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Abstract
Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract disease in young
children. Premature infants, immunocompromised individuals and the elderly exhibit the highest
risk for the development of severe RSV-induced disease. Murine studies demonstrate that CD8 T
cells mediate RSV clearance from the lungs. Murine studies also indicate that the host immune
response contributes to RSV-induced morbidity as T-cell depletion prevents the development of
disease despite sustained viral replication. Dendritic cells (DCs) play a central role in the induction
of the RSV-specific adaptive immune response. Following RSV infection, lung-resident DCs
acquire viral antigens, migrate to the lung-draining lymph nodes and initiate the T-cell response.
This article focuses on data generated from both in vitro DC infection studies and RSV mouse
models that together have advanced our understanding of how RSV infection modulates DC
function and the subsequent impact on the adaptive immune response.
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Respiratory syncytial virus (RSV) is a single-stranded negative-sense RNA paramyxovirus,
which is the leading cause of hospitalizations for lower respiratory tract infection in young
children [1]. By the first year of life, approximately two-thirds of children have been
infected with RSV at least once, and 90% of children have been infected by their second
year of life [2]. Approximately 30 out of 1000 RSV-infected children require hospitalization
[3]. In total, it is estimated that RSV causes 34 million acute lower respiratory tract
infections annually worldwide in children under the age of 5 years, resulting in up to
196,000 yearly fatalities [4]. Evidence suggests that the host immune response contributes to
RSV-induced disease, as previously reviewed [5]. RSV mouse models have been used
extensively to examine the role of the immune response in mediating viral clearance as well
as the development of immunopathology.
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Studies in the murine model have demonstrated that CD8 T cells are required for efficient
viral clearance following acute RSV infection [6,7]. However, despite their vital role in
mediating viral clearance, murine studies have demonstrated that CD8 T cells can also
contribute to RSV-induced disease [6]. In addition to CD8 T cells, CD4 T cells also
contribute to RSV-induced disease [6]. Several murine studies have associated Th2
responses with increased RSV pulmonary pathology. Depletion of the Th2-associated
cytokine IL-4 prior to acute RSV infection led to decreased lung inflammation and mucus
production [8,9]. By contrast, Th1 responses are associated with decreased pulmonary
pathology [8,10,11]. Depletion of the Th1 polarizing cytokine IL-12 resulted in increased
production of the Th2-associated cytokine IL-13, along with increased airway resistance,
pulmonary inflammation and mucus production [10]. Moreover, mice deficient in the
interferon (IFN)-induced transcription factor STAT1 exhibit delayed viral clearance and
increased production of Th2-associated cytokines [11]. STAT1-deficient mice infected with
RSV also exhibit increased pulmonary inflammation and mucus production in an IL-4-
dependent manner [8,11]. Thus, in murine models, increased Th2 responses during RSV
infection are associated with increased airway resistance and mucus production. It is
important to note that although the results of several studies are consistent with the notion
that the host immune response can induce immunopathology in RSV-infected humans, other
studies suggest that RSV-induced pathology may not be immune mediated, as previously
reviewed in detail by Collins and Graham [5]. These data indicate that mouse models may
not faithfully reproduce all aspects of RSV-induced disease in humans.

Dendritic cells (DCs) are sentinel cells present in the lung during steady-state conditions.
DCs constantly monitor the lungs for foreign pathogens or antigens. Upon RSV infection,
DCs acquire viral antigen either through direct infection or indirectly from dying infected
cells. DCs that have acquired viral antigen undergo maturation and migrate to the lung-
draining lymph nodes (LNs) where they present antigen to naive T cells [12,13]. Murine
lung DCs can be divided into two major subsets: CD11chiMHC class IIhi conventional DCs
(cDCs) and CD11cintB220+ plasmacytoid DCs (pDCs) [12,13]. In addition, cDCs can be
further divided into CD11b+CD103- cDCs (CD11b+ cDCs) and CD11b-CD103+ cDCs
(CD103+ cDCs) [12,13]. CD11b+ cDCs and CD103+ cDCs are located in different parts of
the lung tissue and exhibit diverse functions [12]. CD103+ cDCs are present in the basal
lamina where they extend dendrites into the airway lumen, allowing them to sample the
airway for potential foreign pathogens [12,13]. In contrast, CD11b+ cDCs are located within
the lung parenchyma where they promote the recruitment of leukocytes through the
production of proinflammatory chemokines following infection [12,13]. Unlike CD103+

cDCs and CD11b+ cDCs, the precise anatomical location of pDCs within the lung is
currently unknown. Upon viral infection, pDCs are an important source of type I IFNs
[12,13]. Human lung DCs consist primarily of CD11chi cDCs, and CD11cdim cDCs with
each of these subsets functioning similar to their mouse counterparts [14]. Recent work has
focused on understanding the role of DCs following RSV infection. Studies have examined
RSV infection of DCs in vitro, as well as tracking DC recruitment and activation following
RSV infection in vivo. This review will focus on our current understanding of how DCs
modulate the RSV-specific adaptive immune response.

RSV infection of DCs
Respiratory syncytial virus can directly infect murine and human DCs in vitro [15–24]. RSV
infects DCs in vitro at a low frequency (i.e., 4%) that can be increased to up to 25% at high
multiplicities of infection (i.e., at multiplicity of infection [MOI] ≥20) [17,20,21]. Although
RSV infection of DCs results in active viral replication and the production of infectious
virions, the level of virus production in RSV-infected DCs is substantially lower than the
amount of virus released by infected epithelial cells [16–18].
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RSV-induced DC maturation
Respiratory syncytial virus infection of human DCs in vitro results in the maturation of both
infected DCs as well as neighboring uninfected DCs [15,19–22,24]. In addition, RSV
infection of DCs induces the upregulation of both MHC class I and class II molecules as
well as the costimulatory molecules CD83 and CD86 [15,19,20,22,25]. Studies examining in
vitro RSV infection of murine DCs have also been reported. RSV infection of murine pDCs
increases cell surface expression of MHC class II as well as the costimulatory molecules
CD80 and CD86 [23]. Importantly, DC maturation requires the presence of replicating virus,
as ultraviolet (UV)-inactivated RSV failed to induce the upregulation of costimulatory
molecules or increase the expression of either MHC class I or class II [16,26].

RSV-induced DC cytokine production
In vitro RSV-infection of human monocyte-derived DCs (moDCs) induces the production of
proinflammatory cytokines such as IL-1β, IL-6, IL-12, IFN-γ and TNF-α [17,20,21].
Infected moDCs also exhibit increased production of numerous chemokines, including
CCL2, CCL3, CCL4, CCL5, CXCL8 and CXCL10 [20,21]. Murine bone marrow-derived
DCs (BMDCs) infected in vitro with RSV exhibit increased production of the antiviral
cytokines IFN-α and IFN-β, which are required for the upregulation of costimulatory
molecules in BMDCs [27].

Human pDCs isolated from peripheral blood mononuclear cells are also susceptible to RSV
infection. RSV-infected human pDCs secrete a similar cytokine and chemokine profile to
that of RSV-infected moDCs [17]. Human pDCs infected with the Long strain of RSV
produced large amounts of the antiviral cytokine IFN-α. IFN-α secretion required replicating
virus as UV-inactivated RSV did not induce IFN-α production [28]. Another study
demonstrated that whereas the Long strain of RSV induced IFN-α secretion, infection with
the A2 strain of RSV failed to induce IFN-α production [29]. By contrast, Guerrero-Plata et
al. demonstrated that human pDCs infected with the A2 strain of RSV exhibit increased
production of IFN-α [17]. However, one major difference between these two studies is the
manner in which RSV was propagated. Guerrero-Plata et al. propagated RSV in HEp-2 cells
[17] whereas RSV was grown in Vero cells in the former study [29]. Recent work has
demonstrated that RSV virions propagated in Vero cells express a truncated attachment
glycoprotein and exhibit a decreased ability to infect human airway epithelial cells [30].
Given that pDC production of IFN-α requires infection with RSV [28], it is possible that
RSV propagated in Vero cells may be unable to infect pDCs efficiently enough to stimulate
IFN-α production. Similar to human pDCs, murine pDCs produce IFN-α following in vitro
RSV infection [23]. Taken together, these studies demon strate that RSV infection of DCs
induces the production of proinflammatory cytokines and chemokines.

DC activation of naive T cells
Despite the induction of proinflammatory cytokine production, RSV infection of DCs
reduces their capacity to stimulate naive T cells and induce T-cell proliferation [15–
17,22,26,31]. Currently, two models have been described to account for the suppression of
T-cell activation by RSV-infected DCs. In the first model, suppression of T-cell activation is
mediated by the secretion of a soluble factor by RSV-infected DCs [16,31]. In support of
this model, CD4 T-cell suppression is induced in a dose-dependent manner when cultured
with virus-free supernatants from RSV-infected DCs [31]. Suppression was not dependent
on the immunosuppressive cytokines IL-10 and TGF-β [16,31]. In addition, no role for T
regulatory cells was found in the suppression of CD4 T-cell proliferation or activation [16].
IFN-α, IFN-γ and IL-1RA protein levels were elevated in the supernatants of RSV-infected
DCs. Moreover, antibody-mediated neutralization of each of these cytokines individually
failed to restore CD4 T-cell proliferation [16,31]. However, Chi et al. reported that
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antibody-mediated neutralization of at least two out of three receptors – IFNAR2, IL-10R2
or IL-28R – restored naive CD4 T-cell proliferation [31]. Taken together these data suggest
that a soluble factor is released into the supernatant of RSV-infected DCs that is able to
suppress the proliferation of naive CD4 T cells.

In addition to the soluble factor model, González et al. demonstrate that RSV infection of
DCs disrupts the proper formation of an immune synapse between DCs and naive T cells
[26]. González et al. show that naive T cells polarized in the presence of RSV-infected DCs
become nonresponsive to restimulation (i.e., IL-2 production and proliferation) with anti-
CD3 antibodies, suggesting that the T cells have become anergic [26]. Furthermore, naive
CD4 T cells stimulated with RSV-infected DCs failed to polarize their Golgi to the cell
surface, suggesting that the DC–T-cell immune synapse is not properly formed [26]. In
contrast, the Golgi properly polarized to the immune synapse in naive CD4 T cells
stimulated with DCs incubated with UV-inactivated RSV, resulting in efficient proliferation
and stimulation of the naive T cells [26]. These data indicate that the impairment of naive T-
cell proliferation and stimulation by RSV-infected DCs is the result of inadequate DC-T-cell
immune synapse formation. It is worth noting that although González et al. demonstrate that
the addition of supernatant from RSV-infected DCs did not alter the ability of naive T cells
to produce IL-2 upon CD3 stimulation, the authors did not examine T-cell proliferation in
this particular assay, which was the primary readout for the soluble factor studies mentioned
previously [16,26,31]. Furthermore, exogenous addition of IL-2 to the RSV-infected DC
supernatants had no effect on T-cell proliferation [16,31]. Thus, it is possible that these two
models are not mutually exclusive, since cytokines and chemokines are able to modulate
DC–T-cell synapse formation [32].

Stimulation of naive T cells with RSV-infected DCs results in decreased production of IL-2,
IL-4, IFN-γ and TNF-α [15,16,22]. However, memory T cells stimulated with RSV-infected
DCs showed no alteration in effector cytokine production, demonstrating that RSV inhibits
the stimulation of naive but not memory T cells [22]. In addition to a decreased capacity to
induce T-cell proliferation, RSV-infected DCs also exhibit a reduced capacity to stimulate
effector cytokine production by polarized T cells. Taken together, RSV-infected DCs
demonstrate a decreased capacity to stimulate naive T cells, either due to the secretion of a
soluble factor by infected DCs or the disruption of proper immune synapse formation
between infected DCs and naive T cells.

Respiratory DC migration following RSV infection
Several in vivo studies using the RSV mouse model have examined the kinetics and function
of respiratory DCs following infection. There is an increase in the total number of DCs in
the lung and lung-draining LNs following RSV infection [33]. Importantly, pulmonary DCs
express elevated cell surface levels of MHC class II and the costimulatory molecule CD86
[33]. However, in contrast to in vitro studies these lung-derived DCs were able to efficiently
stimulate naive T-cell proliferation ex vivo [33]. It should be noted that in the in vitro studies
DCs were directly infected with RSV, whereas it is unknown if the DCs in the RSV-infected
animals were directly infected or indirectly matured by the presence of proinflammatory
cytokines. Regardless, these data suggest that DCs are recruited into the lung and activated
upon RSV infection. More recent studies have examined the recruitment and maturation
pattern of both cDCs and pDCs following RSV infection [25,34]. The number of cDCs in
the lung increased approximately threefold by day 8 postinfection. Although pDC numbers
also increase approximately threefold, in contrast to cDC, pDC numbers peak at 72 h
postinfection [25,34]. Interestingly, pDC numbers remain elevated for up to 30 days
postinfection [23,35]. One potential explanation for the sustained increase in pDC numbers
is that pDCs are long-lived cells compared to cDCs, which turnover more rapidly [36]. As
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discussed earlier, cDCs can be further divided into two subpopulations: the subepithelial
CD11b+ cDCs and parenchymal CD103+ DCs [34]. These two distinct populations exhibit
very different kinetics in the lung following acute RSV infection. Whereas the total number
of CD11b+ cDCs increased in the lung following RSV infection, the total number of
CD103+ cDC decreased by 50% during the first 48 h and remained low during the course of
the RSV infection [34]. These studies demonstrate that, following RSV infection, CD11c+

cDCs and pDCs are recruited to the lungs, where they are in a prime position to modulate
the adaptive immune response. In support of this notion, cDCs isolated from RSV-infected
lungs exhibit increased expression of the costimulatory molecules CD80 and CD86 [25].

Upon viral infection, DCs migrate from the site of infection to the draining LNs, where they
present viral antigen to naive T cells [37]. The total numbers of cDCs in the lung-draining
LNs are increased up to threefold, peaking at day 7 postinfection [25,35]. CD11b+ cDCs and
CD103+ cDCs exhibit different recruitment patterns to the LN [34]. During the first 48 h
postinfection, CD11b+ and CD103+ cDCs migrate from the lung into the lung-draining LNs
at equivalent numbers. After 48 h postinfection, however, CD103+ cDC numbers in the
lung-draining LN remain constant. In contrast, CD11b+ cDCs continue to migrate into the
LNs, peaking at day 4 postinfection and maintaining increased numbers for at least 7 days
postinfection [34]. When compared to resident LN DCs, the migrating cDCs exhibit a
mature phenotype, demonstrating elevated cell surface expression of CD40, CD80 and
CD86 [34]. In addition, migrating CD11b+ and CD103+ cDCs contain viral RNA in contrast
to LN-resident cDCs. Consistent with the increased expression of costimulatory molecules
and the presence of virus-derived RNA, migrating cDCs were significantly better at
stimulating IFN-γ production by effector CD4 and CD8 T cells compared to LN resident
cDCs [34]. Both CD11b+ and CD103+ cDCs exhibit a similar capacity to stimulate IFN-γ
production by CD4 and CD8 T cells. Taken together, these studies demonstrate that,
following RSV infection, lung cDCs acquire viral antigen, mature and subsequently migrate
to the lung-draining LNs to stimulate naive T cells.

Similar to cDCs, pDCs also migrate to the LN following acute RSV infection [35]. An eight-
fold increase in the total number of pDCs is observed in the lung-draining LNs following
RSV infection [35]. Similar to the lung, pDC numbers remain elevated in the LN for 30 days
postinfection [35]. However, the function of these migrating pDCs is currently unclear.
Consistent with the idea that pDCs are poorly stimulated, RSV-infected pDCs do not induce
the proliferation of naive T cells in vitro [23]. Similar to RSV infection, following
ovalbumin (OVA) sensitization pDCs pick up OVA antigen and migrate to the lung-draining
LN [38]. Although depletion of pDCs did not affect the total number of LN T cells, an
increased production of effector cytokines by LN T cells was observed [38]. Furthermore,
adoptive transfer of pDCs prior to OVA sensitization decreased T-cell production of effector
cytokines, suggesting that although pDCs do not stimulate naive T cells, they can regulate
T-cell effector function [38]. Although studies have demonstrated the importance of pDCs in
regulating T-cell effector functions (discussed later), the exact role of migrating pDCs is
unclear and requires further investigation.

The migration of DCs has also been examined in RSV-infected children. Nasal washes from
children with RSV infection display increased levels of both cDCs and pDCs, and increased
DC recruitment continues for up to 8 weeks following acute infection [39,40]. In addition to
the increased numbers of DCs in the nasal passages, a decrease in the number of DCs in the
blood was observed in children with acute RSV infection, indicating that DCs are recruited
out of the blood to the site of infection. Furthermore, DCs present in the nasal mucosa
contained RSV protein, however it is currently unknown if these DCs are infected or if they
acquired viral antigens indirectly from dying RSV-infected cells. In addition, the maturation
status of these nasal DCs or their functional capacity remains to be examined. However,
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correlations between the number of cDCs and the level of proinflammatory cytokines such
as IL-6 and MIP-1α suggest that cDCs may represent an important source of inflammatory
cytokines in the nasal cavity after RSV infection [39,40]. Overall, it is apparent that upon
RSV infection, both cDCs and pDCs are recruited to the site of infection where they obtain
viral antigen, resulting in maturation and increased production of proinflammatory cytokines
that help modulate the immune response (Figure 1).

Origin of lung DC after RSV infection
CD11c+CD31+Ly6C+ preimmunocytes are present at low levels in the bone marrow and
peripheral blood but increase in numbers after inflammatory stimulus [41]. These
preimmunocytes possess the capacity to differentiate into mDCs in the presence of GM-CSF
in vitro [41]. A significant amount of GM-CSF is present in the lungs of RSV-infected
animals the first 48 h after infection [42] that could potentially induce the differentiation of
blood preimmunocytes that are recruited to the lungs following RSV infection. However, it
remains to be determined if these CD11c+CD31+Ly6C+ preimmunocytes are recruited to the
lungs following RSV infection, and if so, what fraction of the increased DC numbers in the
lung is due to differentiation of DCs from precursors. In a series of elegant experiments,
Wang et al. demonstrate that a CD11c+MHC class II– precursor population is present in the
lungs of naive mice [42]. In the presence of GM-CSF, these CD11c+MHC class II–

precursor cells differentiate into CD11b+ cDCs [42]. Importantly, this population of
progenitor cells decreased following RSV infection. In addition, CD11c+ cDCs from RSV-
infected mice demonstrate upregulated Ki-67 expression, suggesting that the CD11c+MHC
class II– precursor population may contribute to the increase in the number of cDCs
following acute RSV infection. Although pDCs also significantly increase in number
following RSV infection, the origin of these pDCs has not been extensively studied, in large
part because the origin and lineage of pDCs is controversial and not completely understood
[43].

Differential regulation of the immune response by cDCs & pDCs
In murine models, pathology in the lungs following acute RSV infection has been correlated
with increased Th2-associated responses that result in mucus production in the lung airways
and increased airway hyper-reactivity [8,9]. Signals from DCs largely impact the fate of the
T-cell response [37], therefore much work has focused on examining the role of DC subsets
in regulating T-cell-mediated pulmonary immuno pathology. Depletion of pDCs prior to
RSV infection results in increased airway hyper-reactivity, pulmonary inflammation and
mucus production as well as decreased viral clearance [23,35]. Lung T cells isolated from
pDC-depleted mice infected with RSV exhibit increased mRNA and protein levels of the
Th2-associated cytokines IL-4, IL-5 and IL-13, as well as the Th1 cytokine IFN-γ, upon in
vitro restimulation with anti-CD3 [35]. In addition, levels of IFN-α in the lungs of pDC-
depleted animals did not increase after RSV infection [35]. In contrast, lungs from control
RSV-infected mice contained significant amounts of IFN-α, indicating that pDCs are the
primary source of IFN-α after RSV infection [35]. Exogenous addition of IFN-α during RSV
infection of pDC-depleted animals resulted in decreased viral titers [35]. However, pDC-
depleted animals administered IFN-α still displayed increased airway hypersensitivity and
lung-draining LN T cells from these animals exhibited increased levels of IL-4, IL-5, IL-13
and IFN-γ [35]. These data suggest that although pDC secretion of IFN-α is important for
mediating efficient viral clearance (Figure 1), pDCs regulate T-cell effector functions via
IFN-α-independent mechanisms. To further demonstrate the role of pDCs in the regulation
of T-cell responses, Flt3L-mediated expansion of both pDCs and cDCs was found to
decrease airway hyper-reactivity, pulmonary mucus production and Th2-associated cytokine
production from lung-draining LN T cells after RSV infection [44]. pDCs in Flt3L-treated
animals preferentially upregulated the costimulatory molecules CD80 and CD86 after RSV
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infection compared to cDCs [44]. The pDCs isolated from Flt3L-treated animals also
secreted large amounts of IFN-α after RSV infection [44]. In addition, although CD4 T-cell
frequencies were unaltered, increased frequencies of CD8 T cells as well as IFN-γ-
producing CD8 T cells were present in RSV-infected animals that were pre-treated with
Flt3L [44]. However, the selective depletion of pDCs in the Flt3L-treated animals resulted in
a reduced number of CD8 T cells and IFN-γ-producing CD8 T cells comparable with RSV-
infected wild-type control mice [44]. Furthermore, Flt3L-treated animals depleted of pDCs
exhibit an increased number of T cells in the lung-draining LNs after RSV infection
compared to both RSV-infected control Flt3L-treated mice as well as RSV-infected wild-
type mice. Taken together, these data suggest that pDCs have two major functions during
RSV infection: secretion of IFN-α that promotes viral clearance from the lung; and
regulation of effector T-cell responses, most notably Th2 responses, thereby limiting airway
hyper-reactivity and pulmonary mucus production (Figure 1).

Upon inflammation in the lungs, cDCs utilize CCR6 binding to its ligand CCL20 in order to
migrate into the lungs [45]. Upon RSV infection, increased CCL20 levels in the lungs are
observed, and CCR6-positive cDCs are recruited to the lungs [46]. By contrast, recruited
pDCs are CCR6-negative. In addition there is no recruitment of cDCs to the lungs after RSV
infection of CCR6-deficient mice, whereas pDC recruitment is unaltered [46]. CCR6-
deficient mice exhibit increased viral clearance, decreased pulmonary mucus production and
decreased levels of Th2-associated cytokines in the lungs and lung-draining LNs [46]. These
observations indicate that recruited CCR6+ cDCs promote Th2-associated responses upon
RSV infection. Further supporting this conclusion, reconstitution of lungs with either wild-
type or CCR6-deficient cDCs immediately prior to RSV infection resulted in increased
levels of mucus and Th2-associated cytokines as compared to nonreconstituted RSV-
infected CCR6-deficient mice. This study, along with the studies discussed previously,
suggest that whereas cDCs promote a Th2-associated T-cell response after RSV infection,
pDCs inhibit the development of aberrant Th2-associated T-cell responses and promote viral
clearance (Figure 1). Further substantiating the role of pDCs in regulating Th2-associated
T-cell responses during RSV infection in humans, children who develop asthma after RSV
infection, which is thought to result from the overproduction of Th2-associated cytokines,
exhibit lower levels of peripheral blood pDCs as compared to children that do not develop
asthma [47].

Although the exact mechanism by which pDCs inhibit Th2-associated T-cell responses is
unknown, one potential mechanism is through the expression of notch ligands. DCs can
direct helper T-cell differentiation during infection through the expression of notch ligands
that interact with notch receptors expressed on T cells [48]. For example, DCs that express
the notch ligand Delta-like 4 (dll4) promote Th1 responses and inhibit the induction of Th2
responses, whereas expression of Jagged1 on DCs promotes the generation of Th2 responses
[48,49]. BMDCs upregulate cell surface expression of dll4 upon RSV infection in vitro,
resulting in increased IFN-γ production by RSV-specific CD4 T cells that is blocked in the
presence of γ-secretase, an antibody that blocks notch activation [50]. Furthermore, mice
treated with anti-dll4 antibody during RSV infection exhibit increased airway hyper-
reactivity, pulmonary mucus production and T-cell production of Th2-associated cytokines
in both the lungs and lung-draining LNs [51]. These observations suggest that DCs regulate
Th2 responses in a dll4-dependent manner. However, the relative expression of dll4 on
pDCs and cDCs was not examined, and therefore it is currently unclear if either pDCs or
cDCs preferentially regulate Th2 responses during RSV infection. Given the importance of
pDCs in regulating Th2-associated responses during RSV infection, and the observation that
pDCs have been shown to regulate the effector function of T cells after OVA sensitization
[38], it is possible that, following RSV infection, pDC preferentially upregulate dll4
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expression and traffic to the lung-draining LNs where they regulate and/or inhibit the
generation of Th2 responses following RSV infection (Figure 1).

Role of DCs in RSV vaccine development
Establishment of a suitable antiviral immune response is a stepwise process that is critically
dependent on the functions of DCs. DCs contribute to early host defense through the
production of type I IFNs [52,53], but are also responsible for shaping the subsequent
adaptive immune response. Recent work has demonstrated that nonstructural proteins 1 and
2 (NS1 and NS2) of RSV can inhibit type I IFN production and IFN regulatory factor 3
activation, which has been demonstrated to induce DC maturation [27,54,55]. In addition,
infection of human DCs with a recombinant RSV containing NS1 and NS2 mutations
resulted in enhanced DC maturation [21]. Antigen presentation to T cells by cDCs is
diminished for several weeks following RSV infection [25]. Taken together, these data
suggest that RSV can disrupt the development of an adequate adaptive immune response.

Development of RSV vaccines must consider these issues in order to prime an immune
response that is both protective and safe. Although inactivated RSV vaccines are no longer
virulent, they are typically less immunogenic and often require one or more booster
immunizations in order to provide sufficient immunity. A recent study demon strated that
decreased DC maturation due to poor Toll-like receptor (TLR) signaling following the
administration of UV-inactivated RSV to mice results in exacerbated disease upon RSV
challenge [56]. Supplementation of UV-inactivated RSV with poly(I:C) and
lipopolysaccharide (LPS), TLR3 and TLR4 agonists, respectively, enhanced the humoral
response and prevented exacerbated disease following RSV challenge. This suggests that
RSV vaccine-enhanced disease may be the result of a poor humoral response resulting in the
production of non-neutralizing antibodies that can form harmful immune complexes.
Thereby, incorporation of a TLR agonist may be necessary for inactivated RSV vaccines to
enhance DC maturation, thus inducing neutralizing antibodies that protect against disease
enhancement upon subsequent RSV challenge. However, it is important to note that not all
TLRs are sufficient to prevent vaccine-enhanced disease, as TLR7 and TLR8 stimulation at
the time of formalin-inactivated (FI)-RSV immunization did not diminish vaccine-enhanced
disease [57]. Adjuvants can also boost the immunogenicity of inactivated vaccines. Careful
selection is required, as common alum-based adjuvants have been shown to promote a Th2-
associated response [58,59] that is frequently associated with RSV vaccine-enhanced disease
symptoms [60,61]. A promising adjuvant, monophosphoryl lipid A, is a TLR4 agonist that
increases immunogenicity by inducing DC maturation, but also stimulates a Th1-skewed
response that may prevent disease exacerbation [62].

Live-attenuated RSV vaccines are usually more immunogenic in comparison with
inactivated vaccines, and may prevent disease associated with primary RSV infection early
in life. However, efforts to develop a live-attenuated RSV vaccine that does not induce
disease symptoms and still provides sufficient immunogenicity to prevent reinfection have
yet to succeed [63,64]. Most work involving RSV subunit vaccines has also been hindered
due to potential disease exacerbation similar to that observed in children administered a
formalin-inactivated RSV [65–67]. Thus, development and testing of future RSV vaccines
should evaluate the DC composition following vaccination. Whereas an adequate DC
response is necessary to mediate activation of the adaptive immune response, the DC
subset(s) activated will ultimately impact overall immunity and potential disease severity.
Thus, future RSV vaccine development must consider the DC response induced to not only
promote the appropriate adaptive response to protect against infection, but also to prime a
response that does not lead to exacerbated disease upon natural infection.
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Conclusion & future perspective
Dendritic cells are sentinel cells that are strategically located in the lungs allowing them to
detect foreign antigen and subsequently stimulate adaptive immune responses. Much
research has focused on examining the role of DCs following RSV infection as well as the
effect of RSV infection on DC maturation and function. RSV is able to infect both human
and murine DCs in vitro [17,20,21]. Although RSV-infected DCs mature, they exhibit an
inability to stimulate naive T cells [15–17,22,26,31]. However the exact mechanism by
which RSV is able to inhibit the capacity of DCs to stimulate naive T cells is currently
unknown. Recent studies suggest that either soluble factors [16,31] or disruption of the
immune synapse [26] are responsible. Future studies should focus on determining what
soluble factors are secreted and whether they are RSV-derived or DC-derived. Furthermore,
the exact mechanism of how RSV disrupts the formation of the immune synapse between
DCs and naive T cells remains unknown. Importantly, it is unclear whether or not RSV-
mediated inhibition of DC activation of naive T cells occurs during in vivo RSV infection.
Migrating murine cDCs contain viral protein and are able to efficiently stimulate RSV-
specific effector/memory T cells, but their ability to stimulate naive T cells has not been
evaluated [34]. In addition, human DCs in the nasal cavity of RSV-infected children contain
viral antigen [39], but it remains to be determined whether these DCs exhibit a defect in
their capacity to stimulate naive T cells.

pDCs are important in promoting viral clearance following acute RSV infection through the
production of IFN-α [35]. In addition, pDCs appear to play a major role in regulating Th2-
associated responses following RSV infection, however, the exact mechanism is currently
unclear [23,35,44,47]. This review highlights studies that also demonstrate the importance of
the notch ligand dll4 in regulating Th2-associated responses following acute RSV infection
[51]. A recent study examining splenic pDCs and liver pDCs demonstrated that splenic
pDCs preferentially expressed the notch ligand dll4, and in turn inhibited T-cell production
of the Th2-associated cytokine IL-4 compared to liver pDCs [68]. Therefore, it would be
worthwhile to examine the expression of the notch ligand dll4 on pDCs compared to cDCs,
which induce Th2-associated responses after RSV infection [46], to determine if pDCs
inhibit Th2-associated responses through the interaction of T cells with notch ligands
expressed by the DCs.

Up to this point, no licensed RSV vaccines have been developed. This is due in part to an
incomplete understanding of the underlying immunological basis for the enhanced disease
exhibited by children immunized with a FI-RSV vaccine [69]. Given the importance of
pDCs in regulating the Th2-associated responses during acute RSV infection, we believe
that it would be of great interest to examine the role of pDCs versus cDCs following FI-RSV
immunization as well as after subsequent RSV challenge. Kruijsen et al. have shown that
after RSV challenge of FI-RSV-immunized mice, an increased number of both CD11b+ and
CD103+ cDCs are recruited to the lung as compared to RSV-infected mock-immunized mice
[70]; however, the function or role of these cDCs, as well as pDCs, during FI-RSV
immunization has not been examined. Therefore, DC composition should strongly be
considered when generating new vaccinations in order to protect against the generation of
detrimental Th2-associated responses and ensure the formation of a protective Th1 response,
thus allowing for the production of a safe and effective vaccine.
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Executive summary
Background

■ Respiratory syncytial virus (RSV) is an important human pathogen that can cause
serious respiratory tract disease in multiple populations.

■ Lung dendritic cells (DCs) play a critical role in the recognition of viral antigen
and initiating adaptive immune responses.

RSV infection of DCs

■ Infection of DCs with RSV in vitro induces their maturation and the maturation of
neighboring DCs.

■ RSV-infected DCs produce multiple antiviral cytokines and inflammatory
chemokines, which are responsible for the maturation of neighboring DCs.

■ RSV-infected DCs exhibit a reduced capacity to stimulate naive T-cell
proliferation due to either secretion of a soluble factor that inhibits T-cell activation
or improper immune synapse formation.

Respiratory DC migration following RSV infection

■ Lung CD11b+ conventional DCs and plasmycytoid DCs upregulate maturation
markers and increase in number following acute RSV infection.

■ CD103+ and CD11b+ cDCs and pDCs are recruited to the lung-draining lymph
nodes (LNs) following RSV infection.

■ Migrating CD103+ and CD11b+ cDCs carry viral protein to the lung-draining LNs
and are efficient at stimulating naive CD4 and CD8 T cells.

Differential regulation of the immune response by conventional dendritic cells &
plasmacytoid dendritic cells

■ Depletion of plasmacytoid DCs results in increased Th2-associated responses after
RSV infection that correlates with increased airway hypersensitivity and pulmonary
mucus production as well as decreased viral clearance.

■ Prevention of cDC recruitment during acute RSV infection results in decreased
airway hypersensitivity, pulmonary mucus production and Th2-associated cytokine
production as well as increased viral clearance.

■ Notch ligand Delta-like 4 expression on DCs is important for the regulation of
Th2-associated responses.

Role of DCs in RSV vaccine development

■ Development of an inactivated or subunit RSV vaccine may require Toll-like
receptor agonist supplementation to induce both sufficient DC maturation and a Th1-
skewed response to prevent disease exacerbation upon natural infection.

■ RSV disease pathology is mediated by conventional DC responses, thus future
vaccines should induce plasmacytoid DC responses that limit RSV infection and
help generate adequate CD8 T-cell responses.

Conclusion & future perspective

■ We review data that demonstrates that DCs infected with RSV in vitro mature but
are inhibited in their ability to stimulate naive T cells. The exact mechanisms remain
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to be clarified, as well as the role of RSV-induced DC inhibition of naive T-cell
activation in vivo.

■ The data reviewed here indicates that DC composition is very important in the
generation of a productive and protective immune response against RSV, which
should be considered in the development of future RSV vaccines.
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Figure 1. Dendritic cells after respiratory syncytial virus infection
Upon RSV infection of lungs in normal conditions (A), CD11b+ and CD103+ cDCs as well
as pDCs are matured and migrate to the lung-draining lymph nodes. These migrating DCs
prime both Th1 and Th2 cells, which migrate to the lung and promote viral clearance with
little lung pathology (i.e., airway hypersensitivity and histology). RSV infection of pDC-
depleted mice (B) results in maturation and migration of cDCs to the lung-draining lymph
nodes. Although cDCs prime Th1 cells, in the absence of pDCs, cDCs also promote Th2
activation. These Th2 cells migrate to the lungs, resulting in decreased viral clearance and
increased lung pathology. RSV infection of mice that lack cDC recruitment to the lungs
presumably results in pDC activation and migration into the lung-draining lymph nodes. (C)
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These pDCs activate Th1 cells but inhibit the expansion of Th2 cells. Migration of these T
cells, as well as IFN-α production by pDCs, results increased viral clearance and decreased
lung pathology.
cDC: Conventional dendritic cell; DC: Dendritic cell; pDC: Plasmacytoid dendritic cell;
RSV: Respiratory syncytial virus.
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