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Abstract

The study of human respiratory syncytial virus pathogenesis and immunity has been hampered by
its exquisite host specificity, and the difficulties encountered in adapting this virus to a murine
host. The reasons for this obstacle are not well understood, but appear to reflect, at least in part,
the inability of the virus to block the interferon response in any but the human host. This review
addresses some of the issues encountered in mouse models of respiratory syncytial virus infection,
and describes the advantages and disadvantages of alternative model systems.

Introduction

Respiratory Syncytial Virus (RSV), a member of the paramyxovirus family, remains a major
clinical problem for which there is no effective vaccine or treatment. This is a ubiquitous
respiratory pathogen that infects 100% of humans by the age of 2 (23), and is the most
common cause of lower respiratory tract infection in infants and young children (43). The
most severe disease afflicts infants experiencing a primary infection. RSV infection in older
children and adults generally produces a relatively mild illness limited to the upper
respiratory tract, but infection can cause fatal pneumonia in immunocompromised hosts, a
cohort that includes young infants with immature immune systems and the fragile elderly.
Most interesting is the capacity of this virus for frequent reinfection of the human host (24),
a phenomenon that is not well understood. Unlike other acute respiratory virus infections,
the ability of RSV to reinfect human patients does not appear to be due to rapid virus
evolution, a trait common to many RNA viruses. Although there is published evidence
suggesting that circulating viral clades change with respect to predominance in a given
population, there is no evidence of progressive viral evolution resulting in emergence of new
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strains (31). These observations are all the more interesting given that this virus has no
known animal reservoir, and the source of the inevitable yearly epidemics is unclear.

Rodent Models of RSV Infection

This exquisite specificity of RSV for the human host has made it challenging to develop
small animal models of RSV pathogenesis, and therefore difficult to understand the basis of
the relatively ineffective human immune response to this infection. This dilemma has been a
major hurdle for vaccine development, which has been unsuccessful despite a half century
of intensive research. Cormier et al. (14) have estimated that 77% of published RSV studies
have been carried out in mice, a species with well characterized genetics, for which a host of
immunological techniques and reagents are available. Many important studies have been
carried out in mouse models of RSV infection (recently reviewed by Openshaw (34)), but
the limitations of this model leave open to question our ability to translate information
gained by these studies into clinical practice.

A major issue in animal model development is the relative resistance of rodent species to
human RSV infection. Although the commonly used BALB/c mouse has been shown be
among the most susceptible mouse strains (45), inoculation of these mice with very large
doses of virus produces minimal microscopic disease and a total viral yield on the order of
1000-fold below virus input. The high degree to which RSV is adapted to its only natural
host (Homo sapiens) presents a complicated challenge to the development and interpretation
of animal models. Even in the phylogenetically most closely matched hosts — nonhuman
primates — RSV replication and pathogenesis poorly reflects human RSV infections (3). Two
approaches toward an improved mouse model have been contemplated: (1) adaptation of
hRSV to nonhuman hosts, and (2) use of related cognate virus/host pairs. The first approach
is exemplified by the adaptation multiple human pathogens to mice by serial passage,
examples being influenza A virus (8), SARS (40), and ebolavirus. Adult mice are resistant to
infection with strains of ebolavirus isolated from humans, though suckling mice are
susceptible. Bray et al. (7) passaged virus through successively older mice and recovered,
after six such cycles, a “mouse-adapted” ebolavirus. The key mutations accounting for
virulence in mice were determined to be mutations that conferred resistance to the interferon
response (17). Attempts to adapt hRSV to the mouse have not been successful. The very low
ratio of progeny to inoculum virus in in vivo passage represents an insurmountable hurdle to
this approach. We have passaged the virus in cultured mouse cells over hundreds of cycles
and, despite the accumulation of genotypic and phenotypic (i.e. plaque morphology)
changes, we have seen no apparent shift in the ability of the passaged virus to replicate in
the mouse (unpublished data). Mice lacking signal transducer and activator of transcription 1
(STAT1), and therefore interferon responsiveness, are in fact more susceptible to hRSV (16)
(See Figure 1), but even in this model the host can be described at best as “semipermissive”
for RSV replication. The ratio of progeny to inoculum is still > 1/100. Thus there are likely
mismatches between hRSV’s innate immunity counterdefenses and corresponding molecular
targets in mice, independent of STAT1 pathways. The RSV gene products that have been
associated with inhibiting the interferon response are NS1 and NS2 (42**; 48). These
proteins have been implicated in the accelerated degradation of STAT2 in human cells (18;
30) (critical in the response to type | and type Il interferons) and in the inactivation of RIG-
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I, TRAF3 and IRF-3 (2) — all essential to the induction of both type I and type Il
interferons. The extent to which these viral products are “tuned” to their natural hosts was
best demonstrated by Bossert & Conzelmann (5**), who constructed rhabdoviruses with
either human or bovine RSV NS1 or NS2, and found the resistance of the resulting
recombinant viruses to type | interferon was host specific, even for these closely related
viruses.

A more permissive rodent model of RSV disease, and the species used with increasing
frequency for testing RSV vaccines and therapeutics, is the cotton rat (Sgmodon hispidus)
(38*), recently reviewed in detail by Boukhvalova et al. (6). In addition to the increased
virus replication, respiratory tract infection in the cotton rat more closely resembles that seen
in human subjects, with diffuse infection of the nasal mucosa, and replication limited to
bronchiolar rather than alveolar mucosa as seen in the mouse lung. See Figure 2. Also
similar to human patients, cotton rats are susceptible to reinfection of the upper airway
beginning 8 months after primary infection (37). Unlike other new world rodents, such as
guinea pigs, which have also been used for RSV studies, cotton rats are available as an
inbred strain, and a growing number of reagents are available for the study of cytokines and
chemokines in this species.

Bovine RSV in Cattle

The alternative approach to animal model development is to explore the utility of related
cognate virus/host pairs. The only such pair involving rodents identified to date is
pneumonia virus of mice (PVM). In this system — similar to infection of humans by hRSV —
a small inoculum produces orders of magnitude more progeny, and substantial pathogenesis
(4). One severe drawback to this system, however, is the very remote relationship between
PVM and hRSV (See Figure 3), rendering any extrapolations between distantly related gene
products and their mechanisms tenuous. The pneumovirus most closely related hRSV is
bovine RSV (bRSV) which was first isolated from calves in 1970 (26; 27; 36). Estimates of
similarities at the nucleotide level by Elvander et al. (19) ranged from 38 and 41% while, in
this same study, three hRSV strains exhibited genetic similarities of approximately 62%.
Bovine RSV is a naturally occurring infection in calves. Infection can be subclinical and
involve the upper respiratory tract or both the upper and lower respiratory tree (50). Clinical
signs can include tachypnea, oculonasal discharge, anorexia, reduced activity and fevers up
to 40°C. These signs coincide with bRSV replication, which is detectable as early as day 2
and continues until 7 to 10 days postinfection. Like hRSV, bRSV-associated disease is most
severe in young calves less than 6 months of age, and infection can occur even in the
presence of maternal antibodies. It has been estimated that more than 70% of calves have
seroconverted by the age of 12 months. As with hRSV in children, re-infections in calves are
common. Also like hRSV, seasonal periodicity is seen with bRSV in temperate climates,
with most common occurrences of infections in the fall and winter months.

The bovine respiratory tract provides an excellent model system for the study human
respiratory diseases. In the upper respiratory tract, bovine palatine and nasopharyngeal
tonsils are similar to human tonsils (39), while no tonsils are present in any rodent species
(9). The bovine and human trachea is lined by ciliated pseudostratified columnar epithelium,
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whereas in mice the majority of the tracheal surface is populated by non-ciliated epithelial
cells. Airway submucosal glands are common in humans and ruminants (13), whereas the
mouse has few, if any (28). It has been suggested that the relatively large airway lumen and
lack of mucosal glands in mice may result in little compromise in lung function as a result of
inflammatory processes, whereas this would not be the case in larger animals, including
humans (28).

Experimental infection of calves with bRSV reproduces clinical signs seen in field cases, but
these signs have been observed to vary in severity. This is likely dependent on variables
such as the route of inoculation, dose, number of inoculations, and age of calves at
challenge. We have used a bRSV aerosol challenge model adapted from that described by
Woolums et al (51). Each calf receives a 5 ml challenge inoculum containing approximately
104 TCID/50 ml. of bRSV during a nebulization period of 10-15 min (41). Following
infection, bRSV replicates in upper respiratory tract epithelial cells and then spreads to the
lower airways. Peak viral titers occur at day 7, followed by a rapid decline with shedding
detected for up to 10 days following challenge. Significant microscopic lesions are apparent
with bronchioles filled with neutrophils and cell debris and surrounded by inflammatory
cells and expansion of the interstitial spaces with edema fluid, macrophages and
lymphocytes. As with human subjects, viral antigen staining is primarily restricted to cells
lining the bronchiole. See Figure 3.

An adaptive immune response is required for the control and clearance of established RSV
infections. Following infection, humans and cattle mount virus-specific antibody and T cell
responses; however, these responses are weak and transient, as both species can be
continuously re-infected throughout life. T cell responses are directed at epitopes within
several bRSV proteins including the N, M, NS2, M2-1, F and G (32). Calves infected with
bRSV develop a mixed cytokine response, but favor the development of a Th2-type immune
response following infection. Studies of the cells and lymph fluid from bRSV infected
calves reveal enhanced IL-4 and IL-13 production in the serum and tissues as early as day 4
post infection, and increased serum levels of virus-specific IgE, indicating the establishment
of a Th2-type response (33; 46; 47). Prospective human studies have suggested that severe
RSV disease in infancy may predispose to, or act as a marker for, the development of
asthma later in life (10; 11; 44). Interestingly, bRSV infection in calves has also been shown
to predispose to allergic sensitization (21; 22).

Severe RSV infection in human infants is associated with a significant influx of CD8 T cells
into the airways (25), and calves infected with bRSV exhibit a similar increase of CD8 T
cells in the lungs, trachea and nasopharynx (25). The HLA class | restricted response in
human patients is primarily directed against the M2, F, and N proteins (1; 12; 35), whereas,
bovine CD8 T cells target the M2, F, N and G proteins of bRSV (20%*; 49**). Interestingly,
while G-specific CD8 T cells are readily detectable in cattle, they have not been
demonstrated in human subjects. Humoral immunity also plays an important role in
protection from RSV infection. While not completely effective, maternal antibodies may
provide some level of protection from severe RSV infection in both human infants and
calves (15; 29; 52); however, their presence has also been described to suppress the
development of antibody and T cell responses during acute infection. In addition to the
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extensive literature characterizing bRSV and the immune response to this virus in cattle,
immunological studies in this species are made possible by the availability of hundreds of
monoclonal antibodies to bovine cells surface molecules, cytokines and chemokines. The
commercially available reagent list for cattle can be found at http://www.umass.edu/vetimm/
ruminants/index.html.

and Future Directions

The choice of animal models must be based on many factors including expense and
availability of methods and reagents. Nonetheless, consideration of additional factors, such
as virus susceptibility and viral adaptation to host immune defenses also determines the
usefulness of a given model for understanding mechanisms of viral pathogenesis and
immunity in man. While the mouse model allows us the use of powerful genetic approaches,
the inability to adapt this virus to growth in this species leaves open to question the
relevance of mouse studies to human disease. The cotton rat is more susceptible, and
provides a model of upper and lower airway infection, but relatively few tools are currently
available for mechanistic studies in this species. Despite the practical difficulties of working
with large animals, there are many reasons to suggest that a greater focus on understanding
bRSV pathogenesis and immunity in cattle will yield more information that can be translated
into improved strategies for hRSV treatment and vaccination than will studies in rodents.
Foremost is our inability to adapt hRSV to rodent models, coupled with the very close
relationship of hRSV and bRSV, and the similarity in viral pathogenesis, dynamics of virus
spread, and apparent blocks to development of effective immunity between the human and
bovine systems. If the exquisite host specificity of this pathogen cannot be overcome, it may
be wise to study the basis of this adaptation using bRSV and its natural host. As with hRSV,
effective bRSV vaccination has not yet been achieved, despite the major economic impact of
this virus. With the longer lifespan of cattle relative to rodents, it should be possible to study
the memory B and T cell populations responsive to RSV antigens over years rather than
weeks, and the effects of experimental vaccine variables on those lifetimes.
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Highlights
Human RSV cannot be adapted to rodent species.

The pattern of infection seen in mice is unlike that found in the human host,
infecting different cell types.

The cotton rat is a somewhat more permissive rodent model, susceptible to upper
and lower airway disease as well as reinfection, similar to human subjects.

Bovine RSV is closely related to human RSV and produces a very similar disease in
cattle.
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STAT1-/-

FIGURE 1.
In mice, the uppermost airway is resistant to hRSV infection. Photomicrographs taken here

show the nasal septum four days after intranasal delivery of hRSV to wild type (WT) mice,
or animals lacking the IFN-a/B Receptor chain 1 (IFNAR-/-), or the transcription factor
Signal Transducer and Activator of Transcription 1 (STAT1-/-). The presence of viral
proteins is demonstrated here by immunohistochemistry with RSV infected cells staining
red. In WT or IFNAR-/- mice, only rare cells are infected, and infection appears not to
spread to adjacent cells. The nasal respiratory mucosa in the STAT1-/- animals is relatively
permissive, suggesting that IFN signaling restricts virus spread in this mouse. While IFNAR
—/- mice cannot respond to type I, or -a/p IFNs, the recently discovered type Ill, or =\, IFNs
also play a role in antiviral protection and are STAT1 dependent.
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FIGURE 2.
In the cotton rat, the nasal cavity is susceptible to infection by hRSV, with diffuse

immunostaining of the nasal mucosa (in red) as shown in the left hand panel. As with human
patients, lower airway infection in the cotton rat involves the columnar epithelium lining the
bronchioles, seen in the central and right hand panels. This is distinct from infection in the
mouse model where it is primarily the alveolar lining cells that are infected by hRSV when
lung sections are examined by immunohistochemistry.
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FIGURE 3.
Phylogenetic distances based on the amino acid sequences of the L (polymerase) protein.

Sequences were aligned using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Evolutionary distance is calculated by the method of Grishin {Grishin, 1995 #1138. Viruses
(and Gen Bank accession numbers): MeV: measles virus (AAA75501), PVM: pneumonia
virus of mice (AAW79184), HuUMPV: human metapneumovirus (AHV79980), AvMPV:
avian metapneumovirus (AAY82583), BRSV: bovine RSV (NP_048058), HURSV-A: A
subtype of human RSV (AE045852), HURSV-B: B subtype of human RSV (AEQ63655)
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FIGURE 4.
Panel shows RSV infection of the ciliated respiratory epithelium of a calf bronchiole

following experimental bRSV infection. Infected cells are brown in color. The infected
bronchiole is surrounded by inflammatory cells, and neutrophils and necrotic cells are
present in the airway lumen. The photomicrograph on the right is from the lung of an infant
who died with hRSV. The pattern of infection shown here, also by immunohistochemistry,
is similar showing the infection of the same ciliated, respiratory epithelial cell type.
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