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Serious infection with respiratory syncytial virus (RSV) is associated with high risk in infants, children, and elderly. +ere is
currently no approved vaccine against RSV infection, and the only available prevention is immunoprophylaxis utilized in high-
risk infants, leaving the elderly without many options. In the elderly, the chronic low-grade inflammatory state of the body can
play a significant role during infection.+e cotton rat andmouse have emerged as the preferred small animal models to study RSV
infection in the elderly. +ese animal models of aging have shown an age-dependent time course for clearance of virus correlating
with a significantly diminished cytotoxic T lymphocyte and humoral immune response in old animals compared to adult animals.
In addition, protection through vaccination is reduced in aging rodents. +ese results mirror the findings in humans. In mice and
cotton rats, treatment with ibuprofen, a nonselective nonsteroidal anti-inflammatory drug (NSAID), to decrease the chronic low-
grade inflammation of the elderly immune system has proven successful in restoring the function of cytotoxic lymphocytes. While
more research is required, these treatment types promise a beneficial effect in addition to a putative vaccine. Choosing an
appropriate animal model to study RSV infection in the aging immune system is essential to benefit the growing population of
elderly in the world.+is review focuses on the current research of RSV infection in the cotton rat andmouse as model systems for
an aging immune system.

1. Introduction

1.1. Respiratory Syncytial Virus. Respiratory syncytial virus
(RSV) is a nonsegmented negative sense enveloped RNA
virus. RSV previously belonged to the Paramyxoviridae
family, but was reclassified into the Pneumoviridae family in
2016 [1]. +e risk for RSV infection is increased by a history
of asthma, exposure to smoke, and other chronic diseases
[2–4]. Disease burden is high for infants and the elderly. RSV
infection is responsible for 14,000 deaths annually and about
200,000 hospitalizations among the adult population over 65
years of age in the United States [5, 6]. Because there is no
RSV vaccine, numerous vaccine platforms are being used to
develop RSV vaccines for adults and high-risk groups in-
cluding the elderly [7]. +e single prophylaxis for RSV is
palivizumab (Synagis®), a neutralizing humanized mono-
clonal antibody specific for the F (fusion) protein of RSV.

Palivizumab is licensed by the Food and Drug Adminis-
tration for application in preterm infants and infants with a
congenital heart disease for the prevention of severe RSV
lower respiratory tract infections [8]. +e treatment is costly
and reserved for infants with high risk of severe disease.
Subsequently, affordable treatments for RSV infection in the
elderly would be an attractive complement to vaccination.

1.2. Aging Immune System. Understanding the aging im-
mune response of the elderly is essential for the development
of new therapeutics and vaccines. It has been shown that the
aging of the immune response (immunosenescence) is
characterized by reduction in antigen recognition and
processing by dendritic cells and effector function of T cell
subsets [9]. It has also been suggested that the increasing,
continuous low-level systemic inflammation in old age is
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responsible for increased disease development. Currently,
the aging body is seen as a constitutive proinflammatory
environment (inflammaging) with continuous low-grade
innate immune activation that may increase tissue damage
caused by infections in the elderly [10]. Inflammaging is a
key parameter of virtually every major age-related disease
and has been shown to be a defining pathological charac-
teristic of aging tissues across multiple species [11]. It has
been suggested that elevated baseline inflammation may
hamper the response of T cells and B cells to antigenic
stimulation [12]. +is aging and chronic low-grade in-
flammatory state of the elderly immune system can play a
significant role during infection.

Virus-induced damage and host response to RSV in-
fection both contribute to the development of RSV disease,
and age, which affects host immune status, is a major de-
terminant of RSV disease severity and prognosis [13]. In the
elderly, RSV infection is after influenza virus infection, the
second most common cause for viral pneumonia and death
[14]. Influenza and RSV infections both follow similar
seasonal trends and peak in the winter months of December
through February. Although influenza virus infection is
causing higher mortality rates, these can theoretically be
prevented by vaccination [15]. However, even with an ap-
proved vaccine, vaccination rates among the elderly are
below 70% for the past 10 years [16]. Also, the effectiveness
of the influenza vaccine in the elderly was below 62% for any
one subtype over the past 5 seasons [17]. +e low vaccine
effectiveness and vaccination rates against influenza in the
elderly can be detrimental. In seniors, declining immune
responses leads to a decreased efficacy of vaccines [18]. It has
also been shown that in the elderly, defective B cell [19, 20]
and T cell [21] functions are the major players in the de-
creased protection of the influenza vaccine. Also, it has been
shown that inflammation-related genes were negatively
correlated with influenza-specific antibody responses, sup-
porting the concept that inflammatory responses at baseline
might be detrimental to vaccine-induced antibody responses
[22].+e development of a vaccine for RSV directed towards
the elderly needs to consider the declining immune function
in this age group. To date, preclinical development for RSV
vaccines is typically performed in young seronegative ani-
mals [23], thus modeling humans with a fully functional
immune system. However, healthy adults with a functioning
mature immune system generally develop effective anti-RSV
immunity [24]. In order to align vaccines with the re-
quirements of an aging immune system, the immune re-
sponse in old animals must be understood and vaccinations
need to be tested in these animals.

2. Animal Models for RSV

+e selection of an animal model depends heavily upon the
type of RSV disease being studied. +ere is no single animal
model which replicates all aspects of primary RSV disease in
the human adult or the at-risk subpopulations [25]. +e calf,
cotton rat, mouse, guinea pig, ferret, and nonhuman pri-
mates (chimpanzee, owl monkey, rhesus macaque, African
green monkey, Cebus monkey, squirrel monkey, bonnet

monkey, and baboon) have all been utilized in some ways for
RSV research. However, the cotton rat (Sigmodon hispidus)
and mouse (Mus musculus) have been utilized as the pre-
ferred small animal models for investigating RSV infection
in the elderly population [26].

2.1. (e Cotton Rat andMouse as Models for RSV Infection in
an Aging Immune System. +e cotton rat and mouse have
proven to be valuable animal models for studying RSV in the
presence of an aging immune system. From the age of
eighteen months and older, mice show significantly in-
creased susceptibility to RSV infection, increased lung
histology, and reduced immunity [23, 27–29], which is
similar to the situation in humans. Also, similar to the
situation in elderly humans, from the age of eight months
and older, cotton rats show significantly increased suscep-
tibility to RSV infection and reduced immunity [30–33].+e
mouse model has several advantages over all other species,
including a vast array of inbred, congenic, transgenic, and
knockout strains; an unmatched library of specific reagents
allowing identification and quantification of cell types,
immunoglobulins, cytokines, and other antigens; and rela-
tively low purchase and maintenance costs [25, 34, 35]. One
of the biggest advantages to using cotton rats to study RSV is
their lung anatomy. In both human and cotton rat bron-
chioles [36], the lining consists of ciliated, columnar re-
spiratory epithelial cells [37]. As ciliated, columnar
respiratory epithelial cells are targets for RSV infection, and
virus infected cells are found in both the upper and lower
respiratory tract in the cotton rat; whereas in mice, only lung
tissue is infected [38]. Cotton rats and mice do not develop
clinical signs of disease after RSV infection, although cotton
rats produce a 100-foldmore virus than BALB/cmice [39]. A
difference to the mouse is the scarcity of immunological
reagents available for cotton rats, although cotton rat-spe-
cific reagents for all basic immunological techniques exist
[40, 41]. With these advantages for both models, numerous
studies have focused on the aging immune system and its
correlation with RSV infection. +ese studies are focused on
viral replication, vaccination, and potential treatment op-
tions for the elderly.

3. What We Have Learned from Both Models

3.1. Viral Replication. One of the biggest unresolved ques-
tions of RSV infection in the elderly is why the virus dis-
proportionately affects this age group over others. In
humans, it is known that clearance of RSV infection depends
on the age of the infected individual [2]. It is necessary to
have an animal model that also shows this age-dependent
change in the clearance of virus. In both the cotton rat and
mouse, aging animals take 5 days longer to clear virus in
their lungs when compared to naı̈ve, adult animals. When
comparing adult (6 weeks and older), näıve cotton rats to the
aging cotton rats (8 months and older) at 6 days postin-
fection with RSV, aging rats had significantly greater viral
titers in their lungs and noses [32, 42]. Aging cotton rats also
have a delayed clearance of virus, taking up to 9 days
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postinfection with RSV to completely clear virus from their
lung and nose when an adult animal clears in 6 days [33].
Aging mice were shown to also have a delayed clearance of
virus, taking up to 12 days to completely clear virus from
their lungs, whereas an adult animal clears in 7 days [27, 43].
Older mice also experienced greater weight loss and more
severe bronchiolitis and increased number of inflammatory
cells in alveolar spaces via lung histology [29]. Clearly, both
models show an age-dependent change in the clearance of
virus. Further investigation into the immune response of
these aging animals could shed light on why this is the case.

3.2. Immune Response

3.2.1. Innate. As the first line of defense against pathogens,
the innate immune response is essential for the recruitment
of immune cells to the site of infection. Key players of the
innate immune response include natural killer cells, mac-
rophages, neutrophils, and dendritic cells. Functions of
macrophages, natural killer cells, neutrophils, and dendritic
cells were reported to decline with age [44]. A delay in the
production of IFN-ɣ was observed in aging cotton rats, with
expression levels peaking on day 6 for aging animals
compared to day 4 for young animals [30]. An age-related
decline of natural killer cells, an important source of IFN-ɣ,
could explain the decrease in RSV-induced IFN-ɣ in older
animals. Overall, this delay in RSV-induced cytokine ex-
pression was attributed to an age-related defect in the innate
immune response. Another key player in the innate immune
response, the expression of macrophage Toll-like receptors
(TLRs), is reduced with age [45]. It has been shown that
TLR4 plays an essential role in regulating innate immune
response to RSV [46]. Peripheral blood mononuclear cells
(PBMCs) from old individuals (65 years) have been shown to
have a delayed and altered transcriptional response to
stimulation with TLR4 [47]. In cotton rats, aging animals
had a delayed expression of IL-10 and MCP-1 [30]. It is
possible that reduced responsiveness of macrophages in the
aging cotton rats, associated with decreased expression of
TLR4, might result in delayed production of cytokines, such
as IL-10 and MCP-1 during RSV infection. +ese cytokines
are essential for recruitment of immune cells to the site of
infection and delayed and/or decreased production of cy-
tokines could lead to a diminished adaptive immune
response.

3.2.2. Adaptive. +e reduction in the frequency of näıve
T cells together with the increasing proportion of terminally
differentiated T lymphocytes have long been hallmarks of
immune aging [48]. Also, it has been shown that deficiencies
in RSV-specific Tcell responses lead to severe RSV disease in
the elderly [49]. As in humans, the importance of RSV-
specific T cells and how these subsets change during aging
has also been investigated in these aging animal models. It is
known that cytotoxic lymphocytes and the adaptive immune
response are essential for suppressing RSV infection in
cotton rats [50]. +e depletion of cytotoxic lymphocytes
(CD8 Tcells) during RSV infection in aging cotton rats led to

a further delay in viral clearance, indicating the important
role of CD8 T cells in defense against RSV infection [33].
Also, it was found that age-related changes of the adaptive
immune system of the cotton rat were apparent in reduced
frequencies of Tcells in both the spleen and lung in response
to RSV [31]. In the mouse, aging mice mount diminished
number of RSV-specific CD8 T cells at the peak magnitude
of the acute Tcell response [27, 28]. Decreased or diminished
RSV-specific CD8 T cell responses in the aging population
can contribute to disease severity. Altogether, current re-
search points to the necessity of an appropriate CD8 T cell
response in order to reduce disease severity in the elderly.

While the importance of cytotoxic T lymphocytes during
RSV infection has been shown, the humoral immune re-
sponse can also play a key role in acute infection and
protection against reinfection as well. In the aging body, the
numbers of naı̈ve B cells decrease and effector B cells ac-
cumulate leading to a reduction in the diversity of antibody
responses [51]. A loss of diversity in the B cell repertoire
would have dramatic and serious consequences for the in-
tegrity of the humoral immune system [52]. Also, the boost
in serum antibody following natural RSV reinfection in
elderly adults appears to be short lived [53]. It has also been
shown in the cotton rat that age-related changes to the
immune system can lead to an impaired capacity to mount
antibodies in response to RSV [31, 33, 42]. +ese studies
demonstrated that aging cotton rats had significantly lower
neutralizing and total RSV-specific antibody levels when
compared to adult cotton rats. It was also shown that aging
cotton rats produce significantly fewer RSV-specific anti-
body secreting B cells in their lung draining lymph node,
spleen, and bone marrow when compared to an adult cotton
rat [33]. Aging mice have also shown a reduced antibody
response to RSV when compared to young mice. Aging mice
had significantly lower neutralizing antibody titer when
compared to young mice after immunization with RSV [23].
It is clear in both aging animal models and humans that
there is also an age-dependent reduction in B cells in re-
sponse to RSV.

One of the biggest hurdles of an aging immune system is
vaccination. In humans, the reduced capacity of both innate
and adaptive immune responses is thought to contribute to
the decreased efficacy of vaccines in the elderly [18]. Simply
put, deficient immune responses lead to inadequate vacci-
nation. In adult, naı̈ve cotton rats, vaccination with RSV
leads to complete protection from challenge. It has been
shown that while vaccination with RSV provided some
protection, aging cotton rats still produced detectable virus
in their lung and nose upon challenge [33]. Also, it has been
shown that aging cotton rats have an age-dependent re-
duction of the ability to mount protective immunity to RSV
challenge, in both primary and secondary (booster) immune
responses [42]. +e mouse has also proven to be a valuable
model when investigating vaccine candidates. When testing
vaccine candidates already in human clinical trials, re-
searchers found that two fusion protein-based subunit
vaccine candidates were not able to induce a completely
protective immune response in RSV-seronegative aging
mice at the evaluated vaccine dose [23]. +e aging mice
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benefitted from the addition of an adjuvant (GLA-SE)
during immunization but were still unable to mount a
protective immune response. +ese results agreed with the
human clinical trial results, further proving the need for
appropriate animal models when testing vaccine candidates.
Altogether, the elderly population could benefit from pre-
clinical vaccine trials in age-appropriate animal models.

3.3. Treatment Options. As the immune response to RSV
infection in the elderly continues to be investigated, treat-
ment options have emerged, while vaccines are still being
developed. With the knowledge of the chronic low-grade
inflammatory state of the elderly immune system, anti-in-
flammatory treatments have become increasingly popular.
+e use of antiviral (palivizumab) and anti-inflammatory
(corticosteroid) treatments have been previously tested in
adult, naı̈ve cotton rats. Treatment with palivizumab alone
leads to faster viral clearance, but little improvement in
pulmonary lesions. By combining antiviral and anti-in-
flammatory drugs, reversal of pulmonary histopathology is
caused by RSV, while, at the same time, overcoming the
immunosuppressive effect of the glucocorticosteroid was
achieved [54]. With the promising results in young animals,
the same treatment was tested in aging cotton rats [30].
While this treatment was successful in suppressing RSV
replication in the lungs of aging cotton rats, it also led to
increased mortality in this age group.

In mice, it was shown that there is an age-related increase
in prostaglandin D2 (PGD2) which correlates with a pro-
gressive impairment in respiratory dendritic cells (rDC)
migration to draining lymph nodes. Decreased rDCmigration
resulted in diminished T cell responses and more severe
clinical disease in older mice infected with respiratory viruses
(SARS-CoV and IAV-infected mice) [55]. Other treatment
options have also been developed utilizing the aging cotton
rats pointing to prostaglandins and cyclooxygenase 2 (COX-2)
as potential targets for RSV therapy. It has been shown that
COX-2, a precursor to various prostaglandins, is induced by
RSV infection [56, 57]. +e physiologic effects of prosta-
glandins (i.e., inflammatory processes) have been suggested to
be important factors in the RSV disease process. Treatment of
adult, näıve cotton rats with a COX-2 inhibitor significantly
mitigated lung histopathology produced by RSV [56]. With
the knowledge of increased prostaglandin and COX-2 ex-
pression, the use of nonsteroidal anti-inflammatory ibupro-
fen, a nonselective COX inhibitor, has been investigated to test
their benefits during RSV infection in aging cotton rats [33].
In this study, the ibuprofen treatment leads to clearance of
virus in geriatric cotton rats 3 days sooner, reducing infection
from 9 to 6 days, which is similar to a young, naive adult
cotton rat. Also, if vaccinated during ibuprofen treatment, the
geriatric cotton rats were completely protected from chal-
lenge. When determining the role of ibuprofen in the
clearance of virus, this study indicated that the ibuprofen
treatment restored the functionality of cytotoxic CD8
T lymphocytes in geriatric cotton rats. Depletion of
cytotoxic lymphocytes during ibuprofen treatment completely
abolished the treatment effect seen in the geriatric cotton rats.

4. Conclusion

In a society where the aging population continues to grow,
understanding the aging immune system is crucial. +e
cotton rat and mouse models have been invaluable in
researching inflammation, adjuvants, and vaccines. Utilizing
the cotton rat and mouse as animal models of the aging
immune system during RSV infection has proven successful,
while more research studies are necessary. Investigating new
treatment options and testing vaccine candidates in these age
appropriate models is essential to maintain the health of the
growing population of elderly.
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