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ANTIVIRAL IMMUNITY
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INTRODUCTION

Asthma is characterized by airway remodeling, airway hyperreactivity, and most typically type 2 inflammation, orchestrated by CD4+
T helper 2 (TH2) cells and type 2 innate lymphoid cells (ILC2) (1).
These two cell types are the primary producers of type 2 cytokines
[interleukin-5 (IL-5) and IL-13], which can induce the pathophysiological features of asthma, either via the direct activation of stromal cells or indirectly via the stimulation of key effector cells, such as
eosinophils and mast cells. Consequently, upstream activators of TH2
cells and ILC2s are now a major focus of research efforts (2). The
eicosanoid prostaglandin D2 (PGD2), long recognized as a potent
bronchoconstrictor (3, 4), is now recognized to act as a chemoattract
ant and inducer of type 2 cytokine production by TH2 cells and ILC2s
(5, 6). As a consequence, the PGD2-responsive G protein–coupled
receptors DP1 and DP2 [also known as chemoattractant receptor–
homologous molecule expressed on TH2 lymphocytes (CRTH2)]
and the enzyme hematopoietic prostaglandin D synthase (h-PGDS)
have all emerged as tractable drug targets in the treatment of allergic
disease (7).
The role of DP1 in asthma pathogenesis remains contentious. DP1
activation was observed to promote CD4+ TH2 cell differentiation
in vitro (8); however, in preclinical models of asthma, DP1 agonism
attenuates type 2 inflammation by suppressing dendritic cell (DC)
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migration, maturation, and differentiation and expanding peripheral
regulatory T cells (9). In contrast, small-molecule DP2 antagonists
diminish the magnitude of allergic inflammation in acute and chronic
animal models, decreasing cellular recruitment and arresting TH2 cytokine production (10, 11). These experimental findings were predictive of clinical efficacy, because various clinical trials with different
DP2 antagonists have since demonstrated improved lung function
and attenuated TH2 responses in patients with allergic asthma (12, 13).
In contrast, treatment with a dual DP1-DP2 antagonist did not improve asthma symptoms or lung function (14).
Lower respiratory viral infections are associated with the onset,
progression, and acute exacerbations of asthma. Severe respiratory
syncytial virus (RSV) or rhinovirus-induced bronchiolitis, and/or
frequent viral-induced wheezing in infancy are major independent
risk factors for the development of childhood asthma (15, 16). Notably, this risk is markedly increased (up to 30-fold) in infants who
become sensitized to allergens (17, 18). This interplay between virus
infections and allergen exposures, together with genetic risk factors,
most likely dysregulates antiviral immunity and induces a microenvironment in the airway mucosa that favors the development of TH2
immunity. Notably, both type 2 “initiating” (for example, IL-33) and
“effector” (for example, IL-4) cytokines negatively regulate the production of antiviral cytokines including type I (/) and type III ()
interferons (IFNs) (19–21), and thus, the development of aberrant
type 2 immune responses in infancy may adversely affect host susceptibility to subsequent infections in childhood and later life. Accordingly, a better understanding of the pathogenic mechanisms by
which RSV infection induces TH2 immunity and severe bronchiolitis
may yield new opportunities for therapeutic intervention and potentially primary prevention for allergic asthma (22). Despite its role as
an inducer of TH2 immunity, the contribution of PGD2 to the pathogenesis of RSV bronchiolitis has yet to be explored. Here, we tested
the hypothesis that the production of PGD2 is elevated during viral
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Prostaglandin D2 (PGD2) signals through PGD2 receptor 2 (DP2, also known as CRTH2) on type 2 effector cells to
promote asthma pathogenesis; however, little is known about its role during respiratory syncytial virus (RSV)
bronchiolitis, a major risk factor for asthma development. We show that RSV infection up-regulated hematopoietic
prostaglandin D synthase expression and increased PGD2 release by cultured human primary airway epithelial
cells (AECs). Moreover, PGD2 production was elevated in nasopharyngeal samples from young infants hospitalized with RSV bronchiolitis compared to healthy controls. In a neonatal mouse model of severe viral bronchiolitis,
DP2 antagonism decreased viral load, immunopathology, and morbidity and ablated the predisposition for subsequent asthma onset in later life. This protective response was abolished upon dual DP1/DP2 antagonism and
replicated with a specific DP1 agonist. Rather than mediating an effect via type 2 inflammation, the beneficial
effects of DP2 blockade or DP1 agonism were associated with increased interferon- (IFN-) [interleukin-28A/B
(IL-28A/B)] expression and were lost upon IL-28A neutralization. In RSV-infected AEC cultures, DP1 activation
up-regulated IFN- production, which, in turn, increased IFN-stimulated gene expression, accelerating viral clearance. Our findings suggest that DP2 antagonists or DP1 agonists may be useful antivirals for the treatment of viral
bronchiolitis and possibly as primary preventatives for asthma.
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bronchiolitis and contributes to disease severity by promoting type 2
inflammation and suppressing antiviral immunity via the activation
of DP2.
RESULTS
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Fig. 1. Severe bronchiolitis induced by PVM/CRE coexposure
promotes PGD2. (A) Study design. Neonatal mice were infected
with PVM [1 plaque-forming unit (PFU)] at 7 days old and/or exposed to CRE 3 days later. End points were assessed 2 hours later
at 5, 7, or 10 dpi. To induce asthma-like pathology, mice were reinfected with PVM and exposed to CRE as shown,
and end points were assessed at 66 dpi. h-PGDS expression in (B) peribronchial leukocytes or in (C and D) AECs
(arrows indicate positive AECs), analyzed by two-way analysis of variance (ANOVA). (E) Neonates were infected
with PVM and/or treated with low-dose exogenous IL-33. h-PGDS in AECs was assessed at 7 dpi. (F) PGD2 in the
lung. Data are presented as mean ± SEM or as box-and-whisker plots to show quartiles (boxes) and range (whiskers)
and are representative of two experiments (n = 5 to 8 mice per group per experiment), analyzed by one-way
ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with vehicle-treated mice. #P < 0.05 and ###P < 0.001 compared with PVM/CRE mice.
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RSV infection up-regulates h-PGDS
and PGD2
We sought to validate our experimental
mouse studies using ex vivo cultures of
primary bronchial human (h)AECs obtained from healthy children. Similar to
our findings in mice, and consistent with
a previous report (25), basal h-PGDS and
PGD2 production were detectable in the
absence of infection (Fig. 2, A to C), and
mirroring our in vivo findings with PVM,
infection with RSV [multiplicity of infection (MOI), 1] led to a substantial increase in h-PGDS expression and PGD2
production at 24 and 48 hours (Fig. 2, A
to C). This observation led us to question
whether PGD2 production is elevated in
the upper airways of children with severe
RSV bronchiolitis. Compared to healthy
infant controls, nasal secretions obtained
from young infants with severe RSV bron
chiolitis (mean age, 16 weeks; Fig. 2D) con
tained significantly higher levels of PGD2,
implicating a role for PGD2 in disease
pathogenesis (P < 0.05; Fig. 2E).
DP2 antagonism promotes viral
clearance and antiviral
cytokine production
To explore the contribution of PGD2 to
severe viral bronchiolitis, we returned to
the preclinical model and treated mice
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Severe pneumovirus bronchiolitis up-regulates
h-PGDS and PGD2
We previously developed a preclinical model of viral bronchiolitis and
subsequent chronic asthma by inoculating mice in infancy (“bronchiolitis phase”) and adolescence (“progression to asthma phase”) with
pneumonia virus of mice (PVM; the murine analog of RSV) and lowdose cockroach allergen (CRE) (19). To explore whether virus infection and/or exposure to CRE affected the production of PGD2 during
the bronchiolitis phase (Fig. 1A), we first measured the expression of
cytoplasmic h-PGDS, because this isoform of PGDS is expressed by
leukocytes and lung stromal cells (23, 24). In vehicle-exposed neonatal
mice, leukocyte numbers in the lung were sparse, and consequently,
basal h-PGDS was predominantly expressed, albeit weakly, in bronchial airway epithelial cells (AECs; Fig. 1, B to D, and fig. S1A). After

PVM inoculation, h-PGDS increased only in the airway epithelium
(not the hematopoietic cells) and did not occur until 10 days post
infection (dpi; Fig. 1, B and D, and fig. S1A). In contrast, CRE exposure of either PVM-infected or noninfected mice induced a significant increase in h-PGDS+ inflammatory cells within 2 hours (that is,
at 3 dpi+2hr; P < 0.001; Fig. 1B and fig. S1A), although the response
waned within 48 hours. In contrast to PVM infection, CRE exposure
alone did not affect h-PGDS expression in AECs, whereas in PVM-
infected mice, CRE exposure significantly increased h-PGDS expression in AECs at 7 and 10 dpi compared to mice exposed to PVM alone,
CRE alone, or vehicle (P < 0.001; Fig. 1, C and D).
Having previously identified an important role for IL-33 in this
model (19), we next questioned whether IL-33 regulates h-PGDS expression in AECs. Whereas exposure to low-dose exogenous IL-33
from 3 to 5 dpi had no effect on h-PGDS expression, PVM/IL-33 coexposure (study design shown in fig. S1B) increased the number of
h-PGDS+ AECs at 7 dpi (Fig. 1E). In addition, anti–IL-33 treatment of
PVM/CRE-coexposed mice significantly decreased epithelial h-PGDS
expression at 7 and 10 dpi (P < 0.01 and P < 0.001; fig. S1C). Consist
ent with the distinct cellular and biphasic expression of h-PGDS in
the airway mucosa, PGD2 production in
the airway peaked at 5 and 10 dpi and was
elevated in PVM/CRE-coexposed mice
(but not in PVM-alone or CRE-alone control groups) when compared to vehicle-
exposed mice (Fig. 1F).
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Fig. 2. RSV infection promotes PGD2. Pediatric human bronchial epithelial cells isolated from healthy children
were uninfected (UI) or infected with RSV (MOI, 1). (A) h-PGDS (red) and nuclei (blue) in uninfected (left) or 48 hours
after RSV infection (right) in hAECs. (B) h-PGDS expression was quantified as a percentage of hAECs. (C) PGD2 was
detected in cell supernatants. Box-and-whisker plots show quartiles (boxes) and range (whiskers), and data are representative of three experiments (n = 4 individual hAEC samples per group in duplicate), analyzed by one-way ANOVA.
(D) Details of bronchiolitis patients. (E) Nasal swabs were collected from healthy infants or those admitted to the
hospital with RSV bronchiolitis, and PGD2 was measured. n = 7 to 14 infants per group, analyzed by Mann-Whitney
test. *P < 0.05, **P < 0.01, and ***P < 0.001.

DP2 antagonism prevents type 2
inflammation and ASM growth
Several studies have reported increased
features of type 2 inflammation in young
children infected with RSV (27, 28), a
phenotype that is replicated and most pronounced at 10 dpi in PVM/CRE-coexposed
mice (fig. S3A) and that does not occur with
with the DP2 antagonist AM156 ({2′-[(cyclopropanecarbonyl-ethyl- PVM infection alone (19). When we compared PVM/CRE-coexposed
amino)-methyl]-6-methoxy-4′-trifluoro-methyl-biphenyl-3-yl}-acetic mice treated with and without AM156, we found that DP2 antagonism
acid) (daily oral gavage, 10 mg/kg) from 3 to 9 dpi (Fig. 3A). Consistent with significantly decreased the numbers of lung ILC2s and airway eosinoour previous report (19), PVM/CRE-coexposed mice developed severe phils (P < 0.05), as well as airway neutrophils, lymphocytes, and
bronchiolitis that was associated with stunted weight gain (a phenotype mononuclear cells (Fig. 4, A and B, and fig. S3, B to D). This response
that does not occur in PVM-alone or CRE-alone mice) and increased was associated with a decrease in PGD2 but not in IL-33 concentraviral load in the airway epithelium and whole lung (Fig. 3, B to D). In re- tion (Fig. 4, C to D), which we had previously shown to be elevated at
sponse to AM156 treatment, there was a significant improvement in 3 and 10 dpi (19). Consistent with a lack of PGD2 production in CREweight gain (P < 0.001) and a diminution of viral load when assessed alone or PVM-alone mice, DP2 antagonism had no effect on eosinin the airway epithelium or whole lung (Fig. 3, B to D). DP2 antago- ophilia or ILC2 numbers in the lung in these groups (fig. S3, E
nism did not affect viral load in mice infected with PVM alone.
and F). To assess the direct effect of DP2 antagonism on ILC2 funcHaving previously established that CRE exposure of PVM-infected tion, we FACS (fluorescence-activated cell sorter)-
purified ILC2s
mice delays viral clearance by impairing the production of IFN- from PVM/CRE-coexposed mice. As expected, DP2 antagonism
and IFN- [specifically IL-28A and/or IL-28B; the enzyme-linked attenuated the production of IL-5 and IL-13 by ILC2s in response to
immunosorbent assay (ELISA) detects both proteins] in the BALF IL-2/PGD2 (Fig. 4, E and F). Exogenous IFN- (IL-28A) was also able
and IL-12p40 in the lungs (19), we next assessed the effect of DP2 to substantially decrease the production of both type 2 cytokines
antagonism on the production of these cytokines. Compared to the (Fig. 4, E and F), without affecting ILC2 proliferation or apoptosis
PVM infection–alone group, PVM/CRE-coexposed mice produced (fig. S4, A and B).
similar amounts of IFN- but markedly less IFN-, IFN-, and ILBecause type 2 cytokines can suppress type I and type III IFN pro12p40 protein; strikingly, all three cytokines were substantially ele- duction (20, 29) and DP2 antagonism decreased lung ILC2s (Fig. 4A),
vated at 7 dpi after treatment with AM156 (Fig. 3E, bottom). This it was possible that the type 2 inflammation in coexposed mice acted
response was not associated with an increase in natural killer cell, upstream of the suppressive effects of PGD2/DP2 agonism on IFN-
CD8+ T cell, or plasmacytoid DC numbers (fig. S2, A to C), the latter expression. Although the expression of IL-4 and IL-13 was not elevated
being lower in coexposed mice treated with AM156. At 5 dpi, IFN- until 10 dpi (fig. S3A), 5 days after the dampened IFN- response
or IL-12p40 concentrations were not dampened in coexposed mice (Fig. 3E), we attempted to further exclude a role for IL-13 by treating
and therefore unaffected by AM156. By contrast, DP2 antagonism PVM/CRE-coexposed mice with soluble IL-13R2 fusion protein
restored IFN- concentrations (Fig. 3E, top), implicating a key role (fig. S4C). As expected, blockade of IL-13 signaling had no effect on
for this cytokine in controlling viral load in the early-phase response viral load, IFN- expression, or downstream Irf7 or Casp3 expression
(Fig. 3, C to D). Consistent with the pattern of IFN production, the at (fig. S4, D to H).
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10

tenuated expression of the IFN-stimulated
gene (ISG) Irf7 in PVM/CRE-coexposed
mice was reversed at 5 and 7 dpi after
DP2 antagonism (Fig. 3F). One mechanism by which IFNs counter viral infections is via the induction of apoptosis
(26). We observed that the gene expression of Caspase-3 (Casp3), the effector
caspase of apoptosis, was lower in PVM/
CRE-coexposed mice. Conversely, treatment with AM156 reversed this phenotype,
enhancing Casp3 expression at 5 and 7 dpi
(Fig. 3G).
We next investigated whether the beneficial effects of DP2 antagonism at 5 dpi
were dependent on IFN- signaling by
neutralizing IL-28A (also known as IFN-2;
Fig. 3H). Critically, anti–IL-28A treatment
abrogated the AM156-induced reduction in
viral load and prevented the up-regulation
in Irf7 and Casp3 expression (Fig. 3, I to L).
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Fig. 3. DP2 antagonism promotes antiviral immunity in PVM/CRE mice. (A) Study design. Mice were inoculated at 7 days old with PVM and then exposed to CRE 3 dpi
(intranasal). Some mice were treated daily with a DP2 antagonist (AM156) from 3 to 9 dpi (oral gavage). End points were assessed at 5, 7, and 10 dpi. (B) Weight gain.
(C) Viral load in AECs detected by immunohistochemistry, or (D) whole-lung viral copies assessed by quantitative polymerase chain reaction (qPCR). (E) IFN-,
IFN- (IL-28A/B), and IFN- expression in bronchoalveolar lavage fluid (BALF) and IL-12p40 expression in lung were assessed at 5 dpi (top) and 7 dpi (bottom). (F) Interferon regulatory factor 7 (Irf7) gene and (G) Caspase-3 (Casp3) gene expression in whole lung was assessed by qPCR. (H) Mice were inoculated with PVM ± CRE and treated
daily with AM156. Some mice were treated with anti–IL-28A (intraperitoneally) at 4 dpi. (I) Viral load in AECs or (J) viral copies. (K) Irf7 and (L) Casp3 expression. Data
are presented as mean ± SEM or as box-and-whisker plots to show quartiles (boxes) and range (whiskers) and are representative of two experiments (n = 5 to 10 mice
per group), analyzed by one-way or two-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with PVM-alone mice or as indicated. #P < 0.05 and ###P < 0.001
compared with PVM/CRE mice. Dashed lines represent uninfected controls.

In addition to the attenuated type 2 inflammation in vivo, DP2 an
tagonism prevented smooth muscle growth around the small airways
(Fig. 4G), a cardinal feature of asthma that is now recognized to commence in early life before asthma diagnosis (30). To assess whether
PGD2 acts directly to induce ASM growth, we isolated and cultured
Werder et al., Sci. Transl. Med. 10, eaao0052 (2018)
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mouse primary tracheal ASM cells in the presence of various concentrations of PGD2. Using a fluorescence-based proliferation assay, we
found that PGD2 was a potent ASM cell mitogen, with an EC50 (median
effective concentration) of ~1 pg/ml (Fig. 4H). Although DP1 and DP2
gene expression was similar on the ASM cells (fig. S4I), DP2-specific
4 of 14
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model, leading us to hypothesize that DP1 activation contributes to
the beneficial effects induced by DP2 antagonism. To investigate this,
we treated the PVM/CRE-coexposed mice with a DP1 antagonist
(MK-0524), a DP2 antagonist (AM156), or both antagonists simultaneously (Fig. 5A). In contrast to DP2 antagonism, DP1 antagonism had
no effect on viral load when assessed in the airway epithelium or whole
lung (Fig. 5, B and C). However, DP1 antagonism ablated the beneficial
effects of DP2 antagonism on viral clearance (Fig. 5, B and C). Consistent with an important role for DP1 agonism in promoting antiviral
immunity in the wake of DP2 antagonism, dual DP1/DP2 antagonism
prevented the restorative effects of DP2 antagonism on IFN-, IFN-,
and IL-12p40 concentrations in BALF (Fig. 5D and fig. S5, A to C) and
ISG expression in the lung (Fig. 5, E to F). Similarly, in the context of
type 2 inflammation, DP1 antagonism alone was without effect, and
dual DP1/DP2 antagonism ablated the beneficial effects of AM156 on
airway eosinophils, lung ILC2s, and ASM growth (Fig. 5, G to I).

DP2 but not DP1 antagonism ameliorates bronchiolitis
DP1 activation is protective in an acute model of allergic asthma (9)
and inhibited PGD2-induced ASM cell proliferation in our in vitro

DP1 activation promotes antiviral immunity in vivo
To directly assess the contribution of DP1 and DP2 agonism, we next
treated PVM-infected mice with a specific DP1 (BW245C; 1 mg/kg)
60
40
20

100
50

0

5
dpi

0

0

400

200
100
0

Veh DP2 DP1 DP1+
DP2

*

*
*

5000
0

Veh DP2 DP1 DP1+

Veh DP2 DP1 DP1+

Antagonist

Antagonist

DP2

0

DP2

*

5
dpi

7

20

***

15

**

10
5
0

Veh DP2 DP1 DP1+
DP2

Antagonist

15,000
10,000

Veh DP2 DP1 DP1+

*

DP2

20,000

*

*

**

300

Antagonist

1500

500

500

500

7

2000

1000

***

1000

ILC2s, lung, 10 dpi

0

*

*

ASM (√area/Pbm), 10 dpi

*

1500

Irf7, fold change, 7 dpi

IFN-λ (IL-28A/B) (pg/ml),
BAL, 7 dpi

150

Eosinophils, BALF, 10 dpi

PVM copies/
10,000 HPRT copies (×104)

0

Casp3, fold change, 5 dpi

PVM+ (% AEC)

80

Antagonist

*

0.08
0.06
0.04

*

0.02
0.00

Veh DP2 DP1 DP1+
DP2

Antagonist

Fig. 5. DP2 but not DP1 antagonism prevents severe bronchiolitis in PVM/CRE mice. (A) Study design. Mice were inoculated at 7 days old with PVM and then exposed
to CRE 3 dpi (intranasal). Some mice were treated daily from 3 dpi with a DP2 antagonist (AM156), a DP1 antagonist (MK-0524), or both antagonists from 3 to 9 dpi (oral
gavage). End points were assessed at 5, 7, and 10 dpi. (B) Viral load in AECs detected by immunohistochemistry or (C) whole-lung viral copies assessed by qPCR. (D) IFN-
(IL-28A/B) expression in the BALF at 7 dpi. (E) Irf7 and (F) Casp3 gene expression in whole lung assessed by qPCR. (G) Eosinophils in the BALF at 10 dpi. (H) ILC2s in the lung
at 10 dpi. (I) ASM mass expressed as √area/perimeter of the basement membrane at 10 dpi (Pbm). Data are presented as mean ± SEM or as box-and-whisker plots to show
quartiles (boxes) and range (whiskers) and are representative of two experiments (n = 4 to 8 mice per group), analyzed by one-way or two-way ANOVA. *P < 0.05, **P <
0.01, and ***P < 0.001. Dashed lines represent uninfected controls.
Werder et al., Sci. Transl. Med. 10, eaao0052 (2018)

9 May 2018

6 of 14

Downloaded from http://stm.sciencemag.org/ by guest on May 21, 2019

agonism (with 15R-methyl-PGD2; 4 nM) but not DP1-specific agonism (with BW245C; 60 nM) induced ASM cell proliferation. The
DP1-specific agonist significantly decreased exogenous PGD2-induced
ASM cell proliferation (P < 0.01), indicating that DP1 and DP2 activation elicit opposing responses (Fig. 4I). Collectively, these results
demonstrate a critical role for PGD2-DP2 signaling in inducing ASM
growth both in vivo and in vitro. We next examined whether the protective effect of DP2 antagonism against severe bronchiolitis in infancy
would decrease susceptibility to the development of asthma-like pathologies in later life (see study design in Fig. 1A) (19). Strikingly, DP2
antagonism in early life alone was sufficient to attenuate the development of secondary PVM and CRE exposure–induced chronic asthma as
shown by the reduced airway eosinophils, mucus hypersecretion, ASM
mass, and airways hyperreactivity (Fig. 4, J to M). The effect of DP2 antagonism was not assessed in PVM/PVM- or CRE/CRE-exposed mice
because these mice do not develop an asthma-like pathology (19).
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Fig. 6, B and C). Similar to our observations with DP2 antagonism, DP1
agonism increased the expression of IFN- protein, up-regulated Irf7
and Casp3 gene expression, and promoted AEC expression of cleaved
caspase-3 (Fig. 6, D to G). Notably, IL-12p40 and IFN- concentrations
were not affected by DP1 agonism (fig. S6, A to C), inferring a primary
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DP1 activation promotes antiviral immunity in
ex vivo–cultured AECs via type III IFN
Our in vivo findings obtained with the DP1/DP2-specific agonists
and antagonists suggested that DP2 antagonism promoted antiviral
immunity by enhancing the production of IFN-. Because AECs preferentially express the type III IFN receptor and are a rich source of the
IFN- family of cytokines (encoded by IL28A, IL28B, and IL29) (31),
we returned to the primary hAEC culture model to test this theory.
Strikingly, DP2 antagonism significantly reduced viral burden at 24
and 48 hours after RSV infection (P < 0.05; Fig. 7A). This was coupled
with a boost in IFN- (IL-28A) gene and protein expression (Fig. 7, B
and C; note that the ELISA for human IFN- is specific for IL-28A)
and the downstream up-regulation of IRF7 and CASP3 expression
(Fig. 7, D and E). Similar to our in vivo experiments, we confirmed
that this effect was not influenced by type 2 cytokine production by
neutralizing IL-4 and IL-13. Compared with RSV infection alone, viral
load, IL28A, and IRF7 were not significantly altered in the presence of
anti–IL-4/IL-13 (fig. S7, A to C).
On the basis of our in vivo studies, we hypothesized that the beneficial effect of DP2 antagonism in the hAEC model was mediated via
a shift to DP1 activation. Treatment with the DP1 agonist BW 245C
30 min before RSV infection substantially decreased viral load in hAECs
at 24 and 48 hours (Fig. 7F). Notably, DP1 agonism in the absence of
infection did not induce the expression of either IL28A or IRF7 (fig. S7,
D and E). In contrast to DP1 agonism, the specific DP2 agonist, 15Rmethyl-PGD2, had no effect on viral load (fig. S7, F to H). This suggested that RSV-induced PGD2 production preferentially activates
DP2, an effect that did not relate to a difference in receptor gene expression (fig. S7I). When we repeated this experiment using primary
mAECs, which require differentiation at the air-liquid interface for
PVM infection, DP1 agonism led to a significant decrease in viral copy
number at 24 and 48 hours (P < 0.05; Fig. 7G), and qualitatively, fewer
AECs were immunoreactive for the PVM G protein (Fig. 7H), a phenocopy of the response observed in hAEC. In both hAECs and mAECs,
the lower viral load was associated with higher levels of IL-28A gene
and IFN- protein expression and the downstream induction of IRF7
and CASP3 gene expression (Fig. 7, I to L).
Werder et al., Sci. Transl. Med. 10, eaao0052 (2018)
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To implicate IL-28A as the effector cytokine of DP1-mediated protection, we next treated the hAECs with anti–IL-28A. Neutralization
of IL-28A completely ablated the antiviral effects induced by DP1 activation, leading to increased viral load and preventing the up-regulation
of IRF7 and CASP3 at 48 hours (Fig. 8, A to C). Finally, to explore
whether DP1 agonism might act more broadly and promote antiviral
immunity to other viruses, we stimulated the hAECs with the Toll-like
receptor 3 and RIG-I ligand polyinosinic:polycytidylic acid (polyI:C)
in the absence or presence of BW 245C. Critically, DP1 activation enhanced polyI:C-induced IFN- gene expression at 24 hours, prolonged
IRF7 and CASP3 gene expression, and increased IFN- protein expression at 48 hours (Fig. 8, D to G).
DISCUSSION

Globally, RSV bronchiolitis is estimated to cause up to 200,000 deaths
per annum. At present, there is no effective vaccine, and treatment is
primarily supportive. Severe bronchiolitis is often associated with
heightened viral load (32, 33), which may be linked to RSV’s ability to
impair host IFN- production (34, 35) or single-nucleotide polymorphisms in genes that contribute to innate antiviral immunity (36, 37).
Here, we identified that PGD2 concentrations are elevated in the upper airways of infants hospitalized with RSV bronchiolitis and that
PGD2/DP2 activation suppresses the production of epithelial-derived
IFN- production, thus contributing to disease pathogenesis. However, activation of the DP1 receptor elicited the opposite response,
markedly increasing the production of IFN-, to promote antiviral
immunity and viral control (fig. S8). Thus, DP2 antagonists and DP1
agonists may serve as novel antiviral strategies for the treatment of
RSV bronchiolitis.
Despite the prevailing view that mast cells are the primary source
of PGD2 (38), in both our in vitro and in vivo model systems, we observed large numbers of h-PGDS immunoreactive AECs in response
to virus infection, with a concomitant production of PGD2. In the
AEC cultures, this endogenously produced PGD2 appeared to preferentially activate DP2; treatment with a specific DP1 agonist or DP2
antagonist led to increased IFN- (IL-28A) and attenuated viral replication. The same phenotype was observed in the in vivo model of res
piratory infection; treatment with the DP1 agonist or DP2 antagonist
increased IFN- (IL-28A) production, accelerating viral clearance and
decreasing immunopathology. The latter may reflect a direct effect of
IFN- (IL-28A), because the activation of the type III IFN receptor on
neutrophils can suppress a proinflammatory gene signature in response
to influenza A virus infection (39).
DP2 antagonists have been developed for the treatment of allergic
indications (40). We previously identified that allergen-induced IL-33
release during acute PVM infection increases the severity of viral bronchiolitis in mice by suppressing plasmacytoid DC–mediated antiviral
immunity (19). Here, our findings suggest that IL-33 might also dampen
antiviral immunity via the induction of h-PGDS expression and downstream PGD2 production. Others have shown that DP2 blockade decreases RSV-induced ocular inflammation using a mouse model of
allergic conjunctivitis (41). However, the investigators did not assess
viral load or elucidate the mechanism by which DP2 antagonism was
protective. In our preclinical model, dual DP1 and DP2 antagonism
ablated the beneficial effects of DP2 antagonism, implicating a critical role for PGD2/DP1 signaling, consistent with the protective phenotype conferred by treatment with the DP1 agonist. We resolved that,
consequent to the antagonism of DP2, the preferential activation of
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role for IFN- in accelerating viral clearance. In the absence of infection,
DP1 agonism had no effect on IFN- production. In the context of type
2 inflammation, exposure of PVM-infected mice to exogenous PGD2
or the DP2 agonist increased lung ILC2s, airway eosinophils, and ASM
growth, similar to the effects of PVM/CRE exposure (Fig. 6, H to J). By
contrast, treatment of infected mice with the DP1 agonist did not promote type 2 inflammation or ASM remodeling. Despite the increase in
type 2 inflammation, neither exogenous PGD2 nor the DP2 agonist increased IL-33 at 10 dpi, consistent with the notion that IL-33 is upstream
of PGD2.
A role for DP1 agonism in decreasing lung ILC2s was implicated
by the lack of benefit after dual DP1/DP2 antagonism as compared to
DP2 antagonism (Fig. 5); however, it remained unclear whether this
effect was mediated directly or indirectly (for example, via increased
IFN- expression), or both. To address this, we FACS-purified ILC2s
from PVM/CRE-coexposed mice and stimulated the cells with IL-2
and IL-33 for 3 days in the absence or presence of the DP1 agonist
BW245C. DP1 agonism attenuated IL-2/IL-33–induced proliferation
and type 2 cytokine production by ILC2s (Fig. 6, K to M), suggesting
that DP1 activation can act directly to dampen these potent type 2
effector cells.
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DP1 increases the production of IFN-, decreases viral burden, and
ameliorates the severity of bronchiolitis in early life.
In response to respiratory virus infection, cultured AECs from
asthmatic subjects produce less type I and type III IFN as compared
to healthy controls (42, 43). This phenotype has been reproduced by
other laboratories (29, 44), although not universally (45, 46). Our
in vivo study suggested that leukocyte-derived and then, later in the
infection, epithelial-derived PGD2 controls the production of IFN-
(IL-28A), implicating a critical role for PGD2 and, more specifically, the
activation of DP1 or DP2 in regulating epithelial host defense. Mechanistically, we demonstrated that IFN- (IL-28A) promoted ISG expression in the cultured hAECs, including the expression of caspase-3, to
promote viral control (although, notably, Casp3 expression did not always correlate with IFN expression, possibly because viral load is a key
determinant). These pathways were reproduced in the in vivo mouse
model, where, notably, (i) DP1 activation increased IFN- (IL-28A)
production at 5 dpi in PVM-infected mice independently of an inhibitory effect driven by DP2 signaling, and (ii) the beneficial effects of
DP2 antagonism were abrogated in the presence of anti–IL-28A. Thus,
DP1 signaling positively regulates the expression of IFN-. This effect
(both in vivo and in vitro) appeared to be independent of IL-4 and
IL-13, which have been shown to suppress type I and type III IFNs
(20, 29). Critically, DP1 activation also enhanced the antiviral response
of hAECs stimulated with the viral mimetic double-stranded DNA
polyI:C, suggesting that DP1 agonists may offer benefit for the treatment of RSV bronchiolitis and other viral infections.
Severe viral bronchiolitis and allergic sensitization are independent risk factors for asthma onset; however, this risk is magnified in
Werder et al., Sci. Transl. Med. 10, eaao0052 (2018)
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young children who are both sensitized and experience severe and/or
frequent lower respiratory infections (17, 18). Whether viral bronchiolitis is causal for asthma remains contentious; however, in one clinical study, it was estimated that if RSV bronchiolitis were causal, then
its elimination could prevent up to 13% of asthma cases (15). To simulate the human epidemiology, we previously developed a preclinical
model whereby virus- and allergen-coexposed neonatal mice are predisposed to develop asthma-like pathologies upon secondary virus
and allergen exposure in later life (19). Here, we took advantage of this
model and demonstrated that DP2 antagonism in early life alone decreased the onset of type 2 immunity and airway remodeling in infancy
and, moreover, was sufficient to prevent PVM/CRE-induced progression to an asthma-like pathology in later life. Thus, DP2 antagonism
acted as an effective primary preventative when used in early life. In
addition to RSV, rhinovirus infections can also cause bronchiolitis, and
in sensitized individuals, rhinovirus infections are associated with
greater risk of asthma development (16). It is probable that PGD2 also
plays a pathogenic role in this setting, because rhinovirus infection of
cultured hAECs has been shown to induce PGD2 production (47).
Recent phase 2a trials of small-molecule DP2 antagonists are encouraging, demonstrating improvements in both eosinophil numbers
and lung function, even in patients with severe asthma receiving oral
corticosteroids (12, 13). Although these drugs are known to decrease
type 2 inflammation via antagonism of PGD2/DP2, our findings show
that these drugs may also promote this outcome by increasing DP1
activation, which (i) directly attenuates ILC2 proliferation and type 2
cytokine production and (ii) increases IFN- expression, a negative
regulator of type 2 cytokine production. Perhaps more importantly,
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used in vivo and in vitro to implicate these receptors to phenotypic outcomes. Human primary AECs were obtained from Lonza (n = 6 patients).
Nasopharyngeal samples from young infants hospitalized with RSV
bronchiolitis were compared to healthy controls. The sample size in
this study was based on the number of infants presenting to the hospital with RSV bronchiolitis (during the RSV season) with samples
that we were able to methyloximate in time to stabilize PGD2. For
in vivo studies, we used a neonatal model of severe viral bronchiolitis. The basic experimental design of animal experiments used in
this study is depicted in Fig. 1A, and intervention study designs are
depicted in Figs. 3A, 5A, and 6A. Litter sizes were standardized 1 day
after birth, and mice were randomly assigned to treatment groups.
The sample size of the viral bronchiolitis and subsequent asthma
model experiments was based on our previous experience with this
animal model (19, 21). The investigators were not blinded to treatments; however, histology was quantified blinded. Figure legends
include details of replicate experiments. No data were excluded from
this study. Primary data are located in table S3. All animal studies
were approved by the University of Queensland Animal Ethics Committee (protocols 209/13 and 194/16). Ethical approval for collecting patient samples was obtained from the ethics committee at the
Princess Margaret Hospital for Children (protocol 1761EP).

MATERIALS AND METHODS

Airway epithelial cell culture
Human bronchial AECs were obtained from healthy pediatric donors
(Lonza; table S1). Cells were grown in steroid-supplemented bronchial epithelial growth medium (Lonza) until 75% confluent, and
then culture medium was replaced with steroid-free medium 24 hours
before infection with RSV. Primary cells were incubated with RSVA2

Study design
The aim of this study was to understand the role of PGD2 in viral
bronchiolitis. We used primary hAECs, nasopharyngeal samples from
infants with RSV bronchiolitis, and a mouse model of severe viral
bronchiolitis. Specific DP1 and DP2 antagonists and agonists were
Werder et al., Sci. Transl. Med. 10, eaao0052 (2018)
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Virus and allergen exposure and drug administration
Specific pathogen-free BALB/c mice (obtained from the Animal Resources Centre and bred at the University of Queensland) were inoculated (intranasal route) at 7 days of age with 1 PFU of PVM (strain
J3666) (19, 56) or vehicle [Dulbecco’s modified Eagle’s medium + 10%
fetal calf serum (FCS)] under light isoflurane–induced anesthesia.
Three days later, the mice were exposed (intranasal route) to 1 g of
CRE (GREER Laboratories) or vehicle [phosphate-buffered saline
(PBS)] and euthanized at the times indicated (Fig. 1). In some experiments, mice were infected with PVM and then exposed (intranasal
route) to exogenous IL-33 (0.5 g/kg) daily at 3 to 5 dpi, or PVM/CRE-
coexposed mice were treated with anti–IL-33 or isotype control
(200 g) at 4, 6, and 8 dpi (19). To progress disease to an asthma-like
phenotype, mice inoculated in early life with PVM and CRE were
reinfected 6 weeks later with PVM (20 PFU) and exposed to CRE at
45, 49, 56, and 63 dpi (Fig. 4).
To antagonize DP1 and/or DP2, mice were treated (oral gavage)
daily at 3 to 9 dpi with the DP2 antagonist AM156 (57) (synthesized
by G. Painter and K. Johnston of the Ferrier Institute, Victoria University, Wellington, New Zealand) and/or the DP1 antagonist MK-0524
(Cayman Chemical) at 10 and 5 mg/kg, respectively, as previously
described (57, 58). To activate DP1 or DP2, mice were treated (intranasal route) daily at 3 to 9 dpi with the DP1 agonist (1 mg/kg; BW
245C, Cayman Chemical) or the DP2 agonist (1 mg/kg; 15R-methyl-
PGD2, Cayman Chemical), doses at which the agonists are selective
for the respective receptor (59, 60). Exogenous PGD2 was used at
5 g/kg (Cayman Chemical). In some experiments, mice were treated
with anti–IL-28A (1 mg/kg; R&D Systems) or soluble IL-13R2 fusion protein (40 mg/kg; Pfizer).
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our findings demonstrate that DP2 antagonists, in addition to decreasing type 2 inflammation, would also boost antiviral immunity and
thus lower the incidence of virally-triggered exacerbations. In light
of the detrimental effects of corticosteroids on antiviral immunity, clinical
studies are now required to evaluate whether treatment with DP2 antagonists will allow for steroid-sparing, as has been shown with biologics targeting IL-4R and IL-5 (48, 49).
Increased ASM mass is a hallmark feature of asthma that is now
recognized to develop in young children, predating asthma diagnosis (30). Strikingly, we observed that DP2 blockade prevented the
aberrant ASM growth during bronchiolitis in early life. This intervention was sufficient to prevent ASM growth upon secondary virus
and allergen exposure in later life, although whether this relates to
an ASM intrinsic or extrinsic mechanism remains to be determined.
PGD2 is well established as a potent bronchoconstrictor (3, 4); however, in this study, we identified that PGD2 is also an effective mitogen
of primary mouse ASM cells. This response to PGD2 was mediated
via DP2, and DP1 agonism (both in vivo and in vitro) once again served
to counter the pathogenic effects mediated by PGD2/DP2 signaling.
Previous studies have demonstrated that DP1 and DP2 activation
elicit opposing effects on the development of TH2 immunity. For example, DP2 activation promotes chemotaxis and the activation of
TH2 effector cells, whereas DP1 agonists promote tolerogenic DCs and
the differentiation of regulatory T cells (6, 9). Here, we extend this paradigm to show that DP2 and DP1 activation exert opposing effects
on ASM cell proliferation and AEC antiviral cytokine production.
Despite the fact that PGD2 binds to both receptors with similar affinity (50), endogenously produced PGD2 preferentially activated
DP2 in both the in vitro and in vivo model, and thus, the production of PGD2 during RSV infection was deleterious. The differential
distribution of the two receptors might underlie this effect; for example, DP2 is highly expressed on type 2 effector cells (5, 6) and is
further up-regulated during inflammation (51); however, we found
that both receptors, as measured by qPCR, were expressed at the same
level on AECs and ASM cells. Note that many of the metabolites of
PGD2, including DK-PGD2, 12PGD2, and 12PGJ2 (52–54), are highly selective for DP2 and can suppress antiviral immunity (55), and
thus, we speculate that the dominant DP2 phenotype is underpinned
by these compounds. Another limitation of our study is that we have
yet to resolve the molecular mechanism by which DP1 signaling increases the production of IFN-.
In conclusion, we show that PGD2 production is elevated in nasopharyngeal samples in young infants hospitalized with RSV bronchiolitis. Using species-specific pneumoviruses in in vivo and in vitro
model systems, we revealed that PGD2 contributes to disease severity by suppressing antiviral immunity and promoting type 2 inflammation. DP2 antagonism reversed the deleterious effects of PGD2
by favoring the activation of DP1. Accordingly, DP2 antagonists or
DP1 agonists may prove useful for the treatment of viral bronchiolitis,
viral-triggered exacerbations of asthma, and potentially other indications where viruses contribute to disease pathogenesis.
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Bronchiolitis subjects
Children were admitted to the hospital with viral bronchiolitis (details
in Fig. 2D). Healthy subjects were recruited from the surgical ward and
did not have bronchiolitis or other respiratory complications. Consent
was obtained from parents and viral species detected using quantitative real-time PCR. Nasal swab sampling was performed by a single investigator and involved rotating a soft flocked nasal swab around the nostril.
Swabs were collected and spun to obtain a cell-free supernatant, which
was immediately stabilized for PGD2 detection, as described below.
PGD2 stabilization and detection
Briefly, lung lobes were homogenized, or supernatant was collected
and then liquid-extracted using acetone. Samples were spun and washed
twice and then evaporated to dryness under a stream of compressed
air (about 2 min). All samples (lung samples, nasal swabs, and cell supernatant) were methyloximated to stabilize PGD2, and the assay was
run as per the manufacturer’s instructions. A PGD2-MOX Express
ELISA kit (mouse) or a PGD2-MOX ELISA kit (human samples) was
used to detect PGD2 production (Cayman Chemical). According to
the manufacturer, cross-reactivity with similar molecules (for example, PGF2 or prostaglandin E2) is <1%.
ASM culture
Mouse tracheal smooth muscle cells from naïve, 21-day-old mice were
isolated using 0.15% pronase at 4°C overnight, as described previously
(62). Cells were passaged up to four times before use in proliferation
assays. ASM cells were dyed with V450 proliferation dye (eBioscience),
washed, and plated overnight in 10% FCS-supplemented media. Cells
were then serum-starved overnight, before stimulation with PGD2, a
DP1 agonist (120 nM, BW 245C), or a DP2 antagonist (10 pM, 15Rmethyl-PGD2) for 4 days. Proliferation (dilution of V450 dye) was measured with an LSRFortessa X-20 (BD Biosciences) and normalized
to maximum (10% FCS) and minimum (1% FCS) proliferation.
ILC2 culture
ILC2s (CD2−, CD3−, CD11c−, CD11b−, B220−, Gr-1−, CD25+, ST-2+, and
CD90.2+) were FACS-sorted (>95% purity) as described previously
Werder et al., Sci. Transl. Med. 10, eaao0052 (2018)

9 May 2018

(19) from the lungs of PVM/CRE-coexposed mice at 10 dpi. Cells were
stained with CFSE and then cultured with IL-2 (30 ng/ml) and stimulated with IL-33 (30 ng/ml) or PGD2 (100 ng/ml). In some experiments,
the cells were treated with AM156 (100 nM), IFN- (100 ng/ml), or
BW245C (100 nM). Supernatant was collected after 96 hours, and cell
proliferation (CFSE dilution) and/or apoptosis (annexin 5 expression)
was measured by flow cytometry.
Statistical analyses
GraphPad Prism version 5.0 software was used for all statistical analyses. A Student’s t test, one-way ANOVA with a Tukey’s post hoc test,
or two-way ANOVA with a Sidak post hoc test was applied as appropriate. P < 0.05 was considered statistically significant.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/10/440/eaao0052/DC1
Materials and Methods
Fig. S1. h-PGDS expression.
Fig. S2. Effect of DP2 antagonism on antiviral immune cells.
Fig. S3. Effect of DP2 antagonism on type 2 inflammation.
Fig. S4. Effect of DP2 antagonism is not mediated by IL-13.
Fig. S5. Effect of DP1 and/or DP2 antagonism on antiviral cytokines.
Fig. S6. Effect of DP1 and/or DP2 agonism on antiviral cytokines.
Fig. S7. Effect of anti-TH2, DP1-alone or RSV+DP2 agonism in hAECs.
Fig. S8. A simplified schematic of the proposed mechanisms by which PGD2 suppresses or
promotes antiviral immunity.
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Table S2. Oligonucleotide sequences used in this study.
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RSV gives innate immunity the runaround
Asthma can be exacerbated by pathogens such as respiratory syncytial virus (RSV); prostaglandin D2
(PGD2) is also important in asthma and is being investigated as a therapeutic target. Werder et al. used multiple
models to examine how RSV infection may perturb immune responses and influence asthma pathogenesis.
Samples from infants with bronchiolitis or primary pediatric epithelial cells infected with RSV had elevated PGD2.
Modulating PGD2 signaling in a mouse model of severe bronchiolitis improved antiviral immunity and dampened
asthmatic symptoms later in life. This protection was not due to preventing type 2 immunity but instead a
restoration of IFN- λ production. Their findings shed light on this host-pathogen interaction and suggest new
therapeutic avenues.

