one is sensitive may result in an
allergic reaction resulting in increased inflammation and subsequent airflow lim-
itation, in actuality, viral infections are the predominant cause of exacerbations of
symptoms and decreased pulmonary function. Approximately 80–85 % of children
and about 50 % of adults with asthma exacerbations have detectable virus by
polymerase chain reaction (PCR) in their respiratory tract secretions (Atmar et al.
1998; Johnston et al. 1995). The virus most commonly identified in asthma
exacerbations in both children and adults is rhinovirus; however, RSV has also
been attributed to be a cause of acute worsening asthma symptoms. In British
children aged 9–11, RSV was detected in 5 % of those subjects who were iden-
tified as having a viral infection during an asthma exacerbation (Johnston et al.
1995). In a study of 49 Australian adults who were enrolled within 4 h of an
emergency department visit for an asthma exacerbation, 19 (39 %) had RSV
detected by either PCR or direct fluorescent antigen (Wark et al. 2002). To our
knowledge, there are no other studies which report the RSV detection rate in adults
with acute asthma exacerbations; however, a 39 % detection rate seems unusually
high given that only 8 % had detection of rhinovirus, which in most studies is by
far the most common virus detected in adult asthmatics. In the Australian study,
the subjects were enrolled from February 2 to December 1, which should have
included the peak times of both RSV and rhinovirus infection in the Southern
hemisphere. In any case, RSV has been implicated as a cause of acute asthma
exacerbation in both children and adults.
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4.2 Mouse Model of RSV-Induced Asthma Exacerbation

A combined mouse model of allergic airways inflammation and RSV infection has
to discern the immunologic determinants that result in virally-induced airways
responsiveness. In this model, allergic airways inflammation was induced by
sensitization and subsequent sequential challenges with ovalbumin followed by
RSV infection during the allergen challenges (Peebles et al. 1999). RSV was
chosen over rhinovirus as mice lack the receptor for the rhinovirus group, major
receptor group, most often associated with asthma exacerbations (Bartlett et al.
2008). RSV challenge during ongoing allergic airway inflammation resulted in
airway responsiveness and increased airway mucus production, but a decrease in
lung levels of the Th2 a cytokines IL-5 and IL-13 (Peebles et al. 2001b). In
contrast to the decrease in Th2 cytokines, RSV infection increased lung protein
expression of IL-17A, a cytokine that has been associated with airway epithelial
mucus metaplasia and inflammation that is resistant to corticosteroid treatment
(Hashimoto et al. 2004). While mucus metaplasia and airway mucus obstruction
accounts for some of the airways responsiveness witnessed in this model, there is a
strong component of smooth muscle constriction as well as evidenced by the
inhibition of airways responsiveness with a Rho kinase inhibitor (Hashimoto et al.
2002). The timing of RSV infection relative to allergic sensitization and challenge
is critical to the inflammatory and physiologic phenotypes that result from this
combined model (Hashimoto et al. 2002; Peebles et al. 2001a). RSV infection
prior to allergen sensitization and challenge reduced airways responsiveness
compared to sensitization and challenge alone, while RSV infection either after
sensitization and challenge, or during sensitization and challenge increased air-
ways responsiveness. We are currently in the process of determining the role of IL-
17A in RSV-induced airways responsiveness and epithelial cell mucus metaplasia.
This model should provide greater insight into other mechanisms by which RSV
may exacerbate asthma in humans with underling allergic inflammation.

5 Conclusion

In this chapter, we have explored the evidence that RSV causes different forms of
RAD, both bronchiolitis and acute asthma exacerbations. However, there are still
unanswered questions. First, confirmatory studies need to be performed to deter-
mine if increased airways responsiveness to methacholine is truly a risk factor for
severe RSV bronchiolitis, and whether this increased methacholine responsiveness
is also a risk factor for the later development of asthma, independent of severe
RSV bronchiolitis. Second, once a vaccine against RSV is developed, it will be
important to determine if it reduces the prevalence of asthma or wheezing at age 6,
since severe RSV bronchiolitis in infancy has been linked to asthma inception.
This endpoint may be more difficult to assess in regard to the efficacy of a vaccine
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which may be targeted at children great than 6 months of age, since infant birth
approximately 4 months before the winter virus peak carried the highest risk of
developing childhood asthma. Third, more work needs to be performed in the area
of RSV-induced acute asthma exacerbations in adults and the elderly and whether
specific treatment with cytokine antagonists or prevention with an RSV vaccine
can be safely and efficaciously utilized to prevent the sequelae of the symptoms
and pulmonary function abnormalities resulting from these exacerbations.
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Part II
Host Response to Infection

and Genetics of Disease



Human Genetics and Respiratory
Syncytial Virus Disease: Current Findings
and Future Approaches

Eun Hwa Choi, Hoan Jong Lee and Stephen J. Chanock

Abstract Infection with respiratory syncytial virus (RSV) can result in a wide
spectrum of pulmonary manifestations, from mild upper respiratory symptoms to
severe bronchiolitis and pneumonia. Although there are several known risk factors
for severe RSV disease, namely, premature birth, chronic lung disease, congenital
heart disease, and T cell immunodeficiency, the majority of young children who
develop severe RSV disease are otherwise healthy children. Genetic susceptibility
to RSV infection is emerging as a complex trait, in which many different host
genetic variants contribute to risk for distinct disease manifestations. Initially, host
genetic studies focused on severe RSV disease using the candidate gene approach
to interrogate common single nucleotide polymorphisms (SNPs). Many studies
have reported genetic associations between severe RSV bronchiolitis and SNPs in
genes within plausible biological pathways, such as in innate host defense genes
(SPA, SPD, TLR4, and VDR), cytokine or chemokine response genes (CCR5, IFN,
IL6, IL10, TGFB1), and altered Th1/Th2 immune responses (IL4, IL13). Due to the
complexity of RSV susceptibility, genome studies done on a larger scale, such as
genome-wide association studies have certainly identified more of the host factors
that contribute to the development of severe RSV bronchiolitis or excessive
pathology. Furthermore, whole-genome approaches can reveal robust associations
between genetic markers and RSV disease susceptibility. Recent introduction of
‘exome’ genotyping or sequencing, which specifically analyzes the majority of
coding variants, should be fruitful in sufficiently large, well-powered studies. The
advent of new genomic technologies together with improved computational tools
offer the promise of interrogating the host genome in search of genetic factors,
rare, uncommon, or common that should give new insights into the underlying
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biology of susceptibility to or protection from severe RSV infection. Careful
assessment of novel pathways and further identification of specific genes could
identify new approaches for vaccine development and perhaps lead to effective
risk modeling.
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1 Introduction

Respiratory syncytial virus (RSV) is a major respiratory virus in infants and young
children worldwide. The spectrum of RSV infection ranges from mild upper
respiratory symptoms to severe bronchiolitis and pneumonia. Risk factors that
predispose infants and young children to severe RSV disease include premature
birth, chronic lung disease, congenital heart disease, and T cell immunodeficiency.
However, the majority of young children who develop severe RSV disease are
healthy and have no identifiable risk factors (Hall et al. 2009). Since disease
manifestations of RSV infection in infants vary substantially, it is likely that both
host and viral factors contribute to RSV disease severity. The association of RSV
disease susceptibility with family history of asthma and ethnicity, race, and gender
support a genetic predisposition to severe RSV disease (Hull 2007) and host
genetic variation playing a substantial role in severity of RSV disease.

Over the last century, investigators implicated human genetic variation as a
major determinant of susceptibility to many infectious pathogens, beginning with
twin and HLA studies (Hill 2012). Although the variability in disease severity of
RSV remains inadequately explained, evidence exists that variations within genes
involved in immune responses have been associated with the outcome of RSV
infection, presumably due to alterations in the quality and strength of the immune
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response. The recent genomic revolution now provides the opportunity to identify
genetic contributions to a complex disease, such as RSV infection.

In this article, we review the candidate gene studies focused on variability
associated with RSV disease severity, specifically looking at pathogenesis, pilot
studies examining common genetic polymorphisms, genetic contribution to critical
pathogenesis or novel pathways, susceptibility, and outcome of the disease. We
also summarize emerging issues in genome-wide approaches and highlight future
implications of human genomics for the development of an effective and safe RSV
vaccine.

2 Epidemiological Evidence for a Genetic Component
of RSV Susceptibility

By the age of 2 years, nearly all children are infected with RSV at least once.
Approximately 20 % of children infected with RSV develop lower respiratory
tract infections (LRTIs) during their initial infection, and severe disease that
requires hospitalization may develop in *1 % of all infected infants under one
year of age (Collins et al. 2001). In the decade, 1997–2006 in the United States,
RSV-associated hospitalization was responsible for 24 % of an estimated 5.5
million LRTI hospitalizations among children \5 years of age. An estimated
132,000–172,000 RSV-associated hospitalizations occurred annually in children
\5 years of age. The hospitalization rate was highest among infants \3 months
old (48.9 per 1,000), followed by infants 3–5 months old (28.4 per 1,000), and
lower among those [1 year old (1.8 per 1,000) (Stockman et al. 2012).

In a prospective, population-level hospital-based surveillance study, which was
implemented during three RSV seasons (1997–2000) in the US, the overall sea-
sonal RSV hospitalization rate among children younger than 2 years was 63.6 per
1,000 and 91.3 per 1,000 among children younger than 1 year. The Navajo and
White Mountain Apache children were at a high risk for severe RSV disease that
required hospitalization; the rates of RSV hospitalization were three times that of
the general US population (Bockova et al. 2002). Similarly, higher hospitalization
rates associated with bronchiolitis have been reported in American Indian and
Alaska Native children (Lowther et al. 2000). Although these populations share
several similar socio-environmental factors that may predispose them to severe
RSV bronchiolitis, genetic factors, some general across populations, and some
specific to populations with distinct histories likely contribute to the differences in
the incidence of high risk RSV infection.

Studies of susceptibility to infections in identical and nonidentical twins have
been instrumental in untangling the relative contributions of genetics and envi-
ronmental factors. To determine differences in the severity of RSV infection
contributed by genetic and environmental factors, a nationwide study analyzed
linkage data on RSV hospitalizations for all twin pairs born in Denmark during a
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10-year period (Thomsen et al. 2008). In this study, there were significantly higher
concordance rates in the susceptibility to severe RSV infection in identical twin
pairs, when compared with fraternal twin pairs (concordance rate 0.66 vs. 0.53,
P = 0.02), which supports a role for genetic factors in risk for severe RSV disease.
Approximately 20 % of the propensity to develop severe RSV infection was
attributable to genetic differences in the twin study, whereas household, or shared
environmental factors contributes nearly three-quarters of the risk for severe RSV
infection.

3 Genetic Susceptibility in Animal Study

Animal models of human diseases have been used to unravel the underlying
genetic architecture of infectious diseases. However, these approaches have
important limitations, particularly for the identification of a novel class of host
genes that confer resistance to RSV in humans. For instance, murine models of
RSV infection are challenging to interpret because RSV is not normally patho-
genic to mice. Despite the limitation, it has been shown that the susceptibility to
RSV infection in mice can be genetically determined and more importantly,
specific insights have been observed in mouse models (Isaacs et al. 1989; Stark
et al. 2002; Jessen et al. 2011).

First, inbred mouse strains have been used to identify genetic factors that
influence susceptibility to RSV infection (Stark et al. 2002; Jessen et al. 2011). In
one study, disease susceptibility has been analyzed by comparing different virus
titers and RSV-induced weight loss after RSV infection in 8 strains of mice. The
‘resistant’ C57BL/6 mice showed low viral titers and no disease, whereas the
‘susceptible’ AKR/J, 129P3, or BALB/c mice showed high virus replication and
more prominent lung pathology, which implies that susceptibility to RSV infection
is influenced by background genetic factors (Stark et al. 2002). In addition, this
study of inbred mice suggested that susceptibility to RSV is likely to be a multi-
genic trait because the phenotypic distribution of the backcross progeny did not
follow the predicted distribution.

Cytotoxic T lymphocyte (CTL) response has been identified as an important
mechanism in virus control and disease severity. Both CD4 and CD8 T cells can
eliminate virus and cause immunopathology independently. A recent study
revealed that the Major Histocompatibility Complex (MHC) haplotype is an
important factor of RSV susceptibility using MHC-congenic mice (Jessen et al.
2011). This study observed weight loss and pulmonary inflammatory response
were greater in BALB/c (H-2d) mice than in C57BL/6 (H-2b) mice following RSV
infection. The H-2d allele can partially transfer disease susceptibility to C57BL/6
mice. The MHC–determined composition and efficacy of CD4 and CD8 T cell
responses contributed to differences in disease susceptibility.

The contribution of the MHC locus has been difficult to demonstrate in RSV
infections in humans, partly because expression of MHC class I alleles in human is
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extremely complex, whereas single homozygous MHC alleles are present on a
constant non-MHC background in mice. CTL recognize virus-infected cells that
are associated with the Human Leukocyte Antigen (HLA) class I antigens in
humans. Although there is strong evidence for the importance of CTL in the
occurrence of severe RSV infections, association between particular HLA class I
antigens and severe RSV bronchiolitis has not yet been demonstrated in humans
(Isaacs et al. 1989). Large population-based studies are needed to determine the
role of HLA alleles for severity of RSV in children.

Important observations regarding host genetic factors on the development of
RSV vaccine include sensitization with the attachment protein (G) of RSV, which
leads to CD4 T cell-mediated lung eosinophilia after challenge with RSV in mice
(Hussell et al. 1998). Nonpathogenic vaccines for RSV disease that are also pro-
tective against RSV infection should induce a strong CD8 T cell response.
Although there may be a possible influence of non-MHC genes on the immune
response, a mouse model demonstrated that MHC is the primary determinant of
robust T cell responses and eosinophilia during subsequent RSV challenge.

4 Study Design to Detect Genetic Susceptibility to Severe
RSV Infection

Studies of the host genetic determinants of severe RSV infection may lead to an
understanding of the interaction of RSV and the individual host as well as iden-
tification of novel disease pathways to help development of specific therapeutic
interventions and prevention measures. In order to identify the genetic contribution
to the disease phenotype, there have been two main approaches to determine
genetic associations in complex disease: association and linkage studies (Fig. 1).

Association studies initially searched for a relationship between one or more
known polymorphisms within a ‘‘candidate gene’’ and the disease phenotype. The
overall success of the candidate gene approach has been modest, partly due to
inadequate sample sizes tested to find effects with small estimated sizes (odds ratio
\1.5) and partly due to our limited understanding of the biology of complex
diseases, such as severe RSV infection. However, in HIV infection, there have
been a number of important candidate gene findings, mainly related to cytokine
pathways (O’Brien and Nelson 2004). The approach has been to look at the most
frequent variant, the SNP but also common insertion/deletions, such as CCR5.
Association studies of SNPs or haplotypes are frequently used to investigate
infectious diseases between cases and controls, or within families. On the other
hand, genome-wide linkage studies, which identify nonrandom segregation of
microsatellite markers from parent to child, can detect only large genetic effects,
usually in family studies.

As a natural extension of the Human Genome Project (Venter et al. 2001;
Lander et al. 2001), there has been an international effort to map common variants
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in the International HapMap Project (International HapMap Consortium et al.
2007) and less common variants in the 1,000 Genome Project (1,000 Genomes
Project Consortium et al. 2010); the former has cataloged variants with minor
allele frequencies (MAF) [5 % and the latter has annotated the genetic space
between 0.5 and 5 % MAFs.

An extension of the annotation of variation across the genome has been the
emergence of the genome-wide association studies (GWAS) as a powerful tool to
scan more than 500,000 SNP genetic markers in thousands of individuals. It is
predicated on the principle that it is possible to find highly correlated surrogates
for the functional variants, due to linkage disequilibrium . This approach has been
successful in the discovery of new regions associated with hundreds of diseases
and traits (Hindorff et al. 2009). The GWAS approach is agnostic, namely it is
statistically driven and can identify regions of interest in an unbiased manner.
GWAS have effectively discovered variants that have a minor allele frequency of
5 % or greater in the test population, thus beginning to unravel the genetic
architecture of complex diseases and traits (Park et al. 2010, 2011). Previous
studies have demonstrated that GWAS can provide insights into crucial host–
pathogen interaction in tuberculosis, malaria, and meningococcal disease (Khor
and Hibberd 2012). Most notably, GWAS have identified a region on chromosome
19 that is important for both infections with hepatitis C and treatment response to
interferon-alpha (Thomas et al. 2009a; Ge et al. 2009; Suppiah et al. 2009). It is
notable that GWAS identify regions that require extensive follow-up work,

Epidemiologic study
• Racial difference
• Sibling risk ratio
• Twin study; concordance rate

Genetic study
• Association studies: single 

nucleotide polymorphisms  
(SNPs), haplotypes

• Linkage analysis: microsatellite 
markers 

Animal study
• Susceptible and resistant mouse 

strain
• CTL response determined by the 

MHC haplotype

Candidate gene association study:
• Pathway-based hypothesis
• Compare  frequency of SNPs between case 

and control
Genome-wide association study:

• Genetic marker, mapping informative SNPs

Population-based Family-based

Transmission disequilibrium test:
• Compare the proportion of alleles transmitted 

within a family
Genome-wide linkage analysis:

• Limited value for identification of genetic 
markers in infectious diseases

Validation in clinical study and in vitro correlation
Detection of novel pathway

Development of protective and safe vaccine
Identification of genetically -susceptible group and vaccine priority group  

Fig. 1 Detection strategy for searching of genetic component for severe RSV disease
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beginning with fine mapping of the genetic region. This is required to nominate the
optimal variants for laboratory studies, designed to illuminate the underlying
functional basis of the direct association with susceptibility to a disease, such as
severe RSV infection.

5 Preliminary Studies of Host Genetic Polymorphism
Associated with Severe RSV Disease

The current understanding of genetic polymorphisms associated with increased (or
decreased) risk of severe RSV disease illustrates that numerous host factors con-
tribute to the variability in host susceptibility and pathogenesis (Table 1). There
are two competing hypotheses on the pathogenesis of the variability of RSV
disease, one of which is based on genes responsible for the dynamic interaction
between the host and pathogen, whereas the other hypothesis focuses more on host
immune response to the pathogen.

5.1 Host Genetics on Innate Defense

One of the most striking features of RSV disease is that primary RSV infection
occurs before the development of specific acquired immunity and in the presence
of maternal antibody. The early innate host response to primary infection is
important. Thus, the first hypothesis emphasizes the primary host–pathogen
interaction, which focuses on the innate defense system of the lung. This may play
a particularly important role during infection in young infants before they acquire
adequate immunity (Miyairi and DeVincenzo 2008).

Among the surfactant proteins, hydrophilic surfactant proteins A1, A2, and D
(SFPA1, SFPA2, and SFPD) are considered to play a major role in the pulmonary
defense mechanism, such as in the clearance of RSV infiltration from host pul-
monary cells (Ghildyal et al. 1999; Hall et al. 2009; LeVine and Whitsett 2001). In
a case–control study, genotype frequency of the surfactant protein A polymor-
phism was significantly different between severe RSV disease and control, which
indicates that there is an association between severe RSV disease and surfactant
protein A gene locus (Lofgren et al. 2002; Thomas et al. 2009b; El Saleeby et al.
2009). In comparison, the mannose-binding lectin (MBL2), which is a plasma
protein that binds to pathogens in order to facilitate the immune destruction
pathway, is postulated to limit the disease severity of RSV infection (Ribeiro et al.
2008; Nielsen et al. 2003). Yet, in contrast to other viral or bacterial pathogens,
association of the MBL2 polymorphism and RSV appears to be less conclusive,
and further studies are needed (Kristensen et al. 2004).
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Toll-like receptor 4 (TLR4) plays a crucial role in regulating innate and adaptive
immune responses by recognizing pathogen-associated molecular patterns. Inter-
action between TLR4 and the RSV F protein is shown to mediate cytokine pro-
duction during innate immune response. TLR4 mutations, Asp299Gly and
Thr399Ile, either alone or in combination, are overrepresented in hospitalized
infants for RSV bronchiolitis compared to infants who have mild RSV bronchi-
olitis. Functional significance of these TLR4 SNPs has shown that human bronchial
epithelial cells transfected with 299Gly and 399Ile alleles fail to efficiently
translocate TLR4 to the cell surface (Tulic et al. 2007). Peripheral blood mono-
nuclear cells from children expressing exonic TLR4 variants demonstrated blunted
responses to RSV, thus emphasizing the likelihood that this polymorphism is
relevant to RSV pathogenesis. One of the promoter polymorphisms of CD14,
another pattern recognition receptor, has also been found to be associated with the
risk for hospitalized RSV bronchiolitis (Inoue et al. 2007).

In a recent study of prospective birth cohort from Netherlands, low levels of
cord blood 25-hydroxy vitamin D were associated with increased risk of RSV
LRTI in the first year of life (Belderbos et al. 2011). Vitamin D has important
immunomodulatory effects; therefore varying levels of vitamin D receptor (VDR)
may influence the mechanism of VDR in immune-mediated diseases such as RSV
bronchiolitis. Allele frequency of the SNP in the first codon of the VDR gene,
which may have resulted in changed transcriptional activity of the VDR gene, was
associated with susceptibility to RSV infection (Kresfelder et al. 2011).

5.2 Th1/Th2 Cytokine Pathways

A tipping of the balance between Th1 and Th2 response has been postulated to
cause disease variability among individuals, such as mild upper respiratory disease
or severe RSV bronchiolitis. Measurement of the IL-4/IFN-c and IL-10/IL-12
ratios revealed a higher IL-10/IL-12 ratio in those with acute bronchiolitis (Legg
et al. 2003). In addition, reduced IL-18 mRNA levels, which elevated the IL-4/
IFN-c ratio, were demonstrated in stimulated peripheral blood mononuclear cells
from infants with acute bronchiolitis in this study. This suggests the importance of
excess type 2 and/or deficient type 1 immune responses in the pathogenesis of
RSV bronchiolitis, which may be due to inter-individual genetic differences that
are associated with variation in cytokine response.

Many genetic association studies have sought associations between SNPs in
Th1 or Th2 cytokine genes and RSV disease severity. Common candidate variants
in three Th2 cytokine genes, IL4, IL13, and IL5, which are clustered on chro-
mosome 5q31.1 were investigated in a Korean cohort of hospitalized RSV bron-
chiolitis (Choi et al. 2002). In that study, a common IL4 haplotype, which includes
the -589T promoter variant, previously shown to be associated with increased IL-4
transcriptional activity and predisposition to asthma, was overrepresented in
patients with severe RSV disease. A subsequent study has found an association of
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IL4R alpha chain polymorphism (Q551R) with severe RSV disease in infants
(Hoebee et al. 2003). The R551 allele, which was overrepresented in infants with
RSV bronchiolitis requiring hospitalization, was associated with functionally
enhanced signaling of IL-4 receptor. Studies illustrating genetic associations of IL4
and IL4R polymorphisms with RSV disease severity, highly suggest a potential
contribution of Th2 cytokine genes to RSV disease severity. Thus, in conjunction
with the previous argument of asthma being associated with an increased level of
IgE, supports the hypothesis that the similar genetic susceptibility factors for
hyper-reactive airway disease may also play a key role in initiating severe RSV
disease (Humbert et al. 1997; Webb et al. 2000).

IL-10 is a central anti-inflammatory cytokine that is known to promote Th2 and
suppress Th1 immune responses. Contribution of promoter variants in the IL10
gene to higher risk of hospitalization for RSV bronchiolitis has been shown by
both a transmission/disequilibrium test (Hoebee et al. 2004) and two case–control
approaches (Gentile et al. 2003; Wilson et al. 2005). Moreover, IL10 family
member genes, IL19 and IL20, are clustered together with IL10 on chromosome
1q31-32 and have similar protein structures. Genetic variations in the IL19 and
IL20 genes have been evaluated in a large cohort of hospitalized infants with RSV
LRTIs that was prospectively followed to evaluate the occurrence of recurrent
wheeze (Ermers et al. 2011). A specific haplotype of the combined IL19/IL20
genotypes demonstrated an association with the development of recurrent wheeze
after RSV LRTIs. In another context related to gender difference in disease sus-
ceptibility, a polymorphism in IL9 was found to have an opposite effect in males
and females, an intriguing observation that needs to be confirmed (Schuurhof et al.
2010).

5.3 Other Cytokine- and Chemokine-Related Genes

RSV-infected airway epithelial cells secrete high levels of neutrophil-recruiting
chemoattractant, IL-8, and other proinflammatory cytokines. The association of
IL8 promoter allele with RSV disease was analyzed by the transmission disequi-
librium test in UK families (Hull et al. 2000). This promoter allele has been shown
to be associated with increased levels of IL-8 production by LPS-stimulated whole
blood cells and a significant increase in IL-8 transcript levels in human respiratory
epithelial A549 cells.

It is known that the binding of the RSV G protein to leukocytes involves the
host CX3C receptor (CX3CR), a leukocyte receptor for the chemokine fractalkine.
The RSV G glycoprotein may compete with fractalkine for binding to CX3CR.
Polymorphisms in the CX3CR gene, Val249Ile, and Thr280Met that disrupt
fractalkine’s affinity to its CX3CR have been identified. Of these, the 280Met-
containing genotypes were overrepresented in children hospitalized with RSV
LRTIs compared to sex-matched healthy adults without a history of LRTIs
(Amanatidou et al. 2006). This finding demonstrates an association between the
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common variation (Thr280Met) of the CX3CR gene and an increased risk of severe
RSV bronchiolitis.

6 Human Genetic Susceptibility and Vaccine Research

6.1 Association of HLA Allele with Vaccine Response

Genetic variation can have an important influence on disease susceptibility, pro-
gression, and resolution, as well as on vaccine-induced responses. However, the
mechanism involved in vaccine responses will vary by pathogen and host immune
response pathways. A number of studies have focused on the contribution of
polymorphic alleles in the HLA system that could significantly influence immune
responses to viral vaccines. There is an association of the HLA-DRB1*13 allele
with the measles vaccine response (Hayney et al. 1996) and the HLA-DRB1*0701
allele with a poor neutralizing antibody response to the influenza vaccine
(Lambkin et al. 2004). A study of influenza vaccine has found associations
between H1- and H3-specific hemagglutination inhibition antibody titers and HLA
gene polymorphisms or polymorphisms of cytokine and cytokine receptor genes
(Poland et al. 2008). This suggests that the SNPs present in HLA, cytokine, and
cytokine receptor genes may influence humoral responses to seasonal influenza
vaccination.

It has been demonstrated that the level of anti-HBs antibody varies widely in
different inbred strains of mice (Milich 1991). The response was determined to be
a dominant trait related to genes within the class II region of the MHC. In familial
studies in humans, the HBs-specific antibody response was dominantly inherited
and closely linked to the MHC (Salazar et al. 1995). As in the mice, particular
haplotypes (HLA-B8, SC01, DR3 and HLA-B44, FC31, DR7) were overrepre-
sented among those who did not respond to the hepatitis B vaccine. When
homozygotes and heterozygotes for the HLA-B8, SC01, and DR3 haplotypes were
prospectively immunized with HBsAg, the antibody response was significantly
lower in the homozygotes than in the heterozygotes (Alper et al. 1989). However,
homozygotes do respond occasionally, which suggests that non-MHC genes could
also be involved.

The GWAS approach has been employed to look for markers of genes which
could map to known as well as novel immune responses to a single particular
vaccine. A pilot GWAS has been recently reported to look at the cytokine
response, characteristic of a major toxicity of the smallpox vaccine (Kennedy et al.
2012). In this study of approximately 1,000 well-characterized, healthy adult
recipients of the smallpox vaccine, multiple SNPs were associated with variations
in cytokine response. These SNPs were found in genes with known immune
function, as well as in genes encoding for proteins involved in signal transduction,
cytoskeleton, membrane channels and ion transport, and in others with no
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previously identified role in immune responses. The observation of a large number
of significant SNP associations implies that cytokine secretion in response to
vaccinia virus is a complex process that is controlled by multiple genes in multiple
gene families.

6.2 Genetic Variability in Immune Response to RSV Vaccine

Development of an effective and safe vaccine to prevent RSV infection has been
hampered by the fear of causing vaccine-enhanced disease. The formalin-inacti-
vated RSV vaccine (FI-RSV), which was developed in the 1960s, had led to an
increased risk of severe forms of RSV disease among the vaccine recipients
(Kapikian et al. 1969). In the immunized mouse model, prominent Th2 response
has been documented to enhance RSV pulmonary disease after the virus challenge
(Connors et al. 1994). Moreover, the mice that were previously immunized with
the G glycoprotein of RSV were observed to develop markedly enhanced RSV
disease, which is characterized by pulmonary eosinophilia, when challenged with
live RSV, probably mediated by the CD4 T cells that were G protein-specific and
had characteristics of Th2 cells. Following immunization with the F protein from
the formalin-inactivated RSV, a similar enhancement in disease severity with
pathognomonic changes and bias towards a Th2 response were also observed
(Graham et al. 1999).

It has been suggested that genetic influence on Th2 response for the vaccine-
enhanced severe RSV disease has important implications for designing RSV
vaccines. Hussell et al. demonstrated that different effect of G protein vaccination
on pulmonary eosinophilia in mice with different MHC haplotype (Hussell et al.
1998). This study showed that MHC is the primary determinant of extensive T cell
responses and eosinophilia during RSV challenge in G protein-primed mice.
Despite the contribution of non-MHC genes in different mouse strains, this result
may explain the variability in response to vaccination and RSV infection in
humans. Thus, better understanding of genetic variability in immune responses to
RSV vaccines and continuing analysis of human genetic susceptibility of the RSV
disease severity will provide further instructive knowledge on the development of
safe and effective RSV vaccines.

7 Future Aspects

The pursuit of dissecting the genetic basis of susceptibility and resistance to RSV
infection, especially in the young or immunocompromised host will move forward
when the new genomic technologies can be applied to large case–control and
population-based studies, including maternal-infant cohorts. The ability to apply
GWAS towards RSV-related questions will require large scale collaborations
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across centers and studies to accumulate the sample sizes needed to conclusively
discover regions in the genome- worthy of further pursuit (Chanock et al. 2007).

It is also important to continue to conduct studies to validate the candidate gene
approach results. With new genes being associated with RSV disease, there is a
need to understand mechanisms and interactions related to this association. Thus,
future studies should also focus on investigating physiological mechanism to
explain functional correlation in animal models, in vitro laboratory studies, or
clinical studies. These studies need to account for human gene–gene interactions
and gene-environment interactions.

It is also possible that genetic variants associated with disease are only markers
for a disease-modifying locus. It is likely that GWAS will uncover other cryptic
genetic factors associated with RSV disease and ‘exome-wide’ genotyping
identify additional genetic factors. The majority of nonsynonymous coding genetic
variants detected by exome-wide re-sequencing add another level of detail which
might be missed by standard GWAS analysis misses. GWAS only analyzes
common and noncoding genetic variants. Lastly, future studies on the mechanisms
by which genetic polymorphisms and/or epigenetic modifications regulate gene
expression critical to RSV disease pathogenesis that influence immune responses
to vaccine antigens will be important.

Recently, a relatively new approach has emerged, which is known as ‘per-
sonalized vaccinology’ and is related to precision medicine, namely therapy gui-
ded by genomic characterization of either a disease or cancer (Lahti et al. 2002).
To date, the major efforts in vaccinology have focused at the population level, but
with personal genomes not far in the future, it is plausible to consider how and in
what way individual variability in immune response could influence decisions
related to a range of vaccinations (Poland et al. 2008). However, as previously
discussed, many studies have identified associations between immune response
gene polymorphisms and variations in immune response to several vaccines in
genetically heterogeneous populations. Recently, a new paradigm of ‘individual-
level’ vaccinology, which is also called ‘vaccinomics’ , emphasizes the person-
alized approach. Though the potential benefits from vaccinomics, e.g., personal-
ized vaccines, novel vaccines, and novel vaccine adjuvants, much research is
needed before it can be used to guide use of vaccines in humans.

8 Conclusion

General conclusions that can be drawn from observations on host genetic deter-
minants of severe RSV diseases are important confirmations of the link between
inter-individual differences and population-based assessments of major viral
pathogens, such as RSV. The challenge that we are now confronted with is to
determine the role of genetic variations in the severity of RSV disease in a more
systematic way, by employing more advanced genetic concepts. Thus, the progress
in preventing severe RSV infection should be focused on vaccine development,
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while the new genomic approaches may uncover novel biological insights that can
guide novel vaccine strategies. Future genetic studies on RSV disease should aim
at identifying the genetic contributions to severity of RSV infection (including
common and rare variants) and the follow-up studies to understand the mecha-
nisms or underlying functional features of these associations.
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Innate Immune Responses to Respiratory
Syncytial Virus Infection

Sumanta Mukherjee and Nicholas W. Lukacs

Abstract The innate immune response has a critical role in the initial stages of
respiratory syncytial virus (RSV) infection and provides important instructional
control that determines the direction of the acquired immune response and the
severity of subsequent disease. Contributions to innate immunity include responses
initiated in epithelial cells, dendritic cells, and macrophages. The initiation and the
intensity of the response depends upon the recognition of pathogen-associated
molecular patterns (PAMPs) that activate various pattern recognition receptors
(PRRs) such as toll-like receptors (TLR), RIG-I–like receptors (RLR), and NOD-
like receptors (NLR), that induce innate cytokines and chemokines that promote
inflammation and direct the recruitment of immune cells as well as promote anti-
viral responses. In this review, we summarize the results of numerous studies that
have characterized the innate immune responses that contribute to the RSV-
induced responses and may be important considerations for the development of
efficacious vaccine strategies.
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1 Introduction

RSV infection causing acute bronchiolitis is most commonly associated with lower
respiratory tract infections in young children and infants. Although newborn
infants are partially protected from the disease due to presence of maternal RSV
specific neutralizing antibodies, the protection is short lived. Infants between 2 and
4 months are at very high risk due the diminishing levels of maternal antibodies of
RSV specific antibodies (Hurwitz 2011). In the USA, it is estimated that nearly
every child before they are 3 years old will get infected at least once with RSV. It
is estimated that over 34 million cases of RSV lower respiratory tract infection of
young children occur annually and about 10 % of these require hospitalization.
Further, hospitalization of reinfected infants is common and exponentially
increases the health care costs that are over $400 million in the USA alone and it is
estimated that over 175,000 deaths of young children occur worldwide due to RSV
infection (Paramore et al. 2010). RSV also infects adults with the elderly and
immunocompromised patients most susceptible to this infection. In addition,
several epidemiological studies have shown that RSV infection is an independent
risk factor for the development of severe chronic asthma exacerbations. Thus,
there continues to be a need for both therapeutic intervention, but more impor-
tantly, a vaccine that can address the overall RSV burden in the community to
reduce the risk of infant and elderly disease acquisition. Thus, in this chapter, we
will focus on the current concepts of innate immune recognition of RSV and
consider whether they can be exploited specifically for vaccination strategies that
will lead to more efficacious and safer vaccines against RSV.

2 RSV-Associated Immunopathology

Severe RSV infections are often associated with mucus production and accumu-
lation of several leukocyte populations in the airways (Johnson et al. 2007). Mucus
production can provide a beneficial innate immune response by preventing rein-
fection and forming a protective environment for the epithelial cell layer. How-
ever, uncontrolled increases in mucus production can inhibit gas exchange
mechanisms in the lung, cause airways obstruction, and result in difficulty in
breathing both mechanically and biochemically. The over production of mucus is
particularly detrimental in infants whose airways are small and can be easily
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obstructed. While the activation of a differential cell response can be beneficial for
mounting a robust innate antiviral response, an inappropriately activated adaptive
immune cell response can lead to disease. This is observed in severely RSV-
infected children. The array of leukocyte populations includes neutrophils, lym-
phocytes, macrophages, and eosinophils (Graham et al. 2000). Animal modeling of
the RSV disease has shown that substantial leukocyte infiltration appears as early
as 4-day post infection and consists of mainly macrophages, neutrophils and NK
cells (Hussell and Openshaw 2000). Depending on the type of inflammatory
cytokine production by the innate cells, the adaptive immune cells are activated.
At this stage of the infection, it appears that the most appropriate immune response
is the activation and migration of cytotoxic CD8+T cells to clear the virus-infected
cells. However, delayed establishment of an effective antiviral environment by the
innate immune response to activate adaptive CD8+T cells may lead to the initi-
ation of other mechanisms to inhibit the virus, such as overproduction of mucus.
Thus, severe RSV disease sequelae may be associated with an inappropriate
immune environment. Although the host appears to clear RSV, it leaves behind a
dysregulated cytokine environment with aberrant Th cell response further poten-
tiating the disease. The specific impact of RSV on Type I IFN will be discussed in
the chapter by S. Barik (this volume) and the adaptive immune response to RSV
will be covered in the chapter S.M. Varga and T.J. Braciale (this volume). Thus,
the most detrimental aspects of RSV-induced disease is related to immunopa-
thology that may lead to long-term pulmonary dysfunction due to a reinforced pre-
existing or newly established mucosal immune environment.

3 Epithelial Cell Responses During RSV Infection

The airway epithelium forms a mechanical barrier between the environment and
the host. It also functions as a sentinel system to detect pathogens entering via the
airways and initiates the initial host immune response. In the upper airway, epi-
thelial cells consist of ciliated cells, secretory goblet cells, and cells with microvilli
that provide mechanisms for mucocilliary clearance. In the bronchioles the
secretory clara cells line the airways, while in the alveolar space the alveolar type I
cells and type II cells constitute the alveolar epithelial boundaries. The alveolar
type I cells make up 90–95 % of the internal lung surface and are fused with the
endothelial cells. Together with the endothelial cells, they form the gas exchange
barrier. The other prominent cell in the alveolar space is the alveolar type II cells
that are involved in regulating the lung surfactant system, alveolar fluid content,
and are important for the replacement of injured type I cells. Clinical observations
suggest that infection and inflammation in the lower airways are associated with
the most severe disease phenotypes. Infection and activation of the epithelial cells
in both the upper and lower airways are involved in the immune response, as they
are able to secrete various chemokines and cytokines that direct the immune
response by selectively recruiting specific leukocyte populations.
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The epithelial cells are one of the primary targets of RSV infection. Thus, viral
attachment and fusion may be two critical steps in the initial RSV recognition
response. RSV can initiate attachment via either the G or F (fusion) glycoproteins
with subsequent entry mediated by F (see chapter by J.S. McLellan et al., this
volume). While the cell surface targets for these two proteins have remained
elusive for many years, recent data has shown that the G and F proteins can
interact with immune-associated receptors, CX3CR1 and TLR4, respectively, as
well as glycosaminoglycan (GAGs) and C-type lectins on the cellular surface.
Indeed, studies have recognized that in patients with genetic alterations in TLR4
there is an association with more severe disease (Rallabhandi et al. 2006). While
the implications for interacting with these innate immune receptors have been
widely speculative and associative, they may directly alter the responsiveness of
epithelial cells and the ongoing inflammatory response. Recently, cell surface
nucleolin was identified as a functional RSV entry receptor using a virus overlay
protein-binding assay (Tayyari et al. 2011). Nucleolin was shown to co-precipitate
with RSV-F protein. Studies using neutralization antibody for nucleolin or RNA-
mediated knockdown of lung nucleolin in mice demonstrated a significant
reduction in RSV infection. Since nucleolin is present on most cells, cellular
tropism may be specified by some other yet unknown receptor, tissue-specific
isoforms on nucleolin, or intracellular cofactors. Another mechanism by which the
lung epithelium is exploited by RSV for infection is by decreasing Na+ channel
dependent increase in UTP production. This leads to reduced alveolar fluid
clearance and oxygen saturation and causes increased lung water volume and
hypoxemia.

RSV entry into host epithelial cells is also increased by surfactant protein A
(SP-A), another important component of the pulmonary innate immune system,
that is reported to bind to RSV G-protein and thereby enhances attachment of RSV
and subsequent entry (Hickling et al. 2000). Surfactant proteins (SP-A, B, C, D)
are mainly involved in maintenance of pulmonary homeostasis and lung
mechanics. Changes in their expression can contribute to the development of lower
airway obstruction and enhancement of respiratory workload and efficiencies of
surfactant proteins can lead to the development of severe RSV bronchiolitis, and
may be related to impairment in viral clearance and exacerbated inflammatory
response. Genetic polymorphisms of SP-A, SP-B, and SP-D have been correlated
to the development of severe forms of RSV bronchiolitis (El Saleeby et al. 2010).
Further, the surfactant proteins are involved in the modulation of the pulmonary
inflammatory process, regulating the release of oxygen radicals, as well as pro and
anti-inflammatory cytokines (van de Wetering et al. 2004). Pulmonary surfactant
replacement may be a promising treatment alternative in patients on mechanical
ventilation to maintain airway patency.
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4 RSV Disease Regulation through Innate Immune
Surveillance

Innate immune cells are responsible for recognizing pathogen-associated molec-
ular patterns (PAMPs) unique to various classes of pathogens, with a limited set of
fixed germline-encoded receptors. The existence of invariant structures like lipo-
polysaccharide and zymosan in bacteria and fungi respectively, make them an
easier target for recognition than viruses; which have the heterogeneity of viral
glycoproteins, along with their ability to drift genetically from season to season.
However, the innate immune system has evolved mechanisms to detect charac-
teristics of viral nucleic acids including single-stranded RNA (ssRNA) or double-
stranded RNA (dsRNA). Since, RSV is a negative-sense virus, both ssRNA and
dsRNA species are formed during viral replication and available for detection by
pathogen recognition receptors (PRRs).

Host immune responses have been implicated in both the protection and immu-
nopathological mechanisms. For example, PRRs expressed on innate immune cells
recognize the RSV-associated molecular patterns and activate a proinflammatory
innate immune cell response, which is protective. However, the same receptors also
mediate airway inflammation and pulmonary immunopathology. This characteristic
of dual PRR driven function may be utilized judiciously for vaccine development.

There are several types of innate mononuclear cells that appear to play
important roles in the development of the RSV-induced responses in the lung and
can serve as antigen presenting cells (APC) that influence the adaptive responses.
The myeloid (CD11b/CD11c) subset of dendritic cells (DC) appear to promote a
more pathogenic inflammatory response, especially in the absence of the plas-
macytoid DC (CD11c/B220) population that is a primary source of IFN-a. Studies
have begun to dissect what functions each of these subsets perform during RSV
infection. Other subsets of DC have also been described in the lung, including
CD103+ DC, that are only beginning to be explored. Each of these subsets express
different cytokine profiles that can activate immune responses associated with
either viral clearance or immunopathology. A complete understanding of these
complex regulatory activation pathways and the different subsets that are involved
may be very helpful for targeted vaccine development. Here we will highlight the
recent advances using experimental models of RSV disease in the innate immune
recognition of and responses to RSV through PRRs, including Toll-like receptors
(TLRs), RIG-I like receptors (RLRs) and NOD like receptors (NLRs).

4.1 TLRs

A number of TLRs have been linked to RSV infection, including TLR2, TLR3,
TLR4, and TLR7. Murawski et al. suggested that TLR2 is a functional receptor for
RSV and demonstrated that TLR2 and TLR6 signaling in leukocytes could activate
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innate immune response to RSV by promoting proinflammatory cytokines and
chemokine production, neutrophil migration, and DCs activation as well as control
viral replication in the lung (Murawski et al. 2009).

TLR3 is an intracellular receptor that recognizes dsRNA. TLR3-mediated
response is channeled through TRIF (Toll-interleukin (IL)-1 receptor domain-
containing adaptor inducing interferon-b) which activates both NFjB and IRF-3,
and subsequently drives production of IFN-a, IP10/CXCL10, CCL12, and CCL5
(RANTES) (Bermejo-Martin et al. 2007). TLR3 detects dsRNA generated during
the RSV replication cycle (Aeffner et al. 2011). TLR3 activation might be nec-
essary to regulate the immune environment that contributes to RSV-associated
pulmonary immunopathology, although it has little or no effect on RSV clearance
(Rudd et al. 2005). Rudd et al. showed that RSV infection triggers the activation of
the TLR3 signaling pathways that regulate the expression of MyD88-independent
chemokines, such as IP-10/CXCL10 and CCL5, and further upregulate TLR3
expression in RSV-infected cells (Rudd et al. 2005). The activation of TLR3
during RSV infection promotes a predominant Th1-type response, whereas the
deletion of TLR3 leads to increased pathogenic Th2-biased responses, resulting in
IL-13 and IL-5 production, mucus overproduction, and an accumulation of
eosinophils in the airways (Rudd et al. 2006). RSV infection increases TLR3
expression in the respiratory epithelial cells, which sensitizes the epithelial cells to
subsequent extracellular dsRNA exposure through activation of the inflammation-
related transcription factor NF-rB and production of the chemokine CXCL8 (IL-8)
(Groskreutz et al. 2006). These results are consistent with the notion that the
persistence of RSV-inducing inflammatory responses may provide a substratum
for later challenges with other pathogens. The TLR3 signaling pathway may be an
attractive therapeutic target for preventing RSV-induced lung inflammation and
subsequent allergic asthma.

TLR4 was first shown to have an effect on RSV infection through its interaction
with RSV F protein using CD14 as a co-receptor (Kurt-Jones et al. 2000). Further,
TLR4 null mice challenged with RSV showed reduced pulmonary NK and CD14+
cell trafficking, deficient NK cell function, impaired IL-12 expression and delayed
clearance of RSV compared with TLR4-positive mice (Kurt-Jones et al. 2000).
Later it was shown that activation of TLR4 and CD14 by RSV F protein leads to
NFjB-mediated innate immune responses and inflammation (Haeberle et al.
2002). Another study in 2007 showed that in infants TLR4 response is central to
the development of an efficacious innate immune response to natural RSV
infection (Awomoyi et al. 2007). Later it was shown that RSV-elicited production
of proinflammatory cytokines IL-6 and IL-8 by epithelial cells is suppressed
through inhibition of the RSV-TLR4/CD14 interaction (Numata et al. 2010). Two
single nucleotide polymorphisms (SNPs) encoding Asp299Gly and Thr399Ile
substitutions in the TLR4 ectodomain have been linked epidemiologically with an
increased risk of severe RSV bronchiolitis and increased risk for hospitalization in
previously healthy infants (Mandelberg et al. 2006; Tal et al. 2004). It was shown
that TLR4 polymorphisms contribute to enhanced susceptibility to RSV infection
in these individuals. In contrast to these reports, a clinical study has shown that
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upregulated TLR4 expression on blood monocytes in infants is linked closely to
disease severity (Gagro et al. 2004). However, recent findings with TLR4 SNPs in
humans and TLR4-/- mice showed little evidence of altered sensitivity to RSV
infection has resulted in some controversy about the role of TLR4 in RSV rec-
ognition (Ehl et al. 2004; Douville et al. 2010).

Similar to other ssRNA viruses RSV can also be recognized via TLR7. Lindell
et al., revealed that TLR7 mediates responses to RSV that regulate DC activation
resulting in reduced IL-12 while promoting IL-23, two important T cell differenti-
ation factors that determine Th1 versus Th17 development, respectively (Lindell
et al. 2011). The study showed that TLR7 deficiency is associated with an alteration
in T-cell responses with increases in mucogenic cytokines IL-4, IL-13, and IL-17 that
enhanced immunopathogenesis and mucus production in RSV-infected TLR7-/-
mice. Thus, the TLR7-mediated response is important for regulating the host defense
against RSV and preventing RSV-associated pulmonary immunopathology.

4.2 RLRs

RIG-I and MDA5 are the two RLRs that are critical sensors of viral infection in
most cell types including epithelial cells, macrophages, and conventional DCs.
These are cytoplasmic receptors for dsRNA. MDA5 and RIG-I are upregulated
during RSV infections and a significant positive correlation exists between RSV
viral load and RIG-I mRNA levels (Scagnolari et al. 2009). Recent in vitro
investigations have shown that RSV infection detected by RIG-I activates the
downstream NF-jB and IRF3 pathways by complexing with the MAVS adaptor
that localizes to the mitochondrial membrane. This is important for generating
IFNb, IP-10, and CCL5 expression in airway epithelial cells. Further activation of
NFjB, IRF3, and cytokine expression is significantly inhibited in RIG-I-silenced
cells during the early phase of infection (Liu et al. 2007). Subsequently, studies
demonstrated that RSV is a poor inducer of type I IFNs and it was mediated by the
RSV proteins- NS1 and NS2 that directly decreased RIG-I interaction with MAVS
(Ling et al. 2009). These data suggest that the RIG-I-MAVS pathway plays an
important role in RSV-induced innate immune responses and inflammatory
pathology. The regulation of the RLR system and type I IFN by RSV NS1 and NS2
may be the most critical aspect of immune deviation during RSV-induced im-
munopathogenesis (see chapter by S. Barik, this volume, for more details).

4.3 NLRs

Recent evidence has indicated that NOD2 recognizes ssRNA virus in addition to
detection of bacterial products, and is involved in innate antiviral responses by
activation of IRF3 and IFN production. Sabbah et al. found that RSV infection
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results in increased NOD2 expression as well as activated IRF3 and IFN pro-
duction within 2 h post-infection. NOD2, activated by RSV ssRNA, translocated
to the mitochondria where it could interact with MAVS to induce activation of
both IRF3 and NFjB (Sabbah et al. 2009). RSV infection of NOD2-KO mice
results in markedly higher body weight loss and severe lung pathology with higher
concentrations of pro-inflammatory cytokines, as well as chemokines, than wild-
type counterparts. These results demonstrate that, like the RLR receptors, NOD2
can function as a cytoplasmic PRR for RSV and is important for host defense
against RSV infection.

4.4 RSV G and F Proteins

The innate immune response is also regulated by some of the RSV proteins such as
G and F, which are major integral proteins on the viral membrane and serve as
excellent targets for neutralizing antibodies for treatment. However, since the G
protein also exists as a secreted protein it could act as a decoy to block the host G-
specific neutralizing antibody response. On the other hand, the F protein apart from
facilitating virus fusion, is also capable of signaling through TLR4 and CD14.
Whereas F-TLR4 signaling induces proinflammatory cytokines including inter-
feron with antiviral activities the G, NS-1 and NS-2 proteins down regulate
inflammatory events. In addition, the G-proteins also bind to C-type lectins such as
surfactant protein and dendritic cell-specific intercellular adhesion molecule-3-
grabbing Non Integrin (DC-SIGN) and DC-SIGN/R (L-SIGN) on DCs. The sig-
naling events mediated by RSV G interactions with DC/L-SIGN are immuno-
modulatory and diminish DC activation, which may limit induction of RSV-
specific immunity (Johnson et al. 2012).

5 RSV and Chemokine Production

Clinical studies have suggested that the severity of RSV-induced disease correlates
with the influx of leukocytes that lead to the damage in the airways (Welliver
2003). Chemokines have been shown to correlate directly to the intensity of the
inflammatory response and can be induced by viral infection in multiple pul-
monary cell populations. In particular, a number of studies demonstrated that (El-
Sahly et al. 2000), CCL3 (MIP-1a), and CCL5 (RANTES) released during the
RSV infection correlates to the most severe cases of RSV infection in infants
(Bonville et al. 1999). RSV can directly induce cytokines and chemokines from
both airway epithelial cells and resident macrophage populations, such as TNF, IL-
1, IL-6, and IL-8 (Becker et al. 1991; Mellow et al. 2004). RSV-infected epithelial
cells appear to be a rich source of a number of different chemokines, including
CCL2, CCL3, CCL5, and CxCL8, in vitro analyses and are induced via activation
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of NFkB (Mastronarde et al. 1996). Thus, macrophages and epithelial cells directly
induce an amplified system of activating chemokines. It is not known, however,
whether individuals who are more susceptible to severe RSV infections versus
those that are less susceptible have different profiles of cytokines and chemokines.
However, it is clear that samples from infants with severe RSV infections have a
high level of chemokines that relate to the severity of the disease (Garofalo et al.
2001). Several of these chemokines, including CCL3 and CCL5, have also been
shown to be associated with inflammatory responses in animal models of RSV
infection. CCL3 has been linked to the severity of primary RSV-induced inflam-
mation as well as with multiple infections with RSV. Studies examining CCL5
indicate a significant impact on the pathophysiologic responses in primary RSV
infection as well as the pattern of leukocyte recruitment and leukotriene release in
the lungs during RSV-induced allergen exacerbated disease (John et al. 2003).
Overproduction of mucus and the development of airway hyperreactivity is
directly related to the expression and activation of CXCR2 (an IL-8 receptor
homolog) in mice that is a common receptor system associated with neutrophilia
(Miller et al. 2003). In addition, CXCL10, the interferon-inducible CXC chemo-
kine, is induced during RSV infection and has been identified to cause increased
allergic pulmonary disease (Medoff et al. 2002). Later, CXCL10 (IP-10) was
associated with RSV clearance (Lindell et al. 2008). Overall, the profile of che-
mokine production may dictate whether immune cell recruitment leads to severe
disease, efficient clearance of the virus, and/or subsequent development of chronic
pulmonary disease. Thus, the induction of the proper chemokine milieu and the
magnitude of chemokine production may be critical for developing the most
efficacious vaccine.

6 RSV and Autophagy

The autophagy system is a critical cellular response that facilitates self-digestion
of misfolded or unused protein and cellular debris that impacts development,
aging, and normal function of cellular processes. Induction of autophagy can be
induced by amino acid starvation that entails the sequential activation of Atg
proteins that direct assembly of autophagosomes and capture cytoplasmic com-
ponents (Swanson 2006). The autophagy-associated proteins interact with
important signaling pathways, including Beclin 1 (atg6) and BCL-2 family
members, and these are often targeted for destruction (Xie and Klionsky 2007).
Another autophagy related target is the LC3 protein (an atg8 protein) that is
modified to LC3b and binds to the autophagosome membrane during its formation.
LC3b is involved with late autophagosome formation, lysosome interaction and
fusion that lead to degradation of the autophagosome contents (Munafo and
Colombo 2001). Defective autophagy responses have been identified in numerous
diseases including Alzheimer’s and Parkinson’s. More recent identification of the
role of autophagy in Crohn’s disease as well as in bacterial clearance has
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highlighted an important activation pathway in innate immune responses (Deretic
2009; Cario 2008). Thus, this conserved and relatively well-defined process has a
role for anti-pathogen responses in all cells, including a role for alerting the
immune system during pathogen invasion. RSV infects cells via a mechanism of
cell membrane fusion and cytoplasmic entry that does not use an endosomal
pathway and therefore must rely on other process, such as autophagy, to shuttle
pathogenic signals to the lysosome compartment for TLR activation. This delay in
TLR-mediated signaling along with the ability of RSV to alter cytoplasmic PAMP
pathway activation via NS1 and NS2 may allow RSV the opportunity to delay and/
or avoid appropriate innate immune responses. Recent evidence has demonstrated
that RSV induces autophagy in DC and enhances appropriate anti-viral innate
cytokines, especially type I IFN. Previous data have demonstrated that RSV-
induced cytokine production from DCs is partially or completely dependent on
activation of TLRs found predominately in the endosome compartment. Moreover,
induction of autophagy can directly impact the immune system by optimizing the
activation of APC and other innate immune cells for immediate cytokine responses
as well as for activation of T cells through increased antigen presentation (Li et al.
2009; Zhou et al. 2005). In fact, autophagy has been identified not only in the
delivery of antigens for MHC class II presentation to CD4 T cells, but also for
cross presentation of antigens for CD8 T cell activation. Interestingly, immune
responses differentially regulate autophagy with Th1 cytokines promoting and Th2
cytokines inhibiting the process for activation in innate immune cells (Harris et al.
2009). Recent studies have demonstrated that induction of autophagy in the lung
can promote enhanced vaccination against M. tuberculosis in animal models.
Understanding how autophagy is induced, how it is regulated during RSV infec-
tion, and its role in mediating the immune responses may provide insight into how
the process can be used for optimizing vaccines.

7 RSV and Notch

Pathogen-induced Th2 responses tend to arise in the absence of TLR signaling
leading some to suggest that Th2 differentiation is a default pathway that is trig-
gered in the absence of IL-12. However, not all stimuli default to Th2 responses in
the absence of IL-12, indicating that other signals may exist on antigen-presenting
cells to elicit a Th1 response. The strongest evidence for this possibility comes
from studies demonstrating that the expression of Notch ligands delta-like and
jagged can provide instructional signals for the development of Th1 and Th2 cells,
respectively (Dallman et al. 2003). Notch signaling regulates a wide range of
cellular developmental and activation events in multi-celled organisms. In mam-
mals there are five notch ligands (Jagged 1 and 2, Delta like 1, 3, and 4) and four
Notch receptors (Notch 1–4) with a common pathway. In the mature immune
system the Notch pathway has been described as a signaling mechanism involved
in regulating cell lineage choices for T cells. A number of studies have
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demonstrated that Notch activation is responsible for the generation of Th1, Th2,
or Treg cell generation, suggesting that the role of Notch may be a contextual
mechanism and depend upon the immune environment that is associated with
specific disease conditions (Tu et al. 2005). RSV infection of innate immune DC
upregulate expression of notch ligand Dll4 and it was shown to modulate the Th2
response without affecting the Th1 responses (Schaller et al. 2007). The absence of
Dll4 was associated with polarized Th2 differentiation during RSV infection along
with induction of mucus over-production. Interestingly, Dll4 and not other notch
ligands have been demonstrated to augment Th17 cell responses suggesting that it
is responsible for skewing the immune response in a particular direction (Muk-
herjee et al. 2009). Thus, while the relationship of RSV and Notch activation are
presently still being explored, it appears from preliminary reports that specific
Notch activation pathways may provide an interesting avenue to explore in the
pathogenesis of the disease process and for developing immune-modulatory
strategies during disease and for directing vaccination efficiency.

8 Novel Strategies of Vaccination Targeting Innate
Immune Responses

A number of traditional and innovative strategies have been employed for
developing vaccines against RSV, including vector delivery systems, attenuated
virus, subunit vaccines, and novel adjuvant approaches for optimizing immuni-
zation. While inactivated RSV vaccines have been avoided due to the original
formalin-inactivated vaccine immunopotentiation problems, live-attenuated vac-
cines suffer from fear of reversion or insufficient immunogenicity. Although
interest continues to grow in the field where limited alternatives exist for virus
protection, the complications of RSV infection intricacies and immunopathology
responses continue to hamper the development. Recent attempts using a RSV F
protein containing Sendai virus, a virus that readily infects humans but rarely
causes disease, appears to provide very promising pre-clinical results (Jones et al.
2012). This latter approach offers protection against both PIV1 and RSV. Several
live-attenuated vaccines are also being developed that either utilize defective
viruses or temperature-sensitive mutants that only grow at lower temperatures
allowing replication of the virus in only the upper respiratory track [recently
reviewed (Collins and Melero 2011)]. These latter viruses may offer superior
protection to inactivated virus vaccines due to their ability to infect and drive the
proper anti-viral responses. However, from an immunologic standpoint, if an
infant is prone to a detrimental anti-viral response the initial viral response may
only further sensitize the individual to more severe pathogenesis upon subsequent
pulmonary disease, no matter if the initial RSV infection is attenuated or not. Thus,
a goal in vaccine strategy may need to shift from trying to induce an enhanced

Innate Immune Responses to Respiratory Syncytial Virus Infection 149



innate immune response for modulation of the adaptive response to a more
desirable adaptive anti-viral response with reduced pathogenic consequences.

One of the complications of RSV is that it encodes additional proteins that have
inhibitory functions within the innate immune system. Two of these–NS1 and NS2,
inhibit the host type I and type III interferon (IFN) responses and appear to promote
some of the most complicated aspects of RSV-induced immunopathogenesis. Thus,
one strategy has been to boost anti-viral responses by modifying the immune
responses through the activation of type I IFN. Prior attempts to enhance vaccination
by activating TLR pathways have been addressed by adding PAMPs such as CpG,
PolyI:C or ssRNA into inactivated vaccines. Studies in animal models have been
mixed, as not all PAMPs promote protection. For example, it appears that TLR9
(CpG), but not TLR7/8 (ssRNA), activation could alleviate certain aspects of FI-
RSV vaccine-induced disease in mice (Johnson et al. 2009). Another study utilizing
mucosal immunization with inactivated RSV supplemented with innate receptor
ligands, CpG-ODN and L18-MDP demonstrated induction of neutralizing RSV-
specific IgG antibodies and IFN-c-producing T cell responses, indicating an anti-
viral Th1-skewed response. Other novel adjuvant strategies are being attempted to
specifically boost the innate immune response and promote immune system matu-
ration without causing pathogenic immunopotentiation (recently reviewed) (Collins
and Melero 2011). These strategies include MPL that is an immunomodulatory
TLR4 agonist that has shown to inhibit the development of Th2 cytokine responses
with inactivated RSV vaccination. Likewise, Protollin comprised of proteosomes
(hydrophobic outer membrane proteins or OMPs derived from Neisseria menin-
gitidis) non-covalently complexed with LPS isolated from Shigella flexneri 2a or
Pleisiomonas shigelloides, provides a similar adjuvant activity as MPL by acti-
vating TLR4. More recently, a novel ‘‘nanoemulsion’’ that inactivates live virus in a
lipid bilayer and provides immunization by intranasal administration has been used
to provide a strong anti-viral response characterized by low Th2 responses and
enhanced anti-viral clearance (Lindell et al. 2011). Yet another strategy that holds
promise for activation of immunity through innate activation is using virus-like
particles (VLP) coupled with RSV surface proteins as a vaccine strategy for long-
lived anti-viral vaccine development (McGinnes et al. 2011). Thus, there are now a
number of new adjuvant strategies being employed to activate the innate immune
system and enhance the appropriate vaccine immune response to mitigate
immunopotentiation.

While the focus of present vaccine strategies has been primarily on the RSV F
protein due to the success of passively administered palivizumab, a significant
effort has been made to also examine the surface G glycoprotein. However, the
attachment (G) glycoprotein of RSV exhibits unusual features such as high
sequence variability, extensive glycosylation, cytokine mimicry, blockade of TLR
activation pathways, and a shed form that helps the virus evade neutralizing
antibodies and has immunomodulatory properties. Interestingly, RSV G protein
mimics CX3C chemokine (a.k.a. fractalkine) and binds to the CX3C receptor
(CX3CR1). Using G protein polypeptides or peptides that would essentially block
G protein CX3C-CX3CR1 interaction, Zhang et al. have shown that the strategy
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blocks RSV-mediated disease pathogenesis (Zhang et al. 2010). Thus, combination
vaccines directed against multiple surface proteins may provide increased pro-
tection upon challenge and effectively alter disease pathogenesis.

9 Conclusions

The field of RSV research has never been more exciting with new strategies for
therapy and vaccination being explored. It is becoming ever clearer that targeting
both RSV infection and the detrimental immune responses to the virus that con-
tribute to disease may be needed to achieve a safe and an effective vaccine. While
strategies to combat viral replication will continue to be important for reducing
viral burden, by themselves they may not be sufficient to reduce the disease
severity in susceptible patient populations that have underlying disease and/or an
altered immune environment that is prone to adverse responses. The most recent
strategies, summarized in Fig. 1, highlight the belief that adjuvants may provide a
promising avenue to promote an efficacious vaccine with minimal pathologic
consequence. Thus, a better understanding of the innate immune response and how
to best modulate the environment may be extremely important for advancing both
therapeutic and vaccination strategies.
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The Adaptive Immune Response
to Respiratory Syncytial Virus

Steven M. Varga and Thomas J. Braciale

Abstract Respiratory syncytial virus (RSV) causes severe respiratory disease in
children, the elderly and immunocompromised individuals. The combined actions
of CD4 and CD8 T cells play a critical role in terminating an acute RSV infection
whereas antibodies can provide protection from re-infection. Despite eliciting an
immune response that mediates clearance of the virus, immunity to the virus
appears to wane over time and individuals remain susceptible to reinfection with
RSV throughout their lifetime. The ineffectiveness of the natural infection to
induce long-term immunity has hampered vaccine efforts and there is currently no
licensed RSV vaccine. In this review, we summarize our current understanding of
the adaptive immune response to RSV and its contribution to disease.
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1 Respiratory Syncytial Virus-Induced Disease

Respiratory syncytial virus (RSV) is a leading cause of virus-induced respiratory
tract infections in young children and the elderly. In addition, RSV causes
respiratory disease in immune compromised individuals. Although the majority of
individuals are infected with RSV at an early age, recurrent infections with RSV
are common throughout life. Thus, a natural RSV infection fails to induce long-
term sterilizing immunity. At present, we still lack a thorough understanding of the
pulmonary pathophysiology of severe RSV infection in infants and children, in
part due to the lack of post-mortem evaluation of children that have died following
an acute RSV infection. Modern medical interventions have significantly reduced
the number of RSV-induced deaths in industrialized nations. Such advances in
medical care have made it difficult to obtain further information regarding the
pathologic features of a natural RSV infection in humans because current inter-
ventions such as mechanical ventilation and oxygen therapy can induce pulmonary
changes that may in some cases overlap with virus-induced alterations. In a recent
report, a post-mortem histologic analysis was carried out on lung tissue from an
untreated RSV-infected child who died in an automobile accident along with tissue
from three archived cases of fatal RSV infection in children collected at Vanderbilt
Medical Center between 1931 and 1949 where only supportive care was provided
(i.e., no mechanical ventilation was employed) (Johnson et al. 2007). The histol-
ogy revealed viral antigen present in bronchiolar and alveolar epithelial cells with
extensive obstruction of small airways caused by inflammatory cells and cellular
debris, edema and small airway compression caused by peri-bronchiolar lymphoid
aggregates (Johnson et al. 2007). Inflammatory cells included macrophages,
neutrophils as well as CD4 and CD8 T cells as identified using immunohisto-
chemistry (Johnson et al. 2007). A separate study from Santiago, Chile examined
lung histopathology in a group of infants with fatal RSV infection (Welliver et al.
2007, 2008). RSV infection caused substantial damage to the respiratory epithe-
lium including cell sloughing and apoptotic epithelial cell death (Welliver et al.
2007). In contrast to the Vanderbilt study, histology performed on several children
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from Chile that succumbed to fatal RSV-induced respiratory disease revealed few
CD4 and CD8 T cells in the lung calling into question a major role for the adaptive
immune response in contributing to disease severity (Welliver et al. 2007). Thus,
the relative contribution of tissue damage to the respiratory epithelium caused by
infection of respiratory epithelial cells versus damage caused by virus-induced
inflammation and the host immune response in contributing to RSV-induced
disease severity remains unclear.

More recent studies have examined the correlation between increased viral load
and relative disease severity. A study examining natural RSV infection in children
\24 months of age found that higher viral loads in nasal washes correlated with
increased severity of disease as measured by the length of hospital stay, the
requirement for intensive care, or the development of respiratory failure (El
Saleeby et al. 2011). A similar correlation between higher viral replication and
increased disease symptoms was observed in adult volunteers experimentally
infected with RSV (DeVincenzo et al. 2010). However, the same study also
observed a strong correlation between disease severity and the levels of several
pro-inflammatory cytokines and chemokines in the nasal washes of adult volun-
teers experimentally infected with RSV suggesting a correlation between the host
immune response and disease severity (DeVincenzo et al. 2010). In addition,
several studies have demonstrated a predominance of neutrophils in the airway
secretions of human infants infected with RSV with increased neutrophil numbers
correlating with disease severity (Everard et al. 1994; Lukens et al. 2010). Thus,
multiple factors likely contribute to RSV-induced disease including a combination
of direct virus-induced tissue damage as well as virus-induced pulmonary
inflammation. Based on the above work and studies in animal models, RSV-
induced disease is best characterized by small airway obstruction, airway hyper-
reactivity, increased mucus production and pulmonary inflammation.

Given the prevalence and severity of RSV-induced disease in infants and the
elderly, much effort has been placed into the development of an RSV vaccine.
However, a number of obstacles must be overcome in order to develop a suc-
cessful RSV vaccine including the ability to successfully vaccinate immunologi-
cally immature infants, avoiding interference by maternal antibodies and eliciting
more effective and longer lasting immunity than that induced by natural RSV
infection. A previous vaccine attempt using a formalin-inactivated RSV vaccine
during the 1960s met with failure when the vaccinated children experienced
enhanced morbidity and mortality following a natural RSV infection (Castilow and
Varga 2008). The failure of the formalin-inactivated vaccine trial has hampered
efforts to develop a vaccine, in part, because the underlying immunological
mechanisms responsible were never clarified. In order to develop a safe and an
effective RSV vaccine, we need to develop a better understanding of the immune
response to the virus and how the virus evades various components of the innate
and adaptive immune responses.
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2 Initiation of the Adaptive Immune Response

Dendritic cells (DCs) are antigen-presenting cells that provide a critical link
between the innate immune response and the induction of adaptive immunity. DCs
are positioned at mucosal interfaces and other potential portals of entry for
pathogens where they serve as initial sentinels to detect infection. Immature DCs
internalize virus-derived antigens, become activated and further mature and
migrate to the local draining lymph nodes where they present antigen to naïve T
cells. The signals provided by DCs during the activation of naïve T cells direct the
type of effector T cell response that subsequently develops.

Following acute RSV infection, DCs present in the respiratory tract can acquire
virus-derived antigens either through direct infection or indirectly by phagocy-
tizing virus particles or necrotic/apoptotic virus-infected epithelial cells. Several
subsets of DCs have been identified in both humans and mice based on differences
in cell surface phenotype and function. Prior to infection, the lung contains pre-
dominantly two major subsets of respiratory DCs, conventional CD11b+ (cDCs;
sometimes referred to as myeloid DCs) as well as CD103+ DCs. The CD103+ DCs
are largely restricted to mucosal sites and known in the mouse to be linked
developmentally and functionally to the CD8a+ DC found in secondary lymphoid
organs, such as lymph nodes and spleen. The CD103+ DCs are located in the basal
lamina of small and large airways allowing them to extend their dendrites into the
airway lumen and sample the antigen environment in the airways. Similar to
CD8a+ DCs, CD103+ DCs exhibit the capacity to cross-present antigens taken up
from the extracellular space allowing them to activate CD8 T-cell responses from
exogenously acquired antigens without direct infection. In contrast to the CD103+

DCs, cDCs are located primarily within the lung parenchyma/interstitium where
they aid in the recruitment of cells into the lung via the production of chemokines.

Acute RSV infection in the murine model results in an increase in the number
of DCs in the lung for several weeks following infection due to an influx of DCs
and DC precursors from the peripheral blood (Beyer et al. 2004; Smit et al. 2006;
Wang et al. 2006a). The RSV-induced increase in pulmonary DC numbers is
comprised of a variety of DC subsets including cDCs as well as CD103+ DCs and
plasmacytoid DCs (pDCs). Simultaneous to the increasing number of lung DCs, a
substantial number of DCs present in the lung at the time of initial RSV infection
migrate from the lung to the lung-draining lymph nodes via the lymphatics system
(Lukens et al. 2009). Both cDCs and CD103+ DCs rapidly migrate to the lung-
draining lymph nodes and play a role in the activation of naïve CD8 T cells.
CD103+ DCs can either directly initiate the activation of naïve CD8 T cells
expressing the appropriate T-cell receptors or transfer antigen to lymph node-
resident CD8a+ DCs, which are also potent activators of CD8 T-cell responses.
The relative role of CD103+ DCs versus CD8a+ DCs in the induction of RSV-
specific CD8 T-cell response remains to be elucidated, although evidence from
other models of respiratory virus infection implicate CD103+ DCs as the critical
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activator of naïve CD8 T cells. In addition, both CD103+ DCs as well as CD8a+

DCs and migrant cDCs are also capable of stimulating naïve CD4 T cells.
pDCs represent an important source of during many viral infections. Although

infected at a much lower frequency than primarily myeloid DCs, RSV infection of
pDCs in vitro results in type I IFN production (Johnson et al. 2011). In vivo
depletion of pDCs abrogates increased type I IFN levels following RSV infection
in mice. Furthermore, pDCs have been shown to be important in limiting pul-
monary immunopathology during acute RSV infection in the mouse model as well
as promoting viral clearance (Smit et al. 2008; Smit et al. 2006; Wang et al.
2006b). Depletion of pDC results in an increase in mucus production and increased
Th2 cytokine production in the lung (Smit et al. 2006), consistent with a role for
pDCs in limiting pulmonary Th2 responses. Recent work has indicated that the
relative balance of pDCs versus cDCs may be critical in the outcome of acute RSV
infection with increased pDC numbers accelerating viral clearance and limiting
disease severity (Smit et al. 2008).

The impact of RSV infection on the activation and migration of DCs in humans
is currently unclear. A number of studies examining in vitro infection of human
monocyte-derived DCs suggest that RSV infection may modulate the function and
T cell stimulatory capacity of DCs (Boogaard et al. 2007; de Graaff et al. 2005; Le
Nouen et al. 2010; Le Nouen et al. 2011). Only a small fraction of monocyte-
derived DCs exposed to RSV become productively infected in vitro, yet RSV
exposure appears to affect DC function at the population level (de Graaff et al.
2005). RSV infection of human DCs in vitro results in maturation of the entire DC
population, both infected and uninfected DCs in the culture (de Graaff et al. 2005).
RSV infection of DCs induces an increase in cell surface expression of both MHC
class I and class II as well as the costimulatory molecules CD80 and CD86 (de
Graaff et al. 2005). However, RSV infection of DCs results in a decreased capacity
to induce the activation and proliferation of autologous CD4 T cells in vitro (de
Graaff et al. 2005; Le Nouen et al. 2010). This is thought to be due to either an
unknown soluble factor released by the RSV-infected DC or through disruption of
synapse formation between the DC and the naïve T cell. In addition, though RSV
infection induces some maturation of the DCs, a recent report demonstrated that
RSV infection fails to induce decreased expression of the chemokine receptors
CCR1, CCR2 and CCR5 as well as an increase in the expression of CCR7 (Le
Nouen et al. 2011). This failure to modulate chemokine receptor expression by
RSV-infected DCs suggests that RSV may inhibit the trafficking of human DCs
from the lung to the draining lymph nodes thereby preventing the induction of a
robust T-cell response. More work needs to be done to understand the interaction
of RSV with the distinct subsets of DCs present in the human respiratory tract and
the impact of RSV infection on the DC response in humans in vivo (see chapters
by P.L. Collins et al., S. Barik, S. Mukherjee and N.W. Lukacs, and by A.M.W.
Malloy et al., this volume).
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3 T-Cell Response

The cellular immune response plays a critical role in host defense against viral
infections. In particular, induction of an appropriate T-cell response is required to
clear a primary RSV infection. CD8 T cells control acute virus infections through
the secretion of cytokines and the lysis of infected host cells. CD8 T cells possess
multiple pathways that can induce apoptosis of virus-infected host cells including
the lytic granule (i.e., perforin and granzymes) pathway as well as through the cell-
surface up-regulation of the death-inducing molecule FasL (Braciale et al. 2012).
Recent studies have also implicated a role for TRAIL in CD8 T cell-mediated
killing of virus-infected target cells (Brincks et al. 2008). The role of adaptive
cellular immunity in reducing RSV viral titers is especially evident in children
with defective T-cell responses that demonstrate prolonged virus shedding and
experience increased disease severity (Fishaut et al. 1980; Hall et al. 1986).
However, despite their critical role in viral clearance, CD8 T cells may also
contribute to disease. In vivo depletion of CD8 T cells prior to acute RSV infection
results in a significant reduction in weight loss in mice (Graham et al. 1991c). In
contrast to the histological analysis of fatal RSV cases that indicated few CD4 and
CD8 T cells could be observed in the lung as described above, virus-specific CD8
T cells can be readily detected in the bronchial alveolar lavage and peripheral
blood of RSV-infected infants (Heidema et al. 2007). However, no comprehensive
human studies to date have evaluated the relationship between the magnitude of
the virus-specific CD8 T-cell response during a primary RSV infection and disease
severity. Nonetheless, as in mice, CD8 T cells can contribute to protective
immunity as an increased frequency of CD8 T cells in young children correlates
with a decreased risk of secondary infection with RSV (Mbawuike et al. 2001).

Work in animal models indicates that induction of a T-cell response is required
to completely eliminate RSV. Depletion of CD8 T cells in mice delays viral
clearance indicating that CD8 T cells are required to clear a primary RSV infection
(Graham et al. 1991c). In BALB/c mice, the acute RSV-specific CD8 T-cell
response is focused on the immunodominant M282–90 epitope, with 30–50 % of the
CD8 T cells in the lungs at the peak of the acute infection recognizing this epitope
(Chang and Braciale 2002). RSV M282–90-specific CD8 T cells have been dem-
onstrated to mediate viral clearance. However, the effector mechanisms employed
by RSV-specific CD8 T cells to terminate an acute RSV infection is currently
unclear. Adoptive transfer of RSV-specific memory CD8 T cells deficient in IFN-c
failed to protect from a subsequent RSV challenge (Ostler et al. 2002). These data
suggest that IFN-c production by RSV-specific CD8 T cells is a critical determi-
nant for their ability to eliminate virus. Data from other studies suggest that FasL
may also play a role in viral clearance during acute RSV infection. FasL-deficient
mice exhibit delayed clearance of RSV as compared to wild-type controls (Ruti-
gliano and Graham 2004). Taken together, the above studies indicate that CD8 T
cells contribute to the control and elimination of virus-infected cells during acute
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RSV infection. However, more work needs to be done to determine what effector
molecules are required under physiological conditions.

RSV-induced pulmonary pathology shares some characteristics with asthma
such as the induction of airway hyperresponsiveness and mucus production.
Asthma is characterized by the development of morphologic changes in the lung
and cytokine signatures characteristic of Th2 responses, including the development
of pulmonary eosinophilia and the production of cytokines such as IL-4, IL-5, and
IL-13. Th2-derived cytokines such as IL-4, IL-5 and, most prominently, IL-13 has
been shown to play important roles in mediating mucus production and airway
hyperreactivity in various models of allergy and asthma. Since RSV-induced
disease is associated with increased mucus production and airway hyperreactivity,
Th2 responses have been implicated in contributing to the pathogenesis of disease
associated with severe RSV infection. Because of the similarities between RSV-
induced disease and asthma, the role of various CD4 T-cell subsets in contributing
to RSV disease severity has received much attention. The risk of severe RSV-
induced disease peaks between 2 and 6 months of age, a timeframe in which the
infant immune system appears biased towards Th2 immune responses. The Th2
bias observed in children may be caused by functional differences in neonatal-
derived DCs resulting in insufficient signals provided by DCs to newly activated
naïve T cells. DCs isolated from human cord blood produce less IL-12, which is
important for skewing CD4 T cells into IFN-c-secreting Th1 cells (Hunt et al.
1994). There have been several reports demonstrating a correlation between the
levels of Th2 cytokines and RSV-induced disease severity in young children (Legg
et al. 2003; Roman et al. 1997). However, other studies failed to detect any
correlation between the levels of Th2-derived cytokines and the severity of RSV-
induced disease (Brandenburg et al. 2000; Garofalo et al. 2001). A number of
factors may account for these discrepancies in the literature including differences
in the age of the patient population, the source of the samples analyzed, and the
time following initial infection and when the samples were obtained. It is possible
that both Th1 and Th2 cells contribute to various manifestations of RSV-induced
disease that may account for the disparate results in humans. In animals, there
appears to be a strong correlation between the induction of a Th2 response and an
increase in mucus production and increased airway hyperreactivity following acute
RSV infection. For example, IL-13 production is associated with increased mucus
production in RSV infected BALB/c mice (Tekkanat et al. 2001). Thus, it remains
unclear what if any effect the relative balance between Th1 and Th2 cytokine
signatures has on RSV-induced disease severity.

Recent data have indicated that Th17 cells may also impact RSV-induced
disease severity (Kallal et al. 2010; Lukacs et al. 2010; Mukherjee et al. 2011).
Interleukin-17 belongs to a family of cytokines that currently contains six known
members IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (i.e., IL-25), and IL-17F. IL-
17A and IL-17F share the strongest homology among the family members and
both are pro-inflammatory and have been shown to play a role in various auto-
immune diseases such as rheumatoid arthritis, multiple sclerosis and inflammatory
bowel disease. In addition, IL-17A plays a critical role in host defense against
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bacterial and fungal infections whereas IL-17F is involved in the development of
asthma and airway inflammation. Elevated levels of IL-17A protein were observed
in tracheal aspirate samples obtained from RSV-infected infants (Mukherjee et al.
2011). In mice, neutralization of IL-17A results in a significant decrease in mucus
production following acute RSV infection (Mukherjee et al. 2011). Thus, IL-17
may play an important role in RSV-induced disease.

Although numerous studies have examined the levels of T cell-derived cyto-
kines in RSV-infected children, there is currently little information available
regarding the frequency and magnitude of RSV-specific CD4 T-cell responses. In
contrast to influenza virus, there appears to be significantly fewer RSV-specific
CD4 T cells in the peripheral blood of healthy adults (de Bree et al. 2007). The
significance of these findings is presently unclear and will require more extensive
analysis of T-cell frequencies in larger human cohorts to solidify these initial
observations.

If the balance between Th1 and Th2 cytokine responses by CD4 T cells
responding to RSV infection is a critical factor in the pathogenesis of RSV-
induced disease, it would be equally critical to understand where the Th1 or Th2
lineage ‘‘commitment’’ of the CD4 T cells occurs, i.e., is it in the draining lymph
nodes where naïve CD4 T cells activate in response to RSV infection or is it in the
RSV infected respiratory tract? This is an important area for future investigations.
Also it remains formally possible that CD8 T cells secreting IL-4 and/or IL-5, so
called Tc2 cells, contribute to the Th2 cytokine signature of the cytokine profile
detected in the respiratory tract during primary RSV infection. In this connection it
is important to appreciate the potential contribution of the newly described ‘‘innate
helper cells’’ (or nuocytes) as major producers of Th2 cytokines (Neill et al. 2010).
These cells have been identified both in experimental models of respiratory virus
infection as well as in the human respiratory tract (Monticelli et al. 2011). The
contribution of this innate immune cell type to the severity of RSV infection and
disease development awaits further analysis.

4 Regulation of the T-Cell Response

Tight control of the host immune response is critical to prevent bystander damage
to host tissue during an infection. In particular, severe inflammation and tissue
damage in the lungs can result in respiratory failure and death. Thus, the immune
system employs a number of overlapping mechanisms to regulate the host immune
response during respiratory infections. Because the lung is constantly exposed to
foreign substances that are often inert (i.e., not infectious), an anti-inflammatory
basal state (i.e., tolerogenic) is maintained by lung-resident immune cells such as
alveolar macrophages and DCs to avoid induction of unnecessary or inappropriate
immune responses. This anti-inflammatory state is orchestrated by environmental
cues provided by respiratory epithelial cells. As a consequence, the activation
threshold for initiating the innate and adaptive immune responses is increased
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requiring strong stimuli, such as pathogenic microorganisms to overcome this
increased threshold. Once the activation threshold is exceeded and a T-cell
response is induced, the immune system utilizes a combination of inhibitory
cytokines, such as IL-10, IL-35 and TGF-b, as well as specialized regulatory T
cells (Tregs) with inhibitory functions to limit inflammation and prevent damage
to the lung tissue.

Tregs represent a specialized subset of CD4 T cells that are responsible for
limiting tissue damage and inflammation during immune responses. Two major
subsets of Tregs have been identified: naturally occurring Tregs (nTregs) that
develop in the thymus and inhibit the activation of conventional T-cell responses
to both self- and foreign antigens and induced (also referred to as adaptive) Tregs
(iTregs) that develop in the periphery by stimulation of uncommitted naïve CD4 T
cells with antigen in the presence of regulatory cytokines or other signals provided
by antigen-presenting cells. Although originally characterized by their expression
of CD25 (i.e., IL-2Ra chain), Tregs can be distinguished from other T-cell subsets
based on the expression of the transcription factor forkhead box P3 (Foxp3)
(Fontenot et al. 2003; Hori et al. 2003). Foxp3 expression is upregulated in a
subset of thymocytes that display increased affinity for self peptide-MHC com-
plexes and leave the thymus as nTregs. In contrast, iTregs arise from the induction
of Foxp3 expression in Foxp3- CD4 T cells activated under certain conditions
including low antigen concentrations, low-to-moderate levels of costimulation and
TGF-b. The continued expression of Foxp3 is critical in maintaining the regulatory
capacity of both nTregs and iTregs. In mice, expression of Foxp3 appears to be
limited primarily to Tregs making it an excellent marker to identify these cells.
However, Foxp3 can be transiently expressed by conventional human CD4 T cells
following activation, preventing the use of Foxp3 expression alone as a marker for
human Tregs. In addition, both nTregs and iTregs express Foxp3 making it dif-
ficult to distinguish these two subsets from one another. Both nTregs and iTregs
have been reported to suppress the proliferation, cytokine production and cytotoxic
activity of both CD4 and CD8 effector T cells, although the exact mechanism(s) of
this suppression in vivo remain poorly understood.

Acute RSV infection results in an increase in the number of Tregs in the lung
(Fulton et al. 2010; Ruckwardt et al. 2009). It is currently unclear if the majority of
Tregs induced during acute RSV infection represent nTregs activated in response
to the release of self-antigens by the death of virus-infected host epithelial cells or
if they are iTregs responding to RSV-derived antigens. The kinetics of the Treg
response in the lung appears to coincide with the kinetics of the RSV-specific CD4
and CD8 T-cell response (Fulton et al. 2010). In mice, a fraction of RSV-specific
CD4 T cells identified through MHC class II tetramer staining at the peak of the
CD4 T-cell response also stained Foxp3+ indicating that at least some virus-
specific iTregs are generated following infection (Liu et al. 2009). Consistent with
the capacity of Tregs to modulate various aspects of adaptive immunity, elimi-
nation of Tregs following acute RSV infection impacts multiple aspects of the
adaptive immune response. Treg depletion resulted in increased production of the
pro-inflammatory cytokine IL-6 in the lung airways and resulted in increased
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cellular infiltration into the lungs including an increase in the numbers of mac-
rophages, lymphocytes, and neutrophils (Fulton et al. 2010; Lee et al. 2010;
Ruckwardt et al. 2009). The increased inflammation in Treg depleted mice resulted
in increased disease severity following acute RSV infection (Fulton et al. 2010;
Lee et al. 2010; Loebbermann et al. 2012b). Importantly, Treg depletion did not
impact viral clearance suggesting that Tregs can serve to prevent immunopa-
thology without compromising host defense (Lee et al. 2010; Loebbermann et al.
2012b; Ruckwardt et al. 2009). In addition, a recent study has implicated a critical
role for granzyme B expressed by the Tregs in the modulation of the adaptive
immune response following acute RSV infection (Loebbermann et al. 2012b).
These studies all indicate that Tregs play a vital role in modulating disease severity
following acute RSV infection.

Inhibitory cytokines also help regulate the adaptive immune response. Recent
work has demonstrated that the inhibitory cytokine IL-10 is produced by multiple
cell types during acute RSV infection including Tregs and RSV-specific CD4 and
CD8 T cells (Loebbermann et al. 2012a; Sun et al. 2011a; Weiss et al. 2011). By
both frequency and total number, CD4 T cells make up the majority of the IL-10-
producing cells in the lung following acute RSV infection (Loebbermann et al.
2012a; Sun et al. 2011a; Weiss et al. 2011). The IL-10-producing CD4 T cells can
be subdivided into three distinct populations, Foxp3+ Tregs, Tr1 cells that make
IL-10 but do not co-produce IFN-c and Th1 cells that make IFN-c and have gained
the capacity to make IL-10 (Weiss et al. 2011). IL-10 production by CD4 T cells
appears to peak at the same time as the peak of the RSV-induced T-cell response in
the lung, suggesting that the production of IL-10 plays an important role in lim-
iting the development of pulmonary immunopathology. IL-10-deficient mice or
wild-type mice treated with blocking anti-IL-10R antibodies exhibit increased pro-
inflammatory cytokine and chemokine production in the lung resulting in
increased pulmonary inflammation (Loebbermann et al. 2012a; Sun et al. 2011a;
Weiss et al. 2011). Disruption of IL-10 did not alter peak RSV titers in the lung or
affect the rate of viral clearance (Loebbermann et al. 2012a; Sun et al. 2011a;
Weiss et al. 2011). However, as a consequence of the increased inflammation,
disruption of IL-10 resulted in significantly increased severity of the RSV-induced
disease demonstrating the importance of IL-10 in limiting the induction of RSV-
induced pulmonary injury caused by the host immune response (Loebbermann
et al. 2012a; Sun et al. 2011a; Weiss et al. 2011). Therefore, in the experimental
murine model of RSV infection, IL-10 produced in the infected respiratory tract
during the acute phase of infection by several distinct cell types including CD8 and
several distinct subpopulations of CD4 T cells may play a critical role into con-
trolling excess inflammation during the host response to infection. It is currently
unclear what signals induce the production of IL-10 by CD4 T cells during acute
RSV infection. However, recent data examining the induction of IL-10 by CD8 T
cells during acute influenza virus infection suggests that IL-2 made by CD4 T cells
in conjunction with IL-27 produced by innate cells in the lung may induce potent
IL-10 production by virus-specific CD4 and CD8 T cells (Sun et al. 2011b).
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5 B Cell Response and Antibodies

Antibodies play an essential role in preventing re-infection with viruses by either
directly neutralizing or aiding in the opsonization of extracellular virus particles.
RSV infection elicits an antibody response following infection that rapidly decays
over time. The RSV attachment (G) and fusion (F) proteins are the major targets of
RSV-specific neutralizing antibodies. Both IgA and IgG play important roles in
preventing re-infection with RSV with both IgA and IgG providing protection
against upper respiratory tract infection and primarily IgG protecting against lower
respiratory tract infection. Consistent with this notion, B cell depletion does not
affect the clearance of a primary RSV infection but significantly impacts the rate of
viral clearance after secondary RSV infection (Graham et al. 1991a). Following
acute RSV infection, the frequency of antibody-secreting plasma cells rapidly
declines in the upper respiratory tract (Singleton et al. 2003). RSV-immune mice
with lower serum titers of RSV-specific IgG exhibit decreased protection from a
secondary RSV challenge (Graham et al. 1991b).

In humans, both IgA and IgG titers rapidly wane following acute RSV infec-
tion, particularly in young children. In adults, lower nasal IgA titers were corre-
lated with increased RSV infection rates (Walsh and Falsey 2004). In addition,
within 1 year following a natural RSV infection, approximately 75 % of adults
exhibit a [fourfold decrease in neutralizing anti-RSV IgG titers (Falsey et al.
2006). This decline likely contributes to re-infection with RSV as lower serum
neutralizing antibody titers have been shown to correlate with an increased sus-
ceptibility to RSV infection in the elderly (Falsey and Walsh 1998). In children,
the presence of maternal antibodies combined with the immaturity of the immune
system likely contributes to diminished antibody responses induced by acute RSV
infection (Kasel et al. 1987). Neutralizing RSV-specific antibody responses can
only be detected in 50–75 % of children less than six months of age (Brandenburg
et al. 1997; Murphy et al. 1986). Thus, RSV infection elicits an antibody response
that fails to establish long-lasting immunity and prevent periodic reinfections
throughout life.

The induction of primary antibody responses to RSV likely occurs in the lymph
nodes draining the respiratory tract. In these draining lymph nodes, virus-specific
extrafollicular and marginal zone B cells encounter viral constituents, such as RSV
antigens, and initiate engagement of their surface immunoglobulin B cell receptor.
At the same time, naïve CD4 T cells encounter respiratory DCs that have entered
the lymph nodes and become activated and in response to engagement of critical
costimulatory receptors (e.g., ICOS) and encounter critical cytokines (e.g., IL-6) to
differentiate into RSV-specific T follicular helper (Tfh) cells. Tfh cells support the
differentiation of extrafollicular B cells into antibody-secreting plasma cells by
promoting germinal center formation and affinity maturation.
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6 Modulation of the Adaptive Immune Response by RSV

Several RSV-encoded proteins have been shown to modulate aspects of the innate
and adaptive immune responses. For example, the two nonstructural proteins NS1
and NS2 have been shown to act individually as well as in concert to inhibit type I
IFN production as well as signaling (Ramaswamy et al. 2006; Spann et al. 2004).
Inhibition of the type I IFN response by NS1 and NS2 also negatively impacts the
magnitude of the CD8 T-cell response (Kotelkin et al. 2006; and chapter by J.S.
McLellan et al., this volume). Recent work has indicated that naïve CD8 T cells
require 3 signals in order to become activated, proliferate and differentiate into
effector cytotoxic lymphocytes: (1) antigen; (2) costimulation; and (3) cytokines
such as IL-12 and/or IFNs. Thus, the inhibition of type I IFN by NS1 and NS2 may
deprive activated CD8 T cells of type I IFN during differentiation that serves as
signal 3, providing critical cell-survival signals to the CD8 T cell.

The RSV G protein has been shown to contain a number of structural features
that serve to modulate the adaptive immune response. The G protein features both
a membrane anchored as well as a soluble secreted form. Because the G protein is
a major target of neutralizing antibodies, one important role of the soluble form is
to act as a decoy to bind neutralizing antibodies and prevent neutralization and/or
opsonization of the viral particles. The RSV G protein also contains a highly
conserved central region that bears high amino acid sequence homology with the
CX3C chemokine fractalkine (Tripp et al. 2001). Purified G protein has been
shown to bind cells expressing the fractalkine receptor and mediate their che-
motaxis (Tripp et al. 2001). Thus, by secreting the G protein that can serve as a
soluble chemokine receptor agonist, RSV can modulate the local inflammatory
environment in the lung by altering the infiltrating inflammatory cells. Consistent
with this, a report comparing infection of mice with a recombinant RSV lacking
the G protein to wild-type virus indicated that the presence of the G protein
inhibited the trafficking of CD11b+ cells as well as NK cells into the lung (Har-
court et al. 2006). In addition, the expression of various chemokines was reduced
in the lung in the presence of the G protein and reduced Th1 and increased Th2
responses were observed as well as a reduced CD8 T-cell response (see chapters
by J.S. McLellan et al., S. Mukherjee and N.W. Lukacs, and by S. Barik, this
volume).

Polymorphisms in the pattern recognition receptor toll-like receptor 4 (TLR4)
are associated with increased susceptibility to RSV infection (Awomoyi et al.
2007; Mandelberg et al. 2006; Puthothu et al. 2006; Tal et al. 2004; Tulic et al.
2007). Consistent with a role for TLR4 in RSV infection, the RSV F protein has
been shown to be a TLR4 agonist (Kurt-Jones et al. 2000). However, it is currently
unclear how TLR4 activation by the RSV F protein is beneficial for the virus or
how it may modulate the adaptive immune response.
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7 Summary and Conclusions

The induction of long-lived T and B cell memory upon primary exposure to a
foreign antigen serves as the primary basis for vaccination. However, RSV causes
recurrent infections throughout life suggesting that the virus either evades or
compromises the generation of long-lived memory. Studies of RSV-induced
immune responses continue to uncover novel mechanisms by which RSV modu-
lates the host immune response. More work is needed to gain a better under-
standing of how RSV prevents the development of long-lived T and B cell
immunity in humans. Thus, it will be important to firmly establish the immuno-
logical correlates that provide protective immunity in order to design a vaccine
that is capable of eliciting a protective immune response of greater magnitude and
duration than that elicited by natural RSV infection. The relative role of the host
immune response in contributing to RSV-induced disease in humans remains
unclear. More work in humans is needed to gain a better understanding of RSV-
induced host responses and their contribution to disease.
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Respiratory Syncytial Virus Mechanisms
to Interfere with Type 1 Interferons

Sailen Barik

Abstract Respiratory syncytial virus (RSV) is a member of the Paramyxoviridae
family that consists of viruses with nonsegmented negative-strand RNA genome.
Infection by these viruses triggers the innate antiviral response of the host, mainly
type I interferon (IFN). Essentially all other viruses of this family produce IFN
suppressor functions by co-transcriptional RNA editing. In contrast, RSV has
evolved two unique nonstructural proteins, NS1 and NS2, to effectively serve this
purpose. Together, NS1 and NS2 degrade or sequester multiple signaling proteins
that affect both IFN induction and IFN effector functions. While the mechanism of
action of NS1 and NS2 is a subject of active research, their effect on adaptive
immunity is also being recognized. In this review, we discuss various aspects of
NS1 and NS2 function with implications for vaccine design.
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1 Introduction

Respiratory syncytial virus (RSV) is a member of the Paramyxoviridae family that
includes a number of clinically significant human and animal pathogens, such as
measles, mumps, parainfluenza, Sendai, and metapneumovirus. RSV belongs to
the Pneumovirus genus of this family, and is the most significant cause of severe
lower respiratory tract infection in infants and an important cause of acute
respiratory illness in the elderly (Collins and Melero 2011). Unfortunately, despite
intense research, there is no clinically approved vaccine or reliable therapeutics
against RSV. Palivizumab (Synagis�), a composite humanized monoclonal anti-
body (95 % human, 5 % murine) against RSV fusion protein (F), and ribavirin, a
non-specific antiviral with significant toxicity, are currently used in severe cases
only (see chapter by J.A. Melero and M.L. Moore, this volume). An intranasal
RNA interference-based therapy (Bitko et al. 2005), currently targeting the viral N
sequence (ALN-RSV01), has finished Phase IIb clinical trial, and appears prom-
ising (Zamora et al. 2011 and references therein). Ribavirin and RNAi inhibit viral
gene expression and function as therapeutics, and palivizumab, an F-specific
antibody is used prophylactically.

Like all members of this family, RSV contains a single-stranded, nonsegmented
RNA genome of negative sense (anti-mRNA sense); the RSV genome itself
contains 10 genes encoding 11 proteins (as the M2 gene contains two coding
sequences), (see chapter by P.L. Collins et al., this volume). Two intriguing gene
products of RSV are its nonstructural (NS) proteins that play a cardinal role in
suppressing cellular innate immunity, mainly represented by type I interferons
(IFN). The interaction between RSV and IFN involves two pathways: IFN syn-
thesis and IFN response. Viral infection activates the synthesis of IFN, and the
liberated IFN then acts upon the neighboring uninfected cells to activate the IFN
response pathway, which makes the target cell virus-resistant. However, RNA
viruses have evolved to encode specialized proteins, such as the NS proteins of
RSV, which suppress these pathways to allow optimal virus growth. An
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understanding of this exciting new area of host-virus interaction will require an
introduction to IFN and related pathways, which is provided below (see chapters
by S. Mukherjee and N.W. Lukacs, and by S.M. Varga and T.J. Braciale, this
volume).

2 Type I IFN-Based Innate Immunity and Its Suppression
by RSV

Highly comprehensive reviews of type I IFN have appeared recently (Fensterl and
Sen 2009). In brief, type I IFN genes are found in mammals, birds, fish, and
perhaps in reptiles and amphibians (Fensterl and Sen 2009). They are specialized
cytokines, 165–208 amino acids long, that are synthesized and released by host
cells in response to various pathogens, such as viruses, bacteria, and parasites. IFN
are divided into three types, based on amino acid sequence homology and the
receptors they use. Type I IFN mainly refers to the many subtypes of IFN-a (e.g.,
13 in human), and a single IFN-b. The remaining, lesser studied type I members
are not ubiquitous, but expressed in specific cell-types and species, such as IFN-f,
which is found only in mouse and shares 32 and 26 % amino acid sequence
identity with mouse IFNa and mouse IFNb, respectively. Type II IFN is repre-
sented by its only member, IFN-c, which is unrelated to type I IFN, and is mainly
produced by activated T cells and natural killer (NK) cells (Fensterl and Sen
2009). Type III IFNs are the most recently identified, and comprises of IFN-k1,
IFN-k2, IFN-k3, also known as interleukin-29 (IL-29), IL-28A, and IL-28B,
respectively. IFNs of a given type are highly similar in sequence and also located
in a single cluster on the same chromosome, perhaps indicating type-specific gene
duplication. The possible functional redundancy of multiple type I and type III
IFNs may have relevance in the immunopathology of the RSV disease, but this has
remained under-explored.

2.1 IFN Synthesis Triggered by RSV Infection

The epithelial cells, lining the inner surface of the alveoli, serve as the initial
primary target of lower respiratory tract infection in the RSV disease. Much of our
knowledge of RSV in fact originated from the use of the alveolar carcinoma cell
line, A549, which reproduces most of the properties of type II epithelial cells of
the alveoli. These cells are major producers of type I IFN, and thus, studies of
innate immunity towards RSV has focused primarily on IFN-a and IFN-b.

Recent studies have revealed that the A549 and nasal epithelial cells (as well as
dendritic cells/macrophages) also produce type III IFN (IFN-k) (Spann et al. 2004;
Okabayashi et al. 2011). More recently, RSV infection of cells of the upper
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respiratory tract (URT), represented by nasal epithelial cells, was shown to trigger
the induction of type III IFN (IFN-k), but not type I (Okabayashi et al. 2011).
Nonetheless, like type I IFN, type III IFN also rendered respiratory epithelial cells
resistant against a broad spectrum of viruses including RSV (Mordstein et al.
2010). Lastly, T cell proliferation, suppressed by RSV infection, was only mod-
estly restored by blocking either type I or type III IFN response, but strongly
restored when both types are blocked. Together, these studies documented
important roles of type III as well as type I IFN in RSV innate immunity.
Nonetheless, as our knowledge of type III IFN is still relatively meager, we will
concentrate on IFN-a and IFN-b here, referring to IFN-k only when relevant
information is available.

The innate immune pathway that leads to the induction of type I (and type III)
IFN begins with the recognition of pathogen-associated molecular patterns
(PAMP) by cognate receptors of the host cell, known as pattern-recognition
receptors (PRR) (comprehensively reviewed by Kumar et al. 2011; Lee et al.
2012). The major PRRs, in order of relevance to innate immune detection of RSV,
are: (i) the cytoplasmic DEAD/DEAH-box RNA helicase receptors or RIG-I-like
receptors (RLR) (Liu et al. 2007; Sasai et al. 2006), (ii) Toll-like receptors (TLR),
and (iii) the comparatively less important NOD-like receptors (NLR) (Sabbah
et al. 2009; Vissers et al. 2012).

2.1.1 RLR-Mediated Innate Immune Response Against RSV

The two major members of the RLR family are RIG-I (retinoic acid-inducible gene
I) and Melanoma Differentiation-Associated protein 5 (MDA5) (Yoneyama et al.
2005; Takeuchi and Akira 2009). Both are expressed basally at low levels in all
cell types including epithelial cells, but are induced by type I IFN in a positive
feedback loop. RIG-I, specifically, is rapidly induced following RSV infection
(Bitko et al. 2008). Both RIG-I and MDA5 possess multiple caspase activation and
recruitment domains (CARDs) (Yoneyama et al. 2005).

Each paramyxovirus shows various degrees of preference for using either RIG-I
or MDA5 (Kato et al. 2006; Loo et al. 2008). While both are activated by dsRNA,
there are other features of the dsRNA that determine specificity (Belgnaoui et al.
2011). RIG-I can be activated by short 50-triphosphated (50ppp) RNA that also
contains double-stranded regions, whereas MDA5 generally prefers long dsRNA
molecules that do not need to have 50ppp (Kato et al. 2006, 2008; Schmidt et al.
2009). Regardless, RIG-I serves as the major RLR for IFN activation induction by
RSV, promoting the induction of IRF3 and NF-jB and the resultant induction of
type I and type III IFN (Liu et al. 2007; Bitko et al. 2008; Yoboua et al. 2010;
Okabayashi et al. 2011). However, the physiological activator of RIG-I (or MDA5)
is yet to be identified for most RNA viruses. In Sendai virus, the defective
interfering (DI) virus genome has been shown to bind and activate RIG-I and
activate IFN, likely because it contains both the features mentioned above (Strähle
et al. 2007). In contrast, the DI particles of RSV or their possible roles in IFN
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induction have not been characterized. Naked, 47-nucleotide long RSV leader
RNA is also capable of binding RIG-I and activating type I IFN (Bitko et al. 2008),
perhaps due to its 50-triphosphate and short, yet undefined, hairpin regions.
However, in the RSV-infected cell, the leader RNA is hardly ever naked, but is
shielded by the host La antigen; and in the genome replication mode, the nascent
leader sequence is also covered by the viral N protein and the resultant RNP
neither binds RIG-I nor activates IFN (Bitko et al. 2008). The full-length viral
genome or antigenome in the RSV-infected cell also does not bind RIG-I, likely
due to encapsidation with N protein (Bitko et al. 2008; Liu et al. 2007).

The first step in the RLR pathway is the binding of the viral ligand, likely a
dsRNA of some form, to the RNA-binding domain of RIG-I or MDA5, which
changes the protein conformation such that CARD dissociates from a negative
regulatory domain and dimerizes via homotypic CARD–CARD interaction. The
dimer binds to the strategically placed mitochondrial CARD-containing protein,
MAVS (also known as IPS-1, VISA, Cardif), which in turn dimerizes to create a
signaling platform (Belgnaoui et al. 2011). Docking of RIG-I/MDA5 with MAVS
leads to the recruitment of members of the TRAF adapter family, resulting in the
bifurcation of signaling into two branches. One branch utilizes TRAF3 and acti-
vates the NEMO-TANK-TBK1/IKKe kinase complex that phosphorylates IRF3
and IRF7. The other branch signals through a TRAF2/TRAF6 complex and acti-
vates three kinases, IKK, p38, and JNK, leading to the activation of three tran-
scription factors, NF-jB, ATF-2 and c-Jun, respectively. These three, along with
phosphorylated IRF3 and IRF7 in various combinations, bind to the IFN-stimu-
lated response element (ISRE) sequence at the type I IFN promoters and promote
the expression of IFN-a and IFN-b (Belgnaoui et al. 2011; Fensterl and Sen 2009).
Available evidence indicates that essentially the same pathway activates type III
IFN (Onoguchi et al. 2007). As we will see (Sect. 2.3.2), the RSV NS proteins
inhibit the RIG-I signaling pathway.

2.1.2 TLR-Mediated Innate Immunity to RSV

While the RLRs are major players in epithelial innate immunity to RSV, the TLRs
may be more important in the adaptive immune aspects of the RSV disease and in
vaccine development (See later). Humans possess ten functional TLRs (TLR 1
through 10) that exhibit diverse locations and equally diverse preference for
ligands (PAMPs) (Lee et al. 2012). Unlike RLR, the TLRs are located either on the
cell membrane or endosomal membranes; also unlike RLR, they are found mainly
in cells of immune origin, such as DC/macrophages and neutrophils, but relatively
scarce in epithelial cells.

TLR3 is activated by double-stranded RNA (dsRNA); however, currently there
is no published report of innate immunity activating dsRNA species generated by
nonsegmented negative-strand RNA viruses (Weber et al. 2006). An interesting
early study identified TLR4 as the PRR for purified RSV fusion protein (F), the
significance of which remains unresolved (Kurt-Jones et al. 2000; Marr and
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Turvey 2012). Regardless, activation of TLR-signaling leads to antiviral cytokines,
TNF-a and IFNs, and multiple TLRs seem to activate this arm of innate immune
response to RSV (Klein Klouwenberg et al. 2009). Moreover, our ability to use
specific synthetic ligands of TLRs (such as polyI:C for TLR3) may allow
manipulation of this arm to regulate adaptive immunity. Finally, RSV NS proteins
may also block these pathways, thereby contributing to immune evasion and RSV
survival (Sect. 2.3.2).

2.1.3 NLR-Mediated Innate Immunity to RSV

Nod2, a member of the NLR family is rapidly induced (within 2 h) after RSV
infection and plays a role in the induction of IFN-b in 293 cells and PBMCs
(Sabbah et al. 2009; Vissers et al. 2012). The induction requires RSV gene
expression, since UV-inactivated virus fails to activate. The exact nature of the
viral trigger, the relative importance of the pathway in comparison to the TLR and
RLR pathways, and whether NS proteins can suppress it—all remain to be
elucidated.

2.2 IFN Response, Promoting Antiviral Effect

Once IFNs are released from the initially infected cells, they induce an antiviral
state in the neighboring uninfected cells (Aaronson and Horvath 2002; Sen and
Sarkar 2007). To accomplish this, IFN-a and IFN-b bind to a shared receptor
causing the activation of the Janus-activated kinase (JAK)/signal transducer and
activator of transcription (STAT) pathway. This leads to the formation of the
ISGF3 complex consisting of three proteins: IRF-9 (previously p48), STAT1, and
STAT2. The complex translocates to the nucleus, binds to the ISRE and induces
transcription of a plethora of interferon-stimulated genes (ISGs). However, the
exact antiviral roles of the majority of the ISGs remain undefined (Fensterl and Sen
2011). Recent studies have shown that three ISGs of the IFIT (IFN-induced protein
with tetratricopeptide repeat/TPR) family, namely IFIT1 (ISG56), IFIT2 (ISG54)
and IFIT3 (ISG60), are robustly induced upon RSV infection of mice and/or A549
cells (Janssen et al. 2007; Hastie et al. 2012). Although their anti-RSV roles are
still unknown, individual IFITs have been shown to inhibit closely related RNA
viruses, such as Sendai. Interestingly, these IFIT genes can be directly induced by
viral PAMPs independently of IFN action (Fensterl and Sen 2011), which is in part
due to the IRF3/IRF7-binding sites near their promoters.

As detailed below, RSV NS proteins suppress IFN response as well as IFN
synthesis, and may directly suppress some ISGs.
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2.3 Suppression of Innate Immunity by RSV

2.3.1 The Unique Nonstructural Proteins of RSV

RSV, like all other Paramyxoviridae members studied to date, has evolved spe-
cialized arsenals to defeat the host cell’s innate immune response, specifically the
synthesis and action of type I IFNs. However, RSV appeared to be superbly
efficient in this regard. The earliest studies observed that IFN-a or IFN-b con-
centrations of 10,000 U/ml reduced RSV growth in lung epithelial cell culture by
only 10- to 20-fold, whereas the same concentrations of IFN reduced the growth of
parainfluenza virus type 3 by 1000 to 10,000-fold (Atreya and Kulkarni 1999).

It is perhaps not surprising that RSV makes unique departures from the general
theme used by all other Paramyxoviruses to subvert IFN, which makes its
mechanism all the more intriguing and challenging. In all other viruses, the viral P
gene gives rise to multiple mRNA sequences through ‘‘RNA editing’’, producing
accessory proteins such as V, W and C, which inhibit various members of the type
I IFN pathways. In contrast, RNA editing does not occur in RSV, and thus the P
gene of RSV produces the P protein only. Instead, it was recognized early on that
RSV has delegated the task of IFN suppression to its two NS proteins, NS1 and
NS2. The NS proteins exhibit no discernible sequence similarity with any V or W
protein or any other sequence in the biological world, except the NS1 and NS2
homologs of other RSV strains such as bovine RSV (Bossert et al. 2003; Schlender
et al. 2000; Valarcher et al. 2003) and those of the closely related mouse virus,
Pneumonia Virus of Mice (PVM) (Buchholz et al. 2009; Heinze et al. 2011),
considered by many as the mouse RSV-equivalent (Brock et al. 2012).

The first indications of the anti-IFN role of RSV NS genes came from the
discovery that recombinant human (as well as bovine) RSV with single or double
deletions of NS genes (DNS1, DNS2, and DNS1/2) exhibited reduced replication
in cultured cells that are competent to produce type I IFN as well as in animals;
however, growth was significantly restored in IFN-negative Vero cells (Jin et al.
2000, 2003; Schlender et al. 2000; Spann et al. 2004, 2005; Teng and Collins 1999,
Teng et al. 2000; Valarcher et al. 2003). Studies so far have shown that the NS
proteins also suppress type III IFNs, such as IFN-k (Spann et al. 2004), suggesting
common signaling pathways and suppression mechanisms.

Why the pneumoviruses encode two unique NS proteins of apparently
unprecedented sequence remains an evolutionary mystery; however, as we will see
under Mechanism (Sect. 2.3.2), this may entail division of labor, in which NS1 and
NS2 work separately and together, targeting multiple IFN pathways and cellular
factors, and providing both versatility and synergistic efficiency. The high path-
ogenicity of RSV may in part derive from this extraordinary efficiency.

It should be mentioned that in a novel detour (Lifland et al. 2012), subcellular
imaging of RSV-infected cells was conducted, which revealed that both RIG-I and
MDA5 colocalize with viral genomic RNA and the nucleoprotein (N) within large
viral inclusion bodies (IB). Moreover, expression of N alone substantially
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inhibited induction of IFN by Newcastle disease virus. Clearly, further studies are
needed to evaluate how the contributions of N (or other structural proteins of RSV,
if any) compare to those of NS proteins.

2.3.2 Mechanisms of IFN Antagonism by the RSV NS Proteins

The molecular mechanisms by which NS1 and NS2 suppress IFN are currently
under intense investigation, but provocative insights have been obtained already.
Early results showed that while wild-type RSV suppressed activation of IRF3 by
preventing its nuclear translocation, both NS1- and NS2-deleted RSV failed to do
so, which suggested that both the NS proteins may affect the IFN induction
pathway by targeting IRF3 (Bossert et al. 2003; Spann et al. 2005). Accumulating
evidence thus far has revealed that NS1 and NS2, working singularly and together,
target various factors of the IFN synthesis as well as response pathway.

NS1 has recently been shown to bind and sequester IRF3 (Ren et al. 2011) and
degrade TRAF3 (Swedan et al. 2009, 2011), the two key players of the IFN
synthesis pathway (see Sect. 2.1.1). NS1, to a greater extent than NS2, can also
regulate IRF7 (our unpublished result). Since these factors are common to both the
RLR and the TLR pathways, their subversion ensures a stringent suppression of
IFN synthesis. NS2 interacts with RIG-I, preventing IFN gene induction by this
pathway (Ling et al. 2009). NS2 achieves this by binding to the N-terminal CARD
of RIG-I and inhibiting its interaction with the downstream component MAVS.
Since RIG-I and IRF3 are also important for induction of IFN-k (Okabayashi et al.
2011), their subversion may also underlie the mechanism by which RSV sup-
presses type III IFN (Spann et al. 2004). The NS proteins, singly and together, also
affect STAT2, likely through a combination of ubiquitin-promoted proteasomal
mechanism and a general protease-mediated degradation (Lo et al. 2005; Ra-
maswamy et al. 2006; Elliott et al. 2007; Swedan et al. 2009, 2011), leading to
abrogation of IFN response. Thus, the short list of the collective targets of RSV
NS1 and NS2 currently include: RIG-I, TRAF3, IRF3, IRF7 and STAT2. Whereas
the first four factors are involved in IFN synthesis, STAT2 is essential for IFN
response, which explains the ability of RSV to suppress both pathways and the
high IFN resistance of the virus.

The expanding set of NS substrates suggests that other cellular targets may still
be waiting to be discovered, which would extend the contribution of NS proteins in
IFN suppression or in other areas of host-RSV interaction. While the targeting of
multiple members of IFN pathways may help explain the superior ability of RSV
to resist IFN (Atreya and Kulkarni 1999), it also begs the mechanistic question of
how NS1/NS2 regulates and/or degrades this apparently diverse substrate reper-
toire. It seems likely that NS1 and NS2 form a heterogenous multi-subunit de-
gradasome that recruits proteolytic activities and diverse accessory subunits. Of
note, select paramyxoviral V proteins target specific STAT proteins for prote-
asomal degradation that involves the assembly of a ‘‘V-dependent degradation
complex’’ (VDC) into spherical macromolecular particles (Ulane et al. 2005). At
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least three cellular proteins have been identified in different VDCs: the DDB1,
Cul4A and Roc1, all of which are components of cellular ubiquitin-proteasome
system (Ulane et al. 2005; Andrejeva et al. 2002). In analogy, NS1 can degrade
STAT2 in the presence of Elongin-Cullin E3 ligase (Elliott et al. 2007). It thus
appears likely that the ‘‘NS1/2 degradasome’’ minimally contains the host pro-
teasome machinery; however, since proteasome inhibitors incompletely inhibit the
degradasome, full degradation may require subsequent action of proteases (Swe-
dan et al. 2009; Ye and Maniatis 2011).

As indicated earlier, ISGs of the IFIT family may be inhibitory to RSV, and if
so, one would expect that NS proteins may suppress their induction as well, which
is in fact supported by recent results. Specifically, infection of A549 cells with
DNS1-RSV generated a much greater induction of IFIT1 and IFIT3, in comparison
to infection with wild type RSV (Hastie et al. 2012), although DNS2-RSV was not
tested. Overall, the anti-RSV role of IFITs and whether or how NS proteins may
degrade them deserve further investigation.

2.4 Other Functions of RSV NS Proteins

Although limited, available evidence points to roles of NS proteins in virus growth
and cellular regulation that have little or no obvious relevance to their IFN-sup-
pressive function. These areas are as follows.

2.4.1 Regulation of Viral Replication

One of the earliest studies (Jin et al. 2000) quantified the replication of recom-
binant, NS-deleted RSV in IFN-proficient HEp-2 cells versus IFN-negative Vero
cells. RSVDNS2 was found to grow poorly in Vero cells but growth was largely
restored to wild-type levels in Vero. In contrast, RSVDNS1 grew equally poorly in
both cells, about 50-fold less efficiently than wild-type RSV. Replacement of RSV
NS1 and NS2 by the V protein of PIV5 restored some of the IFN-inhibitory
functions but did not fully restore viral replication (Tran et al. 2007), suggesting
that NS1 has additional functions required for optimal RSV growth. In a mini-
genome-based reconstitution analysis, recombinantly expressed NS1, but not NS2,
was found to be a potent inhibitor of viral transcription and replication (Atreya
et al. 1998). Overall, NS1 appears to fine-tune viral RNA-dependent RNA poly-
merase through a mechanism yet unknown.

2.4.2 Regulation of Cellular Apoptosis

RSV-infection ultimately kills the infected cell, but NS1 and NS2 inhibit pre-
mature apoptosis, allowing the virus more time to replicate (Bitko et al. 2007).
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This occurred in both A549 and Vero cells, suggesting an IFN-independent
mechanism. NS1 and NS2 induced or activated a number of cellular anti-apoptotic
factors at early stages of infection, including NF-kappa B (NF-jB) and phos-
phorylated forms of protein kinases AKT, PDK, and GSK (Bitko et al. 2007). Of
note, the V protein of PIV5 also inhibits apoptosis (Sun et al. 2004), suggesting
that this may be a common property of RNA viral IFN-antagonists.

2.4.3 Miscellaneous and Yet Undiscovered Functions of NS

Research to elucidate the composition of the NS degradasome has led to the
finding that the host factor Microtubule-Associated Protein 1B (MAP1B) binds to
both NS proteins, and this is important for functionality, at least as tested for the
ability of NS2 to degrade STAT2. However, a more comprehensive proteomic
analysis has revealed that more than 200 cellular proteins co-precipitate with NS1
alone, which include many nuclear proteins and complexes, such as cyclin C,
mediator complex, RNA polymerase II, and ATR (Wu et al. 2012), involved in cell
cycle regulation and DNA repair. Studies also revealed a role of NS1 in G1-phase
arrest of the cell cycle (Wu et al. 2012), in agreement with previous studies
reporting G0/G1-phase preference of RSV-infected A549 cells (Gibbs et al. 2009),
suggesting that NS1 is a key player in the arrest. Clearly, it will be important to
determine how the nuclear and cell cycle regulatory roles of NS1 dovetail with its
IFN-suppressive and viral replicative function.

2.5 The Intriguing Similarities between NS1 and NS2

It is relevant to summarize the fascinating similarities between the two NS proteins
of RSV, which may shed light on their commonality of action: (1) As described in
this article in detail, they are both devoted to subverting the IFN response. (2)
They exhibit some degree of shared substrate specificities; for example, both may
degrade STAT2, TBK1, and IKK to various extents under appropriate experi-
mental conditions (Elliott et al. 2007; Swedan et al. 2009, 2011). (3) They
translocate to mitochondria, but are also found in the cytosol and nucleus (Swedan
et al. 2011; Spann et al. 2005; Boyapalle et al. 2012), and it is possible that the
relative distribution is dynamic and regulated. (4) They are both located at the 30

end (promoter-proximal end) of the viral genome, next to each other. Thus, they
are transcribed abundantly and in close succession (see chapter by P.L. Collins
et al., this volume). (5) Although their short sequences have no discernible simi-
larity with each other, the very C-terminal of both contains the intriguing penta-
peptide sequence (F/Y)DLNP, which was found to be important for binding of
MAP1B, as mentioned above. (6) Like the paramyxoviral V proteins, NS1 and
NS2 form homo- as well as heteromers (Swedan et al. 2009, 2011), and a
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substantial fraction (*80 %) of NS1 and NS2 can be found in the mitochondria
(Swedan et al. 2011; Boyapalle et al. 2012).

In summary, all evidence suggests that NS1 and NS2 work together as team
players, sharing subunits, activities, and cellular locales, to serve the common goal
of IFN antagonism. In addition, being separate proteins (as opposed to two
domains of a single chimeric protein) allows them to perform specific individual
roles, such as the replicative role of NS1, and inhibition of RIG-I by NS2. This
one-two punch endows the NS proteins with efficiency, synergism, versatility and
flexibility, unique to RSV.

3 Capitalizing on the Role of NS in RSV Vaccine Design
or Treatment

The obstacles to RSV vaccine are covered in detail elsewhere in this publication. A
major hurdle is the weak immunity of the target population groups, i.e., the infants
and the elderly, residing at the two ends of the lifespan. While the infants have
immature immunity, the elderly suffer from immunosenescence (see chapter by
A.M.W. Malloy et al., this volume).

In brief, the human fetus begins to acquire maternal IgG through placental
transfer at about 28 weeks of gestation; the process is so efficient that maternal
antibody titer at birth can match or even exceed that in the adults, protecting the
neonate against a variety of pathogens. In an ironic immunological trade-off, the
maternally acquired passive antiviral immunity also neutralizes the vaccine virus
and thus inhibits the induction of active immunity. The situation reverses after
3–4 months of age, at which time the maternal antibodies disappear; thus, slightly
older infants with lower antibody levels and higher vulnerability to RSV should
respond to an RSV vaccine. Immunosenescence of the elderly, on the other hand,
entails a multifactorial, age-related loss of systemic immunity (Agarwal and Busse
2010). Although the humoral immunity is mostly preserved throughout life, old
age reduces the ability of B cells to produce antibodies. At the same time, thymic
atrophy occurs that reduces the generation of naïve T lymphocytes, anergic
memory cells accumulate, and antigen presentation is also affected. Together, they
dampen both innate and active immune responses. A possible concern in live
DNS-RSV vaccine is whether it will trigger high IFN levels locally that may lead
to pulmonary toxicity, especially in these vulnerable populations. Systemic IFN
administration is generally well-tolerated, for example, in the treatment of hepa-
titis C (Iwasaki et al. 2006); however various adverse reactions have been reported.

Another RSV-vulnerable population is the recipients of solid organ transplants
(such as kidney, lung, liver), as they undergo lifelong immunosuppressant therapy,
often with a powerful three-drug regimen consisting of mycophenolate, sirolimus
(rapamycin), and prednisolone, a cocktail that strongly inhibits proliferation of B
cells and T cells by targeting multiple pathways. RSV infection is common and
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frequently lethal in this group. Although the siRNA-based therapy mentioned
earlier (Bitko et al. 2005) has recently shown promising result in a small cohort of
lung transplant recipients (Zamora et al. 2011), the difficulties of vaccination
continues to apply to this group. One should also be cognizant of the fact that
immunosuppressants affect multiple signaling pathways downstream of their tar-
gets, which may include IFN pathways as well. In a pioneering recent study (Kaur
et al. 2012), rapamycin, a specific inhibitor of mammalian or mechanistic target of
rapamycin (mTOR) also inhibited type I IFN responses because mTOR is essential
for IFN-induced phosphorylation of AKT and ultimately required for ISG tran-
scription. It remains to be seen how such suppression of IFN response impacts on
the outcome of live RSV vaccine.

It is now also well known that denatured, whole-inactivated RSV fails as a
vaccine in test children and in fact triggers a more severe disease in subsequent
RSV challenge, variously called ‘vaccine-enhanced disease’, ‘immunopotentia-
tion’, or ‘enhanced respiratory disease’ (ERD). This likely stemmed from a
combination of factors (Graham 2011; also see chapter by P.L. Collins et al., this
volume), including: possible disruption of critical antigenic epitopes by denatur-
ation or premature triggering of F; failure of the nonreplicating virus to activate
DC-mediated proliferation of virus-specific memory CD4+ T cells; lack of anti-
body affinity maturation due to poor TLR stimulation; and lack of CD8 T cell
induction, all of which promoted a Th2-biased CD4 T cell response and allergic
inflammation. In summary, it appears that all the RSV-vulnerable populations are
also immunologically challenged and vulnerable or less responsive to traditional
vaccines, and hence require novel approaches.

For reasons discussed above, the current emphasis is on live-attenuated RSV
vaccines generated by reverse genetics, in which essential viral functions have
been compromised (Graham 2011). The balancing act here is to reduce virus
replication sufficiently to eliminate the associated pathology but at the same time
retain antigenicity. Since NS proteins function effectively as viral virulence fac-
tors, a variation of this theme is to use RSV with mutated NS proteins, the various
aspects of which are detailed in this section. Alternatively, the RSV vaccine
antigens can be expressed in a gene-based vector to eliminate NS1 and NS2 from
the initial immunizing event (see chapter by R.J. Loomis and P.R. Johnson, this
volume).

3.1 Balancing the Immune-Antagonistic and Non-immune
Roles of NS

A straightforward approach is the use of NS-deleted recombinant RSV as vaccine,
since they have been shown to be highly attenuated in cell culture and in non-
human primates, namely chimpanzees (Jin et al. 2000, 2003; Teng and Collins
1999; Teng et al. 2000; Whitehead et al. 1999). However, it should be borne in
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mind that NS proteins are also important for RSV replication and suppression of
apoptosis, and that a productive infection of the vaccine virus is required for a
robust antibody response via proper antigen presentation, activation of T cells, and
finally, activation and differentiation of the antigen-producing B cells by the
antiviral CD4+ T cells (Braciale et al. 2012). Early on, recombinant DNS1 RSV
virus was found to be more than 2,000-fold restricted in replication in the upper
and lower respiratory tracts, and tenfold more restricted than the cpts248/404
virus, a cold-passaged, temperature-sensitive vaccine candidate (see chapter by
R.A. Karron et al., this volume). In spite of the reduced growth, the RSV-neu-
tralizing antibody induced in the serum by the DNS1 virus was close to the level
induced by wild-type RSV, and the replication of challenge RSV in the respiratory
tract of these immunized chimpanzees was reduced more than 10,000-fold (Teng
et al. 2000; Whitehead et al. 1999). Apparently in this case, even if loss of NS1
contributed to the highly attenuated growth, robust antibody response occurred. It
is also possible that NS2 had compensated for the loss of NS1 in this regard.

Following the DNS1 lead, recombinant DNS2 RSV, alone and in combination
with various other cold-passaged mutations (cpts248/404 and cpts530/1009), was
evaluated in adults as well as in RSV-seropositive and RSV-seronegative children
(Wright et al. 2006). Viruses lacking the NS2 gene were indeed highly attenuated
in adults, but surprisingly, were under-attenuated in children. Although DNS2 in
combination with the cpts mutations were better attenuated in children, the DNS2
viruses were not pursued further. It would be interesting to see if DNS1/2 RSV
would be more severely attenuated and be a viable vaccine. The one redeeming
feature of all live-attenuated vaccine studies was that no immunopotentiation
occurred.

Another approach would be to first dissect the anti-IFN and replication func-
tions of NS1 by screening site-directed NS1 mutants by reverse genetics, using
replicon assays in parallel with IFN suppression assays. The mapping must be
conducted in an empirical manner, as the lack of homology of NS with other
proteins makes prediction of any functional domain virtually impossible. If the
sequences are indeed found to be different, however, recombinant RSV could then
be generated incorporating the IFN-defective NS1 mutations, leaving the repli-
cation sequences intact. The level of attenuation and vaccine potential of this
recombinant could then be tested. Lastly, NS1 and NS2 can interact with a mul-
titude of cellular proteins (Sect. 2.4.3). If the functionality of each interaction is
unraveled in the future, the cognate NS domain(s) could also be mapped and the
knowledge utilized to further optimize the recombinant vaccine.

Genetic stability of the vaccine strain is important for not only efficacy but also
for safety. To minimize reversion of point mutations of NS, synonymous mutant
codons can be carefully selected that will contain two nucleotide changes instead
of one, an approach recently used successfully for RSV L protein to stabilize the
ts248 mutation at amino acid residue 831 (Luongo et al. 2009).
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3.2 Roles of NS Proteins in Regulating Adaptive Immunity:
Crosstalk between Pathways

Intriguing new findings implicate NS proteins in the regulation of aspects of the
adaptive immunity that hold the key to a successful vaccine. RSV is also known to
infect DC/macrophages, which then elaborates IFN (Kumagai et al. 2007). In a
regulatory loop, IFN activates adaptive immunity by promoting DC maturation
and T cell activation, and thus DNS RSV vaccine may be useful in this respect.
However, in the RSV-infected DC, the NS1 protein tends to suppress proliferation
and activation of two of the protective cell populations (CD103+CD8+ T cells and
Th17 cells) and promotes proliferation and activation of Th2 cells that can enhance
RSV disease (Munir et al. 2011). Besides, infection of DC with NS1-deleted RSV
induced a strong induction of multiple genes, positively involved in DC maturation
and T cell activation, much of which was suppressed by wild-type RSV (Munir
et al. 2011 and references therein). Thus, a properly engineered NS1-mutant RSV
devoid of Th2-promoting effect but retaining DC maturation and T cell activation
properties would clearly be a safer vaccine.

Since some of the RSV target populations, e.g. the infant or the elderly, have
skewed or insufficient immune response, pharmacological activation of the
immune cells is worth testing. Specifically, PRR agonists can be used to enhance
the activation, an approach that offers tools for novel adjuvant development. TLR
agonists, such as CpG, LPS, poly(I:C), and the NLR activator, alum, could be
pursued as adjuvants. These ligands should improve affinity maturation as well as
neutralizing capacity of antibodies in immunized individuals. Care should be taken
to ensure that these ligands preferably activate Th1 but not Th2 response.
Recently, the adjuvant Protollin, derived from the Neisseria meningitidis outer
membrane has been shown to improve RSV subunit vaccine candidates, by con-
ferring a balanced Th1/Th2 immune response via TLR4 activation (Cyr et al.
2009). A candidate RSV vaccine was developed that contained ‘‘epitope-
enhanced’’ recombinant RSV G protein, a fusion between G residues 128–229
with thioredoxin, with Protollin as adjuvant. It conferred strong protection against
subsequent RSV challenge with markedly reduced eosinophilia and IL-13 (Huang
et al. 2009). Similarly, CpG administration during immunization also induced a
Th1 response and decreased pulmonary disease following RSV challenge (Johnson
et al. 2009). Novel Th-response regulators are continually being discovered, some
of which can be tested as well. For example, in PVM infection, IL-21 is important
for producing pathology (Spolski et al. 2012), since pathology is reduced in IL21R
KO mice and in those in which a soluble receptor-Fc fusion protein is adminis-
tered. As PVM is generally regarded as the natural mouse equivalent of human
RSV, it may be worth testing if a soluble IL-21 receptor can be a part of the human
RSV therapeutic regimen, or used to reduce the potential for Th2-biased vaccine-
induced responses, although this would have to be balanced against the potential
effects this would have on Tfh cells and antibody production.
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Lastly, enhanced apoptosis in DNS RSV infection may limit virus replication
and spread (Domachowske et al. 2000; Bitko et al. 2007). However, DCs may
internalize apoptotic cells and process them for presentation by MHC molecules.
RSV infection has been shown to sensitize tracheal and bronchial epithelial cells to
exogenously added TNF-related apoptosis-inducing ligand (TRAIL) (Kotelkin
et al. 2003). Thus, it may be worth testing if the DNS2 RSV vaccine virus can be
further attenuated in children through the use of TRAIL. However, care should be
taken to ensure that TRAIL also does not sensitize RSV-infected DCs that must
activate T cells for full antibody response.

4 Conclusion and Future Directions

The available evidence suggests that NS proteins subvert or degrade multiple
members of the type I IFN induction and response pathways, likely by recruiting a
degradasome, using mitochondria as scaffold. Our search for the molecular
mechanisms of this suppression is still in its infancy but already promises to yield
fascinating insights. In addition, however, NS proteins also regulate multiple steps
of the adaptive immune response that are highly relevant to the design of a suc-
cessful attenuated RSV vaccine. In creating such a vaccine, however, NS mutants
must be selected to encode the desired balance of properties by reverse genetic
analysis. Boosting of both B cell and T cell responses in the infants and the elderly
with supplementary means such as Th1-promoting adjuvants or cytokine modu-
lators may also help the creation of a robust yet safe RSV vaccine.
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Host Gene Expression and Respiratory
Syncytial Virus Infection

Ralph A. Tripp, Asuncion Mejias and Octavio Ramilo

Abstract Advances in RNA interference (RNAi) and transcription studies have
facilitated the application of systematic cell-based loss- or gain-of-function and
cell response screening that enable genome-wide analysis of cell factors involved
in viral replication and disease. Application of both experimental and computa-
tional biology approaches have led to crucial insights into virus infection, its life
cycle, and host gene targets for disease intervention. A better understanding of the
spatial and temporal host gene interactions during viral infection has enabled
insights into mechanisms by which viral proteins co-opt host cell function, and
host regulatory mechanisms that influence disease and treatment outcome. In this
chapter, approaches to host gene discovery and transcriptome profiling for respi-
ratory syncytial virus (RSV) are discussed in the context of biological relevance
for disease intervention in the clinical setting and vaccine development.
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1 Introduction

Although viruses have small genomes, they have the ability to reprogram host cells
to promote replication and subvert host responses. Studies evaluating how viruses
exploit host genes have been instructive for virus biology, and have led to the
identification of host genes that regulate or are required for virus replication. This
knowledge has been central in drug discovery, drug repositioning, and discovery
of new targets for vaccine development. These studies are also helping our
understanding of disease pathogenesis. Historically, the development of antiviral
therapeutics and vaccines has focused on targeting viral proteins with limited or
short-term success because of high viral mutation rates. However, targeting host
genes offers a strategy that is refractory to virus mutation and allows for potentially
multiple targets to prevent viral replication. To facilitate large-scale functional
genomics studies, several approaches have been developed based on microarray or
microwell assays to look at inhibiting expression of host genes. Recent estab-
lishment of large libraries of RNA interference (RNAi) reagents combined with a
variety of endpoint detection assays and gene pathway analyses has made it
possible to do genome-wide screening for genes affecting cellular functions and
virus replication in mammalian cells.

High-throughput screening (HTS) of gene-specific RNAi is an emerging means
to explore biological processes related to virus infections and the associated dis-
ease. Genome-wide genetic analyses of mammalian cells was aided by advances in
the application and delivery of small interfering RNA (siRNA) to suppress cellular
gene expression achieved by lipid-based transfection of synthesized siRNAs
(Meliopoulos et al. 2012; Krausz 2007), or by expression of short hairpin RNAs
(shRNAs) that are processed to siRNAs (Krausz 2007). siRNAs are double-
stranded RNA molecules that are commonly about 21 base pairs in length, and
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inside the cell, these molecules are unwound and introduced into the RNA-induced
silencing complex (RISC) (Moss 2001; Tijsterman and Plasterk 2004). This
complex, generally directed by the antisense strand of the siRNA molecule, targets
complementary cellular mRNA sequences, and upon binding to RISC the target
mRNAs are cleaved leading to a loss of gene function (Tijsterman and Plasterk
2004). One of the first proof-of-concept HTS study performed in mammalian cells
used an RNAi-based forward genomics approach toward understanding the biol-
ogy of TRAIL-induced apoptosis (Aza-Blanc et al. 2003). This study demonstrated
the feasibility of large-scale screening using synthetic siRNAs targeting 510 genes
encoding human kinases. With the advent of robust cell-based HTS technologies,
it is easier to screen all host genes involved in the cycle of virus replication,
identify the host cell pathways exploited, and identify all host genes that promote
or inhibit virus infection and replication. This systems wide approach has enor-
mous potential for the discovery of new therapeutic targets and vaccine targets.

An alternative approach to identifying host genes that respond to virus infection
involves microarray-driven gene expression systems (Ziauddin and Sabatini 2001;
Leroy and Raoult 2010). A variety of strategies comparable to DNA microarrays
have been developed for transcriptional profiling, and yeast two-hybrid arrays have
been developed for determining protein–protein interactions that facilitate analyses
of gene function (Gonzalez 2012; Miller and Tang 2009). HTS approaches that use
sets of cDNAs or DNA constructs for evaluating host genes encoding desired
products are complementary techniques that allow for rapid screening for gene
products involved in biological responses to infection. As many biological processes
rely on the formation of protein complexes, the ability to investigate protein–protein
interactions via two-hybrid assays can be essential for understanding cellular
functions. These technologies are of pharmaceutical interest and can assist in the
development and assessment of new vaccine strategies (Gobert 2010; Monsurro and
Marincola 2011; Uttamchandani et al. 2009; Oyelaran and Gildersleeve 2007),
although differences in post-translational processing in the yeast two-hybrid assays
can limit the detection of some viral/mammalian protein interactions.

1.1 Human Host Genes in the Response to RSV Infection

The human host genes responding to respiratory syncytial virus (RSV) infection
are not fully understood, and to date, there have been no comprehensive, validated
RNAi-based genome-wide screens. However, developments in microarray tech-
nologies have broadened their use in virus studies to provide a view of the host
gene response to infection that can be presented on a chip allowing for multiplexed
experimentation (Schuurhof et al. 2010; Stark et al. 2009; Huang et al. 2008) (see
chapters by E. H. Choi et al., S. Mukherjee and N.W. Lukacs, and by S.M. Varga
and T.J. Braciale, this volume). To gain an understanding of the tempo of gene
expression following RSV infection, cDNA microarray analysis was performed of
differentially expressed genes in human type II respiratory epithelial (A549) cells
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infected with RSV (Martinez et al. 2007) (see chapter by R.J. Pickles, this vol-
ume). This study revealed that 85 genes were up-regulated at early times post-
infection, i.e., 0–6 h pi. Among the genes most strongly up-regulated were those
involved in chemotaxis and inflammation, and included genes encoding several
integrins. Genes up-regulated between 6 and 12 h pi included interferon-stimu-
lated genes, and genes in the non-canonical NF-jB pathway. At later times post-
infection, genes involved in the immune response were up-regulated. These
findings show a temporal relationship between RSV gene expression and the host
response to replication, but as typical with microarray assays, the findings are
difficult to interpret as they require validation. Similarly, studies have been per-
formed that evaluate the immune response to RSV infection. For example, a study
in infants hospitalized with RSV bronchiolitis examined the PBMC gene
expression responses to RSV by microarray and quantitative real-time PCR, and
reported that 30 genes had significant dysregulated expression, particularly for the
interferon responsive genes (Fjaerli et al. 2006). The controls were infants from the
same birth-cohort that never suffered from RSV bronchiolitis and were not RSV
infected at the time of blood sampling. Similar to host gene expression in RSV-
infected cells (Huang et al. 2008; Bakre et al.; van Diepen et al), these studies
show that different subsets of host genes are dysregulated at different time-points
in the immune response following RSV infection. Together, these findings
emphasize the importance of considering the biological relevance of the cell types
examined, the time-points post-RSV infection to be considered, and the validation
needed to interpret the results.

Since all viruses need to exploit the host cellular machinery to replicate, it is not
surprising that RSV has been shown to co-opt cellular kinases to achieve phos-
phorylation of their gene products needed to facilitate subcellular targeting in the
infected cell (Dupuy et al. 1999; Alvisi et al. 2008). For example, the RSV M
protein utilizes protein kinase CK2 for intracellular localization during replication
(Alvisi et al. 2008), thus development of new antivirals directed at inhibiting CK2
may be therapeutic targets. Further, a number of nuclear and cytoplasmic binding
partners of RSV M protein, for example the nuclear export receptor Crm1, have
recently been identified by a variety of assays that include yeast two-hybrid
screens using a human lung epithelial library, as well as by immunoprecipitation
and subcellular fractionation mass spectrophotometry (Ghildyal et al. 2012;
Ghildyal et al. 2005, 2009). Using these approaches a number of host genes are
being identified as critical for RSV infection and replication.

1.2 Murine Host Genes Responding to RSV Infection
and in Disease Pathogenesis

The BALB/c mouse is the prototypical model used to investigate the host response
to RSV infection because it reproduces important features of human disease, and
has provided predictive insights as to some of the mechanisms linked to protection
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from RSV disease (see chapter by P.J. Openshaw, this volume). Genetic differ-
ences in the response to RSV infection, and to RSV vaccine enhanced disease,
have been investigated using 15 inbred and 7 first generation F1 crossbred mice
(Hussell et al. 1998). The findings based on these host genetic determinants
showed that MHC is a determinant of T-cell responses that govern RSV disease
severity in mice. Other systemic gene expression signatures have been examined
in the intact mouse lung following acute RSV infection (Pennings et al. 2011). In
this study, the host gene response was evaluated at days 1, 2, and 5 in the lung,
bronchial lymph nodes, and blood following primary RSV. The results identified
53 interferon-associated and innate immunity genes common among the tissues
evaluated. Findings that examined the tempo of host gene expression following
infection showed a robust transcriptional response occurred at day 1 pi, but this
response was reduced by day 3 pi, and the peak lung transcriptional response
preceded the peak of viral replication. The genes expressed were diverse and
involved in the IFN response, inflammation, chemoattraction, and antigen pro-
cessing. This study again emphasizes the importance of evaluating the response to
RSV infection at multiple time points, and addresses the processes and pathways
induced that can be used for the selection of candidate genes for therapeutic and
vaccine approaches. Unfortunately, there are limited studies in mice that have
validated host genes affected by RSV replication, but a recent meta-analysis of
published microarray data has shown that host genes are dysregulated in stages,
i.e. at early, middle, and at late time-points post-RSV infection (Bakre et al. 2012).
In this study which focused on the role of microRNAs (miRNAs) and post-tran-
scriptional regulation of host genes responding to RSV infection, 117 host genes
were found to be deregulated among all available published studies that examined
RSV infection in a mammalian cell line.

As RSV infection can cause severe respiratory diseases in young and old as well
as immune compromised individuals, a substantial level of research in mice has
investigated host gene products that affect inflammation and disease outcome.
These studies have shown that genes expressing cytokines orchestrate the pro-
inflammatory response, such as IL-1beta, while others are effectors of inflamma-
tion, e.g., intracellular reactive oxygen species (ROS) (Segovia et al. 2012; Janssen
et al. 2007; Tripp et al. 2005). Given that disease severity is a complex trait
involving host genetic differences, evaluating those genetic differences in mouse
strains has helped to identify genes that may control RSV infection, replication,
and resolution of infection. Often a single endpoint assay can be used to determine
if genetic differences are relevant by evaluating lung viral titers (Graham et al.
1988). It has been shown that lung viral titers vary between the AKR/J (RSV-
sensitive) and C57BL/6 J (RSV-resistant) mouse strains (Stark et al. 2002; Prince
et al. 1979). In this study, RSV titers in the F1 progeny were similar to those found
in the resistant parent, suggesting RSV-resistance was inherited. Because RSV
titers in backcross progeny were discordant with that predicted for a single gene
effect, it was concluded that RSV-susceptibility was influenced by more than one
gene; however, these findings have yet to be resolved by genomic analysis.
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1.3 High-Throughput RNAi Assays for Host Genome
Analysis

Currently, most genome-wide RNAi studies are performed using microwell-based
screening platforms. Based on this format and the large amount of reagents nee-
ded, most studies analyze a single endpoint parameter such as cell death, cell
morphology, virus titer, or use of a reporter gene assay (Pan et al. 2012; Melio-
poulos et al. 2012; Houzet and Jeang 2011). However, multi-parametric endpoint
assays and comparative analyses using different susceptible cell types perhaps
infected by testing the response to more than one strain of virus is required to
understand the complex nature of gene networks. For RNAi-based HTS, efficient
delivery of siRNA into biologically relevant cells is required because of cell
tropism. Lipid-mediated siRNA transfection is a common siRNA delivery
approach, however, many cell types are not compatible with this technology, and
lipid delivery reagents cause cytotoxicity, and other off-target effects that may alter
gene expression profiles (Jafari et al. 2012). These features are emphasized by the
lack of concordance in genome-wide RNAi-based screens identifying HIV host
factors and influenza virus host factors, where the disparity has been attributed to
the difference in cell lines used in each screen and in the viruses used for infection
(Min and Subbarao 2010; Karlas et al. 2010; Konig et al. 2010; Bushman et al.
2009).

For screens employing genome-wide siRNA libraries it is important that the
libraries are composed of 2–4 siRNAs targeting each gene such that the genes
target distinct non-overlapping mRNA seed sites/sequences. Utilizing siRNA
pools allows for lower concentrations of each individual siRNA to be used which
decreases off-target effects (Pan et al. 2012; Houzet and Jeang 2011). However,
‘‘hits’’ identified from a pooled siRNA library do not identify which individual
siRNAs are effective for a particular gene and validation is needed using siRNAs
targeting the same gene at a different seed site. Importantly, this redundant screen
using a non-overlapping siRNA for the same gene reduces the likelihood of false
positives due to off-target effects (Cullen 2006). In addition, it is important to
deconvolute siRNA pools in subsequent validation steps to confirm siRNAs that
are efficaciously targeting the host gene.

1.4 shRNA Libraries for HTS RNAi Assays

When considering host gene discovery approaches for RSV, it may be advanta-
geous to consider viral RNAi delivery by taking advantage of lentivirus (LV)-
based shRNA libraries. LV vectors allow the delivery of shRNA constructs to a
wide range of cell types, including primary and non-dividing cells, however, most
shRNA libraries are pooled libraries, thus this prevents the identification of genes
using individual gene-specific shRNAs. An important advantage of LV-based
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shRNA libraries is the permanent nature of gene suppression compared to tem-
porary gene silencing by siRNA transfection (Tiscornia et al. 2003). The premise
by which LV vectors work is that LV delivers genome-integrated shRNA that
encodes a DNA sequence which is transcribed to a single-stranded RNA molecule
containing sense and antisense sequences to the targeted mRNA separated by a
hairpin loop (Brummelkamp et al. 2002). Cleavage of the hairpin RNA by the
RISC protein, Dicer, results in short double-stranded RNA fragments analogous to
siRNAs (Paddison et al. 2002).

1.5 Endpoint Assay Considerations

RSV has been shown to co-opt and dysregulate sets of host genes throughout the
course of infection (Bakre et al. 2012; Tayyari and Hegele 2012; Graham 2011),
thus the time of assay can affect the interpretation of the results. Similarly, the time
allowed for RNAi-based host gene silencing prior to RSV infection can substan-
tially influence the screen as many cell proteins are constitutively expressed, thus
time is needed to generate a loss-of-function by RNAi. It is also important to
consider that the duration of gene silencing is linked to the doubling time of a cell
line because cell division dilutes the siRNA concentration (Kimpton and Emerman
1992), and cell doubling times vary among cell types. To investigate the biology of
RSV replication from entry, to packaging, and release, a replication-competent
virus is required. It is also important to consider when the endpoint assay is
evaluated as host factors may not be essential for virus infection, but required for
viral replication. To overcome these issues endpoint analysis using multiple
endpoints assays is necessary, and in all assays it is critical to have a non-targeting
negative control siRNA, and a positive control known to silence RSV.

2 Implications of RNAi Host Gene Discovery

What are the considerations for RNAi, host gene discovery, and vaccine devel-
opment? Beyond the concerns for RNAi screening noted, it is important to
emphasize that moving forward will require validation of individual host genes/
factors, likely using primary cells and multiple clinical RSV isolates, to ensure that
the host genes are critical for all relevant RSV strains. Additional considerations
include the need to address the possibility that interactions between host genes and
RSV may be specific to cellular types, e.g., type I versus type II pneumocytes, and
to be cognizant that silencing genes have secondary effects that can influence the
phenotype of the endpoint assay being measured. Despite this, it is possible to
identify networks of host genes important to RSV replication, and through meta-
analysis of existing microarray and related data, to discover and validate host
genes identified as essential for RSV replication.
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3 Transcriptome Profiling in the Clinical Setting: The
Need and the Opportunity

Despite many years of active investigation, our understanding of the immuno-
pathogenesis of RSV infection in humans remains incomplete and still represents a
significant hurdle to advance vaccine development. One major challenge has been
to translate the advances on the characterization of viral proteins and immune
response mechanisms identified in mouse models into the relevant clinic context.
This has been further complicated by the technical difficulties related to studying
immune responses in young infants, the major target population for RSV infection.

Different classes of pathogens trigger specific pattern-recognition receptors
(PRRs) that are differentially expressed on immune cells to initiate the host
response (Medzhitov and Janeway 1997, 2000). We can now study the host
response to specific pathogens using transcriptome analysis which has been pro-
posed as an unbiased strategy to measure the global immune response (Fig. 1).
Blood represents both a reservoir and a migration compartment for these immune
cells that become educated and implement their function by circulating between
central and peripheral lymphoid organs and migrating to and from the site of
infection via blood. For that reason, blood leukocytes constitute an accessible
source of clinically relevant information, and a comprehensive molecular pheno-
type of these cells can be obtained using gene expression microarrays from the
relevant patient population (Chaussabel et al. 2010). Because they provide a
comprehensive assessment of the immune-related cells and pathways, gene
expression studies have shown to be well suited to study the host-pathogen
interaction. In fact, studies have shown that different classes of pathogens induce
distinct gene expression profiles that can be identified by analyses of blood leu-
kocytes (Fig. 2) (Ramilo et al. 2007; Berry et al. 2010; Chaussabel et al. 2005,
2008; Pankla et al. 2009).

Microbe A

Immune
Response - A 

Immune
Response - B 

Immune
Response - C 

Microbe B Microbe C

 Pattern Recognition Receptors∗

Fig. 1 Different classes of
pathogens trigger specific
pattern-recognition receptors
(PRRs) differentially
expressed on immune cells
and elicit distinct immune
responses
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4 Initial Human Studies in Acute Respiratory Infections

Global changes in transcriptional responses have been measured in the blood of
patients with a variety of infectious diseases. Initial studies demonstrated that
leukocytes isolated from peripheral blood of patients with acute bacterial and viral
infections carry unique transcriptional signatures, which would in turn permit
pathogen discrimination and patient classification (Ramilo et al. 2007). Bacterial
infections induced a robust response, which was expected, as those patients were
bacteremic, but children infected with influenza A infection also demonstrated a
peripheral blood mononuclear cell (PBMC) signature as robust as that induced by
bacteria. In addition, gene expression profiles in PBMCs from a cohort of children
with a variety of acute gram-positive (S. aureus, S. pneumoniae) gram-negative
bacteria (E. coli) and influenza A infection identified 137 classifier genes, which
were applied to a population of 27 pediatric patients with pneumonia and 7 healthy
children to determine whether one could differentiate patients presenting with
respiratory symptoms but infected by different pathogens. Hierarchical clustering
of genes and samples identified four prototypical expression profiles: healthy
controls, Influenza A infection, which showed increased expression of interferon-
inducible genes and was clearly different from a third profile, defining bacterial
infections caused by Staphylococcus aureus and Streptococus pneumoniae, which
showed over-expression of neutrophil-associated genes. Three samples belonging
to the influenza A group and one from the S. aureus group were characterized by a

Patient 
mRNA

Bacterium

Expression
Profile 

Virus

mRNA

Virus Bacteria

Virus

Bacteria

Analysis

Fig. 2 Using microarray technology one can measure the differences in gene expression patterns
present in blood leukocytes as induced by various types of infectious agents. The expression
profile is a representative heat maps (middle panel) illustrating elements that corresponds to
individual genes. Each column represents a sample (patient) and each row represents a gene
transcript. Overexpressed genes are shown in red and underexpressed genes are shown in blue,
while yellow represents the reference normal expression value. Modular analysis (right panel)
illustrates the differences in expression by modules, which are groups of genes that have a
common biological function (Chaussabel et al. 2008). Red dots represent gene modules that are
overexpressed and blue dots gene modules that are underexpressed
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fourth profile, which combined elements of the previous ones, suggesting the
possibility of a co-infection caused by both a viral and a bacterial pathogen
(Fig. 3) (Ramilo et al. 2007). These initial studies demonstrated that transcriptome
analysis of blood leukocytes can be used to distinguish patients with acute
infections caused by the most common respiratory pathogens that lead to severe
pneumonia and hospitalization in children.

5 Experimental Viral Infections in Humans

A recent study provided evidence of how blood gene expression profiles can be
applied to study respiratory viral infections (Zaas et al. 2009). In this study, blood
gene expression profiles from healthy adult volunteers experimentally infected with
human rhinovirus (HRV), RSV, or influenza A virus were analyzed. Using factor
analysis they identified a 30-gene acute respiratory viral signature that clearly dis-
tinguished symptomatic infected individuals from asymptomatic subjects at the
peak of the disease for each specific virus, and also from the uninfected volunteer
baseline. In this ‘‘acute respiratory viral signature’’ the investigators identified genes
(e.g., RSAD2, IFI44L, and LAMP3) that were expressed in individuals infected with
any of these three viruses. They also identified genes that were specific for each viral
infection, such as FCRGR1A, GBP1, and LAP3 in RSV infection, OAS2, CXCL10,
and SOCS1 in individuals with HRV infection, and TNFAIP1, SEPT4, and IFI27 in
cases of influenza. These observations provide evidence of the potential value of this
approach to identify host response patterns that are common for a group of patho-
gens and those which are pathogen-specific. To validate their findings, they applied
the newly identified viral signature to an independent, previously published dataset

Fig. 3 Blood diagnostic biosignatures discriminate patients with pneumonia caused by viral and
bacterial pathogens. Hierarchical clustering of 137 discriminative genes in 34 individuals (27
patients with pneumonia and 7 age-matched healthy controls). Each column represents an
individual patient (n = 38); each row represents one gene (n = 137). Values were normalized to
the median expression of each gene across all samples. Red indicates genes expressed at higher
levels and blue lower levels than the median expression value (Ramilo et al. 2007)
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of patients with community-acquired respiratory infections (Ramilo et al. 2007).
Despite the technical challenges involved in such analysis and the differences in the
patient cohorts analyzed (children with naturally acquired infection vs. adults with
experimental infection), their experimentally identified ‘‘acute respiratory viral
signature’’ classified pediatric patients naturally infected with influenza A from
healthy age-matched controls with 100 % accuracy (Zaas et al. 2009). This is a
fundamental observation that confirms the reproducibility and potential value of
blood transcriptome analysis to study host immune responses to respiratory viruses
in the clinical setting. The data clearly support the hypothesis that each respiratory
virus elicits a unique host immune response, that is reproducible, and that the
information is easily accessible from blood immune cells. It is remarkable that blood
signatures can achieve such accuracy for diagnosis of respiratory viral pathogens
that are thought to be confined to the respiratory tract. Since blood specimens are
usually easier to obtain than infected tissue, this approach could have practical
applications in clinical medicine.

6 RSV Induces a Unique Transcriptional Profile
in Peripheral Blood

Few studies have analyzed transcriptome profiles in children, the ideal target pop-
ulation for RSV infection. An initial study included five infants whose gene
expression profiles were characterized at birth from cord blood samples (Fjaerli et al.
2007), and at the time of RSV hospitalization 3 months later (Fjaerli et al. 2006). It
was shown that during acute RSV infection there was a clear activation of interferon-
related genes. Activation of interferon genes was also found in the RSV signature
derived from the adult volunteers challenged with RSV (Zaas et al. 2009), although
there were discrepancies, which could be attributed to the differences in age. More
recent studies have characterized the genome-wide transcriptional profiles in
PBMCs isolated from children \2 years of age hospitalized with acute RSV
(n = 51) and influenza A (n = 27) infections, and healthy matched controls
(n = 10) (Ioannidis et al. 2012). A distinct transcriptional signature was defined in
patients with acute RSV and influenza infection by using a combination of gene-
expression level, statistical filters, and hierarchical clustering (Fig. 4). Statistical
group comparisons using a restrictive approach (False Discovery Rate with a
p \ 0.05 followed by Bonferroni correction for multiple test corrections and a two-
fold change filter) of patients with RSV infection and healthy controls yielded 110
differentially expressed transcripts, of which 70 % were overexpressed. Among the
RSV-induced significantly differentially expressed genes were IFI27, defensins 1
and 3 (DEFA1, DEFA3), sialoadhesin (SN) and the interleukin-1 receptor antagonist
(IL1RN). On the other hand, statistical group comparisons of patients with influenza
virus and healthy controls yielded 142 differentially expressed genes, of which 64 %
were overexpressed. Among the significant genes there were many interferon
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inducible genes such as IFI27, IFI44L, IFI44, IFIT3, OAS1, OAS2, OAS3, OASL,
MX1, MX2, G1P2, and DEFA1. There were 18 common interferon-inducible genes
during RSV and influenza virus infection in children with a similar pattern of
expression. However, the magnitude of activation was greater in influenza A
infection, and specifically the activation of IFI27, which was the top common
overexpressed gene in both cohorts of patients, was almost three-fold greater in
children hospitalized with influenza than in those with RSV (103- vs. 38-fold change
for influenza and RSV respectively). Comparison of the transcriptional profiles
using additional analytical tools such as the modular analysis (Chaussabel et al.
2008), and Ingenuity pathway analysis (IPA, Ingenuity Systems), confirmed the
significant differences in the magnitude of the interferon-related response between
PBMCs from patients with influenza or RSV infection. Altogether, these results
indicate that although the transcriptional response of PBMCs from patients with
acute RSV and influenza virus infection was predominantly virus specific, it also
shared a common interferon-inducible signature that was more robust in patients
with influenza than in those with RSV infection. Indeed, the attenuated interferon
response observed in children with RSV infection is one of the proposed mecha-
nisms used by RSV to evade the immune system and prevent the development of an
effective memory immune response (Fig. 5).

7 Clinical Application of Transcriptional Profiles

Analysis of PBMC samples requires processing in real time, which has limitations
from a practical application in the clinical setting with large numbers of patients.
In addition, PBMC samples do not include the majority of neutrophils, and this cell

Fig. 4 Transcriptional profiles in PBMCs from patients with acute RSV and influenza virus
infection. a Heat map of differentially expressed transcripts in patients with RSV bronchiolitis
compared with healthy controls. b Heat map of differentially expressed transcripts in patients
with acute influenza compared with healthy controls. c Venn diagram showing the common and
virus-specific transcripts for each infection normalized to healthy controls. PBMCs isolated from
patients with acute RSV bronchiolitis or acute influenza virus infection and from healthy controls.
A distinct transcriptional signature was defined in patients with acute influenza or acute RSV
infection by using a combination of probe expression level, statistical filters, and hierarchical
clustering. Group comparisons of patients with confirmed RSV infection and healthy controls
yielded 110 significant transcripts, of which 78 were overexpressed and 32 were under expressed.
Statistical group comparisons of patients with influenza virus infection and healthy controls
yielded 142 of which 91 were overexpressed and 51 were under expressed (Ioannidis et al. 2012)
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population has shown to be very relevant to the pathogenesis of viral infections.
For these reasons in recent years there has been a shift from PBMCs to whole
blood samples as the new standard method approach to study transcriptional
profiles in the clinical setting (Banchereau et al. 2012). Initial studies using this
approach are being conducted in infants with RSV and other viral respiratory
infections. Early analyses confirm the original observations derived from PBMCs
and demonstrate that RSV induces a robust, reproducible and distinct transcrip-
tional profile in whole blood from children naturally infected with this respiratory
virus (Mejias et al. 2012).

To facilitate the application of transcriptional profiles in the clinical setting,
novel analytical tools are been developed so the relationship between host tran-
scriptional changes and the clinical outcome of the infection can be better and
more objectively assessed. One of these novel tools, the Molecular Distance to
Health (MDTH) is a genomic score that measures the overall transcriptional
perturbation in patient’s samples compared with those obtained from healthy
controls (Pankla et al. 2009). The MDTH score summarizes in a single number the
global perturbation of the immune profile and allows correlations between the
transcriptional profiles and the clinical findings. Recent studies conducted in
patients with sepsis, pulmonary tuberculosis, and Staphylococcus aureus infections

Fig. 5 Module mapping of gene expression profiles illustrates the differences between RSV and
Influenza infections. Gene expression levels were compared between patients with RSV and
Influenza infections on a module-by-module basis. Colored spots represent the percentage of
significantly (p \ 0.05, Mann–Whitney) over-expressed (red) or under-expressed (blue)
transcripts within a module in patients with RSV and influenza infections compared with their
respective matched healthy controls; spot intensity represents the magnitude of the gene
expression change, blank modules demonstrate no significant differences between groups
(p [ 0.05). Information is displayed on a grid, with the coordinates corresponding to one of 28
modules with the key shown on the on the right representing the functional interpretation of
modules. RSV patients display marked over expression of the neutrophil (M2.2) and myeloid
lineage gene modules (M1.5 and M2.6), while influenza patients show significant over expression
of the interferon module (M3.1), which is also overexpressed but much less significantly in RSV
patients
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have provided substantial evidence of the value of the MDTH score applied in the
clinical setting (Berry et al. 2010; Pankla et al. 2009; Banchereau et al. 2012). In
those studies, MDTH scores calculated during the acute disease significantly
correlated with the magnitude and severity of the clinical findings. In addition, as
patients were treated and showed clinical improvement the MDTH scores
decreased and eventually showed values comparable to healthy controls.

Studies are exploring the value of using the MDTH scores in children with
acute RSV and influenza infections to help stratify these patients more objectively
and more importantly to correlate each patient transcriptional profile with the
clinical manifestations of the respiratory disease. These observations suggest that
transcriptome profiles could be used as objective tools to help identify immune
pathways or cellular components that are more relevant in controlling and regu-
lating the clinical manifestations of the disease, and as such provide relevant
information to facilitate the development of RSV vaccines.

8 Conclusions

Studies of host transcription profiles and gene suppression have begun to provide
insights into the host response to and regulation of RSV infection. These tools
have great potential and will, no doubt, provide many new and important insights
into our understanding of RSV disease. For example, recent studies demonstrate
that although RSV and influenza infections induce activation of common immune
pathways, the magnitude of the responses, and their patterns of activation or
suppression also demonstrate viral specific responses and on-going studies suggest
that this approach can identify biomarkers of the severity of RSV disease.
Application of these tools to expand the characterization of the immune response
to vaccines and the impact of vaccines on the host response to later infection
should be of great value in the evaluation and design of future RSV vaccines.
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Consequences of Immature and Senescent
Immune Responses for Infection
with Respiratory Syncytial Virus

Allison M. W. Malloy, Ann R. Falsey and Tracy J. Ruckwardt

Abstract Infants in the first 6 months of life and older adults ([65 years of age)
are disproportionately burdened with respiratory syncytial virus (RSV)-associated
morbidity and mortality. While other factors play a role in the risk these groups
assume, shortcomings of the immune response make a substantial contribution to
the predisposition to severe disease. Ineffectual antibody production with misdi-
rected cytokine responses and excess inflammation in the airways are common to
both groups. However, the mechanisms underlying these immune responses differ
between infants and older adults and need to be better understood. Preventative
approaches to decreasing the burden of disease are preferable to therapeutic
intervention and effective vaccination strategies will need to target the strengths of
the immune responses in these populations.
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1 Introduction: Disease Burden in Infants and the Elderly

Young age is the most significant risk factor for severe RSV disease, and infants in
the first 4 months of life are at highest risk. The first 6 months of life carry a
threefold higher risk of hospitalization than the second 6 months (Hall 2012), with
half of all hospitalizations associated with RSV infection occurring before
6 months. Although there are other risk factors for severe disease (see chapter by
C.B. Hall et al., this volume), the majority of infants hospitalized with severe RSV
disease were previously healthy with no known risk factors other than age (Boyce
et al. 2000). This suggests that the developing airway and the limitations of the
infant immune system are responsible for severe disease in otherwise healthy
infants. These factors combined with viral mechanisms of immune subversion (see
chapters by S. Mukherjee and N.W. Lukacs, S.M. Varga and T.J. Braciale, and by
S. Barik, this volume), unique genetic attributes of the host (see chapters by E.
H. Choi et al., and by R.A. Tripp et al., this volume) and environmental factors
result not only in severe disease, but may create an immunological response
pattern unique to RSV because of its proclivity to infect the youngest, most vul-
nerable infants (see chapters by S. Mukherjee and N.W. Lukacs, S.M. Varga and
T.J. Braciale, and by S. Barik, this volume).

Immunity to RSV is incomplete and reinfections occur throughout life. Gen-
erally, RSV infection in immunocompetent young adults and through mid-life
causes an upper respiratory infection reflecting a primed, healthy immune response
with efficient viral clearance. However, later in life, RSV infection can once again
result in severe disease reminiscent of illness in infants. Aging results in pertur-
bations of immune function and along with an accumulation of chronic medical
conditions leads to severe RSV illness in older populations. In this chapter, we will
review features of the immature and senescent immune response and how these
polar extremes influence the manifestations of RSV infection and prospects for
vaccination in these age groups. Interestingly, as the pendulum swings from early
to late life several deficits in the immune response are common to both including
limited access to efficient T-cell responses. The neonate has many naïve T cells but
their precursor frequency is low and more stimulation is required for activation
whereas the elderly have a high precursor frequency of memory cells against a few
pathogen-specific epitopes, but few naïve T cells to respond to new specificities
(Fig. 1). While the basis for poor antibody and cellular imune responses differ
between the young and the elderly, these deficits provide a challenge that must be
met for effective immunization of these two high risk populations against RSV.

2 Immunity in the Infant

Human newborns suffer from a higher frequency and severity of invasive micro-
bial infections compared to healthy adults (Klein and Remington 2001). Globally,
much of the burden disproportionately occurs in the neonatal period, or first
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28 days of life. In the first 5 years of life, 38 % of mortality occurs in the initial
28 days while 62 % occurs in the remaining 1,800 days, and approximately 50 %
of the mortality is clearly linked to infection (Lawn et al. 2005). The susceptibility
of neonates to infection is generally attributed to an ‘‘immature and naïve immune
system.’’ However, neonatal immune responses are also inherently different from
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those of adults’ due to critically dissimilar environmental pressures. In addition to
the developing protection against pathogens, neonates are also transitioning from
the fetal environment where dampening of fetal proinflammatory/T helper 1 (Th1)
responses is integral in preventing an alloimmune response from the mother
against the fetus which might result in fetal demise. Neonates are also transitioning
from an antigenically-limited in utero environment to an outside world rife with
new pathogens, some beneficial and others detrimental to their health. Through
infancy, the immune response is not primed to quickly respond to harmful
pathogens, but must be educated during primary exposure while allowing essential
colonization by commensal pathogens. The infant immune response is therefore
challenged with effectively balancing excess inflammation and protection from
disease. The first year of life requires both flexibility and adaptability of the infant
immune response to accommodate the diverse exposures of early life.

2.1 Neonatal Innate Immunity

Due to limited exposure to antigens in utero, the neonate must initially rely more on
innate immunity which provides early non-antigen-specific pathogen protection to
prevent infection. Thus, innate immune effector cells play a relatively larger role in
determining how neonates respond to infections compared to antigen-experienced
children and adults. Although there are multiple cells that comprise the innate immune
response, neutrophils and antigen presenting cells [APCs; monocyte, macrophage,
and dendritic cells (DC)] are instrumental in the neonatal response to infection.

2.1.1 Neutrophils

Neutrophils are the primary responders to pathogen-induced inflammation. In
newborns, there can be a quantitative as well as qualitative defect in the neutrophil
population. In the first week of life, full-term newborns have greater absolute
numbers of peripheral neutrophils than adults, which decline quickly to reach adult
levels. However, both pre-and full-term neonates have a limited capacity to
increase the production of neutrophils in response to sepsis, resulting in neutro-
penia under conditions of stress (Koenig and Yoder 2004). Neonatal neutrophils
also have functional impairments in chemotaxis and higher levels of circulating
IL-6 demonstrated in the infant may inhibit neutrophil migration to inflammatory
sites (Levy 2007). Neonatal neutrophils exhibit impairment in microbicidal
mechanisms and contain reduced amounts of antimicrobial proteins and peptides
(Levy 2007). Intracellular killing mediated by oxidase activity is impaired in pre-
term newborns in response to staphylococci, which are common neonatal patho-
gens, and in both pre- and full-term newborns in response to LPS (Levy 2007).
Extracellular killing is also deficient due to an inability to form neutrophil
extracellular traps which are lattices of extracellular DNA, chromatin, and
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antibacterial proteins that mediate capture and extracellular killing of microor-
ganisms (Yost et al. 2009). The limitations in functionality found in infant neu-
trophils present weaknesses in this arm of the innate response which may
contribute to the pathology of RSV disease.

An abundance of neutrophils in the lung is a hallmark of RSV-bronchiolitis in
neonates (Everard et al. 1994). RSV acute lower respiratory tract infection has
been found to be associated with production of TNF-a, IL-6, IL-8, RANTES, MIP-
1a, and IFN-c among others, and robust inflammatory responses in the airways
(Collins and Graham 2008). IL-8, in particular, is a potent chemoattractant for
neutrophils. Neutrophils in the airway of RSV-infected infants are highly acti-
vated, release cytokines and have delayed apoptosis which may exacerbate lung
damage (Halfhide et al. 2011).

2.1.2 Antigen Presenting Cells

APC are important in phagocytosis, cytokine production and antigen presentation
and are integral in directing the adaptive immune response. The capacity of the
neonate to produce monocytes and the number of monocytes found in neonatal
peripheral blood is equivalent to or greater than that found in adults (Weinberg
et al. 1985). However, there are qualitative defects in both monocytes and other
APCs. Migration to sites of inflammation and innate phagocytic function are
impaired in human neonatal monocytes (Marodi 2006). DCs from cord blood have
decreased TNF-a production, as well as decreased upregulation of costimulatory
molecules and stimulation of T-cells after phagocytosis of necrotic cells in com-
parison to adult dendritic cells (Levy 2007).

Comparisons of cord blood mononuclear cells (CBMC) to adult peripheral
blood mononuclear cells (PBMC) have shown differences in the way APCs
respond to RSV infection. One study compared the responses of adult PBMC to
CBMC following in vitro RSV infection. Live and inactivated RSV induced both
innate and adaptive cytokine production by adult PBMC (IL-6 [ IFN-c[ IL-
2 * TNF-a[ IL-10). Exposure of CBMC to live and inactivated RSV induced a
profile of innate cytokine production (IL-6, TNF-a, IL-10, IFN-c, and IL-12)
higher than that stimulated in adult PBMC, and an absence of adaptive cytokine
production consistent with a lack of prior exposure to RSV (Krishnan et al. 2003).
Thornburg et al. (2010) directly compared primary DCs isolated from cord blood
and adult peripheral blood following in vitro RSV infection. They found higher
TGF-b1 production in RSV-stimulated cord blood DCs. Following co-culture with
autologous T cells, adult RSV-infected DCs induced secretion of IFN-c, IL-12p70,
IL-2, and TNF-a, all of which were reduced by the addition of exogenous TGF-b1
to the cultures. Conversely, co-culture of autologous T cells with RSV-infected
cord blood DCs stimulated production of IL-4, IL-6, IL-1b, and IL-17. These
studies demonstrate that ‘‘default’’ neonatal immunity depends on innate responses
and is deficient in adaptive responses that tend to be Th2-biased providing insight
into the mechanisms underlying the reduced ability of neonates to clear RSV.
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2.1.3 Cytokine/Chemokines and Soluble Mediators

Phenotypic and stimulus-specific functional immaturities in cytokine production
are present at birth in both mice and humans (Levy 2007). Th2 polarizing cyto-
kines, such as IL-2, IL-4, and IL-6 are more frequently observed during neonatal
inflammatory responses while Th1 polarizing/proinflammatory cytokines, such as
IFN-c, IL-12, TNF-a, and INF-a, tend to be lower. Th2-skewing is thought to be
regulated by the unique neonatal responses to pathogens via pattern recognition
receptors (PRRs), of which the best studied are the Toll-like receptors (TLRs).
Basal TLR expression of full-term human neonatal blood monocytes is similar to
that of adults, however, there is reduced activation and functional consequence to
engagement of neonatal TLRs. In general, there is an impairment of Th1-polar-
izing responses to TLR agonists. Monocytes from newborns have impaired TNF-a
production in response to agonists of TLR1-7 (Levy 2007). Type I IFN production
is also decreased in neonatal APCs. Studies have shown a decreased production of
IFN-a by neonatal plasmacytoid DCs in response to polyinosinic-polycytidylic
acid (polyI:C; a TLR3 agonist) and CpG (a TLR9 agonist) and impaired IFN-b
production by neonatal monocyte-derived DCs in response to lipopolysaccharide
(LPS), a TLR4 agonist (Levy 2007). Neonatal leukocytes exhibited impaired
proinflammatory cytokine production, such as TNF-a, IL-12p70, and IFN-c in
response to LPS (Belderbos et al. 2009).

In contrast, TLR-mediated production of IL-10 (anti-inflammatory), IL-6 and
IL-23 (Th17 promoting) by neonatal APCs is enhanced relative to adult cells
(Levy 2007). One potential mechanism for these differences involves the high
level of adenosine found in neonatal cord blood plasma resulting in a 20-fold
increase in intracellular concentration of cyclic AMP (cAMP) (Levy et al. 2006).
cAMP is known to decrease LPS-stimulated production of TNFa and inhibit the
production of IFN-a, IFN-c and IL-12 while preserving IL-6, IL-10 and IL-23
expression (Levy 2007). Overall, neonatal murine and human studies have dem-
onstrated decreased Th1-polarizing/proinflammatory responses with increased
production of Th2-polarizing and anti-inflammatory cytokine production. This
cytokine/chemokine milieu is thought to promote anti-infective proteins and
peptides within the blood and at mucosal surfaces to decrease the risk of infection
during colonization, but limit proinflammatory cytokines detrimental to in utero
survival (Levy 2007).

While the early-life Th1/Th2 imbalance is necessary, it may contribute to RSV
disease in infants. A study comparing infants with severe RSV disease to those
with mild disease and uninfected controls demonstrated increases in plasma
cytokine concentrations of IL-6 and IL-8 were associated with prolonged hospi-
talization (Mella et al. 2013). Using CBMC, a prospective study demonstrated that
infants subsequently hospitalized with RSV had higher IL-6 and IL-8 production
following LPS-stimulation of CBMC. CBMC from these same infants showed
lower LPS-stimulated IL-1b, IL-2, IL-4, IL-5, and IL-10 responses than infants
that experienced a mild course following infection. Additional studies using cord
blood found IL-12 levels were significantly lower in infants who developed RSV-
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bronchiolitis following infection (Blanco-Quiros et al. 1999), and that high con-
centrations of the proinflammatory cytokines IL-8 and TNF-a in amniotic fluid are
associated with a low risk of RSV bronchiolitis in healthy term infants (Houben
et al. 2012). Both prospective studies of CBMC and studies of the peripheral blood
of infants with severe disease reiterate a propensity toward Th2-type responses and
high production of IL-6 and IL-8.

2.2 Neonatal Adaptive Immunity

Clinically severe infection among healthy children is almost always seen during
the primary RSV infection as an infant (Hall 2012). This first antigenic encounter
with RSV occurs in the absence of an RSV-specific memory response and
importantly, has the potential to direct or imprint future responses to RSV. The
initiation and function of adaptive responses to RSV are covered in detail in the
chapter by S.M. Vara and T.J. Braciale, this volume.

2.2.1 Neonatal CD4+ T-Cell

Neonatal CD4+ T-cell responses have been found to be Th2-skewed in murine
models (Adkins et al. 2004). In human neonates, both Th1 and Th2 responses are
often lower than those of adults and vaccine studies indicate a tendency toward
low INF-c production and a preference for Th2 memory responses (Wood and
Siegrist 2011). However, both murine and human neonates can develop more
adult-like Th1 responses in the setting of Th1-promoting adjuvants or mycobac-
terium bovis bacillus Calmette-Guerin vaccination (Wood and Siegrist 2011).

Detailed studies of CD4+ T-cell responses in RSV-infected human infants have
been limited. Complexities of sample acquisition combined with a dearth of
described epitopes and class II tetramer reagents to clearly identify RSV-specific
CD4+ T cells has led to relatively unrefined descriptions of canonical cytokines in
sites and samples that may contain relatively few CD4+ T cells. The ever-growing
family tree of CD4+ T-cell subpopulations further complicates matters. Of
importance, CD4+ T cells can be critical for optimal CD8+ T-cell function and the
development of mature, high-affinity B cell responses. A paucity of RSV-specific
CD4+ T-cell responses in infected infants may be one reason why RSV-specific
antibody appears to lack the durability associated with other antibody responses
(see chapter by S.M. Vara and T.J. Braciale, this volume).

2.2.2 CD8+ T-Cells

CD8+ T-cells require antigen stimulation, appropriate costimulatory and cytokine
signals to develop into CTLs. The neonatal bias toward a Th2 pattern as well as
limited or ineffectual interactions with APCs can result in deficiencies in the CTL
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response. Neonatal cord blood T cells have been found to be moderately less
effective than adult T cells as cytotoxic effector cells (Risdon et al. 1994). Poor
CTL responses were associated with a lack of protection from disease in mice
following neonatal infection with murine leukemia virus (Sarzotti et al. 1996).
However, both murine and human neonatal CD8+ T cells are capable of devel-
oping potent CTL activity under certain circumstances. Murine neonatal antigen-
specific CTLs developed in similar frequency and with similar levels of effector
function and avidity for antigen as adults following DNA vaccination (Zhang et al.
2002). In humans, potent CTL function has been detected in infants congenitally
infected with cytomegalovirus or Trypanosoma cruzi (Adkins et al. 2004).

There are relatively few descriptions of T-cell responses during severe primary
RSV infection, but two elegant studies of hospitalized infants have demonstrated
that a systemic neutrophil response precedes what appears to be a robust CD8+ T-
cell response that peaks at convalescence (Heidema et al. 2007; Lukens et al. 2010).
CD8+ T-cell responses peak in the infected infant after the height of viral repli-
cation and disease expression. Thus linking CD8+ T cells to viral clearance and
protection, and suggesting that in the setting of natural primary infection in human
infants these benefits outweigh the negative potential for immune pathology.

2.2.3 B Cell

B cell development and antibody responses in neonates differ quantitatively and
qualitatively from those generated by adults. Children younger than 18–24 months
of age are particularly susceptible to encapsulated bacteria (i.e., pneumococcus,
Haemophilus influenza type b and meningococcus) demonstrating poor T-cell-
independent B-cell responses. However, T-cell-dependent B-cell responses are
also insufficient, evident in the limited antibody response to RSV in young infants.
Vaccine studies in infants have shown that the development of detectable vaccine-
specific antibodies in the serum and the magnitude of those response are age-
dependent, and that acceleration of vaccination schedules may fail to elicit pro-
tective antibodies (Siegrist and Aspinall 2009).

The factors that determine neonatal B cell responses and antibody production
are both B cell intrinsic and environmental. Human neonatal B cells have been
shown to express lower levels of the costimulatory molecules CD40, CD80, and
CD86, which alters their sensitivity to signals received from other cells of the
immune system (Siegrist and Aspinall 2009). In addition, neonatal splenic mar-
ginal zone B cells express lower levels of CD21, which limits their capacity to
respond to polysaccharide-complement complexes in a T cell-independent fashion
(Siegrist and Aspinall 2009). Reduced levels of CD21 also support the generation
of memory B cells and impair the development of plasma cells resulting in a
decreased immediate antibody response in deference to expanding the pool of
memory B cells needed for future pathogen exposures (Siegrist and Aspinall
2009). Somatic hypermutation, which results in progressive diversification of the
IgG repertoire, and affinity maturation progressively develop after the first
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3 months of age reaching adult levels around 8 months of age (Williams et al.
2009; Ridings et al. 1998).

The development of the lymph node structure during the neonatal period also
influences B-cell responses. Follicular dendritic cells (FDCs) reside in the ger-
minal centers of lymph nodes, attract antigen-specific B cells, retain antigens in the
form of immune complexes which stimulate B cells and provide signals that lead
to somatic hypermutation and class-switching. Delayed maturation of FDCs in 7-
day old mice limits B-cell responses by impairing induction and limiting the
magnitude of germinal center responses (Pihlgren et al. 2003). Neonates often lack
durable antibody responses. The etiology is not understood in humans, however, in
mice there is a failure to establish and maintain an optimal plasma-cell pool in the
bone marrow (Pihlgren et al. 2001).

Maternal antibody (matAb) passively acquired during the third trimester of
pregnancy and through breast feeding provides surrogate immune protection to the
neonate. IgG is passed transplacentally prior to birth and IgA, IgM, and IgG are
provided through breastfeeding. The levels of circulating matAb are highest at birth,
waning quickly after the first 3 months of life and are predominantly absent after
1 year. Though matAbs can be protective, they can also suppress neonatal primary
antibody responses and impede effective vaccination. MatAbs can bind to vaccine
antigen and prevent infant B cells from accessing immunodominant vaccine epitopes
(Siegrist 2003). High titers of maternal antibody against measles have been shown to
inhibit measles vaccination in infants up to 12 months of age (Gans et al. 1999).

Transplacentally transferred RSV-specific antibodies (RSV-matAbs) are pre-
dominantly of the IgG1 subclass and can be neutralizing and have a role in early
protection against severe disease (Ochola et al. 2009). RSV-matAbs may account
for considerably lower severe infection rates among infants under 2 months of age,
and a peak of illness between 2 and 4 months of age when the waning of RSV-
matAbs outpaces the ability of an infant to generate a protective immune response.
Studies have shown RSV-matAbs wane in the early months of life. ELISA of
RSV-specific IgG in uninfected infants estimated a half-life of around 79 days or
2.5 months (Ochola et al. 2009). Due to the rapid decline of anti-RSV antibodies
even in healthy adults, there is seasonal variation in the amount of RSV-matAb
transferred such that infants born right before the RSV season when mothers have
the lowest antibody titers are more likely to be hospitalized (Stensballe et al.
2009). Premature infants, those at the greatest risk for severe manifestations of
disease, do not acquire the same levels of RSV-matAbs, particularly those born
before 28 weeks gestation (de Sierra et al. 1993).

2.3 Animal Models of Neonatal Immunity

The mouse model of RSV infection has been instrumental in studying RSV (see
chapter by P.J. Openshaw, this volume) and led to the description of several CD4+
and CD8+ epitopes in both H-2d and H-2b mice. While neonatal mice are somewhat
less permissive for infection, they offer an opportunity to compare early and late life
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immune responses (Cormier et al. 2010). The neonatal mouse model recapitulates
some aspects of early life RSV infection in humans, including relatively weak
adaptive immune responses and a Th2-bias following infection, and enhanced dis-
ease and pulmonary dysfunction result from reinfection during adulthood after
primary infection during the neonatal period (Cormier et al. 2010; Culley et al.
2002). Ripple et al. demonstrated that immunomodulation with IL-4Ra antisense
oligonucleotides during primary infection of neonatal mice prevents Th2-skewing of
the immune response and abrogates pulmonary dysfunction following adult rein-
fection. In treated mice, the mechanism for protection from disease involves
dampening of the expression of IL-4Ra on Th1 cells, which undergo apoptosis
following exposure to IL-4 produced during neonatal infection. Facilitating survival
of Th1 cells in the presence of Th2 cytokines promotes a less pathological response
following infection during adulthood of neonatally-primed mice (Ripple et al. 2010).

The neonatal CB6F1 hybrid mouse model provided the first demonstration of a
difference in CD8+ T-cell epitope hierarchy between neonates and adults infected
with the same pathogen. Adult mice infected with RSV generate a reproducible
epitope hierarchy with a strongly immunodominant KdM282–90 response. The
response to a subdominant DbM187–195 epitope is 5–10-fold lower in infected
adults. Hybrid mice infected neonatally, however, generate a codominant response
to both epitopes that appears to be due, at least in part, to intrinsic CD8+ T-cell
factors. Infection at or after day of life 10 revealed a dynamic and dramatic shift
toward an adult-like KdM282–90-dominated response demonstrating an age-
dependent change in CD8+ T-cell response (Ruckwardt et al. 2011). Current
understanding of human epitope hierarchy is limited and this unique murine model
provides opportunities to determine differential CD8+ T-cell responses between
neonates and adults, and understand how neonatal responses can be selectively
modified to generate more adult-like immune responses.

The pre-term/newborn lamb and calf models also reflect the unique immuno-
logical and developmental consequences of RSV infection of the neonate. RSV-
infected lambs demonstrate several features of human infection including apnea
(Lindgren et al. 1996). Importantly, neutrophils are rapidly recruited to the lungs
following RSV infection (Derscheid and Ackermann 2012). Unlike humans, lambs
lack transplacentally-transferred antibody. Colostrum-deprived lambs lack any
matAbs offering the ability to study intact neonatal immunity without the contri-
bution of maternally derived components. In contrast, maternally derived bRSV
antibody is transferred transplacentally and protects against severe bRSV disease
(Sacco et al. 2012).

2.4 Implications for Vaccination

Immunization approaches for RSV-naïve neonates and infants must prime for more
effective and safer immune responses than those generated following natural RSV
infection or immunization with formalin-inactivated RSV (FI-RSV), which primed
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for a pathological Th2-biased response. As discussed, responses to natural infection
are Th2-biased and complicated by early life limitations in the generation of
adaptive immunity, particularly in the development of high affinity antibodies
known to be a correlate of protection from severe disease. MatAbs and the default
limitations of the early-life immune system further complicate immunization of
infants under 6 months of age. At the age of 6 months, maturation of the immune
system allows for somatic hypermutation and the development of high affinity
antibodies, and the waning of matAbs may allow for more robust protective immune
response. Although severe infection occurs about three times as often during the first
6 months of life as the second (Hall 2012; Lee et al. 2005) making this age group an
important target population for immunization, up to 70 % of infants are still RSV-
naïve at 6 months of age, and about 50 % of RSV-associated hospitalizations in
children occur after 6 months of age. Therefore, providing effective and durable
vaccine-induced immunity for children at 6 months of age may provide protection to
this still-vulnerable population as well as younger siblings, parents or caregivers,
and the elderly, and could have a large impact on the toll of RSV (Graham 2011).

Immunizing infants before the age of 2 months would be optimal, and children
this age are capable of generating protective immunity, particularly when there is
sufficient signaling from TLR, or other PRR agonists. These types of approaches
may improve Th1 polarization of early life responses, provide immune ‘‘help’’
required to generate more effective responses and surmount the typical lackluster
adaptive responses of early life. A variety of PRRs have been studied and provide
varying responses during early life. In particular, TLR8 agonists have been shown
to be refractory to inhibition by high adenosine concentrations found in early life
and have a unique efficacy in activating human neonatal APCs (Philbin et al.
2012). B cell development and the infrastructure that supports effective antibody
production are deficient in the first several months of life making truly effective
antibody production prior to 4–6 months challenging. RSV-matAbs also present
an obstacle to early life immunization. Delay of immunization (in the case of
measles) and a series of boosting (in the case of DTaP) has resulted in effective
vaccination despite the challenges presented by matAb. Alternatively, given the
protective effects of RSV-matAbs, maternal immunization approaches may be a
viable way to increase early protection of high-risk groups of infants until they are
old enough to achieve more durable protection through active immunization.

3 The Senescent Immune Response

3.1 General Aspects of Immunosenescence

Aging is a complex process which results in a multitude of changes in immune
function rendering the host more susceptible to infection, malignancy, and auto-
immune disorders (Ponnappan and Ponnappan 2011). Age-related dysfunction of
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the innate and adaptive immune response is often referred to as ‘‘immunosenes-
cence’’ and because aging is also associated with chronic inflammation, the term
‘‘inflammaging’’ has also been used (Franceschi et al. 2007). The result of immu-
nosenescence is that older individuals experience more frequent and severe infec-
tions and respond less well to vaccination than younger persons (Gomez et al.
2008). Progress has been made in understanding the mechanisms of age-related
changes in immune function using animal models and human studies and data
clearly show that all components of the immune system are affected including;
granulocytes, monocytes, and macrophages, natural killer cells, dendritic cells as
well as B and T lymphocytes (Ponnappan and Ponnappan 2011). Less is known
about RSV-specific immunity with aging and severity of infection is undoubtedly
multifactorial with immune dysfunction only partially responsible. The role of
immunosenescence in RSV disease pathogenesis is a subject of active investigation.

3.1.1 Innate Response

Aging exerts significant effects on most aspects of the innate immune system
(Gomez et al. 2008). Although neutrophil numbers in the peripheral circulation do
not change, there is evidence that chemotaxis, phagocytic capacity, intracellular
killing efficiency, and generation of reactive oxygen intermediates are impaired in
the elderly (Gomez et al. 2008; Busse and Mathur 2010). The effect of aging on
macrophage is less clear with contradictory evidence regarding impaired chemo-
taxis and phagocytosis. Human studies have generally shown increased production
of pro-inflammatory cytokines (IL-1, IL-6, and IL-8) and some defects in the TLR-
induced cytokines have been observed (Gomez et al. 2008; Ershler and Keller
2000). With aging, Natural killer (NK) cells demonstrate an increase in mature
phenotypes with impaired cytotoxicity and decreased IL-2 and IFN-c production
(Mariani et al. 2000; Solana and Mariani 2000). In contrast to NK cells, NK T-cell
numbers are decreased and have diminished proliferation (Busse and Mathur 2010).
DCs interface between innate and adaptive immune responses and demonstrate
defective phagocytosis, diminished TLR expression and function and increased pro-
inflammatory cytokines with advanced aging (Busse and Mathur 2010).

3.1.2 Adaptive Response

T Lymphocytes

Altered T-cell function is the most profound and consistent change observed with
aging (Ponnappan and Ponnappan 2011; Busse and Mathur 2010; Haynes and
Maue 2009; Maue and Haynes 2009). By 70 years of age, the thymopoietic space
has decreased to approximately 10 % of the total thymus and output of naïve T
cells drops to 95 % of peak levels (Flores et al. 1999). Parallel with reduced naïve
T-cell output, is an increase in antigen-experienced memory cells so that the
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overall numbers of T cells in circulation is unchanged with aging (Busse and
Mathur 2010). T-cell proliferation is reduced and T cells from elderly persons have
a diminished ability to clonally expand to new antigens due to ‘‘replicative
senescence’’ or cell cycle arrest (Effros 2000). As the memory pool expands over a
lifetime of accumulated antigen experience, the ratio of memory to naïve cells
increases, and T-cell repertoire diversity is decreased (Blackman and Woodland
2011). An emerging theory of immunosenescence is that chronic CMV infection
stimulates CD8+ T cells over prolonged periods of subclinical infection resulting
in a large pool of terminally differentiated memory T cells (Blackman and
Woodland 2011). The age-related diminished CD8+ T cell repertoire leads to a
reduced ability to generate an effective CD8+ T-cell response to new viral
infections in older adults (Haynes and Maue 2009).

Thymic involution also leads to a decreased output of naïve CD4+ T cells.
CD4+ T cells in the peripheral compartment are long lived and can compensate for
decreased output however, these persistent cells accumulate intrinsic defects over
time (Maue and Haynes 2009). In mouse models, CD4+ T cells from old mice
have been shown to not form immunologic synapses with antigen presenting cells
efficiently and have less intense T-cell receptor signaling than the young mice. In
addition, after primary stimulation, CD4+ T cells from aged mice produce less IL-
2 and expand poorly compared with those from young animals. These CD4+ T
cells defects result in decreased B cell help with diminished antibody production
and germinal center formation (Haynes and Maue 2009; Maue and Haynes 2009).

In addition to diminished T-cell functional responsiveness to new antigens, there
is a shift in the cytokine profile from a predominantly Th1 (IL-2, IFN-a) type
response to a Th2 (IL-4, IL-10) type response (Ponnappan and Ponnappan 2011;
Sandmand et al. 2002). Th17 cells are a subgroup of T cells that are differentiated
from naïve T cells in the presence of IL-6. Possibly because IL-6 expression is up
regulated with aging, Th17 cells and IL-17 expression are also increased (Busse and
Mathur 2010). IL-17A and IL-17F are felt to be important in airway hyper-
responsiveness and may account for asthma onset in older age. Finally, regulatory T
cells (Tregs) suppress several effector functions of T-cell subsets including Th1,
Th2, and Th17. Tregs are an important protection against autoimmune disease but
can lead to immunosuppression if dysregulated (Busse and Mathur 2010). Investi-
gations of Tregs in older adults have yielded inconsistent results with some inves-
tigators noting similar numbers of Tregs in young and old volunteers, but with
increased inhibitory function in cells from the elderly (Ponnappan and Ponnappan
2011). However, other studies show evidence of increased numbers of circulating
Tregs in older adults (Ponnappan and Ponnappan 2011; Lages et al. 2008).

B Lymphocytes

The ability to generate new naïve B cells from bone marrow appears to diminish
with increasing age (McKenna et al. 2001). As with T cells, the B-cell compart-
ment is largely composed of antigen experienced B cells or CD27+ B (memory)
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cells (Ademokun et al. 2010). The numbers and percentages of switched memory
B cells (IgD-CD27+) are also reduced in the elderly. Despite reduced numbers of
naïve B lymphocytes, serum immunoglobulin levels remain relatively unchanged
with age (Ponnappan and Ponnappan 2011). Antibodies from older people may
have lower affinity and higher levels of circulating auto antibodies are noted in the
elderly. Because of diminished T-cell help, immunity is retained to pathogens
where immunity was acquired early in life, but there is a limited ability to generate
an effective antibody response to new antigens (Maue and Haynes 2009). For
example, protective antibodies can be found in elderly survivors of the 1918
influenza pandemic, but those same individuals would mount a poor response to
vaccination with a novel antigen such as avian influenza (Ponnappan and Pon-
nappan 2011; Maue and Haynes 2009).

3.2 RSV Specific Immunosenescence

Immunity to RSV infection is incomplete and reinfections occur throughout life.
As previously noted, the increased severity of RSV disease observed in the elderly
is likely multifunctional and partially related to chronic underlying medical con-
ditions and functional disability (Walsh et al. 2004; Falsey et al. 2005). Thus,
sorting out changes in immune function specifically related to the effects of aging
without the confounding effects of comorbidities can be challenging. Nonetheless,
the numerous age-related changes in immune function outlined above are likely at
play in RSV disease pathogenesis in older adults.

3.2.1 Humoral Immunity

As in children, the presence of neutralizing mucosal and serum antibodies is felt to
be beneficial in the prevention of and amelioration of RSV illness in older adults,
although precise correlates of protection are lacking (Hemming and Prince 1992).
All adults have experienced multiple RSV infections during life and thus all have
detectable serum binding and neutralizing antibody (Henderson et al. 1979; Walsh
and Falsey 2004). Frail elderly persons attending day care who became RSV
infected during a 2-year surveillance study had significantly lower serum neu-
tralizing antibody titers than did their uninfected counterparts (Falsey and Walsh
1998). These findings were confirmed in a larger cohort of community dwelling
older persons where RSV-infected subjects were noted to have significantly lower
mucosal antibody, IgG to the fusion (F) and attachment (G) proteins of RSV as
well as lower neutralizing antibody titers than those without RSV infection (Walsh
and Falsey 2004). In the same study, low RSV-specific nasal IgA was indepen-
dently associated with risk of RSV infection.

Low serum and nasal antibody levels have also been identified as risk factors
for severe disease (Walsh et al. 2004; Duncan et al. 2009; Luchsinger et al. 2012).
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Using logistic regression, a number of clinical variables were assessed as risk
factors for hospitalization with RSV infection and the presence of chronic pul-
monary disease (OR 4.0), functional disability (OR 1.7) and serum neutralizing
antibody titer \10 log 2 (OR 5.9) were independently associated with risk of
hospitalization (Walsh et al. 2004). A more recent study conducted in Santiago,
Chile described similar findings with twofold lower serum neutralizing titers found
in patients hospitalized with RSV infection compared to those hospitalized for
other reasons (Luchsinger et al. 2012). Finally, nasal IgA levels were found to be
significantly lower in 32 older adults hospitalized with RSV infection compared to
26 more mildly ill outpatients (Duncan et al. 2009).

The evidence to date indicates that antibody is important in the protection of
older adults from infection and severe disease with RSV. However, it does not
appear that there is a specific deficiency in RSV humoral immunity with aging.
Agius and colleagues noted that elderly residents who were infected with RSV
during a nursing home outbreak mounted vigorous RSV specific IgA and IgG
responses (Agius et al. 1990). In addition, baseline serum antibody levels and rates
of antibody decay have been shown to be comparable in healthy young and older
adults (Falsey et al. 1999; 2006). Of note, frail elderly enrolled in a senior day care
program (mean age 80 years old) had comparable neutralizing titers but signifi-
cantly higher binding antibody to F and G proteins than healthy young and older
adults (Falsey et al. 1999). This finding may indicate more recent RSV infection
due to communal living or could represent the production of greater nonfunctional
antibody with very advanced age.

Interestingly several studies have shown that older adults have a more vigorous
antibody response after natural RSV infection compared to young adults (Falsey
et al. 1999; Walsh and Falsey 2004). Not only was the magnitude of the response
greater in the elderly, the percentage of subjects demonstrating[fourfold rises in
antibody was significantly greater in the older age group (Walsh and Falsey 2004).
Studies of the kinetics of antibody secreting cells (ASC) in RSV-infected adults
have shown that ASCs can be detected in circulation longer in subjects with
prolonged viral shedding (Lee et al. 2010). In addition, antibody responses are
greater in more severely ill patients suggesting that antigen load may be a driving
factor (Murata et al. 2010).

3.2.2 Cellular Immunity

Aging related changes in the RSV specific cellular immune response are pre-
sumed, however, at the present time direct evidence is sparse. Several rodent
models support the concept of diminished RSV-specific T-cell function with aging
as do the few human studies that have been conducted. The first investigation of
RSV-specific cellular immunity was undertaken by Zhang et al. in 2001 using a
BALB/c mouse model where young (2–4 months old) and aged (22–24 months
old) mice were infected with RSV A2 (Zhang et al. 2002). Viral load in the nose
was not different; however, a trend toward higher RSV titers in the lungs of aged
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mice was noted. Splenic lymphocytes from old mice exhibited significantly lower
RSV specific MHC class I restricted CD8+ T lymphocyte responses as measured
by chromium release assay. In addition, T cells from aged mice produced sig-
nificantly less IFN-c and slightly more IL-4 compared to young mice infected with
RSV. Boukhvalova et al. using the cotton rat model examined the effect of age on
viral clearance and cytokine expression (Boukhvalova et al. 2007). Although direct
measures of T-cell function were not made, they noted young rats cleared virus
more efficiently, shedding 2 days less than old rats. Corresponding to the differ-
ence in viral clearance, mRNA expression of cytokines was delayed in the aged
animals. Peak levels of IFN-c, IL-4, IL-10, IL-6, monocyte chemo-attractant
protein 1 (MCP 1) were similar, whereas growth-regulated oncogene (GRO)
mRNA transcripts were more abundant in the lungs of aged cotton rats compared
to young animals. A study by Liu using an aging accelerated mouse model found
old mice had significantly greater clinical illness with higher viral titers in lung and
more prolonged viral shedding compared to the young (Liu and Kimura 2007).
Additionally, old mice had delayed and decreased IFN-c and increased IL-4 levels
in the lung. Cytotoxic T-cell and NK-cell activity was also significantly dimin-
ished. Bronchoalveolar lavage fluid levels of RSV-specific IgG were not different
but IgA levels were significantly lower in the aging accelerated mice. Although the
rodent models are limited in their application to the elderly human since rein-
fection has not been studied, the data are overall consistent with the concept of
diminished RSV CTL activity and skewing of the Th1 to Th2 response as a result
of aging.

Investigations of RSV specific T-cell function in humans are few, however,
several small studies show similar changes in human T-cell function with age that
have been observed in the RSV rodent models. In a study of healthy young (mean
age 31 years) and older (mean age 75 years) adults, IFN-c production from
PBMCs was compared (Looney et al. 2002). In both young and old, IFN-c ELI-
Spots were significantly greater with influenza-stimulated cells compared to RSV.
Of note, significantly fewer IFN-c ELISpots were observed in response to RSV
from older subjects compared to the young, whereas no difference was noted for
influenza. A Dutch study of 31 adults demonstrated elderly persons retained
functional RSV-specific CD8+ memory T cells, but the frequency of these cells
was significantly lower in than young subjects (de Bree et al. 2005). In addition,
the RSV-specific CD8+ memory T-cell pool was considerably smaller than that of
the influenza specific CD8+ memory T-cell pool. Interestingly, a study by Lee
et al. found no difference in the frequencies of CD4+ IL-10, and CD4+ and CD8+
IFN-c-secreting memory T cells specific for either RSV or influenza (Lee et al.
2005). However, the ratio of IL-10/IFN-c in response to RSV stimulation was
significantly reduced in the elderly. Lastly, age-related T-cell immune response
was examined in 45 healthy volunteers, ages 20–65 years old (Cusi et al. 2010).
Older subjects showed a significant increase in Treg cells and a marked decrease in
long-lasting RSV-specific CD8+ memory T-cell precursors. In addition, cytokine
expression was also altered in cells from elderly donors with a decrease in IFN-c
and TNF-a and increased IL-10 expression after stimulation with RSV.
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In summary, RSV disease pathogenesis in older adults is likely due to a com-
bination of factors including underlying medical conditions, physical frailty and
immunosenescence. Although low serum and mucosal antibody titers are risk fac-
tors for infection and severe illness, the RSV-specific humoral immune response
appears relatively intact with aging. Thus, subunit vaccine candidates to stimulate
serum neutralizing antibody to RSV may be valuable in this age group. However,
animal and human data also indicate that defects in cellular immunity and a shift
from a Th1 to Th2 dominant immune response likely explain some of the severe
disease manifestations in this population. The addition of adjuvants or alternative
methods of vaccination to enhance RSV-specific cellular immunity may provide
additional benefits given the cellular immune deficits associated with aging.

4 Conclusion

Our current ability to manipulate early life and late life immune responses to
overcome the defects described above is limited making effective vaccination of
these susceptible populations challenging. During early life, the immune response
is dynamically changing in an age-dependent manner resulting in differing
responses to vaccination throughout the first year of life, while people late in life
experience difficulty with effective responses to new pathogens as well as to those
they have previously overcome.

A lack of specific and effective antibody responses is a risk factor for severe
RSV found in both of these susceptible segments of the population. Poor germinal
center infrastructure and decreased B-cell help are common to both. Neonates are
also challenged to create antibody responses in the setting of competing matAbs.
Deficiencies in T-cell immunity may contribute to failure to efficiently clear virus
for both populations. The Th2 cytokine-biased response common to both groups
may also decrease effective cellular responses and misdirect inflammatory
responses.

Vaccination for both populations is likely the most effective route to prevent
RSV morbidity and mortality. Neonates are hampered by an inability to produce
durable high-affinity antibody and some adaptive cellular responses to RSV in the
first 4–6 months of life. After 6 months of age, neonates generate more robust
humoral and cellular immune responses making this age group an easier target for
vaccine design. For those late in life, waning immune responsiveness must be
manipulated or coaxed into achieving protective RSV responses. Live-attenuated
vaccines, which are still under active evaluation in infants, result in limited rep-
lication in those who have previously been exposed and therefore are not a good
platform for immunizing the elderly. RSV protein vaccines may be better at
generating neutralizing antibodies for those later in life, particularly as native
glycoprotein structures are elucidated (see chapter by J.S. McLellan et al., and by
T.G. Morrison and E.E. Walsh, this volume). Alternatively viral-like particles may
provide effective vaccination that could be given periodically to maintain
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immunity (see chapter by T.G. Morrison and E.E. Walsh, this volume). Finally,
enhancement of RSV-specific cellular immunity through adjuvants may improve
viral clearance given the known deficits in cellular immunity in the aging.
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Respiratory Syncytial Virus Disease:
Prevention and Treatment

Helen Y. Chu and Janet A. Englund

Abstract Respiratory syncytial virus (RSV) is one of the most clinically impor-
tant viruses infecting young children, the elderly, and the immunocompromised.
Over the past decade, the most significant advance in the prevention of RSV
disease has been the development of high-titered antibody products. Infection
control is the only other strategy to prevent RSV disease. A humanized mono-
clonal antibody directed against the fusion (F) protein palivizumab, (Synagis�,
MedImmune, Inc., Gaithersburg, MD), is given routinely on a monthly basis to
premature infants and young children less than 24 months of age with underlying
medical problems including prematurity, chronic lung disease, or cardiac disease
to prevent RSV disease and hospitalization. Other products utilizing polyclonal or
monoclonal antibodies or antibody fragments against the F protein have been
developed and some already tested in patient populations. The only licensed
antiviral treatment available today is ribavirin, a guanosine analogue generally
administered as a small particle aerosol to immunocompromised patients with
lower respiratory tract disease due to RSV. This drug has also been utilized in oral
and intravenous forms, again mainly in immunocompromised patients. Promising
new antiviral agents under development by multiple pharmaceutical and bio-
technology companies include small molecule fusion inhibitors, attachment
inhibitors, inhibitors of RNA synthesis, and small interfering RNA particles
(siRNA).
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1 Introduction

Respiratory syncytial virus (RSV) is the most important cause of viral lower
respiratory tract infections (LRTI) in children, and the second leading cause of
death from respiratory viral infections in the elderly (Falsey et al. 2005; Nair et al.
2010). The majority of RSV infections occur in previously healthy children, and
re-infections are common throughout a person’s lifetime (Macartney et al. 2000).
In most cases, RSV manifests as a self-limited upper respiratory tract infection and
is treated symptomatically without requiring hospitalization or RSV-specific
treatment. Populations at risk for progression to lower respiratory tract disease
include infants, particularly under age 6 months, elderly adults, and persons of all
ages with compromised cardiac, pulmonary or immune systems (Hall et al. 2009).
The risk of progression to serious LRTI is especially high in hematopoietic stem
cell transplant (HSCT) recipients, lung or heart transplant recipients, and patients
with underlying pulmonary disease or severe underlying acquired or congenital
immunodeficiencies. (Falsey et al. 2006; Ghosh et al. 2000). These populations
could benefit the most from RSV-specific prophylaxis and/or treatment (Whimbey
et al. 1995).

RSV is a single-stranded RNA paramyxovirus with a genome that encodes 11
proteins. Drug targets include the two surface glycoproteins, the flusion (F) and
attachment (G) glycoproteins, as well as the viral polymerase (L) protein. The
RSV G and F glycoproteins participate in viral attachment and fusion to host cells.
The G glycoprotein is present on both the membrane surface, where it facilitates
viral attachment to ciliated epithelial cells, and in a secreted form. In its secreted
form, the G glycoprotein may serve as a decoy that increases lymphocyte
migration and inflammation (Bukreyev et al. 2008). The F glycoprotein is

236 H. Y. Chu and J. A. Englund



responsible for fusion to the target cell. Upon attachment of the viral membrane,
the F glycoprotein undergoes a conformational change that allows the viral and
cell membrane to fuse together and allow viral entry. The F-protein exists in a pre-
triggered state prior to attachment to a target cell, at which point it enters into a
post-triggered conformational state that allows for membrane fusion between the
target cell and virion (Costello et al. 2012). Antibody responses to the F protein are
broadly reactive across RSV strains while those to G tend to be group-or strain-
specific (Johnson et al. 1987). There are two major antigenic groups of RSV
isolates, A and B, and multiple strains within each group.

2 Prevention

Transmission occurs through auto-inoculation of mucous membranes with secre-
tions acquired from infected persons or fomites, as well as through aerosolized
droplets (Hall and Douglas 1981) (see chapter by C.B. Hall et al., this volume).
RSV is efficiently transmitted from infectious respiratory secretions. These
secretions may contain virus for prolonged periods of greater than 7 days, par-
ticularly in infants experiencing their first infection or in immunocompromised
adults (Hall et al. 1975). Prevention of disease acquisition can be accomplished
through frequent handwashing as well as restriction of childcare attendance during
RSV season (American Academy of Pediatrics Subcommittee on Diagnosis and
Management of Bronchiolitis 2006). Breast milk has both neutralizing activity and
RSV-specific antibodies against RSV (Toms et al. 1980), and appears to have a
protective effect against hospitalization for RSV disease. One study showed that
breastfeeding was associated with decreased risk of hospitalization for RSV dis-
ease among children under 3 years of age in Quebec, although a study from
Argentina found that breastfeeding was only protective for female infants (Pap-
enburg et al. 2012; Libster et al. 2009). By contrast, passive tobacco smoke
exposure is associated with increased risk of RSV hospitalization (Singleton
1996).

2.1 Infection Control Measures

Prevention of nosocomial outbreaks of RSV is important in any setting where
patients are at increased risk from RSV infection. HSCT recipients are at
exceedingly high risk and infection control has been demonstrated to be best
accomplished for these patients through use of a multi-faceted infection control
strategy. Routine infection control precautions in HSCT wards include staff edu-
cation, strict attention to good handwashing practices, use of gowns and gloves,
and screening of symptomatic patients and hospital personnel with rapid diag-
nostic tests (Isaacs et al. 1991). Compliance is the key to effective infection
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control; staff education concerning the epidemiology and modes of transmission of
RSV disease has been shown to be an effective intervention when coupled with
other infection control measures (Macartney et al. 2000). The use of gown and
glove precautions, as compared to standard precautions, was associated with a
relative risk of 0.34 nosocomial infections during RSV season in an inpatient
infant and toddler ward (Leclair et al. 1987). Screening for RSV on admission with
subsequent assignment to a RSV-infected or RSV-uninfected cohort reduces
nosocomial transmission rates in the pediatric inpatient population (Krasinski et al.
1990). Use of surgical masks and eye protection may also reduce nosocomial
transmission. Other measures recommended in outbreak settings include restrict-
ing personnel caring for RSV-infected patients from caring for RSV-uninfected
patients and restricting symptomatic staff and visitors from patient contact (Tablan
et al. 2004). A study evaluating a multi-faceted infection control strategy in a
hematoipoietic stem cell transplant unit showed that a combination of rapid
diagnosis and isolation of RSV-infected patients, therapy with ribavirin, restriction
of visitors and staff with respiratory symptoms from visiting or working in a bone
marrow transplant unit, and use of masks and gloves was effective in reducing the
incidence of RSV infection by 77% (Garcia et al. 1997). The Fred Hutchinson
Cancer Research Center in Seattle, Washington, U.S.A. currently utilizes a mul-
tifaceted strategy of infection control during RSV outbreaks that includes strict
hand hygiene, employee symptom screening and testing, patient testing and iso-
lation, restriction of visitors with respiratory symptoms, and closure of schools and
classes. Centers for Disease Control guidelines recommend use of standard and
contact precautions in infants, young children, and immunocompromised adults
diagnosed with RSV, as well as hand hygiene, cohorting or use of single patient
rooms, visitor screening, and sterilization of shared surfaces (Tarrac 2008).

2.2 RSV-Specific Prophylaxis and Treatment

Prevention and treatment of RSV is hindered by the lack of effective antiviral
therapy. Only prophylactic therapy with palivizumab, an RSV-specific humanized
monoclonal IgG antibody product, is licensed for the prevention of RSV in high-
risk infants. This is expensive and needs to be administered by monthly injections.
Ribavirin is a broad antiviral agent that is approved for treatment of RSV infection
in high-risk young children, and is currently utilized mainly in high-risk individ-
uals such as hematopoietic stem cell transplant recipients, particularly allogeneic
stem cell transplant recipients with severe lymphopenia. The evidence to support
its efficacy for treating RSV in otherwise healthy children is limited, and its routine
use is not recommended by the American Academy of Pediatrics. New prophy-
lactic therapies in development include small interfering RNAs as well as fusion
inhibitors and functional domains of neutralizing antibodies.
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2.2.1 Polyclonal Antibody Prophylaxis

Historically, it was observed that infants with high titers of maternally derived
RSV-specific antibody were protected from severe disease, though it was unknown
whether maternal antibody directly protected against disease or served as a proxy
for another mechanism of protection (Glezen et al. 1981). In the early 1990s, two
trials were performed to evaluate the role of monthly infusions of intravenous
immunoglobulin (IVIG) to prevent RSV disease in high-risk infants. The safety of
human IVIG administered to infants with congenital heart disease was determined
by administering monthly IVIG, monitoring for side effects and measuring pro-
tective antibody levels after infusion (Groothuis et al. 1991). Antibody titers of
1:100 were achieved after infusion of IVIG, though 12 of the 23 patients devel-
oped RSV disease in the following 2 seasons. Meissner et al. (1993) performed a
randomized controlled trial of IVIG versus placebo in 49 infants with broncho-
pulmonary dysplasia or severe congenital heart disease over the course of two
RSV seasons. Equal numbers of culture-proven RSV disease were documented in
both groups, though the duration of hospitalization was shorter (35 versus 51 days)
in the IVIG group. The results from these initial studies guided the development of
RSV-specific immunoprophylaxis regimens.

High-titered RSV intravenous immunoglobulin (RSV-IVIG; RespiGam�,
MedImmune, Gaithersburg, MD, USA) was developed in 1996 as the first RSV-
specific immunoprophylaxis agent. It was developed from pooled serum from
donors with high RSV-specific neutralizing antibody titers, with five times greater
activity against RSV than standard IVIG. It also contained less fluid volume, and
thus a shorter infusion time. In a randomized double-blind placebo controlled
multicenter trial in the United States, RSV-IVIG administered monthly reduced
the incidence and duration of hospitalization of infants with bronchopulmonary
dysplasia and/or a history of prematurity by 41 and 53% respectively, as well as
the frequency and duration of intensive care unit stay and mechanical ventilation
(The PREVENT Study Group 1997). However, use of RSV-IVIG in children with
congenital heart disease was initially associated with fluid overload, oxygen
desaturation, and fever (Groothuis et al. 1993). Among children with cyanotic
congenital heart disease in a follow-up study, more cyanotic events and poor post-
operative outcomes occurred among the RSV-IVIG group, thereby initially
excluding these children as a target population for receipt of RSV-IVIG (Simoes
et al. 1998). Other concerns regarding RSV-IVIG use was the potential interfer-
ence with live vaccine immunogenicity, the potential source of bloodborne
pathogens, and the requirement of intravenous access for monthly administration.
RSV-IVIG has now been replaced by the anti-RSV neutralizing monoclonal
antibody described below and is no longer available.

The use of IVIG or RSV-IVIG therapy for RSV treatment has not been well
studied in HSCT populations, and it is not routinely recommended. A study
evaluating RSV-IVIG prophylaxis in a high-risk adult HSCT recipients was
underpowered to show efficacy (Cortez et al 2002). Pooled IVIG as a mechanism
to prevent cytomegalovirus or bacterial infections has not been shown to have an
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effect on mortality, and its effects specifically on prevention of RSV infection in
the post-transplant setting is unknown (Cordonnier et al. 2003).

2.2.2 Monoclonal Antibody Prophylaxis

Pediatric Populations

Palivizumab (Synagis�, MedImmune Vaccines, Inc., Gaithersburg, MD) is a
humanized murine monoclonal antibody targeting the fusion protein of RSV that
has both neutralizing and fusion inhibitory activity against RSV. Palivizumab and
subsequent monoclonal antibodies produced by MedImmune that recognize anti-
genic sites on the F protein are associated with broad neutralization across multiple
strains.

In 1998, palivizumab was licensed for use in prophylaxis of young children
under two years of age with high risk conditions including birth at or before
35 weeks gestation, chronic lung disease of prematurity, and hemodynamically
significant heart disease. Palivizumab is given every 30 days as an intramuscular
or intravenous injection at a dose of 15 mg/kg. Two major randomized placebo
controlled trials have evaluated the efficacy of palivizumab. The first trial, the
RSV-IMpact trial, focused on children two years or younger with chronic lung
disease requiring medical therapy with supplemental oxygen, bronchodilators,
diuretics, or corticosteroid therapy within the last six months, as well as children
born at 35 weeks gestation or less who were six months of age or younger at the
start of RSV season. In this study, use of palivizumab was associated with a 55%
rate reduction in RSV-related hospitalization (The Impact-RSV Study Group
1998). The Cardiac Synagis Study Group performed a study showing that pali-
vizumab prophylaxis was associated with a 43% rate reduction of RSV-related
hospitalizations among children with hemodynamically significant congenital
heart disease, without the side effects noted in the RSV-IVIG trials (Feltes et al.
2003). Palivizumab has not been shown to have a significant effect on mortality in
clinical trials. A cohort study examining palivizumab prophylaxis in premature
infants without chronic lung disease showed reduction in clinician-diagnosed
recurrent wheezing in the palivizumab prophylaxis group as compared to the group
that did not receive palivizumab prophylaxis (Simoes et al. 2007). A recent study
showed that among infants receiving palivizumab, those with underlying medical
disorders including Down’s syndrome and cystic fibrosis were at higher risk for
respiratory illness compared to premature infants and were at equivalent risk for
RSV hospitalizations (Paes et al. 2012). This suggests that the criteria for pali-
vizumab administration may need to be expanded to include this population.

The cost and method of administration of palivizumab are limiting factors in its
use. Although various studies have reported on cost-effectiveness of this agent in
various populations, one recent cohort study of infants under one year of age
enrolled in Medicaid who did or did not receive palivizumab prophylaxis showed
that administration of palivizumab in infants born at 32-35 weeks gestation was
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not a cost-effective intervention in this group. Using Medicaid reimbursement rates
in 2003, the cost-per-person was $5117 USD in the prophylaxis group and $371
USD in the non-prophylaxis group, factoring in the cost of RSV prophylaxis and/
or treatment (Wegner et al. 2004). The cost of palivizumab at our institution in
2012 is $2,800 per single 100 mg vial (personal communication, R. Jain Univ.
Washington). The administration of palivizumab by monthly subcutaneous
injection may also be problematic in terms of adherence. Studies of home-based
palivizumab administration have shown lower rates of receiving all doses in a
timely fashion and increased rates of RSV-associated hospitalizations compared to
children receiving palivizumab in clinic-based programs (Frogel et al. 2008).

Currently, palivizumab is administered monthly in up to five doses at 15 mg/kg.
Five monthly doses are associated with protective serum antibody levels lasting
greater than 20 weeks. Doses should continue to be administered even if the infant
acquires RSV infection; multiple strains co-circulate during each season and it is
possible that re-infection may occur with a different strain.

The American Academy of Pediatrics (AAP) recommends that premature
infants born at 28 weeks gestation or earlier may receive prophylaxis during RSV
season in their first year of life. Premature infants born between 29 and 32 weeks
gestation may receive prophylaxis during RSV season in their first six months of
life; however, once therapy is initiated, five monthly doses should be administered.
Specific conditions that are eligible for administration of palivizumab in children
up to 24 months include chronic lung disease as well as those with certain other
high risk cardiopulmonary conditions. Though concern about the emergence of
RSV resistance in recipients of palivizumab has been raised, a surveillance of RSV
isolates from 458 infants did not show evidence of resistant mutants (DeVincenzo
et al. 2004).

The AAP updated their recommendations in 2009 (American Academy of
Pediatrics 2009), with newer guidelines recommending initiation of immunopro-
phylaxis based on the onset of RSV season in specific regions of the country. Other
2009 updates include recommendations that premature infants born between 32
and 35 weeks gestation who are under three months of age at the start of RSV
season should receive prophylaxis if they also fulfill one of two risk criteria:
attendance at childcare or presence of sibling under the age of five at home.
However, these infants should receive prophylaxis only until they reach three -
months of age or have received a maximum of three doses.

Hematopoietic Stem Cell Transplant Populations

The use of palivizumab for prophylaxis in the immunocompromised adult and
pediatric populations is not well studied. The 2009 international HSCT guidelines
recommend immunoprophylaxis in young children undergoing HSCT, though
there are no controlled data to support this recommendation (Tomblyn et al. 2009).
The American Academy of Pediatrics also suggests the use of palivizumab in
children with severe combined immunodeficiency or children under the age of two
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with HSCT or lung transplantation. Palivizumab prophylaxis in adult HSCT
recipients is associated with decreased progression from URTI to LRTI in small
studies (Boeckh et al. 2001), though larger randomized controlled trials are needed
to accurately assess its impact on disease. Palivizumab was included in infection
control measures used to successfully control an RSV outbreak in the bone marrow
transplant setting. Its role in controlling the outbreak was not studied.

3 Treatment

Treatment for RSV is usually reserved for patients with lower respiratory tract
disease, or to prevent progression from upper respiratory to lower respiratory tract
infection in a subset of high-risk individuals. Populations requiring treatment for
RSV bronchiolitis or pneumonia include hospitalized infants and children and
HSCT recipients, as well as lung transplant recipients. Those at particularly high
risk include patients with severe lymphopenia, recipients of allogeneic stem cell
transplants, and lung transplant recipients (Boeckh et al. 2005). Treatment options
include supportive care with supplemental oxygen and mechanical ventilation as
well as pharmacotherapy with bronchodilators, corticosteroids, ribavirin, and
intravenous immunoglobulin. Studies of adult healthy volunteers and hospitalized
infants have shown that RSV viral load correlates with disease severity and
symptom score, and that peak viral load and symptom score occurs a median of
three days after onset of infection (DeVincenzo et al. 2010; El Saleeby et al.
2011), although similar data is not yet available in immunocompromised patients.
Treatments that are initiated after patients are admitted to the hospital may not be
as effective, particularly if they target viral load reduction as a mechanism of
action. Treatment options for RSV disease, with dosing, side effects, and contra-
indications, are outlined in Table 1.

3.1 Supportive Care

Supplemental oxygen is customarily used when oxygen saturations are less than
90%. Mechanical ventilation for respiratory failure is required occasionally as
well, particularly among infants as well as immunocompromised children and
adults. Extracorporeal membrane oxygenation (ECMO) has also been used suc-
cessfully to treat severe cases of RSV pneumonia in children (Khan et al. 1995).
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3.2 Pharmacotherapeutic Agents

3.2.1 Nonspecific Agents

Bronchodilators are indicated when evidence of lower airway obstruction exists, as
manifested by wheezing or respiratory failure. A prospective nonrandomized trial
of infants on mechanical ventilation secondary to respiratory failure from RSV
demonstrated that 45% had significant improvements in lung function after
administration of albuterol, though 50% had no benefit (Hammer et al. 1995).
Corticosteroids have not been shown to be beneficial in treatment of RSV LRTI.
Two randomized controlled trials demonstrated no benefit to nebulized or intra-
venous corticosteroids among hospitalized infants with RSV bronchiolitis (van
Woensel and Vyas 2011). Nebulized budesonide given in the acute phase of RSV
bronchiolitis did not decrease hospitalization duration, medical visits, or re-
admission rates. Intravenous dexamethasone administered to children mechani-
cally ventilated for severe RSV-associated LRTI with both mild and severe oxy-
genation abnormalities did not reduce duration of mechanical ventilation. There
have been no randomized controlled trials examining the use of corticosteroids in
adults.

Hypertonic saline has been studied as a mechanism to decrease airway edema in
bronchiolitis. In a meta-analysis of four trials evaluating hypertonic saline for
acute viral bronchiolitis in children up to 24 months of age, the use of hypertonic
saline was associated with a significant reduction in length of hospital stay and
reduction of severity score. This has not yet been reported specifically for RSV
bronchiolitis (Zhang et al. 2008).

3.2.2 Licensed Antiviral Agents

Ribavirin is a broad spectrum antiviral guanosine analogue that is active against
RSV and other RNA viruses through multiple mechanisms that limit viral tran-
scription. Perhaps due to the multiple mechanisms of action, RSV resistance to
ribavirin has not been documented and this drug is used routinely in the laboratory
as a standard to assess antiviral activity. Ribavirin has been documented to be
teratogenic in rodents, and therefore it is generally contraindicated in pregnant
women. Ribavirin may be administered in aerosolized, intravenous or oral for-
mulations but is most commonly used in aerosolized form. It is administered either
continuously or intermittently using a small particle aerosol generator via face
mask in a scavenging tent to prevent environmental contamination. A standard
dose is 20 mg/mL (6 g reconstituted with 300 mL of sterile water) administered
for 12–18 h/day for 3–7 days, although it is frequently administered in a high-
dose, short duration protocol as 60 mg/mL (6 g reconstituted with 100 mL of
sterile water) given for 2 h every 8 h, for a total of 6 h daily (Chemaly et al. 2012).
Aerosolized ribavirin is frequently administered for longer periods of time in
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patients with severe lower respiratory tract disease. Side effects of aerosolized
ribavirin may include cough, dyspnea, fatigue, headache, insomnia, nausea, and
anorexia; pretreatment with bronchodilators may ameliorate some of the bron-
chospasm and bronchoconstriction associated with aerosol administration. Riba-
virin has been associated with deterioration of respiratory function in some
patients with chronic obstructive pulmonary disease or asthma. In mechanically
ventilated patients, aerosolized administration may lead to malfunction or
obstruction of the expiratory valve of ventilators, leading to high positive-end-
expiratory pressures.

Intravenous ribavirin may be considered when there is concern for poor lung
penetration due to consolidative pneumonia (Shah and Chemaly 2011). Side
effects include hemolytic anemia when given in high doses, as well as leukopenia
and hyperbilirubinemia. In a Phase I study of intravenous ribavirin for HSCT
recipients with RSV pneumonia, the dose administered included a loading dose of
35 mg/kg of body weight in three divided doses, followed by a maintenance dose
of 25 mg/kg/day given in three divided doses every 8 h for 6 more days. In this
study, two of ten patients developed acute hemolysis requiring discontinuation of
the drug, and only two of ten patients survived (Lewinsohn et al. 1996).

Oral ribavirin has decreased bioavailability compared to aerosolized ribavirin,
but is more convenient to administer. This formulation has been associated with
hemolytic anemia and nausea. There is concern about its penetration in the setting
of graft versus host disease in HSCT recipients, and studies have shown poorer
outcomes with oral versus inhaled ribavirin in HSCT patients. In one study of lung
transplant recipients with RSV LRTI, use of oral ribavirin in combination with
corticosteroids was associated with no complications or deaths, and cost $700 as
compared to $14,000 for aerosolized ribavirin therapy (Pelaez et al. 2009).

In a meta-analysis, no statistically significant differences in mortality, duration
of hospitalization or ventilation were associated with use of ribavirin in pediatric
populations (Ventre and Randolph 2004). The AAP no longer recommends its
routine use in the pediatric population. However, ribavirin is commonly used in the
HSCT setting where RSV is associated with a mortality of up to 80% if untreated.
(Kim et al. 2007). The data to support its use are largely based on single-center
observational trials showing improvements in mortality among patients infected
with RSV following HSCT. A prospective multicenter randomized clinical trial
examining ribavirin to prevent progression from upper respiratory to lower
respiratory tract disease among HSCT recipients showed that preemptive ribavirin
therapy is safe and could reduce viral load over time, although the study was
limited by low patient accrual (Boeckh et al. 2007). Among lung transplant
recipients, receipt of ribavirin has been observed to be associated with favorable
outcomes (Wendt et al. 1995).

Combination ribavirin and immunoglobulin therapy has been utilized in
immunocompromised patients with severe RSV disease, including HSCT and lung
transplant recipients. Cotton rat models have demonstrated decreased lung viral
titers after combination treatment with IVIG and ribavirin, as compared to treat-
ment with placebo or either agent alone. (Gruber et al. 1987). In uncontrolled trials
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of HSCT and lung transplant recipients with severe RSV lower respiratory tract
disease, use of ribavirin and IVIG was associated with decreased mortality (Ghosh
et al. 2000; Liu et al. 2010; Whimbey et al. 1995). In an uncontrolled report from
MD Anderson Cancer Center, combination therapy with aerosolized ribavirin
(18 h/day) and high RSV-titered IVIG (0.5 g/kg every other day) was associated
with a favorable response in adult HSCT recipients with RSV pneumonia in whom
therapy was initiated prior to respiratory failure (Whimbey et al. 1995). Four of 13
patients in whom combination therapy was initiated prior to respiratory failure
died of respiratory disease compared with all nine patients who did not receive
antiviral therapy or received ribavirin after respiratory failure. At the Dana Farber
Cancer Institute, combination therapy with aerosolized ribavirin (18 h/day) and
RSV-IVIG (1.5 g/kg for one dose) was similarly associated with a favorable
response in two HSCT recipients with clinically severe RSV pneumonia occurring
early following transplant (Small et al. 2002). In a study of 18 lung transplant
recipients with RSV-associated lower respiratory tract disease, administration of
intravenous ribavirin and high dose oral steroids was associated with no deaths
(Glanville et al. 2005).

The use of palivizumab in combination with ribavirin for RSV LRTI has not
been studied in a controlled study. A retrospective review of high-risk pediatric
patients with both RSV URTI and LRTI showed that the use of combination
ribavirin and palivizumab was associated with survival in 93.6 % of patients
(Chavez-Bueno et al. 2007). At Stanford University, the combination of ribavirin,
IVIG, palivizumab, and high dose corticosteroids for treatment of RSV URTI and
LRTI in lung transplant recipients was associated with preserved lung function
over time (Liu et al. 2010). Retrospective studies of combination therapy with
ribavirin and palivizumab are underway at our institution.

Immunocompromised patients at our institution with RSV URTI or asymp-
tomatic shedding are currently treated with ten days of inhaled ribavirin if they
have severe lymphopenia (absolute lymphocyte count B300/mm3). Patients with
lymphocytes [300/mm3 are usually only observed closely for signs of hypoxia,
respiratory distress, or clinical deterioration. For patients with RSV LRTI, ten days
of inhaled ribavirin is given in addition to potential administration of 15 mg/kg of
palivizumab or 400 mg/kg of IVIG, since RSV-IVIG is not routinely available.
Even if the addition of RSV-specific immunoglobulins to ribavirin were more
effective than ribavirin alone in reducing the progression from URTI to LRTI
according to retrospective analysis, the additional high cost of RSV-specific
immunoglobulins (approximately $28,000 for a 70 kg adult at our institution) is
worthy of further supportive data.

The use of monoclonal antibodies for treatment in non-immunocompromised
populations is not recommended. RSV-IVIG has not been shown to have an effect
on reducing length of stay, intensive care unit admission, or use of mechanical
ventilation (Rodriguez et al. 1997). Palivizumab has likewise been shown to be
ineffective when used as treatment for RSV disease in previously healthy hospi-
talized children under age two years (Saez-Llorens et al. 2004).
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4 Investigational Antiviral Agents

Several new classes of antiviral agents and specific antiviral therapies are under
development for treatment of RSV (Empey et al. 2010), as summarized in Table 2.

4.1 Antibodies

Based on the success of palivizumab, other immunoglobulin products are currently
under development. Motavizumab (MEDI-524, Numax, MedImmune Vaccines,
Inc., Gaithersburg, MD) is a more potent RSV-neutralizing antibody that was
developed by modification of palivizumab. It is associated with a 70-fold increase
in antigen binding and a 20-fold increase in neutralization activity in the cotton rat
model (Wu et al. 2007). Compared to palivizumab, motavizumab was associated
with significant reductions in medically attended lower respiratory tract infections
for RSV in a non-inferiority trial (Carbonell-Estrany et al. 2010). However, due to
concerns over mild injection site reactions and development of anti-drug anti-
bodies, the United States Food and Drug Administration elected not to support the
drug application of motavizumab as a prophylactic agent. This product, however,
could act as a potential therapeutic agent. In a recent randomized, placebo-con-
trolled trial of motavizumab treatment in previously healthy hospitalized children
under 12 months with RSV LRTI, no effect was seen in decreasing RSV viral load,
ICU admission, mechanical ventilation, or duration of hospitalization (Ramilo
et al. 2012). In this study, motavizumab was administered after hospitalization, and
it is possible that earlier administration in the outpatient or emergency room
setting would have been more effective. Currently, motavizumab is not licensed by
the Food and Drug Administration. Another monoclonal product, MEDI-557
(MedImmune, Gaithersburg, MD) is a recombinant humanized monoclonal
immunoglobulin G1 derived from motavizumab that has been shown in Phase I
clinical trials to be safe and to have an extended half life as compared to wild type
IgG1 (Criste et al. 2012).

An example of another potential monoclonal antibody under development is
mAb 131-2G, which targets the G glycoprotein CX3C chemokine motif. The
CX3C chemokine motif is located in a conserved portion of the G protein.
Blocking of RSV G-protein binding to the CX3C receptor, CX3C-R1, reduces
RSV infection, lung inflammation, and leukocyte migration (Choi et al. 2012). In
mouse models, mAb 131-2G is associated with reduction of lung inflammation and
RSV viral titers when administered within three days of infection (Haynes et al.
2009). Another mechanism by which the G-protein may serve as a drug target is
illustrated by a study showing that shed G protein serves as a decoy for neutral-
izing antibodies and assists with RSV viral replication (Bukreyev et al. 2008).
Therefore, using shed G protein as a specific drug target may increase the efficacy
of antibody neutralization and decrease viral replication.
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A hyperimmune IVIG product (RI-001, ADMA Biologics, Hackensack, NJ,
USA) has recently been developed using pooled plasma donated from individuals
with high RSV-specific antibody titers. Phase II clinical trials are planned in
immunocompromised individuals to evaluate its effect on preventing progression
from upper respiratory tract to lower respiratory tract disease (Empey et al. 2010).

Another potential target for antibody intervention is the F protein in its pre-
triggered state. Recently, antibodies derived from rabbits inoculated with recom-
binant vaccinia virus expressing RSV F protein were shown to bind the prefusion
form of the F protein, and to be responsible for the majority of the neutralizing
component of a protective immune response (Magro et al. 2012). Antibodies that
specifically target the prefusion F protein may be more specific drug candidates for
treatment and prophylaxis trials.

Antibodies with prolonged half-lives and activity against both RSV subtypes
could be anticipated to play a clinical role in the future. Interestingly, these
products could also potentially be used in a fashion similar to a vaccine.

4.2 Fusion Inhibitors

Fusion inhibitors block viral entry into host cells by attaching to the F glycoprotein
of RSV, and are a major target for RSV antivirals. The F glycoprotein is involved
in RSV attachment and mediates membrane fusion and entry of RSV into lung
epithelial cells, and is essential for establishment of intracellular infection. Fusion
inhibitor candidates have been largely identified through screening of small
molecules for fusion inhibitory properties.

Fusion inhibitors in development include TMC-353121 (Johnson & Johnson,
New Brunswick, NJ, USA) (Olszewska et al. 2011), which works by disruption of
the six-helix bundle conformation of the RSV-F protein to prevent virus-host cell
fusion and syncytia formation (Bonfanti and Roymans 2009). When administered
to RSV-infected mice, TMC-353121 reduced lung inflammation, as measured by
chemokine and cytokine levels as well as by histopathology, and decreased RSV
viral load. TMC-353121 binds to Y198, an amino acid in the central portion of the
pre-triggered F-protein, and is associated with resistance mutations S398L,
K394R, K399I, as well as D486 N, E487D, and D489Y (Costello et al. 2012).

Other fusion inhibitors include BTA-9881 (Biota Holdings Ltd, Notting Hill,
Victoria, Australia) (ClinicalTrials 2012) and MDT-637 (MicroDose Therapeutx,
Monmouth Junction, NJ) (MicroDose Therapeutx 2013). BTA-9881 is an oral
fusion inhibitor that is currently in phase I clinical trials. MDT-637 is an inhalable
small molecule fusion inhibitor originally developed by Viropharma Inc, acquired
by Microdose in 2009, and licensed to Gilead Sciences, Inc., in 2011. This drug is
administered via inhalation, and has been shown to be safe and efficacious in
cotton-rat models as well as safe in adult healthy volunteers (http://mdtx.com/
pipeline/proprietary-proudcts/mdt-637). Because MDT-637 was extremely effec-
tive in reducing RSV viral load both pre- and post infection in the cotton rat

Respiratory Syncytial Virus Disease: Prevention and Treatment 251

http://mdtx.com/pipeline/proprietary-proudcts/mdt-637
http://mdtx.com/pipeline/proprietary-proudcts/mdt-637


model, it has the potential for use in both prevention and treatment of RSV, though
it is currently only being developed as a therapeutic agent. According to the
company website, pharmacokinetic studies of this agent in humans has revealed
low plasma levels of MDT-637 but respiratory tract levels of drug are much higher
than concentrations necessary to inhibit RSV in vitro. A Phase I trial has shown it
to be safe as an inhaled therapy in adult asthmatics, and Phase II trials are
underway. There has been no reported resistance mutations associated with MDT-
637.

4.3 RSV Antivirals with Other Targets

Another agent in development is MBX-300 (Microbiotix, Worcester, MA, USA), a
negatively charged lipid compound that targets the RSV G protein as an attach-
ment inhibitor. MBX-300 has been shown in animal models to be safe and effi-
cacious in decreasing RSV viral load (Douglas 2004). Resistance mutations
associated with MBX-300 occur across the entire G protein, and are noted in
Table 2 (Costello et al. 2012). An RSV receptor antagonist in development (AS-
1411) is a oligodeoxynucleotide aptamer targeting nucleolin on cell surfaces
(Mastrangelo et al. 2012). Originally developed for cancer treatment, AS-1411 has
been shown to reduce RSV lung viral titers in animal studies.

Another potential target is the RSV polymerase (L) protein. YM-53403
(Yamanouchi Pharmaceutical, Tokyo, Japan) is a small molecule compound that is
thought to interfere with primary transcription and/or replication of the viral
genomic RNA (Sudo et al. 2005). YM-53403 resistant viral strains have mutations
at Y1631H, suggesting that the target of YM-53403 is the RSV L protein. RSV-
604 (Arrow Therapeutics/AstraZeneca Corp., London, UK), an agent that targets
the RSV polymerase, is an oral benzodiazepine that is broadly protective against
both A and B subgroups (Chapman et al. 2007). This agent appears to inhibit viral
replication after mucosal entry in in vitro studies and has undergone testing in
phase II clinical trials. RSV-604 associated resistance mutations include N105D,
K107 N, I129L, and L139I (Costello et al. 2012). AZ-27 (Astra-Zeneca, Waltham,
MA) is a small molecule RSV polymerase inhibitor that has been shown in in vitro
studies to have inhibition of viral replication in RSV subtype A and B clinical
isolates (Tiong-Yip et al. 2012). It is associated with a Y1631H resistance
mutation.

4.4 Small Interfering RNAs

Other new RSV antiviral therapies include small-interfering RNAs (siRNAs).
Synthetic siRNAs are short lengths of double-stranded RNA that regulate gene
expression through posttranscriptional gene silencing mechanisms (DeVincenzo
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2008). RNA interference is a mechanism whereby siRNAs bind to and cleave
complementary mRNA, thereby preventing expression of the genes encoded by the
mRNA. Respiratory viruses are particularly suited to siRNA therapy due to the
ability to target conserved viral sequences and the ability to deliver the therapy
intranasally at the site of primary infection. The RSV-specific siRNAs in devel-
opment target two nucleocapsid protein genes, the P and N genes, as well as a
nonstructural protein gene, NS1 (Zhang et al. 2005). ALN-RSV01 (Anylam
Pharmaceuticals, Cambridge, MA, USA) is a siRNA that targets the synthesis of
the N protein. It is the only siRNA therapy in development that is undergoing
clinical trials. It was shown in a prophylaxis trial to be associated with reduction of
RSV infection among healthy adult volunteers undergoing RSV challenge (De-
Vincenzo et al. 2008). Among 85 adult healthy volunteers who received intranasal
ALN-RSV01 two days before and three days after inoculation with RSV, subjects
had a 38% reduction in RSV infection and a 95% increase in number of subjects
who remained free of infection. In another therapeutic trial in 24 adult lung
transplant recipients with RSV respiratory tract infection, ALN-RSV01 therapy
was shown to be associated with statistically significantly lower symptom scores
and reduction of bronchiolitis obliterans syndrome at 90 days (Zamora et al.
2011).

5 Conclusion

In conclusion, RSV remains a significant cause of morbidity and mortality among
infants, the elderly and immunocompromised patients. RSV-specific treatment and
prophylaxis options are currently limited to palivizumab and ribavirin, and treat-
ment is largely supportive. Many new promising agents are currently in devel-
opment, including small molecular fusion inhibitors, and these have the potential
to make a significant impact in prevention and treatment of RSV disease among
vulnerable individuals. The development of these agents needs to take into con-
sideration multiple factors including intra-patient variability in RSV disease
severity, rapidity of symptom onset, ease of administration, and challenges in
clinical assessment of safety and efficacy in young infants and immunocompro-
mised persons. Many of these newer agents have shown promise in animal models
and phase I clinical trials in adult healthy volunteers but their effect on RSV
disease in the proposed target populations still needs to be determined.

The timing of the administration of RSV antivirals remains an important
question, as the greatest use would be in young children or elderly adults who may
present with non-specific symptoms making early treatment somewhat problem-
atic. It is possible the advent of simple rapid point-of-care diagnostics for RSV will
make it possible to administer therapeutic agents closer to the onset of infection, or
to be used as secondary prophylaxis in particularly high-risk settings, such as
neonatal intensive care units or HSCT wards. It is particularly important to design
trials that take into account the time period between infection and hospital
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admission. An ideal trial would incorporate the use of rapid point-of-care diag-
nostics for RSV to evaluate the use of a therapeutic agent at time of symptom onset
in a vulnerable population, perhaps in an outpatient HSCT or pediatric clinic
setting. Further, it will be important to measure outcomes using indicators of
immunologic protection, such as induction of protective neutralizing antibody
titers, as well as clinical indicators such as hospitalization and intensive care unit
admission.

Ultimately, the prevention of RSV infection remains an important goal. The
current use of oral oseltamivir as a prophylaxis against influenza could serve as a
model for an RSV antiviral. However, prevention of RSV disease could also be
accomplished through effective vaccines or safe, effective, and long-lasting an-
tivirals or immunoglobulin products. Prevention of RSV disease in children would
have substantial health benefit in developed and developing countries worldwide.
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Live-Attenuated Respiratory Syncytial
Virus Vaccines

Ruth A. Karron, Ursula J. Buchholz and Peter L. Collins

Abstract Live-attenuated respiratory syncytial virus (RSV) vaccines offer several
advantages for immunization of infants and young children: (1) they do not cause
vaccine-associated enhanced RSV disease; (2) they broadly stimulate innate,
humoral, and cellular immunity, both systemically and locally in the respiratory
tract; (3) they are delivered intranasally; and (4) they replicate in the upper
respiratory tract of young infants despite the presence of passively acquired
maternally derived RSV neutralizing antibody. This chapter describes early efforts
to develop vaccines through the classic methods of serial cold-passage and
chemical mutagenesis, and recent efforts using reverse genetics to derive attenu-
ated derivatives of wild-type (WT) RSV and to develop parainfluenza vaccine
vectors that express RSV surface glycoproteins.
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1 Introduction

Efforts to develop live-attenuated RSV vaccines began in response to the tragic
results of studies of a formalin-inactivated pediatric RSV vaccine in the 1960s.
This vaccine was poorly protective and, in RSV-naïve recipients, primed for
enhanced disease upon subsequent natural RSV infection (see chapter by P.L.
Collins et al., this volume). In contrast, live RSV vaccine viruses do not appear to
prime for enhanced RSV disease based on studies in experimental animals (Waris
et al. 1997), and the general observation that community-acquired infection fol-
lowed by re-infection is not associated with enhanced disease. This notion was
confirmed by studies of several live-attenuated RSV vaccine candidates involving
over 380 RSV-naïve infants and children, none of whom showed evidence of
enhanced disease after natural infection with WT RSV (Wright et al. 2007). Live-
attenuated vaccines are the only type of RSV vaccines that have been demon-
strated to be safe in RSV-naïve recipients.

Live-attenuated RSV vaccines are administered intranasally, which offers three
advantages: (1) replication in the upper respiratory tract and immunogenicity even
in the presence of passively acquired, maternally derived serum neutralizing
antibody, which usually is present in young infants (see below), (2) induction of
local mucosal immunity, which is important in restricting replication of respiratory
viruses, and (3) needle-free administration. In general, live vaccines broadly
stimulate innate, cellula, and humoral immunity (Collins and Murphy 2005;
Murphy and Collins 2002), and studies of influenza vaccines in infants and chil-
dren indicate that live vaccines induce a broader, more effective, and possibly a
more durable response than subunit vaccines (Ambrose et al. 2011, 2010; Belshe
et al. 2007; Hoft et al. 2011).

One potential limitation to a live-attenuated RSV vaccine is that, as is typical
for live-attenuated vaccines in general, a low-to-moderate level of vaccine virus
replication is necessary to achieve an optimal immune response. This is probably
because virus replication provides pathogen-associated molecular patterns
(PAMPs) that stimulate innate immunity and antigens that stimulate adaptive
immunity via MHC class I and MHC class II presentation pathways. On the other
hand, the level of replication of live-attenuated RSV vaccines is generally inver-
sely correlated with attenuation (Karron et al. 2005, 1997; Wright et al. 1982,
2000, 2006). While RSV vaccine candidates have been developed that are atten-
uated and highly restricted in replication (Karron et al. 2005; Wright et al. 2006) it
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has not yet been demonstrated that these are sufficiently immunogenic to provide
effective protection against WT RSV. New strategies that capitalize on our
understanding of viral replication mechanisms may help to overcome these limi-
tations. Another limitation is the notorious instability of the virus itself, which
likely will complicate vaccine production, storage and usage in resource-chal-
lenged settings.

The primary targets for a live-attenuated RSV vaccine are infants and young
children. Since the peak of hospitalization for RSV disease occurs at 2–4 months
of age, one proposed strategy is to immunize very early in infancy, beginning at
1–2 months of age. However, a number of factors complicate RSV vaccination of
the young infant, including immunologic immaturity, the immunosuppressive
effects of maternal antibodies, and the natural occurrence of events such as apnea
and sudden infant death syndrome that might be perceived to be vaccine related.
Therefore, an alternative strategy would be to begin immunization somewhat later,
at approximately 4–6 months of age. About 40 % of hospitalizations and 75 % of
outpatient visits for RSV disease occur in infants and young children over
6 months of age (Hall et al. 2009). Thus, this approach would reduce the con-
siderable burden of pediatric RSV disease that occurs beyond early infancy (Hall
et al. 2009), and might reduce transmission in the community.

Live-attenuated RSV vaccines are evaluated for replication, tolerability, and
immunogenicity in Phase I studies by age de-escalation with a transition from
RSV-experienced to RSV-naïve study groups. Studies in adults are typically open-
label, whereas studies in children are placebo-controlled to allow for evaluation in
the context of the myriad community-acquired respiratory and febrile illnesses
frequently observed in young children. Each new vaccine is typically evaluated
sequentially in (1) adults, presumed to be RSV-seropositive (*15 subjects); (2)
RSV-seropositive children aged 12–59 months (*10 and *5 vaccine and placebo
recipients, respectively); and (3) RSV-seronegative children aged 6–24 months
(*20 and *10 vaccine and placebo recipients, respectively). If a vaccine can-
didate is sufficiently attenuated in RSV-seronegative children, it may also be
evaluated in RSV-naïve infants aged 1–3 months (*20 and *10 vaccine and
placebo recipients, respectively). This stepwise strategy has proved to be a careful
method for the evaluation of vaccine safety; it is described further in Sect. 5.

Over the past 35 years, several types of live-attenuated RSV vaccines have
been described, including biological and recombinant derivatives of WT RSV, as
well as replication-competent parainfluenza virus vectors expressing one or both of
the RSV fusion (F) and heavily glycosylated (G) surface glycoproteins, which are
the two neutralization and major protective RSV antigens. Most of these experi-
mental vaccines have been made using RSV antigenic subgroup A viruses, usually
the A2 strain. This chapter will describe past and current efforts to develop live-
attenuated RSV vaccines suitable for administration to RSV-naïve infants and
children. The live-attenuated pediatric RSV vaccines currently under evaluation
are not being considered for use in adults because they are over-attenuated in RSV-
experienced individuals (Gonzalez et al. 2000; Wright et al. 2006).
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2 Live-Attenuated Vaccines: Biologically Derived RSV
Strains

The first live-attenuated candidate RSV vaccines (given in Table 1) were devel-
oped either by repeated passage at low temperature to yield cold-passaged (cp)
RSV (Friedewald et al. 1968) or by chemical mutagenesis to yield temperature-
sensitive (ts) mutants designated ts-1 or ts-2 (Gharpure et al. 1969; Wright et al.
1982, 1976) and ts-1 A, B, and C (McKay et al. 1988; Pringle et al. 1993). The
hypothesis underlying these efforts was that mutations which rendered the virus
temperature-sensitive, i.e., less able than WT RSV to replicate at temperatures
[37 �C, would produce vaccine viruses that would preferentially replicate in the
cooler upper respiratory tract but be restricted in replication in the lower respi-
ratory tract, thereby diminishing the risk of lower respiratory tract illness (LRI)
associated with vaccine virus replication. As described below, the cp mutations
were later mapped to five missense mutations in the nucleoprotein (N), F glyco-
protein, and polymerase (L) protein genes, whereas the mutations present in the
early ts mutants have not been directly mapped and identified. Both cpRSV and ts-
1 were underattenuated in RSV-seronegative children, and isolates that had lost the
ts phenotype were recovered from children administered the ts-1 vaccine (Table 1;
Kim et al. 1973; Wright et al. 1976). In contrast, ts-2 was overattenuated and
replicated poorly in RSV-seronegative children (Table 1; Wright et al. 1982). ts-1
A, B, and C were only administered to adult subjects. ts-1 A and B were insuf-
ficiently attenuated in adults; ts–1C was satisfactorily attenuated in adults but was
not evaluated further (Table 1; Pringle et al. 1993).

In the mid-1990s, additional efforts were made to develop a live-attenuated
RSV vaccine through chemical mutagenesis of cpRSV followed by screening for
temperature sensitivity. Several RSV A2 cpts mutants were identified, including
candidate vaccines designated as cpts248/955, cpts530/1009, and cpts248/404
(Table 1; Crowe et al. 1994, 1995; Firestone et al. 1996). cpts248/955 and cpts530/
1009 were each sequentially evaluated in adults, RSV-seropositive children, and
RSV-seronegative children. While both of these vaccines were attenuated in adults
and seropositive children, they were insufficiently attenuated in seronegative
children: replication of cpts248/955 was associated with LRI (wheezing) in one
child, and the cpts530/1009 vaccine was transmitted from a seronegative vaccinee
to a placebo recipient (Karron et al. 1997). cpts248/404 was highly attenuated in
RSV-seropositive and -seronegative children, but was associated with nasal con-
gestion in 1–2 month-old infants (Wright et al. 2000). Although cpts248/404 was
insufficiently attenuated for young infants, these studies demonstrated that an
intranasally administered live-attenuated vaccine could replicate in the presence of
maternally derived RSV serum neutralizing antibody, an important principle for
future vaccine development.

During this period, efforts were also made to develop a live-attenuated RSV B
candidate vaccine. The most noteworthy candidate was RSV cp-52B, a live-
attenuated virus derived by serial passage of WT RSV B1 virus at low
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temperature. This virus was replication competent in vitro, but was over-attenuated
in seronegative children and was subsequently found to contain a large deletion
that prevented expression of the SH and G proteins (Karron et al. 1997). The over-
attenuation and lack of G expression made RSV cp-52B unsuitable as a vaccine
candidate.

Attempts to further attenuate the promising cpts248/404 virus by an additional
round of mutagenesis and selection were unsuccessful. It became clear that the
conventional methods of vaccine development such as cold-passage and chemical
mutagenesis were too unpredictable and labor-intensive to be practicable for RSV.

3 Attenuated RSV Strains Produced by Reverse Genetics

In 1995, a reverse genetic system for producing complete infectious RSV strain A2
was developed, thus providing the capability of inserting pre-determined mutations
into live RSV via cloned cDNA. All subsequent vaccine candidates have been
produced by reverse genetics (Table 2).

Reverse genetics has a number of advantages for developing attenuated strains
(Collins and Murphy 2005; Murphy and Collins 2002). Reverse genetics can
directly identify and characterize attenuating mutations in existing attenuated
strains (Bartlett et al. 2005; Firestone et al. 1996; Juhasz et al. 1999; Nolan et al.
2007; Whitehead et al. 1998a, b) and also can produce novel mutations not found
in biologically derived strains (Bermingham and Collins 1999; Luongo et al. 2013;
Teng et al. 2000; Whitehead et al. 1999). The resulting well-characterized atten-
uating mutations from this menu can then be assembled in desired combinations to
produce live-attenuated candidate vaccines with a range of phenotypes and
properties (Bartlett et al. 2005; Karron et al. 2005; Luongo et al. 2012, 2013;
Nolan et al. 2007; Whitehead et al. 1999; Wright et al. 2006). However, the
resulting level of attenuation cannot be predicted precisely, since the aggregate
attenuating effect is not always precisely the sum of the individual mutations
(Karron et al. 2005), and mutations are sometimes incompatible (Whitehead et al.
1999). The defined attenuating mutations in these viruses can readily be monitored
for stability during vaccine manufacture and use, and the significance of chance
mutations that may occur during virus replication can be assessed. Vaccine strains
can be adjusted, such as by further attenuation in response to clinical data (Karron
et al. 2005), or by updating the F and G surface antigens in response to changes in
circulating stains. Amino acid substitutions can be manipulated to reduce the
frequency of mutations that lead to loss of attenuation (Luongo et al. 2013, 2009).
Producing virus from cDNA provides a vaccine seed with a short, well-docu-
mented passage history (Surman et al. 2007), which reduces the possibility of
contamination by adventitious agents. Cloned cDNA provides a stable seed from
which virus can be regenerated if necessary.
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3.1 Attenuating Point Mutations

A number of attenuating mutations useful for constructing recombinant RSV
vaccine strains were identified by analysis of the previously mentioned biological
cpRSV mutant and six of its biological ts derivatives, namely cpts248, cpts248/
404, cpts248/955, cpts530, cpts530/1009, and cpts530/1030 (Juhasz et al. 1999;
Whitehead et al. 1998a, b; 1999). Each biological virus was completely sequenced,
and attenuating mutations were confirmed by introduction into WT recombinant
virus and phenotypic analysis. It was useful to identify attenuating mutations in
existing biological mutants known to replicate efficiently in vitro, because these
mutations should be compatible with efficient growth in cell culture that is
essential for vaccine manufacture. It also was desirable to identify ts mutations
since, as noted above, these preferentially restrict virus replication at higher
temperatures present in the lower respiratory tract.

Using reverse genetics, we found that the attenuation phenotype of cpRSV was
specified by five amino acid substitutions in three proteins: N (V267I), F (E218A
and T523I), and L (C319Y and H1690Y). Analysis of the other six biological ts
viruses yielded a total of six independent mutations that each conferred a ts
attenuation phenotype. Five of these were amino acid substitutions in the L protein
(which were named based on virus number rather than sequence position): ‘‘955’’
(N43I), ‘‘530’’ (F521L), ‘‘248’’ (Q831L), ‘‘1009’’ (M1169 V), and ‘‘1030’’
(Y1321 N). The sixth mutation (called ‘‘404’’) was a single nucleotide change in
the gene-start signal of the M2 gene (GGGGCAAATA to GGGGCAAACA,
mRNA-sense). This latter mutation is somewhat of a surprise: while it is easy to
imagine how a point mutation in a protein could render it ts, it remains unclear
how a nucleotide substitution in a short circumscribed transcription signal confers
a ts phenotype. Since these six ts mutations were found in the viral polymerase or
in a gene start (GS) transcription signal, they presumably act by reducing viral
RNA synthesis at restrictive temperature.

3.2 Attenuating Gene Deletions

As another means of attenuating RSV, we identified five different RSV genes or
ORFs (the NS1, NS2, SH, and G genes and the M2-2 ORF) that could be deleted
individually, and in some combinations, with the effect of restricting viral repli-
cation, especially in vivo. Deletion of G was not considered further as an atten-
uating mutation because antibodies to RSV G contribute to neutralization and
protection (Connors et al. 1991; Zhang et al. 2010). The DNS1 and DM2-2
mutations each conferred a 500- to 1000-fold restriction in virus replication in
seronegative chimpanzees (Teng et al. 2000). This approximates the level of
attenuation thought to be necessary for a live RSV vaccine, and thus either might
be an appropriate stand-alone mutation. The DSH and DNS2 mutations were
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associated with a 10-fold and 100-fold restriction of virus replication in chim-
panzees (Whitehead et al. 1999), respectively, and thus would need to be com-
bined with other mutations in order to make a suitably attenuated vaccine
candidate. Since the NS1 and NS2 proteins are antagonists for type I interferon
(IFN) production and signaling (see chapter by S. Barik, this volume), the
restriction of viral replication observed for these deletion viruses presumably is
due at least in part to increased IFN responses and resulting increased antiviral
effect. Increased IFN responses may have an adjuvant effect that may increase
vaccine immunogenicity (Valarcher et al. 2003). However, the DNS1 mutant also
was found to cause increased apoptosis during replication in vitro, resulting in
reduced viral yields (Bitko et al. 2007), and it is not clear whether the DNS1 virus
can be propagated sufficiently well for vaccine purposes. The M2-2 protein plays a
role in regulating viral RNA synthesis: deletion of M2-2 results in decreased
synthesis of antigenomic and genomic RNAs, which presumably is the basis for
attenuation, and in increased gene transcription, which results in increased
expression of the viral proteins including the viral neutralization and protective
antigens (Bermingham and Collins 1999). This might increase vaccine immuno-
genicity, a particularly important consideration for infant immunization. The basis
of attenuation conferred by the SH deletion may involve increased tumor necrosis
factor expression (Fuentes et al. 2007), but is incompletely understood. An
important advantage of attenuation based on the deletion of an entire gene is that it
should be highly refractory to genetic reversion or compensatory mutation.

3.3 Progressive Attenuation by Reverse Genetics Yields
a Promising Candidate

As noted, the biological cpts248/404 virus appeared to be a promising candidate
based on studies in seronegative children but was insufficiently attenuated in
1–2 month-old infants (Wright et al. 2000). Therefore, efforts were made to create
a recombinant derivative that is more attenuated. The biological virus contains
three attenuating mutations, namely cp (note that ‘‘cp’’ refers to a set of 5 amino
acid substitutions in the N, F, and L proteins, as already noted), 248, and 404. The
first recombinant derivative contained these three mutations combined with
deletion of the SH gene, yielding rA2cp248/404DSH (Table 2). However, this
virus was not more attenuated than its cpts248/404 parent in seronegative children
(Karron et al. 2005), indicating that inclusion of the DSH mutation in this back-
ground did not confer additive attenuation. Addition of the 1030 mutation resulted
in rA2cpts248/404/1030DSH (Fig. 1; Table 2), which had increased temperature
sensitivity (i.e., rA2cpts248/404/1030DSH did not form plaques at 35–36 �C,
whereas rA2cp248/404DSH did not form plaques at 38 �C) and was at least 10-
fold more restricted in replication in seronegative children than cpts248/404
(Karron et al. 2005). The vaccine was well-tolerated in 1–2 month-old infants, was
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moderately immunogenic, and was protective against ‘challenge’ with a second
dose of vaccine (Table 2; Karron et al. 2005).

Although rA2cp248/404/1030DSH appeared to have achieved an appropriate
level of attenuation, analysis of vaccine virus isolates recovered from RSV-naïve
children provided evidence of phenotypic instability: more than one-third of the
isolates exhibited a 1–2 �C upward shift in temperature-sensitivity, and sequence
analysis identified instances of loss of either the 248 or 1030 mutation, with loss of
the latter being *4-fold more frequent. However, these partial revertants retained
four of five attenuating elements, and replication of these partial revertants was not
associated with enhanced replication or clinical illness in the small numbers of
children evaluated. While this degree of genetic instability might be acceptable,
larger studies to more fully evaluate the potential for reversion and for transmis-
sion to susceptible contacts would be needed. A second version of this virus was
made in which the codon for the 248 mutation was changed from L(CTG) to
L(TTA) in an effort to increase its genetic stability, since TTA requires at least two
nucleotides to revert to the WT assignment of glutamine (CAA or CAG). This
virus, called MEDI-559 (Fig. 1; Table 2), contains 35 other silent nucleotide
changes that are thought to be inconsequential. It presently is in Phase I/IIa studies
to evaluate safety, stability, and immunogenicity in a larger number of RSV-
seronegative children (ClinicalTrials.gov identifier NCT00767416).

3.4 Improvements in Genetic Stability Using Reverse
Genetics

We also have worked to increase the genetic and phenotypic stability of the ‘‘248’’
and ‘‘1030’’ mutations in MEDI-559. We used reverse genetics to systematically
analyze all possible amino acid assignments at the 248 and 1030 loci to identify
more stable alternatives. Using this approach, each amino acid assignment is
evaluated phenotypically to identify all possible attenuating versus WT-like
assignments. Attenuating assignments are then examined to identify codons that
differ from all possible codons for WT-like assignments by 2 or, preferably, 3
nucleotides (Luongo et al. 2012, 2009). This is based on the premise that the
frequency of loss of attenuation requiring a single nucleotide change will
approximate the viral mutation rate of *10-4, whereas loss of attenuation
requiring two or three nucleotide changes will have rates of *10-8 and 10-12,
respectively, and thus will be much less frequent. For the ‘‘248’’ locus (Q831L in
the L protein), we were unable to find an alternative attenuating amino acid or
codon that would require two or three nucleotide changes. However, we found
differences in stability among the available leucine codons—which was somewhat
surprising—and thus identified a better choice at this position, namely L(TTG)
(Luongo et al. 2009). For the ‘‘1030’’ locus (Y1321 N in the L protein), at which
loss of attenuation was more frequent, we did identify more stable alternatives,
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including K(AAA), G(GGA), E(GAA), and E(GAG) (Luongo et al. 2012).
Increased stability was confirmed by in vitro ‘‘stress tests’’, in which candidate
viruses are passaged at progressively higher temperatures to favor outgrowth and
detection of mutants with shifts in the ts phenotype. We also found that attenuation
conferred by the 1030 mutation could be partly abrogated by a second-site,
compensatory S1313C change in the L protein. However, this compensatory
mutation could be prevented by changing the naturally occurring S(AGC) codon to
S(TCA), which requires two rather than one nucleotide substitutions to change to
cysteine. Though the process of genetic stabilization is complex and labor-inten-
sive, systematic analysis using reverse genetics can provide new RSV candidates
with stabilized attenuating mutations.

One such candidate is designated RSV cps2 (Table 2; Luongo et al. 2012). RSV
cps2 is a modified version of MEDI-559 that contains stabilized 248 and 1030
mutations: namely, 831L[TTG] and 1321 K[AAA], respectively, with the addi-
tional assignment of 1313S[TCA] to prevent the compensatory mutation noted
above. This results in a total of five nucleotide changes and one amino acid change.
RSV cps2 was confirmed to be indistinguishable from MEDI-559 with regard to
the level of replication in RSV-seronegative chimpanzees, and the virus is being
prepared for clinical evaluation as a stabilized version of MEDI-559.

We also investigated the possibility of gaining increased genetic stability by
deleting one or more codons in the L gene. We focused on the sites of the amino
acid substitutions identified in the biological mutants already described: 248, 530,
955, 1009, and 1030. However, deletions at or near these sites could not be
recovered. Surprisingly, we found that codon 1313, which was already mentioned
as the site of a compensatory mutation, could be deleted. This yielded a virus that
was substantially attenuated, was ts, replicated with WT-like efficiency at the
permissive temperature of 32 �C, and was stable during in vitro stress tests (Lu-
ongo et al. 2013). A virus containing the codon 1313 deletion combined with
deletion of the NS2 gene is currently being developed as a new RSV vaccine
candidate (RSV DNS2 D1313 I1314L, see below).

3.5 Other Promising Vaccine Candidates

It may be possible to increase the immunogenicity or decrease the reactogenicity
of RSV vaccine viruses by manipulation or deletion of RSV proteins involved in
immune evasion (e.g., NS1 and NS2) or the regulation of RSV gene expression
(e.g., M2-2). One strategy combined the NS2 deletion with various point muta-
tions. The cp and DNS2 mutations were combined to create rA2cpDNS2, which
was evaluated in adults as a candidate vaccine to boost immunity in RSV-expe-
rienced individuals such as the elderly, and was also evaluated as a potential
pediatric vaccine in RSV-seropositive children (Table 2). While this virus was
over-attenuated in adults, it was insufficiently attenuated in RSV-seropositive
children to permit evaluation in RSV-seronegative children; therefore, it would be
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unsatisfactory in either RSV-experienced or –naïve recipients and was not eval-
uated further (Wright et al. 2006).

To achieve a greater level of attenuation necessary for a pediatric vaccine, the
DNS2 mutation was combined with 2 other sets of attenuating mutations, namely
(i) the cp, 248, and 404 mutations, to yield rA2cp248/404DNS2 and (ii) the cp,
530, and 1009 mutations, to yield rA2cp530/1009DNS2 (Table 2). Each of these
viruses was highly attenuated in adults and seropositive children, but was over-
attenuated in seronegative children (Wright et al. 2006). More recently, the DNS2
mutation was combined with the newly identified D1313 codon deletion described
above, yielding the RSVDNS2D1313 virus (Luongo et al. 2013). Stress tests of this
virus showed that it acquired a second-site mutation I1314T that partly abrogated
the ts phenotype of the D1313 mutation (Luongo et al. 2013). However, when the
native isoleucine codon was replaced with one for leucine, the resulting virus was
stable during passage at 37 �C (Luongo et al. 2013). This virus replicated in
seronegative chimpanzees to a level similar to that of MEDI-559 and RSV cps2,
and thus it appears to be suitable for clinical evaluation as a candidate pediatric
vaccine (Table 2).

A third type of RSV vaccine virus that is currently being tested clinically contains
a deletion of most of the M2-2 ORF (Table 2). As noted, the DM2-2 mutant exhibits
reduced RNA replication and increased gene transcription and antigen production,
which may provide for increased immunogenicity despite highly restricted repli-
cation. This virus was highly attenuated in adults and seropositive children, and
presently (January 2013) is being studied in seronegative children.

3.6 Summary of Current Live-Attenuated RSV Vaccine
Strains

Four promising candidate viruses representing several different attenuation strat-
egies are presently being evaluated clinically or being prepared for clinical eval-
uation. MEDI-559 (currently being evaluated in seronegative children, 2013) and
RSV cps2 (being prepared for evaluation in seronegative children in 2013) are
highly ts and are attenuated mainly by point mutations affecting RNA synthesis.
The mechanisms of action of the various mutations that affect RNA synthesis are
generally not known, although the 530 and 1009 mutations were studied in a mini-
replicon system and appeared to affect both transcription and RNA replication, and
the latter mutation appeared to increase the frequency of read through transcription
(Juhasz et al. 1999). RSV MEDIDM2-2 (currently being evaluated in seronegative
children, 2013) is not ts and is attenuated by deletion of the regulatory M2-2
protein. RSVDNS2D1313I1314L (currently being evaluated in seropositive chil-
dren, 2013) is moderately ts and combines two highly stable deletion mutations
involving the NS2 IFN antagonist protein and codon 1313 in the L polymerase
protein.
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3.7 Other Efforts to Develop a Recombinant Live-Attenuated
RSV vaccine

Bovine RSV (BRSV) was considered as a potential vaccine against human RSV
because the two viruses are related antigenically, and BRSV was thought to be
attenuated in primates. However, BRSV was over-attenuated and poorly immu-
nogenic in seronegative chimpanzees (Buchholz et al. 2000). In an attempt to
increase its levels of replication and immunogenicity, a recombinant version of
BRSV was modified in which the G and F genes were replaced by their human
RSV counterparts. However, this chimeric virus remained over-attenuated and
insufficiently immunogenic in chimpanzees (Buchholz et al. 2000). Various other
combinations of bovine and human RSV genes also have been evaluated (our
unpublished data). A chimeric virus consisting of the human RSV backbone in
which the P gene was swapped with that of BRSV yielded a promising level of
attenuation in chimpanzees (unpublished data), but this virus has yet to be further
evaluated.

The RSV L protein was subjected to scanning mutagenesis in which charged
residues were changed to alanine residues (Tang et al. 2002). However, this did not
yield particularly promising mutations, e.g., mutations that did not restrict virus
replication under permissive conditions in vitro (necessary for vaccine manufac-
ture) but were substantially attenuating in vivo.

It may be desirable to include a subgroup B (RSV-B) component in an RSV
vaccine, since cross-protection between the two antigenic subgroups is incomplete.
One strategy is to express the RSV-B G protein from an added gene in the sub-
group A backbone, making a virus that is bivalent with respect to G, the more
divergent of the two major RSV protective antigens F and G (Jin et al. 1998). A
second strategy is to replace the F and G genes of recombinant RSV-A with their
counterparts from RSV-B (Whitehead et al. 1999). Since F and G are the major
protective antigens, this produces an AB chimeric virus that is predominantly a
vaccine against RSV-B and would need to be paired with a separate RSV-A
vaccine. These two approaches have the advantage of being able to directly use
attenuated RSV-A backbones in developing an RSV-B vaccine: thus, when a
suitably attenuated RSV-A backbone is identified, the glycoprotein addition or
glycoprotein swap would expeditiously provide an RSV-B component. As a third
approach, a reverse genetics system was developed for RSV-B that can be used to
prepare attenuated RSV-B strains, such as by incorporating attenuated mutations
identified for RSV-A. This approach has the advantage of providing the complete
set of RSV-B antigens, rather than only G and F.

Continuing pre-clinical work on vaccine development should also consider
additional objectives, such as improved growth in cell culture, improved immu-
nogenicity, and reduced reactogenicity. A modest increase in growth in cell culture
(accompanied by modestly decreased, rather than increased, replication in vivo)
was observed with deletion of the SH gene. It may be that further reduction in
genome size, such as by the deletion of non-essential sequence, would increase
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growth in cell culture, improving manufacture. We have already noted that dele-
tion of NS1, NS2, or M2-2 may provide increased immunogenicity. As another
strategy, the F and G genes were placed in promoter-proximal positions, which
increased the level of expression of these protective antigens due to the tran-
scriptional gradient (Krempl et al. 2002). This yielded a modest increase in
immunogenicity in mice (Krempl et al. 2002). The level of expression of the F and
G proteins also can be increased using versions of their genes that had been re-
synthesized using codons optimal for translation, although our initial efforts have
yielded only modest increases in expression (unpublished data). It also may be
desirable to ablate the fractalkine motif in the G protein (Harcourt et al. 2006), or
to eliminate expression of the secreted form of G (Bukreyev et al. 2008), since
both of these features may contribute to reactogenicity and may interfere with the
host immune response.

4 Parainfluenza Viruses as RSV Vaccine Vectors

Recombinant PIVs are being evaluated as vaccine vectors for expressing the RSV
F and G glycoproteins, the two RSV neutralization antigens and major protective
antigens. Using reverse genetics, the ORF for RSV F or G is placed under the
control of a set of PIV gene-start and gene-end transcription signals and is inserted
as an extra gene into a suitably attenuated PIV genome and recovered as repli-
cation-competent virus. Priority is given to the RSV F protein because it is much
more highly conserved among RSV strains than is the G protein, and because it
was the more immunogenic and protective of the two antigens in studies in rodents
(Connors et al. 1991). The clinical success of the RSV-F-specific monoclonal
antibody palivizumab also supports the importance of the F protein as antigen.

The vectors that are being evaluated are HPIV1, HPIV2, HPIV3, and Sendai
virus (SeV), the last being a murine relative of HPIV1 that shares considerable
antigenic relatedness. HPIV1, 2, and 3 are significant pediatric pathogens, and thus
the use of these viruses or related viruses as vectors creates a single vaccine virus
capable of inducing immunity against two human pathogens: the PIV vector and
RSV. HPIV3 is particularly appropriate as a vector for RSV immunization because
both RSV and HPIV3 frequently infect young infants, and immunization against
the two viruses should begin early in life. Also, the burden of disease associated
with HPIV3 is substantially greater than with HPIV1 or 2, which more frequently
cause illness in the preschool years. A bivalent vaccine against RSV and HPIV3
could provide greater protection against viral LRI than a monovalent vaccine
against RSV, and a bivalent vaccine based on a single virus can be developed more
rapidly than a vaccine consisting of a mixture of two viruses.

A PIV-vectored RSV vaccine has a number of advantages for development,
manufacture, and use compared to a live-attenuated RSV strain, specifically: (i)
the PIVs replicate more efficiently in cell culture compared to RSV; (ii) RSV
grown in cell culture mostly consists of large filamentous particles that are difficult
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to process, compared to the smaller, spherical particles of the PIVs; and (iii) the
PIVs have substantially greater physical stability than RSV. The greater stability,
in particular, would facilitate distribution and use in resource-limited settings.
Also, it has been speculated that RSV may substantially suppress or skew the host
immune response, which provides another possible advantage of PIV vectors.
Another potential advantage is that, since the RSV antigens are not involved in
replication of the PIV vectors, versions of F or G can be expressed that have been
engineered for improved immunogenicity but may have lost functionality, such as
versions of RSV-F that have been stabilized in ‘‘post-fusion’’ or ‘‘pre-fusion’’
conformations (Magro et al. 2012; McLellan et al. 2011). Conversely, PIV vectors
expressing RSV F and/or G protein have the disadvantage that only part of the
RSV proteome is represented: while the presence of F and G provides the viral
neutralization antigens, the absence of the other proteins would mean the absence
of a substantial portion of the epitopes for CD4+ and CD8+ T cells.

Initial studies with HPIV3 showed that the vector could accommodate three
foreign genes totaling 7.5 kb (a nearly 50 % increase in genome length) with only
a minimal reduction in replication in cell culture (Skiadopoulos et al. 2000, 2002).
In hamsters, the level of attenuation was positively correlated with the aggregate
size of the foreign insert. Thus, the RSV insert confers attenuation in vivo, which
must be taken into account when introducing attenuating mutations into the vector
backbone. Furthermore, the level of attenuation conferred by the insert appeared to
increase when in the presence of other attenuating mutations. The level of
expression of a foreign insert was affected by its position in the genome: promoter-
proximal inserts were expressed with greater efficiency, reflecting the viral tran-
scriptional gradient. Initial studies indicated that the foreign genes appeared to be
surprisingly stable: deletions were not observed, although chance point mutations
were sometimes detected.

The first PIV vector to be developed for clinical evaluation was based on a
chimeric virus called B/HPIV3 (Fig. 1, lower panel) that had been developed as an
HPIV3 vaccine (Schmidt et al. 2002). This virus is based on BPIV3, which is
attenuated in primates due to a natural host range restriction. In B/HPIV3, the
BPIV3 F and HN genes were replaced by their counterparts in HPIV3. Thus, B/
HPIV3 combines the host range restriction of BPIV3 with the viral neutralization
and major protective antigens of HPIV3. The determinants of the host range
restriction of BPIV3 have been shown to be polygenic, and presumably involve the
cumulative effect of multiple sequence differences. This likely accounts for the
observed stability of the attenuation phenotype. An initial construct expressing the
RSV G and F proteins together from promoter-proximal inserts appeared to be
promising based on studies in rodents and African green monkeys (Schmidt et al.
2002). Subsequently, single-insert constructs were evaluated to reduce the inci-
dence of chance mutations incorporated in the RSV genes during replication.
Chance mutations can accumulate in the added RSV genes because these are not
involved in replication of the PIV vector, and thus there is no selective pressure
against mutations. For example, the construct MEDI-534 (Fig. 1) was made in
which the B/HPIV3 vector expresses the RSV F protein from an insert added
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between the N and P genes (Gomez et al. 2009; Tang et al. 2008). In seropositive
children, this virus was well-tolerated and shedding was not detected (Gomez et al.
2009). In children seronegative to both RSV and HPIV3, MEDI-534 replicated in
the majority of recipients, was well-tolerated, and induced a serum antibody
response to RSV and HPIV3 in 50–55 % and 100 % of recipients, respectively
(Bernstein et al. 2012). The percentage of recipients with a serum antibody
response to RSV was substantially less than in previous studies in similar popu-
lations with live-attenuated RSV strains. Recent evaluation of MEDI-534 virus

“404” “248” “1030”SH

cp cp cp cp

P G FM LNS1 NS2 SH M2N

cp

rA2cp248/404/1030ΔSH (and MEDI-559)

V-267-I

Y-1321-AsnQ-831-L

E-218-A T-523-I C-319-Y H-1690-Y

C
5′-GGGGCAAATA

HNM LN FP

F

MEDI -534

HPIV3 F and HNBovine PIV3 backbone

B/H PIV3 backbone

Fig. 1 Two types of live RSV candidate vaccines made by reverse genetics that have been
evaluated clinically. The rA2cp248/404/1030DSH virus (upper panel) represents the strategy of
developing an attenuated derivative of WT RSV. This mutant contains five cold-passaged (cp)
mutations in the N, F, and L proteins, two amino acid substitutions (248 and 1030) in L, and one
nucleotide substitution in the M2 GS signal (404) that independently confer temperature-
sensitivity, and deletion of the SH gene. This virus was previously shown to be well-tolerated and
immunogenic in infants and young children (Karron et al. 2005). MEDI-559 is another version of
this virus that differs by a number of silent mutations and is phenotypically indistinguishable from
rA2cp248/404/1030DSH. As noted in the text, MEDI-559 is currently being evaluated in a phase
I-II clinical trial. The MEDI-534 virus (lower panel) represents the strategy of using a
parainfluenza virus vector to express RSV antigen, in this case the RSV F protein, to provide a
bivalent vaccine against RSV and HPIV3. MEDI-534 is a chimeric virus in which the F and HN
genes from BPIV3 have been replaced by their counterparts from HPIV3 and the coding sequence
for the RSV F gene was placed under the control of HPIV3 transcription signals and inserted as
an added gene between the N and P genes. This virus also has been evaluated in clinical studies
(Bernstein et al. 2012; Gomez et al. 2009; Tang RS 2012; Tang et al. 2008)
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shed by seronegative children indicated that some isolates had genetic changes in
the noncoding sequences of RSV F and/or in the RSV F ORF, which could lead to
decreased expression of RSV F (Tang RS et al. 2012). Additional work is needed
to improve the genetic stability and immunogenicity of this vaccine candidate.

HPIV1 and HPIV2 also are being developed as vectors for RSV F. The burden
of RSV disease in children aged between 1 and 5 years highlights the need for re-
immunization after the first year of life (Hall et al. 2009), and an HPIV1- or
HPIV2-vectored RSV vaccine might be used to boost immunity in children pre-
viously immunized with an RSV vaccine. The use of an HPIV1- or HPIV2-
vectored vaccine may be preferable to re-immunization with a live-attenuated
RSV strain, because RSV-specific immunity from prior immunization would
restrict replication of a live-attenuated RSV strain, but not that of an HPIV1 or
HPIV2 vector. This has been confirmed in studies in rodents, in which secondary
immunization of RSV-immune animals with an HPIV1-RSV-F virus was more
immunogenic than re-immunization with a live-attenuated RSV strain (unpub-
lished data). In the case of HPIV1 and HPIV2 vectors, it will be necessary to
develop suitably attenuated backbones. A number of attenuating mutations for
HPIV1 and HPIV2 have been characterized (Bartlett et al. 2005; Nolan et al. 2007)
and attenuated versions of HPIV1 and HPIV2 are presently in clinical studies in
seropositive and seronegative children (ClinicalTrials.gov identifiers
NCT00641017 and NCT01139437, respectively).

Sendai virus (SeV), the murine relative of HPIV1, also is being evaluated as a
vaccine vector for human use. Immunization of experimental animals with SeV
was protective against challenge with HPIV1, reflecting the antigenic relatedness
of the two viruses. SeV may be attenuated in humans due to a host range
restriction, although this was not evident in studies in non-human primates
(Skiadopoulos et al. 2002). Shedding of SeV was not detected in HPIV1-sero-
positive human adults, which is consistent with attenuation (Slobod et al. 2004).
SeV is presently being evaluated for safety and immunogenicity in children and
toddlers [12 months of age (Clinicaltrials.gov identifier NCT00186927). In pre-
clinical studies, SeV has been engineered to express a number of glycoproteins
from other paramyxoviruses including the RSV F and G proteins. SeV expressing
the RSV F or G protein was immunogenic and protective against RSV challenge in
cotton rats, and SeV expressing RSV F was immunogenic and protective in
African green monkeys (Jones et al. 2012). It is anticipated that an SeV-RSV F
construct will be evaluated in clinical trials once the safety of the parent SeV in
young children has been established.
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5 Lessons Learned from the Evaluation of Live-Attenuated
RSV Vaccines

As biologically derived and recombinant live-attenuated RSV vaccines have been
evaluated over the past two decades, certain principles have emerged which can be
used to guide future development and evaluation of live-attenuated vaccine
candidates:

1. Substantial replication in adults or RSV-seropositive children is a marker of
insufficient attenuation for RSV-seronegative children and RSV-naïve infants.
Initial evaluation of a 105 TCID50 dose of cpts248/955 in RSV-seropositive
children demonstrated that this virus replicated in 38 % of vaccinees for a mean
duration of 5 days and at a mean peak titer of 102.7 TCID50/mL. This vaccine
appeared to be well-tolerated. However, in RSV-seronegative children,
cpts248/955 was minimally restricted in replication (mean peak titer, 104.4

TCID50/mL; mean duration of replication, 9 days), and was associated with
fever or lower respiratory tract illness (Table 1; Karron et al. 1997). Thus,
prolonged, substantial replication of a live-attenuated RSV vaccine candidate in
RSV-experienced populations, even if well-tolerated, is an indication that the
vaccine may be insufficiently attenuated for RSV-naïve populations. In con-
trast, vaccine candidates with a greater level of attenuation, such as cpts248/404
and cpts248/404/1030/DSH, could only be recovered sporadically or not at all
from nasal washes of RSV-seropositive children, and were infectious, well-
tolerated, and immunogenic in seronegative children (Table 2; Karron et al.
2005; Wright et al. 2000). Thus, new vaccine candidates are typically evaluated
sequentially in adults and RSV-seropositive children, and minimal or no virus
shedding in these RSV-experienced groups is a necessary signal that the vac-
cine can proceed to evaluation in seronegative children. A corollary of this
principle is that a live-attenuated RSV vaccine that is satisfactorily attenuated
for RSV-naïve children will be over-attenuated for adults and older children,
underscoring the need for alternative vaccine strategies for these populations.

2. In children over 6 months of age, a serum RSV neutralizing antibody titer of
B1:40, as measured in a classic complement-enhanced 60 % plaque reduction
neutralization assay, is a useful determinant of susceptibility to infection with
highly attenuated live RSV vaccine viruses. While this titer was initially chosen
empirically, based upon the range of antibody titers measured in young chil-
dren, it has proved to be a reliable predictor of infectivity with highly attenu-
ated RSV vaccine candidates such as cpts248/404 (Wright et al. 2000),
rA2cp28/404/DSH, rA2cp28/404/1030/DSH (Karron et al. 2005; Wright et al.
2000) and rRSV MEDI DM2-2 (unpublished observations). We therefore define
RSV ‘‘seropositive’’ as children [6 months of age with neutralizing antibody
titers [1:40, and ‘‘seronegative’’ as those with neutralizing antibody titers
B1:40. If other assays that measure RSV neutralizing activity are used in future
clinical trials, cut-off values will need to be established.
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3. Maternally derived RSV neutralizing antibody does not interfere with repli-
cation of live-attenuated RSV vaccines in the upper respiratory tract of young
infants. cpts248/404 and 248/404/1030/DSH have both been evaluated in
1–2 month-old infants, who were presumed to be RSV-naïve but have residual
maternally derived antibody. For each virus, comparison of peak viral titers in
nasal wash specimens demonstrated levels of vaccine virus replication in young
infants that were equal to or greater than those observed in RSV-seronegative
6–24 month-old children, indicating a lack of restriction of replication by
maternal antibody (Table 3; Karron et al. 2005; Wright et al. 2000). This
finding is particularly important as vaccination strategies that incorporate both
maternal and infant immunization are contemplated.

4. Restriction of a second dose ‘challenge’ with intranasally administered vaccine
virus demonstrates that young infants can develop protective immunity even in
the absence of a measurable antibody response. As noted above, intranasally
delivered respiratory viruses replicate in the upper respiratory tracts of young
infants even in the presence of maternal antibody. However, passive antibody
has been shown to suppress humoral responses in these young infants (Murphy
et al. 1986), which may occur through epitope masking or other immunologic
mechanisms. Nonetheless, immunity capable of restricting viral replication can
be induced in these situations, and this is best measured by administering a
second ‘challenge’ dose of the vaccine virus. As an example, replication of the
second dose of the investigational vaccine virus rA2cp28/404/1030/DSH was
restricted approximately 100-fold compared to replication of the first dose in
1–3 month-old infants (Karron et al. 2005). This finding underscores the utility
of a ‘challenge’ dose for assessment of induction of immunity, but also high-
lights the need for development of additional assays for measurement of
immune responses in young infants.

Table 3 Replication of live-attenuated RSV vaccines is comparable in infants and young
children

Vaccine Dose (log10

PFU/mL)
Population evaluated No. of

subjects
Mean peak titer shed
(log10 PFU/mL)

cpts248/4041 4.0 Seronegative children
6–24 months old

11 2.4

4.0 Infants 1–2 months old 7 4.2
5.0 Seronegative children

6–24 months old
38 4.2

5.0 Infants 1–2 months old 17 4.0
rA2cp248/404/

1030DSH2
4.3 Seronegative children

6–24 months old
13 2.6

4.3 Infants 1–2 months old 16 2.4
5.3 Seronegative children

6–24 months old
8 2.5

5.3 Infants 1–2 months old 16 3.5

1. Ref. (Wright et al. 2000)
2. Ref. (Karron et al. 2005)
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6 Conclusions: The Future of Live-Attenuated RSV
Vaccine Development

The live-attenuated approach continues to offer a number of advantages for
development of an RSV vaccine for RSV-naive infants and young children. The
most important advantage is the lack of disease enhancement associated with live
RSV vaccines. Also, as previously noted, live-attenuated respiratory virus vaccines
generally induce broad and durable immunity in infants and young children. In
addition, the administration of a live-attenuated RSV vaccine should prime a
young infant for development of a protective and non-pathologic immune
response, and therefore could be safely followed by administration of a non-
replicating RSV vaccine. The availability of reverse genetics and a panel of
characterized attenuating mutations has led to the systematic development of a
number of live-attenuated RSV vaccine candidates, including rA2cp248/404/
1030DSH, the first vaccine candidate that appeared to be well-tolerated and
moderately immunogenic in phase I trials in infants as young as 1 month of age
(Karron et al. 2005).

One potential limitation of live-attenuated RSV vaccines is that the level of
viral replication is generally linked to the magnitude of the antibody response, and
it might therefore be difficult to achieve a balance between the level of viral
replication required for safety and the level required for induction of protective
immunity. However, improved understanding of RSV gene function has allowed
for the development of new recombinant vaccine candidates that may de-link
replication and immune response, either by enhancing antigen production while
limiting viral replication (DM2-2 deletion), or by bolstering the innate immune
response (DNS2 deletion). Clinical evaluation of these promising vaccine candi-
dates is underway.
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Subunit and Virus-Like Particle Vaccine
Approaches for Respiratory Syncytial
Virus

Trudy G. Morrison and Edward E. Walsh

Abstract Despite its impact on global health, there is no vaccine available for the
prevention of respiratory syncytial virus (RSV) infection. Failure to develop a
licensed vaccine is not due to lack of effort, as numerous vaccine candidates have
been characterized in preclinical and clinical studies spanning five decades. The
vaccine candidates thus far explored can be generally divided into four categories:
(1) whole inactivated virus, (2) replication competent, attenuated virus including
recombinant viruses, (3) gene-based vectors, and (4) subunit and particulate forms
of RSV antigens. The first clinically tested RSV vaccine candidate was a formalin-
inactivated purified virus preparation administered to infants and children in the
late 1960s. Due to the disastrous outcome of these trials and results of animal
models investigating the mechanisms involved, there have been no further studies
with inactivated RSV vaccines. Rather, efforts have focused on development of
other approaches. In this chapter, we review the history and status of purified
proteins, peptides, virus-like particles, virosomes, and nanoparticles and discuss
their future potential.
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1 Target Populations for RSV Vaccines

Human RSV infection affects different populations with variable severity, and each
can be considered as a potential vaccine target group. RSV is the single most
important cause of acute viral lower respiratory tract disease in infants and young
children worldwide (Karron 2008), with an estimated 33.8 million RSV cases and
199,000 deaths worldwide in 2005 alone (Nair et al. 2010). The incidence and
severity of RSV is greatest in the first 6 months of life, with hospitalization rates of
17/1000 infants in the USA. However, children 2–5 years of age, another target
group, comprise a substantial proportion of RSV illness burden, and likely provide
the reservoir for infection of newborns. The epidemiology and impact of RSV in
the elderly, adults with underlying cardiopulmonary disease and hematologic stem
cell and solid organ transplant recipients have also been described (Walsh et al.
1999). Estimates of RSV attributable deaths in adults in the USA range from
10,000 to 17,000 annually, with hospitalizations ranging from 14,000 to 177,000
(Falsey et al. 2005; Falsey and Walsh 2000; Han et al. 1999; Thompson et al.
2003; Zhou et al. 2012). Another vaccine target population is pregnant women
because of the potential protective role of maternal antibodies for very young
infants. Because each of these populations has notable differences in the properties
and robustness of their immune responses and immunological history, it will be
likely necessary to tailor RSV vaccines to each specific population.

2 Considerations for Types of RSV Vaccine Candidates

Live-attenuated virus vaccines are often considered, in general, the most effective
due to their stimulation of broad innate and adaptive T and B cell immunity.
However, they may cause disease in immunocompromised persons, an expanding

286 T. G. Morrison and E. E. Walsh



population due to increased use of immune modulators for inflammatory diseases
and cancer, the HIV pandemic, and organ transplantation. Recombinant live
viruses, currently being developed for RSV (reviewed in the chapter by Karron
2008, this volume), likely similarly pose dangers to immunocompromised popu-
lations. Live virus vaccines in infants also raise concerns, particularly the ones that
require intranasal inoculation such as those based on other respiratory viruses
(reviewed in (Graham)). In addition, perhaps due to the immunological immaturity
of young infants, some live-attenuated RSV vaccines may be incompletely
attenuated in this population. Thus, infectious virus vaccine candidates, discussed
in the chapter by Karron 2008 in this volume, may not always be appropriate for
these populations.

In contrast, inactivated or protein subunit vaccines usually do not pose an
immediate safety risk and are often the vaccine of choice for infants and immu-
nocompromised populations. However, using classical methods for inactivated
vaccine preparation, a formalin-inactivated preparation of purified virus (FI-RSV)
not only failed to protect infants from infection, but also unexpectedly resulted in
enhanced respiratory disease (ERD) upon subsequent infection with RSV
(reviewed in Collins and Crowe 2007; Openshaw and Tregoning 2005). Eighty
percent of infected infants vaccinated, when less than 6 months of age, were
hospitalized and two died. In contrast, older RSV-experienced infants receiving
this vaccine did not manifest ERD. The mechanisms responsible for this unusual
response to a classical approach to vaccine preparation are not completely
understood even after decades of research using animal models (see chapters by
M.S. Boukhvalova and J.C.G. Blanco, P.J. Openshaw, R.J. Pickles and by G.
Taylor, this volume). However, this experience has significantly affected the
development of all inactivated or subunit RSV vaccine candidates and has
heightened concerns about their safety, especially in sero-negative infants.

3 Challenges for Subunit and Particulate RSV Vaccine
Development

Three interrelated problems have significantly and uniquely impeded RSV vaccine
development, each of which must be overcome. First and foremost is safety, as
discussed above. The ERD observed after FI-RSV vaccination was associated with
poor neutralizing responses in infants, as well as in experimental animals, perhaps
related, in part, to elimination of protective epitopes by formalin treatment
(reviewed in Collins and Crowe 2007; Collins and Graham 2007). In addition, it
has been reported that, in mice, FI-RSV immunization as well as immunization
with purified F protein or UV-inactivated RSV, resulted in unbalanced Th2-biased
cytokine responses and low affinity, poorly neutralizing antibodies (Delgado et al.
2009). Upon RSV challenge, immunized animals had weak CD8 ? T cell
responses, pronounced lung eosinophilia, and significant lung inflammation
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(reviewed in Collins and Crowe 2007; Collins and Graham 2007). It was proposed
that inactivated viruses or purified proteins fail to adequately stimulate innate
immune responses necessary for effective adaptive responses including affinity
maturation necessary for effective neutralizing antibodies. This failure, for reasons
that are still unclear, results in the immunopathology observed upon subsequent
live virus infection (Delgado et al. 2009). In any event, the absence of the types of
immune responses associated with enhanced disease is now considered a bench-
mark for development of a successful RSV vaccine.

A second critical issue is predicting and determining efficacy. Some vaccine
candidates have proved to be highly protective in animal models, but failed to have
equivalent protection in humans (reviewed in Power 2008). In infants, this prob-
lem may be related to immunological immaturity or the inhibitory effect of
maternal antibodies. In other populations, the problem may be related to preex-
isting antibody or non-responsiveness of aging or a compromised immune system.
It is also likely that there are undefined differences in stimulation of anti-RSV
responses and in the character of these responses in animal model systems and in
humans. The lack of an animal model that is directly translatable to human pro-
tection, coupled with the lack of clearly defined immune correlates of protection in
different human populations, makes efficacy in human populations difficult to
predict for new vaccine candidates.

A third but related problem is an understanding of requirements for long-lived
and memory responses to RSV. One of the hallmarks of RSV is the observation
that humans experience repeated infection caused by the same virus serogroup
multiple times over several years or even within the same season (reviewed in Hall
2001; Power 2008). The reasons for the failure of RSV infection to protect against
subsequent infection are not clear but the inadequate immune response to RSV
natural infection illustrates a major problem to be overcome in RSV vaccine
development. As noted by Pulendran and Ahmed (2011), an optimally effective
RSV vaccine must stimulate immune responses that are more protective and more
durable than those resulting from natural infection (Pulendran and Ahmed Pu-
lendran and Ahmed 2011). Indeed, many RSV vaccine candidates have failed to
stimulate long-term protective responses (discussed in Hall 2001; Power 2008),
illustrating the lack of knowledge of immune mechanisms required to generate
long-term, protective anti-RSV immune responses in humans.

Another issue that also should be addressed in any vaccine candidate is the
existence of two major serotypes of RSV, designated group A and B, each of
which has 5–6 genotypes (reviewed in Collins and Crowe 2007; Collins and
Graham 2007; and chapters by C.B. Hall et al. and by E.H. Choi et al. this
volume). The G proteins of different RSV strains demonstrate significant antigenic
diversity while the F proteins are virtually identical. Thus, inclusion of F protein in
any vaccine candidate is usually considered necessary in order to cover both
serotypes.
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4 Subunit and Particulate Vaccine Candidates Overview

The primary goal of immunization with vaccines is the stimulation of protective
antibody responses. Indeed, the only currently effective prophylaxis for RSV
disease is a humanized monoclonal antibody specific for RSV F protein (Cardenas
et al. 2005). While too expensive for use in general populations, this reagent
clearly demonstrates that serum antibodies specific to the RSV F protein, while not
preventing infection, can reduce severity and underscores the importance of
humoral immune responses to this virus and, in particular, the importance of
antibodies to the F protein. The protective role of G protein antibodies is less clear
although recent studies have suggested that antibodies specific to the conserved
central domain of the G protein are protective in animal models and prevent ERD
stimulated by FI-RSV in those systems (Simard et al. 1995; Zhang et al. 2010).

Protein subunit and particulate vaccine candidates for RSV fall into three
categories, intact purified F protein or both F and G proteins, peptide fragments of
G protein, and particles of various types containing F and/or G proteins (sum-
marized in Table 1). All candidates have been characterized in preclinical studies
in model systems, usually in mice and/or in cotton rats, and a few in primate
models. Many of the earlier candidates have also been tested in phase I or II human

Fig. 1 Particulate RSV vaccine candidates figure illustrates four types of particulate RSV
vaccine candidates described in detail. VLP, virus-like particles. Red, RSV F protein sequences;
blue, RSV G protein sequences; green, NDV sequences; purple, RSV M sequences; gray,
influenza M1 protein; light blue, RSV N protein; black line, E. coli RNA
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clinical trials although for various reasons have failed to move forward to large-
scale phase III efficacy trials. These candidates will be described with an emphasis
on the reasons for their failure to progress and their potential for future devel-
opment (Fig. 1).

5 Subunit Vaccine Candidates

5.1 Purified Protein Vaccine Candidates

Following the failed FI-RSV trials, the next vaccine candidates to be developed
were purified F protein (PFP) isolated from RSV infected VERO cells. Three
versions, PFP-1, PFP-2, and PFP-3 (Table 1), were developed sequentially, each
with increasing purity. PFP-1 was isolated by affinity chromatography using a
monoclonal antibody and contained up to 10 % contaminating G protein. PFP-2
and 3 were purified by ion exchange chromatography and were 98–99 % pure. The
F proteins were combined with either aluminum hydroxide (PFP-1, PFP-2) or
aluminum phosphate (PFP-3) as adjuvant. Characterization of the conformation of
the F protein in these preparations is not reported, thus it is unknown if the antigen
is composed of pre-fusion or post fusion mature forms or unfolded, immature
forms or a mixture of these forms. It is unknown if the protein was aggregated into
rosettes as often the case in purified preparations of paramyxovirus F proteins
(Calder et al. 2000).

Limited preclinical studies in animal models are described for these early
candidates. Some reports suggest that they may prime for ERD upon subsequent
RSV challenge (Delgado et al. 2009; Murphy et al. 1990) although this conclusion
has been challenged (Hildreth et al. 1993). There have been, however, a number of
clinical trials of these vaccine candidates in various human populations, primarily
seropositive children and older adults. For example, placebo-controlled trials of
PFP-1 in seropositive children (and two inadvertently included sero-negative
children) (Belshe et al. 1993; Paradiso et al. 1994; Piedra et al. 1995; Tristram
et al. 1993) and of PFP-2 in RSV experienced children with bronchopulmonary
dysplasia (Groothuis et al. 1998) showed generally fourfold or greater increases in
serum neutralizing antibody titers with few adverse reactions. Notably, PFP-1, but
not PFP-2 or 3, also induced significant anti-G responses. Although there was a
trend toward a reduction of RSV infection in vaccine recipients during the sub-
sequent winter, the small study size precludes firm conclusions (Falsey and Walsh
1996). However, a meta-analysis of six double-blind randomized control trials
with PFP was reported in 2002 (Simoes et al. 2001). The authors concluded that
the vaccinees had a statistically significant reduction in the incidence of all RSV
infections, but not in more serious lower respiratory tract infection. Despite these
findings, the authors of this meta-analysis questioned the validity of this conclu-
sion due to possible bias in reporting of negative studies. PFP-2 was also evaluated

Subunit and Virus-Like Particle Vaccine Approaches for Respiratory Syncytial Virus 291



in pregnant women with the goal of enhancing transmission of RSV-specific IgG
to their newborns (Munoz et al. 2003). Immunized mothers had only modest
increases in anti-RSV serum titers, as did their newborns. Again, subject numbers
were too small to assess efficacy. A much larger phase II clinical trial of PFP-3 in
older RSV seropositive children with cystic fibrosis showed a robust increase in
serum antibody titers and neutralizing antibody titers but no significant reduction
in the incidence of RSV infection (Piedra et al. 2003). Finally, PFP-2 was shown to
be immunogenic and safe in two phase I trials in healthy and frail elderly adults
(Falsey and Walsh 1996, 1997). Importantly, none of the above studies found
evidence of ERD although no formal studies in sero-negative children have been
reported. Nevertheless, the lingering specter of the FI-RSV experience and the
inconsistent results from animal models of ERD with these vaccine candidates
have inhibited their study in newborn infants. The lack of an indication of efficacy
of these vaccines in other human populations has also discouraged their further
development.

Subsequently, candidates containing both F and G proteins as well as M protein
have been characterized in two different studies (Falsey et al. 2008; Langley et al.
2009) of elderly populations. This protein mix was co-purified from RSV grown in
VERO cells. It has since been reported by others that RSV G protein made in
VERO cells lacks the carboxyl terminal sequences and is, thus, a truncated version
of the authentic G protein (Kwilas et al. 2009). The effect of this deletion on
immune responses is unknown. Furthermore, the conformation of the F protein
was uncharacterized. This vaccine formulation was reported by Murphy and col-
leagues not to induce ERD upon RSV challenge in cotton rats (Murphy et al.
1989), in contrast to their results with PFP. In phase I and II clinical trials, the
protein mix was formulated with and without alum, with both studies reporting
better F, G and neutralizing antibody responses without alum. One possible
interpretation of this result is that alum alters the conformation of the proteins, thus
interfering with stimulation of protective neutralizing antibodies, a consideration
in evaluating all RSV vaccine candidates with alum. While these studies were
specifically designed to test safety and immunogenicity and were not powered to
test efficacy, there was little indication that the vaccine protected from subsequent
RSV infection. However, there was the suggestion that risk of RSV infection was
lowered in those with the highest serum antibody. At this time, there is no indi-
cation that the F, G, M protein mixture has been further developed as a vaccine in
either adults or infants.

5.2 Peptide Vaccine Candidates

Other subunit vaccine candidates have been formulations that contain various
peptide sequences primarily from the G protein. BBG2Na is a peptide with
sequences from amino acid 130-230 of the G protein fused to the albumin-binding
domain of the Streptococcus G protein, which served as carrier. The protein was
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made in E. coli and formulated in alum. In mice, this antigen resulted in antibody
responses, and immunization of cotton rats with this antigen protected against
lower respiratory tract infection but not upper respiratory tract infection. Studies of
responses in healthy, seropositive humans (18–45 years) to different doses after
intramuscular inoculation were also reported by Power et al. (2001). At the highest
dose, the vaccine candidate showed no evidence of adverse reactions and stimu-
lated [4 fold increases in serum antibody titers and [2 fold increases in neu-
tralization titers. Thus the vaccine appeared to be safe and immunogenic in RSV
sero-positive adults. As reported by Murata (2009), trials in the elderly also
stimulated antibody responses but their rapid declined diminished interest in fur-
ther development of this candidate for elderly populations. Furthermore, sub-
sequent studies in rhesus macaques showed evidence of Th2 skewed responses as
determined by IL13 levels and eosinophils in lungs of challenged animals (de
Waal et al. 2004) and protective efficacy was also unclear. In addition, clinical
phase III trials of BBG2Na were halted due to adverse events in a small number of
individuals (cited in Nguyen et al. 2012). More recently, it was reported that these
adverse reactions were due to the Streptococcus component (BB component), and
work has explored the use of diphtheria toxin fragments as a carrier (Nguyen et al.
2012). These results have stimulated renewed interest in sequences from this
region (amino acids 130–230) of the G protein as a vaccine or a component of a
vaccine candidate.

It has been shown that passive transfer of anti-G protein antibodies directed to
the central cysteine rich region of the ectodomain sequence (amino acids 174–187)
is protective in mice (for example Miao et al. 2009; Trudel et al. 1991). The G
protein ectodomain includes a motif analogous to a motif responsible for the
binding of the CX3C chemokine fractalkine to its receptor (Tripp et al. 2001).
Fractalkine is involved in migration of immune cells, mainly CD8+ and NK T
cells, to sites of inflammation. It has been suggested that the soluble form of G
protein acts as a fractalkine antagonist and is involved in immune evasion by the
virus, ultimately resulting in disease (Tripp 2004). Tripp, Anderson, and col-
leagues have shown that antibodies specific to this CX3C sequence motif block the
binding of G protein to the CX3C receptor, and that immunization with a peptide
encoding the CX3C motif protected mice from RSV challenge and decreased
pulmonary inflammation (Zhang et al. 2010). These studies have recently been
extended showing some cross reaction of antibodies raised to this region to RSV-B
G protein in mice (Choi et al. 2012) indicating that inclusion of this region of the G
protein in vaccine candidates may increase protective responses to both RSV A
and B.

Other studies in mice and cotton rats utilized an antigen made in insect cells
that was a fusion of most of the ectodomain sequences from both the F and G
proteins, designated F-G. Other details of the structure of this fusion protein are
not available. Studies in cotton rats of the F-G antigen showed low levels of
neutralizing antibodies, only partial protection from challenge, and possible evi-
dence of ERD (Connors et al. 1992). A modified version of F-G linked to cholera
toxin subunit B was also studied, and when given intranasally or via intramuscular
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injection, induced serum antibody responses, but only intranasal inoculation
resulted in protection (Oien et al. 1993; Oien et al. 1994). No human clinical trials
have been reported.

6 Particulate Vaccine Candidates

6.1 Virus-Like Particles (VLPs) as Vaccines for RSV

6.1.1 General Properties of VLPs

VLPs are particles with sizes similar to authentic virus and contain repeating
protein arrays that mimic those of infectious viruses (Jennings and Bachmann
2008) and account, in part, for the potent immunogenicity of viruses (Jennings and
Bachmann 2008). VLPs are released from cells expressing viral structural proteins.
The viral surface glycoproteins are folded and inserted into the VLP membranes
typical of infectious virus, thus antigenicity of VLPs is likely very similar to live
virus. No inactivation is required, thus important epitopes are retained and new
ones are not likely generated. Since VLPs are assembled without a genome, VLPs
cannot replicate and spread from cell to cell typical of an infectious virus. Nor is
there is any chance of reversion to virulence.

Immune responses to VLPs are usually quite robust. Not only do they stimulate
neutralizing antibody, but, because of their particulate nature, VLPs are taken up
and processed for presentation by both MHC class II and class I, by cross pre-
sentation pathways, resulting in broad range of T cell responses (reviewed in
Jennings and Bachmann 2008) at least in murine systems. There is evidence that
VLPs are also potent stimulators of innate responses since no adjuvant is required
for robust immune responses in most systems. Indeed, VLPs are described as ‘‘self
adjuvanting’’ (Grgacic and Anderson 2006; Ludwig and Wagner 2007). All these
responses usually translate into vaccine candidates that provide good protection of
experimental animals from challenge by live, virulent viruses (reviewed in Jen-
nings and Bachmann 2008; Kang et al. 2009). The memory responses to VLPs are
less well characterized.

Not all virus systems yield VLPs at levels sufficient for their use as immuno-
gens. Indeed, VLP release from cells expressing the structural proteins of RSV has
been reported to be very inefficient (McGinnes et al. 2010; Teng and Collins
1998). To overcome this problem, two different approaches, summarized below,
have been reported both of which take advantage of the very efficient release of
VLPs formed with core proteins of other viruses.
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6.1.2 Newcastle Disease Virus-Based VLPs

One type of RSV VLP vaccine candidate is based on Newcastle disease virus
(NDV) VLPs. Expression of the structural proteins of NDV, another paramyxo-
virus, results in extremely efficient release of VLPs and these VLPs (ND VLPs)
(Pantua et al. 2006) stimulated, without adjuvant, robust, neutralizing anti-NDV
antibodies and CD8+ and CD4+ T cell immune responses in mice that were
comparable to responses to virus (McGinnes et al. 2010). These VLPs have been
used as a platform to construct particles containing ectodomains of the RSV
glycoprotein ectodomains (McGinnes et al. 2011; Murawski et al. 2010). Efficient
incorporation of the RSV glycoproteins into ND VLPs was achieved by con-
structing chimera protein genes composed of the sequences encoding the ecto-
domains of G or F proteins fused to the sequences encoding the transmembrane
(TM) and cytoplasmic (CT) domains of the NDV HN or F glycoprotein, respec-
tively. Upon expression in cells of the chimera protein genes along with the NDV
M (membrane or matrix) protein and NP (nucleocapsid protein) genes, the NDV
domains in the chimera proteins specifically interact with the NDV NP and M
protein resulting in very efficient incorporation of the chimera protein into VLPs.
Using this approach, VLPs containing the RSV G protein ectodomain or VLPs
containing ectodomains of both the RSV G and F proteins have been generated
(McGinnes et al. 2011; Murawski et al. 2010).

The VLPs containing the RSV G (Murawski et al. 2010) or both the G and F
proteins (McGinnes et al. 2011) demonstrated striking effectiveness as a vaccine
for RSV in mice. A single intramuscular immunization of BALB/c mice with
either VLP stimulated, without adjuvant, antibody levels that were comparable to
or higher than responses to infectious RSV delivered by intranasal inoculation to
mimic natural infection (McGinnes et al. 2011). The ratios of IgG subtypes during
infection or immunization have been used as one indicator of Th1 or Th2 biased
immune responses (for example Delgado et al. 2009). VLP immunization resulted
in anti-G protein and anti-F protein IgG2a/IgG1 ratios that indicated a predominant
Th1 immune response. The neutralizing antibody titers after immunization with
VLPs containing only the G protein were relatively weak (Murawski et al. 2010).
However, after a single immunization with VLPs containing both glycoproteins,
the neutralizing antibody titers were robust (McGinnes et al. 2011). Immunization
with either VLP completely protected mice from virus replication upon live virus
challenge. Neither VLP stimulated ERD after RSV challenge as determined by
inflammation around blood vessels, airways, and in interstitial spaces (McGinnes
et al. 2011; Murawski et al. 2010).

Assessment of long-term immune responses to VLPs containing both G and F
protein in mice have also shown that these particles can stimulate durable serum
neutralizing antibody levels and long-lived memory responses, properties impor-
tant for an effective RSV vaccine (Schmidt et al. 2012). BALB/c mice immunized
with a single dose of VLPs, without adjuvant, generated stable neutralizing anti-
body titers that lasted for 14 months whereas those of RSV immunized animals
declined significantly by 3 months. This finding was reinforced by detection of
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significant levels of long-lived, bone marrow associated anti-F protein antibody
secreting cells in VLP immunized mice while none were detected in mice
immunized with an RSV infection. In addition, VLPs stimulated memory
responses while RSV infection did not, as determined by adoptive transfer of
splenic B cells from VLP immunized mice into immunodeficient Rag-/- mice.
After transfer, the recipient mice had significant levels of anti-F and anti-G protein
serum IgG antibody responses that were protective upon RSV challenge. In con-
trast, transfer of splenic B cells from RSV immunized mice produced no detectable
serum antibody in the recipients nor could these mice inhibit RSV replication upon
virus challenge. Thus these VLPs promise to be more effective than natural
infection, a requirement for a successful vaccine.

6.1.3 Influenza-Based RSV VLPs

Expression of baculovirus encoded influenza M1 (matrix) protein in SF9 insect
cells results in efficient release of VLPs (Latham and Galarza 2001). Taking
advantage of this observation, Quan et al. (2011) produced influenza M1 based
VLPs containing an RSV glycoprotein by co-expressing influenza M1 and either
the RSV G or F proteins. The RSV glycoproteins were presumably passively
incorporated into M1 containing particles released from the insect cells. In mice,
these particles stimulated anti-F or anti-G antibody responses, both of which were
neutralizing. Antibodies, particularly after both a prime and boost immunization
were predominantly IgG2a suggesting Th1 biased immune responses. Further-
more, immunization with either of these particles provided protection from RSV
challenge. Surprisingly, immunization with G protein containing VLPs showed
higher neutralization titers and marginally better protection from challenge than
the F protein containing VLPs. Whether this difference between the two VLPs is
related to antigen dose is unclear since the amounts of F or G proteins in these
particles were not reported. The safety of these VLPs, as determined by analysis of
markers of ERD upon RSV challenge of immunized animals was not assessed. In
addition, the authors have not reported construction of VLPs containing both RSV
glycoproteins. Clinical trials of these VLPs as RSV vaccine candidates have not
been reported.

6.2 Virosomes

Another type of particulate RSV vaccine candidate recently described is a viro-
some (Kamphuis et al. 2012; Stegmann et al. 2010). Virosomes are defined as
phospholipid vesicles containing viral glycoproteins. The recently described RSV
virosomes contain both RSV F and G proteins and were formed by reconstituting
solublized virus envelopes with various combinations of phosphatidyl choline,
phosphatidyl serine, cholesterol, and sphingomyelin. The particles formed were
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relatively homogeneous with a diameter from 70–130 nm. These particles have
also been reconstituted to include the adjuvants MPL, a TLR-4 agonist, or
P3CSK4, a TLR-2 agonist. The particles stimulated robust anti-RSV antibody
responses and neutralizing antibody responses. Without inclusion of either adju-
vant, the particles stimulated predominantly a Th2 response as determined by
IgG2a/IgG1 ratios, and by IFNc and IL5 levels. However, inclusion of either
adjuvant shifted the response to a more balanced one, but MPL was more effective
in promoting this shift.

Particles with adjuvants included stimulated protective responses as determined
by virus lung titers after challenge. Importantly, the adjuvanted particles showed
no evidence of ERD upon virus challenge in either mice or cotton rats as assessed
by cytokine secretion and lung histology. Thus these virosomes show promise as
potential vaccine candidates. No clinical trials have been reported. In addition, the
conformation of the F protein in the particles has not been characterized.

6.3 Nanoparticles

Another RSV vaccine candidate is described as a nanoparticle (Patent application
#WO 2010/077717A1). This particle is composed entirely of a mutant version of
the RSV F protein, which was synthesized in baculovirus-infected insect cells and
purified by column chromatography. These particles are described as rosettes of F
protein trimers that are 20–40 nm in diameter. The conformation of the F protein
has not been reported. How this form of F protein differs from previously char-
acterized purified protein vaccine candidates (PFP-1, 2, and 3) is unclear. Results
of preclinical trials in either mice or cotton rats have not been reported, and,
importantly, nor have safety studies in mice or cotton rats. However, phase 1
clinical trials of the material have recently been conducted (clinical trials.gov,
NCT 01290419).

7 Considerations for Future Development of Subunit
and Particulate RSV Vaccines

7.1 Overview

There are a number of lessons from past preclinical and, particularly, clinical trials
of subunit vaccine candidates. In addition, results of recent studies of RSV protein
structure and function and the immunology of RSV infections and vaccine can-
didates suggest important modifications to future RSV vaccine candidates, mod-
ifications that could significantly impact their safety and efficacy and, ultimately,
their approval for use in human populations. Studies of potential improvements
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should minimally consider F protein conformation, G protein conformation,
adjuvant incorporation, and supramolecular structures containing repeating arrays
of antigens. Because murine or cotton rat immune responses are likely different
than human responses, there must be careful assessment of the human immune
response, perhaps informed by studies in humanized murine systems.

7.2 Role of Conformation of F Protein in Effective Antibody
Stimulation

The paramyxovirus F protein is folded into a metastable conformation and upon
fusion activation refolds into the post fusion conformation, which is structurally
very different from the pre-fusion form (see chapter by McLellan et al. (2011) this
volume; Yin et al. 2005; Yin et al. 2006). Given current models of paramyxovirus
fusion, it is logical to assume that optimally neutralizing antibodies should bind to
pre-fusion F protein in order to block virus entry, and that an effective vaccine
candidate should contain the pre-fusion form of the protein. Recent structural
studies of the RSV F protein demonstrate that at least two neutralizing monoclonal
antibody binding sites, including the Palivizumab epitope, are accessible on the
post fusion form of the protein, suggesting that post fusion forms should stimulate
at least a subset of the potential protective neutralizing antibodies (McLellan et al.
2011; Swanson et al. 2011), at least in mice. However, it has also been reported
that a significant proportion of the neutralizing antibodies in human immune sera
do not bind to the post fusion form of the protein (Magro et al. 2012) raising the
possibility that there are human neutralizing antibody binding sites on the pre-
fusion form not present on the post fusion form. Thus, it remains to be determined
which of the two forms of the F protein is the optimal antigen for inclusion in
human vaccine candidates. Conformational intermediates between the pre and post
fusion forms should also be considered. Presumably, the PFP vaccine candidates
tested in the past were primarily in the post fusion form and stimulated only a
subset of neutralizing antibodies, a possibility that could reduce their protective
effect, as noted in clinical trials. Formulation of future vaccine candidates should
focus on inclusion of the pre-fusion or a conformational intermediate form of F
protein.

7.3 G Protein Conformation

Recent studies have indicated that antibodies to the central region of the G protein
ectodomain have a significant role in protective responses to RSV (Zhang et al
2010). There is virtually no information about the conformation of the G protein or
any conformational changes that may take place during virus entry. A more
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detailed understanding of the conformation of this protein and any changes that
occur during virus attachment and entry could suggest more directed approaches
for the inclusion of a form of the G protein that will stimulate effective antibodies
to this central region. Perhaps future vaccine candidates should present only
peptides from this region of the G protein rather than the intact protein.

7.4 Adjuvants

Stimulation of innate immunity is necessary for affinity maturation of antibodies
and long-term T and B cell responses (reviewed in Bessa et al. 2010; Guay et al.
2007; Lanzavecchia and Sallusto 2007; Pasare and Medzhitov 2005). Adjuvants
stimulate innate immunity and are often included in vaccines to enhance adaptive
immune responses. Different adjuvants stimulate through different innate immune
response pathways with different outcomes on adaptive immunity. The only
licensed adjuvant that has been tested with RSV vaccine candidates is alum.
Indeed, until just recently, alum is the only adjuvant licensed for use in vaccines in
the US. While the pathways stimulated by alum are only recently described,
precise mechanisms responsible for enhancement of antibody responses by alum
are still not clearly defined (reviewed in Lambrecht et al. 2009). It is clear,
however, that alum stimulates primarily Th2 responses (Lambrecht et al. 2009).
Thus, alum is not the appropriate adjuvant for subunit RSV vaccine candidates,
especially for use in young infants, since predominantly Th2 responses are asso-
ciated with ERD. In addition, many subunit vaccine candidates discussed above
are less likely to induce T cell responses, particularly Th1 responses, and optimal
adjuvants will be those that increase stimulation of Th1 responses. Indeed, over the
past decade, subunit or inactivated RSV vaccines combined with many different
adjuvants, particularly TLR agonists, have shown significantly improved adaptive
immune responses in animal models. For example, in a head-to-head comparison
of alum and TLR agonists, it was recently reported that inclusion of TLR 4, 3, and
7 agonists with UV-inactivated RSV promoted antibody affinity maturation and
protective responses without ERD while inclusion of alum did not (Delgado et al.
2009).

Recently one TLR4 agonist, MPL, has been approved for use in the HPV
vaccine. However, a number of other TLR agonists are in phase I-III clinical trials
(Steinhagen et al. 2011). Furthermore, recent reports clearly show that combina-
tions of TLR agonists synergize to enhance adaptive immunity (Kasturi et al.
2011; Napolitani et al. 2005; Querec et al. 2006) to a noninfectious, particulate
influenza vaccine candidate suggesting that inclusion of several different adjuvants
in vaccine candidates may be optimal. Another adjuvant included in influenza
vaccines used in Europe is MF59, an oil in water emulsion that improves
immunogenicity. However, the mechanism of action of this adjuvant is not entirely
understood (Lambrecht et al. 2009). Testing of these adjuvants and combinations
of adjuvants with RSV vaccine candidates, including older ones such as the PFP,
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will likely significantly improve efficacy and yield formulations with acceptable
properties in at least certain target populations. Inclusion of these new adjuvants
with newer particulate RSV vaccine candidates will potentially further enhance the
effectiveness of these candidates.

7.5 Supramolecular Structure of the Antigens

It is increasingly recognized that immunization with particulate antigens often
results in more robust antibody responses, in more efficient maturation of high
affinity antibodies, and in enhanced development of T cell responses compared to
responses to purified proteins. Indeed, there are two particulate vaccines licensed
for use, the vaccine for the human papilloma virus (HPV) and the vaccine for
hepatitis B virus (HBV). The HPV vaccine is a virus-like particle (VLP) composed
of the major capsid structural protein and is assembled into a structure very similar
to the virus particle. The HBV vaccine is the envelope protein embedded in a lipid
vesicle resembling, to some extend, the virus particle. Preclinical studies of par-
ticulate vaccine candidates for RSV, described above, show promise, some of
which do not require addition of adjuvant.

Potentially other types of particles may also be developed for future candidates.
Indeed, particles, described as microparticles, have recently been reported as a
potential vaccine candidate for RSV. These 10-nm polyphosphazene microparti-
cles were composed of poly[di(sodium carboxylatoethylphenoxyl)] phosphazene
and contained the truncated secreted form of F protein as well as TLR agonists
(Garlapati et al. 2012). Nanoparticles composed of the influenza HA protein as
well as TLR agonists encapsulated in 300-nm particles composed of poly(D,L-
lactic-co-glycolic acid) have been reported as potent influenza vaccine candidates
(Kasturi et al. 2011). These could potentially be developed for RSV vaccine
candidates.

Another type of nanoparticle reported contains the RSV N protein and a car-
boxyl terminal fragment of the P protein (Roux et al. 2008) and is an alternative
approach to RSV vaccines. N protein sequence includes human specific RSV T
cell epitopes. It has been reported that CD8 T cells are important for protection
from vaccine induced eosinophilia (Hussell et al. 1997, 1998) thus the goal of
these studies was to explore the potential role of N protein induced T cell
responses in protective responses. The N protein, expressed in E. coli, formed
15 nM particles composed of a ring of 10–11 N proteins associated with 70
nucleotide fragments of E. coli RNA. In adult mice, intranasal immunization with
this particle resulted in N protein specific antibody, CD4 and CD8 T cell
responses, and protection from RSV replication upon challenge as determined by
quantitative PCR of NP sequences in lungs (Roux et al. 2008). However, in
neonatal mice (Remot et al. 2012), while there was some protection, there was
evidence for ERD and a Th2 biased immune response upon RSV challenge.
Inclusion of the adjuvant CpG only partially eliminated ERD. Thus, the efficacy
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and safety of this type of vaccine candidate must be further optimized and assessed
in preclinical trials.

Thus, future endeavors that focus on defining the most appropriate form of
particulate antigen for RSV vaccines are warranted. A consideration is that many
of the early vaccine candidates, notably PFPs, were purified proteins mixed with
alum. This combination does result in particulate multivalent structures (Tritto
et al. 2009) yet these particles were not very effective vaccines in humans. It is
likely that the protein antigens in alum are not organized into repeating arrays
typical of a virus. Thus, the organization of the viral antigens in any particulate
vaccine candidate may need to be carefully considered.

7.6 Human Immune Responses to Vaccine Candidates

A major difficulty in developing an effective RSV vaccine has been the failure to
translate the positive results obtained in rodent models to humans (Power 2008). It
is possible that RSV vaccine candidate stimulation of innate and B cell immunity
in humans is different than in model animal systems (Lanzavecchia and Sallusto
2009). Definition of immune responses to vaccine candidates in humans will be a
key to the development of an effective human vaccine. The recent development of
humanized murine systems for vaccine testing (Schmidt et al. 2008; Shultz et al.
2007; Zhang et al. 2007) should facilitate these studies. Not only will formulations
most favorable for human innate immunity and B cell stimulation be identified but
also optimal routes, schedules, and doses of immunization can be tested.

8 Conclusions

Existing data suggest that subunit vaccines, despite primarily inducing antibody
without T cell responses, are safe and relatively immunogenic in adults of all ages,
although efficacy will need to be demonstrated and may require enhanced
immunogenicity. Similarly, this approach should also be safe and effective in the
RSV-experienced older child. However, subunit vaccines will need to reliably
induce balanced Th1/Th2 responses as well as neutralizing antibodies and T cells
if they are to be successfully developed for use in very young RSV-naïve infants,
the primary group in need of a vaccine. VLPs may be particularly successful for
this group as they can induce T cell immunity.

Given the history and current status of subunit and particulate vaccine candi-
dates summarized here as well as considerations described above, one may predict
that an optimal RSV vaccine candidate will include the pre-fusion form of the F
protein and a conformation of G protein or G protein fragment that exposes the
central conserved region of the protein. These proteins should be assembled in a
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virus-sized particle in an organized array typical of an infectious virus. In addition,
a combination of adjuvants targeting different innate immunity pathways will
likely increase the affinity maturation of antibodies as well as induction of long-
lived antibody secreting bone marrow plasma cells and memory B cells. Testing of
new candidates should include neonatal rodents, humanized murine systems, as
well as different human target populations. Approval of any of subunit or partic-
ulate vaccine candidates for use in humans will depend upon optimization of
efficacy and safety in these model systems. Approval for vaccines targeted to
adults and sero-positive children will be far less problematic than those targeted
for sero-negative infants.
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Gene-Based Vaccine Approaches
for Respiratory Syncytial Virus

Rebecca J. Loomis and Philip R. Johnson

Abstract A respiratory syncytial virus (RSV) vaccine has remained elusive for
decades, largely due to the failure of a formalin-inactivated RSV vaccine in the
1960s that resulted in enhanced disease upon RSV exposure in the immunized
individuals. Vaccine development has also been hindered by the incomplete
immunity conferred by natural infection allowing for re-infection at any time, and
the immature immune system and circulating maternal antibodies present in the
neonate, the primary target for a vaccine. This chapter will review the use of gene
delivery, both nonviral and viral, as a potential vaccine approach for human RSV.
Many of these gene-based vaccines vectors elicit protective immune responses in
animal models. None of the RSV gene-based platforms have progressed into
clinical trials, mostly due to uncertainty regarding the direct translation of animal
model results to humans and the hesitancy to invest in costly clinical trials with the
potential for unclear and complicated immune responses. The continued devel-
opment of RSV vaccine gene-based approaches is warranted because of their
inherent flexibility with regard to composition and administration. It is likely that
multiple candidate vaccines will reach human testing in the next few years.
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1 Introduction

Most licensed vaccines for humans were developed without the use or benefit of
recombinant DNA (rDNA) technology. In recent years, a few vaccines have been
produced on a commercial scale using rDNA methods (e.g., hepatitis B and human
papilloma virus). However, no vaccines approved for humans have exploited the
decades old concept of injecting genes directly in vivo (reviewed in Ferraro et al.
2011; Kutzler and Weiner 2008), wherein the vaccine immunogen of choice is
synthesized endogenously (as opposed to exogenously). In this scheme, the vac-
cine gene of interest is delivered to the prospective vaccinee by one of two general
methods: (i) direct injection of the rDNA, usually as a bacterial plasmid or (ii) the
rDNA, as a vector, within a virus or bacterium. Regardless of the delivery method,
once inside the host cell, the gene directs the production of mRNA, and subse-
quently, the protein immunogen of interest.

The purpose of this chapter is to review the use of gene delivery as a potential
vaccine approach for human respiratory syncytial virus (RSV). The well-known
failure of a formalin-inactivated vaccine in the 1960s due to poor induction of
virus-neutralizing antibodies and an exaggerated Th2 response (reviewed in Col-
lins and Melero 2011; Graham 2011) has haunted the search for an RSV vaccine
for almost 50 years. Subsequent attempts to develop live-attenuated vaccine
viruses and subunit protein immunogens have fallen short for a variety of reasons
(reviewed in Blanco et al. 2010; Chang 2011; Graham 2011; Murata 2009;
Schickli et al. 2009). Gene-based RSV vaccines are viable candidates worthy of
continued development and testing in humans.

2 DNA Vaccines

Many ‘‘non-viral’’ methods have been proposed and tested as a means to introduce
genes into mammalian cells in vitro. Over 20 years ago, Wolff and colleagues
(Jiao et al. 1992; Wolff et al. 1990) showed that naked plasmid DNA carrying a
eukaryotic gene, injected directly into animal muscle, resulted in endogenous
protein biosynthesis. Importantly, there was no evidence of anti-DNA or anti-
nuclear antibodies (or other unanticipated side effects) arising in injected animals.
These seminal studies provided the basis for using direct DNA injection as a
method to deliver genes of interest for vaccine purposes.
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The potential advantages of using DNA as an immunizing agent include: DNA is
easy to manufacture and purify and it can be produced rapidly and efficiently on a
commercial scale, the gene of vaccine interest (transgene) can be modified almost at
will; transgene size is usually not a constraint, the DNA itself is not immunogenic,
host immune responses are focused on the transgene product rather than the gene
carrier, and the endogenously synthesized protein is subject to host translational and
post-translational modifications, thereby presumably making the product more
‘‘authentic’’. Endogenous synthesis of the vaccine immunogen engenders both
humoral and cellular responses, stimulating natural infection by a pathogen.

While the naked DNA platform continues to hold tremendous promise, trans-
lation of the technology into humans has not proceeded smoothly. In general,
expression levels of the transgene following DNA injection in humans have been
low, leading to less than desirable immune responses. Nonetheless, early on, many
groups recognized the potential of using plasmid DNAs to generate specific
immune responses (reviewed in Kutzler and Weiner 2008). A variety of pathogens
were targeted including hepatitis B virus, HIV, influenza viruses, and rabies virus,
to name a few. Since these early reports, numerous enhancements have been made
to DNA vaccines including modifications to transcriptional elements in the plas-
mid backbone, codon-optimized gene sequences, incorporation of adjuvant moi-
eties, and better delivery methods. Advantages and disadvantages of using DNA
vaccines are summarized in Table 1.

Table 1 Nonviral vector vaccines advantages and disadvantages

Nonviral gene-based
vectors

Advantages Disadvantages

DNA immunization Stable and easy to manipulate Poor transgene transduction/
expression

Accommodates large transgene
size

May require special formulations
and delivery approaches

DNA not immunogenic
Elicits robust humoral and

cellular immune response
RNA immunization Does not need to enter the

nucleus to initiate
transcription

Potential obstacles in
manufacturing, delivery, and
stability

Self-amplifying replicons
RNA is not immunogenic
Can elicit both humoral and

cellular immune responses
Bacteria-mediated

transfer of DNA
plasmid

Inherent immune stimulatory
activity

Potentially lack transgene post-
translational modifications

Elicits both mucosal and systemic
immunity

Pre-existing immunity
Safety issues

Noninvasive route of
immunization possible

Some bacterial species are
nonpathogenic
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The attractive features of DNA vaccines notwithstanding, relatively few studies
have been published using this approach for an RSV vaccine. Early work in a
mouse model showed that plasmids carrying the RSV F gene were comparable to
live RSV infection at inducing a strong humoral (neutralizing) response that was
protective from challenge infection and inducing a balanced lung cytokine
expression after challenge (Li et al. 1998). The RSV fusion (F) glycoprotein is a
known target of neutralizing antibodies in humans and is widely believed to be an
essential component of an effective RSV vaccine (Olmsted et al. 1986; Pemberton
et al. 1987). One unexpected finding was that the DNA vaccine caused a switch
from a previously established Th2 profile to a Th1 profile. This later finding
suggested that a DNA vaccine might be an important component in a ‘‘prime-
boost’’ RSV immunization strategy (Li et al. 1998).

In a similar fashion, studies of plasmids that carried the RSV G gene were
carried out (Li et al. 2000). The RSV attachment G glycoprotein is also a target of
human neutralizing antibodies, but is less well conserved across RSV subgroups
when compared to the F glycoprotein (reviewed in Chang 2011; Collins and
Melero 2011; Murata 2009; Schickli et al. 2009). The RSV G DNA vaccine
generated significant virus neutralizing antibodies and conferred protection in the
lower respiratory tract against RSV challenge. The vaccines induced a balanced
Th1/Th2 anti-G response regardless of route of administration or form of the
antigen encoded, similar to responses observed after intranasal live RSV infection.
Unlike RSV F DNA, immunization with RSV G DNA did not elicit detectable
virus-specific cytotoxic T cell responses.

Before the advent of codon-optimization, RSV F expression after in vitro
transient transfection of plasmid DNA into cultured cells was always lower than
expected, especially when compared to many other viral and nonviral genes driven
by strong constitutive promoters. Codon-optimization of the RSV F gene allevi-
ated this problem (Ternette et al. 2007). When compared to nonoptimized
sequences, only animals immunized with optimized expression plasmids carrying
the F ectodomain were afforded significant reduction in RSV viral loads after
challenge (Ternette et al. 2007).

The consensus from the aforementioned studies is that RSV DNA vaccines that
carry either the F or G glycoproteins can be engineered to provide at least partial
protection in the mouse model. The use of codon-optimized genes appears to be
important since RSV replication occurs in the cytoplasm and has never adapted to
nuclear environment. Future improvements in DNA vaccine strategies for humans
will likely be required to move DNA-based RSV vaccines further down the path to
human clinical trials (Ferraro et al. 2011).

3 Bacterial Vector Vaccines

The use of live bacterial vaccine vectors to deliver vaccine antigens mucosally
may prove a successful strategy at inducing protective immunity against RSV
infection. The vaccine antigen can be made as a bacterial protein, either surface-
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expressed or secreted, or the bacteria can mediate the transfer of the plasmid DNA
into the mammalian cells (aka bactofection) where the infected mammalian cells
generate the vaccine antigen. Advantages of using bacteria include the inherent
immunostimulatory activity of the bacterial carrier, early induction of innate
immune responses and the potential to deliver DNA by both oral and mucosal
routes. However, gene products expressed by bacteria do not exhibit post-trans-
lational modifications typical of the mammalian host and the resulting effects on
immune responses are not well understood. Additionally, bacterial vectors may
pose potential safety risks and pre-existing immunity may blunt efficacy (Hurwitz
2011). A variety of bacterial strains have been developed as gene transfer vectors
(reviewed in Palffy et al. 2006), but relatively few have been tested as candidate
RSV vaccines. Advantages and disadvantages to bacterial vector vaccines are
summarized in Table 1.

Staphylococcal species (primarily food-grade organisms) have been developed
as gene delivery vectors and several are nonpathogenic in mice when administered
orally or subcutaneously. A S. carnosus vector, enhanced by the introduction of the
cholera toxin B subunit peptide into chimeric surface proteins, was used to express
three different peptides derived from the RSV G protein (residues 130–230) on the
bacterial surface (Cano et al. 2000). Intranasal immunization of mice with the live,
recombinant staphylococci elicited significant anti-RSV G peptide and anti-virus
serum IgG responses with balanced IgG1/IgG2a responses. After intranasal RSV
challenge, about half of the mice were protected.

The commensal bacterium Streptococcus gordonii was engineered to express
on its surface a conserved domain (residues 130–230) of the RSV G glycoprotein
and then tested as a systemic and mucosal vaccine vector (Falcone et al. 2006).
Mice immunized subcutaneously had RSV-specific serum IgG partially controlled
RSV replication in the lungs after challenge. Intranasal immunization of mice
stimulated the production of RSV-specific IgA in both serum and bronchoalveolar
fluid. When challenged, the vaccinated mice had lower virus titers in the lungs
relative to controls (Falcone et al. 2006).

Oral administration is an attractive feature for attenuated strains of Salmonella.
Mice immunized orally with Salmonella carrying the DNA plasmid encoding the
RSV F gene had significantly higher serum anti-RSV IgG and bronchoalveolar
lavage secretory IgA when compared with controls (Xie et al. 2007). After chal-
lenge with live RSV, immunized mice were able to significantly reduce RSV
replication in lungs and reduce pulmonary inflammation.

In summary, bacterial vectors display a number of attractive features including
the capacity to induce local and systemic immune responses. Multiple issues
remain to be addressed, however, before such vectors can be considered as viable
human RSV vaccine vectors. As noted for DNA vectors, general improvements in
the vector technology are underway and time will tell if bacterial vectors can be
adapted for routine human use.
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4 RNA Vaccines

Two decades ago, Wolff et al. showed that intramuscular injection of mRNA in
mice led to local production of an encoded reporter protein (Wolff et al. 1990).
Follow-up studies showed general utility of RNA vaccines to elicit immune
responses to a variety of gene targets (reviewed in Pascolo 2004) and their ver-
satility in animal models. Long-standing issues, such as the inherent instability of
mRNA and the slow development of manufacturing processes that can yield not
only a stable formulation but also a cost-effective product, have made RNA
vaccines unfeasible for vaccine development.

Recently, Novartis Vaccines and Diagnostics showed that a synthetic lipid
nanoparticle formulation of self-amplifying RNA encoding RSV F efficiently
expressed the antigen, elicited an immunogenic response in vivo and protected
against RSV challenge in cotton rats (Geall et al. 2012). Their self-amplifying
RNA vector is based on the alphavirus genome, containing the genes necessary for
replication but lacking the structural genes required for infectious particle pro-
duction. Following immunization, the RNA molecule is replicated and amplified in
the cytoplasm of transfected cells, thereby eliminating concerns of potential
genomic integration and cell transformation that are seen with DNA and viral
vectors (Smerdou and Liljestrom 1999). This novel RNA vaccine technology
could yield a new generation of vaccines that are easily produced, versatile, and
elicit potent immune responses that could revolutionize vaccine development.

5 Viral Vector Vaccines

Shortly after the advent of rDNA technology, recombinant viral genomes were
rapidly exploited as gene carriers. One of the first applications of this concept was
in the vaccine arena. Vaccinia virus, with its long history as an attenuated live
smallpox vaccine, was among the first viruses to be engineered as a vaccine vector
(Piccini and Paoletti 1986). Over the years, recombinant vaccinia viruses carrying
genes from almost every conceivable human pathogen have been made. In addi-
tion to vaccinia, many other viral vector systems (e.g., alphaviruses, herpesviruses,
adenovirus viruses, adeno-associated viruses, and rhabdoviruses, to name a few)
have emerged (reviewed in Brave et al. 2007; Graham 2011; Liniger et al. 2007;
Schickli et al. 2009; Small and Ertl 2011).

Viral vectors have many attractive features. Most of the vector genomes are
easy to construct and virus stocks are usually straightforward to produce. Trans-
gene products are generally expressed at high levels in vivo and broad immune
responses are induced including antigen-specific T cells and pathogen-specific
antibodies. These characteristics notwithstanding, viral vectors are not a panacea.
Pre-existing immunity to the vector can block transduction, concerns over vector
pathogenicity are always present, and in some cases large-scale manufacturing is
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challenging. Advantages and disadvantages to all viral vector vaccines are sum-
marized in Table 2.

5.1 Poxvirus Vectors

As noted above, of all the viral vectors, vaccinia (and related poxviruses) has been
the most popular. The vaccinia genome can accommodate large inserts and the
resulting recombinant vectors (rVV) are usually stable and easy to propagate. rVV
has a broad host cell range and while pre-existing immunity was a concern many
years ago, most people have not been vaccinated against smallpox since 1972,
making this less of a concern for young adults.

Early work with vaccinia demonstrated its utility as a vector with insertion of
the HSV thymidine kinase gene into the genome of infectious vaccinia virus
(Panicali and Paoletti 1982). The coding capacity of foreign DNA in poxviruses
was tested by constructing a recombinant that contained 24,700 bp of bacterio-
phage k DNA inserted into the vaccinia virus (Smith and Moss 1983). The
recombinant was stable, infectious and replicated in vitro. Subsequently, rabbits
were immunized with rVV containing the influenza hemagglutinin (HA) gene,
which led to production of antibodies reactive to an authentic influenza HA
capable of neutralizing influenza virus infection (Panicali et al. 1983).

Building on this early work, Olmsted et al. constructed a cDNA clone con-
taining the mRNA coding sequence of the RSV F gene inserted into the thymidine
kinase gene of vaccinia virus under the control of a vaccinia virus promoter
(Olmsted et al. 1986). Cotton rats vaccinated with the rVV-RSV F construct
developed high-titered RSV F-specific antibodies that provided almost complete
resistance to RSV challenge in the lower respiratory tract. When compared with
rVV-RSV G, the F construct provided superior protection, but both transgenes
engendered balanced immune responses including RSV-specific antibody and T
cells.

Previous rodent studies provided the foundation for Collins et al. to evaluate the
immunogenicity and protective efficacy of rVV-RSV F and G proteins in chim-
panzees (Collins et al. 1990). A single intradermal immunization induced only
moderate levels of RSV F- and G-specific serum antibodies that did not efficiently
neutralize RSV infectivity in vitro. Upon challenge, there was a marginal reduc-
tion in the magnitude and duration of RSV shedding that did not modify clinical
disease. Interestingly, RSV challenge did induce unusually strong secondary
antibody responses (Collins et al. 1990; Crowe et al. 1993), and this observation
supports the premise that immunizing with vectors expressing selected RSV
immunogens has the capacity to prime for better responses than natural virus
infection.

Concerns with the safety of standard strains of vaccinia virus stalled further
development of rVV-RSV vaccines. The prospects for use of rVV vectors was
improved with the adaption of highly attenuated, host-restricted derivatives of
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Table 2 Viral vector vaccines advantages and disadvantages

Viral gene-based
vectors

Advantages Disadvantages

Poxvirus Stable, easy to propagate system Low to moderate RSV-specific
responses

Highly attenuated, replication-defective
vaccinia backbone

Poor protective efficacy in
chimpanzees

Inexpensive to manufacture
Safe to administer in humans
High expression levels of transgene
Transgene exhibits authentic post-

translational modifications
Elicits strong and balanced immune

responses
Potential to boost pre-existing immunity

Alphavirus Replication-defective Anti-VEE responses potentially
hinder transgene immune
responses

Large-scale manufacturing may be
difficult due to use of cell-lines
and capacity for production

Safety concerns when scaling up?
Translation of immune responses

in mice to primates?

Very efficient particle (VRP) infection
relative to DNA transfection

High levels of transgene expression
(cytoplasmic replication)

Sequential immunization possible
Strong mucosal responses
Induction of humoral and cellular

immune responses
Limited pre-existing immunity

Adenovirus Stable and easy to manipulate system Pre-existing immunity
Size restrictions for transgene

insert
Robust manufacturing capacity Host-restriction for Ad serotypes

difficult for study in animal
models

Proper post-translational modification of
transgene

Innate inflammatory immune
response varies among
serotypesInduction of balanced T cell responses

Potential use in prime-boost strategy
Multiple serotypes available

Adeno-associated
Virus (AAV)

Replication-defective (genome contains
no endogenous AAV genes)

Pre-existing immunity
Size restrictions for transgene

insert
Poor translation of immune

responses in animal models to
humans?

Stable long-term transgene expression
Systems for large-scale production have

been developed
Excellent safety profile in humans
Elicits strong immune responses
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vaccinia virus with replication-defects in human cells such as modified vaccinia
virus Ankara (MVA) (Olszewska et al. 2004; Wyatt et al. 1999) and the engi-
neering of powerful promoters to enhance recombinant gene expression (Moss
1996; Paoletti 1996). Compared to replication-competent strains of vaccinia virus,
MVA provides similar levels of recombinant gene expression even in nonper-
missive cells, induces equal or better immune responses in animals (de Waal et al.
2004) and has an excellent safety profile in humans (tested during the smallpox
eradication campaign) (Mayr et al. 1978).

The immunogenicity of recombinant MVA expressing RSV F and G glyco-
proteins individually and in combination was evaluated to determine if these
recombinants were capable of boosting pre-existing immunity to RSV in mice
(Wyatt et al. 1999). Intranasal and intramuscular immunizations of mice induced
higher RSV-antibody titers than those achieved by RSV infection and greatly
restricted the replication of RSV challenge virus in both the upper and lower
respiratory tracts. Interestingly, the antibody levels induced by intranasal immu-
nization with RSV could be boosted by the double recombinant MVA (MVA-RSV
F/G) suggesting that RSV seropositive persons at-risk of serious RSV disease
might benefit from this type of immunization. Olszewska et al. performed a
detailed analysis of T cell and pathogenic responses induced by MVA-RSV F and
MVA-RSV G in mice (Olszewska et al. 2004). MVA-RSV F and G vaccinated
animals lost weight after challenge infection, but there was no evidence of vac-
cine-enhanced RSV disease. The weight loss (illness) was attributed to immune
dysregulation resulting from the large inoculation and antigen load given directly
into the mouse lung rather than uncontrolled viral replication (Olszewska et al.
2004).

Building on the previous studies, de Waal et al. evaluated the safety and
immunogenicity of a recombinant MVA vector expressing RSV F and G proteins
in infant macaques (de Waal et al. 2004). RSV seronegative infant macaques were
vaccinated twice with a combination of the two single recombinants (RSV F and
RSV G) and were challenged intratracheally with a macaque-passaged RSV strain
4 months after the second vaccination. Prior to challenge, vaccinated macaques
had vaccinia virus-specific IgG responses and detectable RSV-specific serum
antibodies. After challenge, the RSV-specific IgG and vaccinia antibody responses
were both rapidly boosted but protection was not observed.

In summary, rVV-RSV vaccines have shown high levels of transgene expres-
sion and primed for strong antibody responses, but protection in nonhuman pri-
mates has been lacking. Likewise, the inability of vaccinia MVA-RSV constructs
to protect vaccinated infant macaques (which are semi-permissive to begin with) is
concerning and underscores the necessity to look beyond mice and cotton rats
when attempting to find an RSV vaccine for development in humans. An important
observation was that animals previously infected with RSV did experience a boost
in serum RSV antibodies following immunization with vaccinia MVA-RSV F/G
suggesting that vaccination could afford additional protection in ‘‘primed’’ popu-
lations such as young children, the elderly and other immunocompromised indi-
viduals at-risk for severe RSV infection.
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5.2 Alphavirus Vectors

Alphavirus vectors contain self-replicating RNA molecules that retain the gene
required for replication and transcription of the viral RNA (the nonstructural
proteins), but a heterologous gene replaces the genes encoding the viral structural
proteins (a replicon). Replicons can be efficiently packaged when the structural
proteins are provided in trans by co-transfection of cells with defective helper
genomes. Particle (VRPs) infection is inherently more efficient than DNA trans-
fection in vivo and the infection cycle takes place entirely in the cytoplasm,
avoiding potential problems of RNA splicing, or integration of DNA into host cell
chromosomes. Sindbis, Semliki Forest and Venezuelan Equine Encephalitis (VEE)
virus-based vectors have all individually been shown to be effective in inducing
both humoral and cellular immune responses at levels sufficient to protect against
lethal challenge with the infectious agent corresponding to the replicon-expressed
antigen in animals (reviewed in Graham 2011; Schlesinger and Dubensky 1999).
Immunization with VEE VRPs has been shown to induce mucosal immune
responses after nonmucosal inoculation in animals (Mok et al. 2007) and to confer
protection to the primary mucosal target tissue, a key determinant in induction of
protection in the upper respiratory tract (Greer et al. 2007).

In general, alphavirus-based vector vaccines offer several key advantages. They
are replication-defective (single round of infection only), express high levels of the
heterologous genes, and the self-limiting nature of the replicon particle infection
minimizes immune responses to the vector, allowing multiple immunizations with
the same vector.

Pushko et al. developed a replicon vaccine system using an attenuated strain of
VEE wherein the VEE structural proteins were replaced with influenza virus
hemagglutinin (HA) or Lassa virus nucleocapsid (N) gene (Pushko et al. 1997).
Subcutaneous immunization of Balb/C mice with either of these VRPs-induced
antibody responses directed against the expressed protein. After two inoculations
of HA-VRP, complete protection against intranasal challenge with influenza was
observed. Additionally, sequential immunization of mice with two inoculations of
N-VRP prior to two inoculations of HA-VRP induced an immune response to both
HA and N equal to immunization with either VRP construct alone. Protection
against influenza challenge was unaffected by previous N-VRP immunization
suggesting that despite an immune response to the VEE vector, reactivity to the
heterologous proteins in a sequential immunization scheme is possible (i.e., the
same individual could be sequentially immunized against multiple pathogens).

VEE replicons encoding RSV Fa or RSV Ga or RSV Gb proteins of the A or B
subgroups of RSV were engineered to evaluate immunogenicity in mice and
rhesus macaques (Elliott et al. 2007). Intramuscular immunization with a formu-
lation composed of equal amounts of each replicon particle (3vRSV) generated
neutralizing antibodies against A and B strains of RSV in both BALB/c mice and
rhesus macaques (Elliott et al. 2007). In mice, the 3vRSV replicon vaccine-
induced protective immune responses after a secondary immunization and
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following RSV challenge, there was a significant reduction of infectious virus in
the lungs. In macaques, two weeks after a secondary immunization, significant
neutralizing antibody titers were measured against both RSV A and B subgroups
that were maintained over the course of the study. The presence of anti-VEE
responses did not appear to hinder the enhancement of anti-RSV neutralization
titers following secondary immunization with 3vRSV vaccine.

Mok et al. evaluated the immunogenicity and efficacy of RSV F or RSV G VEE
VRPs against RSV challenge in mice and cotton rats (Mok et al. 2007). Intranasal
administration of VRPs induced RSV (F or G)-specific virus-neutralizing anti-
bodies and mucosal IgA antibodies in both the upper and lower respiratory tract. In
animals vaccinated with RSV F VRPs, challenge virus replication was reduced
below the level of detection in both the upper and lower respiratory tract, while in
those vaccinated with RSV G VRPs, challenge virus was detected in the upper but
not the lower respiratory tract. This study found that a single immunization was
sufficient to elicit effective neutralizing antibodies against RSV in vivo.

Very recently, Novartis Vaccines and Diagnostics demonstrated that a self-
amplifying RNA (based on the alphavirus genome) encoding RSV F formulated
with a synthetic lipid nanoparticle elicited a protective immune response in cotton
rats (also refer to RNA Vaccine section above) (Geall et al. 2012).

Considered together, these data suggest that recombinant alphaviruses hold
great promise as vaccine vectors, and in this case, for an RSV vaccine. They elicit
strong humoral responses that are protective and it appears that pre-existing
immunity may not be an issue.

5.3 Adenovirus Vectors

Recombinant adenovirus (rAd) vectors have a long history as expression vectors in
mammalian cells and as gene transfer vehicles in animals and humans (Graham
1990). They are easy to construct, grow, are generally stable, and can be designed as
either replication-competent or replication-defective. Pre-existing immunity against
adenoviruses (particularly Ad5) has been shown to reduce vaccine efficacy
(reviewed in Graham 2011) but can sometimes be overcome with larger amounts of
vector or using alternate routes of administration (Swenson et al. 2008; Xiang et al.
2003). Adenovirus vectors have another disadvantage compared to some other
vectors in that the transgene insert size is limited (\800 amino acids) making the
expression of one or two average-sized genes in a single vector nearly impossible.
Despite these challenges, rAd vectors have been widely used as vaccine vehicles
because of their high antigen expression and rapid induction of immune responses,
and can easily accommodate the 574 amino acids of the F glycoprotein.

One early study examined the efficacy of human adenoviruses as vaccines by
studying the immunity induced by a recombinant adenovirus vector, AdgB2
(McDermott et al. 1989) which had previously been shown to express high levels
of HSV gB in human and murine cells (Johnson et al. 1988). Mice inoculated with
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AdgB2 produced antibodies specific for gB that neutralized HSV in the presence
of complement and were protected from a lethal challenge with HSV. These
findings demonstrate the utility of rAd as a vaccine vector.

The earliest studies of replication-competent rAd vectors encoding RSV F and
RSV G genes were done in dog and ferret models because cotton rats and hamsters
support limited replication of human adenoviruses (Hjorth et al. 1988; Pacini et al.
1984). rAd vectors (representing serotypes 4, 5, and 7) containing RSV F, RSV G
or both were made and tested in a dog model (Hsu et al. 1992). Intratracheal
immunization with Ad7-RSV F induced moderate titers of RSV-neutralizing
antibodies. Following a booster immunization with Ad4-RSV F, the dogs devel-
oped high titers of RSV-specific antibody. Several different sequential dose regi-
mens (prime-boost) were evaluated, and all completely protected the lungs of dogs
from RSV infection. In a second study (Hsu et al. 1994), these same adenoviruses
were evaluated in a ferret model. Ad4-RSV and Ad5-RSV recombinants, when
administered intranasally to ferrets, induced stronger RSV-antibody responses than
Ad7-RSV recombinants. Following intranasal RSV challenge, most of the vacci-
nation regimens protected ferrets from RSV infection in a dose-dependent manner.

Yu et al. designed a replication-defective vaccine (rAd/RSV3 9 G) that
expressed the soluble core domain of the G glycoprotein (residues 130–230)
engineered by codon-optimization and tandem repetition (93) for higher-level
expression (Yu et al. 2008). A single intranasal immunization in mice with rAd/
RSV3 9 G provided significant protection against RSV challenge that lasted more
than 10 weeks. Intranasal immunization, but not intramuscular or oral adminis-
tration, of rAd/RSV3 9 G induced strong mucosal IgA responses. Fu et al. con-
structed Ad-RSV F and evaluated its potential as an RSV vaccine in the murine
model (Fu et al. 2009). Intranasal immunization with Ad-RSV F generated sys-
temic IgG responses, secretory IgA in the lungs and balanced Th1/Th2 responses.
After challenge, intranasal immunization with Ad-RSV F reduced RSV lung viral
titer against RSV infection, but was inferior to immunization with Ad-RSV G,
perhaps due to poor expression of full-length RSV F.

The role of a codon-optimized open reading frame for both full-length RSV F
and its soluble form in a replication-deficient adenoviral serotype 5 vector on
immunogenicity and efficacy of the adenovirus vector vaccines was determined
(Kohlmann et al. 2009). BALB/c mice were immunized twice with Ad-RSV F-FL
or Ad-RSV F-sol and challenged intranasally with RSV. Side-by-side comparison
of Ad-RSV F-FL and Ad-RSV F-sol showed that both induced similar levels of
RSV F-specific IgG1 and IgG2a antibodies, but neutralizing antibody titers were
slightly higher using the soluble form of RSV F. Both vaccines reduced viral load
after challenge.

rAd vectors are viable vaccine delivery vehicles, but challenges remain before
they are suitable for widespread human use. One major challenge is the prevalence
of pre-existing immunity, specifically with rAd5. Replication-defective human
serotype 5 Ad vectors (rAd5) with HIV-1 antigens (clade B HIV-1 Gag, Pol, Nef),
in the STEP clinical trial, not only showed lack of efficacy, but also appeared to
slightly increase rates of HIV-1 acquisition in uncircumcised individuals with pre-
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existing neutralizing antibodies to AdHu5 (Buchbinder et al. 2008; McElrath et al.
2008). Some newer vectors based on less prevalent serotypes derived from non-
human primates (chimpanzees or gorillas) might overcome this obstacle. Another
potential issue with some adenovirus serotypes (e.g., rAd35 and rAd28) is the
innate inflammatory immune response elicited following adenovirus vector
administration that could reduce vector transduction efficiency and limit the
duration of transgene expression, thereby reducing T cell immunity. In contrast,
Type C adenovectors [rAd5, chimp Ad3, or a gorilla-derived adenovirus vector
(GC46)] induce more limited innate inflammation, enhance antigen expression and
T cell immunity, and may have less reactogenicity (personal communication from
Robert A. Seder, NIAID, VRC).

5.4 Adeno-Associated Virus Vectors

Recombinant adeno-associated viruses (rAAV) have emerged as a platform for
genetic vaccines. Wild-type AAV was originally engineered as a transduction
vector almost 30 years ago (Samulski et al. 1982). The vector genome contains
only a small fraction of the wild-type AAV genome, namely the 145 nucleotide
inverted terminal repeats that contain signals for replication and packaging; no
endogenous AAV genes are included. The recombinant genome can be packaged
into a variety of AAV capsids (often called serotypes), some of which convey
unique targeting properties to the vector (Rabinowitz et al. 2002; Wu et al. 2006).

Like plasmid DNA, rAAV vectors can be used to deliver ‘‘self-genes’’ [e.g.,
alpha-1-antitrypsin (Johnson et al. 2005)] or ‘‘foreign genes’’ designed to elicit
immune responses (a vaccine). Early experiments suggested that transgenes
expressed from rAAV vectors could elicit immune responses (Clark et al. 1997)
and rAAV vectors have been used successfully as vaccine carriers to induce
transgene-specific immune responses in various animal models (Brockstedt et al.
1999; Johnson et al. 2005; Xin et al. 2001). Xin et al. demonstrated that Balb/C
mice immunized intranasally with an AAV vector expressing the influenza virus
hemagglutinin (HA) gene showed protective immunity against homologous
influenza virus challenge (Xin et al. 2001). In a macaque model of AIDS, Johnson
et al. showed that after a single intramuscular dose, rAAV/SIV vaccines elicited
SIV-specific T cells and antibodies in macaques and these animals were able to
significantly restrict replication of a live, virulent SIV challenge (Johnson et al.
2005). In a dose-escalation Phase I study evaluating safety and immunogenicity,
rAAV/HIV Gag was weakly immunogenic at the highest dose given with
responses of moderate magnitude to the Gag epitope (Mehendale et al. 2008). In a
follow-up Phase II study, a higher dose of rAAV/HIV Gag was given for intra-
muscular immunization, but fewer than half of the recipients had any T cell
response to HIV Gag (Vardas et al. 2010). While the absolute responses were
disappointing, these trials showed that rAAV vectors were safe in healthy human
volunteers and that it was feasible to use rAAV vectors as vaccine vehicles.
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In unpublished work, our group has shown that rAAV vectors carrying the
codon-optimized RSV F gene (either secreted or anchored) can elicit neutralizing
antibodies in rabbits. Since the rabbit is not a challenge model, in the future,
similar experiments in the well-characterized BALB/c mouse model of RSV
infection will be performed. Another potential use for rAAV vectors in RSV
prophylaxis is to deliver genes that represent antibodies that neutralize RSV (e.g.,
palivizumab). This approach was tested in the macaque model of AIDS where
long-lived serum neutralizing activity and complete protection against intravenous
challenge with a virulent SIV was shown (Johnson et al. 2009). The antibody gene
transfer concept could offer a viable alternative strategy for RSV since several
RSV F neutralizing epitopes have been identified and it is known that immuno-
prophylaxis with palivizumab can prevent severe RSV infection in high-risk
infants (reviewed in Collins and Melero 2011; Graham 2011; Hurwitz 2011).

6 Conclusion

The RSV vaccine field has come a long way since the failed RSV vaccine trials of
the 1960s. Vaccine development, as a whole, is moving forward largely due to
advances in technology and improved immunological methods. As technology and
manipulation capabilities continue to become more advanced and we gain more
knowledge about RSV pathogenesis and the host immune response to RSV, the
chances of developing a viable human vaccine increase.

Today, there are many strategies worthy of pursuit, many of which induce
protective immune responses in animal models. The vaccine entities are generally
easy to produce and most appear safe in humans. More work is necessary to extend
the knowledge from animal models in applying it to humans in clinical trials to
develop an efficacious RSV vaccine. None of the RSV gene-based platforms have
gone into human trials, mostly due to uncertainty about whether protection
demonstrated in animal studies will translate to humans, and consequent cost
considerations. Natural RSV infection yields incomplete immunity, meaning that
an individual can be re-infected with RSV any time. In the neonate, the primary
target for an RSV vaccine, an immature immune system and circulating maternal
antibodies present additional barriers.

The continued development of gene-based approaches to an RSV vaccine is
warranted because of their inherent flexibility with regard to composition and
administration, and potential for eliciting immunity that exceeds the protection
afforded by natural infection. It is likely that multiple candidate vaccines will
reach human testing in the next few years.
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Bovine Model of Respiratory Syncytial
Virus Infection

Geraldine Taylor

Abstract Bovine respiratory syncytial virus (BRSV), which is an important cause
of respiratory disease in young calves, is genetically and antigenically closely
related to human (H)RSV. The epidemiology and pathogenesis of infection with
these viruses are similar. The viruses are host-specific and infection produces a
spectrum of disease ranging from subclinical to severe bronchiolitis and pneu-
monia, with the peak incidence of severe disease in individuals less than 6 months
of age. BRSV infection in calves reproduces many of the clinical signs associated
with HRSV in infants, including fever, rhinorrhoea, coughing, harsh breath sounds
and rapid breathing. Although BRSV vaccines have been commercially available
for decades, there is a need for greater efficacy. The development of effective
BRSV and HRSV vaccines face similar challenges, such as the need to vaccinate
at an early age in the presence of maternal antibodies, the failure of natural
infection to prevent reinfection, and a history of vaccine-augmented disease.
Neutralising monoclonal antibodies (mAbs) to the fusion (F) protein of HRSV,
which can protect infants from severe HRSV disease, recognise the F protein of
BRSV, and vice versa. Furthermore, bovine and human CD8+ T-cells, which are
known to be important in recovery from RSV infection, recognise similar proteins
that are conserved between HRSV and BRSV. Therefore, not only can the bovine
model of RSV be used to evaluate vaccine concepts, it can also be used as part of
the preclinical assessment of certain HRSV candidate vaccines.
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1 Introduction

Bovine respiratory syncytial virus (BRSV) is the most important viral cause of
respiratory disease in young calves worldwide, resulting in significant economic
losses in the farming industry. BRSV is genetically and antigenically closely
related to human (H)RSV, and infections with these viruses have a similar epi-
demiology (Van der Poel et al. 1994) and pathogenesis (Valarcher and Taylor
2007). Thus, antibodies in bovine serum cross-react with HRSV, and there is a
high degree of amino acid identity between HRSV and BRSV proteins, with
[80 % amino acid identity in all but three of the viral proteins (Table 1). Out-
breaks of HRSV and BRSV respiratory disease have a seasonal periodicity in
countries with a temperate climate, peaking in the autumn and winter months.
Similar to HRSV infections, the majority of cattle become infected with BRSV
during the first year of life, and the severity of disease is variable, ranging from
subclinical to fatal, with a peak incidence of severe disease in calves between 1
and 3 months of age, when maternal antibodies are present. Man and cattle can be
reinfected with RSV, although reinfections with BRSV are usually subclinical or

Table 1 Relationship between BRSV and HRSV proteins

Protein Protein name Size % AA identity

BRSV HRSV

NS1 Non-structural protein 1 136 139 68
NS2 Non-structural protein 2 124 124 84
N Nucleoprotein 391 391 93
P Phosphoprotein 241 241 81
M Matrix protein 256 256 89
SH Small hydrophobic protein 73 64 38
G Attachment protein 257/263 298 30
F Fusion protein 574 574 81
M2-1 Matrix protein 186 192 80
L Polymerase 2161 2165 84
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result in mild disease (Van der Poel et al. 1994). However, primary BRSV
infections in older cattle can cause disease (Elvander 1996).

Both HRSV and BRSV primarily infect ciliated airway (Fig. 1b) and alveolar
epithelial cells and induce a similar pattern of pathology characterised by a pro-
liferative and exudative bronchiolitis and, in the most severe cases, interstitial
pneumonia (Viuff et al. 2002; Johnson et al. 2007; Welliver et al. 2007) (Fig. 1).
Epithelial necrosis and apoptosis, with phagocytosis of apoptotic cells by neigh-
bouring epithelial cells can be seen and occasional multinuclear syncytia may be

Fig. 1 Pulmonary pathology in calves following experimental BRSV challenge. a Pneumonic
consolidation in a BRSV-seronegative, 4-week-old SPF calf infected with in vivo-passaged
BRSV by aerosol; b in situ hybridisation showing the distribution of BRSV G mRNA in ciliated
airway epithelial cells, 6 days after BRSV infection; c bronchiolitis, 6 days after infection,
characterised by hypertrophy of bronchiolar epithelium, syncytia (arrow), bronchiolar exudate
containing neutrophils, macrophages and desquamated epithelial cells, and peribronchiolar
lymphoid infiltration; d alveolitis, 6 days after infection, characterised by hypertrophy of alveolar
epithelium, desquamation of cells and syncytia (arrow)
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present in the epithelium, alveolar walls or in the bronchiolar or alveolar lumen
(Fig. 1c, d). The lumen of bronchi and bronchioles are often obstructed by cellular
debris consisting mainly of neutrophils, desquamated epithelial cells, macrophages
and occasional eosinophils.

Whilst no single animal model system can fully reflect all aspects of HRSV
infection in man, the similarities in the epidemiology and pathogenesis of human
and bovine RSV infections, and the close antigenic relationship between these
viruses, make BRSV infection in calves a good animal model for HRSV.

2 Mechanisms of Immunity to BRSV

Neutralising antibodies are important in protection against RSV. Although
maternally derived serum neutralising antibodies do not protect against HRSV or
BRSV infection, the incidence and severity of respiratory disease in children or
calves is inversely related to the level of RSV-specific maternally derived serum
antibodies (Kimman and Westenbrink 1990). Mucosal immunity appears to be
important in protection against RSV and would be expected to limit virus repli-
cation at the initial site of infection. Studies in calves in which the primary
mucosal response to BRSV was inhibited by maternally acquired antibody and
studies of BRSV vaccine efficacy, suggest that the ability to mount a rapid sec-
ondary mucosal IgA response may be more important in protection than the level
of pre-existing mucosal antibodies.

The F protein of HRSV, which is a major target for neutralising antibodies, is
highly conserved between HRSV and BRSV strains (Table 1), and neutralising
monoclonal antibodies (mAbs) to antigenic sites corresponding to amino acids
255–275 and 417–438 of the F protein neutralise both HRSV and BRSV, and are
cross-protective (Taylor et al. 1992; Thomas et al. 1998).

The G protein is also a target for neutralising antibodies. Although the HRSV
and BRSV G proteins share the same structural features, they are antigenically
distinct. The G protein is the most variable of the HRSV proteins, with up to 45 %
difference in amino acid identity between HRSV isolates. In contrast, there is only
15 % difference in amino acid identity between different isolates of BRSV (Furze
et al. 1997). There are at least two major antigenic subgroups of BRSV and
polyclonal sera from BRSV-infected calves or calves vaccinated with a recom-
binant vaccinia virus (rVV) expressing the BRSV G protein recognise the G
protein only from viruses in the homologous subgroup (Furze et al. 1994, 1997).

Although neutralising antibodies are important in resistance to RSV, CD8+ T-
cells play an important role in clearance of virus. In contrast to HRSV-infected
mice, delayed clearance of BRSV from the upper and lower respiratory tract of
calves (Taylor et al. 1995) depleted of CD8+ T-cells is associated with more severe
pulmonary pathology. Similarly, HRSV replication is prolonged and disease is
severe in individuals immunocompromised by chemotherapy or as a result of a
primary immunodeficiency disorder (Hall et al. 1986). Clearance of BRSV is
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associated with an influx of CD8+ T-cells into the lungs (McInnes et al. 1999;
Antonis et al. 2006) and induction of BRSV-specific, MHC class I-restricted
cytotoxic T-cell responses in peripheral blood and lungs, 7–10 days after BRSV
infection (Gaddum et al. 1996; West et al. 2000). Although there appears to be a
paucity of pulmonary CD8+ T-cells in the lungs of infants that have died from
HRSV infection (Welliver et al. 2007), clearance of HRSV is associated with a
CD8+ T-cell response, which peaks in the peripheral blood of infants 6–10 days
after admittance to hospital with severe HRSV infection (Lukens et al. 2010).
RSV-specific human and bovine CD8+ T-cells recognise the N, F, M and M2
proteins, which are highly conserved between HRSV and BRSV (Table 1), and
bovine CD8+ T-cells also recognise the BRSV P and G proteins (Gaddum et al.
2003; Antonis et al. 2006; Cherrie et al. 1992; Taylor et al. unpublished
observations).

3 Experimental BRSV Infection

Studies to evaluate BRSV vaccine efficacy depend upon a reproducible model of
BRSV infection. However, attempts to induce clinical signs of respiratory disease
in calves experimentally infected with BRSV have yielded inconsistent results. A
variety of different protocols, including administration of high titres of virus by the
intranasal (i.n.) and intratracheal (i.t.) routes, aerosol, or a combination of aerosol
and i.t. inoculation, have induced disease ranging from clinically unapparent to
severe (Belknap et al. 1995; West et al. 1999). Failure to induce clinical signs of
disease may have arisen because of the use of low virulent isolates of BRSV, or
because the virus had been attenuated by passage in tissue culture. The use of low
tissue culture passaged virus or virus passaged in specific-pathogen-free (SPF)
calves appears to be important for the induction of disease similar to that seen in
naturally occurring outbreaks. Aerosol (\0.5 lm particles) challenge of calves
with *104 pfu of BRSV in bronchoalveolar lavage (BAL) fluid from SPF calves,
free from other bovine respiratory pathogens, reproducibly induces severe signs of
respiratory disease. Virus can be isolated from the nasopharynx from day 2 to 3
post-infection and reaches peak titres from day 5 to 6. The severity of clinical
disease and pulmonary pathology in calves inoculated i.n. and i.t. with BRSV in
BAL fluid is variable, and lung lesions are mainly confined to the cranial and
middle lobes. In contrast, clinical signs of disease and lung lesions are consistently
induced by aerosol challenge, and lesions are present in all lobes of the lung
(Fig. 1a). Whilst aerosol administration of in vivo-passaged BRSV provides a
model for evaluating the ability of a vaccine to protect against clinical signs of
disease, a challenge that delivers virus particles deep into the lungs may not mimic
the course of naturally occurring BRSV infection, which starts in the upper
respiratory tract several days before virus replication occurs in the lungs.

Studies of vaccine-augmented RSV infections in rodent models have been
compromised by the contribution of immune responses to non-viral proteins
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present in the vaccine, and which were also present in the challenge virus (Ostler
and Ehl 2002). Thus, vaccinated mice become sensitised to non-viral components,
such as foetal calf serum, present in the vaccine and when they are challenged with
RSV, the recall response to the same non-viral components in the virus preparation
plays a role in the inflammatory response. Therefore, an advantage of in vivo-
passaged BRSV as a challenge in vaccine efficacy studies is that it is unlikely to
contain the same immunogenic non-viral proteins that are present in the vaccine to
which calves may have been sensitised as a result of vaccination.

3.1 Clinical Signs of BRSV Disease and Pathophysiology

Clinical signs of disease, gross pneumonic consolidation and analysis of pul-
monary function can be used to determine the severity of BRSV infection in
calves. Following experimental BRSV infection, calves may develop a range of
clinical signs with varying severity of fever, tachypnea, dyspnea, lung sounds,
coughing, depression, anorexia, and ocular and nasal discharge. These parameters
can be evaluated daily and a weighted value allocated for each observation,
varying, for example, from 1 (mild) to 3 (severe) to give a clinical disease score.

Gross pneumonic consolidation of the cranial, medial and accessory lobes may
be induced by experimental BRSV infection, which can extend to the caudal lobes
in severely affected calves. Interstitial emphysema and formation of subpleural and
parenchymal bullae may be seen, especially in the caudal lobes (Viuff et al. 2002).
The extent of gross pneumonic consolidation can be scored as a percentage of the
total lung area (Valarcher et al. 2003), or given a score from 0 to 5 (Viuff et al.
2002), where a score of 0 is given to lungs completely free of lesions, and a score
of 5 given to lungs in which most of the cranial, medial and accessory lobes, and at
least a third of the caudal lobes is consolidated.

A variety of methods for analysis of pulmonary function can also be applied to
cattle. Analysis of pulmonary resistance and dynamic lung compliance is possible
in conscious cattle of all ages using an oesophageal balloon catheter and a
pneumotachograph. Ventilatory parameters in 2–7 month-old calves are compa-
rable to those of humans. Therefore, lung function techniques designed for humans
that do not require active cooperation are applicable to calves. Different forced
oscillation techniques have been validated in conscious calves in order to assess
changes in respiratory mechanics (Reinhold et al. 1998). Radiography or mea-
surements of functional residual capacity can be used to evaluate emphysema, and
impaired gas exchange can be evaluated by arterial blood gas analyses or pulse
oximetry in calves. Depending upon the severity of disease, experimental BRSV
infection has been reported to reduce PaO2, increase minute ventilation, and
decrease dynamic lung compliance (Gershwin et al. 1998).
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3.2 Pulmonary Inflammatory Response

Airway inflammation can be assessed using bronchoscopy to obtain BAL fluid at
different times post-infection and at post-mortem by infusing the whole or parts of
the lung with phosphate-buffered saline. The BAL fluid can be used for cytological,
immunological or virological studies. However, because of the high degree of lung
lobulation, BAL samples are not necessarily representative of the whole lung.
Nevertheless, phenotypic analysis of BAL cells can provide an indication of the
pulmonary inflammatory response in calves. Following experimental BRSV
infection, levels of TNFa and IFNc in BAL fluid increase with a peak around day 6
(Antonis et al. 2010). This corresponds with peak virus titres in the lungs and with a
marked increase in the number of neutrophils in BAL fluid (Taylor et al. 1989),
similar to that seen in infants with HRSV bronchiolitis (McNamara et al. 2003). In
SPF or gnotobiotic calves, the proportion of neutrophils in BAL can be used to
determine the effect of vaccination on the pulmonary inflammatory response
induced following BRSV challenge. BAL can also be used to analyse the kinetics,
magnitude and antigenic specificity of BRSV-specific T-cells (Antonis et al. 2006).

Microscopic lung lesions of bronchiolitis and alveolitis can be scored as absent,
mild, moderate or severe. However, only small areas of the bovine lung can be
sampled at post-mortem examination. Therefore, lung sections can provide
information on the nature of the histopathological changes but are not necessarily
representative of the whole lung.

4 BRSV in Calves as a Model for HRSV Vaccine
Development

As a natural bovine pathogen, BRSV engages with the innate and acquired
immune responses of cattle in an evolutionarily meaningful fashion, and lessons
learnt from an evaluation of BRSV vaccines in calves can inform studies on the
development of HRSV vaccines. Although BRSV vaccines have been commer-
cially available since the 1970, there have been reports of vaccine-exacerbated
disease, poor efficacy and poor duration of immunity, highlighting the need for the
development of more effective BRSV vaccines. BRSV vaccine development faces
the same challenges as vaccine development for HRSV. Thus, protective immune
responses need to be induced within the first few months of life in individuals with
maternally derived antibodies; vaccines should not prime for augmented disease;
and, ideally, vaccines should induce more durable protection than that induced by
natural infection. Calves acquire maternal antibodies through ingestion of colos-
trum during the first day of life and regulating the amount of colostrum given to
new born calves provides a means of evaluating vaccine efficacy in animals with
different levels of maternal antibodies. Furthermore, studies on the ability of
maternal vaccination to boost protection against BRSV provided by passively
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transferred antibodies could be undertaken in young calves. In addition to the
insight that can be provided by studies on BRSV vaccine development in calves,
certain HRSV vaccine candidates composed of conserved RSV proteins such as
the F, a target for neutralising antibodies, and internal viral antigens such as the N,
M and M2 proteins, targets for CD8+ T-cell responses, can be evaluated for their
ability to protect against BRSV infection in calves.

4.1 Inactivated BRSV Vaccines

Despite conflicting descriptions of efficacy and reports of enhanced respiratory
disease in calves vaccinated with inactivated BRSV, such vaccines have been
commercially available for many years. In contrast to live virus, inactivated BRSV
vaccines induce low ratios of virus-neutralising antibodies compared to BRSV-
specific IgG in calves, as detected by ELISA (West and Ellis 1997). Furthermore, a
commercial inactivated BRSV vaccine primes for a Th2-biased immune response,
BRSV-specific serum IgE and pulmonary eosinophilia in mice following BRSV
challenge (Oumouna et al. 2005). Nevertheless, vaccination of BRSV-seronegative
calves with an inactivated BRSV vaccine has induced partial protection against
clinical signs of disease, development of pulmonary consolidation and nasopha-
ryngeal excretion of virus following experimental BRSV challenge (Ellis et al.
2001). Complete protection against BRSV challenge has been induced in calves
given an inactivated vaccine formulated in saponin, which induced serum neu-
tralising antibodies similar to those induced by parenteral live BRSV vaccines
(Ellis et al. 2005). A vaccine composed of gluteraldehyde-fixed, BRSV-infected
bovine nasal mucosal cells given subcutaneously (s.c.) to calves with low levels of
maternal antibodies also induced neutralising antibodies and complete protection
in 11 out of 12 animals (Stott et al. 1984). This vaccine, formulated with Quil A,
was effective in calves with high levels of maternal antibody at the time of vac-
cination and, in field trials, reduced mortality due to respiratory disease by *70 %
and significantly reduced the proportion of calves treated for respiratory disease
(Howard et al. 1987). BRSV-ISCOMs, which are open cage-like complexes,
typically with a diameter of about 40 nm, formed from cholesterol, lipid, solu-
bilised purified BRSV and saponins, were also highly effective at protecting young
calves with maternal antibodies against BRSV challenge (Hagglund et al. 2004).
Protection induced by BRSV-ISCOMs was significantly greater than that induced
by a commercial inactivated BRSV vaccine and correlated with a rapid mucosal
antibody and T-cell response in peripheral blood following challenge. ISCOM-
based vaccines have been shown to be highly effective in inducing antibody, T
helper and cytotoxic T lymphocyte responses in a number of animal species,
including non-human primates (Sjolander et al. 2001).

In contrast to the protective efficacy of inactivated BRSV vaccines described
above, some field studies have reported a lack of protection, or even disease
enhancement in calves vaccinated with a commercial b-propiolactone-inactivated
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BRSV vaccine, formulated with saponin and aluminium hydroxychloride, which
was withdrawn from the European market (Schreiber et al. 2000; Larsen et al.
2001). Thus, in one study, nearly all calves in two herds developed BRSV
respiratory disease, 2 months after vaccination, with a death rate of 1.6–8 %
(Larsen et al. 2001). In another study, severe disease was seen in 34 % of vac-
cinated calves, all but one of which died, whereas only mild disease was seen in
non-vaccinated calves, none of whom died (Fig. 2) (Schreiber et al. 2000). At the
time of the BRSV outbreak, 3–4 months after vaccination, the mean age of the
vaccinated calves was *7 months and that of the non-vaccinated calves was
2.5 months. BRSV antigen was isolated from the lungs of the vaccinated calves
that died and lung lesions were characterised by an interstitial pneumonia, with
bronchitis and bronchiolitis obliterans, pneumocyte type II hyperplasia with syn-
cytial cell formation, and an infiltration of neutrophils and eosinophils. These
features of altered age distribution for severe disease and the pattern of lung
pathology were similar to those seen in the two FI-HRSV vaccinated infants that
died following natural HRSV infection (Kim et al. 1969). Furthermore, there was a
correlation between the number of doses of vaccine and the incidence of severe
disease, with severe disease in 42 % of calves that had been vaccinated three
times, compared with 18 % of calves that had been vaccinated on only one or two
occasions.

Attempts to experimentally reproduce vaccine-augmented BRSV disease have
yielded inconsistent and conflicting results, and none have fully reproduced the
vaccine-enhanced disease seen in infants vaccinated with FI-HRSV (Kim et al.
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Fig. 2 Vaccine-enhanced BRSV disease in calves. Incidence of severe BRSV respiratory disease
in calves (*7 months old) that had been vaccinated 3–4 months previously with a commercial
inactivated BRSV vaccine, compared with that in unvaccinated calves (*2.5 months old). Mild
respiratory disease was characterised by tachypnoea, coughing, nasal discharge and fever; severe
disease was characterised by ptyalism, breathing with open mouth, dyspnoea, abnormal breath
sounds on auscultation, cyanotic ocular mucosa and anorexia [adapted from Schreiber et al.
(2000)]
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1969) or that reported in calves vaccinated with b-propiolactone-inactivated
BRSV (Schreiber et al. 2000). In experimental studies, vaccination with FI-BRSV
induced BRSV-specific serum IgG, little or no neutralising antibody, and a vari-
able degree of protection against BRSV replication (Table 2). The vaccine-aug-
mented disease described by Gershwin et al. (1998) was associated with virus
replication in the lungs and a more extensive proliferative alveolitis in vaccinated
compared with control calves, but was not associated with pulmonary eosinophilia.
In contrast, pulmonary eosinophilia was associated with vaccine-enhanced BRSV
disease in studies by other groups, both of which described an earlier onset of
clinical signs of disease, but less extensive pulmonary pathology in the majority of
vaccinated calves, 8–9 days after challenge (West et al. 1999; Antonis et al. 2003).
In these models of FI-BRSV vaccine-enhanced disease, severe disease was asso-
ciated with induction of BRSV-specific IgE (Antonis et al. 2003; Kalina et al.
2004) and a type I hypersensitivity and Arthus reaction to an intradermal inocu-
lation of BRSV (West et al. 1999).

The failure of experimental studies in calves vaccinated with FI-BRSV to fully
reproduce the severe disease seen in infants vaccinated with FI-HRSV and the
inconsistent reports of the efficacy of inactivated BRSV vaccines may be related to
differences in the method of BRSV inactivation, dose of vaccine (Kalina et al.
2004), adjuvant, interval between vaccination and challenge, age of the calves,
breed of calves, and/or the level of maternal antibodies present at the time of
vaccination. However, differences in the outcome of BRSV infection in calves
vaccinated with inactivated BRSV vaccines were unlikely to have been due to
breed differences since a similar breed of cattle (Holstein) was used in at least
three of the studies summarised in Table 2. Further studies in calves addressing
these variables could help to shed light on the mechanisms of RSV-vaccine
exacerbated disease.

4.2 Live-Attenuated BRSV Vaccines

The advantage of live-attenuated RSV vaccines is that they induce neutralising
antibodies and prime CD8+ T-cells, which are important mediators of protection.
Moreover, the presence of CD8+ T-cells producing IFNc has been associated with

Table 2 Experimental models of FI-BRSV vaccine-augmented disease

Clinical disease Pulmonary
eosinophilia

Protection against
infection

Reference

Enhanced No No (Gershwin et al.
1998)

Not enhanced No Not known (Kalina et al. 2004)
Earlier onset Yes No (West et al. 1999)
Earlier onset and

enhanced
Yes Yes (Antonis et al. 2003)
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diminished Th2 responses and pulmonary eosinophilia in small animal models of
RSV, which have been associated with vaccine-exacerbated RSV disease. Live-
attenuated BRSV vaccines, produced by serial passage in cell culture, have been
commercially available since the 1970s and are given either intramuscularly (i.m.)
or i.n. to calves. Experimental studies have shown that one or two doses of
5 9 105 p.f.u. of a commercial live BRSV given i.m. to BRSV-seronegative calves
reduced nasopharyngeal excretion of BRSV following a mild BRSV challenge
(Stott et al. 1984), and reduced clinical disease and pulmonary pathology fol-
lowing a severe BRSV challenge (West et al. 2000). However, results of studies
with this vaccine in young seropositive calves have shown variable efficacy, and
there is a report suggesting that i.m. vaccination with a live BRSV vaccine during
the course of a natural infection may enhance the severity of disease (Kimman
et al. 1989a). Nevertheless, there is evidence that i.m. vaccination with live BRSV
can reduce the impact of respiratory disease in the field (Bohlender 1984). In
contrast, trials of a live HRSV vaccine (*104 TCID50) given i.m. to children
showed no evidence of protection against HRSV disease (Belshe et al. 1982). The
failure of live HRSV given i.m. to protect may have been related to the dose of
vaccine virus, which was *50-fold less than that used in calves, and the levels of
maternally acquired antibodies. Although maternal antibodies severely inhibit the
antibody response to parenterally administered live virus in both children and
calves (Belshe et al. 1982; Kimman et al. 1989b), there is evidence that this mode
of vaccination can prime for a rapid secondary immune response following BRSV
challenge (West et al. 2000). Protection correlated with a rapid BRSV-specific
cytotoxic T-cell, serum and mucosal antibody responses following challenge
(West et al. 2000).

Since natural RSV infections do not prime for more severe disease following
reinfection, much effort has been invested in the development of live-attenuated
mucosal RSV vaccines, which should induce immunity in the respiratory tract. A
mucosal live-attenuated RSV vaccine needs to replicate efficiently in order to
generate a protective immune response without causing disease, thereby com-
bining safety with a high level of immunogenicity. Following i.n. vaccination of
calves with a live-attenuated BRSV commercial vaccine (105 TCID50), produced
by serial passage in cell culture, the vaccine virus is excreted for 4–11 days
(Vangeel et al. 2007) and virus can be detected by RT-PCR for up to 20 days after
vaccination (Timsit et al. 2009), but does not induce clinical signs of disease.
However, since other studies have demonstrated that tissue-culture adapted BRSV
reverts to virulence following in vivo passage in calves, it is possible that the
vaccine virus could spread to non-vaccinated susceptible animals, revert to viru-
lence and cause disease. The efficacy of i.n. vaccination with live-attenuated
BRSV has been evaluated as a single component vaccine and as a component of a
multivalent vaccine. A single i.n. vaccination of young, BRSV-seronegative calves
with a commercial live-attenuated BRSV vaccine, reduced nasopharyngeal
excretion of BRSV as early as 10 days after vaccination (Vangeel et al. 2007), and
reduced, but did not prevent, the development of clinical signs of disease and
pneumonic consolidation, when challenged 3 weeks after vaccination (Ellis et al.
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2007; Xue et al. 2010). However, maternally derived antibodies suppressed the
BRSV-specific serum antibody response in calves vaccinated i.n. with the live-
attenuated BRSV vaccine, induced only partial protection following challenge,
9 weeks after vaccination (Vangeel et al. 2007), and failed to protect against either
BRSV infection or respiratory disease when challenged 4.5 months after vacci-
nation (Ellis et al. 2010). The poor efficacy of i.n. vaccination seen in the latter
study may be related to the inhibitory effects of maternally derived antibodies, the
duration of immunity induced by intranasal vaccination with live-attenuated
BRSV and/or the severity of the BRSV challenge. These observations in calves
suggest that it may not be possible for an attenuated RSV vaccine to induce better
immunity than infection with wild-type HRSV.

The ability to genetically manipulate the genome of RS viruses has provided the
opportunity to identify attenuating mutations and generate genetically stable
attenuated vaccine candidates that combine safety with a high level of immuno-
genicity. The calf provides a valuable model for studying the virulence of
genetically engineered BRSV in a natural host. However, calves may not be a good
model to evaluate the ability of live-attenuated mutant BRSV to induce nasal
congestion, which is a particular problem with live-attenuated HRSV vaccine
candidates in infants. Deletion of the G, NS1, NS2 or SH genes results in BRSV
with an attenuated phenotype in calves, and mucosal vaccination with any of these
mutant viruses can protect against challenge with wild-type BRSV (Schmidt et al.
2002; Valarcher et al. 2003; Taylor et al. unpublished observations). However, it
remains to be determined if any of these attenuated viruses are able to induce
greater and more durable protective immunity than live, classically attenuated or
even wild-type BRSV in young calves with maternal antibodies.

4.3 Subunit and DNA Vaccines

Whereas a number of subunit HRSV vaccine candidates have been evaluated in
small animal models and man, there have been few studies on subunit BRSV
vaccine candidates in calves. A peptide corresponding to amino acid region
174–187 of the BRSV G glycoprotein, containing a Cys186 to Ser substitution,
coupled to keyhole limpet hemocyanin (KLH), completely protected mice against
a homologous strain of BRSV, and although it did not protect calves against BRSV
infection, it appeared to reduce the extent of pneumonic consolidation (Bastien
et al. 1997).

DNA vaccination results in the intracellular expression of the encoded antigen
which is then processed and presented through both MHC class I and II pathways
to induce antibodies and prime CD8+ T-cells, in a similar way to virus infection.
DNA vaccines are effective against a range of pathogens, especially in mice.
However, they have been less successful in man and livestock species. Parenteral
vaccination of young BRSV-seronegative calves with high doses of a DNA vac-
cine encoding the BRSV F gene induced low levels of neutralising antibodies and
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partial protection against BRSV challenge (Taylor et al. 2005). Similar results
were seen in calves vaccinated with mixture DNA plasmids encoding the BRSV N,
a target for bovine CD8+ T-cells, and F protein (Boxus et al. 2007). However,
protective efficacy was improved by boosting with a commercial, inactivated
BRSV, Quil A-adjuvanted vaccine (Boxus et al. 2007). Although there is evidence
that DNA vaccines can circumvent the inhibitory effects of maternal antibodies,
immunity induced by DNA vaccines, with or without boosting with inert antigens,
is slow to develop and may not be rapid enough to provide protective immunity in
individuals 2–3 months of age, which have the greatest burden of severe disease.

4.4 Virus-Vectored Vaccines

Foreign proteins expressed by replication-competent or replication-defective virus
vaccine vectors are also processed and presented to the immune system in the
same way as live virus. HRSV antigens have been expressed in a wide range of
vaccine vectors and evaluated in small animal and non-human primate models, and
some of these are currently in clinical trials. However, few have been evaluated in
calves. Recombinant vaccinia viruses (rVV) expressing BRSV F or G proteins, but
not the N or M2 proteins, induced neutralising antibodies in calves without
maternally derived antibodies, and all, apart from that expressing M2, induced
partial protection against BRSV infection, 6 weeks after vaccination (Taylor et al.
1997). In contrast to the enhanced lung pathology seen following HRSV challenge
in mice vaccinated with rVV expressing HRSV proteins, there was a reduction in
pulmonary pathology in calves vaccinated with rVV expressing BRSV F, G or N
proteins. Mucosal (i.n. and i.t.) vaccination of young, BRSV-seronegative calves
with a recombinant, attenuated bovine herpesvirus (BHV-1) expressing the BRSV
G protein was more effective at inducing protection against BRSV than rVV-G
(Taylor et al. 1998). However, expression of the BRSV G protein increased the
virulence of BHV-1 for the respiratory tract of calves, suggesting that replication
competent virus vectors expressing the HRSV G protein should be used with
caution (Taylor et al. 1998).

Replication defective-virus vectors have a good safety profile and modified
vaccinia virus Ankara (MVA) has been used extensively in the human population,
with no adverse effects. MVA replicates in avian cells, in vitro, but its replication
is restricted in mammalian cells. MVA expressing HRSV F and/or G proteins
induced protective immunity in mice, but failed to confer protection in non-human
primates (Wyatt et al. 1999; de Waal et al. 2004). As seen in non-human primates
vaccinated with MVA, vaccination of BRSV-seronegative calves on two occasions
with MVA expressing BRSV F and/or G proteins induced only low levels of
neutralising antibodies, but these were rapidly boosted following BRSV challenge.
Although vaccination reduced lung viral load and protected calves against the
development of lung pathology, there was only slight protection against clinical
signs of disease following BRSV challenge (Antonis et al. 2007). Thus, parenteral
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vaccination with MVA expressing F and/or G proteins was only partially effective
in calves. However, it may be more effective as part of a heterologous prime/boost
vaccination strategy.

4.5 Evaluation of HRSV Vaccine Candidates Against BRSV
Infection in Calves

Although HRSV and BRSV display a highly restricted host range in the field,
limited replication of HRSV has been demonstrated in the respiratory tract of
experimentally infected gnotobiotic calves (Thomas et al. 1984). However, it is
likely that replication of live-attenuated HRSV mutants in the bovine respiratory
tract will be too restricted to induce protective immunity. Nevertheless, a tem-
perature-sensitive mutant of HRSV (ts-1) given i.m. to calves reduced nasopha-
ryngeal excretion of BRSV to the same extent as i.m. vaccination with live BRSV
(Stott et al. 1984).

The high degree of amino acid sequence conservation between all but three of
the HRSV and BRSV proteins provides the opportunity to determine the ability of
some HRSV vaccine vectors to induce cross-protective immunity against BRSV in
calves. Thus, scarification of BRSV-seronegative calves with rVV expressing the
HRSV F protein induced BRSV-specific serum neutralising antibodies and pro-
tected the lungs against BRSV infection (Taylor et al. 1997). Similarly, vaccina-
tion of BRSV-seronegative calves with HRSV N protein produced as ring-shaped
nanoparticles, formulated with adjuvant, induced partial protection against BRSV
challenge (Riffault et al. 2010). In addition, strong protection against BRSV
infection has been induced in calves primed i.n. with a chimpanzee adenovirus,
which is not recognised by pre-existing immunity in man or cattle, expressing a
string of HRSV proteins, F, N and M2-1, and boosted i.m. with MVA expressing
the same HRSV proteins (Taylor et al. manuscript in preparation).

5 Conclusions

Ideally, an HRSV vaccine should induce a rapid, protective antibody and T-cell
response, not prime for enhanced disease, and be able to boost immune responses
in those whose immunity has declined. Many current vaccine efforts therefore seek
to induce an effective RSV-specific memory T-cell response in addition to a
neutralising antibody response. Whilst the extensively studied rodent models of
HRSV have provided valuable information on the types of immune responses that
can contribute to protection and vaccine-exacerbated disease, they are only semi-
permissive for HRSV replication, requiring high doses of virus to infect, and to
induce lung pathology and clinical signs of disease. Furthermore, rodent models do

340 G. Taylor



not necessarily predict vaccine efficacy and safety for human neonates. BRSV
infection of calves mimics human disease more closely than experimental infec-
tion of unnatural laboratory hosts. Studies on BRSV in calves therefore provide a
valuable model not only to evaluate HRSV vaccine concepts but could also be part
of the preclinical assessment of HRSV vaccine candidates which contain proteins
that are conserved between HRSV and BRSV. Calves can be infected with low
doses of in vivo-passaged virus and the outcome of infection can be influenced by
the method of administration and the dose of virus. Although aerosol adminis-
tration with low doses of BRSV can induce clinical signs of disease in the majority
of calves, it does not recapitulate the normal progression of RSV infection, which
starts with initial virus local replication in the nose, followed by spread to the
lower respiratory tract. The induction of a rapid secondary mucosal immune
response as a result of an initial period of virus replication in the nose in vacci-
nated animals would be expected to restrict spread of the virus to the lower
airways. However, induction of a rapid secondary immune response as a result of
the introduction of aerosolised virus deep into the lower airways may result in
inflammation and, as a result, a more rapid onset and possibly faster resolution of
disease than in animals undergoing a primary infection, as has been seen in some
studies evaluating BRSV vaccine efficacy. Therefore, whilst the experimental
reproduction of clinical signs of disease in calves is a valuable tool in vaccine
efficacy studies, interpretation of the results should take into account the differ-
ences between the course of a natural infection and that induced by an aerosol
challenge. Evaluation of the ability of vaccines to reduce the incidence of respi-
ratory disease following natural exposure to BRSV could also be undertaken in
field trials in which controls are age-matched on the same farm. Although naturally
occurring outbreaks of respiratory disease in calves are often associated with a
variety of different microorganisms, BRSV is considered to be the major con-
tributor to disease, and protection against disease has been shown in calves vac-
cinated with a BRSV vaccine alone (Howard et al. 1987). Whilst the housing and
handling of calves requires specialised facilities and expertise, the availability of a
wide range of commercially available reagents to analyse immune responses in
calves, tools to analyse airway physiology, and similarities in the pathology of
BRSV in calves and HRSV in infants, makes the calf an ideal model for HRSV
infection. Studies on BRSV in the calf, which closely matches that of HRSV in
infants, will facilitate the efficient translation of results from basic research to
successful clinical application.
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The Cotton Rat Sigmodon Hispidus Model
of Respiratory Syncytial Virus Infection

Marina S. Boukhvalova and Jorge C. G. Blanco

Abstract The cotton rat Sigmodon hispidus is a New World rodent that has
become an important model of respiratory syncytial virus (RSV) infection. This
small animal is relatively permissive to RSV and can be infected throughout life. It
recapitulates the pathology associated with the FI-RSV vaccine-enhanced disease,
the phenomenon of maternally transmitted immunity and the ability of passive
immunity to suppress efficacy of RSV vaccines. Different highly susceptible
human cohort scenarios have been modeled in the cotton rat, including RSV
disease in infants, elderly, and immunosuppressed individuals. The cotton rat has
accurately predicted efficacy and dose of antibody immunoprophylaxis, and the
lack of efficacy of antibody immunotherapy for disease treatment. With the recent
development of molecular reagents and tools for the model, the cotton rat is an
important model of RSV infection to consider for vaccine and drug testing, and
will continue to advance our understanding of RSV disease pathogenesis.
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1 Introduction

Over the years, the cotton rat emerged as an important model of a wide array of
human infectious diseases, in particular those of the respiratory tract caused by
respiratory syncytial virus (RSV), parainfluenza, metapneumovirus, and influenza
viruses (Boukhvalova et al. 2009; Niewiesk and Prince 2002). The surprising
susceptibility of this New World rodent to respiratory infectious pathogens and the
ability to mimic human disease may be associated with important similarities in
the innate immune mechanisms (e.g., Mx system preservation (Pletneva et al.
2006, 2008)), or similarities in the pathogen receptor repertoire (Blanco et al.
2013). The first report of the potential to use the cotton rat as the model of RSV
infection came from the Soviet Union in 1970s (Dreizin et al. 1971). The cotton rat
model of RSV infection has since been expanded through the contribution of
several laboratories in the USA, primarily those of Dr. Robert M. Chanock at NIH,
and later that of Dr. Gregory A. Prince at Virion Systems, Inc. Several advantages
of cotton rats over existing models of RSV infection include the facts that cotton
rats are more permissive to RSV infection than most other animals and remain
susceptible to RSV infection throughout life. For example, ferrets can be effec-
tively infected only during infancy (Prince and Porter 1976) and compared to the
most common laboratory mouse strains, cotton rats are 50–1,000 fold more per-
missive for RSV replication (Prince et al. 1979, 1978). The cotton rat has been
used to model maternally transmitted passive immunity and antibody-mediated
immunosuppression of RSV vaccine efficacy. The phenomenon of FI-RSV has
been successfully recapitulated in the cotton rat, and the disease in highly sus-
ceptible cohorts, such as infants, elderly, and immunosuppressed has been mod-
eled in this animal. The relative permissiveness to infection and its track record in
preclinical evaluation of vaccines, antibodies, and antiviral therapeutics has made
the cotton rat an attractive model system for the pharmaceutical industry. Although
the available reagents are rapidly increasing, the mouse model has more often been
used for RSV-related research in part because of availability of more immunologic
reagents. This review will cover the stepping stones of the cotton rat RSV model
development that span the last four decades and will describe features of the model
(Fig. 1) important for defining disease mechanisms and for identifying effective
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intervention strategies. For other animal model systems see chapters by G. Taylor
and by P.J. Openshaw, this volume and, and for information on human patho-
genesis see chapters by P.L. Collins et al., and by M.T. Lotz et al., this volume.

2 General Features of RSV Infection in the Cotton Rat S.
hispidus

Intranasal RSV infection of 4- to 8-week-old cotton rats (age bracket most fre-
quently used for experimentation) with a range of viral inocula of 104 to 106 pfu
results in active viral replication in lungs and nose, and weaker replication in
trachea. RSV replication in the lungs lasts for 5–6 days, with viral titers peaking
on day 4 post-infection and becoming undetectable by day 7. Viral replication in
the nose is more prolonged than in the lungs, with RSV clearance from that site
occurring by day 9 postinfection. Microscopic examination of lung tissue post-
RSV infection reveals mild bronchitis/bronchiolitis (inflammatory cells, primarily
lymphocytes, surrounding the small airways) which peaks on day 6 postinfection
(Prince et al. 1986). Moderate desquamative exudative rhinitis is detected in the
nose (Prince et al. 1978). Viral replication and histopathology are proportional to
the infectious dose. Doses above 106 pfu cause, in addition to peribronchiolitis,
interstitial pneumonitis, and alveolitis (inflammatory cells within alveolar walls
and spaces, respectively) (Prince et al. 1978). No apparent signs of disease, such as
nasal discharge, changes in alertness, weight, or general physical activity have

Cotton Rat
Small Animal Model

of RSV Infection

Inherent Model Advantages
Higher Permissiveness
Life-long Susceptibility

Recapitulation of FI-RSV 
Vaccine-Enhanced Disease

Maternally Transmitted Immunity
Protection of the Lower Respiratory Tract
Antibody-Mediated Immunosuppression 

Model of Disease in 
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Antibody Dose Prediction 

Proof of Lack of 
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Fig 1 Diagram of the main features of the cotton rat S. hispidus model of RSV infection
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been detected in RSV-infected cotton rats. A rise in serum neutralizing activity
first becomes apparent by day 6 postinfection, and is established in 100 % of
infected animals by day 9 postinfection (Prince et al. 1978). Reinfection of cotton
rats with RSV results in no detectable virus production, and yet pulmonary
inflammation is augmented early after reinfection (Prince et al. 1999). Molecular
studies indicate that even though no virus is detected during secondary RSV
infection in cotton rats, abortive viral replication takes place in the lungs and is
accompanied by upregulation of type I interferon response and expression of
interferon-induced Mx genes (Boukhvalova et al. 2007; Pletneva et al. 2008). A
variety of cytokines, chemokines, interferons, and enzymes regulating the ara-
chidonic acid pathway (e.g., cyclooxygenase 2, COX-2; arachidonate 5-lipoxy-
genase 5, ALOX 5) are elevated by RSV infection in cotton rats (Blanco et al.
2002; Richardson et al. 2005), manuscript in preparation]. Infection is accompa-
nied by induction of alternatively activated macrophages (M2) in the lungs of
RSV-infected animals (Shirey et al. 2010). Recent studies suggest that overex-
pression of interferon or COX-2 enzyme may be detrimental for RSV disease
(Richardson et al. 2005; Boukhvalova et al. 2010), whereas the induction of dif-
ferentiation of macrophages to the alternative lineage may reduce the signs of
disease (Shirey et al. 2010).

3 Cotton Rat as a Model of RSV Immunoprophylaxis

As the model of RSV, the cotton rat owes its real recognition to the role it played
in the development of two antibody formulations for preventing severe RSV
disease in human infants: RespiGam� and Synagis� (MedImmune Inc., MD,
USA). Clinical trials of RSVIG (RespiGam�, a purified pooled IgG preparation
from plasma donors) in premature infants and infants with bronchopulmonary
dysplasia were consented by FDA after preclinical data obtained solely in cotton
rats was provided (Siber et al. 1994; Prince et al. 1985). Subsequent studies in
cotton rats of an improved new formulation of prophylactic RSV treatment, a
monoclonal antibody against the F glycoprotein of RSV (palivizumab, Synagis�)
accurately predicted the positive outcome of subsequent clinical trials, leading to
the licensure of Synagis�.

The fact that the cotton rat predicted success of RSV antibody immunopro-
phylaxis in infants was important because it contradicted the once prevailing
dogma that anti-RSV antibodies in humans were detrimental. Early serologic
studies in cotton rats demonstrated that infant cotton rats who acquired RSV
antibodies from immune mothers were resistant to RSV infection even when
nursed on nonimmune mothers (Prince et al. 1983). Resistance to infection was
also conferred by intraperitoneal inoculation of convalescent sera into naïve cotton
rats without induction of immunopathology upon challenge (Prince et al. 1983,
1985). Serum neutralizing antibody titers above 1:100, as determined by the 60 %
plaque reduction assay, rendered some pulmonary protection, with titer of 1:380
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conferring sterilizing immunity in the lungs. This was consistent with the results of
extended studies of human infants which demonstrated that infants under 2 months
of age with high levels of maternally acquired antibodies (1:400) were less sus-
ceptible to RSV disease, while RSV bronchiolitis and pneumonia was seen in
infants with 1:100–1:200 serum antibody titers (Parrott et al. 1973). The direct
correlation of antibody levels required for protection of human infants and cotton
rats attested to the ability of the cotton rat model to be used not only to confirm the
efficacy of antibody immunoprophylaxis, but also to predict the dose of the anti-
body required to achieve protective serum titer in human infants. The 15 mg/kg
Synagis� dose was suggested based on the cotton rat studies. This results in trough
levels of about 40 lg/ml of serum and is associated with about 50 % reduction in
hospitalization of children at high risk of severe disease. The model was also
reliable at predicting that RSV nasal protection is incomplete in human infants
following antibody immunoprophylaxis (Siber et al. 1994).

4 Cotton Rat as a Model of RSV Immunotherapy

Once anti-RSV antibodies were demonstrated to be an effective immunoprophy-
laxis tool, an effort was initiated to validate them in a therapeutic setting. Cotton
rat studies indicated that therapeutically administered antibodies were effective in
protecting against viral replication in the lungs and nose with the dose response
pattern similar to that of immunoprophylaxis (Prince et al. 1985). Despite the
antiviral effect, therapeutic administration of antibodies showed no improvement
in lung histology in cotton rats (Prince et al. 2000). Clinical trials of a therapeutic
RSV treatment with a variety of antibody formulations including Synagis�, Res-
piGam�, and Generic IgG (Sandoz) also demonstrated that while being safe, they
afforded no therapeutic benefit (Malley et al. 1998; Rodriguez et al. 1997). The
latter findings closely correlated with the absence of pathology-reducing effect in
therapeutically treated cotton rats. Additional studies in the model revealed that to
achieve disease reduction, therapeutic administration of antibodies needs to be
accompanied by anti-inflammatory treatment (Prince et al. 2000).

5 Vaccine-Enhanced Disease in the Cotton Rat Model

5.1 Enhanced Pulmonary Pathology with Alveolitis
as the Primary Marker

Several preparations of formalin-inactivated RSV (FI-RSV) have been tested in the
cotton rat model, including the original Lot 100 vaccine and newly prepared
formulations of formalin-inactivated virus with or without addition of alum (Prince
et al. 1986, 2001). In all cases animals vaccinated with FI-RSV and subsequently
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challenged with RSV developed a more severe disease, characterized by increased
pulmonary histopathology, compared to primary infected or reinfected animals.
Changes in lung pathology were primarily associated with increase in pulmonary
infiltration of neutrophils and a dramatic rise in alveolitis. Alveolitis is currently
considered the primary marker of vaccine-enhanced disease in the cotton rat
model, whereas bronchiolar histopathology is a normal component of the immune-
mediated resolution of RSV infection. A rise in lymphocyte infiltration was also
seen in RSV-challenged FI-RSV-vaccinated animals, but was less pronounced
than that of polymorphonuclear leukocytes (Prince et al. 1986). The effect on
pathology was FI-RSV dose-related, with maximum pathology seen in animals
vaccinated with an intermediate dose of the vaccine (Prince et al. 2001). Pre-
dominance of neutrophils among cells infiltrating lungs of cotton rats vaccinated
with FI-RSV corresponded to the pathology findings from Lot 100 trials, with the
majority of granulocytes described in the two autopsy reports of the human
fatalities identified as neutrophils, with some mention of eosinophils.

5.2 Reflection of the Timing of Onset of Vaccine-Enhanced
Disease

The cotton rat model has accurately recapitulated the timing of the vaccine-
enhanced disease onset as described in humans. RSV vaccine-enhanced disease
was manifested only during the first winter following vaccination with Lot 100
vaccine, but not thereafter. The phenomenon was explored in cotton rats by
extending the time of RSV challenge after FI-RSV vaccination from 42 days to
6 months. While still visible, pulmonary pathology of animals infected 6 months
after vaccination was reduced compared to animals challenged 42 days after
vaccination. These results are consistent with those in the reports of the Lot 100
vaccine trials (Prince et al. 2001; Murphy et al. 1990).

5.3 Imbalance Between Total and Neutralizing Antibody
Response to FI-RSV Vaccination

The serum antibody response of infants and children immunized with FI-RSV
vaccine in the 1960’s were characterized by high titers of antibodies against the
fusion protein but lower levels of neutralizing antibodies compared to individuals
of similar age with natural RSV infection (Murphy et al. 1986). An examination of
the immunogenicity of the FI-RSV vaccine in the cotton rat showed results that
parallel those observed in human serology of FI-RSV vaccine trial. Animals
vaccinated with FI-RSV also developed comparable levels of total antibodies to
the G and F glycoproteins to those attained in animals with pulmonary RSV
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infection. However, as in the human trials, vaccinated cotton rats developed levels
of neutralizing antibodies that were only 1/20–1/30 of those in animals infected
with RSV by intranasal or intramuscular inoculation (Prince et al. 1986).

5.4 Molecular Mechanisms of Vaccine-Enhanced Disease

The mechanism of vaccine-enhanced disease has long been associated with an
aberrant activation of the Th2 arm of the immune system. With the advent of the
development of cotton rat reagents for monitoring Th1 and Th2 responses, it
became possible to evaluate contribution of the Th2 response in FI-RSV vaccine-
enhanced disease (Boukhvalova et al. 2006). Vaccine-enhanced disease in cotton
rats was also accompanied by the augmentation of the Th2 cytokine response
(Boukhvalova et al. 2006). However, levels of several Th1 cytokines and che-
mokines were also increased. Inclusion of MPL, an adjuvant that reduces
pathology of vaccine-enhanced disease by signaling through Toll-like receptor
(TLR) 4, inhibited FI-RSV-induced augmentation of Th2, Th1, and chemotactic
cytokine responses (Boukhvalova et al. 2006; Prince et al. 2001). The latter effect
was limited to the first 2 days postinfection, suggesting that exacerbated early
release of pro-inflammatory cytokines, Th1 cytokines, and chemokines contribute
to enhanced pulmonary inflammation in FI-RSV-vaccinated animals. Additional
adjuvants (e.g., CpG, poly ICLC) that signal through other TLRs were tested in
cotton rats by admixing them with RSV vaccine formulations (Prince et al. 2003),
[data not published]. Although they render increased protection against RSV, for
some adjuvants, such as CpG the effect can be accompanied by enhanced pul-
monary pathology (Prince et al. 2003).

6 Model of Maternally Transmitted Immunity

6.1 Protection of the Lower Respiratory Tract

Maternally transmitted immunity has been studied in weanling cotton rats born to
immune mothers infected with RSV several weeks before parturition. Almost
complete protection of the lungs and partial protection of the nose was seen in
animals born to and suckled on immune mothers (Prince et al. 1983). Passive
immunity acquired from mothers protected the lower respiratory tract of cotton
rats from RSV infection for 4 weeks after birth (a.b). Foster-nursing experiments
were set up to evaluate the role of colostrum versus transplacental immunity
transfer in conferring RSV resistance. Both mechanisms of transfer were involved,
with colostrums significantly contributing to protection of the lower respiratory
tract in a mechanism generally correlated with serum neutralizing antibodies
(Prince et al. 1983).
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6.2 Antibody-Mediated Immunosuppression

Immunosuppression by maternally derived serum antibodies presents one of the
most challenging obstacles to the development of RSV vaccine for human infants.
Immunization with live RSV administered intramuscularly, once a promising
vaccine approach, was found ineffective in children with detectable maternal
antibodies against RSV. The phenomenon of maternal antibody-mediated immu-
nosuppression has been reproduced in cotton rats by two different approaches: by
parenteral live RSV immunization of infant animals born to RSV-immune mothers
(Prince et al. 1979) and by immunization of adult animals pretreated with anti-
RSV serum (Prince et al. 1982). Animals born to RSV-immune mothers and
vaccinated at 20 days a.b were refractory to vaccination whereas animals vacci-
nated 37 days a.b generated protective immunity (Prince et al. 1979). Inoculation
of anti-RSV antiserum into naïve cotton rats was sufficient to suppress immuno-
genicity of parenteral live immunization indicating that serum antibodies alone are
sufficient for immunosuppression (Prince et al. 1982).

7 Cotton Rat as a Model of RSV Disease in Highly
Susceptible Cohorts

RSV disease is particularly severe in infants, elderly, and immunosuppressed
individuals. All three cohorts have been modeled in the cotton rat RSV infection
model (see chapter by A.M.W Malloy et al., this volume).

7.1 Infants

Infant cotton rats (3-day-old) display higher viral RSV replication in the upper
respiratory tract than 4-week-old animals. Over one log10 pfu more virus is
recovered from noses of infant cotton rats than in adults and viral clearance is
substantially delayed (Prince et al. 1978). This is different from mice in which
viral titers in lung and nose are lower in neonates than in adults. Furthermore,
infant cotton rats do not mount a neutralizing antibody response to RSV infection
as efficiently as adult animals. It takes twice as long for a 3-day-old animal to
reach the same level of antibody response as it takes for 4-week-old animals. This
is similar to a diminished antibody response of human infants to RSV infection
(Murphy et al. 1986), although the latter may also be due to an immunosuppression
mediated by maternal antibodies in addition to an immunological immaturity.
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7.2 Elderly

Severity of RSV disease is increased in the elderly (Falsey 2005). Responses of
cotton rats to RSV also differ by the age of infected animals. Cotton rats display
signs of immunosenescence from 6 months of age, with age-proportional delay in
viral clearance seen in 6–16 months old S. hispidus (Curtis et al. 2002). The delay
is accompanied by skewed pulmonary expression of cytokines and over expression
of chemokines in animals over 9 months of age (Boukhvalova et al. 2007). The
altered cytokine and chemokine responses in aged cotton rats might be associated
with an age-related defect in innate immune response to RSV.

7.3 Immunosuppressed

The cotton rat has also been used to model RSV disease in immunosuppressed
humans, where it is a cause of significant morbidity and mortality. Immunosup-
pression has been reproduced in cyclophosphamide-treated cotton rats and was
found to have an effect on RSV pathogenesis (Ottolini et al. 1999). Delayed RSV
clearance is the primary marker of RSV disease in immunosuppressed cotton rats.
The model has been used to address effectiveness of RSVIG treatment under
conditions of immunosuppression. Both prophylactic and therapeutic administra-
tion of a single-dose of RSVIG diminished viral replication in RSV-infected
animals. However, viral rebound was seen after a week of the antibody treatment
and continuous suppression of viral presence required multiple RSVIG treatments
(Ottolini et al. 1999).

8 Model Status

There are still caveats in using the cotton rat model of RSV. (1) Although more
permissive than other small animal models, the infection still requires a relatively
large viral inoculum and does not appear to spread from upper to lower airway as it
does in the natural host. (2) While assessment of lung pathology has been useful,
the cotton rat does not exhibit other overt signs of illness. (3) While reagents are
improving, the cotton rat is still relatively limited on what can be done with
detailed analysis of T cell responses, B cell phenotypes, and antigen presenting
cell subsets.

The work to further develop the model is ongoing. Up to date, more than 50
different selected cotton rat genes, with additional partial clones and sequences of
more than 200 have been cloned (Blanco et al. 2004) (Table 1). All completed
cDNA sequences are available at the GenBank site. R&D Systems, Inc. has used
these sequences to develop reagents for the cotton rat and made many of these
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reagents available to the scientific community. In addition, our laboratory has
established the techniques to develop transgenic animals from cotton rats adding to
the tools available for research with this model (Blanco et al. 2011).
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The Mouse Model of Respiratory
Syncytial Virus Disease

Peter J. Openshaw

Abstract The laboratory mouse is the species of choice for most immunological
studies, ranging from simple vaccine testing to the intricate dissection of funda-
mental immunopathogenic mechanisms. Although not fully mouse adapted, some
strains of respiratory syncytial virus (RSV) replicate in the murine respiratory tract
and induce specific T and B cell responses. Passive transfer of neutralising anti-
body is protective and assist in viral clearance. In addition, many of RSV’s
complex behaviours are recapitulated in the mouse (including enhancement of
disease by vaccination and delayed effects of neonatal infection). However, human
studies remain essential to confirm or refute predictions from animal models.
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1 Introduction

Respiratory syncytial virus (RSV) provides interesting puzzles for the immunol-
ogist. Antibody protects, but only partially. T-cells are important, since children
with defects in T cell immunity suffer from prolonged and atypical infection. Most
remarkably, boosting immunity with formalin inactivated vaccines enhances dis-
ease during subsequent natural infection (Graham 2011), and children who recover
from severe bronchiolitis are at high risk of recurrent wheeze and asthma in later
childhood (Sigurs et al. 2010). These complexities make RSV an intriguing virus
for an immunologist, potentially providing insights not only into RSV disease but
into the pathogenesis of asthma and other inflammatory disorders.

Over the past 30 years, the mouse has become the species of choice for most
immunological experiments. Most human genes have murine equivalents and the
behaviour of human and murine immune systems are broadly very similar. The
availability of inbred mice, knockouts, transgenics and a multitude of specific
immunological reagents allows studies of extraordinary intricacy and sophistica-
tion to be performed. The rapid breeding cycle allows age-dependant effects to be
studied with relative ease. The relatively low cost allows sampling of relevant
tissues at multiple time-points in dynamic studies and keen attention to animal
husbandry provides clean mice, unperturbed by environmental variations.

Some of the advantages of murine studies are also weaknesses. Humans are not
the same as laboratory mice: they are outbred and genetically diverse, have suf-
fered multiple past infections and live in complex and unclean environments.
Although murine studies produce dazzling insights, interpretation is difficult,
complex, and subtle. Human studies should be informed by findings in animals but
we should not over-interpret animal data and assume that the same applies in man
(see chapters by S. Mukherjee and N.W. Lukacs, S.M. Varga and T.J. Braciale,
M.S. Boukhvalova and J.C.G. Blanco, G. Taylor, and by R.J. Pickles, this volume).

2 Historical Perspectives

Gregory Prince, working under Dr. Robert Chanock, published the first detailed
account of RSV infection of mice in 1979. They took 20 inbred strains of neonatal
mouse and infected them with the human Long strain of RSV, harvesting lungs
and nasal tissue on day 4. This showed a wide variation in susceptibility of
different stains, with DBA2N the most susceptible; and C3H towards the bottom of
the rank. Common strains (BALB/c and C57Bl/6) showed intermediate suscepti-
bility. The virus loads in the most susceptible mice were approximately 100 fold
higher than those in the least susceptible (Fig. 1) (Prince et al. 1979). Follow-up
studies show that each mouse strain has its own way of responding to RSV
infection, but most laboratories have focussed on the BALB/c mouse.

360 P. J. Openshaw

http://dx.doi.org/10.1007/978-3-642-38919-1_7
http://dx.doi.org/10.1007/978-3-642-38919-1_8
http://dx.doi.org/10.1007/978-3-642-38919-1_17
http://dx.doi.org/10.1007/978-3-642-38919-1_16
http://dx.doi.org/10.1007/978-3-642-38919-1_19


Subsequent studies showed that much of the virus administered intranasally
does not infect, but is rapidly cleared from the respiratory tract (presumably by
cilliary action). Very little virus can be recovered at 12–24 h, but thereafter viral
load climbs progressively and peaks on days 4–5. Thereafter, viral loads decline
with little recoverable virus being detected beyond day 10 (Fig. 2) (Taylor et al.
1984b). Viral replication is accompanied by mononuclear cell infiltration in the
perivascular and peribronchial regions that resembles bronchiolitis in human
infants (Johnson et al. 2007). However, unless Type I IFN pathways are inter-
rupted it is difficult to demonstrate infection of the murine bronchiolar epithelium
(Bhoj et al. 2008). In mice, the predominant infected cell is the Type I alveolar
pneumocyte.

Although several investigators tried, it proved impossible to adapt human
strains of RSV to mice and attempts at viral purification have usually been dis-
appointing because of loss of infective virus. Most laboratories use crude viral
suspensions containing cell debris and tissue culture medium to infect mice,
relying on normal mechanical clearance to remove the adventitious debris and
proteins from the respiratory tract. Using selected plaque-picked virus, the severity
of disease and the viral load in the lungs shows incremental progression as the
inoculated dose is increased (Pribul et al. 2008).

However, there are important differences between mouse and man, particularly
that it is well recognised that aged mice (older than 15 weeks) are more suscep-
tible to RSV replication than younger or neonatal mice (Graham et al. 1988). This
would appear to contrast with the situation in human infants where the greatest risk
of bronchiolitis is in children under the age of 6 months. Children over the age of 2

Fig. 1 RSV infection of 20 strains of inbred mice. Inoculation of virus (Long strain) was
performed at 3 days of age. After 4 days, infant mice were sacrificed; the lungs and nose were
homogenized and titrated on HEp-2 cell monolayers. The viral load is shown on the ordinate and
the strains of mouse on the abscissa (with the number of infants in each group). Examples of
common strains are labelled (Figure adapted with permission from Prince et al. 1979)
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are very unlikely to suffer severe disease even if they have hitherto escaped RSV
infection. However, we do not know what would happen if a naïve population of
old adults were exposed to RSV for the first time. Infection is so universal that
virtually no one above the age of 3 suffers primary infection, and it is possible that
adult humans infected for the first time could suffer severe disease.

During the 1980s, a number of important techniques and methods were
established that facilitated the use of mice in the study of RSV disease. The first
was the introduction of weight loss as an index of disease severity. This is a very
convenient, cheap and reproducible objective measure, often used in place of
subjective rating of disease severity by an experienced observer. However, weight
loss is not a familiar feature of RSV disease in children, and does not simply reflect
the severity of lung disease which might be better reflected by lung function or
oxygenation measurements.

Fig. 2 RSV infection causes viral replication and histological changes in the lungs of mice.
BALB/c mice infected with human A2 strain of RSV show peak viral load in nose (dotted line,
open circle) on days 3–4 and the lungs (solid line, filled circles) on days 4–6 (panel A adapted
with permission from Taylor et al. 1984b). Histological appearances of normal B and RSV
infected mouse lung C are shown at day 6 after inoculation (bronchial lavage has removed the
exudate within the airway; colour images kindly provided by Dr Geraldine Taylor, UK). In this
case, virus-induced pathology is predominantly a perivascular accumulation of lymphocytes, but
appearances depend on the stage of infection
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The second technique that has proved very useful is recovery of bronchiolar
alveolar lavage fluid and cells. This allows enumeration of inflammatory cells and
mediators and has considerable advantages of speed and cost over the detailed
analysis of pulmonary histological changes, although histological clearly has an
important place in evaluating disease.

Third, viral load measurement by plaque assay requires skilled, dedicated
technical support and rapid handling of infected tissue that is ideally processed
fresh (much of the virus is lost in freezing). The use of quantitative PCR to has
become routine in many laboratories, providing a good dynamic range and cir-
cumventing the problems of the plaque assay.

All of these refinements and technical developments allowed the mouse to be
used to study the evolution of immune responses over time, while the reagents
available to mouse immunologists have enabled the fine dissection of immune
responses, generating complex insights into the immunopathogenesis of viral lung
disease.

3 Pathogenic Insights from Studies in Mice

Stemming from our interest in inflammatory lung disease, many of our studies
used recombinant virus to modify the response to RSV challenge. Soon after the
RSV mouse model was established in Dr Brigitte (Ita) Askonas’s laboratory in
London, CD8 cytotoxic T-cell lines and clones were made that recognised RSV
proteins. These were injected intravenously into irradiated or normal RSV infected
mice with the aim of demonstrating that T-cells were able to clear RSV from the
lungs. This they did, but they also caused greatly enhanced disease in mice
undergoing RSV infection (Cannon et al. 1988). When we examined the lungs of
these mice, there was indeed a detectable increase in the number of recovered CD8
T-cells. However, the more obvious and numerically dominant cells present in the
lungs and airways were neutrophils, reflecting the pattern of bronchial cellular
exudate seen in children with severe bronchiolitis (Wang et al. 1998).

Another intriguing phenomenon became evident while we were attempting to
study vaccine-enhanced disease using recombinant vaccinia viruses. We found that
recombinant vaccinia virus (rVV, kindly provided by Dr Gail Wertz, Peter Collins
and colleagues) expressing RSV proteins induce specific immune responses to
different viral proteins, and that this protein-specific immunity produces con-
trasting patterns of enhanced lung disease after RSV challenge. Most remarkably,
cutaneous infection with rVV expressing the attachment protein G induces very
strong Th2 responses and lung eosinophilia during subsequent intranasal RSV
infection (Fig. 3); (Openshaw et al. 1992). This effect depends on CD4 cells
making IL-4 and IL-13. The genetic background of the host has powerful effects:
about half of all mouse strains sensitised to rVV-G show lung eosinophilia after
RSV challenge. In addition, strains that do not develop lung eosinophilia in this
situation (e.g. C57BL/6) do develop eosinophilia if CD8 T-cell responses are
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impaired (Hussell and Openshaw 1997). These experiments provide insights into
eosinophilic lung diseases, and were among the first studies to show that the
concept of Th1 versus Th2 (first developed in studies of mouse T-cell clones at the
DNAX Research Institute (Mosmann et al. 1986)) actually were applicable in vivo,
and explained subtypes (or endophenotypes) of disease in viral infections.

In contrast, rVV-M2 induces almost exclusively CD8 T-cell responses and lung
neutrophilia after RSV challenge, reminiscent of the effects of CD8 T-cell transfer
described by Cannon et al. (1988). The fusion protein F (the protein usually
selected for vaccine development) induces antibody, CD4 and CD8 T-cell
responses. All of these responses are only partially protective against secondary
infection, and can be associated with enhanced disease as measured by weight loss
(Alwan et al. 1993, 1994). It is important to note that the rVV is given peripherally
by cutaneous scarification, and that the first point of contact between primed T-
cells and RSV itself is in the lungs.

A second avenue of fruitful collaboration with virologists has been the testing
of genetically engineered recombinant RSVs (rRSV) that express murine cyto-
kines (created by Peter Collins, Alex Bukreyev, and Ursula Bucholtz at NIH,
USA). These viruses create an intense cytokine-rich environment in the respiratory
tract after infection and produce remarkable changes in pathogenicity. For
example, rRSV-IFNc activates macrophages and NK cells, inhibiting Th2 CD4 T-
cell responses during subsequent RSV challenge. In contrast, rRSV-IL-4 boosts
Th2 cells, eosinophils and IgE after RSV challenge. The environment created by
infection with these viruses is very long-lasting. If neonatal mice are infected with
these rRSVs, the immune responses to adult re-challenge are altered (Harker et al.

Fig. 3 The effect of sensitisation of mice to individual viral proteins is expressed by vaccinia.
Mice scarified on the skin with recombinant vaccinia viruses (rVV) expressing the Fusion protein,
the M2 (second matrix) or major surface glycoprotein G show contrasting patterns of immunity.
The F protein- specific immunity comprises Th1, CD8 T-cell and antibody; the M2 induces CD8
T-cells and G a Th2 response. Upon challenge with RSV intranasally, this translates into specific
types of lung pathology (illustrating the work of Openshaw et al. 1992 and Alwan et al. 1994)
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2010) suggesting that the cytokine environment present during infantile bronchi-
olitis can have very profound effects even into adulthood. Indeed, the Th2 pro-
gramming by rRSV-IL-4 is so profound that subsequent infection with an
irrelevant pathogen (e.g. influenza) also induces an eosinophilic lung reaction,
presumably because of resident Th2 cells that react non-specifically to future viral
encounters (Harker et al. 2007). Although these studies are aimed primarily at
obtaining fundamental insights into pathogenesis, the ultimate goal is to find a
highly immunogenic and non-pathogenic combination of virus and cytokine that
might form the basis of a future vaccine.

The nature of the inflammatory response to RSV re-challenge is also profoundly
altered by the age at which RSV is first encountered: mice first infected as neo-
nates develop enhanced granulocytic lung disease after re-challenge as adults
(Culley et al. 2002). This effect can be attenuated by modifying the immune
response to primary infection in the neonate using the TLR9 ligand CpG, or with
recombinant RSV expressing IFNc (Harker et al. 2010; Culley et al. 2002). This
suggests that modifying or delaying the first encounter with RSV could be
effective in avoiding the long term respiratory sequelae that are associated with
severe neonatal RSV disease.

Clearly, none of these studies could have been performed in man or in less
controlled conditions than an animal facility with high levels of containment. The
mouse is the most suitable species in which to study novel and potentially path-
ogenic recombinant viruses of this sort but has the drawback of not being a natural
host for RSV infection.

4 Mimicking the Complexity of RSV’s Natural Behaviour

Many of RSV’s complex behaviours in man are reflected in mouse studies. For
example, it is well known that protection against reinfection after natural exposure is
only partial, and that adult care-givers (all of whom have anti-RSV antibody and have
been repeatedly infected in the past) are quite likely to develop an RSV upper
respiratory illness if they are in close contact with RSV infected infants (Hall et al.
1976). This is also the case in mice, in which secondary infection causes transient
early viral replication which rapidly aborts, but can be associated with disease
(Graham et al. 1991). In addition, it was shown as early as 1983 that mice could be
used to demonstrate the protective effects of monoclonal antibodies in vivo (Taylor
et al. 1984a), a discovery which ultimately led to the humanisation of a mouse
monoclonal antibody the viral fusion glycoprotein F and to the successful marketing
of palivizumab (SynagisTM). This advance came initially from studies in the mouse;
although the cotton rat played an important part in justifying human trials, this is
arguably one the greatest translational benefits to have come from study of the mouse.

The second immunological puzzle that has been virtually solved by studies in
mice is that of the formalin inactivated vaccine augmentation of RSV disease
(Graham et al. 1986). The phenomenon has been reproduced in a remarkably wide
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range of animal studies suggesting that there are common underlying pathways. It
appears that disease enhancement is associated with poor quality non-neutralising
antibody, which nonetheless binds very well in ELISA assays. Studies in Dr. Brian
Murphy’s laboratory demonstrated that depletion of CD4 T-cells from mice that
had been vaccinated with formalin inactivated RSV virtually abolishes enhanced
disease (Connors et al. 1994).

It is possible that different components of disease enhancement may be caused
by antibody deposition and by cellular immune responses (Delgado et al. 2009;
Polack et al. 2002). From our own work, it seems that the action of formaldehyde
on RSV antigens creates carbonyl groups that are sensed by the immune system
and processed to generate Th2 responses (Moghaddam et al. 2006). The stimu-
lation of Toll-like receptors may be altered by formalin treatment, leading to a lack
of normal antibody affinity maturation (Delgado et al. 2009). In addition, it is
possible that enhancement of disease is in part caused by an absence of sufficient
regulatory T-cell responses (Loebbermann et al. 2013).

5 Advantages and Limitations of the Mouse Model
of Murine Studies in Vaccine Development

There are many recent examples of promising vaccine candidates that have been
tested in mice. In addition to classical subunit vaccines delivered with appropriate
adjuvants, there is considerable interest in induction of mucosal immunity using
virus-like particles (VLP) or bacteria-like particles (BLP). For example, a nano-
emulsion-adjuvanted, inactivated mucosal RSV vaccine induces durable, RSV-
specific humoral responses, both systemically and locally. Mice given this vaccine
are protected against subsequent live viral challenge with a skewing of the immune
response towards Th1/Th17 responses, reduced mucin production and without
evidence of Th2 mediated immunopotentiation (Lindell et al. 2011).

To give a second example, reconstituted RSV viral envelopes (virosomes) with
monophosphoryl lipid A (MPLA) adjuvant given intramuscularly induces neu-
tralising RSV-specific IgG2a, at levels similar to those induced by infection with
live RSV. This novel vaccine induces high levels of IFNc and low levels of IL-5 in
lungs of immunised, RSV challenged mice, indicating a Th1-skewed response.
Vaccinated mice were protected from live RSV challenge, clearing the inoculated
virus without showing signs of lung pathology (Kamphuis et al. 2012). It is to be
hoped that new vaccines based on novel, modern adjuvants and routes of delivery
will result in protective and non-pathogenic vaccines for RSV disease.

It is important to recognise that vaccines that appear promising in mice are not
necessarily successful in man. BBG2Na is a fragment of the RSV G protein
(residues 130–230) fused to the albumin-binding domain of streptococcal protein
G, produced in bacteria and formulated in an alum-based adjuvant. In small and
large animals, BBG2Na has elicited a good immune response in mice (Goetsch
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et al. 2000) and initial studies of BBG2Na in RSV seropositive humans were also
promising (Power et al. 2001). However, clinical trials were terminated because of
the development of rashes and renal complications in some volunteers that were
not predicted by animal testing.

In terms of guiding human testing of vaccines, a vaccine candidate that induces
poorly neutralising antibody (even of high titre in ELISA), strong IL-4/5/13
responses, enhanced disease severity and lung eosinophilia after RSV infectious
challenge in rodents would not be a safe candidate for testing in seronegative
human neonates. Indeed, it seems advisable that any vaccine so reminiscent of the
notorious ‘Lot 100’ formalin-inactivated vaccines should not be administered to
human volunteers of any age. In contrast, rodent studies showing a lack of Th2
responses and the absence of enhanced disease after RSV challenge, with strong
neutralising antibody (with or without demonstrable Th1 responses) would help
make the case for human testing, but could not guarantee that the vaccine will be
safe and effective in man.

6 Concluding Remarks

Mice are often an ideal species in which to gain insights into complex biological
interactions, particularly through experimental studies of immune responses. They
allow controlled interventions to reveal genetic and environmental effects, illus-
trate underlying principals, provide a roadmap and generate hypotheses that guide
and motivate experimental studies in man.

Although they tell us a great deal about protective and pathogenic mechanisms,
what actually happens in man may be substantially different from that which is
predicted from studies in mice. Effects that easily reproducible in mice may never
be seen in man, and rare events in human studies can be impossible to anticipate
from even the most extensive animal studies.

There are many important principals that have emerged from studies in animals
that are essential to our understanding of human disease. We now know that a
disease which appears unitary on clinical grounds may in fact arise from diverse
pathogenic pathways; particularly with acute infections, it is vital to study disease
over time and to examine cells from relevant tissues. Indeed, sampling cells the
peripheral compartment (i.e. blood) when the disease is localised to the lung may
be entirely misleading: cells may be depleted from the periphery when they are
recruited to the lung, and may only recirculate once the acute disease has passed.
Most importantly, counting the number of cells present at the site of disease may
be an inconstant indicator of which cells are actually causing the responses
(Cannon et al. 1988).

Although animal studies show what might happen, they do not necessarily
reflect what actually happens in man. An intelligent dialogue between those who
perform animal experiments and those observing events following natural infec-
tion is essential in our continued mission to prevent and treat RSV disease.
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Human Airway Epithelial Cell Cultures
for Modeling Respiratory Syncytial Virus
Infection

Raymond J. Pickles

Abstract Respiratory syncytial virus (RSV) is an important human respiratory
pathogen with narrow species tropism. Limited availability of human pathologic
specimens during early RSV-induced lung disease and ethical restrictions for RSV
challenge studies in the lower airways of human volunteers has slowed our
understanding of how RSV causes airway disease and greatly limited the devel-
opment of therapeutic strategies for reducing RSV disease burden. Our current
knowledge of RSV infection and pathology is largely based on in vitro studies
using nonpolarized epithelial cell-lines grown on plastic or in vivo studies using
animal models semipermissive for RSV infection. Although these models have
revealed important aspects of RSV infection, replication, and associated inflam-
matory responses, these models do not broadly recapitulate the early interactions
and potential consequences of RSV infection of the human columnar airway
epithelium in vivo. In this chapter, the pro et contra of in vitro models of human
columnar airway epithelium and their usefulness in respiratory virus pathogenesis
and vaccine development studies will be discussed. The use of such culture models
to predict characteristics of RSV infection and the correlation of these findings to
the human in vivo situation will likely accelerate our understanding of RSV
pathogenesis potentially identifying novel strategies for limiting the severity of
RSV-associated airway disease.
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1 Why Study RSV Infection of Human Columnar Airway
Epithelium In Vitro?

The predominant site of RSV infection in the immunocompetent human respira-
tory tract is the columnar epithelium lining the conducting airways. Columnar
airway epithelium serves as an important innate barrier in the respiratory tract and
possesses highly specialized functions due to the distinct features of diverse
columnar epithelial cell-types present throughout the airways. How RSV infection
affects the integrity and innate defenses of the human airway epithelium resulting
in airway disease is still not clearly defined. Whether outcomes of RSV infection
of nonpolarized epithelial cell-lines or semipermissive animal models in vivo
reflect those of RSV infection of human columnar airway epithelial cells is cur-
rently under investigation. Although in vivo human challenge protocols are
available and are an excellent model system for assessing consequences of RSV
infection and testing the efficacy of RSV vaccine candidates and anti-virals, these
studies are limited to inoculation of the nasal epithelium and provide little
information on RSV pathogenesis in lower airway regions. Human in vivo chal-
lenge studies are also cost-prohibitive to most in the RSV field; they require
specialized facilities, personnel and appropriate review by regulatory agencies.
Therefore, more cost effective and widely available models of human columnar
airway epithelium have been sought to further understand how RSV infection
affects the normal functions of the airway epithelium and how altering epithelium
function influences RSV pathogenesis. Such in vitro models also hold great utility
for preclinical testing of infection and growth phenotypes of live, attenuated RSV
vaccine candidates and assessing the efficacy of RSV antiviral approaches.

Culture models of human columnar airway epithelium developed by several
groups are gaining acceptance for studying particular aspects of respiratory virus
infection and airway innate defenses (Pickles et al. 1998; Zhang et al. 2002; Sims
et al. 2006; Zabner et al. 2000; Wright et al. 2005; Villenave et al. 2012; Ilyushina
et al. 2012). Technical aspects associated with isolation and culture of human
airway epithelial cell cultures will not be further discussed here and the reader is
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referred to a comprehensive description of these protocols (Fulcher et al. 2005).
The availability of airway cell culture models relies on an abundant primary source
of airway epithelial cells isolated from the lungs of human donors. In our labo-
ratory, human airway epithelial cell cultures (HAE) are generated from epithelial
cells isolated from human nasal or tracheobronchial epithelium obtained from
cadaver airways or excess airway tissues after lung transplantation or elective
surgery. An alternative source of human airway cells is from volunteers willing to
undergo harvest of epithelial cells by scraping or brushing of nasal or tracheo-
bronchial epithelium. Regardless of the method of procurement, isolated epithelial
cells can then be grown using appropriate culture conditions to generate differ-
entiated cultures of columnar airway epithelium. In our experience and that of
others, HAE cultures exhibit morphologic and physiologic properties similar to
those of the human columnar airway epithelium in vivo.

2 What is the Cellular Composition of HAE Cultures
and What Airway Regions do they Represent?

To appreciate the usefulness of human columnar airway cultures it is important to
describe the diversity of airway epithelial cells distributed in the human airways
in vivo and how HAE reproduce this cell diversity in vitro.

Respiratory columnar epithelium lines the nasopharyngeal (upper conducting
airways) and the tracheal, bronchial, and bronchiolar airways (lower conducting
airways). The respiratory epithelium also lines the alveolar lung regions but does
not possess morphologic features of a columnar epithelium. Although ciliated
airway epithelial cells are predominant throughout the conducting airways of all
species, both ciliated cell density and the phenotype of nonciliated cells are airway
region and species dependent (Harkema et al. 1994). For humans, the cartilaginous
conducting airway epithelium (nasal, tracheobronchial, bronchial) is a pseudostr-
atified columnar epithelium with predominant ciliated cells interspersed with
variable numbers of mucin-secreting cells. In these airway regions, columnar cells
overlie basal epithelial cells directly attached to the underlying basement mem-
brane. Ciliated cells are also prominent in the human small, noncartilaginous
bronchiolar airways but their numbers decrease as the bronchioles approach the
airspaces of the alveolar regions. In the cartilaginous airways, nonciliated
columnar cells largely represent the morphology and properties of classic mucin-
secreting cells (Goblet cells) whereas, the nonciliated columnar cells in the
bronchiolar regions are most often identified as Clara cells. Distal to the con-
ducting airways, the lung epithelium consists of Type I and Type II pneumocytes.

For human ciliated airway epithelium models, three anatomical airway regions
are routinely used to obtain primary epithelial cells; the nasal epithelium, the
nasopharyngeal epithelium (adenoids), and the tracheobronchial epithelium. HAE
cultures derived from cells procured from these regions result in the generation of
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a pseudostratified mucociliary columnar epithelium in which ciliated cells and
mucin-secreting (Goblet) cells make up the vast majority of columnar cells.
Nonciliated columnar cells with morphological features of Clara cells are usually
scarce in these culture models likely reflecting the low numbers of Clara cells
present in the proximal airway tissues used for harvesting the epithelial cells.

3 RSV Infects Human Ciliated Airway Epithelium In Vivo
and In Vitro

Histopathologic specimens of RSV-infected lung tissues have immunolocalized
RSV antigen to columnar airway epithelium of the large conducting airways and in
ciliated cells and nonciliated cells (Clara cells) in the bronchiolar regions (Johnson
et al. 2007; Welliver et al. 2008; Neilson and Yunis 1990). Although RSV antigen
can be detected by immunohistologic studies in alveolar regions, data supporting
RSV infection of alveolar epithelial cells in immunocompetent patients are less
robust than for RSV infection of the bronchiolar regions (Neilson and Yunis 1990).
Although Type II pneumocytes can be infected by RSV, especially in immuno-
compromised patients, the frequency and timing of infection of bronchiolar versus
alveolar epithelium and its relationship to outcomes of disease remain unclear.

Human airway epithelial cell cultures derived from cartilaginous airway regions
have been used by us and by others to show RSV robustly infects ciliated cells
(Fig. 1 Zhang et al. 2002; Villenave et al. 2012). However, ciliated cell tropism in
these models is not unique to RSV since parainfluenza viruses (human PIV1-5,
Sendai virus), human/avian influenza viruses, and coronaviruses exhibit prefer-
ential infection of ciliated cells in these models (Zhang et al. 2005, 2012; Scull
et al. 2009; Sims et al. 2005; Villenave et al. 2012; Bartlett et al. 2008a; Schaap-
Nutt et al. 2010). Indeed, by comparing infection of HAE with different respiratory
viruses we and others have found human influenza viruses are the only respiratory
viruses so far tested that infect both ciliated and nonciliated columnar cells of HAE
(Scull et al. 2009; Matrosovich et al. 2004). The significance of expanded virus
tropism for both ciliated and nonciliated cells with regards to outcomes of influ-
enza virus infection is unknown but we speculate influenza virus evolution in
human hosts towards nonciliated columnar cells may provide an advantage to the
virus against innate host defenses.

For RSV infection of HAE, ciliated cells are the exclusive target for infection
(Zhang et al. 2002). An estimated 60–90 % of lumenal surface cells in HAE are
ciliated cells (Zhang et al. 2009), with the remainder of columnar cells resembling
mucin-secreting Goblet cells found in human airway epithelium in vivo (Fig. 2).
However, other less common ‘‘secretory columnar cell-types’’ are occasionally
identified in HAE although these columnar cell-types are not commonly found in
human airways in vivo (Fig. 2). Thus, for the most part, the columnar cell com-
position of HAE closely mimics columnar cell density and phenotype of the
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columnar epithelium of the human nasal and tracheobronchial airway regions
in vivo. In our experience, we have not routinely identified Clara cells in HAE; an
expected finding given the isolation of cells from large airway regions where Clara
cells are scarce. Isolation of airway epithelial cells from human bronchiolar air-
ways where Clara cell density is high has not yet successfully resulted in differ-
entiated cultures with columnar epithelial cells displaying morphologic
characteristics of Clara cells in vivo. Primary cultures for human alveolar Type II
pneumocytes are available and currently await studies with RSV infection (Bove
et al. 2011).

4 Is RSV Infection of Human Ciliated Cells Different
from Infection of NonPolarized Epithelial Cell-Lines?

Early studies of RSV infection of HAE revealed that although ciliated cells were
robustly infected by RSV these cells were less susceptible to infection than human
nonpolarized epithelial cell-lines, e.g., HEp-2 and A549 cells (unpublished
observations and (Wright et al. 2005). One explanation for these observations is
the greater abundance of extracellular glycocalyx present on the lumenal surface
of ciliated cells when compared to that on the surfaces of nonpolarized epithelial
cell-lines (Kesimer et al. 2009, 2012). It is expected RSV and other viruses that

Fig. 1 Human airway epithelial cell cultures infected by RSV and PIV3 expressing GFP.
(a ? b) En face XY views of HAE infected with RSV (a) or PIV3 (b) and infected cells detected
by expression of GFP (green). c Confocal XZ microscopy of HAE infected with PIV3 shows GFP
(green) is localized to columnar cells positive for b-tubulin IV immunoreactivity (red) indicating
PIV3 infects ciliated cells. d Histological cross-section of HAE demonstrating the morphologic
characteristics of a pseudostratified mucociliary airway epithelium
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infect ciliated cells will have to negotiate the more complex glycocalyx structure
and these viruses have likely evolved strategies to enable this. Indeed, we have
shown columnar cell glycocalyx in HAE poses a significant diffusion barrier to
respiratory viruses reaching the apical membranes of columnar cells (Stonebraker
et al. 2004; Kesimer et al. 2012). The robust glycocalyx of the columnar airway
epithelium is largely due to the abundance of several families of carbohydrate-rich
molecules, including proteoglycans, glycolipids, and glycoproteins most notably,
the highly O-glycosylated ‘tethered’ mucins MUC1, 4, and 16. These tethered
mucins constitute a significant portion of the glycocalyx structure in human and
murine airway epithelia (Kesimer et al. 2012; Stonebraker et al. 2004; Button et al.
2012).

Despite the barrier properties of the glycocalyx on HAE some respiratory
viruses, including RSV, are relatively efficient at negotiating this carbohydrate-
rich network. We have speculated the RSV G glycoprotein may serve to facilitate
the passage of RSV into the glycocalyx layer. This idea was based on data showing
recombinant RSV deleted the G protein (RSVDG) infected nonpolarized epithelial

Fig. 2 Morphological features of columnar epithelial cells in HAE. a Histological section of
HAE showing ciliated and nonciliated columnar epithelial cells with distribution similar to
human tracheobronchial airway epithelium in vivo. b–d Transmission electron micrographs
detailing morphological characteristics of nonciliated columnar epithelial cells in HAE. b A
frequently identified nonciliated columnar cell containing clear mucin-rich granules and
resembling a Goblet cell. c An infrequently identified nonciliated columnar epithelial cell with
electron dense granules and resembling a Serous cell. d An infrequently identified nonciliated
columnar epithelial cell with mixed phenotypes of mucin-secreting and serous-like cell features.
Arrowheads indicate cilia of ciliated columnar cells and long arrows indicate clear and/or dense
granules in nonciliated columnar epithelial cells. Scale bars represent 20 lm

376 R. J. Pickles



cell-lines just as efficiently as wild-type virus suggesting the G protein was not
required for infection (Karron et al. 1997). In contrast to these previous findings in
nonpolarized epithelial cells, we recently showed RSV infection of HAE is sig-
nificantly increased when the virus expresses a full-length G protein (Kwilas et al.
2009). While RSV efficiently infects and spreads in HAE, RSVDG poorly infects
ciliated cells and displays attenuated growth characteristics in HAE (Kwilas et al.
2009). Since RSV G has been previously described as a ‘‘mucin-like’’ glycoprotein
with the potential for multiple O-glycosylation sites (Collins 1990), we speculate
one function of G may be to facilitate the negotiation of RSV through the robust
glycocalyx layer present on the lumenal surface of polarized airway epithelial
cells. These studies highlight just one example of the utility of HAE to better
model in vivo virus–host airway cell interactions when compared to nonpolarized
epithelial cell-lines.

The importance of the RSV G protein for efficient infection of human ciliated
cells is further supported by experiments showing RSV propagated in HEp-2 cells
efficiently infects HAE whereas RSV propagated in VERO cells poorly infects
HAE (Kwilas et al. 2009). However, in contrast to RSVDG growth in HAE, only
the initial inoculum of VERO cell-derived RSV was attenuated in HAE and
subsequent rounds of infection within HAE cultures proceeded similarly to those
after inoculation with RSV propagated in HEp-2 cells (Fig. 3). Subsequently, it
was discovered the G glycoprotein of RSV propagated in HEp-2 cells had a
molecular mass of 90 kD while the G from VERO cell-derived RSV was only
55 kD suggesting VERO-derived G was deficient is some component important
for efficient infection of ciliated cells. Although the numbers of ciliated cells
infected by VERO cell-derived RSV were lower than for HEp-2 derived RSV,
progeny virions budding from ciliated cells infected by VERO-derived RSV
quickly regained normal infection kinetics suggesting deficiencies in G function
for RSV propagated in VERO cells were possibly due to altered post-transcrip-
tional modification of G in VERO cells and not due to genetic alterations in the
virus genome. The significance of the different molecular masses for G protein
derived from different producer cell-lines remains to be determined but only
became apparent using HAE as the target cells for infection. Precisely, how the
RSV G protein may be modified in producer cell-lines to account for these dif-
ferences in mass and infectivity for ciliated cells is under investigation.

These findings associated with RSV G may also have technical implications for
RSV vaccine development. Since VERO cells remain the only FDA-approved cell-
line for propagating RSV vaccines for clinical use, the inoculating dose of vaccine
candidates may exhibit reduced infection efficiency of ciliated cells of the human
respiratory tract. For live, attenuated RSV vaccines that replicate similarly to wild-
type RSV in the upper airways such an infection deficiency may not be a sig-
nificant concern as further rounds of replication and infection would rapidly
generate RSV expressing a fully functional G protein (see chapter by J.S.
McLellan et al., this volume).
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5 Variability of Virus Infection in HAE Derived
from Different Donors

In contrast to HAE, epithelial cell-lines offer unlimited and continuous use of
genetically homogenous cell populations. HAE cultures are derived from indi-
vidual donors with a strong possibility of genetic and environmental variability
between donors. When using HAE there are two practical considerations when
designing experiments. First, the total number of primary cells and hence, HAE
cultures, derived from an individual donor will always be limiting. Human primary
airway epithelial cells grown on plastic can be passaged several times to increase
cell availability, but the ability to reproducibly differentiate these cells into ciliated
columnar epithelium wanes in later passages. Attempts to generate ‘human pri-
mary epithelial cell-lines’ have successfully generated cultures of pseudostratified
columnar airway epithelium however, the extent of ciliated cell differentiation in
these cultures does not approach the ciliated cell densities achievable with freshly
isolated primary epithelial cells (Fulcher et al. 2009). The second practical concern
when using HAE relates to the potential for variability due to differences in host
genetics and/or environmental exposures between individual donors. Currently,

Fig. 3 Decreased initial infection of HAE by RSV propagated in VERO cells compared to HEp-
2 cells. HEp-2 or VERO cell derived RSV titered on cell-lines was inoculated at equal titer
(106 PFU) onto HAE and GFP expression (white signal) assessed at 1 (a, c) and 2 (b, d) days pi.
En face views of: a RSV (HEp2-derived) infected HAE at 1 day pi; b RSV (HEp-2-derived)
infected HAE at 2 days pi; c RSV (VERO-derived) infected HAE at 1 day pi; and d RSV
(VERO-derived) infected HAE at 2 days pi. One day after inoculation RSV (HEp-2) infects far
more ciliated cells than RSV (VERO) and by day 2 pi, RSV (HEp-2) has spread throughout the
culture while RSV (VERO) exhibits delayed spread. Note Spread of RSV infection in
(d) demonstrates patterns of ‘comet-like’ spread of infection accounted for by the directionality
of cilia beat in HAE
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the only feasible method to determine variability in experimental outcomes
between HAE derived from different donors is empirical testing of the specific
experimental outcome, e.g., virus growth kinetics, across cultures derived from
several different donors (i.e., 4–7 different donors).

In our experience, the most satisfactory approach to these experimental con-
siderations is to generate sufficient numbers of HAE cultures (24–48 wells) from a
single donor and plan experiments to include the necessary replicates of test and
controls conditions within this cohort. HAE cultures derived from different donors
can then be used in identical experiments and variability assessed. If variability is
low, data can be aggregated across all HAE used. For example, PIV1 infection and
growth kinetics in human ciliated cells of HAE was highly reproducible both
between cultures derived from an individual donor and HAE derived from 5
different donors (Bartlett et al. 2008a, b). Similar data were obtained for influenza
viruses (Scull et al. 2009) and PIV2 (Schaap-Nutt et al. 2012). However, in our
experience, not all experimental outcomes are as consistent between donors. For
example, although PIV2 infection kinetics between donors were identical, sig-
nificant differences in inflammatory mediator production was determined between
donors (Schaap-Nutt et al. 2012); thus, highlighting the requirement to confirm
reproducibility of experimental outcomes both between cultures and donor
sources.

6 Using HAE to Predict Respiratory Virus Growth
Kinetics In Vivo

We have recently found striking differences between the growth kinetics of PIV
serotypes 1–3 in HAE (Schaap-Nutt et al. 2012). In contrast, PIV1-3 grows with
identical kinetics in nonpolarized epithelial cell-lines (HEp-2, LLC-MK2 and
VERO cells). Why HAE reveal differences in PIV growth kinetics when epithelial
cell-lines do not remains to be determined but requires detailed experimentation in
ciliated cells to identify the underlying cause of this phenomenon.

The ability of HAE to discriminate between respiratory virus growth kinetics
has also been shown for live, attenuated PIV, RSV, and influenza virus vaccine
candidates (Schaap-Nutt et al. 2010; Bartlett et al. 2008a; Wright et al. 2005;
Ilyushina et al. 2012). Generally, live, attenuated vaccine candidates exhibit a
greater degree of growth attenuation in HAE models than in nonpolarized epi-
thelial cell-lines and the degree of attenuation in HAE more closely mimics that
measured in vivo. A human adenoid airway epithelium culture model was used to
demonstrate that live, attenuated RSV vaccine growth kinetics in differentiated
cultures, but not that in cell-lines, closely resembled the kinetics of vaccine growth
in airways of human and nonhuman primates in vivo (Wright et al. 2005). Figure 4
illustrates similar experiments with a live, attenuated PIV2 vaccine that showed
decreased virus growth in HAE compared to PIV2 wild-type at 32 �C (the
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temperature of the nasal cavity) whereas, cell-lines showed no differences in
growth kinetics between the PIV2 vaccine and PIV2 wild-type (Schaap-Nutt et al.
2010). The discrepancy between differences in attenuation of the PIV2 vaccine in
HAE versus cell-lines was more dramatic when experiments were performed at
37 �C (the temperature of the lower airways). While PIV2 wild-type grew well in

Fig. 4 PIV2 vaccine
candidate growth kinetics in
HAE but not in epithelial
cell-lines correlate with
growth kinetics in the upper
and lower airways of
nonhuman primates in vivo.
a Growth kinetics of rHPIV2-
WT (closed circles) and
rHPIV2-VAC (closed
squares) in LLC-MK2 cells
at 32 and 37 �C. b Single
cycle growth curves in HAE
inoculated with rHPIV2-WT
(closed circles) or rHPIV2-
VAC (closed squares) at
either 32 or 37 �C. Virus
titers were determined in the
apical compartments at the
indicated times pi. c Titers of
rHPIV2-WT and rHPIV2-
VAC in the upper respiratory
tract (URT) of NHPs and in
the apical wash of HAE
incubated at 32 �C. d Virus
titers in the lower respiratory
tract (LRT) of NHPs and in
the apical wash of HAE
incubated at 37 �C. In c and
d, peak virus titer in NHPs or
HAEs is indicated by a closed
circle (rHPIV2-WT) or open
square (rHPIV2-VAC). *
indicates statistical
significance with P value
\0.01, while ** indicates a P
value \0.001. Adapted with
permission from Schaap-Nutt
et al. (2010)
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HAE at 37 �C, the vaccine candidate was severely attenuated essentially showing
zero growth. In contrast to these data in HAE, the vaccine candidate was only
modestly attenuated compared to PIV2 wild-type in epithelial cell-lines at 37 �C.
The relevance of these in vitro findings was demonstrated when PIV2 wild-type
and vaccine candidate growth kinetics were determined in the upper and lower
airways of nonhuman primates in vivo where the degree of growth attenuation for
the vaccine candidate versus wild-type virus closely mimicked that in HAE but not
in epithelial cell-lines. Recently, similar conclusions were reached for influenza
virus vaccines where differentiated airway epithelium culture models far better
predicted in vivo growth kinetics of vaccine candidates than epithelial cell-lines
(Ilyushina et al. 2012).

Together, these published data with RSV, PIV, and influenza virus vaccine
candidates strongly support the use of human columnar airway epithelium cultures
for predicting growth attenuation of live, attenuated respiratory virus vaccine
candidates. The capacity to predict in vivo growth attenuation in an appropriate
human in vitro culture model will greatly benefit respiratory virus vaccine pro-
grams and reduce the number of animals required for initial testing of such
vaccines.

7 The Epithelium is Only One Section of the Orchestra
Playing the Immunologic Symphony in the Airways

The airway epithelium plays a central role in identifying, responding to, and
resolving respiratory virus infections. The cellular cross-talk between epithelial
cells, macrophages, dendritic cells, and infiltrating cells of the immune system is
highly complex and ideally results in an appropriate, but not exaggerated,
inflammatory response sufficient to clear virus infection. A significant drawback of
human airway epithelium culture models for respiratory virus vaccine research is
the lack of these other immune-related cell-types in this culture model.

Several groups have begun to develop the next generation of human airway
cultures with co-cultures of other cellular components of the lung. Co-cultures of
HAE (grown on the upper surface of the semipermeable membrane support) and
dendritic cells (grown on the other side of the support) have been used to inves-
tigate cellular cross-talk between epithelial and dendritic cells (Ilona Jaspers,
personal communication). Similar co-culture HAE models could be developed to
include macrophages, fibroblasts, and immune cells normally recruited to the
airways in response to infections.

Cultures containing only airway epithelial cells can be useful for assessing the
inflammatory profile of a virus infection by measuring inflammatory mediators
generated before and after virus infection. Global ‘whole culture’ analysis of
secreted inflammatory mediators in culture washes can be performed at the protein
level by ELISA or antibody/bead-based technologies. For example, the magnitude
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and duration of two secreted pro-inflammatory mediators, IL-8 and CXCL10 were
measured by Luminex bead-based technology in the serosal media of RSV-
infected HAE (Fig. 5). Alternatively, whole culture mRNA gene expression
analysis using qRT-PCR provides a cost-effective approach for determining
inflammatory responses to virus infections. These commonly used assays for
measuring inflammatory mediator profiles measure protein secretion or changes in
mRNA expression from whole HAE cultures in which differences in cell-types
present, some infected, others not, can complicate interpretation of the data.
Unfortunately, in our hands, attempts to isolate ciliated cell populations or RSV-
infected ciliated cell populations from HAE by proteolytic dispersion or laser-
capture dissection, significantly reduced mRNA integrity and invalidated con-
clusions drawn from these assays.

8 How Well are Ciliated Airway Epithelial Cells
from Different Species Infected by Human RSV?

The development of differentiated columnar airway epithelial cell models from
species other than human has allowed studies on species tropism of respiratory
viruses. In addition to human cultures, we have also generated tracheal airway
ciliated columnar epithelial cell cultures from bat, mouse, hamster, ferret, dog,
cow, pig, and nonhuman primate. Although culture conditions need to be tailored
for each species we have successfully obtained sufficient ciliated cells from all
these species for comparative virus infection studies. Comparative in vitro versus
in vivo morphologic studies indicate, depending on the species, that the proportion
of ciliated versus nonciliated cells in airway cultures reflects the cellular distri-
bution in the tracheal epithelium in vivo.

The use of differentiated cultures from different species also allows confirma-
tion of the predicted tropism of respiratory viruses for columnar cells (Fig. 6).
Using these models, we find human RSV robustly infects human ciliated cells and
to a lesser extent, ciliated cells from nonhuman primates. In our hands, RSV
poorly infects ciliated cells from hamsters and mice corroborating our in vivo
studies in these semipermissive animal models (unpublished observations).
Human PIV3 (and PIV1) shows a broader species tropism in vitro with robust
infection of human, nonhuman primate, and hamster ciliated cells. These obser-
vations match the expected tropism of human PIV3 for humans, NHPs, and
hamsters in vivo. While human PIVs only modestly infect mouse ciliated cells,
Sendai virus (mouse PIV1) shows broad species tropism for ciliated cells robustly
infecting cells in mouse, hamster, NHP, and human cultures.
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Fig. 5 Inflammatory mediator secretion from HAE after infection with RSV. HAE cultures were
inoculated with recombinant RSV A2 expressing GFP (RSV, solid circles), recombinant RSV A2
(GPI, solid upright triangles), biologically derived RSV A2 (Hep-4, solid inverted triangles),
ultraviolet light-inactivated RSV expressing GFP (UV-RSV, open upright triangles) or mock-
inoculate (Control, open circles) and over time samples of serosal media harvested. Luminex
bead-based technology was used to detect and measure 23 different pro-inflammatory analytes in
the samples. (a) and (b) show concentrations of the pro-inflammatory mediators IL-8 and
CXCL10 harvested in the serosal media, respectively. Of the 23 analytes probed only IL-8,
CXCL10, IL-6, and RANTES were increased above baseline levels by RSV infection. Analytes
probed for but not increased by RSV infection, were: IL-1a/b, IL-2, IL-3, IL-4, IL-5, IL-7, IL-9,
IL-10, IL-12p40, IL-13, IL-15, Eotaxin, GM-CSF, IFNc, IFNa2, TNFa, MCP-1, MIP-1a, and
EGF. Data represent n = 5 replicate cultures derived from one donor. NOTE: Extent of
inflammatory mediator secretion paralleled RSV titers. At maximal secretion (day 5) despite viral
titers being equal there are differences in the extent of IL-8 and CXCL10 induced by the different
RSV inoculates. For example, the GPI virus does not induce as much IL-8 as the recombinant
expressing GFP or Hep-4. In contrast, for CXCL10 secretion, Hep-4 does not induce as much
CXCL10 secretion as the other two RSV inoculates. Since cultures are derived from the same
donor, host genetic variability is unlikely to account for these differences. Rather, these
differences may be influenced by how host cells respond to subtle differences the virus genome
sequences
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9 Conclusions and Future Directions

Human ciliated airway epithelium cultures closely resemble the morphologic and
physiologic characteristics of the human ciliated airway epithelium in vivo; the
primary infection site of many respiratory viruses including RSV. Existing evi-
dence already indicates differentiated airway epithelium culture models more
accurately predict in vivo virus-host airway cell interactions, virus growth kinetics
and consequences of infection than nonpolarized epithelial cell-lines. The ability
to compare virus infection in ciliated airway epithelium in vitro versus in vivo,
e.g., for PIV infection of hamster airways, will strengthen the concept that airway

Fig. 6 In vitro models of ciliated tracheobronchial airway epithelium derived from multiple
species for investigating respiratory virus tropism. (Top row) Histological sections of cultures of
ciliated airway epithelium derived from cells isolated from the trachea of mouse, hamster,
nonhuman primates, and humans. Ciliated and nonciliated cells are present in cultures from all
species tested. (Lower panels) En face views of cultures of ciliated airway epithelium for each
species inoculated with recombinant, GFP expressing, human RSV (hRSV), human PIV3 (hPIV),
or mouse PIV1/Sendai virus (mPIV1/SeV). Infected cells were identified 3 days pi by monitoring
GFP expression (white signal). NOTE: RSV infects human ciliated cells well and nonhuman
primate cells modestly but does not infect hamster or mouse ciliated cells. In contrast, Sendai
virus (SeV) robustly infects ciliated cells from all species tested. Human PIV3 infects human,
nonhuman primate, and hamster ciliated cells well but poorly infects mouse ciliated cells. These
in vitro data correlate with the known in vivo tropism of SeV for airways of all these species and
for hPIV3 for human, nonhuman primates, and hamster airways
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cultures can be used as a precursor and/or surrogate model for in vivo studies. For
RSV, direct comparison between infection of HAE in vitro versus in vivo is a
significant challenge due to the inability to perform detailed experiments on
humans especially in lower airway regions. Therefore, more emphasis should be
placed on correlating the consequences of RSV infection of human airway epi-
thelium culture models to histopathologic findings in lower airways of patients
naturally infected by RSV.
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Challenges and Opportunities
for Respiratory Syncytial Virus Vaccines

Barney S. Graham and Larry J. Anderson

Abstract Respiratory syncytial virus (RSV) causes a significant proportion of the
global burden of respiratory disease. Here we summarize the conclusions of a
series of chapters written by investigators describing and interpreting what is
known about the virology, clinical manifestations, immunity, pathogenesis, and
epidemiology of RSV relevant to vaccine development. Several technological and
conceptual advances have recently occurred that make RSV vaccine development
more feasible, and this collected knowledge is intended to help inform and
organize the future contributions of funding agencies, scientists, regulatory
agencies, and policy makers that will be needed to achieve the goal of a safe,
effective, and accessible vaccine to prevent RSV-associated disease.
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1 Introduction

In this collection of brief reviews, we have attempted to consolidate much of the
existing data relevant to the development of effective RSV vaccines. In addition,
we sought to capture current views and opinions of the leaders in their respective
disciplines to help frame the major issues important for developing new candidate
vaccines and for navigating the regulatory pathways into clinical trials. RSV has
been with us for a long time and continues to fill our pediatric hospital wards
during each wintertime epidemic. The pathology and clinical syndrome of epi-
demic RSV bronchiolitis were probably first described in 1941 by Adams (1941),
the virus was first discovered as chimpanzee coryza agent in 1956 (Blount et al.
1956), and RSV was identified as the major cause of bronchiolitis in infants in
1957 by Robert Chanock (Chanock et al. 1957). RSV is a global pathogen, causing
yearly wintertime epidemics in temperate climates and more unpredictable and
continuous outbreaks in tropical climates generally associating with rainy seasons
(see chapter by C.B. Hall et al., this volume). Despite the global disease burden
and extended time since its discovery, we still have not developed an effective
vaccine for RSV. The reason for assembling these interpretive reviews at this time
is based on a confluence of scientific events that have created the opportunity for
an effective RSV vaccine to finally be realized.

2 Opportunities for Success

There has been much recent work on the clinical and molecular epidemiology of
RSV on a global level including data from developing countries. These studies
have confirmed the magnitude of the RSV-associated disease burden and the scope
and dynamics of RSV genetic diversity. Second, the combined efforts of many
groups over the last 3 decades have resulted in a better understanding of the
vaccine-enhanced disease that occurred when children were immunized with
formalin-inactivated alum-precipitated whole RSV vaccine in the 1960s. These
studies, largely conducted in animal models provide immunological parameters
and biomarkers that can help estimate the likely safety or potential risk of a
candidate vaccine. Third, advances in RSV virology, particularly the development
of reverse genetics and understanding of virus assembly and architecture, have

392 B. S. Graham and L. J. Anderson

http://dx.doi.org/10.1007/978-3-642-38919-1_2


provided more precise understanding of the specific roles of individual RSV
proteins in the virus life cycle and immune evasion, and have provided the basis
for multiple potential vaccine approaches. Fourth, new technologies used to rap-
idly isolate new human antibodies and breakthroughs in the structure of the RSV F
glycoprotein have provided a blueprint for designing better vaccine antigens. Fifth,
advances in immunology have suggested new vaccine formulation strategies for
achieving protective immunity in the settings of immature and senescent immune
responses. Understanding the immunological limitations of the very young and
very old is especially critical for RSV because these groups experience the greatest
disease severity. Sixth, technological advances in gene delivery and the ability to
construct and manufacture a variety of gene-based vaccine vectors allows more
selective control over the specificity and pattern of vaccine-induced immune
responses than more traditional vaccine approaches based on whole virus.

2.1 RSV is a Global Disease

Physicians, epidemiologists, and virologists have always recognized that RSV was
a ubiquitous pathogen and caused annual global epidemics. Recently, because of
efforts of a few investigators, the availability of multiplex PCR and other rapid
diagnostics, and improved surveillance for respiratory viruses in general due to
heightened awareness and investment fueled by outbreaks of SARS, avian influ-
enza, and pandemic influenza, there are more data documenting the importance of
RSV as a respiratory pathogen in developing countries (see chapter by C. B. Hall
et al., this volume). These advances have been punctuated by publications esti-
mating the global disease burden (Nair et al. 2010) and mortality (Lozano et al.
2012) caused by RSV. The work on RSV in developing countries has demon-
strated that the seasonality and age of peak illness severity may vary based on
geographic and climatic parameters and should be taken into consideration in the
planning of trials and development of target product profiles.

2.2 FI-RSV Vaccine-Enhanced Illness

Data from animal models and human immunology and pathology have provided
guidance for minimizing the likelihood of inducing RSV vaccine-enhanced disease
in future trials (see chapters by P.L. Collins et al., S.M. Varga and T.J. Braciale, G.
Taylor, M.S. Boukhvalova and J.C.G. Blanco, and by P.J. Openshaw, this vol-
ume). These findings have been supported by more recent work on human genetic
polymorphisms and transcriptional profiles associated with severe RSV disease
(see chapters by E.H. Choi et al. and by R.A. Tripp et al., this volume). In
aggregate, the data suggest that two major immunological goals should be
achieved before advancing a candidate RSV vaccine into sero-negative infants.
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First, potent neutralizing antibody should be induced so that virus spread and
antigen load are controlled, and binding antibody that does not neutralize virus
should be minimized to avoid immune complex deposition in airways. Secondly,
Th2-biased CD4 T cell responses should be avoided to diminish the potential for
allergic inflammation associated with airway hyperreactivity. With the advent of
well-characterized vaccine antigens that can induce potent neutralizing activity
and vaccine delivery systems that induce CD8 T-cells and a balanced Th1/Th2
response, these goals should be achievable. The immune responses induced by
new candidate vaccines will need to be carefully evaluated and found to be distinct
from those induced by FI-RSV to be tested in RSV naïve children (Fig. 1).

Fig. 1 Biological profiles of candidate RSV vaccines. When new vaccine candidates emerge
they will be compared to the FI-RSV vaccine associated with enhanced disease. Instead of
categorizing vaccines as ‘‘killed’’ or ‘‘live’’ there should be a more precise biological profile
described. There will be nuances in each product that could distinguish it from the FI-RSV. With
new antigen designs that display targets for potent neutralizing antibody, modern adjuvants with
established safety databases, and new vaccine antigen delivery approaches, there should be
acceptable and rational avenues for moving several new RSV vaccine approaches into sero-
negative infants where the need for protective immunity is the greatest. The chart depicts F being
expressed by gene-based vectors. It is representative of other vaccine antigens that could be
chosen, just as the recombinant adenovirus vector is representative of other potential gene
delivery vectors. The categories shown are not exhaustive, but illustrate some of the properties
that can determine the safety and immunogenicity of a candidate vaccine. ‘‘Neutralizing
epitopes’’ refer to the likelihood the vaccine approach will induce antibodies against all or some
of the known neutralizing epitopes. ‘‘MHC pathway’’ indicates the major antigen processing and
presentation pathway engaged by the vaccine. ‘‘CD8 T cell induction’’ is the relative potency for
the vaccine platform to generate this response. ‘‘IL-4’’ is a representative term for the potential
for inducing Th2-type cytokines following RSV challenge after vaccination. ‘‘Immune
modulation’’ indicates the potential for the representative vaccine to contain elements that alter
or avoid RSV-induced immune responses based on in vitro or animal model data. ‘‘Delivery
route’’ and ‘‘replication competence’’ are self-explanatory
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2.3 RSV Virology

The molecular mechanisms of RSV immune evasion and modulation are better
described each year, and may eventually explain why durable immunity against
infection is never achieved. These advances have been driven largely by the
development of reverse genetics and ability to construct molecular clones of virus
that can be selectively engineered to answer questions about viral pathogenesis
(see chapter by P.L. Collins et al., this volume). Viral proteins like NS1, NS2, and
G have multiple effects on cells responsible for initiating immune responses (see
chapters by S. Mukherjee and N.W. Lukacs, and by S. Barik, this volume), and
suggest that vaccines that elicit responses that block or avoid the immunomodu-
lation associated with wild-type RSV infection without enhancing disease could
provide more potent and durable immunity than natural infection. Improving on
immunity induced by natural infection has the potential to affect transmission
efficiency, and could have a profound effect on the ecology of RSV which seems to
depend largely on the niche of very young infants with immature immune systems
(see chapter by A.M.W Malloy et al., this volume).

2.4 RSV Structure

Structural biology is changing the approach to antigen design for many vaccine
development programs (Kwong et al. 2012). RSV vaccine development may
particularly benefit from defining the atomic structure of antigenic sites on the
fusion (F) glycoprotein (see chapter by J.S. McLellan et al., this volume). The
structures for three of the four known antigenic sites on the F glycoprotein asso-
ciated with neutralization have now been solved by x-ray crystallography. Most
recently the structure of the pre-fusion F trimer has been solved and the atomic
structure revealed ‘‘antigenic site [’’ which is at the apex of the native trimer and
the binding site for a new group of extremely potent monoclonal antibodies
(McLellan et al. 2013). Antibodies to antigenic site [ may explain the observation
that most neutralizing activity in human serum cannot be absorbed by the post-
fusion F protein (Magro et al. 2012). Live-attenuated virus vaccines and gene-
based vectors expressing the full-length F will express this vulnerable antigenic
site, but prior subunit protein products have exclusively been in the post-fusion
form of F. It is not known whether the FI-RSV vaccine product expressed anti-
genic site [, but that question and many others can now be addressed with the new
reagents coming from this work.

2.5 Human Immunology

Advances in immunology have impacted several aspects of RSV vaccine devel-
opment. Studies to define the antibody repertoire in young infants responding to
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either rotavirus or RSV have shown that infants do not have significant somatic
mutation until 4–5 months of age, which limits affinity maturation (see chapters by
S.M. Varga and T.J. Braciale and by A.M.W. Malloy et al., this volume). For
infants infected with RSV early in life this would result in expanding the precursor
frequency of B cells with relatively low affinity for RSV antigens. This may
compromise the potency of vaccine-induced neutralizing antibodies, and raises the
question of whether immunizing children beginning at 6 months of age would be a
better strategy for achieving durable immunity. The improved understanding of
Toll-like receptors (TLRs) and other receptors for pathogen-associated molecular
patterns (PAMPS) has led to a better understanding of how RSV disables the
innate immune system (see chapters by S. Mukherjee and N.W. Lukacs and by S.
Barik, this volume). It has also led to new adjuvants approaches that may help in
overcoming the immunological immaturity of the neonate and senescence of the
elderly, which have been impediments to effective immunization in these target
populations. In addition, we now have the ability to quantify and characterize the
immune response patterns of human T cells using a variety of flow cytometric
techniques to better recognize vaccine responses likely to be safe and those that
may present risk.

2.6 Gene-Based Vaccine Vectors

Largely driven by the investment in HIV, malaria, and Tb vaccine development, a
variety of approaches are now available for delivery of genes encoding vaccine
antigens (see chapter by R.J. Loomis and P.R. Johnson, this volume). Although
originally designed for inducing T cell-mediated immunity, many vaccine vectors
or combinations can elicit substantial antibody responses. The great advantage of
this type of vaccination is that it mimics live virus infection in that vaccine
antigens are produced and presented by host cells, an immunization approach
known to be safe in sero-negative infants. An added advantage to gene-based
vaccination over live virus infection is that virus proteins important for inducing
protective immunity can be selectively included, while excluding proteins asso-
ciated with immunomodulation or other undesirable properties. Thus, vaccine
vectors could potentially be designed to improve upon natural immunity induced
by RSV infection. An illustration of this occurred in experiments performed over
20 years ago in which chimpanzees were immunized with recombinant vaccinia
vectors expressing F or G prior to RSV challenge. Although the vaccinia
recombinant did not induce a potent primary immune response and did not prevent
infection, the neutralizing antibody responses post-RSV challenges were among
the highest ever recorded (Collins et al. 1990). This observation suggests that if a
properly designed RSV vaccine antigen could be appropriately delivered prior to
the first RSV infection, a much more robust and durable immunity may be
achievable.
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3 Remaining Challenges

There are other issues relevant to RSV that need more attention to fill our gaps in
knowledge and to provide the experimental tools and intellectual framework
needed to complete the job of RSV vaccine development. These include the need
for improved animal models, better understanding of mucosal immunity, more
definitive clinical endpoints to use in efficacy trials, alternate vaccination strategies
to protect the young infant (e.g., vaccinating pregnant women) and other high risk
populations for whom vaccination may have limited effectiveness, and remedies
for liability concerns.

3.1 Animal Models

Animal models have been critical for hypothesis generation related to the patho-
genesis of RSV disease, FI-RSV vaccine-enhanced illness, and virus-induced
airway hyperreactivity. Rodent models were also instrumental in the development
and licensing of passive antibody prophylaxis for children at high risk of severe
disease (see chapters by M.S. Boukhvalova and J.C.G. Blanco, and by P.J.
Openshaw, this volume). However, all reported animal models of human RSV
infection are semi-permissive except for chimpanzees. Chimps have been espe-
cially useful for gauging the attenuation of cold-adapted and temperature-sensitive
strains and selection of live-attenuated virus vaccine candidates for clinical trials.
African green monkeys are perhaps the next most permissive of the nonhuman
primate but still require a large virus inoculum to establish a significant infection.
Baboons have recently been reported to be susceptible to RSV but also require
relative large inocula to establish modest levels of infection (Papin et al. 2013).
The rodent models (mice and cotton rats) can be informative about the patterns of
immune response and pathology following immunization and challenge, but nei-
ther system recapitulates the sequence of upper airway infection and spread to the
lower airway that occurs over about 3 days. The large amount of virus and large
volume of the inoculum required to infect the lower airway in current animal
models essentially bypasses the first 3 days of natural infection. Using pneum-
oviruses matched to their natural host (e.g., PVM in mice or bovine RSV in cattle
or sheep) may be a more authentic model of natural infection, but still not nec-
essarily a reliable model for evaluating safety and efficacy of human RSV vaccines
(see chapter by G. Taylor, this volume). Therefore, animal model data cannot
guarantee the safety, immunogenicity, or efficacy of a candidate RSV vaccine in
humans. Clinical trials in the target population, at this time, are the only way to
determine which vaccines should be advanced to licensure. Since animal models
will still be used for rank ordering and for determining ‘‘no-go’’ decisions when an
inappropriate immune response is encountered, there are some important factors
that should be remembered in interpreting results. First, the preparation of viral
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stocks is critical. The cell line used for production, the level of fetal bovine serum
and other factors in the final media, the quality of the stock in terms of defective
interfering particles, and minimizing the amount of cytokines and other biologi-
cally active substances in the final preparation can affect immune response patterns
and pathology. Use of purified or semi-purified challenge virus should minimize
the above noted factors that might confound results. Second, the possibility of
enhanced disease after vaccination cannot be adequately assessed unless challenge
is associated with some virus replication. The titer of RSV at the peak of the
replication post challenge in untreated animals should be at least 10e5 pfu/gram
lung, or the vaccine effect will be difficult to assess. Finally, it is important to
consider sample type. For example, the expected type of inflammatory infiltrate is
different for bronchoalveolar lavage specimens (primarily includes cells present in
the larger airways) or from homogenized lung tissue (includes cells from intra-
epithelial and lower airways of the lung).

3.2 Mucosal Immunology

One of the key decisions a vaccine developer has to make is whether induction of
vaccine-elicited immune responses will occur systemically or mucosally. The
vaccines that have advanced into sero-negative infants are live-attenuated viruses
delivered intranasally. Some of the other vaccine approaches in development can be
delivered mucosally, but most subunit proteins or vaccine vectors will be delivered
intramuscularly (IM). Palivizumab provides the proof-of-concept that serum anti-
body with a sufficient level of neutralizing activity can prevent severe disease in
infants at high risk. However, palivizumab does not prevent infection of the upper
airways and it is not known if it alters transmission. A vaccine that decreases
transmission has the potential to be given in contacts of high risk persons to decrease
their risk of infection. There is also, very little known about the role of mucins in
viral clearance or in interactions with secreted antibodies. Muc5ac is known to be
induced in airways of animals infected with RSV, and is associated with airway
hyperreactivity (see chapter by M.T. Lotz et al., this volume). The RSV G glyco-
protein is heavily O-glycosylated and is rich in proline, serine, and threonine, so its
chemical composition more resembles Muc proteins than a typical viral glycopro-
tein. It seems likely that a better understanding of how Muc proteins interact with
RSV and with RSV-specific antibodies and a more complete understanding of the
role of the RSV G glycoprotein in the airway may help guide vaccine development.

3.3 Target Populations

The major goals for an RSV vaccine are to prevent severe disease in young infants,
to establish durable protection against reinfection, and to reduce excess mortality
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in the elderly. There are several potential approaches to achieve these goals
without focusing directly on the neonate as the primary target population for
vaccination. In some respects, immunizing neonates may be counter-productive if
ineffective immune response patterns are established that are perpetuated
throughout life. More work is needed to determine whether vaccination of infants
beginning at 6 months of age, when about 70% of infants are still uninfected,
could be a more effective strategy for achieving immunity in the general popu-
lation. That would allow the vaccine to be the first RSV antigen exposure in the
majority of infants at a time when effective somatic hypermutation was occurring,
the Th2-biased tendencies of the infant are waning, and antigen presenting cells
have a more adult-like phenotype. It is possible that establishing effective
immunity in the majority of children or immunizing the parents and siblings of
young infants could reduce the exposure of newborns to RSV resulting in a pro-
gressively larger number of uninfected children reaching the 6 month vaccination
time point. More data on the epidemiology of transmission and more sophisticated
mathematical modeling of transmission are needed, especially in developing
country settings. Understanding transmission and mathematically modeling were a
critical part of the successful immunization campaign to eliminate rinderpest,
another paramyxovirus (Mariner et al. 2012). Immunizing pregnant women is
another approach to protect infants by passive transfer of antibody from mother to
children transplacentally or through breast milk. Vaccines for the various target
populations will require different considerations and potentially different vaccine
formulations as outlined in Table 1.

3.4 Clinical Trial Designs

There is a rich pipeline of candidate RSV vaccines and other prevention approa-
ches in various stages of development (see chapters by H.Y. Chu and J.A. Englund
, R.A. Karron et al., T.G. Morrison and E.E. Walsh, and by R.J. Loomis and P.R.
Johnson, this volume, and Fig. 1). Since animal models are limited, and there are
many potential target populations, the clinical development plans and clinical trial
designs will be critical for achieving success. There are several issues to consider
such as the seasonality of RSV which dictates when vaccine trials should be timed
and makes North–South clinical collaborations appealing. In tropical regions
where there is not distinct seasonality, the timing of trials will require more
consideration. Having clear diagnostic and disease severity endpoints to judge
efficacy are essential to determine the size and expense of the studies and ulti-
mately the safety and efficacy of the vaccine. For example, strict diagnostic criteria
and establishing a composite index of illness severity will be needed for studies
with multiple sites to account for site differences in managing patients. It would be
helpful to also use similar criteria and composite indices across studies. Endpoints
will need to be tailored to the target population. For example, for the sero-negative
children, hospitalization has been used for passive antibody and vaccine trials. For
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older children, medically attended lower respiratory tract illness may be used. In
adults, diagnosing RSV infection is more difficult and the presence of underlying
disease makes assigning causality for acute respiratory illnesses less precise. It is
possible that experimental human challenge studies may help understand vaccine
efficacy in adults, especially the effect of vaccination on virus shedding and mild
illness.

3.5 Liability Concerns

Because of the legacy of FI-RSV vaccine-enhanced illness and the fact that many
of the key target populations for an RSV vaccine are especially vulnerable (young
infants, pregnant women, and the frail elderly), a concern about liability has been a
significant part of the risk:benefit analysis for companies contemplating RSV
vaccine development. If concerns present a road block to vaccine development, it
seems reasonable to explore legislative solutions for diminishing the financial risks
to developers, investigators, and study participants by providing assurance of
indemnification for unanticipated adverse events.

4 Conclusions

At this point in time, the opportunities for success far outweigh the remaining
challenges for providing safe and effective vaccine-induced immunity to prevent
RSV infection and to reduce the substantial disease burden that it still causes. To
complete that task will require the sustained commitment of funding agencies,
ongoing combined and organized efforts of government, university, and industry
scientists across multiple disciplines, thoughtful guidance from regulatory agen-
cies, and facilitation by prescient law and policy makers.
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