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necessary for viral clearance, and many age-dependent intrinsic T cell defects have been documented. However, the
development of robust T cell responses in the lung also requires respiratory DCs (rDCs), which must process antigen and
migrate to draining LNs (DLNs), and little is known about age-related defects in these T cell–extrinsic functions. Here, we
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defects in T cell responses and was not a result of cell-intrinsic defect, rather it reflected the observed age-dependent
increases in PGD2 expression. Blocking PGD2 function with small-molecule antagonists enhanced rDC migration, T cell
responses, and survival. This effect correlated with upregulation on rDCs of CCR7, a chemokine receptor involved in DC
chemotaxis. Our results suggest that inhibiting PGD2 function may be a useful approach to enhance T cell responses
against respiratory viruses in older humans.
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The morbidity and mortality associated with respiratory virus infection is felt most keenly among the elderly. 	
T cells are necessary for viral clearance, and many age-dependent intrinsic T cell defects have been documented. 	
However, the development of robust T cell responses in the lung also requires respiratory DCs (rDCs), which 
must process antigen and migrate to draining LNs (DLNs), and little is known about age-related defects in 
these T cell–extrinsic functions. Here, we show that increases in prostaglandin D2 (PGD2) expression in mouse 
lungs upon aging correlate with a progressive impairment in rDC migration to DLNs. Decreased rDC migra-
tion resulted in diminished T cell responses and more severe clinical disease in older mice infected with respi-
ratory viruses. Diminished rDC migration associated with virus-specific defects in T cell responses and was 
not a result of cell-intrinsic defect, rather it reflected the observed age-dependent increases in PGD2 expres-
sion. Blocking PGD2 function with small-molecule antagonists enhanced rDC migration, T cell responses, 
and survival. This effect correlated with upregulation on rDCs of CCR7, a chemokine receptor involved in 
DC chemotaxis. Our results suggest that inhibiting PGD2 function may be a useful approach to enhance T cell 
responses against respiratory viruses in older humans.

Introduction
Many age-dependent defects in the immune response to patho-
gens have been identified and shown to correlate with worse 
outcomes after infection with such pathogens as influenza A 
virus (IAV), West Nile virus, and, most notably, severe acute 
respiratory syndrome coronavirus (SARS-CoV) (1–4). More than 
90% of all deaths from IAV occur in the elderly (>65 years of 
age) (5). In the 2002–2003 SARS epidemic, no patients under 24 
years of age died, while mortality was more than 50% in those 
over 65 years of age (6). Since T cells are necessary for virus 
clearance in infected animals, prior studies have focused on 
virus-specific T cell responses in order to understand this age-
dependent increase in susceptibility. Oligoclonal expansions of 
virus-specific T cells, holes in the T cell repertoire, and quantita-
tive and qualitative defects in T cell function in aged hosts have 
been demonstrated previously (1, 2, 7).

The development of a robust antiviral T cell response in the 
lungs requires efficient pathogen recognition and activation and 
migration of respiratory DCs (rDCs) to the draining LNs (DLNs), 
in which the T cell response is primed. Defects in DC function 
have been identified in some, but not all, studies of older popula-
tions. Most of these studies analyzed Langerhans cells (skin and 
mucosal DCs) in vivo in mice or were performed in vitro using 
human or mouse DCs (8–10). Little is known about age-dependent 
changes in the lung environment that might impact rDC migra-
tion or function and consequently diminish the T cell priming 
ability of these cells (7). Candidate molecules that might vary in 

expression and affect rDC migration include chemokines, such 
as CCL19 and CCL21 (11), and eicosanoids, pleiotropic bioactive 
lipid mediators (12, 13). The latter include prostaglandins and 
leukotrienes, which have been implicated in DC migration from 
sites such as the skin to the DLNs. For example, the cysteinyl leu-
kotriene LTC4 is involved in DC migration from the skin to DLNs 
but is not required for rDC migration to the lung DLNs (14, 15). 
Whether lipid mediators are involved in migration from the lungs 
to the DLNs in young or aged animals infected with viruses or 
other pathogens is unknown.

To determine the relative importance of deficiencies in T cell–  
or rDC-intrinsic function compared with that of the lung envi-
ronment in older mice, we infected animals with several respira-
tory viral pathogens, including IAV, SARS-CoV, respiratory syn-
cytial virus (RSV), and a pneumotropic strain of mouse hepatitis 
virus (MHV-1). Like IAV and SARS-CoV, RSV causes severe dis-
ease in elderly patients (16). MHV-1 causes a severe acute respi-
ratory disease in mice (17). We show, for the first time to our 
knowledge, that the ability of rDCs to migrate to DLNs is com-
promised in aged mice, with a decline in migration occurring as 
early as 6 months of age. Diminished rDC migration correlated 
with defects in virus-specific T cell responses and was not cell 
intrinsic but rather reflected age-dependent changes in the lung 
environment. Specifically, we show that defects in rDC migratory 
ability correlated with an age-dependent increase in levels of pros-
taglandin D2 (PGD2). Treatment with PGD2 antagonists reversed 
this defect in rDC migration, with concomitant enhancement of 
the antivirus T cell response and prolonged survival. This effect 
correlated with upregulated expression of CCR7, a chemokine 
receptor involved in DC chemotaxis.
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Results
rDC migration to DLNs progressively decreases as mice age. We analyzed 
rDC migration to DLNs in the context of respiratory infections 
caused by SARS-CoV (mouse-adapted MA15 strain), IAV (PR8 
strain), RSV (A2 strain), and MHV-1. C57BL/6 (B6) mice were 
inoculated i.n. with CFSE to label rDCs and infected 6 hours later. 
Frequency and numbers of CFSE+ rDCs in the DLNs were deter-
mined at 18 hours postinfection (p.i.) (gating shown in ref. 18), the 
time of peak rDC migration in most (18–21) but not all studies 
(22). In all 4 infections, there was a progressive decrease in frequen-
cies and numbers of rDCs in the DLNs as mice aged (Figure 1, A 
and B). We also measured rDC migration at other times p.i. and 
confirmed that the peak of rDC migration remained at 18 hours 
p.i. at all ages (Figure 1C). Enhanced rDC migration resulted in 
increased cellularity in the DLNs of 6-week-old mice, with only 
modest change or no changes in cell numbers detected in the 

DLNs of 12-month-old and 22-month-old infected mice (Figure 
1D). Decreased rDC migration did not occur only in the context of 
infection, because fewer rDCs were detected in the DLNs of unin-
fected aged mice after labeling with OVA-FITC, a intervention that 
also induces rDC activation and migration (ref. 23 and Figure 1A). 
Notably, age-dependent decreases in rDC migration were most 
striking in mice infected with SARS-CoV, with profound defects 
observed even in 6-month-old mice. For subsequent experiments, 
we analyzed mice infected with SARS-CoV or IAV.

CD11b+ and CD103+ rDCs are the most important rDCs for  
T cell priming in the DLN (24–27) and differences in migration 
of each subset could contribute to differences in T cell responses.  
However, this was not the case, because similar proportions of 
the 2 rDC subsets were detected in the DLNs of 6-month-old,  
12-month-old, and 22-month-old SARS-CoV– and IAV-infected 
mice (Figure 1E). To assess differences in rDC activation during 

Figure 1
rDC migration to DLNs progressively decreases in aged mice. (A) Six-week-old, six-month-old, twelve-month-old, and twenty-two–month-old 
mice were i.n. inoculated with 50 μl 8 mM CFSE. Six hours after instillation, mice were infected with SARS-CoV, IAV, RSV, or MHV-1. Naive 
mice inoculated with 200 μg/75 μl OVA-FITC served as controls. After 18 hours, single-cell suspensions were prepared from lung DLNs. The 
numbers represent the percentage of CFSE+ cells within the CD11c+MHCII+ DC population per LN. (B) Total CFSE+ DC numbers per LN, (C) 
the time course of rDC migration to the DLNs, (D) fold increase in DLN cellularity relative to that of naive mice, and (E) the proportion of CD11b+ 
and CD103+ populations among CFSE+CD11c+MHCII+ rDCs in DLNs are also shown. (F) CD86 expression on rDCs in the lung 18 hours p.i.  
n = 4 mice in each group for each experiment. Data are representative of 5–10 independent experiments. *P <0.05 versus 6 week.
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aging, we measured CD86 (Figure 1F) and CD40 (data not shown) 
expression on rDCs harvested from lungs. rDC activation was 
equivalent in 6-week-old, 12-month-old, and 22-month-old mice, 
again suggesting that the predominant defect in these cells was 
inability to migrate to the DLNs. rDCs must uptake, process, and 
present antigen to prime T cells. The possible role of age-depen-
dent defects in antigen uptake and processing was examined by 
treating uninfected mice with OVA-DQ, an antigen that becomes 
fluorescent only after proteolysis in the cell. Antigen uptake and 
processing were equivalent in young and aged mice, as evidenced 

by similar frequencies of OVA-FITC+ or OVA-DQ+ CD11b and 
CD103 rDCs in the infected lung (Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI59777DS1). There was an age-dependent decrease in the frac-
tion of OVA-DQ+ rDCs in the DLNs of 22-month-old mice (Sup-
plemental Figure 1B). However, consistent with a rDC migration 
defect, no notable differences were observed when mice treated 
with OVA-FITC or OVA-DQ were compared (Supplemental Fig-
ure 1B), suggesting equivalent ability to process antigen. Further, 
OVA-FITC–loaded rDCs from 6-week-old and 22-month-old mice 

Figure 2
Age-dependent decreases in virus-specific CD8 T cell responses in lungs of SARS-CoV– and IAV-infected mice. Lung cells were harvested from 
young and aged B6 mice 6 days or 8 days after SARS-CoV or IAV infection, respectively. (A) Tetramer staining for epitopes S436 (Tet-S436) 
and PA224 (Tet-PA224) (numbers represent the percentage of tetramer+ CD8 T cells), (B) total numbers of CD8 T cells, and (C) frequency 
and (D) numbers of tetramer+ or IFN-γ+ virus-specific CD8 T cells for epitopes S436 and PA224 are shown. *P < 0.05. (E) Geometric mean of 
fluorescence intensity (MFI) of IFN-γ production upon peptide stimulation is shown (young, 6 weeks old; old, 12 months old, SARS-CoV infected 
and 22 months old, IAV infected). n = 4–6 mice/group/experiment; *P < 0.05. Data are representative of 4–5 independent experiments. Mice of 
various ages were i.n. infected with (F) SARS-CoV or (G) IAV virus. Mortality was monitored daily. P values were determined by Kaplan-Meier 
survival tests (for SARS-CoV–infected mice, 6-week-old mice, n = 14; 6-month-old mice, n = 8; 12-month-old mice, n = 10; 22-month-old mice, 
n = 8; for 6-week-old versus 12-month-old or 22-month-old, P < 0.005) (for IAV-infected mice, 6-week-old mice, n = 10; 6-month-old mice, n = 8; 
12-month-old mice, n = 8; 22-month-old mice, n = 10; for 6-week-old versus 22-month-old mice, P = 0.04).
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showed similar ability to stimulate proliferation of naive OT-1 cells 
in a 4-day in vitro proliferation assay (Supplemental Figure 1C).

Age-dependent decreases in virus-specific CD8 T cell responses in lungs 
of SARS-CoV– and IAV-infected mice. Defects in rDC migration to 
the DLN are predicted to result in diminished T cell responses. 
To assess this possibility, we examined virus-specific CD8 T cell 
responses in the lungs of 6-week-old, 6-month-old, 12-month-old, 
and 22-month-old mice infected with SARS-CoV or IAV using 
MHC class I/peptide tetramers. rDC migration was decreased in 
SARS-CoV–infected 6-month-old mice (Figure 1A), and, concomi-
tantly, total and epitope S436-specific CD8 T cell responses were 
also decreased compared with those of 6-week-old mice (Figure 2, 
A–D). SARS-CoV–specific T cell responses continued to decrease 
as mice aged, so that responses were reduced by approximately 
90% at 12 months of age compared with those of infected mice at  
6 weeks of age. By 22 months of age, virtually no virus-specific 
CD8 T cells were identified in SARS-CoV–infected lungs.

In IAV-infected mice, we observed decreases in the frequency and 
number of PA224-specific CD8 T cells in the lungs, with the most 
dramatic effects in 22-month-old mice (Figure 2, A–D). For these 
experiments, we primarily analyzed the PA224-specific CD8 T cell 
response. There was also a very dramatic decrease in the numbers 
of CD8 T cells responding to the NP366 epitope as mice aged 
(Jincun Zhao, unpublished observations), but this decrease may 
reflect, in large part, an age-dependent hole in the T cell repertoire 
(1). Tetramer S436+ and PA224+ CD8 T cells were functional in 
old mice, since they expressed IFN-γ after peptide stimulation at 
the same or higher levels as CD8 T cells isolated from 6-week-old 
mice (Figure 2, D and E).

To investigate further whether any T cell–intrinsic loss of function 
occurred in 12-month-old mice, we performed a set of adoptive trans-
fer experiments, in which naive splenocytes from 6-week-old and  
12-month-old mice were transferred to 6-week-old and 12-month-old 
Thy1-mismatched mice prior to SARS-CoV infection. T cell frequen-
cy and function in the lungs was assessed by intracellular IFN-γ pro-
duction. As shown in Supplemental Figure 2A, epitope S436-specific 
CD8 T cells from 6-week-old and 12-month-old mice were present at 
similar frequencies in the lungs of 6-week-old mice. In contrast, we 

detected greatly reduced numbers of S436-specific CD8 T cells in the 
lungs of 12-month-old recipient mice, independent of the source of 
the transferred cells (Supplemental Figure 2B). Similar results were 
obtained when cells from 2-month-old and 22-month-old mice were 
transferred to 2-month-old mice prior to IAV infection (7). Collec-
tively, these results suggest that defects in rDC migration but not in 
DC- or T cell–intrinsic function are paramount in the diminished  
T cell response present in infected aged mice.

The nearly complete absence of a SARS-CoV–specific T cell 
response correlated with decreased survival, so that while 100% of 
6-week-old B6 mice infected with 104 or 3 × 105 PFUs of SARS-
CoV survived (Jincun Zhao, unpublished observations), most 
12-month-old and all 22-month-old mice infected with 104 PFUs 
succumbed to the infection (Figure 2F). Consistent with the pres-
ence of reduced but detectable T cell responses in IAV-infected 
22-month-old mice, 60% survived the infection, compared with 
90%–100% in 6-week-old to 6-month-old mice (Figure 2G).

Levels of PGD2 are elevated in the lungs of aged uninfected and infected 
mice. To investigate the basis for diminished rDC migration to 
DLNs, we initially assessed the role of PGD2, a prostaglandin with 
multiple effects, including the ability to inhibit DC migration 
under certain conditions (13, 28, 29). First, we measured levels of 
PGD2 in the bronchoalveolar lavage fluid (BALF) of uninfected 
and SARS-CoV– and IAV-infected mice. As shown in Figure 3A, 
PGD2 levels increased progressively as mice aged, increasing 3–4 
fold in 12-month-old and 22-month-old mice compared with that 
in 6-week-old mice. Levels at each age were not affected appreciably 
by OVA-FITC treatment but were modestly increased by infection 
with IAV (P < 0.05, IAV vs. naive at 22 months). Concordant with 
greater defects in rDC migration in SARS-CoV–infected animals, 
PGD2 levels were significantly higher in these mice compared with 
those in naive or OVA-DQ–treated mice (P < 0.05, SARS-CoV vs. 
naive or OVA-DQ at 12 months and 22 months). In contrast, sur-
face expression of D prostanoid 1 (DP1), the PGD2 receptor neces-
sary for inhibition of DC migration, was similar on rDCs present 
in the lungs of SARS-CoV– and IAV-infected mice (Figure 3B).

Treatment with PGD2 antagonist enhances rDC migration and T cell prolif-
eration in aged mice. To determine the functional significance of PGD2 

Figure 3
Elevated levels of PGD2 in uninfected and infected aged mice. 
(A) An enzyme immunoassay was used to quantify PGD2 
levels in the BALF, following the manufacturer’s instructions.  
n = 4 mice in each age per experiment. Data are representa-
tive of 3 independent experiments. *P < 0.05. (B) DP1 receptor 
expression on rDCs harvested from the lungs of naive mice 
or mice at 18 hours after infection with SARS-CoV or IAV was 
measured, as described in Methods. Data are representative 
of 3 independent experiments.
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in regulating rDC migration, we treated young B6 mice i.n. with 
OVA-FITC and PGD2. Migration of rDCs loaded with OVA-FITC 
decreased 50%–75% after PGD2 treatment, while exposure to prosta-
glandin E2 (PGE2), another prostaglandin with a role in inflamma-
tion (28, 30), had no significant effect (Figure 4A). We then treated 
aged mice with drugs that blocked PGD2 synthesis (CAY 10404, 
a COX-2 inhibitor), blocked PGD2 binding to DP1 (BW A868C, 
specific for PGD2 and not other PG receptors; ref. 31), or inhibited 
PGD2 signaling (H89). All of these treatments, which interfered with 
PGD2 function, enhanced rDC migration to the DLNs (Figure 4A). 
As expected, no enhancement in rDC migration was observed in  
6-week-old mice treated with these drugs. DP2, another PGD2 recep-
tor, is detected primarily on Th2 CD4 T cells (32, 33); treatment 
with CAY 10595, which blocks DP2 binding, had no effect on rDC 
migration in aged mice. In subsequent experiments, we used only 
BW A868C, because it was the most specific of the 3 inhibitors.

To further examine the effects of blocking PGD2, we transferred  
5 × 105 (Figure 4B) or 5 × 102 (a more physiological number of cells) 
(Figure 4C) CFSE-labeled Thy1.1/1.2 OT-1 cells (Tg CD8 T cells 
specific for OVA) to Thy1.2 B6 mice 24 hours prior to treatment 
with OVA-FITC and BW A868C. Mice were analyzed 4 days later 
for OT-1 proliferation (Figure 4B) or number of cells in the DLN 
(Figure 4C). OT-1 cells proliferated vigorously in 6-week-old mice, 
and BW A868C did not enhance proliferation. In contrast, prolif-
eration was very modestly decreased in 12-month-old mice and 
substantially decreased in 24-month-old mice, and, in both cases, 
BW A868C treatment increased proliferation.

Treatment with PGD2 antagonist BW A868C enhances rDC migra-
tion and T cell responses in SARS-CoV– and IAV-infected mice. Next, we 

assessed the role of PGD2 in the context of infection by treating 
12-month-old and 22-month-old SARS-CoV–infected mice and 
22-month-old IAV-infected mice with BW A868C. The effect of BW 
A868C treatment was greatest in SARS-CoV–infected mice. At both 
12 months and 22 months, PGD2 antagonist treatment increased 
rDC migration to the DLNs (Figure 5A and Supplemental Figure 
3A) and the frequency and numbers of total and epitope S436-spe-
cific CD8 T cells in lungs (Figure 5B and Supplemental Figure 3B). 
Blocking PGD2 function in 12-month-old infected mice enhanced 
cytolytic activity measured in vivo in infected mice (Figure 5C) 
and enhanced the kinetics of virus clearance (Figure 5D). These 
changes resulted in an increase in survival from approximately 
10% in 12-month-old infected mice to 70% after BW A868C treat-
ment (Figure 5E). BW A868C also modestly increased survival in 
22-month-old infected mice (Supplemental Figure 3C).

Antagonizing PGD2 function in aged IAV-infected mice also 
increased rDC migration to the DLN and the numbers of total 
and PA224-specific CD8 T cells (Figure 6, A and B). These cells 
were functional, since we also observed an increase in lytic activ-
ity using peptide PA224-loaded target cells in an in vivo cytolytic 
assay after BW A868C treatment (Figure 6C). This enhancement 
of the PA224-specific response did not result in increased survival, 
in part, because the NP366-specific CD8 T cell response is most 
important for protection (1, 34), and, as noted above, there is a 
hole in the NP366-specific T cell repertoire in aged mice (1). Fur-
ther, additional defects in the innate immune response (reviewed 
in ref. 35) are present in 22-month-old mice so that reversal of 
PGD2 may be less effective than in younger mice, whether infected 
with IAV or SARS-CoV (Supplemental Figure 3C).

Figure 4
Treatment with PGD2 antagonists enhances rDC migration and T cell proliferation in aged mice. (A) Six-week-old or twenty-two–month-old 
mice were inoculated with 200 μg/75 μl OVA-FITC and PGD2, PGE2, BW A868C (DP1 receptor antagonist), H89 (PKA antagonist), CAY 10404 
(COX-2 antagonist), or CAY 10595 (CRTH2 [DP2] receptor antagonist) i.n., as indicated in the figure. After 18 hours, single-cell suspensions 
were prepared from lung DLNs and analyzed for the presence of OVA-FITC+ rDCs. The numbers represent the percentage of OVA-FITC+ cells 
within the CD11c+MHCII+ DC population per LN. (B and C) Naive Thy1.1/Thy1.2 OT-I Tg CD8+ T cells were purified from the spleens of naive 
mice and labeled with CFSE. (B) A total of 5 × 105 or (C) 5 × 102 CFSE-labeled T cells were injected i.v. into Thy1.2 recipients. Ten μg OVA-FITC 
was administered i.n. 24 hours later. After 4 days, DLNs were harvested and analyzed for the presence of CFSE+Thy1.1/Thy1.2-positive cells. 
n = 3–4 mice for each age per experiment. Data are representative of 3 independent experiments. *P < 0.05.
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Antibody responses are a critical component of the immune 
response to IAV and other pathogens. We next determined wheth-
er there were age-dependent deficiencies in antibody responses to 
SARS-CoV and IAV and whether any defects were reversed by BW 
A868C treatment. Anti–SARS-CoV antibody titers were measured 
at 6 days p.i., before significant mortality in the vehicle-treated 
group occurred. Titers were nearly the same in 6-week-old and  
12-month-old infected mice and were not increased by PGD2 
antagonism (Supplemental Methods and Supplemental Figure 
4A). In contrast, IAV hemagglutination inhibition titers were 
decreased in 22-month-old compared with 6-week-old infected 
mice, but BW A868C treatment did not enhance titers in either 
age group (Supplemental Methods and Supplemental Figure 4B).

Changes in CCR7 expression correlate with enhanced rDC migration. 
Blocking PGD2 may enhance the proinflammatory milieu in the 
lungs, contributing to enhanced rDC migration. However, PGD2 
antagonist treatment did not change lung mRNA levels of several 
molecules associated with inflammation (Il1b, Tnf, Il6, Tlr3, Tlr7, 
Csf2, and Il12) (Figure 7, A and B). CCR7 is a chemokine receptor 
implicated in DC migration to the DLN (11, 36). Strikingly, PGD2 
antagonism resulted in increased numbers of rDCs expressing 
CCR7 in the lung at very early times (~10 hour) p.i. (Figure 7, C 
and D), when rDC migration to DLN is just beginning (Figure 1).  
In contrast, similar numbers of CCR7+ rDCs were detected in the 

lungs of treated and control mice by 18 hours p.i., reflecting the 
peak of rDC migration to the DLN. A previous study showed that 
PGD2 diminished DC expression of CCR7 in vitro (37). In agree-
ment with this study, we observed diminished CCR7 expression on 
rDCs in the DLNs of SARS-CoV–infected 12-month-old mice and 
IAV-infected 22-month-old mice when compared with that of their 
infected 6-week-old counterparts (Figure 7, E and F). BW A868C 
treatment significantly increased CCR7 expression on rDCs iso-
lated from DLNs of aged mice, consistent with a role in enhanced 
migration from the lungs.

Discussion
Specific intrinsic defects in T cell function in pulmonary viral infec-
tions in older individuals have been well described (1, 38–40). Our 
results indicate that another major contributory factor to subop-
timal T cell function in older populations is the impaired capacity 
of rDCs to migrate to DLNs and also demonstrate that the degree 
of impairment is pathogen-specific. Defects in rDC migration 
occur progressively as mice age. For most infections, such as those 
caused by IAV or RSV, they do not significantly impact antivirus 
T cell responses and virus clearance until mice are very old (>20 
months). With some infections, such as those caused by SARS-
CoV, rDC migration defects occur at earlier times after infection, 
causing more severe disease at a younger age. These results are 

Figure 5
Treatment with PGD2 antagonist BW A868C enhances rDC migration and T cell responses in SARS-CoV–infected mice. (A) Twelve-month-old 
mice were inoculated i.n. with 50 μl 8 mM CFSE. Six hours after instillation, mice were infected with SARS-CoV together with BW A868C or 
vehicle. After 18 hours, single-cell suspensions were prepared from lung DLNs (numbers represent the percentage of CFSE+ cells within the 
CD11c+MHCII+ DC population). Total CFSE+ DC numbers per LN are also shown. n = 4 mice for each age per experiment. Data are represen-
tative of 5 independent experiments. *P < 0.05. (B) Lung cells were harvested from 12-month-old B6 mice 6 days after SARS-CoV infection.  
Kb/S436 tetramer staining and total numbers of CD8 T cells and of Kb/S436 tetramer+ CD8 T cells are shown. Numbers represent the percent-
ages of tetramer+ CD8 T cells. n = 4–6 mice/group/experiment. Data are representative of 7 independent experiments. *P < 0.05. (C) In vivo 
cytotoxicity assays were performed on day 6 p.i., and the percentage of killing was calculated, as described in Methods (numbers represent the 
percentage of cells labeled with different concentrations of CFSE). n = 4–6 mice/group/experiment. Data are representative of 2 independent 
experiments. *P < 0.05. Twelve-month-old mice were i.n. infected with 1 × 104 PFUs SARS-CoV virus with or without BW A868C. (D) Viral titers 
are expressed as PFU/g tissue. n = 4 mice/group/time point. Data are representative of 2 independent experiments. *P < 0.05. (E) Mortality was 
monitored daily. n = 12 mice in vehicle group; n =12 mice in BW A868C group. P = 0.0007, determined by a Kaplan-Meier survival test.
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consistent with observations made during the 2002–2003 SARS 
epidemic. While no mortality was observed in individuals under 
24 years of age, 6%, 15%, and 52% of young (25–44 years), middle-
aged (45–64 years), and aged (>65 years) patients, respectively, suc-
cumbed to the infection (6).

Our results provide an explanation for these rDC migration 
defects. We show that levels of PGD2 in the lung increased as mice 
aged and further increased after viral infection (Figure 3A). In addi-
tion, SARS-CoV increased PGD2 to a greater extent than IAV, espe-
cially in 12-month-old mice (P < 0.05). Viruses interact with mul-
tiple host cell proteins and pathways as part of their replication 
strategies (41–44). It is likely that some host cell proteins will be 
important for replication of all viruses, whereas others will be used 
in a virus-specific manner. Enhancement of PGD2 levels would be 
advantageous for virus replication. While IAV and SARS-CoV both 
increase PGD2 synthesis or accumulation, our results are consis-
tent with the notion that a SARS-CoV protein efficiently interacts 
with the PGD2 pathway, although determining the molecular basis 
of this effect will require additional work.

PGD2, expressed by a variety of cell types, including mast cells, 
macrophages, DCs, epithelial cells, and Th2 CD4 T cells, has both 
proinflammatory and antiinflammatory effects (12, 13, 28, 33, 45). 
The role of PGD2 is well characterized in asthma and other allergic 
diseases in which PGD2 is produced primarily by mast cells and 
acts as a proinflammatory mediator enhancing the function of Th2 
CD4 T cells through binding to CRTH2 (chemoattractant recep-
tor-homologous molecules expressed on Th2 cells) receptors (13, 
33). While mast cells produce the largest amounts of PGD2 when 

measured on a per cell basis, it is likely that DCs, macrophages, and 
respiratory tract epithelial cells are the major sources for PGD2 in 
the lungs of virus-infected mice. PGD2 also has antiinflammatory 
effects, with inhibitory effects on Th1 CD4 T cell function, mono-
cyte/macrophage and dendritic migration and differentiation, and 
IL-12 production (13). These effects are mediated by binding to DP1 
and intracellular PPARγ receptors (28, 29). We showed that block-
ade of the DP1 receptor suppressed the effects of PGD2, suggesting 
that signaling through this receptor is most important in regulat-
ing rDC migration in the virus-infected lung (Figures 5 and 6).  
Signaling through this receptor is also involved in the uninfected 
lung, since BW A868C enhanced migration of OVA-FITC–labeled 
rDCs to the DLNs (Figure 4A), while exogenously delivered PGD2 
diminished rDC migration to the DLNs (23).

Our results also suggest that PGD2 functions, in part, by inhib-
iting CCR7 upregulation (Figure 7, C–F), thereby hindering rDC 
migration to DLNs. While CCR7 is critical for DC migration to 
DLNs, its upregulation by itself is not sufficient for maximal 
DC chemotaxis (11, 36, 46), suggesting that additional activa-
tion signals are required. Of note, CCR7 ligation with its ligands 
(CCL19 and CCL21), in addition to increasing rDC migration, 
increases DC survival and enhances other DC functions, such as 
migratory speed, levels of MHC and costimulatory molecules, and 
rate of endocytosis, all of which are predicted to contribute to an 
enhanced T cell response in the aged lung (reviewed in ref. 36). 
The ability of PGD2 to dampen DC migration from the skin is 
used by the helminth parasite, Schistoma mansoni, to evade the host 
immune response and thereby facilitate parasite growth (47, 48). 

Figure 6
Treatment with PGD2 antagonist BW A868C enhances rDC migration and T cell responses in IAV-infected mice. (A) Twenty-two–month-old mice 
were inoculated i.n. with 50 μl 8 mM CFSE. Six hours after instillation, mice were infected with IAV together with BW A868C or vehicle. After  
18 hours, single-cell suspensions were prepared from lung DLNs. The values represent the percentages of CFSE+ cells within the CD11c+MHCII+ 
DC population. Total CFSE+ DC numbers per LN are also shown. n = 4 mice for each age per experiment. Data are representative of 4 indepen-
dent experiments. *P < 0.05. (B) Lung cells were harvested from 22-month-old B6 mice 8 days after IAV infection. Db/PA224 tetramer staining 
and total numbers of CD8 T cells and of Db/PA224 tetramer+ CD8 T cells are shown. Numbers represent the percentages of tetramer+ CD8  
T cells. n = 4–6 mice/group/experiment. Data are representative of 5 independent experiments. *P < 0.05. (C) In vivo cytotoxicity assays were 
performed on day 7 p.i., and the percentage of killing was calculated, as described in Methods. n = 4–6 mice/group/experiment. Data are repre-
sentative of 2 independent experiments. *P < 0.05.
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By expressing PGD2, the parasite retains Langerhans cells at the 
site of infection, hindering the development of an effective T cell 
response. PGD2 also has other functions, including augmentation 
of neutrophil migration into sites of inflammation (49). Consis-
tent with this, there are increased numbers of neutrophils in the 
lungs of aged mice infected with IAV (50) or SARS-CoV (Jincun 
Zhao, unpublished observations).

Collectively, these results suggest that inhibition of PGD2 may 
enhance T cell responses and clinical outcomes in older patients 
with severe respiratory viral infections if delivered at very early 
times in the disease course. Further, our results raise the intrigu-
ing possibility that treatment with PGD2 antagonists will enhance 
the immune response to vaccines. In particular, the cold-adapted 
live-attenuated influenza A vaccine (LAIV), which is administered 
i.n., is not approved for individuals older than 49 years of age and 
is less immunogenic than inactivated IAV (51). If this diminished 
immunogenicity reflects deficiencies in DC migration, PGD2 
antagonist treatment at the time of live-attenuated influenza A 
vaccination might reverse such defects and increase vaccine effi-
cacy, which would be especially relevant in aged populations. 
PGD2 antagonists, such as laropiprant (52–54), have been used in 
patients, suggesting the feasibility of this approach.

Methods
Mice and viruses. Pathogen-free B6 mice, with ages ranging from 6 weeks 
to 24 months, were purchased from the National Cancer Institute and 
National Institute on Aging. Thy1.1 B6 congenic mice and OT-I Tg mice 
on a B6 background were provided by J. Harty (Department of Microbiol-
ogy, University of Iowa). Mice were maintained in the animal care facility at 
the University of Iowa. Mouse-adapted SARS-CoV (MA15) was a gift from 

Kanta Subbarao (NIH, Bethesda, Maryland, USA) (55). Mouse-adapted IAV 
A/PR/8/34 was grown in the allantoic fluid of 10-day-old embryonated 
chicken eggs for 2 days at 37°C, as previously described (56). RSV (A2 
strain) was a gift from S. Varga (Department of Microbiology, University of 
Iowa). MHV-1 was purchased from ATCC and propagated in 17Cl-1 cells.

Peptides, tetramer, and chemicals. SARS-CoV–specific peptide, S436 
(HNYKYRYL), and IAV-specific peptides, PA224 (SSLENFRAYV) and 
NP366 (ASNENMETM), were synthesized by BioSynthesis Inc. H2Kb/
S436, H2Db/PA224, and H2Db/NP366 tetramers were obtained from the 
National Institute of Allergy and Infectious Disease MHC Tetramer Core 
Facility. PGD2, PGE2, BW A868C (DP1 receptor antagonist), H89 (PKA 
antagonist), Cay 10404 (COX-2 antagonist), and Cay 10595 (DP2 receptor 
antagonist) were purchased from Cayman Chemical and reconstituted as 
suggested by the manufacturer.

Virus infection and titration. B6 mice were lightly anesthetized with isoflu-
rane and infected i.n. with 1 × 104 PFUs of SARS-CoV, 1,066 tissue culture 
infectious units of IAV, 3 × 106 PFUs of RSV, or 3 × 105 PFUs of MHV-1 
in a total volume of 50 μl DMEM medium. For some experiments, mice 
were inoculated with virus together with 10 nM PGD2 or its antagonists. 
Mice were monitored daily for mortality. All work with SARS-CoV was con-
ducted in the University of Iowa Biosafety Level 3 Laboratory. To obtain 
SARS-CoV titers, lungs were removed into PBS and titered on Vero E6 cells, 
as previously described (57). Viral titers are expressed as PFU per g tissue.

In situ CFSE, OVA-FITC, and OVA-DQ staining. CFSE, OVA-FITC, and 
OVA-DQ were purchased from Molecular Probes. CFSE was dissolved 
at 25 mM in DMSO and stored at –80°C until use. CFSE was diluted 
in DMEM to a concentration of 8 mM and then administered i.n. (50 
μl/mouse) following anesthesia with isoflurane 6 hours before infection 
(18). OVA-FITC and OVA-DQ were dissolved in PBS and administered i.n. 
(200 μg/75 μl/mouse) with or without PGD2 or its antagonists follow-

Figure 7
Cytokine and chemokine RNA and CCR7 levels in young and aged mice after SARS-CoV or IAV infection and BW A868C treatment. (A and 
B) Cytokine and chemokine RNA levels in infected lungs. RNA was extracted from (A) SARS-CoV– or (B) IAV-infected lungs 18 hours p.i. and 
processed, as described in Methods. n = 4 mice/group/experiment. Data are representative of 2 independent experiments. (C and D) Numbers 
of CD11c+MHCII+ SiglecF– rDCs expressing CCR7 in (C) SARS-CoV– and (D) IAV-infected lungs at 10 and 18 hours p.i. (E and F) CCR7 
expression on migratory rDCs in DLNs. Young and aged mice were inoculated i.n. with 50 μl 8 mM CFSE. Six hours after instillation, mice 
were infected with (E) SARS-CoV (6 weeks old and 12 months old) or (F) IAV (6 weeks old and 22 months old), together with BW A868C. After  
18 hours single-cell suspensions were prepared from lung DLNs. CCR7 expression levels on the CFSE+CD11c+MHCII+ DC population are 
shown. n = 4–6 mice/group. Data are representative of 5–6 independent experiments. *P < 0.05.
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ing isoflurane anesthesia. Of note, OVA-DQ acquires fluorescence after 
dequenching through proteolytic enzyme cleavage, permitting analyses 
of both antigen uptake and processing.

Preparation of cells from lungs and DLNs. Mice were sacrificed at the indicated 
time points. The lung vascular bed was flushed via the right ventricle with  
5 ml PBS, and lungs and DLNs were then removed. Lungs were cut into small 
pieces and digested in HBSS buffer containing 2% FCS, 25 mM HEPES,  
1 mg/ml Collagenase D (Roche), and 0.1 mg/ml DNase (Roche) for 30 min-
utes at room temperature. LNs were minced and pressed though a wire screen. 
Particulate matter was removed with a 70-μm nylon filter to obtain single-cell 
suspensions. Cells were enumerated by 0.2% trypan blue exclusion.

Antibodies and flow cytometry. The following monoclonal antibodies were 
used for these studies: rat anti-mouse CD4 (RM4-5), rat anti-mouse CD8α 
(53-6.7), rat anti-mouse Thy1.1 (OX-7), rat anti-mouse CD11b (M1/70), 
hamster anti-mouse CD11c (HL3), rat anti-mouse CD16/32 (2.4G2), rat 
anti-mouse Siglec F (E50-2440), and rat anti-mouse CD40 (1C10), all 
from BD Biosciences; rat anti-mouse IFN-γ (XMG1.2), rat anti-mouse 
CCR7 (4B12), and hamster anti-CD103 (2E7), all from eBioscience; rat 
anti-mouse Thy1.2 (30-H12), rat anti-mouse CD86 (GL-1), and rat anti-
mouse I-A/I-E (M5/114.15.2), all from Biolegend; and rabbit anti-mouse 
DP1 receptor polyclonal antibody and goat anti-rabbit IgG Surelight APC, 
both from Cayman Chemical.

For surface staining, 106 cells were blocked with 1 μg anti-CD16/32 anti-
body and 1% rat serum and stained with the indicated antibodies at 4°C, 
except for those stained with CCR7, which were stained at 37°C. Cells were 
then fixed using Cytofix Solution (BD Biosciences). For tetramer staining, 
cells were stained for 30 minutes at 4°C. Cells were then incubated with 
surface staining antibodies. For intracellular cytokine staining, 1 × 106 cells 
per well were cultured in 96-well dishes at 37°C for 5 to 6 hours in the pres-
ence of Brefeldin A (BD Biosciences). Cells were then labeled with surface 
antibodies, fixed/permeabilized with Cytofix/Cytoperm Solution (BD Bio-
sciences), and labeled with anti–IFN-γ antibody. To detect DP1 receptor, 
cells were fixed with Cytofix/Cytoperm and stained with 2 μg/ml polyclonal 
rabbit anti-DP1 receptor antibody for 1 hour at room temperature and 
then incubated with goat anti-rabbit IgG Surelight APC for 1 hour. All flow 
cytometry data were acquired on a BD FACSCalibur or an LSR II (BD Bio-
sciences) and were analyzed using FlowJo software (Tree Star Inc.).

Adoptive transfer of splenocytes. Naive Thy1.1/Thy1.2 OT-I Tg CD8+ T cells  
were harvested from the spleens of uninfected mice and labeled with  
2.5 μM CFSE. A total of 5 × 105 or 5 × 102 CFSE-labeled T cells were injected  
i.v. into the tail veins of Thy1.2 recipients. Ten μg of OVA-FITC were 
administered i.n. 24 hours later. After 4 days, DLNs were harvested and 
analyzed for CFSE- and Thy1.1/Thy1.2-positive cells.

Enzyme immunoassay for PGD2. Lungs were inflated with cold PBS via cannula
tion of the trachea and were lavaged 3 times. BALFs were pooled and aliquoted 
and stored at –80°C. Enzyme immunoassay was used to quantify PGD2 levels 
in the BALF, following the manufacturer’s instructions (Cayman Chemical).

In vivo cytotoxicity assay. In vivo cytotoxicity assays were performed on day 
6–7 after infection, as previously described (58). Briefly, splenocytes from 
naive mice were costained with PKH26 (Sigma-Aldrich) and either 1 μM or 
100 nM CFSE (Molecular Probes). Labeled cells were then pulsed with the 
indicated peptides (10 μM) at 37°C for 1 hour, and 5 × 105 cells from each 
group were mixed together (1 × 106 cells in total). Cells were transferred i.n. 
into mice, and total lung cells were isolated at 12 hours after transfer. Tar-
get cells were distinguished from host cells on the basis of PKH26 staining 
and from each other on the basis of CFSE staining. After gating on PKH26+ 
cells, the percentage of killing was calculated, as previously described (58).

Cytokine and chemokine RNA levels in infected lungs using qRT-PCR. RNA was 
extracted from infected lungs 18 hours p.i. using TRIzol (Invitrogen), 
and 2 μg RNA was used as a template for cDNA synthesis (Invitrogen). 
Two microliters of cDNA were added to a 23 μl PCR cocktail containing 
2×SYBR Green Master Mix (ABI) and 0.2 μM of each sense and antisense 
primer (IDT DNA). Amplification was performed in an ABI Prism 7700 
thermocycler. Specific primer sets used for assaying cytokine and house-
keeping gene expression were previously described (59, 60).

Statistics. A Student’s t test was used to analyze differences in mean values 
between groups. All results are expressed as mean ± SEM. P values of less 
than 0.05 were considered statistically significant. Differences in mortality 
were analyzed using Kaplan-Meier log-rank survival tests.

Study approval. All animal studies were approved by the University of Iowa 
Animal Care and Use Committee and meet stipulations of the Guide for 
the Care and Use of Laboratory Animals (NIH).
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