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ABSTRACT

Following influenza A virus (IAV) infection, development of a robust IAV-specific CD8 T cell response is required for clearance
of primary infection and enhances memory protection. Following IAV infection, plasmacytoid dendritic cells (pDC) or CD8��

DC regulate pulmonary effector CD8 T cell responses within the lung. Without this DC-T cell interaction, insufficient effector
CD8 T cells are maintained in the lungs, leading to enhanced morbidity and mortality. Previous studies have demonstrated that
pDC are capable of classical presentation or cross-presentation of IAV antigens and could potentially regulate IAV-specific CD8
T cell responses through either mechanism. Our results demonstrate that pDC from the lungs of donor mice infected with an
IAV that is not able to replicate in hematopoietic cells (142t-IAV), unlike donor pDC isolated from the lungs of control infected
mice, are not able to rescue the host IAV-specific CD8 T cell response from apoptosis. This indicates that pDC must utilize the
direct presentation pathway for this rescue. This inability of pDC from 142t-IAV donors to rescue the IAV-specific CD8 T cell
response is not due to differences in the overall ability of 142t-IAV to replicate within the lungs or generate defective viral ge-
nomes or to differences in levels of costimulatory molecules required for this interaction. We further demonstrate that bypass-
ing the antigen presentation pathway by coating the 142t-IAV pDC with IAV peptide epitopes restores their ability to rescue the
IAV-specific CD8 T cell response.

IMPORTANCE

IAV continues to be a global health burden, infecting 5 to 20% of the global population annually. Continued investigation into
the mechanisms that mediate protective immune responses against IAV is important to improving current vaccination and anti-
viral strategies antagonistic toward IAV. Our findings presented herein demonstrate a key requirement for pDC promotion of
effector CD8 T cell survival: that rather than utilizing cross-presentation, pDC must be infected and utilize the endogenous path-
way for presentation of antigens to CD8 T cells during in vivo IAV infections. This suggests that targeting presentation via the
endogenous pathway in pDC could be important for the development of unique antiviral cellular therapies.

The development of a cytotoxic CD8 T cell response is key in
clearance of influenza A virus (IAV) infection. Following ac-

tivation of naive CD8 T cells in the lung-draining lymph nodes
(dLNs), our studies have demonstrated that effector CD8 T cells
must interact with either plasmacytoid DC (pDC) or CD8�� DC
within the lungs in order to avoid apoptosis, generate a full-mag-
nitude CD8 T cell response, and lead to clearance of virus from the
host (1, 2). The rescue of the T cells from death by DC during this
pulmonary DC-CD8 T cell interaction requires presentation of
viral antigen in the context of major histocompatibility complex
class I (MHC-I), trans-presentation of interleukin 15 (IL-15), and
CD70 (references 2 and 3 and unpublished observations).

During in vivo infection, IAV replicates in both lung epithelial
cells and antigen-presenting cells (APCs) (4–7). DC are posi-
tioned in the airways and interstitium of the lungs and acquire
viral antigens from surrounding dying epithelial cells or through
direct infection. DC then process this antigen and express viral
peptide-containing MHC-I molecules, which are utilized in the
initial activation of naive CD8 T cells in the dLN and for main-
taining the CD8 T cells within the lung. The viral peptides or
proteins acquired from IAV-infected, dying epithelial cells and
during direct infection of the DC are processed and presented via
2 pathways: cross-presentation and the endogenous pathway, re-
spectively (reviewed in reference 8). While CD8�� DC are well
documented to be effective cross-presenters of antigens, pDC are

typically not regarded as efficient cross-presenters (9, 10). Inter-
estingly, however, pDC have been demonstrated to cross-present
antigens following Toll-like receptor 7 (TLR7) stimulation (11)
and produce type I interferon (IFN) following TLR7 activation
during IAV infection (12). Therefore, it is possible that pDC could
utilize the cross-presentation pathway to present viral antigens to
CD8 T cells in the lungs during IAV infection. At this time,
whether pDC can cross-present antigens during an in vivo IAV
infection remains controversial (6, 13). While a pDC cell line has
been demonstrated to cross-present viral antigens in vitro after
exposure to IAV (13), exposure of human primary pDC to IAV
has been reported to impair their ability to cross-present antigens
to CD8 T cells (6). As antigen presentation by either pDC or
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CD8�� DC to effector CD8 T cells is required within the lungs
during IAV infection, the possibility that these DC subsets could
utilize distinct pathways of antigen processing or presentation in
order to maintain the pulmonary IAV-specific CD8 T cell re-
sponse is intriguing. The utilization of disparate pathways by pDC
and CD8�� DC subsets to process and present antigen during
their normal rescue of the IAV-specific CD8 T cell response from
apoptosis in the lungs during IAV infection (2) would be the first
distinction between these two DC subsets in their requirements
for acquiring the ability to protect CD8 T cells from apoptosis and
drive robust T cell immunity in the lungs. Knowledge of such
potential distinctions would aid in further delineating the path-
ways that would need to be involved in the future design of ther-
apeutic strategies to boost pulmonary CD8 T cell responses during
infection. Therefore, we sought to determine whether these DC
subsets utilize the endogenous or cross-presentation pathways to
present antigens via MHC-I within the lungs during IAV infec-
tion.

Recently, Langlois et al. described an IAV containing four
perfect targeting sequences for a hematopoietic cell-specific
microRNA (miR-142) at the 3= end of the nucleocapsid protein
(NP) mRNA of A/PR/8/34 (142t-IAV) (14). As miR-142 is ex-
clusively expressed in cells of hematopoietic origin (15), the NP
mRNA is targeted for degradation, efficiently restricting repli-
cation of this virus within hematopoietic cells (14). While early
RIG-I-mediated type I IFN production was reduced following
infection with 142t-IAV, similar viral titers and clearance rates,
weight loss, and accumulation of IAV-specific CD8 T cells were
observed following infection with 142t-IAV compared to a
control A/PR/8/34 (ctrl-IAV) containing random nucleotides
instead of the miR142 targeting sequence (14). Further, even
though the frequency of CD45� CD11c� that are hemaggluti-
nin positive (HA�; i.e., infected) is significantly reduced in
142t-IAV infected mice compared to ctrl-IAV-infected mice,
this virus does not appear to be attenuated. Therefore, the use
of donor DC subsets from animals infected with 142t-IAV al-
lows us to address the contribution of direct infection of the
DC to pulmonary T cell responses.

Herein, we demonstrate that adoptively transferred CD8��

DC are able to rescue the IAV-specific CD8 T cell response of
pulmonary APC-depleted host mice regardless of whether they
are purified from the lungs of mice infected with ctrl-IAV or 142t-
IAV, suggesting that cross-presentation of viral antigens by
CD8�� DC is sufficient to prevent IAV-specific CD8 T cell apop-
tosis within the lungs. In contrast, while donor pDC from ctrl-
IAV-infected lungs permit development of full magnitude IAV-
specific CD8 T cell responses within the lungs of APC-depleted
hosts, pDC from the lungs of 142t-IAV-infected donors do not
rescue the IAV-specific CD8 T cell response, indicating that direct
presentation by pDC is required.

MATERIALS AND METHODS
Mice. Six- to 8-week-old wild-type (WT) BALB/c mice were obtained
from the National Cancer Institute (Frederick, MD). All mice were
housed and maintained in the animal care facility at the University of Iowa
(Iowa City, IA). All experiments were performed in accordance with reg-
ulatory standards and guidelines and were approved by the Institutional
Animal Care and Use Committee of the University of Iowa.

Influenza virus infection. Previously described A/PR/8/34 viruses
containing a miR-142 targeting sequence (142t-IAV) or a control, non-
sense sequence (ctrl-IAV) were grown in eggs (14). Host mice were anes-

thetized with isoflurane and infected intranasally (i.n.) with 474 tissue
culture infectious units of ctrl-IAV (0.1 50% lethal dose [LD50 dose]) in 50
�l Iscove’s modified Dulbecco’s medium (IMDM). DC donor mice were
infected with 47.4 tissue culture infectious units of ctrl-PR8 or 142t-IAV
(0.01 LD50). Infection was quantified by performing plaque assays on lung
samples as previously described (14).

Clodronate-liposome treatment. Pulmonary DC and macrophage
depletion was performed as previously described by treatment with lipo-
somes containing dichloromethylene bisphosphonate (clodronate) (2).
At 48 h postinfection (p.i.), mice were anesthetized by isoflurane inhala-
tion and administered 75 �l of clodronate-liposomes or phosphate-buff-
ered saline (PBS)-liposomes intranasally.

Peptides. Influenza virus peptides HA533-541 (IYATVAGSL) and
NP147-155 (TYQRTRALV) were synthesized by BioSynthesis Incorpo-
rated.

Preparation of cells. Lungs were pressed through wire mesh to obtain
a single cell suspension, which was then enumerated by trypan blue ex-
clusion. For DC preparations, lungs were digested for 25 min at 25°C in
media containing 1 mg/ml of collagenase (Sigma) and 0.02 mg/ml of
DNase (Sigma) before single-cell preparation. The DC utilized for recon-
stitution experiments were purified from the lungs of day 6 ctrl-IAV- or
142t-IAV-infected BALB/c donors to 80 to 85% purity using magnetic
activated cell sorting (MACS) technology (Miltenyi Biotech) according to
the manufacturer’s instructions, as previously described (2). Briefly, cells
were stained with anti-CD3ε, anti-CD4, anti-CD19, anti-CD49b, anti-
SiglecF, and anti-F4/80 monoclonal antibodies (MAbs) conjugated to
phycoerythrin (PE) followed by anti-PE microbeads according to the
manufacturer’s instructions (Miltenyi Biotech). Labeled cells were iso-
lated using an auto-MACS. The negative fraction was labeled with anti-
CD8� microbeads according to the manufacturer’s instructions (Miltenyi
Biotech). Labeled cells were isolated using MACS LS columns, and mi-
crobeads were removed from cells using MACS Multisort release reagent
from the MACS anti-PE Multisort kit according to the manufacturer’s
instructions. Labeled cells were then stained with anti-CD45R-PE fol-
lowed by anti-PE microbeads according to the manufacturer’s instruc-
tions. Labeled (pDC) and unlabeled (CD8�� DC) cells were isolated us-
ing MACS LS columns, and microbeads were removed as described above.
Cells were then diluted in trypan blue and counted using a hemacytometer
to enumerate live pDC and CD8�� DC prior to adoptive transfer. For
peptide coating, purified pDC were incubated with 1 �M HA533 or NP147

peptide for 1 h in complete medium at 37°C, washed, and mixed at a 1:1
ratio prior to transfer. Purified cells were resuspended in IMDM, and
2.5 � 104 cells in 50 �l were adoptively transferred intranasally to host
mice on day 3 p.i.

MHC-I tetramers. MHC class I tetramers HA533-541 [H-2K(d)/
IYSTVASSL] and NP147-155 [H-2K(d)/TYQRTRALV] were obtained
from the National Institute of Allergy and Infectious Disease MHC
Tetramer Core Facility (Atlanta, GA).

Antibody staining for flow cytometry. Single-cell suspensions of
lungs were prepared by pressing the tissues through wire mesh screens
and plating 1 � 106 cells/well in a 96-well plate and were blocked with
rat serum in fluorescence-activated cell sorter (FACS) buffer for 30
min at 4°C.

Following blocking, cells were incubated with FACS buffer containing
rat anti-mouse CD8� (53-6.7; BD), rat anti-mouse CD3ε (145-2C11;
BD), and HA533 or NP147 tetramers for 30 min at 4°C to identify IAV-
specific CD8 T cells as previously described (1, 2). To identify pDC and
CD8�� DC populations, cells were incubated in FACS buffer containing
hamster anti-mouse CD11c (HL3; BD), rat anti-mouse CD8� (53-6.7;
BD), rat anti-mouse CD11b (M1/70; eBioscience), rat anti-mouse IA/IE
(M5/114.15.2; eBioscience), rat anti-mouse CD45R (RA3-6B2; BioLeg-
end), mouse anti-mouse MHC-I (34-1-2S; eBioscience), rat anti-mouse
IL-15R� (DNT15Ra; eBioscience), and rat anti-mouse CD70 (FR70; Bio-
Legend) for 30 min at 4°C. Cells were then fixed in FACS lysis buffer (BD)
per the manufacturer’s instructions and resuspended in PBS.
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For intracellular staining, cells were incubated in FACS buffer with
saponin containing goat serum and 2.4G2 for 30 min on ice. Following
blocking, cells were incubated with rabbit anti-HA (PY102) for 1 h on ice,
washed 3 times, and subsequently incubated with goat anti-rabbit IgG
conjugated to fluorescein isothiocyanate (FITC). Following incubation
with secondary antibody, cells were washed 3 times and resuspended in
PBS. Data were acquired on a BD FACSCanto II or a BD LSR II and
analyzed with FlowJo software (TreeStar, Inc.).

Detection of IAV defective interfering particles. Mice were anesthe-
tized with isoflurane and infected intranasally with 0.1 LD50 of either
ctrl-IAV or 142t-IAV. On days 3 and 5 p.i., lungs were harvested and
TRIzol extraction was performed to isolate RNA. The SuperScript III
One-Step reverse transcription-PCR (RT-PCR) system with Platinum
Taq DNA polymerase (Invitrogen) was used to convert A/Puerto Rico/
8/34 viral RNA samples into cDNA and to amplify the cDNA by PCR. The
PB2 and NA gene segments were amplified from each of the samples
utilizing the following previously described primers: for PB2, 5=-GTAGA
TGCAGCGAAAGCAGGTCAATTAT and 3=-GTAGCAGCAGTAGAAA
CAAGGTCGTTTT, and for NA, 5=-GTAGATGCAGCGAAAGCAGGGG
TTTAAA and 3=-GTAGCAGCAGTAGAAACAAGGAGTTTTT (16). The
samples were then loaded onto a 1% agarose gel with 0.012% ethidium
bromide and run in Tris-acetate-EDTA buffer, and PB2 primer 3=-GTA
GCAGCAGTAGAAACAAGGTCGTTTT was imaged on a Cell Biosci-
ences gel doc.

Statistical analysis. Data were compiled in graphical format using
Prism software (GraphPad Software, San Diego, CA). Error bars in figures
represent standard errors of the means (SEMs). Statistical significance for
experiments with 2 groups was determined by using unpaired, two-tailed
Student’s t tests. For experiments containing 3 or more groups, statistical
significance was determined by analysis of variance (ANOVA) followed
by Tukey’s multiple-comparison test.

RESULTS
142t-IAV replicates efficiently in respiratory epithelial cells but
not pulmonary pDC. Intranasal infection with ctrl-IAV or 142t-
IAV induced similar weight losses and viral titers within the lungs,
confirming that 142t-IAV is not attenuated (Fig. 1) (14). Although
this virus is not attenuated, replication of 142t-IAV has been dem-
onstrated to be restricted within the total CD45� CD11c� com-
partment. Therefore, we next confirmed the lack of 142t-IAV rep-
lication within pDC and CD8�� DC. While we observed no
difference in the number of pDC recruited to the infected lungs 4
days p.i., the frequency of pDC positive for intracellular HA (in-
dicative of replicating virus) was similar to background levels in
the lungs of mice infected with 142t-IAV compared to ctrl-IAV
(Fig. 2A to C). This result is consistent with the published expres-

sion of miR-142 in pDC (data not shown) (17). Similar to pDC,
replication of 142t-IAV was also limited within CD8�� DC, but
again, infection with 142t-IAV did not alter the total number of
CD8�� DC recruited to the lungs on day 4 p.i. (Fig. 2D). These
results indicate that infection of DC with 142t-IAV is not permit-
ted and suggest that any antigen presentation by either pDC or
CD8�� DC that occurs via MHC-I during 142t-IAV infection is
due to cross-presentation.

Replication within pDC but not CD8a� DC is required for
the rescue of the pulmonary IAV-specific CD8 T cell response.
We have previously demonstrated that pDC or CD8�� DC are
sufficient to rescue the pulmonary IAV-specific CD8 T cell re-
sponse from apoptosis during IAV infection (1, 2). To determine
whether pDC and CD8�� DC need to be directly infected or can
utilize cross-presentation to present antigen to activated CD8 T
cells within the lungs, we used a methodology similar to what we
have previously described (2). We transferred donor pDC or
CD8�� DC purified from the lungs of mice infected with either
ctrl- or 142t-IAV into host mice that had been infected with ctrl-
IAV and administered clodronate liposomes intranasally 48 h p.i.
to deplete phagocytic cells within the lungs. Donor pDC and
CD8�� DC were transferred 24 h following i.n. APC depletion of
host mice. As previously described (2), IAV infection generates a
robust IAV-specific CD8 T cell response detectable in the lungs on
7 days p.i. that is blunted when phagocytic cells in the airways are
depleted 48 h postinfection (Fig. 3). Reconstitution of APC-de-
pleted, ctrl-IAV-infected mice with donor pDC from the lungs of
ctrl-IAV-infected mice completely restores both the NP147 and
HA533 IAV-specific CD8 T cell responses (Fig. 3). In contrast,
donor pDC from the lungs of 142t-IAV-infected mice were not
able to rescue either the NP147 or HA533 IAV-specific CD8 T cell
response in APC-depleted, ctrl-IAV-infected hosts (Fig. 3). Given
that DC-T cell interactions within the lungs are required to rescue
the IAV-specific CD8 T cell response from apoptosis (2), these
results indicate that cross-presentation alone by pDC is not suffi-
cient for generating a full-magnitude IAV-specific CD8 T cell re-
sponse. Further, these data suggest that pDC must be directly in-
fected and process and present antigens to effector CD8 T cells in
the lungs via the endogenous pathway. Like with pDC, adminis-
tration of donor CD8�� DC from the lungs of ctrl-IAV-infected
mice to APC-depleted, ctrl-IAV-infected hosts was able to rescue
the pulmonary CD8 T cell response against IAV (Fig. 4). However,
in contrast to pDC, donor CD8�� DC from 142t-IAV-infected
lungs are able to rescue the IAV-specific CD8 T cell response
within the lungs of APC-depleted, ctrl-IAV-infected hosts, indi-
cating that CD8�� DC are able to efficiently utilize cross-presen-
tation to display IAV peptide–MHC-I complexes to effector CD8
T cells within the lungs (Fig. 3).

To date, we have defined several molecules critical during the
pulmonary DC-T cell interaction. Presentation of viral peptide in
the context of MHC-I, trans-presentation of IL-15, and CD70 on
pDC are all required in order to prevent apoptosis of effector
IAV-specific CD8 T cells as they enter the lung during IAV infec-
tion (data not shown) (2, 3). Therefore, we wanted to verify that
the inability of pDC from 142t-IAV-infected lungs to maintain
sufficient numbers of IAV-specific CD8 T cells was due to an in-
ability of pDC to cross-present this viral antigen and not due to
differential expression of MHC-I, IL-15R�, or CD70 on pDC dur-
ing infection with 142t-IAV. Our results show that expression of
these molecules on pDC is the same on day 6 p.i. (i.e., the day

FIG 1 Replication of IAV expressing a miR-142 targeting sequence is not
inhibited in the lungs relative to ctrl-IAV. Mice were infected with 0.1 LD50 of
ctrl- or 142t-IAV. On day 4 p.i., lungs were harvested and viral titers were
determined. Viral titer data represent one experiment performed in duplicate
(n � 5 mice/group).
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FIG 2 IAV expressing a miR-142 targeting sequence does not replicate efficiently within pulmonary pDC or CD8�� DC. Mice were infected with 0.1 LD50 of ctrl- or
142t-IAV. On day 4 p.i., lungs were harvested and HA� pDC and CD8�� DC were identified by staining with anti-HA, anti-CD11c, anti-MHC-II, anti-CD8�, and
anti-B220. Representative gatings for these populations are shown in panels A and B. In panels C and D, the total number and the frequency of HA� among total pDC
(C) or CD8�� DC (D) were determined. Data are pooled results from two independent experiments (n � 5 to 8 mice/group). Bars correspond to means � SEMs. **,
P � 0.01. Statistical significance determined by ANOVA followed by Tukey’s multiple-comparison test. n.s., not significant.
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donor DC are harvested for transfer in Fig. 3) regardless of infec-
tion with ctrl- or 142t-IAV (Fig. 4). Further, we also observed no
difference in the expression of these molecules on CD8�� DC
during infection with either ctrl- or 142t-IAV (data not shown).
These results indicate that the inability of pDC from 142t-IAV-

infected mice to rescue the CD8 T cell response is not due to a lack
of molecules known to be required on the surface of pDC for
proper maintenance of IAV-specific CD8 T cells in the lungs.

Defective interfering genomes have been demonstrated to be
produced following IAV infection and can stimulate innate im-
mune responses and enhance DC maturation, which could mod-
ulate induction of antiviral CD8 T cell responses (16, 18, 19).
Therefore, differences in the amounts of defective genomes pro-
duced in the lungs of DC donors infected with ctrl- or 142t-IAV
could potentially lead to alterations in antigen presentation capa-
bilities of DC subsets. Our results demonstrate that at both days 3
and 5 p.i., there is no difference in the amounts of defective ge-
nomes in the lungs of mice infected with ctrl- or 142t-IAV (Fig. 5).
These results reveal that the inability of pDC from the lungs of
142t-IAV-infected mice to rescue the CD8 T cell response is not
due to differential exposure to defective IAV.

Coating pDC from 142t-IAV donors with IAV peptide prior
to transfer restores the ability of pDC to rescue the pulmonary
IAV-specific CD8 T cell response. While we observed no differ-
ences in the molecules known to be required for the rescue of the
IAV-specific CD8 T cell response or defective IAV genome levels
within the lungs, it is possible other, currently undefined mole-
cules could be differentially regulated during 142t-IAV infection,
potentially impacting the ability of pDC to present viral antigen to
effector CD8 T cells within the lungs. If this is the case, providing
exogenous viral peptides that correspond to known IAV CD8 T
cell epitopes to donor pDC purified from the lungs of 142t-IAV
mice should not be able to restore the ability of 142t-IAV pDC to
rescue the pulmonary, IAV-specific CD8 T cell response. There-
fore, we next incubated pDC purified from the lungs of 142t-IAV-
infected donors with exogenous HA533 or NP147 peptide, mixed
the peptide-pulsed pDC populations at a 1:1 ratio, and transferred
the donor pDC to ctrl-IAV-infected, APC-depleted mice. While
donor pDC purified from 142t-IAV-infected lungs could not re-
cue the IAV-specific CD8 T cell response, bypassing antigen pro-
cessing by coating these cells with IAV peptide prior to transfer
restored their ability to rescue the IAV-specific CD8 T cell re-
sponse in the lungs of APC-depleted mice (Fig. 6). Together, these
results demonstrate that the failure of pDC from 142t-IAV-in-
fected lungs to rescue the IAV-specific CD8 T cell response is
indeed due to the inability of pDC to cross-present IAV antigen
within the lungs and not an inability to present antigen on the cell
surface, insufficient expression of required surface molecules
(MHC-I, IL-15R�, and CD70), or differences in their prior expo-
sure to defective genomes. Together, our results suggest that while
CD8�� DC are able to utilize cross-presentation in order to rescue
the IAV-specific CD8 T cell response, pDC are not and require
direct infection along with the endogenous pathway to present
viral antigen in order for this rescue to occur. Importantly, these
studies are the first, to our knowledge, to examine the ability of
pDC to cross-present antigen within the lungs during IAV infec-
tion without first priming or infecting pDC in vitro or analyzing
processing and presentation of a model antigen not normally
present during an in vivo IAV infection (6, 11–13, 20).

DISCUSSION

Utilizing DC as therapeutics to aid in the development of immune
responses against pathogenic infections, autoimmunity, and can-
cer has great potential (21). Our work has demonstrated that both
pDC and CD8�� DC administered i.n. are able to boost IAV-

FIG 3 Donor CD8�� DC, but not pDC, from 142t-IAV-infected lungs are
able to rescue the pulmonary IAV-specific CD8 T cell response. Host mice
were infected with 0.1 LD50 of ctrl-IAV and administered clodronate lipo-
somes 48 h later. Twenty-four hours following treatment, groups of host mice
were administered 2.5 � 104 pDC or CD8�� DC isolated from the lungs of
donor ctrl- or 142t-IAV-infected mice. Four days later, on day 7 p.i., the lungs
were harvested and the frequency and number of IAV-specific (HA533- and
NP147-positive) CD8 T cells were determined by flow cytometry. Representa-
tive flow plots for NP147 (A) and HA533 (B) staining are shown. (C) Total
numbers of combined IAV-specific (HA533- and NP147-positive) CD8 T cells
were calculated. Pooled results from two independent experiments are de-
picted (n � 5 to 10 mice/group). Each point corresponds to one mouse, and
bars correspond to the means � SEMs. ****, P � 0.0001 compared to the value
for the IAV-infected group; †, P � 0.05 compared to the value for the IAV-
infected, APC-depleted group; †††, P � 0.001 compared to the value for the
IAV-infected, APC-depleted group; #, P � 0.05 compared to the value ob-
tained with transfer of pDC from ctrl-IAV-infected donors. Statistical signifi-
cance was determined by ANOVA followed by Tukey’s multiple-comparison
test.
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specific CD8 T cell response in the lungs (2, 3) and could theoret-
ically be utilized as a DC-based therapeutic to aid in the develop-
ment of robust, local IAV-specific CD8 T cell responses to clear
infection. In this context, pDC would likely be the better candidate
in development of such a treatment, as pDC are numerous and
comprise approximately 1/3 of the DCs within human peripheral
blood (20). Therefore, pDC might be able to be purified, matured,
and coated with IAV peptides to boost IAV-specific CD8 T cell
responses in the lungs after IAV infection is already established
and the window of priming within dLN has occurred. Such a ther-
apeutic could be useful in situations of pandemic IAV outbreak

where a large portion of the population is suddenly at high risk for
potentially damaging IAV infections as their preexisting immu-
nity from former IAV infections and vaccinations is rendered in-
effective. Further, lymphopenia is a hallmark of severe IAV infec-
tion, and preventing pulmonary apoptosis of effector CD8 T cells
might aid in viral clearance and reduction of severe disease out-
comes during highly pathogenic IAV infection (22–24). Cur-
rently, understanding the requirements and abilities of pDC from
IAV-infected hosts is the first step in designing such a therapeutic
treatment.

The ability of pDC to cross-present antigen during IAV infec-
tion remains controversial. While pDC have been demonstrated
to cross-present IAV antigen in vivo and in vitro, such cross-pre-
sentation has only been demonstrated when pDC were first stim-
ulated with TLR ligands, such as imiquimod or resiquimod, in
vitro (9, 11, 13). Further, direct infection of human pDC with IAV
impairs their ability to cross-present exogenous antigens (6). By
utilizing an IAV that cannot replicate in hematopoietic cells, we
were able to limit any presentation of antigens by pDC from 142t-
IAV-infected lungs to cross-presentation. Given this, it is possible
that the amount of TLR7 stimulation during in vivo IAV infection
may not be sufficient to induce cross-presentation by pulmonary
pDC. The addition of TLR7 stimulation in excess in vivo or ex vivo
might allow pDC to cross-present antigens to effector IAV-spe-
cific CD8 T cells within the lungs, and perhaps even enhance the
overall antiviral response within the lungs by increasing type I IFN
production by pDC (12). However, any use of TLR7 as a therapy
to attempt to induce pDC cross-presentation should proceed with
caution, as excessive, systemic TLR7 stimulation can result in
damaging, overt inflammation either from pDC or generally
within the lung (25).

In agreement with the literature, our results demonstrate
CD8�� DC are potent presenters of antigen and are able to utilize

FIG 4 pDC from ctrl- and 142t-IAV-infected lungs express similar levels of molecules known to be required for pulmonary rescue of the IAV-specific CD8 T cell
response. Mice were infected as described for Fig. 1. On day 6 p.i., lungs were harvested and the expression of MHC-I, IL-15-Ra, and CD70 on the surface of pDC
(CD11c� CD11b	 MHC-II� B220� CD8a�) from ctrl-IAV-infected (black dotted line) and 142t-IAV-infected (gray line) lungs compared to the isotype control
(shaded histogram) was determined. Bar graphs depict MHC-I, IL-15Ra, and CD70 expression as measured by MFI on pDC from ctrl-IAV-infected (black bars)
and 142t-IAV-infected (gray bars) lungs. Each bar corresponds to the mean � SEM from two pooled, independent experiments (n � 10 mice/group).

FIG 5 Defective interfering particles (DI) are similar in ctrl- and 142t-IAV-
infected lungs. Mice were infected with 0.1 LD50 of ctrl- or 142t-IAV. On days
3 and 5 postinfection, lungs were harvested and processed in TRIzol to collect
viral RNA. PCR was performed for the PB2 gene segment to determine the
amount of DI in the lungs. As a control, PCR was also performed for the NA
gene segment.
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both the direct (endogenous) and cross-presentation (exogenous)
pathways to present viral antigen to CD8 T cells via MHC-I (re-
viewed in reference 8). However, recent studies have demon-
strated that not all CD8�� DC are efficient cross-presenters and
that this ability is licensed by exposure to TLR ligands, damage-
associated molecular patterns (DAMPs), granulocyte-macro-
phage colony-stimulating factor (GM-CSF), and IL-3 (26–28).
Whether cytokine and/or pattern- or damage-associated molecu-
lar pattern signaling is required to license pDC for cross-presen-
tation, and what exactly those signals are, remains underexplored.
The ability of the CD8�� DC to cross-present suggests that the
necessary signals required for licensing of cross-presentation are
present in the lungs of IAV-infected mice. This therefore suggests
that the signals required for cross-presentation licensing in pDC
may be distinct from those utilized by CD8�� DC (27) or that the
pDC are in a location or environment distinct from CD8�� DC
within the lungs.

Cumulatively, these results demonstrate that while CD8�� DC
are able to utilize cross-presentation of antigens to generate a full
magnitude, IAV-specific CD8 T cell responses in the lung pDC do
not and instead appear to rely solely on direct, endogenous pre-
sentation of IAV viral antigen to rescue the IAV-specific CD8 T
cell response from apoptosis. These results also more generally
demonstrate that pDC do not typically cross-present IAV antigen
within the lungs during in vivo IAV infections.
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