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The Journal of Immunology

Plasmacytoid Dendritic Cells Promote Host Defense

against Acute Pneumovirus Infection via the

TLR7–MyD88-Dependent Signaling Pathway

Sophia Davidson,*,† Gerard Kaiko,*,† Zhixuan Loh,‡,x Amit Lalwani,‡,x Vivian Zhang,‡,x

Kirsten Spann,{ Shen Yun Foo,*,† Nicole Hansbro,*,† Satoshi Uematsu,‖ Shizuo Akira,‖

Klaus I. Matthaei,#,** Helene F. Rosenberg,†† Paul S. Foster,*,† and Simon Phipps‡,x

Human respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infection in infants. In human infants,

plasmacytoid dendritic cells (pDC) are recruited to the nasal compartment during infection and initiate host defense through

the secretion of type I IFN, IL-12, and IL-6. However, RSV-infected pDC are refractory to TLR7-mediated activation. In this study,

we used the rodent-specific pathogen, pneumonia virus of mice (PVM), to determine the contribution of pDC and TLR7 signaling to

the development of the innate inflammatory and early adaptive immune response. In wild-type, but not TLR7- or MyD88-deficient

mice, PVM inoculation led to amarked infiltration of pDC and increased expression of type I, II, and III IFNs. The delayed induction

of IFNs in the absence of TLR7 or MyD88 was associated with a diminished innate inflammatory response and augmented virus

recovery from lung tissue. In the absence of TLR7, PVM-specific CD8+ T cell cytokine production was abrogated. The adoptive

transfer of TLR7-sufficient, but not TLR7-deficient pDC to TLR7 gene-deleted mice recapitulated the antiviral responses ob-

served in wild-type mice and promoted virus clearance. In summary, TLR7-mediated signaling by pDC is required for appro-

priate innate responses to acute pneumovirus infection. It is conceivable that as-yet–unidentified defects in the TLR7 signaling

pathway may be associated with elevated levels of RSV-associated morbidity and mortality among otherwise healthy human

infants. The Journal of Immunology, 2011, 186: 5938–5948.

R
espiratory syncytial virus (RSV) is an enveloped, nega-

tive-sense ssRNA virus of the family Paramyxoviridae,

genus Pneumovirus. RSV infects approximately two-

thirds of all infants in the first year of life and is the leading

cause of hospitalization for respiratory tract illnesses (1, 2).

Whereas most RSV infections are self limited, severe RSV

bronchiolitis is characterized by pulmonary granulocytic infil-

trates, and occlusion of the bronchioles can develop as a result of

edema, sloughing of necrotic epithelia from small airways, and

increased secretion of mucus (3). Recently, the importance of

innate pattern recognition receptors (PRRs) in sensing signature

motifs of invading pathogens and in initiating the appropriate

innate and adaptive immune response has been realized (4, 5).

Dendritic cells (DC) located within the airway mucosa sample

foreign molecules and sense viral nucleic acids through the acti-

vation of TLRs, the retinoic acid-inducible gene (RIG)-I–like

helicase receptor (RLR), and/or nucleotide-binding domain-like

receptor (NLR) systems (6–10). Plasmacytoid DC (pDC) were

originally described as IFN-producing cells that preferentially use

TLR7 and TLR9 to recognize RNA and DNA viruses, re-

spectively. In so doing, these cells initiate an antiviral state and

protective immunity through the release of preformed type I IFNs

(11–13). Although significant increases in pDC numbers have

been detected in nasal wash samples obtained from infants hos-

pitalized with acute RSV infection (14), functional studies per-

formed in vitro have revealed that clinical isolates of RSV can

infect human pDC and abolish TLR7-mediated production of type

I IFN (14, 15). This finding suggests that RSV-induced attenuation

of the innate immune response could be among the factors,

leading to the development of bronchiolitis and/or incomplete

immunity. Despite this, the role of TLR7 in the generation of host

defense against pneumovirus infection remains to be determined.

TLR7 is expressed in the endosome and can therefore detect

virions following engulfment by endocytosis (i.e., prior to cellular

infection) (16, 17). Interestingly, Lee et al. (18) demonstrated that

actively replicating, infectious vesicular stomatitis virus promoted

a more substantial type I IFN response via TLR7 than was ach-

ieved with inactivated, nonreplicating virus. Moreover, human
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RSV induces the release of type I IFN from human pDC in

a replication-dependent manner (19). It is clear from these find-

ings that the nature of the infectious pathogen and its ability to

replicate in vivo may have substantial impact on the findings

obtained. As such, we elected not to use human RSV (hRSV),

which replicates poorly in mice. Our study used pneumonia virus

of mice (PVM), a rodent-specific pneumovirus pathogen that

undergoes robust replication in response to a minimal virion in-

oculation and models the more severe forms of infantile RSV

disease in inbred strains of mice (20, 21). Our study examined the

unique contributions of pDC, of the pathogen-sensing receptor,

TLR7, and its cognate intracellular adaptor molecule MyD88, in

early innate immune recognition and the development of host

defense to pneumovirus infection in vivo.

Materials and Methods
Animals and PVM inoculation

All mice were backcrossed to BALB/c for 10 generations and housed at the
University of Newcastle specific pathogen-free facility. All experiments
were approved by the University of Newcastle Animal Care and Ethics
Committee. Stocks of PVM (J3666 strain) were maintained, as described
previously (22). Isofluorane-anesthetized mice were inoculated intranasally
with 5 PFU PVM in a volume of 10 ml at 7 d of age. Vehicle (DMEM
containing 10% FCS)-inoculated mice served as controls.

Flow cytometry

Leukocytes in the left lung lobe were enumerated by flow cytometry, as
described previously (23). Briefly, lung cells were mashed through a cell
strainer, and RBCs were lysed with ammonium chloride. Cells were
seeded into a U-bottom 96-well plate at 106/well, and preincubated with
anti-FcgRIII/II (Fc block) in PBS/2% FCS medium prior to a 20-min in-
cubation with one or more of the following fluorochrome-labeled Abs (BD
Biosciences, unless otherwise stated): FITC- and PE-B220 (RA3-6B2);
PerCP-conjugated Gr-1 (RB6-8C5); FITC-conjugated CD3 (145-2C11);
allophycocyanin-conjugated CD4 (RM4-5); PerCP-conjugated CD8a
(clone 53-6.7); allophycocyanin-conjugated Sca-1 (eBioscience); FITC-
conjugated CD11c (clone HL3); PE-conjugated CD49b (clone DX5);
PerCP-conjugated CD11b (clone M1/70); and allophycocyanin-conjugated
Siglec-H (eBioscience; clone eBio440c). After three washes in PBS/2%
FCS medium, cells were resuspended in PBS/formalin (0.5% v/v) and
analyzed using a BD CANTO within 3 d.

Quantification of lung gene and protein expression

mRNAwas quantified, as described previously (24). Briefly, the left lung lobe
was harvested into RNA later (Ambion) and left at 4˚C overnight prior to
storage at 280˚C. The remaining lung lobes, with the exception of the large
left lobe (used to measure inflammatory cells), were harvested into 1 ml
radioimmunoprecipitation assay buffer (Sigma-Aldrich) and stored at280˚C.
RNAwas isolated and cDNA transcribed using random primers and Moloney
murine leukemia virus reverse transcriptase. The real-time PCR was per-
formed with an ABI 7700 Sequence Detector System (Applied Biosystems,
Scoresby, Australia). Expression of a housekeeping gene (hypoxanthine
phosphoribosyltransferase [HPRT]) was also determined against plasmid
controls to generate a standard curve. Gene expressionwas normalized against
the expression of the housekeeping gene, which was not altered by the treat-
ment, and expressed as fold change compared with vehicle-inoculated wild-
type (WT)mice. Primer sequences usedwere as follows: IFN-a4 forward, 59-
ACCAACAGATCCAGAAGGCTCAAG-39 and reverse, 59-AGTCTTCC-
TGGGTCAGAGGAGGTT-39; IFN-b forward, 59-AGAGTTACACTGCC-
TTTGCCATCC-39 and reverse, 59-CCACGTCAATCTTTCCTCTTGCTT-
39; IFN-l2 (IL-28B) forward, 59-TTGAGAAGGACATGAGGTGCAGTT-
39 and reverse, 59-CTCTGCTGTGGCCTGAAGCTGT-39; IFN-g forward,
59-TCTTGAAAGACAATCAGGCCATCA-39 and reverse, 59-GAATC-
AGCAGCGACTCCTTTTCC-39; IFN regulatory factor (IRF)7 forward,
59-CTTAGCCGGGAGCTTGGATCTACT-39 and reverse, 59-CCCTTG-
TACATGATGGTCACATCC-39; CCL3 forward, 59-CCTCTGTCACCTG-
CTCAACA-39 and reverse, 59-GATGAATTGGCGTGGAATC-39; RIG-I

forward, 59-ACAAACCACAACCTGTTCCTGACA-39 and reverse, 59-
TGGCGCAGAATATCTTTGCTTTCT-39; Mx-1 forward, 59-GACTCT-
CATTGACCTGCCTGGAAT-39 and reverse, 59-TTACGAAGGCAGTT-
TGGACCATCT-39; NOD2 forward, 59-GCCAGTACGAGTGTGAGGA-

GATCA-39 and reverse, 59-CAGCTCCAAGATGTTCTCCGTGTA-39;
NLRP3 forward, 59-GATTGACTTCAATGGCGAGGAGAA-39 and re-
verse, 59-AACCTGCTTCTCACATGTCGTCTG-39; PVM Src homology
(SH) forward, 59-GCCTGCATCAACACAGTGTGT-39 and reverse, 59-
GCCTGATGTGGCAGTGCTT-39; HPRT forward, 59-AGGCCAGACT-
TTGTTGGATTTGAA-39 and reverse, 59-CAACTTGCGCTCATCTTA-
GGCTTT-39.

For analysis of cytokine/chemokine protein expression, the right lung
lobes were collected and the tissue homogenized in radioimmuno-
precipitation assay buffer using a tissue tearer (Diantree Scientific, Tasma-
nia, Australia). After 10-min incubation on ice, samples were centrifuged
at 13,000 rpm for 10 min at 4˚C to remove cellular debris. CCL3 (R&D
Systems, Gymea, Australia), IL-12p40 (eBioscience), IL-6 (eBioscience),
TNF-a (eBioscience), or IFN-g (BD Biosciences) was measured by
ELISA, according to the manufacturer’s instructions.

Immunohistochemistry

Lung biopsies from WT and TLR7 gene-deleted mice were processed, and
immunohistochemistry was performed, as described previously (25). In
brief, sections were permeabilized with saponin/PBS (0.1% w/v) buffer for
30 min, and treated with 10% normal goat serum to reduce nonspecific
binding prior to overnight incubation with rabbit anti-TLR7 (Abcam; 10
mg/ml) or rabbit antiphosphorylated IRF7 (Cell Signaling Technology; 1/
50). After three wash steps, alkaline phosphatase-conjugated goat anti-
rabbit (Sigma-Aldrich) was incubated at 1/200 dilution. Positive cells
stained red after development with Fast Red (Sigma-Aldrich). Cells were
counterstained with Harris’s hematoxylin (DakoCytomation) and mounted
in glycergel (DakoCytomation).

In vivo depletion of pDC

A total of 1.6 mg/kg body weight of functional grade anti-CD317 Ab (BST-
2, PDCA-1; eBioscience) was injected into the peritoneum on days 5 and 6
of life.

Generation of pDC from bone marrow

pDC were derived from bone marrow cells of WT and TLR7 gene-deleted
mice cultured in 100 ng/ml Flt3-L (a generous gift from Amgen), as de-
scribed previously (26). On days 3 and 6 of culture, half the media was
replenished with Flt3-L–supplemented RPMI 1640.

In vitro infection of pDC with PVM and intracellular IFN-a

staining

After a 10-d culture with Flt3-L, unfractionated bone marrow cells were
removed from culture flasks, washed, and seeded into 96-well plates at 106/
well and incubated at 37˚C for 2 h with PVM at a multiplicity of infection
of 0.1 before the addition of brefeldin A (5 mg/ml; Sigma-Aldrich). Cells
were cultured for an additional 5 h prior to treatment with anti-FcgRIII/II
(Fc block), and then labeled with fluorescence-labeled Abs against B220,
CD11c, and Siglec-H. Following fixation and permeabilization, cells were
incubated with rat anti–IFN-a at 10 mg/ml (HyCult Biotechnology;
HM1001) for 30 min at 4˚C (27). After three wash steps, cells were in-
cubated with a FITC-conjugated rabbit anti-rat Ab (1:500 dilution; Sigma-
Aldrich).

Adoptive transfer of purified pDC

On day 10 of culture, bone marrow cells from WT and TLR7 gene-deleted
mice were counted and incubated for 30 min on ice with anti–B220-DM
beads (BD Biosciences) at a ratio of 2 3 105 cells/ml beads. pDC were
positively selected using an iMagnet (BD Biosciences) and found to be
.95% pure based on Siglec-H and CD11clow expression analyzed by flow
cytometry. pDC were resuspended at 25 3 106 cells/ml, and 0.5 3 106

pDC were administered both intranasally and via injection to the perito-
neum of TLR7 gene-deleted mice. All mice were inoculated intranasally
with 5 PFU PVM 2 h later.

Draining lymph node cell culture and measurement of T cell

cytokine production

Draining lymph nodes were removed, and cells were dissociated by ap-
plying gentle pressurewith a syringe plunger over a cell strainer. RBCs were
depleted by ammonium chloride lysis. Cells were resuspended in complete
HBSS (HEPES, sodium pyruvate, L-glutamine, 10% v/v FCS, penicillin
and streptomycin, 2-ME), seeded into a flat-bottom 96-well plate at 0.3 3

106/well, and stimulated with P261-270 peptide (28) (CYLTDRARI,
Biomolecular Resource Facility, Australian National University) at 20 mg/

The Journal of Immunology 5939
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ml or diluent (complete RPMI 1640). After a 3-d incubation, cell-free
supernatants were collected and stored at 280˚C prior to IFN-g (BD
Biosciences) and TNF (eBioscience) detection by ELISA.

Statistical analysis

Data presented are the means6 SEM. Data sets were analyzed by Student t
test, except for the time courses, which were analyzed by ANOVA and
Bonferroni post hoc test, and Fig. 5A, in which the Mann–Whitney U test
was employed. The software package GraphPad Prism 3.01 (GraphPad
Software, San Diego, CA) was used for all data analysis and preparation of
graphs.

Results
The absence of TLR7 and MyD88 delays the onset of clinical

symptoms and viral clearance

Virus detection may occur via a number of innate sensors, including

TLRs, RLRs, and NLRs. To determine whether the TLR7 pathway

is required for the clearance of the PVM virus pathogen, WT, TLR7

gene-deleted, and MyD88 gene-deleted mice were inoculated at

7 d of age, and virus recovery was measured by quantitative PCR

detection assay targeting the PVM SH gene, as described pre-

viously (29). Virus titers were elevated at 5 and 7 d postinfection

(dpi) in both TLR7- and MyD88 gene-deleted mice as compared

with WT mice (Fig. 1A). To assess the impact of this finding on

morbidity, mice were weighed daily. PVM-infected WT mice

exhibited blunted weight gain from as early as 2 dpi, and diverged

significantly from vehicle-inoculated WT mice beginning at 4 dpi

(Fig. 1B). In contrast, PVM infection had no impact on weight

gain among the 7-d-old TLR7- and MyD88 gene-deleted mice

until 7 dpi, when a sudden weight loss (11% of maximum body

weight) was observed over the course of 24 h (Fig. 1C, 1D). Of

note, the organization of the airway epithelium in the TLR7- and

MyD88 gene-deleted mice was disturbed, as evidenced by epi-

thelial cell sloughing and denudation of the basement membrane.

The presentation of clinical symptoms followed a similar pattern

to weight loss, with WT mice presenting earlier, but with less

severe symptoms, including reduced movement and piloeraction,

than mice deficient in either TLR7 or MyD88 (data not shown).

However, in some experiments, a few of the TLR7- and MyD88-

deficient mice died between the ages of 5 and 10 dpi.

PVM-induced lung inflammation requires the expression of

TLR7 and MyD88

The failure to mount an inflammatory response is often associated

with the absence of weight loss (30). To compare the cellular

inflammatory responses in lung tissue of PVM-infected WT,

TLR7-, and MyD88 gene-deleted mice, mechanically dispersed

lung cells were labeled with fluorochrome-conjugated Abs and

phenotyped by flow cytometry. In WT mice, infiltrates of neu-

trophils and NK cells were elevated at 5 dpi and increased further

at 7 dpi (Fig. 2A, 2B). In contrast, in the absence of TLR7 and

MyD88, no NK cells and only few neutrophils (in TLR72/2 mice

only) were detected at these time points. The NK cell and neu-

trophil chemoattractant, CCL3, can be expressed by the re-

spiratory epithelium in response to pneumovirus infection in adult

WT mice (31), although it is noteworthy that pDC are also a rich

source of CCL3 (32, 33). In neonatal mice, we observed elevated

CCL3 transcripts within 1 d of PVM inoculation in WT, but not

TLR7- or MyD88 gene-deleted mice (data not shown). Immuno-

reactive CCL3 was detected in whole-lung homogenates at 5 and 7

dpi in WT, but not TLR7- or MyD88 gene-deleted mice, consis-

tent with the observed pattern of neutrophil and NK cell re-

cruitment (Fig. 2C).

pDC recruitment and IFN response are absent in TLR7- and

MyD88-deficient mice

Through its cognate receptor CCR5, CCL3 can promote the mi-

gration of pDC from the blood to sites of infection (34). In WT

mice, inoculation with PVM led to a rapid infiltration of pDC

(Siglec-H+, CD11clow, B220+) into the lung within 24 h (Fig. 3A,

Supplemental Fig. 1). pDC remained elevated until 5 dpi and

waned thereafter. By contrast, elevation of pDC numbers was not

detected in lungs of TLR7- or MyD88-deficient mice. At 5 dpi,

.80% of WT pDC from PVM-infected mice were positive for

MHC class II, an increase from 40% at baseline; no such response

was observed in the absence of TLR7 or MyD88 (Fig. 3B). In

contrast to pDC, classical DC (CD11chighCD11bhigh MHC class

IIhigh) were not elevated in WT mice following inoculation with

PVM. Of note, however, classical DC were greater in TLR7-

deficient mice at 7 dpi (data not shown). pDC constitutively

FIGURE 1. The absence of TLR7–MyD88 signaling

delays weight loss, clinical symptoms, and virus re-

covery. Open symbols/scale bars represent vehicle-

inoculated mice; closed symbols/scale bars, PVM-

inoculated mice. WT mice are represented by circles;

TLR72/2 mice by triangles; and MyD882/2 mice by

diamonds. A, Virus recovery (copies of PVM SH gene

per 107 copies HPRT) in the lungs of WT, TLR72/2,

and MyD882/2 mice was measured by quantitative RT-

PCR (qRT-PCR) at 1, 3, 5, and 7 dpi. WT (B), TLR72/2

(C), and MyD882/2 (D) mice were weighed at 7 d of

age immediately prior to inoculation (day 0) with ve-

hicle or PVM. Mice were weighed every 24 h thereafter

until euthanasia, and weight was expressed relative to

day 0. Data are mean 6 SEM, 4–13 mice in each

group. *p , 0.05, **p , 0.01, ***p , 0.001.
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express type I IFNs and IRF7 (35), an important transcription

factor activated downstream of TLR and RLR signaling. We

detected augmented levels of IFN-a4 and IFN-b transcripts in the

lung in WT, but not TLR7- or MyD88-deficient mice at 5 dpi (Fig.

3C; all data normalized against WT vehicle controls). Likewise,

IRF7 was upregulated in WT, but not TLR7- or MyD88-deficient

mice (Fig. 3C). Similar findings were obtained for the type III

IFN, IFN-l2 (IL-28A; Fig. 3C), and the IFN-stimulated gene Mx-

1 (data not shown). Collectively, these data suggest that the early

induction of IFNs and IFN-stimulatory genes in response to in-

oculation with PVM was dependent on the TLR7–MyD88 sig-

naling pathway.

Innate cytokine responses are attenuated in the absence of

TLR7 or MyD88

In addition to IFNs, activated pDC are a rich source of proin-

flammatory cytokines, such as IL-12, IL-6, and TNF, which pro-

mote the development of cell-mediated and humoral immunity (27,

36). IL-12p40 was detected in lung homogenates of PVM-infected

WT mice at 3 dpi (Fig. 3D), peaked at 5 dpi, and then waned, but

remained elevated at 7 dpi. In contrast, IL-12p40 expression

remained at constant low levels throughout in PVM-infected

TLR7- and MyD88 gene-deleted mice. Similarly, IL-6 and TNF

expression peaked at 5 dpi and returned to baseline levels by 7 dpi,

and were likewise dependent on TLR7–MyD88 signaling (Fig.

3D). Further studies will be required to confirm the cellular source

of these cytokines.

T cell activation and the IFN-g response require TLR7 and

MyD88

In adult mice, PVM infection is associated with pulmonary T cell

activation (37). To determine whether the T cells in the lungs of

neonatal mice were activated in response to PVM, we measured

surface expression of Sca-1, an Ag that responds positively to

stimulation with IFN-a (38). At 7 dpi, the fraction of Sca-1+CD4+

T cells detected from WT mice inoculated with PVM had in-

creased as compared with those from mice inoculated with vehicle

control (Fig. 4A). In contrast, the fraction of CD4+Sca-1+ T cells

was unaltered following PVM inoculation of TLR7- or MyD88

gene-deleted mice (Fig. 4A). Analysis of CD8+ T cells revealed an

identical profile; augmented expression of Sca-1 in response to

PVM was likewise dependent on TLR7 and MyD88 (Fig. 4B).

IFN-g is produced by activated NK cells, Th1 cells, and cytotoxic

CD8+ T cells. In response to infection, augmented expression of

transcripts encoding IFN-g was observed at 5 dpi (Fig. 4C).

Further increases were observed by 7 dpi, most likely as a result of

the increasing numbers of NK cells (Fig. 2B). In contrast, IFN-g

transcripts and protein expression were significantly lower in both

TLR7- and MyD88-deficient as compared with WT mice (Fig.

4C, 4D). However, of note, the concentration of immunoreactive

IFN-g in infected mice was significantly greater than vehicle-

inoculated mice in both TLR7- and MyD88-deficient mice at

7 dpi (Fig. 4D). Moreover, there was a significant increase in

the expression of IFN-g protein in the TLR7-, but not MyD88-

deficient mice at 7 dpi, indicating that another receptor family that

operates via MyD88 (conceivably an IL-1 family member such as

IL-18) may also contribute to the induction of IFN-g. Using tet-

ramer technology, Claassen et al. (28) have previously demon-

strated that 11% of CD8+ T cells in the lungs of PVM-infected

adult mice are specific for the P261 peptide. To address whether

the absence of TLR7 affected the production of IFN-g by PVM-

specific CD8+ T cells, mediastinal lymph node cells were isolated

at 10 dpi and stimulated with the P261 peptide. Although the

degree of lymph node hyperplasia did not differ between WT

and TLR7 gene-deleted mice (data not shown), CD8+ T cells as

a fraction of mediastinal lymph node cells were significantly re-

duced in the absence of TLR7 (Fig. 5A). Correspondingly, in WT

mice, P261 peptide stimulation induced the production of both

IFN-g and TNF-a, but this response was significantly attenuated

in the absence of TLR7 (Fig. 5B). Intriguingly, the fraction of lung

CD8+ T cells positive for Sca-1 was now ∼40% in both the WT

and TLR7-deficient mice, even in the absence of pDC recruitment

in the TLR7-deficient mice (data not shown). Together with the

elevated neutrophilia (Fig. 2C) and IFN-g expression (Fig. 4D) at

7 dpi, these data suggest that a delayed type I and type II IFN

response occurs in the absence of TLR7. Therefore, we examined

the lungs of TLR7-sufficient and TLF7-deficient mice at 7 and 10

dpi for IFN-a4, Mx-1, CCL3, and transcripts of other PRR known

to participate in antiviral immunity, namely RIG-1, NOD2, and

NLRP3. Consistent with our findings at 5 dpi (see Fig. 3C), IFN-

a4 expression remained low at 7 dpi in the absence of TLR7.

However, there was a dramatic burst of IFN-a transcription at 10

dpi, and this superseded the levels observed in WT mice (Fig. 5C).

Consistent with the late IFN-a response, TLR7-deficient mice

presented with a delayed increase in the expression of the IFN-

stimulatory genes CCL3 and Mx-1 (Fig. 5C). These data sug-

gested that in the absence of TLR7, another PRR can be activated

to induce an IFN response albeit with markedly slower kinetics.

FIGURE 2. PVM inoculation of WT, but not

TLR7- or MyD88-deficient neonatal (7-d-old) BALB/

c mice induces an innate inflammatory response.

Open symbols represent vehicle-inoculated mice;

closed symbols, PVM-inoculated mice. WT mice are

represented by circles; TLR72/2 mice by triangles;

and MyD882/2 mice by diamonds. The left lung lobe

was mechanically dispersed, and FSclowGr-1high

CD11b+ CD11c2 neutrophils (A) and CD32CD49b+

NK cells (B) were identified by flow cytometry. C,

CCL3 protein expression in right lung lobe homoge-

nates was measured by ELISA. Data are mean 6

SEM, 4–16 mice in each group. *p , 0.05, **p ,

0.01, ***p , 0.001. *WT compared with TLR7-

deficient mice, #WT compared with MyD88-deficient

mice.
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Of the PRRs, all three were elevated in WT mice, whereas only

RIG-I showed a .2-fold increase in the absence of TLR7 (Fig.

5C).

TLR7-sufficient, but not TLR7-deficient pDC recapitulate host

defense and decrease viral load

In order to elucidate further the requirement for TLR7 in pDC

recognition of PVM, we cultured Flt3-L bone marrow-derived

TLR7-sufficient (TLR7+/+) and TLR7-deficient (TLR72/2) pDC

in vitro. Cultured cells were challenged with PVM and stained

for IFN-a production by intracellular cytokine staining by flow

cytometry. Challenge with PVM augmented the expression of

IFN-a in TLR7-sufficient (Fig. 6A, upper panels), but not TLR7-

deficient (lower panels) pDC (B220+Siglec-H+ cells), as summa-

rized in Fig. 6B.

TLR7-sufficient, but not TLR7-deficient pDC recapitulate host

defense and decrease viral load

Although PVM-induced IFN-a expression in pDC was TLR7

dependent, it remained possible that non-pDC may contribute to

the TLR7-dependent antiviral responses observed in vivo. To de-

termine the cellular distribution of TLR7 expression in the lungs

of naive neonatal mice, we employed immunohistochemistry. In

addition to leukocytes residing or circulating through the tissue,

TLR7 immunoreactivity was present in the majority of airway

epithelial cells (Fig. 7A, left panels). In contrast, no immuno-

reactivity was seen in both TLR7-deficient mice (Fig. 7A, right

panels) and isotype-matched controls. Uniquely, pDC constitu-

tively express IRF7, whereas IRF7 is transcriptionally regulated

by type I IFNs in nonhematopoietic cells (35, 39). Thus, en-

gagement of TLR7 in the absence of IRF7 would not prevent

IFN-I production. Because IRF7 is phosphorylated in response

to TLR7 stimulation, we used a phospho-IRF7–specific Ab and

performed immunohistochemistry on tissue biopsies obtained at 1

dpi. Critically, we observed that all of the immunoreactive cells

were in the parenchymal tissue, consistent with the localization of

pDC in the lung shown by others (40). In contrast, airway epi-

thelial cells of both large and small airways were negative for

phospho-IRF7 at 1 dpi (Fig. 7B). Critically, when we depleted

pDC with anti-CD317 prior to inoculation, the number of phos-

pho-IRF7–positive cells at 1 dpi was markedly reduced.

To further address whether the phenotype of TLR7-deficient

mice was primarily due to the absence of TLR7 on pDC, we

generated highly pure pDC populations from FLT3L-cultured bone

marrow of TLR7-sufficient and TLR7-deficient mice and adop-

tively transferred these cells via the intranasal and i.p. routes to

TLR7-deficient mice 2 h prior to inoculation with PVM. The

transfer of TLR7-sufficient, but not TLR7-deficient pDC led to the

FIGURE 3. pDC recruitment and PVM-

induced IFN and proinflammatory cytokine

production require TLR7–MyD88. Open sym-

bols/scale bars represent vehicle-inoculated

mice; closed symbols/scale bars, PVM-

inoculated mice. WT mice are represented

by circles; TLR72/2 mice by triangles; and

MyD882/2 mice by diamonds. The key to

symbols is shown in A and is applicable to

C and D. A, The left lung lobe was mech-

anically dispersed, and pDC (Siglec-H+,

CD11clow, B220+) expressed as a percentage

of lung cells. pDC from vehicle-inoculated

TLR7- and MyD88-deficient mice are shown

at day 1 only for clarity. B, Percentage of

MHC class II-positive pDC in the lung at

5 dpi in response to vehicle or PVM. C, qRT-

PCR analysis of IFN-a4, IFN-b, IFN-l2,

and IRF-7 mRNA expression in whole

lung from WT, TLR72/2, and MyD882/2

mice (normalized to lungs from vehicle-

inoculated WT mice) at 5 dpi. D, Right lung

homogenates were analyzed at 1, 3, 5, and

7 dpi for IL-12p40, IL-6, and TNF-a protein

expression by ELISA. Data are represented

as mean 6 SEM, four to eight mice in each

group, or shown as individual mice. *p ,

0.05, **p , 0.01, ***p , 0.001. *WT

compared with TLR7-deficient mice, #WT

compared with MyD88-deficient mice.
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development of an innate inflammatory response at 7 dpi, char-

acterized by recruitment of neutrophils and NK cells and ex-

pression of the chemokine CCL3 (Fig. 8A–C) to an extent that was

comparable to that observed in WT mice (Fig. 2). Production of

TNF (Fig. 8D) was also observed following transfer of TLR7-

sufficient pDC, although interestingly, this had no impact on ex-

pression of IL-6 (data not shown). Similarly, TLR7-sufficient, but

not TLR7-deficient pDC resulted in augmented Sca-1 expression

on both CD4+ and CD8+ T cells (Fig. 8E), suggesting that the

activation of TLR7 on pDC is also necessary for the production of

type I IFN. Consistent with our earlier findings, the induction of

the cellular inflammatory response in the TLR7-deficient mice as

a result of the reconstitution with TLR7-sufficient pDC led to

stunted growth as measured by body weight, whereas transfer of

TLR7-deficient pDC led to a similar pattern of weight gain to that

observed in TLR7-deficient mice (Fig. 8F versus Fig. 1B, 1C).

Likewise, the induction of an early inflammatory response fol-

lowing the transfer of TLR7-sufficient pDC was associated with

significantly diminished virus recovery when compared with mice

that received TLR7-deficient pDC (Fig. 8G).

FIGURE 5. PVM-specific CD8+ T cell responses

and the innate IFN response are delayed in the

absence of TLR7. WT (circles) and TLR7-defi-

cient (triangles) mice were inoculated with PVM

(closed) or vehicle (open) and sacrificed 10 d later.

A, The percentage of lymph node cells that were

CD3+CD8+ T cells at 10 dpi. B, Mediastinal lymph

nodes were harvested, seeded at 0.3 3 106/well,

and stimulated with the PVM-specific peptide

(P261) or media alone. After a 3-d culture, cell-free

supernatants were quantified for IFN-g and TNF-a

protein expression. C, IFN-a4, CCL3, Mx-1, RIG-

I, NOD2, and NLRP3 gene expression in whole-

lung extracts was measured by qRT-PCR. Data are

mean 6 SEM, five to six mice in each group. Data

in B were compared by a two-tailed Mann–Whit-

ney, and in A and C by unpaired t test. *p , 0.05,

**p , 0.01.

FIGURE 4. Activation of the TLR7–MyD88 pathway is essential for T cell infiltration, activation, and production of IFN-g. Open symbols/scale bars

represent vehicle inoculated; closed symbols/scale bars, PVM inoculated. WT mice are represented by circles; TLR72/2 by triangles; and MyD882/2 by

diamonds. A and B, The percentage of CD4+ (A) and CD8+ (B) T cells expressing stem cell Ag-1 (Sca-1, also known as LY6A, a surrogate marker of IFN

activation) in the lungs of WT, TLR72/2, and MyD882/2 mice was quantitated by flow cytometry at 7 dpi. C and D, IFN-g gene and protein expression was

measured in whole lung by qRT-PCR (C) and ELISA (D) at 1, 3, 5, and 7 dpi. Data are mean6 SEM, five mice in each group. *p, 0.05, **p, 0.01, ***p

, 0.001. Data in A and B were compared by unpaired t test and in C and D by ANOVA and Bonferroni post hoc test. *p , 0.05, ***p , 0.001. *WT

compared with TLR7-deficient mice, #WT compared with MyD88-deficient mice.
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Discussion
RSV is a primary etiologic agent of bronchiolitis in infants and is

associated with significant morbidity in this population. In this

study, we employed the natural rodent pneumovirus pathogen,

PVM, to model the more severe forms of RSV disease in mice and

to investigate the role of TLR7 in promoting host defense. Using

neonatal mice to reflect the more typical age of initial RSV in-

fection in humans, we demonstrated that the absence of TLR7 or its

intracellular adaptor protein MyD88 led to a diminished innate

immune response and to significantly augmented virus recovery

from lung tissue of infected mice. The adoptive transfer of TLR7-

sufficient, but not TLR7-deficient pDC restored the innate in-

flammatory response and resulted in diminished virus recovery,

suggesting that TLR7-mediated recognition of PVM by pDC

constitutes a critical pathway in the initiation of a timely and

appropriate immune response to acute pneumovirus infection in the

neonatal period.

Elevated numbers of pDC have been detected in nasal washings

of infants with severe RSV infections (14). Consistent with this, we

observed recruitment of pDC into the lungs of PVM-infected WT

mice as early as 24 h after inoculation. This response was not

observed in TLR7- or MyD88 gene-deleted mice, which suggests

that the TLR7–MyD88 pathway is engaged early on during the

course of infection to mediate the early recruitment of pDC. Viral

recognition may occur via the activation of resident leukocytes

known to express TLR7 [e.g., pDC, conventional DC, monocytes,

B cells (17)], or following detection by airway epithelial cells,

which we identify in this study as being highly immunoreactive

for TLR7. Based on the literature, pDC are uniquely placed to

perform this task because they constitutively express high levels of

the IRF7 (particularly in contrast to nonhematopoietic cells) (35,

39, 41), a necessary transcription factor for TLR7-induced tran-

scription of type I IFN. Thus, non-pDC may be largely in-

competent and unable to execute TLR7-mediated signals in the

initial phase of the host response. In an attempt to discern

the relative contribution of hematopoietic cells versus non-

hematopoietic cells to TLR7-mediated recognition in the imme-

diate phase of infection, we obtained lung tissue sections at 1 dpi

and probed for phosphorylated IRF7 by immunohistochemistry.

Immunoreactive cells were found in the parenchyma only, and not

in the airway epithelium, indicating that the TLR7–IRF7 cascade

is activated primarily in leukocytes at this time. Because the de-

pletion of pDC reduced the number of phospho-IRF7–immuno-

reactive cells to baseline levels, it is likely that pDC are among the

first cells to respond to the virus, even though pDC constitute only

∼0.5% of all lung cells. We speculate that the upregulation of

IRF7 transcripts 5 dpi enables the epithelium to generate type I

IFN in response to TLR7 engagement. However, because the ac-

tivation of TLR7 can induce a non-IRF7–dependent signaling

cascade, we cannot exclude the possibility that the epithelium is

FIGURE 6. PVM-induced upregulation of

IFN-a expression by bone marrow-derived pDC

requires TLR7. A, Bone marrow cells were

harvested and cultured in Flt3-L to generate

a pDC-rich cell population (∼20%). After a

10-d culture, cells were cultured overnight with

PVM at a multiplicity of infection of 1 in the

presence of brefeldin A. IFN-a was detected by

intracellular cytokine staining and localized to

Siglec-H+, B220+ cells. B, The percentage of

Siglec+IFN-a+ cells as a fraction of total Flt3-

L–treated WT and TLR72/2 bone marrow cells

cultured with or without PVM. Data are mean

6 SEM, three to four mice in each group.

**p , 0.01.

FIGURE 7. TLR7, but not phosphorylated IRF7, is widely distributed. A,

Lung biopsies from naive neonatal WT (left panels) and TLR7-deficient (right

panels) mice were probed for TLR7. The substrate used was fast red and the

counter-stain was haematoxylin. Top panels, Scale bar, 20 mm (original mag-

nification 3400); bottom panels, scale bars, 10 mm (original magnification

31000). B, Enumeration of phosphorylated IRF7-immunoreactive cells inWT

mice at 1 dpi following inoculation with vehicle or PVM6 anti-pDC Ab, and

photomicrograph demonstrating phosphorylated IRF7-immunoreactive cells in

PVM-inoculatedWTmice.Top panel, Scale bar, 20mm(originalmagnification

3400); bottom panel, scale bar, 10 mm (original magnification31000).
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an active participant in the initial phase of infection also. Future

studies will need to address the specific contribution of the epi-

thelium to viral recognition and the prevention of viral dissemi-

nation.

In an illuminating study, Colonna and colleagues (42) generated

pDC–diptheria toxin receptor knockin mice to inducibly deplete

pDC. The findings from this study and those in which Ab-

mediated depletion of pDC has been performed suggest that

pDC provide the immediate source of type I IFN. Consistent with

this paradigm, we observed that the transfer of TLR7-sufficient,

but not TLR7-deficient pDC enabled the recapitulation of the in-

nate response at the same magnitude as that observed in infected

WT mice. Future studies using the pDC–diptheria toxin receptor

knockin mice or bone marrow chimeras (in adult mice) will fur-

ther clarify the contribution of pDC; however, based on our

findings, we postulate that in response to PVM, pDC mediate the

immediate antiviral innate response.

CCL3 has been detected in airway secretions from RSV-infected

infants (43), and CCL3/CCR1 is crucial for neutrophil recruitment

in response to PVM (44). In this study, we detected production

of CCL3 that was temporally associated with the infiltration of

neutrophils and NK cells to the lung of WT mice; expression of

CCL3 as well as neutrophil and NK cell recruitment were elimi-

nated in both TLR7- and MyD88 gene-deleted mice. Although we

did not specifically examine the cellular source of the CCL3,

others have demonstrated that pDC, but not myeloid DC, can

generate an array of chemokines, including CCL3 (32, 33, 45). In

addition, pDC may indirectly induce the expression of CCL3

through the release of IFN-a (46), although we have shown pre-

viously that PVM-induced upregulation of CCL3 occurs in the

absence of IFN-ab receptors (22). In stark contrast to WT mice in

which blunted weight growth was observed as early as 4 dpi, in

both TLR7- and MyD88-deficient mice the absence of an in-

flammatory response led to normal weight gain. However, the

absence of an early TLR7/MyD88–mediated innate inflammatory

(NK cell and neutrophil) response and CTL activation led to in-

creased virus recovery at 5 and 7 dpi. Of note, both the TLR7- and

MyD88-deficient, but not WT mice, exhibited .10% loss in body

weight, but at 7 dpi. The adoptive transfer of TLR7-sufficient (but

not deficient) pDC to TLR7-deficient mice led to the restoration of

CCL3 (and TNF-a) production and associated neutrophilia to

recapitulate the attenuated weight growth observed in infected

WT mice. In contrast, mice that received TLR7-deficient pDC

presented a late fall in body weight. Our data suggest that

TLR7-mediated activation of pDC promotes the early innate in-

flammatory response that underlies the early and mild patho-

physiologic symptoms of disease. The delayed and heightened

morbidity that was evident in the absence of TLR7 may suggest

that pDC are protective, although longer-term studies will be

needed to validate this.

In some studies, some of the TLR7-deficient and MyD88-

deficient mice died at 4–7 dpi in the absence of any clinical

symptoms, and prior to the onset of cellular inflammation. For

ethical reasons, we were unable to perform a definitive LD50

study; however, these findings consolidate the notion that the

absence of TLR7 is not beneficial (as might be inferred from the

FIGURE 8. Reconstitution of

TLR72/2 mice with TLR7+/+, but not

TLR72/2 BM-derived pDC recapit-

ulates host defense and accelerates

viral clearance. Purified Flt3-L–

expanded pDC from TLR7+/+ and

TLR72/2 bone marrow cells were

adoptively transferred to TLR72/2 re-

cipients. Mice were inoculated with

PVM 2 h later, and end points were

measured at 7 dpi (A, B). The left lung

lobe was mechanically dispersed, and

A, neutrophils (FSclowGr-1highCD11b+

CD11c2) and NK cells (CD32CD49b+)

were identified by flow cytometry.

C and D, CCL3 and TNF-a protein

expression in right lung lobe homo-

genates was measured by ELISA. E,

Representative histogram of lung

CD3+CD4+Sca-1+ T cells follow-

ing transfer of TLR72/2 (top panel)

and TLR7+/+ (bottom panel) pDC to

TLR72/2 mice. Graphs represent the

percentage of CD3+CD4+ and CD3+

CD8+ T cells expressing Sca-1, as

detected by flow cytometry. F, Re-

cipient TLR72/2 mice were weighed at

7 d of age immediately prior to in-

oculation with PVM (day 0). Mice

were weighed every 24 h thereafter

until euthanasia, and weight was ex-

pressed relative to day 0. G, Virus

recovery in the lungs was measured by

qRT-PCR. *p , 0.05, **p , 0.01,

***p , 0.01.
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lack of clinical symptoms at 4 dpi). Intriguingly, emerging clinical

data suggest that the absence of NK cells may be related to in-

creasing severity of disease (3, 47–49). Analysis of lung tissue

from infants with fatal cases of RSV has revealed a near absence

of NK cells and CTLs (48), whereas the bronchial epithelia of

these subjects was highly immunoreactive for RSVAg, indicative

of virus replication in situ. Future studies will need to address

whether alterations in TLR7 expression or function (or related

signaling molecules) predispose toward virus-associated bron-

chiolitis. In addition, it remains to be determined whether the de-

layed presentation of symptoms observed in the gene-deleted

mice occurred as a result of a late, albeit weak innate response

in these mice, or whether it was related to increased virus repli-

cation and associated cellular damage. However, we did observe

that the organization of the airway epithelium of TLR7-deficient

mice was significantly perturbed, with evidence of denudation of

the basement membrane and epithelial cell sloughing, similar to

that seen in clinical autopsy specimens (3). We speculate that

whereas the absence of the innate inflammatory response protects

against the early presentation of morbidities, the resultant failure

to control the virus may either lead to mortality through epithelial

dysfunction and airway obstruction by edema, or cause a delayed,

but heightened inflammatory response that causes significant

morbidity.

Although the focus of this study was the effect of TLR7 de-

ficiency on the innate inflammatory response, we also demonstrated

that T cell activation and production of effector cytokines were

attenuated in the absence of TLR7, supporting the notion that

activation of the innate immune response is critical for the in-

duction of T cell priming. A limitation of this experiment was

the absence of a tetramer-based strategy to enumerate absolute

numbers of P261-specific T cells; however, it is noteworthy that in

the absence of TLR7, the fraction of CD8+ T cells in the medi-

astinal lymph nodes was reduced by 50%, whereas the production

of both IFN-g and TNF was reduced by .95 and .80%, re-

spectively. Consistent with our findings, influenza-specific IFN-g

production from memory CD4+, but not CD8+ T cells was sig-

nificantly reduced in mice lacking TLR7 (50). In contrast, lym-

phocytoid choriomeningitis virus-specific CTL responses were not

affected by the absence of TLR7, although in this latter study the

CTL response was found to be MyD88 dependent (51). This

discrepancy in host response may relate to the host’s repertoire of

PRR that can recognize any given pathogen as well as the ability

of the pathogen to evade detection or subvert immune function

(50, 52–54). In our study, it is possible that the attenuated P261

PVM-specific CTL response in TLR7-deficient mice marked a

delayed adaptive response as a consequence of the delayed innate

response. Alternatively, the secondary PRR system engaged in the

absence of TLR7-mediated recognition may be less effective in

inducing a robust adaptive response. As such, it will be interesting

to determine whether the TLR7–MyD88 pathway is necessary for

the development of a protective Ab and memory T cell responses

to PVM, as has been shown for influenza virus and RSV (50, 55).

The nature of the alternative PRR system remains unknown. The

elevated IFN-g protein and the upregulation of RIG-I gene ex-

pression in TLR7-, but not MyD88-deficient mice implicate a role

for another MyD88-dependent Toll–IL-1R family member, such

as TLR4 (56) or the IL-1bR complex. Of note, influenza virus has

recently been shown to activate the NLRP3 inflammasome, which

catalyzes the formation of biologically active IL-1b through the

activation of caspase-1 (7, 8). In addition to NLRP3, both NOD2

and RIG-I can induce the activation of caspase-1 and have been

reported to recognize RSV-derived ssRNA (10, 55). We observed

an increase in RIG-I, but not NOD2 or NLPR3 gene expression

from 5 to 10 dpi in TLR7-deficient mice. Other paramyxoviruses

(such as RSV, measles, mumps, and Sendai virus) are recognized

by RIG-I, and we speculate that the activation of RIG-I (as op-

posed to MDA-5) may underlie the late IFN response observed in

this study. It should also be noted that RIG-I and IRF7 were up-

regulated in WT mice, consistent with the notion that the early

release of type I IFN by pDC bolsters the RLR system to support

viral recognition by nonspecialized cells (6, 57). Taken together,

the novel findings presented in this work suggest a hierarchy

among PRR systems in the recognition of PVM, whereby acti-

vation of the TLR7–MyD88 axis in pDC not only establishes the

early antiviral state, but also primes other innate sensors such as

the RLR and NLR systems. Thus, the strategic targeting of pDC

by RSV (15) and/or genetic polymorphisms associated with key

genes in the TLR7-signaling pathway (e.g., IRF7) may have sig-

nificant consequences for the induction of host defense and un-

derlies susceptibility to RSV-induced bronchiolitis and pneu-

monia.

It is conceivable that the failure to clear the virus increases its

dissemination and infectivity of additional cell types that may

preferentially employ the alternative PRR. Indeed, our observation

that the airway epithelium was damaged in TLR7-deficient, but

not TLR7-sufficient mice lends support to this proposition. It is

also possible that this PRR is activated as a result of the greater

viral burden that occurs in the absence of TLR7. In preliminary

experiments, we have observed that inoculation with higher doses

of PVM induces markedly higher concentrations of IL-1b in

TLR7-deficient as compared with WT mice (data not shown),

suggesting that viral detection may be dose dependent. Our ob-

servations have significant ramifications for studies in mice in

which sizable inocula (105–107 PFU hRSV per mouse) are used to

recover virions at later time points. Other studies that have used

gene-deleted mice found that the clearance of hRSV in mice was

more dependent on the RLR than the TLR family (55, 58).

However, pDC-depleted mice are also characterized by higher

viral titres (59, 60). Because pDC are proposed to primarily sense

viruses via TLR7 and TLR9, it is difficult to reconcile these

findings. Because the TLR7–MyD88 pathway is employed by

pDC, whereas the RLR system (and possibly TLR7 pathway) is

used by epithelial cells, we speculate that inoculation with high

doses of RSV triggers an inflammatory response that is pre-

dominantly mediated via activation of RLRs. Our findings em-

phasize the need to distinguish between virus replication and

simple Ag recognition when investigating the molecular and cel-

lular processes that underlie host–pathogen interactions. Thus, as

PVM is recognized, infects, and replicates within the host, the

natural sequelae of events can be followed, and as a consequence,

the temporal hierarchy of innate receptor-mediated recognition

and cellular activation can be better delineated.

In summary, our study has focused on a host-specific pneu-

movirus that initiates severe respiratory disease at physiological

inocula in a neonatal mouse model to investigate the mechanisms

that underlie the immediate innate responses to pneumovirus in-

fection in human infants. Collectively, our findings underscore

a critical role for TLR7 and MyD88 in the early recognition and

development of an immediate innate inflammatory response nec-

essary to limit pneumovirus load.
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H. C. Hoogsteden, and B. N. Lambrecht. 2004. Essential role of lung plasma-

cytoid dendritic cells in preventing asthmatic reactions to harmless inhaled an-

tigen. J. Exp. Med. 200: 89–98.
41. Barchet, W., M. Cella, B. Odermatt, C. Asselin-Paturel, M. Colonna, and

U. Kalinke. 2002. Virus-induced interferon alpha production by a dendritic cell

subset in the absence of feedback signaling in vivo. J. Exp. Med. 195: 507–516.
42. Swiecki, M., S. Gilfillan, W. Vermi, Y. Wang, and M. Colonna. 2010. Plasma-

cytoid dendritic cell ablation impacts early interferon responses and antiviral NK

and CD8(+) T cell accrual. Immunity 33: 955–966.
43. Garofalo, R. P., J. Patti, K. A. Hintz, V. Hill, P. L. Ogra, and R. C. Welliver. 2001.

Macrophage inflammatory protein-1alpha (not T helper type 2 cytokines) is

associated with severe forms of respiratory syncytial virus bronchiolitis. J. Infect.

Dis. 184: 393–399.
44. Domachowske, J. B., C. A. Bonville, J. L. Gao, P. M. Murphy, A. J. Easton, and

H. F. Rosenberg. 2000. The chemokine macrophage-inflammatory protein-1

alpha and its receptor CCR1 control pulmonary inflammation and antiviral host

defense in paramyxovirus infection. J. Immunol. 165: 2677–2682.
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