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A timely immune response is crucial for the effective
control of virus infection. The influenza virus NS1 pro-
tein interferes with the expression of key proinflamma-
tory cytokines from infected cells in vitro. To investigate
the effect of NS1 during the onset of immunity in vivo,
we systematically studied the early events that occur in
the lungs and draining lymph nodes upon infection with
influenza virus. Strikingly, no sign of innate immunity
was detected in the lungs for almost 2 days after in-
fection until a sudden inflammatory burst, including
IFNs, cytokines, and chemokines, occurred. This
burst preceded the robust dendritic cell migration
and T cell activation in the lymph nodes. An NS1-
deficient virus triggered rapid inflammation in the
lungs whereas a wild-type virus did not. Thus, we
demonstrate that, in vivo, influenza virus uses the
NS1 protein to replicate for almost 2 days after infec-
tion before detection by the immune system. The
Journal of Immunology, 2009, 183: 3569 –3573.

I nitiation of adaptive immunity to influenza virus requires
professional APCs such as dendritic cells (DCs)3 that ma-
ture in response to virus stimuli or to cues produced by

infected cells (1, 2). Matured DCs migrate to the regional
lymph nodes where they trigger the proliferation of naive T cells
and their differentiation into effector cells (3, 4). However, the
stimuli and conditions required for in vivo DC activation dur-
ing influenza virus infection remain controversial.

Studies using mouse and human DCs in vitro demonstrate
that upon infection influenza virus blocks many features of DC
maturation, including synthesis of the antiviral cytokine type I
IFN together with a broad range of inflammatory cytokines (5–
7). Moreover, virus-infected DCs fail to up-regulate surface
MHC class II and costimulatory molecules such as CD80 and
CD86 that are pivotal for T cell stimulation. This inhibition is
mediated by the virus-encoded NS1 protein, which is critical

for the fitness of the virus because recombinant influenza vi-
ruses lacking the NS1 protein (�-NS1 virus) are incapable of
replicating efficiently in immunocompetent animals (8). How-
ever, despite NS1 antagonism, antiviral immunity and viral
clearance are successfully accomplished during influenza infec-
tion (9–11). Thus, we set out to investigate this apparent
contradiction.

In the present study, we analyzed the progression of early
events occurring in the lungs of mice infected with aerosol-
ized influenza virus that lead to the onset of immunity. In
this model, virus particles are delivered to the lower respira-
tory tract where they establish an infection that progresses to
an acute lethal disease that mimics a natural infection. Our
data demonstrate that the initiation of lung inflammation
does not begin until almost 2 full days after infection, when
virus replication reaches its apex. The migration of lung
DCs to lymph nodes and the subsequent priming of naive T
cells are similarly subject to this delay. We demonstrate that
the delay in the generation of immediate lung inflammation
is mediated by the influenza NS1 protein. We propose that
the virally encoded NS1 protein establishes a time-limited
“stealth phase” during which the replicating influenza virus
remains undetected, thus preventing the immediate initia-
tion of innate and adaptive immunity.

Materials and Methods
Mice, viruses, and infection

C57BL/6, OT-I, and OT-II mice were purchased from Taconic Farms and
experiments were conducted under institutional guidelines from the Mount
Sinai School of Medicine Institutional Animal Care and Use Committee
(New York, NY). Mice were infected in an aerosol infection chamber
(model A4212; Glass-Col) with a solution consisting of 107.9 virus particles
in 12 ml of PBS that was aerosolized for 30 min. Viruses used in these stud-
ies include the influenza virus A/PR8 strain, two recombinant strains,
A/PR8-OT-I (12) and A/PR8-OT-II (13), an A/PR8 virus that lacks the
NS1 gene (�-NS1) (8), Sendai virus (SeV) Cantell (SeV-C), Sendai virus 52
(SeV-52), and Newcastle disease virus (NDV).
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Preparation and infection of bone marrow (BM)-derived DCs

BM-derived DC preparation and infection with viruses were performed as de-
scribed elsewhere (14).

Quantitative RT-PCR (qPCR) and multiplex ELISA

Total lung mRNA was analyzed by qPCR as described previously (14). Cyto-
kine concentration from lung homogenates were determined using a 22-plex
multiplex ELISA kit (Millipore). IFN-� concentration was measured by ELISA
(PBL Biomedicals).

Ag-bearing DC quantification and isolation for in vitro T cell
stimulation

Mediastinal lymph nodes (MLNs) from infected mice were incubated with Lib-
erase (0.8 mg/ml) (Roche Applied Sciences) in RPMI 1640 plus 0.5% FCS for
20 min at 37°C to obtain single-cell suspensions that were analyzed by flow
cytometry. DCs were stained with anti-CD11c, anti-F4/80, and anti-MHC-II.
Intracellular viral Ag in DCs was determined with mAbs specific for hemagglu-
tinin (clone PY102) and nucleocapsid (clone HT103).

Enumeration of migratory lung DCs was performed using a high m.w. pro-
tein known as concholepas hemocyanin (CCH) (15) that was labeled with
Alexa Fluor 488 to obtain C-488. Briefly, anesthetized infected mice received a
single intranasal dose of C-488. Twenty-four hours after each application,
MLNs were isolated, total lymphocytes were counted, and C-488�CD11c�

DCs were quantitated by FACS.
For in vitro T cell stimulation assays, migratory C-488� DCs were isolated

from PR8-OVA-infected animals by fluorescence activated cell sorting at 72
hours postinfection (hpi) and incubated with CFSE-labeled OT-I or OT-II Tg
T cells for 60 h. Proliferation was assessed by flow cytometry.

Results
Immune and antiviral cytokine release from DCs and epithelial
cells differs depending upon the virus used for infection. Using
mouse BM-derived DCs, we compared their response to influ-
enza PR8, SeV, and NDV. Viruses lacking functional antago-
nists of immunity, such as NDV, trigger strong DC maturation
represented by the secretion of proinflammatory cytokines (Fig.
1). Both SeV-C and SeV-52 express functional antagonists, but
defective interfering particles in SeV-C overcome these antag-
onists and trigger DCs effectively (14). PR8 poorly triggers DC
maturation, but a genetically engineered virus identical to PR8
except for the absence of the nonstructural protein 1 (NS1) (�-
NS1) stimulates robust DC maturation and a strong cytokine
response (Fig. 1 and supplemental Fig. 1).4 Thus, the NS1 pro-
tein is the causative agent underlying poor maturation of influ-
enza virus-infected DCs in vitro.

To investigate whether influenza virus was capable of ab-
lating the initiation of immunity in vivo, we analyzed the
lungs of mice at different time points after infection for ev-
idence of inflammation. As shown in Fig. 2A, qPCR of total
lung mRNA shows that up-regulation of proinflammatory
genes was undetectable for the first 2 days postinfection
(dpi). However, at 48 hpi a sudden inflammatory burst
could be observed in which the expression of type I and II
IFNs, cytokines, and chemokines was strongly up-regulated.
mRNA encoding for the type I IFN-responsive antiviral pro-
teins Mx-1 and ISG54 was only detected after 48 hpi, dem-
onstrating that not even trace amounts of IFN protein were
present at earlier time points. Moreover, as depicted in Fig.
2B, multiplex ELISA quantification of protein production
from lung lysates of infected mice shows detectable type I
IFNs and proinflammatory cytokines only after 48 hpi, cor-
responding with the timing and magnitude of the qPCR
data. Immunohistochemical analysis of lung samples shows
that leukocyte infiltration begins after 48 hpi and drastically
increases by 72 hpi (supplemental Fig. 2). Serum samples
from infected animals were also analyzed by ELISA (supple-
mental Fig. 3) and inflammatory mediators were only de-
monstrable at 48 hpi. As shown in Fig. 2 and supplemental
Figs. 2 and 3, the initiation of local lung inflammation, the
subsequent systemic spread of inflammatory mediators, and
leukocyte infiltration correspond with the peak of virus
replication.

Considering the delay in the initiation of lung inflamma-
tion, we further evaluated whether the migration of lung
DCs to MLNs correlated temporally with the onset of lung
inflammation. In a previous study, endotoxin-free OVA was
administered once by aerosol to groups of influenza virus-
infected mice at 24-h intervals, beginning at the time of in-
fection (3). Noticeably, only when the protein was given at
or after 48 hpi did mice exhibit strong Ab responses to OVA
(3). If, as we suspected, the virus was triggering DCs that
carry the OVA to the draining MLNs, then the migration
did not begin until 2 dpi (3). Revisiting these experiments,
we used an endotoxin-free, high m.w. protein known as
CCH (15) labeled with Alexa Fluor 488 (C-488) to track the
migration of lung DCs to the draining MLNs during PR8
virus infection. This protein is not inflammatory to DCs
(supplemental Fig. 4), and its large molecular size minimizes
leakage to the MLNs (supplemental Fig. 5); thus, C-488 can
unambiguously be used to track cell-associated Ag transport
from the lungs to the lymph nodes. Influenza-infected mice
were given one dose of C-488 intranasally at different time
points after infection, and C-488� DCs were measured in
the MLNs at 24 h intervals. As shown in Fig. 3A, a small
number of C-488� DCs began to appear in the MLNs at 48
hpi and increased thereafter. These data demonstrate that
DCs began to mobilize from the lung carrying endocytosed
material concordantly with the onset of the inflammatory
burst in the infected lungs. Moreover, C-488� DCs sorted at
72 hpi from MLNs of animals infected with recombinant
PR8-OVA viruses (PR8-OT-I or PR8-OT-II) were capable
of driving the proliferation of CFSE-labeled naive CD8�

OT-I or CD4� OT-II transgenic T cells in vitro (Fig. 3B).
These results demonstrate that migratory DCs cotrans-
ported C-488 along with viral proteins that were processed
and presented to naive T cells in the lymph nodes (Fig. 3B4 The online version of this article contains supplemental material.

FIGURE 1. Influenza virus inhibits DC activation in vitro. Mouse BM-de-
rived DC cultures were noninfected (NI) or infected with SeV-52, SeV-C,
A/PR8, �-NS1 (Delta-NS1), or NDV-B1 (NDV) virus at a multiplicity of in-
fection of 1.5. Supernatants were harvested 18 hpi and tested by ELISA for the
production of IFN-� (A), IL-6 (B), and TNF-� (C). Conc., Concentration.
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and supplemental Fig. 6). This was corroborated by staining
CD11c� positive cells in the MLN for the presence of viral
proteins. As shown in Fig. 3C, viral protein-bearing DCs can
be shown to arrive in the MLNs with kinetics identical with
those of the C-488 positive cells.

These observations indicated that lung inflammation be-
gan at 48 hpi, increased thereafter, and the migration of DCs
to the MLNs closely followed these kinetics. We hypothe-
sized that the absence of inflammation before this threshold
time (48 hpi) was an effect of NS1 antagonism. To test this
hypothesis, we intranasally infected naive mice with an
A/PR8 �-NS1 virus and compared the onset of lung inflam-
mation with that induced by wild-type A/PR8 at various
doses. As shown in Fig. 4, A and B, and supplemental Fig. 7,
infection with as few as 105 TCID50 of �-NS1 virus trig-
gered lung inflammation as early as 8 hpi. In contrast, doses
of A/PR8 virus 100 times higher than the doses of �-NS1
virus (and equivalent to titers observed in the lungs of in-
fected mice at 48 hpi) were not enough to set off the cytokine
response. Moreover, measurements of virus replication in
the lungs of these animals at these early time points by PCR
showed that both viruses had replicated to equivalent levels
(influenza M protein; Fig. 4B). These results demonstrate
that in vivo the NS1 protein effectively blocks the produc-
tion of inflammatory cytokines and the establishment of an
immediate antiviral state.

Discussion
The initiation of adaptive immune responses to influenza vi-
rus is a multistep process that begins with the capture of viral
Ag in the lungs by DCs and their subsequent migration to
the draining lymph nodes where they initiate T cell re-
sponses. Any intervention by the virus in this process will
allow prolonged replication without the involvement of the
immune system. In our studies, virus replication was almost
at peak levels before any sign of immune activation was ob-
served. The virus remained inconspicuous to innate immune
detection (stealth phase) for almost 2 dpi because of its effective
NS1 antagonism. Subsequently, a sudden burst of lung in-
flammation occurred, leading to the initiation of adaptive
immunity by migratory lung DCs. The efficiency of the NS1
suppression is clearly shown by the lack of a response in the
lungs of mice directly inoculated with wild-type virus in con-
trast to the strong inflammatory response observed with 100
times less �-NS1 virus. This was true even though the vi-
ruses have replicated to equivalent levels in the lungs of the
mice at this time.

The stimulus that eventually overcomes this antagonism and
promotes the inflammatory burst is unknown. The eventual
triggering may result from virus-derived molecular patterns oc-
curring at high multiplicity of infection, massive host cell death,
or an as yet undiscovered event (16, 17). DCs, macrophages,
plasmacytoid DCs, or other immune cells present in the lung

FIGURE 2. Initiation of lung inflam-
mation occurs 2 dpi. A, Total lung
mRNA from PR8-infected mice was iso-
lated at different time points after infec-
tion and qPCR was used for quantitating
the up-regulation of various inflamma-
tory genes including IFNs, antiviral genes,
cytokines, and chemokines. B, Cytokine
and chemokine production during infec-
tion was determined by multiplex ELISA.
IFN-� concentration was determined by
conventional ELISA. KC, Keratinocyte-
derived chemokine. C, Total lung mRNA
from PR8-infected mice was isolated at
different time points after infection and
qPCR was used for quantitating the up-
regulation of viral genes. D, Virus titers
were determined by hemagglutination as-
say of RBC using supernatants of Madin-
Darby canine kidney cells infected with
lung homogenates from infected mice.
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may sense these ligands and initiate the abrupt inflammatory
cascade (18).

Directly infected APCs (DCs and macrophages) are subject
to the inhibitory effect of the viral NS1. However, DCs or
monocytes exposed to type I IFNs and other inflammatory cy-
tokines are protected against uncontrolled virus infection and
gain the capacity to respond vigorously to the virus even in the
presence of NS1 (19, 20). Thus, the concentration of inflam-
matory cytokines in the lungs and blood stream of infected an-
imals is rapidly increased when the preactivated cells respond to
virus. This cytokine exposure may well be crucial to “prepro-
gram” DCs or their precursors that are recruited to or residing
in the lung during influenza infection. Therefore, the observed
blockade of the induction of type I IFNs in the lungs may serve
to delay the physiological response by preventing the preactiva-
tion of DCs with enhanced APC capabilities.

What additional advantage does NS1 inhibition of immunity
bestow on the pathogen? Experimental aerosol infection in hu-
mans has shown that the transmission of influenza virus is max-
imal before the onset of symptoms that appear �2 dpi (21).
Moreover, a comparable time course is observed in the mouse
and guinea pig models of infection and transmission (22, 23). It
is noteworthy that the onset of symptoms in humans occurs �2
dpi and correlates with the appearance of inflammatory cyto-
kines and a drop in virus titers in nasal fluids (24, 25). Thus, a
stealth phase may also occur in humans and probably functions

to maximize the probability of transmission before cytokines
such as type I IFNs hamper the normal replicative cycle of in-
fluenza virus.

The stealth phase concept is not only applicable to influenza
virus but can probably be extended to virtually all “real” human
viral pathogens that have been shown to have an asymptomatic
incubation time. For example, measles and varicella zoster vi-
ruses have a substantially prolonged evasion period that can last
up to 2 wk (26, 27). During this asymptomatic phase, these
viruses also transmit to other susceptible hosts. Research aimed
at interfering with the stealth phase may lead to the develop-
ment of novel modulators as preventive treatments that target
this early immune evasion mechanism.
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