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Abstract
The response to respiratory syncytial virus (RSV), negative strand ssRNA virus, depends upon the
ability to recognize specific pathogen associated targets. In the present study the role of TLR7 that
recognizes ssRNA was examined. Using TLR7−/− mice we found that the response to RSV
infection in the lung was more pathogenic as assessed by significant increases in inflammation and
mucus hyper-secretion. While there appeared to be no effect of TLR7 deficiency on Type I IFN,
the pathology was associated with an alteration in T cell responses with increases in mucogenic
cytokines, IL-4, IL-13 and IL-17. Examination of DC from TLR7−/− animals indicated a
preferential activation of IL-23 (a Th17 associated cytokine) and a decrease in IL-12 production.
Neutralization of IL-17 in the TLR7−/− mice resulted in a significant decrease in the mucogenic
response in the lungs of the RSV-infected mice. Thus, without TLR7-mediated responses an
altered immune environment ensued with a significant effect on airway epithelial cell remodeling
and goblet cell hyper/metaplasia leading to mucus overproduction.

Introduction
The role of innate immune responses for establishing the most appropriate and least
pathologic responses for destruction and clearance of the infectious or deleterious agents is
the first line of defense and is responsible for recognizing the vast array of pathogens with a
limited set of fixed germ-line encoded receptors. To deal with this challenge with infectious
agents, innate immunity relies on the detection of patterns or conserved molecular motifs
unique to various classes of pathogens (1–3). The heterogeneity of viral glycoproteins along
with their ability to genetically drift from season to season creates even greater challenges
for innate immune recognition of viruses. To circumvent these obstacles, the innate immune
system has evolved mechanisms to detect characteristics of viral nucleic acids that are either
distinct in structure (dsRNA) or subcellular location (ssRNA). Recognition of viral nucleic
acids triggers the induction of type I interferons that induce an anti-viral state in virally
infected cells and activate immunoregulatory functions in nearby cells. Since RSV is a
ssRNA negative sense virus, both ssRNA and dsRNA species are formed and provide
targets for the innate immune system. A subset of pattern recognition receptors includes the
toll-like receptors (TLR), which recognize different pathogen-associated molecular patterns
(PAMPs) and activate NF-kB and other innate signaling pathways (1,4,5). In particular,
TLR3 and TLR7/8 recognize pathogen associated dsRNA and ssRNA species, respectively,
and initiate important cytokine mediator pathways for the initiation of the immune
responses. These earliest responses are likely critical to establishing the proper immune
response.

The RSV F protein has been reported to bind and activate TLR4, the receptor for
lipopolysacharide (6), and distinct polymorphisms to TLR4 has been associated with disease
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severity in patient populations (7–11). Activation of specific chemokines during RSV
infection of epithelial cells can be upregulated via TLR3. Our laboratory identified that
while CCL5 and CxCL10 can be upregulated via a TLR3 dependent pathway, CxCL8 is
dependent upon a MyD88-dependent pathway (12). Thus, multiple TLR pathways likely
contribute to the generation of an effective anti-RSV response. Interestingly, our findings
suggest that RSV infection of TLR3−/− mice (a MyD88-independent mechanism) leads to
altered immune environment and promotes increased IL-13 that is associated with increases
in mucus production (13). Thus, alteration of the dsRNA recognition pathway leads to a
pathogenic phenotype. Likewise, when MyD88 pathways are deleted in mice an even more
pathogenic environment is induced with increased eosinophilia, mucus overexpression and
an overall induction of a Th2 cytokine environment (14). In the present study, we have
examined one of the important MyD88-dependent pathways associated with viral RNA
detection, TLR7. While the present perception is that pDC are the primary cell population
that expresses TLR7 (15,16), several other cell populations appear to be able to upregulate
its expression, including mDC, B cells, and macrophages (17–19). In the present studies the
deletion of TLR7 results in the generation of pathogenic responses during RSV infection and
initiates an increase in a number of pathogenic cytokines, especially IL-17, which appears to
be responsible for the increased mucus responses observed in TLR7−/− mice.

Methods
Mice

B6 wildtype mice were purchased from Jackson Laboratories. TLR7−/− mice on a B6
background were originally provided by Dr. S. Akira (Osaka, Japan) and a breeding colony
subsequently established at the University of Michigan. All animal work was performed in
accordance with the University of Michigan Committee on Use and Care of Animals policy.

Respiratory Syncytial Virus
Our laboratory utilizes the antigenic subgroup A strain of RSV, referred to as Line 19. This
isolate was obtained from a sick infant at the University of Michigan (20), and has been
demonstrated in animal models to mimic human infection by stimulating mucus production
(21).

Real-time Taqman PCR
The smallest lobe was removed and homogenized in 1 ml of Trizol reagent (Invitrogen).
RNA was isolated as described (Invitrogen), and 5μg was reverse-transcribed to assess gene
expression. Detection of cytokine mRNA in lung samples was determined using pre-
developed primer/probe sets (PE Biosystems, Foster City, CA) and analyzed using an ABI
Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA). GAPDH
was analyzed as an internal control and gene expression was normalized to GAPDH. Fold
changes in gene expression levels were calculated by comparison of the gene expression in
unchallenged mice, which were assigned an arbitrary value of 1.

Lymph node restimulation
Mediastinal and cervical lymph nodes were harvested and single cell suspensions obtained
by passing nodes though a 40μm nylon mesh filter. Samples were counted and plated in
duplicate at 1×106 cells per well followed by restimulation with either 4×104 PFU RSV.
Cells were incubated at 37°C for 24 hours and supernatants collected for analysis on the
BioRad Bioplex 200 system according to the manufacturer’s protocol. Kits (Biorad)
containing antibody beads to Th cytokines (IL-17, IFNγ, IL-4, IL-5, IL-13) were used to
assay for cytokine production in each of the samples.
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Generation of bone marrow dendritic cells—Bone marrow was harvested from B6 or
TLR7−/− mice and seeded in tissue culture flasks in RPMI 1640 based complete media with
20 ng GM-CSF/ml (R&D Systems, Minneapolis, MN). Cells were fed every 3 days and
loosely adherent cells were collected after 10 days. The majority of the cells, >85%, were
CD11c+ BMDCs and subsequently were infected with RSV (moi=1.0) or stimulated with a
specific TLR ligand. The cells were then assessed for gene and protein expression as well as
used for flow cytometric analysis.

Flow cytometric analysis—Cells were stained with the indicated antibodies (BD
Pharmingen, San Diego, CA) that were specific for costimulatory molecules and analyzed
using a FACS Calibur and Cell Quest software (BD Biosciences, San Jose, CA). Isotype
control antibodies were used to demonstrate specificity of our staining and to establish the
criteria for our flow cytometry populations.

Statistics
Data was analyzed using Prism GraphPad software. Unless otherwise specified, data shown
is representative of two or more experiments. Statistical significance in all experiments was
determined by One-way ANOVA, followed by a Newman-Keuls post test. Significant
differences were regarded as p < 0.05.

Results
Increased expression of TLR7 during RSV infection

The expression of TLR7 has been identified on multiple immune cell populations, but is
thought to be most closely associated with APCs, such as DC and B cells. To determine if
RSV infection upregulates TLR7 expression infected animals were assessed for TLR7
expression by quantitative PCR. The lungs (Figure 1A) demonstrated a time dependent
increase in TLR7 expression that first appeared on day 4 and increased and plateaued on day
8 and 12, respectively. When cells from the RSV-infected mice (day 8 of infection) were
assessed by intracellular staining for TLR7 by Flow cytometry, the primary cells that
expressed TLR7 were B cells, plasmacytoid DC, and the strongest staining pattern for
myeloid (conventional) DC based upon their median fluorescent intensity (MFI) in both the
lung and lymph node (LALN) (Figure 1B). Thus, it appears that numerous immune cells
express TLR7, primarily in CD11b+CD11C+ cDC, but there was no increase in TLR7
intensity on a per cell basis in RSV compared to uninfected animals. Rather the increase in
mRNA expression levels is likely due to an increased recruitment of those cells in animals
infected with RSV.

Deletion of TLR7 enhances RSV-induced goblet cell hyperplasia
The role of TLRs for the recognition of PAMPs, such as virus-associated ssRNA by TLR7,
is thought to be critical in the recognition of an infectious process. TLR7 signaling is
dependent upon MyD88 adapter mediated pathways and our previous studies have
established that deletion of MyD88 results in a skewed response with heightened levels of
Th2 cytokines, eosinophilia and mucus overproduction. In the present studies when TLR7−/
− mice were infected with RSV there was also an increase in pathologic responses
especially the expression of mucus and increased numbers of goblet cells in the airways
(Figure 2A). When we examined the expression of mucus-associated genes Muc5AC and
gob5, they also demonstrated a significant upregulated expression in the TLR7−/−
compared to RSV infected wild type animals (Figure 2B). Interestingly, there was not a
remarkable increase in inflammatory cells in the TLR7−/− mice as evidenced in the lung
sections and by flow cytometry examining individual populations of cells including T cells
and DC subsets in both the lung and draining lymph nodes (LALN) (Figure 2C). Thus, in
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the absence of TLR7 there was a pathogenic alteration of the RSV-induced responses that
was primarily centered on airway pathology.

Alteration in cytokine profiles in TLR7−/− mice with RSV-induced disease
Several studies have identified that type I IFN is most often associated with an appropriate
immune response and that TLR7 can mediate these effects (). Given the above data on cell
population expression of TLR7 our studies focused on the myeloid DCs that appeared to
have the highest expression level using bone marrow-derived DC as our model. When we
examined type I IFN in DC after RSV infection there was no alteration of either IFNalpha4
or IFNbeta in the TLR7−/− compared to wildtype cell populations (Figure 3A).
Furthermore, examining chemokines that are associated with type I IFN induction, CCL5
and CxCL10, demonstrated a similar induction with not only RSV but also with a TLR3/
poly I:C stimulus (Figure 3B). In addition, when we examined the type I IFN dependent
transcription factor, IRF-1, in RSV infected or PolyI:C stimulated DC it was similarly
upregulated in WT and TLR7−/− dendritic cells (Figure 3C). Finally, several studies have
demonstrated that DC maturation in general and specifically during RSV infection is
dependent upon type I IFN and the DC were able to mature properly as demonstrated by
examination of CD80 expression (Figure 3D). These data suggest that a defect in Type I IFN
associated responses are unlikely to be the proximate cause for the dysregulated response to
RSV observed in TLR7 −/− mice.

To begin to understand the changes in immune responses in the TLR7−/− animals that
correspond to the pathologic alterations observed, draining lymph nodes from RSV infected
mice were isolated and dispersed into single cell suspensions. The single cell suspensions
were then given RSV (MOI-0.5) to initiate a recall response to RSV. The supernatants were
assessed for cytokine levels using bioplex proteomics analysis after 24 hrs (Figure 4A). The
data indicate that while there was no alteration in IFNγ production in the TLR7−/− mice
compared to wildtype, a very significant increase in IL-17 production could be observed as
well as significantly more Th2 cytokines IL-4 and IL-13, but not IL-5 (Fig. 4A). Thus, the
increased production of IL-17, as well as Th2 cytokines IL-4 and IL-13 corresponded with
associated increases in mucus gene expression and goblet cell hyperplasia.

In order to further examine if there was an alteration in APC function in the TLR7−/− that
would alter the subsequent production of cytokines, we isolated and grew bone marrow-
derived dendritic cells (BMDC) from both wildtype and TLR7−/− mice. After ten days in
growth media the BMDC were infected with RSV (MOI-0.5) or other TLR agonists and
assessed for expression of IL-6, IL-12p40 (the common chain) as well as the IL-12 and
IL-23 specific chains, p35 and p19, respectively. No differences in the expression of
induction of IL-6 were found (data not shown). However, the data in Figure 4B illustrate
that while IL-12p40 expression was similar between the wildtype and TLR7−/− BMDC
there was a significant decrease in IL-12p35, and concomitant increase in IL-23p19 in
TLR7−/− BMDC. These data indicate a skewing of the dendritic cell response to RSV,
which could explain the increased level of IL-17 observed in the TLR7−/− mice following
RSV infection. Together these data suggest a dysregulation in innate cytokine production in
BMDC, away from Th1 promoting IL-12, and in favor of Th17-promoting IL-23, that
correlates with the dysregulated immune responses in the lungs of TLR7−/− mice, resulting
in increased pathology.

IL-17 overexpression is a dominant pathogenic signal in TLR7−/− animals
Our data indicated that the predominant cytokine that was upregulated in TLR7−/− animals
was IL-17. Results have suggested that IL-17 may directly induce mucus hypersecretion
from epithelial cell populations in the lung (22,23). To address the role played by IL-17 in
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immunopathology observed in RSV infected TLR7−/− mice, we generated anti-IL-17
antibodies and treated TLR7−/− animals using passive immunization during RSV infection.
Control or anti-IL17 antibodies were administered systemically (ip) beginning at day 4 post-
infection. The levels of IL-17 in lung homogenates and bronchoalveolar lavage were
significantly decreased in antibody-treated mice, demonstrating the effectiveness of in vivo
neutralization (Table I). IL-17 neutralization of RSV-infected TLR7−/− mice had a clear
decrease in the mucus hypersecretion, as assessed via the degree of PAS staining in lung
sections (Figure 5A). As a more quantiitative measure, we assessed the expression of the
mucus-associated genes muc5ac and gob5 in the lungs of control Ig-treated and anti-IL-17
treated TLR7−/− mice. Compared to control IgG treated mice, anti-IL-17 treated TLR7−/−
exhibited significantly reduced expression of these mucus associated genes (Figure 5B). In
addition, we also examined the cytokine profile (Figure 5C) and found that while anti-IL-17
strikingly reduced the expression of IL-17 in the lung, it had no significant effect on other
cytokines, including IL-4 and IL-13 (although a trend toward reduction in IL-13 was also
observed). Thus, our data overall suggest that the effect of TLR7 deletion was partially
associated with an increase in mucus by an IL-17 associated mechanism.

Discussion
The response to viral infections within the lung must proceed in a balanced and programmed
manner to optimally clear the virus without damaging critical pulmonary function or
promoting pathologic responses. This is particularly important in individuals with
underlying disease, such as those with COPD, asthma, or end-stage fibrotic disease. It is
clear that the determination of the direction of the immune responses relies on innate
immune cell activation and the mediators that they produce. In the present study the innate
response and subsequent T cell response to RSV, an ssRNA virus, depends upon the
presence of ssRNA recognition through TLR7 in order to promote a relatively non-
pathogenic response. Original studies described that TLR7 was necessary for recognition of
ssRNA and elicited both IL-12 and type I IFN necessary for Th1 type immune responses
(24–26). The response of the TLR7−/− BMDC in the present studies demonstrated that
without TLR7 there was a change in balance of innate cytokines with increases in Th17
inducing IL-23 and a decrease in Th1 inducing IL-12. Interestingly, in the absence of TLR7
no alteration in RSV clearance could be detected. However, the immune response and
subsequent pulmonary response was greatly affected, with a significant increase in cytokines
and mucus hypersecretion, demonstrating that a link between viral clearance and
immunopathology was not evident. Although several immune cytokines that were
upregulated, IL-4, IL-13 and IL-17, have clearly been linked to the generation of pathogenic
responses, IL-17 was the most noteworthy. Numerous studies have suggested that by
targeting TLR activation in general and TLR7 specifically, a skewing of the immune
response away from Th2 could be accomplished (27–33). In addition, a recent study
demonstrated that type I IFN induced by TLR7 regulates IL-17 production (34). It may be
the absence of this pathway that alters the response perhaps through regulation of IL-23.
Thus, our findings support these previous findings using a clinically relevant animal model
of pulmonary viral infection.

Several studies have examined the role of TLRs in RSV and other respiratory viral
infections. TLR4 was first implicated in RSV infections (6,35), and while initially
controversial (36), numerous studies have identified a clear connection between TLR4 and
RSV clearance (6,35,37,38) as well as a link involving TLR4 polymorphisms and severe
RSV-induced disease in infants (9,39–41). The ability of RSV F protein to bind and induce
activation of TLR4 suggests that even the initial binding of RSV to the cell surface may
provide an early innate activation signal that is important to sensing the infection. Discrete
amino acid changes in F protein appears to regulate the induction of IL-13 and mucus in

Lukacs et al. Page 5

J Immunol. Author manuscript; available in PMC 2011 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



different strains of RSV (42) and may be linked to TLR4 activation. A recent study also
examined the role of TLR2/TLR6 in RSV infection and found that they had a role in innate
cell cytokine and chemokine production along with efficacy of viral clearance (43). A most
profound pathogenic effect was found when MyD88−/− mice were used with RSV infection
and included increased Th2 cytokines, mucus hypersecretion and profound eosinophilia
(14). This latter response was profound, likely due to the removal of multiple TLR
pathways, including TLR2, TLR4 and TLR7. The response in MyD88−/− mice appeared to
be of a similar intensity as that described in STAT1−/− mice (23,44), perhaps linking it to a
type I IFN response that appears to be important early in the anti-viral responses. In
addition, when the only MyD88-independent sensing TLR was removed, TLR3, a
pathogenic effect was also observed linked to alteration of IL-13 production leading to
mucus hypersecretion (12). Recent studies have clearly linked TLR4 specifically with the
increased expression of IL-23 via AP-1 activation, which can be especially enhanced by co-
activation with IFNγ (45). Interestingly, IL-23 along with IL-1β induces IL-17 from γ/δ T
cells and can subsequently enhance CD4 T cell-derived IL-17 (46). The latter mechanism
may be critical in driving IL-17 in the absence of TLR7 signaling by shifting the balance
away from IL-12 and toward IL-23. Thus, it is clear that the pathogen sensing system
induced by multiple TLRs is critical at several levels for driving an appropriate anti-viral
response.

In the context of innate cell activation, TLR2 and TLR4 are found predominantly on the
surface of innate cells and allow the early recognition of the virus, subsequently followed by
TLR3 and TLR7 that are found in the endosomic compartment and recognize ds- and
ssRNA. These later TLRs appear to have a prominent impact on shaping the T cell immune
response. In addition, since RSV infects predominantly via cytoplasmic entry, other
important nonendosomic sensing systems are also important, such as RIG-I (47). A recent
study that utilized mice deficient in the primary adapter molecule for RIG-I, MAVS,
infected with RSV demonstrated a significant abrogation of early cytokine production, but
pathogenesis later in disease was not investigated (48). Alteration of any of these pathogen-
sensing pathways may lead to an alteration in either the clearance of the virus and/or the
immunopathology of the response. Thus, there may be multiple associated mechanisms for
induction of severe disease that may result from genetic or environmental alteration of PRR
expression.

Establishing an altered immune environment of the lung early in development may have
subsequent impact on later responses in specific susceptible individuals. While it is still
controversial whether severe RSV disease predisposes children to subsequent pulmonary
disease, clear epidemiology studies have linked early RSV disease with persistent
pulmonary problems (49–54). Interestingly, several studies have now linked TLR7
polymorphisms with altered responses to HIV and HCV induced responses and most
interesting, the TLR7 polymorphisms have been associated with development of asthma
(55–58). Thus, similar to TLR4 polymorphism studies, a link may exist between TLR7
polymorphisms and RSV disease and associated persistent pulmonary problems. The
changes in the ability of particular or multiple TLR systems may lead to multiple disease
phenotypes in the lung including asthma and COPD, diseases that most severely manifest
themselves through viral exacerbation responses.

The overall response generated during a viral response relies upon multiple means to sense
the pathogen with an emphasis on generating the most successful clearance response that is
not pathogenic. In these studies, the absence of TLR7 does not alter viral clearance, but does
allow a more pathogenic response that includes more mucus via an IL-17 mediated
mechanism. Thus, we can consider that a TLR7-mediated event allows for fining tuning of
the immune responses during respiratory viral infections limiting pathology.
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Figure 1.
TLR 7 Expression during RSV infection. In (A), the expression of TLR7 in the lungs and
lung draining lymph nodes at various times post RSV infection. Expression of TLR was
assessed via quantitative PCR (Taqman) from whole lung/lymph node RNA. Each timepoint
represents the mean of 4–5 mice, and error bars represent the standard error of the mean. * =
p<0.05. In (B), the expression of TLR7 by various cell types (B cells, pDC, and mDC) was
determined via flow cytometric analysis. Leukocytes from the lungs and LALN of control
and RSV infected mice (day 8 post-infection) were isolated via enzymatic digests. The
resulting cell suspensions were stained with antibodies to surface markers, then
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permeabilized to stain TLR7. Columns represent the median fluorescent intensity (MedFI)
of TLR specific antibody staining in the various cell populations.
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Figure 2.
Role of TLR7 in limiting RSV-induced mucus hypersecretion and goblet cell hyperplasia.
(A) Periodic acid Schiff’s (PAS) staining of lung sections from control and TLR7−/− mice
at day 9 post-infection. In (B), The expression of mucus associated genes Muc5ac and Gob5
was determined by real-time PCR of whole lung RNA (day 9 post-infection). Columns
represent the mean +/− SEM of 5 mice per group. * = p <0.05. The experiment was
performed three times with similar results.
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Figure 3.
TLR 7 limits early cytokine production in the lymph nodes during RSV infection. Control
and TLR7 −/− mice were infected with RSV and lung draining lymph nodes were harvested
at day 3 post-infection and single-cell suspensions were obtained via enzymatic digests.
Lymph node cells were restimulated with RSV (MOI = ~0.5). Cytokine production in
cultures of lymph node cells was assessed via Bioplex multiplex assay. * = p <0.05. Similar
results were obtained in three independent experiments.
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Figure 4.
TLR7 mediates IL-12 versus IL-23 signaling in bone marrow derived dendritic cells. BMDC
were isolated and cultured from wild-type and TLR7 −/− mice in the presence of media, the
TLR7 agonist 3M-011, or RSV (MOI~0.5) for 24 hours. In (A), the production of IL12p35,
IL-12/23p40, and IL-23p19 were determined via QPCR. In (B) and (C) the expression of
CD86 was assessed via flow cytometry. In (B), representative histograms depict CD86
expression of uninfected (hollow) and RSV-infected (shaded) wild type and TLR7−/−
BMDCs. In (C), CD86 expression is expressed quantitatively, with columns representing
median fluoresence intensity of wild-type and TLR7−/− BMDC. Each column represents
the mean of triplicate samples +/− SEM.
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Figure 5.
Neutralizing IL-17 beginning on day 4 of RSV infection of TLR7−/− mice attenuates mucus
production. A, PAS staining of lung sections from control Ig or anti-IL-17-treated, RSV-
infected TLR7−/− mice at day 8 postinfection (original magnification ×100). Expression of
mucus-associated genes Muc5ac and Gob5 (B), IL-4, IL-13, and IL-17 (C) was assessed via
QPCR of lung RNA in uninfected control (UC), control Ig RSV-infected mice, and in anti-
IL-17-treated animals. Columns represent the mean fold increase over uninfected controls,
and error bars represent SEM. *p < 0.05.
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