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Respiratory infection with highly pathogenic influenza A viruses is
characterized by the exuberant production of cytokines and che-
mokines and the enhanced recruitment of innate inflammatory
cells. Here, we show that challenging mice with virulent influenza
A viruses, including currently circulating H5N1 strains, causes the
increased selective accumulation of a particular dendritic cell sub-
set, the tipDCs, in the pneumonic airways. These tipDCs are
required for the further proliferation of influenza-specific CD8� T
cells in the infected lung, because blocking their recruitment in
CCR2�/� mice decreases the numbers of CD8� effectors and ulti-
mately compromises virus clearance. However, diminution rather
than total elimination of tipDC trafficking by treatment with the
peroxisome proliferator-activated receptor-� agonist pioglitazone
moderates the potentially lethal consequences of excessive tipDC
recruitment without abrogating CD8� T cell expansion or compro-
mising virus control. Targeting the tipDCs in this way thus offers
possibilities for therapeutic intervention in the face of a cata-
strophic pandemic.

H5N1 � inflammation � pathogenesis

Influenza epidemics and pandemics vary greatly in pathoge-
nicity. In any given year, the familiar ‘‘seasonal’’ influenza

epidemic can be associated with �35,000 deaths in the United
States alone (1), whereas the 1918 ‘‘Spanish flu’’ resulted in the
deaths of �40 million people worldwide (2–7). With a global
death rate exceeding 2.5%, the 1918 Spanish flu was the worst
acute pandemic of modern times (8). Our current concern is with
the avian H5N1 influenza A viruses. These virulent pathogens
were first found to have crossed over from their avian reservoir
in 1996 and as of January 2009 have been responsible for a 63%
mortality rate in 399 laboratory-confirmed human cases (9).
Unlike the situation for seasonal influenza where the immuno-
compromised (very young or elderly individuals) are most at risk,
infection with the highly pathogenic (HP) 1918 H1N1 pandemic
strain and recent H5N1 isolates is associated with high death
rates in otherwise healthy, fully immunocompetent adults (8).
This paradox led to the hypothesis that these HP influenza
viruses induce immune-mediated pathology, characterized by
severe vascular leakage and lung edema.

The idea that fatal respiratory compromise results from a
dysregulated immune response, commonly referred to as a
cytokine storm or hypercytokinemia, is supported by an expand-
ing body of in vitro and in vivo evidence showing greatly elevated
levels of proinflammatory mediators in the pneumonic lung (3,
5, 10–14). Here, we show that a subset of dendritic cells (DCs),
described as TNF-�/inducible nitric oxide synthase (iNOS)-
producing DCs (tipDCs) (15), accumulate in significantly
greater numbers during the course of lethal (versus sublethal)
influenza infections (Fig. S1). However, although it might be
expected that eliminating the tipDCs would ameliorate the
disease process, we found that the opposite was the case. The
tipDCs also drive a local, protective CD8�‘‘killer’’ T cell re-
sponse in the virus-infected respiratory tract. Most interestingly,
we established that partially compromising tipDC recruitment
can be protective. Giving mice the type II diabetes drug piogli-

tazone diminishes but does not prevent tipDC recruitment, while
allowing for sufficient CD8� T cell expansion to protect against
an otherwise lethal HP influenza virus challenge.

Results
Innate Cell Recruitment During HP and Sublethal Influenza Infections.
Although the expeditious accumulation of proinflammatory
cytokines and chemokines during HP influenza infections has
been extensively characterized, the identities of the cell types
responsible for this immune-induced pathology are less clear.
We thus measured lung recruitment kinetics for natural killer
cells (NKs), conventional DCs (cDCs), neutrophils, macro-
phages, and tipDCs in C57BL/6J (B6) mice infected with either
H1N1 A/Puerto Rico/8/34 (PR8), a mouse-adapted virus, or
H3N2 A/Aichi/68 (x-31), a reassortant that contains the 6
internal genes of PR8 and the surface HA and neuraminidase
(NA) from a prototypical H3N2 virus. Intranasal (i.n.) infection
with 103 plaque-forming units (pfu) of PR8 is uniformly lethal by
day 10 after infection, whereas all those given 105 pfu of x-31
recover by day 12 after losing 15–20% of their body weights (Fig.
1A). Tissues were collected daily (n � 5) for 7 days after i.n.
challenge, and the inflammatory cell phenotypes were deter-
mined by flow cytometry (Table S1). The trafficking profiles for
macrophages, cDCs, neutrophils, and NKs were comparable for
the two viruses (Fig. S2). In contrast, the tipDCs accumulated to
significantly higher numbers beginning on day 3 and increased
through day 7 after infection with the HP PR8 virus (Fig. 1 C and
D). Furthermore, as found by others (3, 5, 10–14), proinflam-
matory cytokine and chemokine levels were relatively elevated
in the bronchoalveolar lavage (BAL) supernatant from mice
given the HP virus (Fig. S3).

This analysis (Fig. 1 A–D) with x-31 and PR8 was then
extended for two influenza viruses: H5N1 A/Vietnam/1203/2004
(VN1203, from a fatal human infection in 2004) has a LD50 of
1 pfu in B6 mice, whereas H5N1 A/Hong Kong/213/2003
(HK213) is much less virulent (LD50 � 103.7 pfu). Mice given 102

pfu of VN1203 were fatally compromised by day 9, whereas
HK213 caused a 20% weight loss with full recovery by day 12
(Fig. 1B). As we discovered previously (Fig. 1 A–D), the tipDCs
were found at significantly higher cell counts in the lungs of the
HP VN1203-infected animals (Fig. 1 C and E), although there
were no consistent differences in the numbers of macrophages,
neutrophils, cDCs, or NKs (Fig. S4). Because of restrictions on
the removal of samples from the high-security biosafety level
(BSL) 3� space where mice infected with these HP H5N1
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viruses are held, we were not able to repeat the cytokine analyses
shown for the x-31 and PR8 viruses in Fig. S3.

Chemokine (C-C Motif) Receptor 2 (CCR2) Regulates tipDC Trafficking
and CD8� T Cell Response Magnitude. Emigration of tipDC pre-
cursors from the bone marrow is known to depend on signaling
via the CCR2 receptor (16). We thus compared the trafficking
kinetics of tipDCs between CCR2�/� and CCR2�/� (B6) mice
after infection with a sublethal dose (102 pfu) of PR8 virus. As
described by others (16), few, if any, tipDCs could be recovered
from the lungs of the CCR2�/� group (Fig. 2A). However, what
was surprising in light of our previous conclusion that greater
tipDC numbers in the airways correlate with a more severe
disease profile (Fig. 1 C–E) was that the CCR2�/� mice showed
no decrease in morbidity or mortality (Fig. 2 B and C) after HP
virus challenge. These results are in contrast to a previous
finding that CCR2 deficiency decreases influenza-induced mor-
tality (17, 18). A comparison between the studies is difficult
because each used a different model system. Dawson et al. (17)
used an infectious dose of 5 hemagglutinating units that obscures
the ability to compare infectious doses between studies. Lin et al.
(18) used a tissue culture 50% infectious dose of 8.9 � 105. This
dose is almost three logs higher than that used in the present
study. It is reasonable that the noted differences in morbidity and
mortality are due to the various infectious doses.

Further analysis suggested that the continued vulnerability in
the absence of tipDCs might reflect a failure to control the

infection in the lung. Although no virus could be recovered from
the BAL fluid of the CCR2�/� controls on day 9, a titer of 103.6

pfu (SEM �103.3) was recorded in comparable samples from the
CCR2�/� group. How might the presence or absence of tipDCs
influence virus clearance? The primary mechanism for elimi-
nating influenza-virus-producing respiratory epithelial cells is
thought to be CD8� cytotoxic T lymphocyte (CTL)-mediated
lysis (19, 20). In addition to the effect on tipDC recruitment,
there was (by staining with the DbPA224–233, KbPB1703–711, and
DbPB1-F262–70 tetramers) a substantial reduction in influenza-
specific CD8� CTL counts for BAL samples taken on day 7 after
infection (Fig. 3A). Is this an indirect effect, or are CTL numbers
in some way dependant on the concurrent presence of tipDCs?
It seems that the effect may be local, because it only was evident
in the lungs and was not apparent in the regional mediastinal
lymph nodes (MLNs) where the virus-specific CD8� T cell
populations were of essentially equivalent magnitudes in
CCR2�/� and CCR2�/� mice (Fig. 3B).

tipDCs Present Antigen to CD8 T Cells in the Lungs. Because the
influenza-specific CD8� T cell counts were significantly reduced
in the lungs (but not the lymph nodes) of CCR2�/� animals (Fig.
3A), we next asked how tipDCs might regulate virus-specific
CD8� T cell numbers. One possibility was that the tipDCs could
produce soluble factors that function to support CD8� T cell
survival, division, or both. Therefore, we determined the con-
centrations of 23 cytokines and chemokines in the cell-free BAL

Fig. 1. Increased pathology correlates with greater tipDC recruitment. (A and B) Host morbidity presented as mean of percentage original body weight � SEM
after infection with PR8 (lethal H1N1) or x-31 (sublethal H3N2) (A) and VN1203 (lethal H5N1) or HK213 (sublethal H5N1) (B). In general, mice infected with x-31
lose less weight than mice infected with PR8 (asterisks, simple effects ANOVA, P � 0.05). For the H5N1 viruses, HK213-infected mice lose less weight than
VN1203-infected mice (virus effect, P � 0.0001). Results are representative of at least 3 independent experiments (n � 5). (C) Representative FACS plots for total
lung homogenate stained with mAbs to Ly6c and CD11b on day 5 after infection with PR8, x-31, VN1203, or HK213. The gated population (circled in red) from
each plot represents tipDCs. (D and E) Mean number of tipDCs � SEM recovered from total lung homogenate over time after infection with PR8 or x-31 (D) and
VN1203 or HK213 (E). Sublethal infections resulted in fewer tipDCs in the lungs on days marked with an asterisk (simple effects ANOVA, P � 0.03). Results are
representative of at least 3 independent experiments (n � 5).
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f luid from PR8-challenged CCR2�/� and CCR2�/� mice and
found that there were no significant differences for the key
cytokines that are known to be involved in regulating CD8 T
cells, including IL-2 and IL-4 (Fig. S5). The next step was to
assess the capacity of the tipDCs to function as antigen-
presenting cells (APCs). For this experiment, tipDCs (together
with neutrophils as a control) were purified from the day 6 BAL
wash of PR8-infected B6 mice, then incubated with a CD8� T
cell hybridoma specific for the DbPB1-F262–70 epitope. As ex-
pected, the neutrophils failed to stimulate the hybridoma. In
contrast, the freshly isolated tipDCs presented the equivalent of
40 pmol per cell of the DbPB1-F262–70 epitope (Fig. 3C). Because
no exogenous peptide was added in this experiment, it is clear
that the tipDCs had both processed influenza proteins in situ and
expressed the PB1-F262–70 peptide/H2Db MHC class I glycop-
rotein complex on the cell surface while in the virus-infected
lung.

Demonstrating a capacity to process and present antigen that
can be recognized by a CD8 T cell hybridoma does not establish,
however, that tipDCs indeed serve as APCs during influenza
virus infection. In fact, it is clear that tipDCs are not the sole
APCs driving clonal expansion of influenza-specific CD8� T cell
precursors. We were unable to isolate tipDCs from the draining
MLN at any point after infection, and the lymph node CTL
responses to the DbPA224–233, KbPB1703–711, and DbPB1-F262–70
epitopes (Fig. 3B) were equivalent for CCR2�/� and CCR2�/�

mice. If tipDCs do serve as APCs in vivo, then this function is
manifested outside the draining lymph node.

To further delineate whether tipDCs can function as APCs
within the respiratory tract, we purified tipDCs from the BAL of

B6 mice that had been infected with either x-31 or a double-
knockout (DKO) x-31 virus. The mutated NP366–374 and PA224–
233 peptides in the DKO virus do not complex with H2Db, and
therefore the responses to these epitopes are lost (21). We then
transferred 104 tipDCs recovered from x-31 or DKO-infected
mice directly into the airways of CCR2�/� animals that had been
infected with x-31 virus i.n. 24 h previously. We found that giving
tipDCs from CCR2�/� animals infected with the intact x-31 virus
to CCR2�/� animals was sufficient to recover the DbNP366–374-
and DbPA224–233-specific CD8� CTL responses, whereas those
from comparable mice infected with the DKO virus were
�10-fold less effective (Fig. 3D). The recovery of the CD8� T
cell response after tipDC transfer was clearly antigen dependent,
establishing that tipDCs indeed serve as APCs for CD8� T cells
in the lungs of mice infected with influenza A viruses. These
results are in accord with a recent finding that CD8� T cells and
DCs interact in the lungs of influenza-infected mice (22).

Reducing tipDC Accumulation Protects from Lethal Influenza Chal-
lenge. So far we have shown that the number of tipDCs is
significantly elevated in mice infected with HP influenza A
viruses, that these tipDCs function locally in the respiratory tract
as APCs, and that they are required for the full realization of
protective CD8� T cell-mediated immunity. In addition, their
complete absence from the lungs of CCR2�/� mice is associated
with severe disease, indicating that tipDC ablation is not a viable
therapeutic option.

Fig. 2. tipDCs fail to accumulate in the lungs of CCR2�/� animals. (A)
Representative FACS plots of total lung homogenate from either CCR2�/� (B6)
or congenic CCR2�/� animals stained with mAbs to Ly6c and CD11b on day 5
after infection with 102 pfu of PR8 (sublethal infection). (B) Host morbidity
presented as mean of percentage original body weight � SEM after infection
with 103 pfu of PR8 (lethal infection). Regression analysis did not reveal a
significant difference in weight loss between the two strains of mice (strain
effect, P � 0.22; interaction effect, P � 0.07). Results are representative of two
independent experiments (n � 5). (C) Elimination of tipDC recruitment to the
lungs does not protect against lethal influenza challenge. Results of the
Mantel–Cox test showed no statistically significant difference between groups
(P � 0.66). Results are representative of 3 independent experiments (n � 5).

Fig. 3. tipDCs present antigen to CD8� T cells in the lungs. (A) CCR2�/�

animals have significantly fewer CD8� T cells specific for the influenza
DbPA224–233, KbPB1703–711, and DbPB1-F262–70 epitopes. Results are representa-
tive of 2 independent experiments (n � 5) and were analyzed by using the
two-tailed Student’s t test (P values are indicated). (B) There is no statistically
significant difference in the number of antigen-specific CD8� T cells between
CCR2�/� and CCR2�/� animals in the draining lymph node on day 7 after
infection with 105 pfu of x-31. Results are representative of two independent
experiments (n � 5) and were analyzed by using the two-tailed Student’s t test
(P � 0.05 for each comparison). (C) tipDCs isolated from the BAL wash on day
6 after infection present the equivalent of 40 pmol per cell of DbPB1-F262–70

epitope to the DbPB1-F262–70 epitope-specific hybridoma. Bars represent the
mean � SEM of triplicate wells, and the results were analyzed by using the
two-tailed Student’s t test (P value indicated). (D) tipDCs isolated from the BAL
wash of animals infected with the intact x-31 virus (but not the DbNP366–374-
and DbPA224–233-disrupted DKO virus) were sufficient to rescue the DbNP366–374

and DbPA224–233 epitope-specific CD8� T cell response when transferred into
the lungs of CCR2�/� animals on day 1 after infection (n � 5). Results were
analyzed by using a single-factor ANOVA and Tukey’s posthoc test (same
letter, P � 0.05; different letters, P � 0.05).
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With this in mind, we hypothesized that reducing, without
eliminating, tipDC accumulation in the lungs after challenge
with HP influenza A viruses may prove beneficial to the host.
While searching for pharmacological suppressors of chemokine
(C-C motif) ligand 2 (CCL2) secretion, we found published
evidence that activation of the peroxisome proliferator-activated
receptor-� (PPAR-�) with the synthetic agonist pioglitazone
reduces the production of a wide range of proinflammatory
molecules, including CCL2, TNF-�, and iNOS (23–25). With this
knowledge, we speculated that a prophylactic regimen of pio-
glitazone may provide protection from HP influenza challenge
by reducing the number of tipDCs recruited to the airways. With
weight loss as a measure for morbidity, B6 mice were treated
with either pioglitazone (60 mg/kg in 100 �L of PBS) or PBS (100
�L) via oral gavage daily beginning 3 days before infection
with 5 mouse 50% lethal dose (MLD50) of PR8 virus. The
pioglitazone-treated animals were less severely affected and
recovered more quickly than the PBS controls (Fig. 4A), while
mortality was reduced from 92% to 50% (Fig. 4B).

Was this protective effect a consequence of decreased inflam-
mation? To investigate this possibility, immune cells within the
lungs of mice treated with pioglitazone or PBS and challenged
with 5 MLD50 of PR8 virus were enumerated by flow cytometry.

Although there was a general decrease in the magnitude of the
cellular inflammatory exudate, the sole statistically significant
reduction was in tipDC numbers (Fig. 4C). This finding is in
accord with a recent study in which increased inflammation via
a CCR2-dependent mechanism is associated with increased
mortality (26). Furthermore, when we measured the effect of
pioglitazone on proinflammatory cytokines and chemokines in
the BAL supernatant, only CCL2 (MCP-1) and MCP-3 were
reduced to a statistically significant level in the drug-treated
animals (Fig. 4 D and E).

To determine whether the protective effects of pioglitazone
correlated with the inhibition of virus replication, we mea-
sured the virus titers in the BAL fluid from pioglitazone- and
PBS-treated animals on days 3, 6, and 9 after infection. No
significant differences in virus titers were found at any time
point (Fig. S6A). Further, treatment with up to 1 �g/mL
pioglitazone (as compared with PBS) did not inhibit virus
replication in Madin–Darby canine kidney (MDCK) cells (Fig.
S6B). Together, these results indicate that the protection
observed in pioglitazone-treated B6 mice ref lects the reduced
recruitment of tipDCs (via suppression of CCL2 (MCP-1) and
MCP-3) rather than any inhibition of virus replication.

Discussion
The present study establishes that the disproportionate increase
in lethality for young, healthy individuals infected with HP
strains of influenza A viruses correlates with a significant
increase in the recruitment of tipDCs to the pneumonic lung.
However, although tipDCs promote immune-induced pathology,
their complete elimination is detrimental. This reflects that they
also function as APCs to facilitate the optimal expansion of
effector CD8� T cells within the virus-infected respiratory tract.

Incidentally, the clear demonstration of increased CD8� T cell
counts induced by the local presence of antigen-presenting
tipDCs also provides insight into an old question concerning the
nature of T cell-mediated immunity in influenza. It now seems
likely that effector CD8� CTLs do continue to divide at the site
of pathology after they leave the lymphoid tissue, although the
formal alternative remains (of course) that the tipDCs function
to promote antigen-specific CD8� T cell retention (rather than
further cycling) in the infected lung. Either way, the tipDCs act
to enhance the protective CD8� T cell response.

Because CD8� T cells play a critical role in influenza virus
clearance (19, 20), a blunted response compromises control of the
infectious process and contributes to morbidity, offsetting any
positive consequence that can result from diminished immunopa-
thology. Here, we demonstrate use of the PPAR-� agonist piogli-
tazone. We found that prophylactic treatment with pioglitazone is
sufficient to reduce morbidity and mortality associated with HP
influenza A virus infection. The therapeutic benefit of pioglitazone
treatment correlates with diminished levels of CCL2 (MCP-1) and
MCP-3 secretion and ultimately reduced numbers of tipDCs re-
cruited to the airways but not with decreased virus replication.
What the pioglitazone treatment achieves, in effect, is a better
‘‘middle way’’ between the protective and pathological conse-
quences of immune responsiveness.

The findings from the present analysis thus identify a new
therapeutic target for immune manipulation, the tipDCs. Pre-
vious studies using global immune suppressants (such as ste-
roids) have failed to protect against lethal influenza virus
challenge (27). It is not surprising that such nonspecific immune
suppressants confer no advantage, because a systemic reduction
in cell-mediated immunity greatly compromises virus clearance.
On the basis of the present results, it seems reasonable to suggest
that new therapies might be focused on promoting the middle
way of reducing but not eliminating the accumulation of tipDCs
in the respiratory tract. Moreover, the possibility that targeting
tipDC recruitment may be of value for other disorders where an

Fig. 4. Pioglitazone protects from lethal influenza challenge. Prophylactic
treatment with pioglitazone significantly decreases host morbidity, presented
as mean percentage original body weight � SEM and representative of 3
independent experiments (n � 5) (interaction effect, P � 0.001; asterisks mark
significant simple effects, P � 0.001) (A), increases host survival (Mantel–Cox,
P � 0.005) after lethal influenza challenge (103 pfu of PR8) of the pioglitazone-
treated group (n � 16) versus PBS-treated controls (n � 23) (B), decreases
MCP-1 (CCL2) and MCP-3 accumulation in the BAL wash on days 3 (C) and 6 (D)
after infection with 103 pfu of PR8, and decreases tipDC accumulation in the
lungs (E). Results are representative of 2 independent experiments (n � 5) and
were analyzed with the two-tailed Student’s t test (P values are indicated).
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overexuberant immune response promotes pathology and severe
disease consequences is worth considering (28).

Methods
Viruses. The PR8 and x-31 influenza A viruses were obtained from the St. Jude
Children’s Research Hospital repository. The x-31 DKO virus with mutated,
nonresponder DbNP366–374 and DbPA224–233 peptides was generated earlier by
using the 8-plasmid reverse-genetics system (21, 29). The HK213 and VN1203
viruses were obtained through the World Health Organization Global Influ-
enza Surveillance Network. Stocks were propagated by allantoic inoculation
of 10-day-embryonated chicken eggs, and virus titers were determined as pfus
on MDCK monolayers. The experiments with H5N1 viruses were conducted in
a U.S. Department of Agriculture-approved BSL 3� containment facility.

Mice. The wild-type C57BL/6J (B6) and CCR2�/� mice were purchased from The
Jackson Laboratory and were housed under specific-pathogen-free condi-
tions. All mice in this study were used according to protocols approved by the
Institutional Animal Care and Use Committee at St. Jude Children’s Research
Hospital.

Viral Infection and Sample Collection. Naive mice were anesthetized by i.p.
injection with avertin (2,2,2-tribromoethanol) before i.n. challenge with the
appropriate dose of virus diluted in 30 �L of sterile, endotoxin-free PBS.
Animals were weighed before infection, then monitored daily for weight loss
as a measure of morbidity, or euthanized at the appropriate time point for
sample collection. BAL fluid was collected in three 1-mL washes with HBSS.
Cells were pelleted by light centrifugation, and total numbers per BAL sample
were determined by using a Coulter counter (IG Instrumenten).

Flow-Cytometric Analysis. The BAL cells were stained with the appropriate
combination of FITC-labeled anti-Ly6g (1A8; BD Biosciences), phycoerythrin
(PE)-labeled anti-MHC class II (AF6–120.1; BD Biosciences), PE-Cy5-labeled
anti-CD11c (N418; eBioscience), Alexa Fluor 647-labeled anti-Ly6c (ER-MP20;
AbD Serotech), allophycocyanin (APC)-Cy7-labeled anti-CD11b (M1/70; BD
Biosciences), FITC-labeled anti-CD4 (RM4.5; BD Biosciences), PE-labeled anti-
NK1.1 (PK136; BD Biosciences), APC-labeled ��T cell receptor (H57–597; BD),
APC-Cy7-labeled anti-CD8 (53–6.7; eBioscience), or PE-labeled anti-TNF-�
(MP6-XT22; BD Biosciences) after blocking of the Fc receptor with anti-CD32/
CD16 (BD Biosciences) at 4 °C. For CD8� T cell analysis, cells were stained with
tetramers specific for the DbPA224–233, KbPB1703–711, or DbPB1-F262–70 epitopes
for 1 h at room temperature before staining with the monoclonal antibodies
(mAbs). Intracellular staining was performed by staining the cells for surface
markers before fixing in 2% paraformaldehyde and permeabilizing with
Perm/Wash buffer (BD Biosciences). For iNOS staining, cells were incubated
with goat anti-iNOS (M-19; Santa Cruz Biotechnology) followed by FITC-
conjugated anti-goat IgG (Jackson ImmunoResearch). Data were acquired by
using either a FACSCalibur or FACScan (BD Biosciences) and analyzed by using
FloJo (Tree Star). For characterization of cell types, a large gate was drawn to
include the monocyte and lymphocyte populations from forward scatter vs.
side scatter. Cells were further differentiated by expression of cell-specific
markers as indicated in Table S1. The number of viable cells per BAL sample
was determined by using a Coulter counter (IG Instrumenten), and individual
cell subsets were calculated by multiplying the percentage of each cell type (as
determined by FACS) by the total number of viable cells recovered per BAL.

Cytokine and Chemokine Quantification. Mouse cytokines and chemokines in
the cell-free BAL fluid were measured by using the Bio-Rad multiplex assay.

Virus Titer Determination. Cell-free BAL fluid samples were titered by plaque
assay on MDCK cells. Near-confluent 25-cm2 MDCK cell monolayers were
infected with 1 mL of six 10-fold dilutions of BAL fluid for 1 h at 37 °C, then
washed with PBS before adding 3 mL of MEM containing 1 mg/mL L-1-
tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin (Worthing-
ton) and 0.9% agarose. Cultures were incubated at 37 °C, 5% CO2 for 72 h.
Plaques were visualized with crystal violet.

T Cell Hybridoma Stimulation by tipDCs. Wild-type B6 mice were infected with
105 pfu of x-31. On day 6 after infection, BAL fluid was collected, and tipDCs
were purified by cell sorting (MoFlo; Beckman Coulter). The tipDCs (�1 � 104)

were cocultured in 96-well plates with 2 � 104 DbPB1-F262-specific hybridoma
cells (line F2-54) for 24 h. The F2-54 hybridoma line reacts positively by IL-2
production with the DbPB1-F262 epitope but negatively with DbPA224,
KbPB1703, KbNS2114, and DbNP366. At the same time, a standard curve was
generated by pulsing uninfected splenocytes with serially diluted PB1-F262

peptide, then coculturing with the F2-54 hybridoma. IL-2 production, which in
this assay correlates directly to the MHC class I expression on the APC cell
surface, was measured by ELISA using purified anti-IL-2 and biotin–anti-IL-2
antibodies (BD BiosciencesBD) following the manufacturer’s directions. The
concentration of epitope was calculated based on IL-2 production derived
from the standard curve, and the amount of peptide presented per APC was
calculated by dividing the determined amount of peptide presented by the
number of APCs added to the assay.

tipDC Transfer. The B6 mice were infected i.n. with 105 pfu of either the intact
x-31 or the DKO virus with disrupted DbNP366–374 and DbPA224–233 epitopes. On
day 6 after infection, tipDCs were isolated from the BAL fluid by using a MoFlo
(Beckman Coulter) to �95% purity. The CCR2�/� animals were infected i.n.
with 105 pfu of x-31. On day 1 after infection, 104 tipDCs purified from animals
given either x-31 or DKO were transferred intratracheally into CCR2�/� ani-
mals. Six days after tipDC transfer (day 7 after infection) BAL fluid was
collected, and cells were stained with tetramers specific for the DbNP366–374

and DbPA224–233 epitopes at room temperature for 1 h. After blocking the Fc
receptor with anti-CD32/CD16 (BE Biosciences) at 4 °C, the cells were then
stained with APC-Cy7-labeled anti-CD8 (eBioscience) and analyzed by flow
cytometry (FACScan, BD Biosciences Pharmingen). Total cell numbers per BAL
sample were determined by using a Coulter counter (IG Instrumenten).

Pioglitazone Treatment. The B6 mice were treated with 60 mg/kg of pioglita-
zone (suspended in 100 �L of PBS) via oral gavage beginning on day 3 before
infection and continued daily thereafter. The control mice were given 100 �L
of PBS, and both groups were challenged with 5 MLD50 of PR8. Weight loss was
monitored daily as a measure of morbidity. On days 3 and 6 after infection,
groups of mice from the treatment and control groups were euthanized. The
BAL fluid was collected in three 1-mL washes with HBSS, and cells were isolated
by light centrifugation. The total cell count per BAL was determined by using
a Coulter counter, and the cells were analyzed by flow cytometry. Virus titers
in BAL fluid were determined by plaque assay. Cytokines and chemokines
were quantified by using the Bio-Rad multiplex assay, except for MCP-3, which
was measured by ELISA (Bender MedSystems).

Statistical Analysis. Data are presented as mean � SEM. Time course data,
i.e., cell counts and cytokine and chemokine expression, were analyzed
with multiple regression. When there was a significant interaction effect,
the simple effect of virus or treatment was investigated by performing
ANOVA for each time point. This analysis accounted for multiple compar-
isons by using the mean-square error from the regression analysis to
calculate the F statistic. If the interaction effect was not significant, then
model simplification was performed to find the minimal adequate model.
Similar techniques were used to analyze weight loss after infection. How-
ever, because each mouse was measured at every time point, mouse was
included as a random effect in the regression model. Model simplification
was performed in R 2.8.0 (www.R-project.org). All remaining analyses were
performed in JMP 4.0.4 (SAS Institute).
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