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ABSTRACT
In this study, we tested the hypothesis that systemic
administration of TLR3 agonist poly I:C can enhance T
cell infiltration of lung through up-regulating IL-7 ex-
pression. poly I:C, a synthetic analog of viral dsRNA and
a TLR3 agonist, is studied extensively as vaccine adju-
vant as a result of its pleotropic immune-stimulatory ef-
fects. Here, we show that systemic poly I:C administra-
tion induces substantial IL-7 production in the lung in a
type 1 IFN- and IFN-�-dependent fashion. Blockade of
the IL-7R� signal with a neutralizing antibody abrogated
poly I:C-induced MCP-1 up-regulation, macrophage re-
cruitment, and CXCR3 ligand expression in the lung.
Conversely, administration of IL-7 enhances these
events, and it does so by enhancing T cell IFN-� pro-
duction. We also show that the initial up-regulation of
CXCR3 ligands and infiltration of T cells in the lung are
mediated by poly I:C-induced IFN-� from NK cells; how-
ever, the sustained and optimal CXCR3 ligand expres-
sion and T cell infiltration require poly I:C-induced IL-7
and T cell-derived IFN-�. In a model of multiorgan inflam-
mation elicited by adoptive transfer of immune cells into
RAG1�/� mice, we show that poly I:C enhances IL-7 pro-
duction in the lung and promotes expression of CXCR3
ligands and recruitment of IFN-�� T cells in an IL-7-depen-
dent fashion. Collectively, these results strongly support
our hypothesis and delineate a new mechanism by which
poly I:C boosts the T cell immune response in the lung by
inducing local IL-7 production, which in turn, enhances T
cell-derived IFN-� to promote macrophage recruitment,
CXCR3 ligand expression, and T cell infiltration.
J. Leukoc. Biol. 93: 413–425; 2013.

Introduction
The innate immune system provides the first line of defense
against microbial infections and also plays a pivotal role in ac-
tivating and shaping the adaptive immune response. Innate
immune cells and tissue cells receive signals from pathogens
through PRRs. Signals transduced through PRRs induce the
maturation of APCs and also activate the production of a vari-
ety of proinflammatory cytokines. Through these mechanisms,
PRR signals play a crucial role in activating innate and adap-
tive immune responses to combat pathogens and cancer [1,
2]. TLRs are a major group of PRRs and recognize conserved
PAMPs expressed by viruses and bacteria [1–4]. Among the
TLRs, TLR3 is triggered by viral dsRNA [5, 6] and is expressed
in many cell types, including epithelial cells [7], fibroblasts
[8], endothelial cells [9], and macrophages [10]. Activation of
TLR3 by poly I:C, a synthetic analog of dsRNA, potently in-
duces production of type 1 IFN in various innate immune cells
and nonimmune tissue cells, which in turn, induces the matu-
ration of DCs and activates NK cells [11, 12]. Moreover, poly
I:C can induce a panel of pro- and anti-inflammatory cyto-
kines, such as IFN-�, TNF-�, IL-12p35, IL-23, IL-6, and IL-10
[6, 13, 14], which further facilitate adaptive immune responses
[2, 6]. Because of these immune-stimulatory effects, TLR3 ago-
nist poly I:C was studied extensively as a vaccine adjuvant for T
cell-mediated antiviral and antitumor immune response [13–
18]. However, TLR3 agonist-induced inflammatory responses
can also elicit or facilitate autoimmune diseases or other
chronic inflammatory diseases [3, 4]. poly I:C administration
was reported to enhance tissue inflammation and damage and
exacerbate T cell-mediated liver damage [19], lung inflamma-
tion [20], and lupus nephritis [21].

The cellular and molecular mechanisms underlying the ef-
fect of the TLR3 agonist on T cell immunity in different or-
gans remain to be fully investigated. In a model of autoim-
mune liver disease, poly I:C potently induces CXCL9 expres-
sion by liver cells, resulting in enhanced infiltration of
autoreactive CXCR3� CD8 T cells in the liver and exacerbated
tissue damage [19]. Hence, tissue expression of CXCR3 li-
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gands may be an important mechanism by which the TLR3
agonist enhances local T cell immunity. CXCR3 is a chemo-
kine receptor that is expressed on IFN-�-producing effector
CD4 and CD8 T, NK, and NKT cells [22–24]. The ligands for
CXCR3 include CXCL9 (MIG), CXCL10 (IFN-induced pro-
tein-10), and CXCL11 (IFN-inducible T cell �-chemoattrac-
tant). CXCR3 ligands are highly expressed at the
target tissues in many cancer, infections, and autoimmune dis-
eases [22–24] and play a crucial role in the migration of IFN-
�-producing T and NK cells to these sites. Expression of
CXCR3 ligands can be induced by external stimuli in DCs,
macrophages, and various nonimmune cells [22–24]. IFN-� is
the predominant signal for the induction of CXCL9, whereas
IFN-�, type 1 IFNs, and TNF-� can all induce CXCL10 and
CXCL11 expression [23, 24].

Poly I:C treatment has been reported to induce IL-7 expres-
sion in hepatocytes in a type 1 IFN-dependent fashion [25].
IL-7 is an essential factor for the development and homeostasis
of T cells [26–28]. In recent years, growing evidence has dem-
onstrated expanding, new roles of IL-7 in enhancing the mag-
nitude and intensity of the T cell immune response, especially
those mediated by Th1, Th17, and activated CD8 T cells [29–
32]. Administration of IL-7 in mice leads to expansion of
IFN-�- and IL-17-producing T cells and subsequent enhance-
ment of antiviral and antitumor immune responses [30, 33,
34]. Not surprisingly, IL-7 was reported to play a pathogenic
role in a number of autoimmune diseases, including EAE
[29], rheumatoid arthritis [32, 34, 35], and inflammatory
bowel disease [36]. The regulation of IL-7 gene expression
and production by external signals is poorly understood. The
main cellular sources of IL-7 are stromal cells [37–40], kera-
tinocytes [41], intestinal epithelial cells [42], and fibroblasts
[35, 40]. It is believed that in central lymphoid organs, IL-7 is
constitutively expressed by stromal cells at a constant rate [38,
43, 44]. However, recent research has shown that production
of IL-7 in some tissues and organs can be regulated by exter-
nal signals. TLR signals induce IL-7 production in hepatocytes,
which in turn, modulates T cell homeostasis and facilitates the
development of EAE [25]. Moreover, IFN-� and IL-6 promote
IL-7 production in intestinal epithelial cells [45, 46] and fibro-
blasts [47], respectively. These findings suggest an important
new link between the innate and the adaptive immune re-
sponse through the induction and action of IL-7.

Lung is a common target site of microbial infection and
cancer. Lung alveolar and bronchial epithelial cells constitu-
tively express TLR3, which can be up-regulated further by vi-
ruses, such as influenza A, and by poly I:C [7, 48]. In the pres-
ent study, we investigated the effect of systemic administration
of poly I:C on IL-7 production in the lung and the subsequent
events induced by IL-7. We show that systemic administration
of poly I:C can induce IL-7 production in the lung, and IL-7,
in turn, increases T cell-derived IFN-� to promote recruitment
of macrophages and production of CXCR3 ligands. Moreover,
by using an in vivo model of multiorgan inflammation, we
showed that systemic administration of poly I:C enhances IL-7
production, and IL-7 is required for the optimal macrophage
recruitment, CXCL9 expression, and T cell infiltration in the
lung. We also demonstrate that the early, initial up-regulation

of CXCR3 ligands and T cell infiltration in the lung is medi-
ated by poly I:C-induced IFN-� from NK cells. Our results elu-
cidate a new mechanism by which TLR3 agonist poly I:C en-
hances local T cell immunity in the lung, which is through
induction of IL-7 and IL-7-dependent amplification of T cell-
derived IFN-� and reinforcement of CXCR3 ligand expression.
These findings delineate new pathways linking TLR signal-elic-
ited innate and adaptive immune responses and could also
facilitate the design of better strategies to use TLR agonists as
vaccine adjuvants for cancer and infections.

MATERIALS AND METHODS

Mice
C57BL/6, RAG1�/�, and IFN-��/� mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and were kept under pathogen-free
conditions. At the time of experiments, mice were 6–8 weeks of age. All
experiments were carried out under the guidelines of the Institutional Ani-
mal Care and Use Committee at The Forsyth Institute.

Antibodies and flow cytometry
Cells were stained and analyzed on a FACSAria III cell sorter (Becton Dick-
inson, Franklin Lakes, NJ, USA). Dead cells were excluded by forward light-
scatter. Fluorescence-conjugated antibodies with the following specificities
were used for staining: CD4 (GK1.5), CD8� (536-7), CD25 (PC61), CD122
(5H4), IL-10 (JES5-16E3), F4/80 (BM8), IL-7R� (A7R34), CD3 (H57-597),
and NK1.1 (PK136; from BioLegend, San Diego, CA, USA); IFN-�
(XMG1.2) and CXCL9 (MIG-2F5.5; from eBioscience, San Diego, CA,
USA); purified monoclonal rat anti-mouse IL-7R� (A 55 R34) and its isotype con-
trol rat IgG2a (2A3; from Bio X Cell, West Lebanon, NH, USA); and anti-
IFNAR-1 (MAR1-5A3) and anti-IFN-� (XMG1.2; from BioLegend).

In vivo administration of poly I:C, antibodies, and IL-7 C57BL/6 mice
were i.p.-injected with 100 �g poly I:C (Sigma-Aldrich, St. Louis, MO,
USA), and 6 h later, mice were killed, and lung and liver tissues were col-
lected for further analysis. In some experiments, C57BL/6 mice were i.p.-
injected with 100 �g control IgG, anti-IL-7R�, anti-IFNAR1, or anti-IFN-�, 2
h prior to poly I:C injection. Mice were killed 6 h or 24 h after poly I:C
administration to harvest organs. For in vivo IL-7 administration, mice were
i.p.-injected with 20 �g rhIL-7 (kindly provided by Biological Resources
Branch, National Cancer Institute, Frederick, MD, USA) and killed 24 h
later for organ collection.

Histology and immunofluorescence staining
Tissue samples were fixed in 4% paraformaldehyde, embedded in paraffin,
and sectioned to 5 �m thickness from different areas across the tissue. Sec-
tions were then stained with H&E and examined for leukocytes infiltration
under a microscope. Some paraffin sections were subjected to immunofluo-
rescence staining after deparaffinization, rehydration, and antigen retrieval.
The sections were incubated with biotin-conjugated anti-F4/80 (BM8), PE-con-
jugated anti-CXCL9 (MIG-2F5.5), or goat anti-mouse IL-7 at 4°C overnight,
followed by Alexa647-conjugated streptavidin or anti-goat IgG. The stained
samples were examined with a Leica laser-scanning confocal microscope
(Leica Microsystems, Wetzlar, Germany). Images were average projections of
three optical sections and processed with the Leica confocal software.

Staining of intracellular cytokines
For intracellular cytokine staining, cells were stained for surface mole-
cules first, then fixed and permeabilized with Cytofix/Cytoperm buffer
(eBioscience), and subsequently, incubated with indicated anticytokine anti-
bodies in Perm/Wash buffer (eBioscience) for 30 min. Control staining with
isotype control IgGs was performed in all of the experiments.
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Induction of multiorgan inflammation
Spleen and LNs were harvested from donor C57B/6 mice and gently
meshed into single-cell suspensions with frosted glass slides. Erythrocytes in
spleen were removed by ACK lysing buffer (Quality Biological, Gaithers-
burg, MD, USA). The mixture of splenocytes and LN cells was incubated
with biotinylated anti-CD25 (PC61.5) and anti-CD122 (TM-�1), followed by
antibiotin-conjugated magnetic beads. CD25� CD122� cells were harvested
after negative selection with MACS cell purification system (Miltenyi Biotec,
Auburn, CA, USA). CD25�CD122� cells (6�106) were transferred into
RAG1�/� mice by i.v. injection. After 2 weeks, poly I:C was administered
i.p. into mice, together with control IgG or anti-IL-7R�, three times/week
for 2 more weeks. Mice were then killed and organs harvested for analysis.

Preparation of single-cell suspension
Lung and spleen were cut into small fragments, placed in a grinder, and
processed with a tissue homogenizer. Tissue homogenates were filtered
through a 100-�m nylon mesh, washed twice in PBS, and removed of eryth-
rocytes with ACK lysing buffer. The single cells were resuspended in cul-
ture medium.

Ex vivo T cell stimulation
Mice were killed, and tissue cells were isolated and stimulated in vitro for 4
h with PMA (50 ng/ml) and ionomycin (1 �M; both from Calbiochem,
EMD Millipore, Billierica, MA, USA), with the addition of monensin
(eBioscience) during the final 2 h. Cells were then stained for surface
markers and intracellular cytokines with the intracellular cytokine staining
kit (eBioscience and BioLegend).

ELISA
IL-7 and IFN-� concentration in mouse serum was determined with ELISA
MAX kits (BioLegend), according to the manufacturer’s protocols.

Real-time RT-PCR
Total RNA was reverse-transcribed into cDNA using Oligo (dT) and MMLV
RT (Promega, Madison, WI, USA). The cDNA was subjected to real-time
PCR amplification (Qiagen, Valencia, CA, USA) for 40 cycles with anneal-
ing and extension temperature at 60°C, on a LightCycler 480 Real-Time
PCR System (Roche Diagnostics, Minneapolis, MN, USA). Primers were
synthesized at Sigma-Aldrich, and their sequences are: IL-7 F, 5=-GGAACT-
GATAGTAATTGCCCG-3=, R, 5=-TTCAACTTGCGAGCAGCACG-3=; IFN-�1
F, 5=-ACCTCAGGAACAAGAGAGCC-3=, R, 5=-CTGCGGGAATCCAAAGTCCT-3=;
IFN-� F, 5=-TAAGCAGCTCCAGCTCCAAG-3=, R, 5=-CCCTGTAGGTGAGGT-
TGATC-3=; IFN-� F, 5=-GGATGCATTCATGAGTATTGC-3=, R, 5=-CTTTTC-
CGCTTCCTGAGG-3=; CXCL9 F, 5=-CCCTCAAAGACCTCAAACAGT-3=,
R, 5=-AGCCGGATCTAGGCAGGTT-3=; CXCL10 F, 5=-CCAGTGAGAAT-
GAGGGCCAT-3=, R, 5=-CCGGATTCAGACATCTCTGC-3=; CXCL11 F, 5=-
GCAGAGATCGAGAAAGCTTCT-3=, R, 5=-GTCCAGGCACCTTTGTCGTT-3=;
CXCR3 F, 5=-GAGAGCGACTTCTCTGACTC-3=, R, 5=-ACTCAGTAGCACAG-
CAGCCA-3=; IL-12p40 F, 5=-CACATCTGCTGCTCCACAAG-3=, R, 5=-CCGTC-
CGGACTAATTTGGTG-3=; IL-23p19 F, 5=-CTCTCGGAATCTCTGCATGC-3=,
R, 5=-ACCTCTTCACACTGGATACG-3=; MIF F, 5=-TTTCTGTCGGAGCT-
CACCCA-3=, R, 5=-CGCTAAAGTCATGAGCTGGT-3=; F4/80 F, 5=-GAG-
GCTTCCTGTCCAGCAAT-3=, R, 5=-GGACCACAAGGTGAGTCACT-3=.

Statistical analysis
All statistical significance was determined by Student’s t-test (two-tailed,
two-sample equal variance). P values �0.05 were considered statistically sig-
nificant.

Online Supplemental material
Supplemental Fig. 1 shows the induction of IL-7 by poly I:C in the liver.
Supplemental Fig. 2 depicts the experimental design of the in vivo inflam-
mation model used in this study.

RESULTS

Poly I:C induces IL-7 expression in the lung
A previous report has shown that systemic challenge with poly
I:C induces liver inflammation and IL-7 production by hepato-
cytes. We therefore examined whether systemic administration
of poly I:C can induce similar events in the lung, an important
target site of infection and cancer. We administered 100 �g
poly I:C i.p. into C57BL/6 mice and measured mRNA levels of
IL-7 in the lung and liver 6 h later. Consistent with previous
reports, poly I:C induced expression of IL-7 mRNA and pro-
tein in the liver, as assessed by real-time RT-PCR and immuno-
fluorescence staining, respectively (Supplemental Fig. 1). Im-
portantly, we found that poly I:C administration also led to a
marked increase in IL-7 mRNA level in the lung (Fig. 1A), as well
as IFN-� and type 1 IFNs, known targets of poly I:C [49]. Im-
munofluorescence staining showed a dramatic increase in IL-7
protein in the lung (Fig. 1B). IL-7 appears to be produced
mainly by the epithelial cells lining the pulmonary airways
and alveoli (Fig. 1B). Hence, we show that poly I:C rapidly
induces IL-7 gene expression and protein production in the
lung, similarly to the liver. Serum concentration of IFN-�
showed a marked increase at 6 h and 24 h after poly I:C
treatment (Fig. 1C). Although serum level of IL-7 did not
show an increase at 6 h after poly I:C administration, it
showed a considerable elevation at 24 h post-treatment
(Fig. 1C).

Induction of lung IL-7 expression by poly I:C
requires type 1 IFNs and IFN-�
It has been reported that type 1 IFN signals are required for
TLR-induced IL-7 production by hepatocytes and that IFN-�
can promote IL-7 production in intestinal epithelial cells [25,
45]. We therefore assessed whether poly I:C induction of IL-7
in the lung is dependent on these cytokines. We pretreated
C57BL/6 mice with a neutralizing anti-IFNAR1 or anti-IFN-�
mAb before poly I:C administration and found that the induc-
tion of IL-7 gene expression in the lung by poly I:C was abro-
gated almost completely by anti-IFNAR1 and was reduced
markedly by anti-IFN-� (Fig. 2A). Hence, the induction of IL-7
expression in the lung absolutely depends on poly I:C induc-
tion of type 1 IFNs and also, to a large degree, depends on
IFN-�. We next examined whether IL-7 can affect poly I:C-in-
duced expression of type 1 IFNs and IFN-�. We pretreated
mice with a neutralizing anti-IL-7R� antibody (clone A7R34),
which inhibits binding of IL-7 to cell surface IL-7R� and does
not deplete IL-7R�-expressing cells by active cytotoxic mecha-
nisms [50–52], before administration of poly I:C. We then as-
sessed the expression of the IFNs 24 h after poly I:C injection.
Expression of IFN-�, IFN-�, and IFN-� genes was up-regulated
markedly in the lung by poly I:C after 24 h of treatment (Fig.
2B), although IFN-� was not affected by poly I:C at an earlier
time (Fig. 1A). Moreover, the induction of IFN-� and IFN-�
was not affected by IL-7R� blockade, whereas the induction of
IFN-� gene expression was reduced considerably (Fig. 2B).
Hence, type 1 IFNs and IFN-� are required for poly I:C-in-
duced IL-7 expression in the lung. Furthermore, IL-7 and
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IFN-� form a mutually potentiating loop by enhancing the ex-
pression of one another.

Optimal induction of lung CXCR3 ligand expression
by poly I:C requires IL-7
Previous reports showed that poly I:C can induce expression of a
number of chemokines in lung and liver, including chemokines
that attract CXCR3-expressing T and NK cells. We thus investi-
gated whether poly I:C-induced IL-7 contributes to the up-regula-
tion of CXCR3 ligands in the lung. We treated C57BL/6 mice
with poly I:C, together with control IgG or anti-IL-7R�, and 24 h
later, examined the mRNA levels of CXCR3 ligands. poly I:C

treatment induced a substantial increase in CXCL9, CXCL10,
and CXCL11 mRNA in the lung (Fig. 3A). Blockade of IL-7R�

significantly reduced the induction of CXCL9 (P�0.04) and
CXCL11 (P�0.01) by poly I:C, although it did not affect that of
CXCL10 (Fig. 3A). Hence, IL-7 is required for poly I:C induction
of CXCR3 ligands in the lung. Accordingly, mRNA levels for
CXCR3, which is expressed mainly by IFN-�-producing effector T
cells and NK cells, were also increased in the lung by poly I:C
treatment, and this increase was abolished almost completely by
anti-IL-7R� (Fig. 3A).

Next, by immunofluorescence staining, we confirmed the
up-regulation of CXCL9 levels in the lung by poly I:C in an

Figure 1. poly I:C enhances expression of IL-7 in the lung.
(A) Real-time PCR analysis of gene expression in the lung
from C57BL/6 mice that have received i.p. injection of
poly I:C, 6 h earlier, presented relative to that of �-actin.
(B) Immunofluorescence staining of IL-7 in lung sections
from C57BL/6 mice that have received i.p. injection of
poly I:C, 24 h earlier. Differential interference contrast
(DIC) image of the same sample is also shown. Data are
representative of analyses of six individual mice in each
group (three mice/experiment; total of two independent
experiments). (C) IFN-� and IL-7 serum concentration at
indicated time-points after poly I:C treatment was mea-
sured by ELISA (two to three mice/experiment; total of
two independent experiments).

Figure 2. poly I:C-induced type 1
IFNs and IFN-� are required for
IL-7 expression. (A) C57BL/6 mice
were pretreated with anti-IFNAR1 or
anti-IFN-�, 2 h prior to poly I:C injec-
tion. After 6 h, the relative IL-7
mRNA level in lung tissue was mea-
sured by real-time RT-PCR, presented
relative to that of �-actin. (B) Mice
were pretreated with anti-IL-7R� be-
fore poly I:C injection. After 24 h, the
lung was analyzed for expression of
indicated genes. Data are from analy-
ses of six individual mice in each
group (two mice/experiment; total of
three independent experiments).
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IL-7-dependent manner (Fig. 3B). To determine whether
APCs are the cells that respond to poly I:C–IL-7 to produce
CXCL9, we costained the tissue sections with macrophage
marker F4/80. poly I:C induced a marked increase in F4/80�

macrophages in the lung, which was abrogated by the IL-7R�

blockade (Fig. 3B). Furthermore, the vast majority of CXCL9
signals after poly I:C treatment colocalized with F4/80 stain-
ing, indicating that macrophages in the lung were the main
sources of CXCL9 in response to poly I:C–IL-7 (Fig. 3B). It
has been shown that the classically activated, M1-type mac-
rophages, but not the alternatively activated, M2 macro-
phages, are the major producers of CXCR3 ligands. Consis-
tent with this, expression of several functional markers for
M1 macrophages, including IL-12p40, IL-23p19, and MIF,
was up-regulated in the lung by poly I:C, and the up-regula-
tion was blocked by anti-IL-7R� (Fig. 3C). This suggests that
poly I:C treatment increases the numbers and activities of

M1 macrophages in the lung in an IL-7R�-dependent fash-
ion. IFN-� is a well-documented activator of M1 macro-
phages. As poly I:C increases the IFN-� level in the lung
through IL-7 (Fig. 2A), it is therefore conceivable that by
potentiating IFN-� production, IL-7 promotes the activation
of M1 macrophages and their production of CXCR3 li-
gands.

IL-7 administration leads to up-regulation of CXCR3
ligands in the lung by increasing T cell-derived IFN-�
We next investigate whether administration of IL-7 is sufficient
to up-regulate CXCR3 ligands in the lung. We administered rh
IL-7 to C57BL/6 mice and analyzed mRNA levels of CXCR3
ligands 1 day later. IL-7 treatment resulted in a marked in-
crease in all three CXCR3 ligands in the lung (Fig. 4A). Con-
sistent with the observations from the IL-7R� blockade de-
scribed earlier, IL-7 administration increased the expression of

Figure 3. poly I:C-induced IL-7 promotes expression of
CXCR3 ligands in the lung. C57BL/6 mice were pre-
treated with anti-IL-7R�, 2 h prior to poly I:C injection.
(A) Levels of CXCL9, -10, and -11 and CXCR3 mRNA,
presented relative to that of �-actin, were measured
from lung, 24 h after poly I:C injection. (B) Image of
lung sections costained for CXCL9 and F4/80. Data are
representative of six individual mice in each group
(two mice/experiment; total of three independent ex-
periments). (C) Real-time PCR analysis of M1 signature
genes in the lung. Data are from analyses of six individ-
ual mice in each group (two mice/experiment; total of
three independent experiments).
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IFN-� and signature genes of M1 macrophages in the lung tis-
sues (Fig. 4A). We next assessed whether the effect of IL-7 is
dependent on IFN-� by injecting IL-7 into IFN-��/� mice. The
expression levels of all three CXCR3 ligands in the lung were
not detectable by real-time RT-PCR in IFN-��/� mice, treated
or not treated with rh IL-7 (data not shown). These results
indicate that the expression of CXCR3 ligands in the lung is
stringently dependent on the presence of IFN-� and that IL-7
cannot induce these chemokines in the absence of IFN-�. Acti-
vated T cells and NK cells are the major cellular sources of
IFN-�. To assess whether the effect of IL-7 to induce IFN-� re-
quires the presence of lymphocytes, we administered rh IL-7
into RAG1�/� mice. IL-7 treatment did not up-regulate IFN-�
expression in these mice (Fig. 4B), indicating that the cell
sources responding to IL-7 to produce IFN-� are lymphocytes
and particularly, T cells. As a result of abrogated IFN-� up-
regulation, IL-7 administration could not up-regulate expres-
sion of any CXCR3 ligand or MCP-1 in the lung of RAG1�/�

mice (Fig. 4B). Hence, administration of IL-7 up-regulates
CXCR3 ligand production in the lung through increasing T
cell-derived IFN-�.

IL-7 up-regulates MCP-1 expression in the lung in an
IFN-�-dependent fashion
The number of F4/80� macrophage cells was increased with
poly I:C treatment, and this increase was abolished by anti-IL-
7R� treatment (Fig. 3). These results suggest that the recruit-
ment of macrophages into the lung might be enhanced by
poly I:C-induced IL-7. We thus measured mRNA levels of
MCP-1, an important chemokine for monocytes/macrophage
tissue migration [53, 54]. The MCP-1 mRNA level was in-
creased substantially in the lung of C57BL/6 mice, 24 h after
poly I:C treatment, and this increase was abrogated completely
by the IL-7R� blockade (Fig. 5A). In comparison, the MCP-2
mRNA level was extremely low and not altered by these treat-
ments (data not shown). Administration of rhIL-7 induced
marked elevation in MCP-1 mRNA in the lung of C57BL/6 mice,
24 h post-treatment (Fig. 5B). In contrast, IL-7 did not up-regu-
late MCP-1 in IFN-��/� mice (Fig. 5B). Correlating with a lack
of an IFN-� increase in RAG1�/� mice, IL-7 could not up-
regulate MCP-1 expression in these mice (Fig. 5C). Thus,
IL-7 enhances MCP-1 expression in the lung by increasing T
cell-derived IFN-�.

Initial up-regulation of CXCR3 ligands and T cell
infiltration are mediated by poly I:C-induced IFN-�
from NK cells
Having shown that IL-7-induced up-regulation of IFN-� and
chemokines in the lung is dependent on T cells, we next ex-
amined how poly I:C induces the initial influx of T cells into
the lung before the IL-7–T cell–IFN-� pathway is established.
We first analyzed the kinetics of T cell infiltration of the lung
after poly I:C treatment. Flow cytometric analysis showed that
the frequency of total TCR-�� T cells and CD4 and CD8 T
cells in the lung increased with time, starting as early as 6 h
after poly I:C treatment (Fig. 6A). In comparison, the propor-

Figure 4. Exogenous IL-7 induces expression of CXCR3 ligands in the
lung. (A) C57BL/6 mice were treated with 20 �g rh IL-7 for 24 h. Ex-
pression level of CXCL9, -10, and -11, IFN-�, and M1 signature gene
mRNA was measured from the lung. Data are from analyses of five
individual mice in each group (one to two mice/experiment; total of
three independent experiments). (B) RAG1�/� mice were treated
with 20 �g rh IL-7 for 24 h. Gene expression in lung tissue was mea-
sured. Data are from analyses of five individual mice in each group
(two to three mice/experiment; total of two independent experi-
ments).

Figure 5. poly I:C and IL-7 induce MCP-1 expression in the lung. (A)
C57BL/6 mice were pretreated with anti-IL-7R�, 2 h prior to poly I:C
injection, and mRNA level of MCP-1 in the lung was measured 24 h
after poly I:C injection. (B) C57BL/6 or IFN-��/� mice were treated
with 20 �g rh IL-7 for 24 h, and mRNA level of MCP-1 in the lung was
measured. (C) RAG1�/� mice were treated with 20 �g rhIL-7 for 24
h. MCP-1 mRNA in lung tissue was measured. Data are from analyses
of five individual mice in each group (two to three mice/experiment;
total of two independent experiments).
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tion of �� T and NK cells did not increase within 24 h post-
treatment (Fig. 6A). We next aimed to delineate the early
events that lead to the initial T cell recruitment by 6 h after
poly I:C treatment. Lung resident NK cells play an important
role in early host defense against various microbial agents, in a
large part, by producing IFN-� [6, 55]. Moreover, poly I:C has
been shown to induce IFN-� production in NK cells [6, 56–
59]. We therefore postulate that the initial CXCR3 ligand up-
regulation and T cell recruitment to the lung in response to
poly I:C are driven by NK cell-derived IFN-�. Indeed, injection
of poly I:C to RAG1�/� mice led to a marked up-regulation of
IFN-�, CXCL9, and CXCL10 in the lung at 6 h post-treatment
(Fig. 6B), indicating that poly I:C can rapidly induce expres-
sion of these molecules, independently of T cells and T cell-
derived IFN-�. Moreover, in RAG1�/� mice that were de-
pleted of NK cells with injection of anti-NK1.1 antibody, poly
I:C could not induce IFN-� and CXCR3 ligands (Fig. 6B).
Hence, early induction of IFN-� from NK cells by poly I:C led

to subsequent up-regulation of CXCR3 ligands in the lung,
resulting in initial recruitment of T cells.

Poly I:C enhances CXCR3 ligand expression and
inflammation in the lung in an IL-7-dependent
manner in a multiorgan inflammation model
We next assessed whether the poly I:C–IL-7 pathway affects
CXCR3 ligand expression in the lung and exacerbate T cell
infiltration in these organs in an in vivo multiorgan inflamma-
tion model. We transferred a mixture of splenocytes and LN
cells that were depleted of Tregs (CD25�CD122�) into
RAG1�/� mice to induce multiorgan autoimmune inflamma-
tion, similarly to that observed in mice deficient in Tregs (Sup-
plemental Fig. 2). Two weeks after the adoptive transfer, we
administered poly I:C to the mice, together with a neutralizing
anti-IL-7R� antibody or its isotype control IgG, three times/
week for 2 weeks (Supplemental Fig. 2). H&E staining of tis-
sue sections showed that poly I:C-treated mice had a dramati-

Figure 6. Initial up-regulation of IFN-� and CXCR3 ligands induced by poly I:C depends on NK cells. (A) Flow cytometry of lung-infiltrating leu-
kocyte populations in C57BL/6 mice at indicated time-points after poly I:C administration, with the gating indicated above the plots. Upper-right
panel, percentage of NK1.1�, TCR-��, or TCR-��� cells within total live cells from the lung; lower-right panel, percentage of CD4� or CD8� cells
within total live cells from the lung. SSC, Side-scatter. (B) C57BL/6 mice were pretreated with anti-NK1.1, 2 days prior to poly I:C injection. IFN-�
and chemokine mRNA levels in the lung were measured 6 h after poly I:C injection. All data are from analyses of five individual mice in each
group (two mice/experiment; total of two independent experiments).
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cally higher amount of immune cells in the lung than control
mice (Fig. 7A). Importantly, the effect of poly I:C to aggra-
vate lung inflammation was abolished by the IL-7R� block-
ade (Fig. 7A). Consistent with these observations, the sur-
vival rate of mice was decreased considerably by poly I:C
treatment and was restored to 100% by the IL-7R� blockade
(Fig. 7B). Hence, poly I:C significantly exacerbates lung in-
flammation in an IL-7-dependent fashion. Immunofluores-
cence analysis showed that poly I:C treatment led to a dra-

matically elevated IL-7 expression in the lung, which was
not affected by anti-IL-7R� (Fig. 7C). Moreover, poly I:C
treatment increased the numbers of CXCL9-producing mac-
rophages in the lung, and this increase was reduced greatly
by the IL-7R� blockade (Fig. 7D).

Taken together, these data demonstrate that in a model of
multiorgan inflammation, systemic poly I:C administration can
up-regulate CXCL9 expression and lung inflammation by in-
ducing IL-7 production.

Figure 7. poly I:C up-regulates IL-7 and CXCL9 and exacerbates inflammation of the lung. CD25�CD122� cells were transferred to RAG1�/�

mice. Two weeks later, the recipient mice received regular injections with poly I:C plus IgG or anti-IL-7R� for another 2 weeks. (A) H&E staining
of lung sections 2 weeks after poly I:C and antibody treatment. Upper panels, low-magnitude image of lung section (original scale bars�500 �m);
lower panels, high-magnitude image of lung section. (B) Survival rate of mice during the last 2 weeks of the experiment. (C) Immunofluorescence
staining of IL-7 in the same lung sections from A. (D) Immunofluorescence staining of CXCL9 and F4/80 in the same lung sections from A. Data
are representative of analyses of eight mice in each group (two mice/experiment; total of four independent experiments).
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Poly I:C enhances infiltration of lung by IFN-�-
producing T cells in an IL-7-dependent manner in the
in vivo inflammation model
We next investigated whether the poly I:C-induced, IL-7-depe-
dent up-regulation of CXCL9 expression resulted in enhanced
infiltration of the lung by IFN-�-producing T cells, the major T
cell populations that express CXCR3. Immunofluorescence
staining demonstrated that poly I:C increased the number of
CD3� T cells in the lung, and this increase was abolished by
the IL-7R� blockade (data not shown). Further analysis of cell
subsets showed that poly I:C induced a significant increase in
the percentages of CD3� T cells, macrophages, CD4 and CD8
T cells, as well as IFN-�� CD4 and CD8 T cells in the lung in
an IL-7R�-dependent fashion (Fig. 8A and B). Collectively,
these data indicate that the poly I:C-induced increase in
CXCL9 led to enhanced recruitment of IFN-�� T cells to the
lung.

One potential consequence of in vivo anti-IL-7R� treatment
is the overall reduction in the number of transferred T cells in
the host RAG1�/� mice, as IL-7, at its physiological level, is

essential for the survival and homeostatic proliferation of T
cells. To test whether our anti-IL-7R� treatment regime, a rela-
tively low dose at 50 �g, affects overall T cell numbers, we per-
formed the control experiments, in which IgG or anti-IL-7R�

was injected into host RAG1�/� mice that were transferred
with immune cells, in the absence of poly I:C treatment. We
found that the dosage of anti-IL-7R� that we used did not lead
to a reduction in the frequency and absolute numbers of
transferred T cells, including CD4, CD8, and �� T cells, and
NK cells in the spleen (Supplemental Fig. 3A). Moreover, this
dosage of anti-IL-7R� did not affect the numbers of these T
cell populations and NK cells in the lung (Supplemental Fig.
3B). These results indicate that our anti-IL-7R� injection re-
gime does not affect the normal homeostatic proliferation and
survival of the transferred T cells in the absence of poly I:C
treatment. However, it is able to reverse poly I:C-induced, ex-
cessive IL-7 activity. Therefore, we concluded that the effect of
the IL-7R� blockade on lung inflammation is not a result of
an overall loss of T cells but is a result of the blockade of poly
I:C-induced, excessive IL-7 activity. Finally, we assessed whether

Figure 8. poly I:C enhances lung infiltration by IFN-�[supb]� T cells in an IL-7-dependent fashion. Lung was harvested from RAG1�/� mice that
have received CD25�CD122� cells and treated with poly I:C plus IgG or anti-IL-7R�, as described in Fig. 6. (A) Surface staining of CD3, F4/80,
CD4, CD8�, and IL-7R� and intracellular cytokine staining on cells from the lung with the gating indicated above the plots. FSC, Forward-scatter.
(B) Left panels, percentage of F4/80� or CD3� cells within total cells analyzed; middle panels, percentage of CD4 or CD8 T cells in mononuclear
cells; right panels, percentage of IFN-�� cells within CD4 or CD8 T cells. All data are from analyses of at least eight individual mice in each group
(two mice/experiment; total of four independent experiments).
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this dosage of anti-IL-7R� affects intestinal inflammation in
the presence or absence of poly I:C treatment. H&E staining
showed that anti-IL-7R� treatment did not affect the degree of
colon inflammation in the absence poly I:C treatment (Supple-
mental Fig. 4). More importantly, anti-IL-7R� treatment did
not affect colon inflammation in the presence of poly I:C
treatment (Supplemental Fig. 4), whereas it significantly re-
duced lung inflammation (Fig. 7A). Hence, the effect of IL-7
on lung inflammation is not likely to be a consequence of the
altered inflammatory colitis milieu.

In summary, we define a new mechanism by which systemic
administration of the TLR3 agonist enhances T cell-mediated
inflammation and immunity in the lung through inducing lo-
cal IL-7 production (Fig. 9). The initial poly I:C signal induces
IFN-� production from NK cells, likely resident NK cells in the
lung, through induction of type 1 IFN. poly I:C also induces
IL-7 production from lung epithelial cells in a type 1 IFN- and
IFN-�-dependent fashion. NK cell-derived IFN-� leads to up-
regulation of CXCR3 ligands and the initial influx of T cells in
the lung. After the migration of first T cells into the lung, poly
I:C-induced IL-7 promotes IFN-� production by these T cells

to sustain the up-regulation of MCP-1, recruitment of macro-
phages, and production of CXCR3 ligands. In this fashion,
poly I:C-induced IL-7 promotes sustained and optimal CXCR3
ligand expression and T cell infiltration in the lung to en-
hance local T cell immunity (Fig. 9).

DISCUSSION

The present study defines a new mechanism by which systemic
administration of poly I:C enhances local T cell immune re-
sponse in the lung, in which poly I:C-induced IL-7 promotes T
cell-derived IFN-� to enhance macrophage recruitment and
CXCR3 ligand expression. We show that systemic challenge
with the TLR3 agonist poly I:C induces IL-7 production in the
lung in a type 1 IFN- and IFN-�-dependent fashion. We further
show that poly I:C-induced IL-7, through enhancing T cell
IFN-� production, promotes expression of MCP-1, recruitment
of macrophages, and production of CXCR3 ligands by these
macrophages. Furthermore, using an in vivo model of multior-
gan inflammation, we demonstrate that poly I:C enhances IL-7
production in the lung and promotes CXCR3 ligand expres-
sion and T cell infiltration in an IL-7-dependent fashion.
Hence, although the initial up-regulation of CXCR3 ligands
and infiltration of T cells induced by poly I:C depend on NK
cell-derived IFN-�, the optimal and sustained CXCR3 ligand
expression and T cell infiltration require poly I:C-induced IL-7
and T cell-derived IFN-�.

In addition to the lung, systemic poly I:C administration in-
duces IL-7 and CXCR3 ligands in other organs, such as liver
[25] (Supplemental Fig. 1), salivary glands, and lacrimal
glands (unpublished results). Interestingly, IL-7 levels in LNs
and spleen are reduced by poly I:C (data not shown) and by
agonists of other TLRs [25]. Thus, by limiting IL-7 levels in
lymphoid tissues but increasing them in nonlymphoid organs,
poly I:C treatment may promote redistribution of lymphocytes
from lymphoid tissues to nonlymphoid organs, enhancing in-
flammation and immunity at these sites. In future studies, we
will investigate the cellular and molecular mechanisms under-
lying the differential regulation of IL-7 expression in lymphoid
and nonlymphoid tissues and identify other tissues that can be
affected by poly I:C.

The predominant cellular sources of IFN-� are NK, Th1,
and activated CD8 T cells. We found that NK cell-derived
IFN-� and T cell-derived IFN-� are critical for the up-regula-
tion of CXCR3 ligands and T cell infiltration at different
stages after poly I:C treatment. At early phase, poly I:C induces
IFN-� and CXCR3 ligands in the lung in a NK cell-dependent
but T cell-independent manner. Conceivably, this early induc-
tion of CXCR3 ligands leads to initial influx of T cells in the
lung, which we observed at 6 h after poly I:C treatment. We
speculate that the IFN-�-producing NK cells responding to
poly I:C are lung resident NK cells, as there was no increase in
NK cells in the lung at 6 h or even 24 h after poly I:C treat-
ment. Our findings are in accordance with the facts that lung
resident NK cells are crucial, early players against microbial infec-
tions, largely through their ability to rapidly produce IFN-� [6,
55]. Our results are also supported by previous studies showing
that poly I:C can rapidly induce IFN-� production in NK cells

Figure 9. Model: poly I:C-induced IL-7 promotes macrophage recruit-
ment, CXCR3 ligand expression, and T cell infiltration in the lung by
enhancing IFN-� production. Poly I:C treatment rapidly induces IFN-�
production from lung resident NK cells and also induces IL-7 produc-
tion from lung epithelial cells. IFN-� derived from NK cells, in turn,
induces expression of CXCR3 ligands, leading to initial influx of T
cells in the lung. At this point, poly I:C-induced IL-7 promotes IFN-�
production from these early lung-infiltrating T cells to sustain and re-
inforce the up-regulation of MCP-1, recruitment of macrophages, pro-
duction of CXCR3 ligands, and infiltration of IFN-�-producing T cells.
Through these mechanisms, poly I:C-induced IL-7 facilitates the infil-
tration of IFN-�-producing effector T cells into lung, thereby exacer-
bating local T cell immune response.
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through multiple mechanisms [6, 56–59] and that i.p. admin-
istration of poly I:C can induce activation of NK cells in the
lung [15]. In mice, poly I:C-induced activation of NK cells is
not mediated by a NK cell-intrinsic mechanism but is depen-
dent on type 1 IFNs produced by multiple other cell types
[12]. We speculate that the same mechanism is operating in
the lung.

At a later stage after poly I:C treatment, after the initial
burst of NK-derived IFN-� and migration of the first T cells
into the lung, poly I:C-induced IL-7 acts on these T cells to
increase IFN-� levels. In this fashion, IL-7 sustains and rein-
forces the up-regulation of MCP-1 and CXCR3 ligands to pro-
mote continuous T cell infiltration. By directly administering
IL-7 to RAG1�/� mice, we show that IL-7 requires the pres-
ence of T cells to up-regulate IFN-� in the lung, suggesting
that T cells are the major cell sources responding to IL-7 to
produce IFN-�. This is consistent with the fact that IL-7 was
not reported to enhance IFN-� production by NK cells but was
widely shown to induce IFN-� production from T cells and
expand IFN-�-producing T cells [30–34]. IL-7-induced IFN-�,
in turn, enhances the recruitment of more IFN-�-producing
cells to the lung by increasing CXCR3 ligand levels. In sum-
mary, we propose that the early, initial up-regulation of
CXCR3 ligands and T cell infiltration in the lung is mediated
by poly I:C-induced IFN-� from resident NK cells; however the
sustained and optimal CXCR3 ligand expression and T cell
infiltration require poly I:C-induced IL-7 and T cell-derived
IFN-�. We will use approaches that cause tissue-specific abla-
tion of NK cells or T cells in the future to definitively charac-
terize the type and location of cytokine-producing cells in re-
sponse to poly I:C treatment.

The epithelial cells of the lung airways and alveoli appear to
be the sources of IL-7 in response to poly I:C treatment, al-
though further studies are required to precisely define the
producers of IL-7. The signaling pathways that mediate poly
I:C induction of IL-7 expression also needs further determina-
tion. Apart from TLR3, poly I:C can also bind to MDA5 to in-
duce type 1 IFN production in a variety of cells, including
lung epithelial cells [60–63]. We will investigate the contribu-
tion of TLR3 and MDA5 signaling pathways to the induction
of IL-7 with mice that are deficient in each molecule in the
future. Interestingly, poly I:C induction of IL-7 in the lung not
only requires type 1 IFNs, similarly to the liver [25], but also
requires IFN-�. How type 1 IFNs and IFN-� induce IL-7 expres-
sion in the lung epithelial cells awaits further investigation.
IFN-� has been shown to promote IL-7 expression in intestinal
epithelial cells by activating transcription factors IRF-1 and
IRF-2 [46]. Similar mechanisms may be operating in the lung
as well.

Several studies have shown that administration of IL-7 to
mice bearing lung cancer leads to up-regulation of CXCR3
ligands and enhancement of anti-tumor immunity in a CXCR3
ligand-dependent fashion [64, 65]. Here, we demonstrate that
the TLR3 agonist poly I:C, a widely studied adjuvant for antitu-
mor and antipathogen immune responses, can up-regulate
CXCR3 ligand production by inducing IL-7 in the lung. Classi-
cally activated M1 type macrophages, but not the alternatively
activated M2 macrophages, have been shown to be important

sources of CXCR3 ligands [66–69]. We show here that the ma-
jor cell types in the lung responding to poly I:C–IL-7 to produce
CXCL9 are M1 macrophages, as characterized by the expression
of IL-12p40, IL-23p19, and MIF. IFN-� is one of the major stimuli
that activates macrophages and confers them the M1 characteris-
tics. Moreover, IFN-� can also facilitate the recruitment of macro-
phages to tissue sites by inducing tissue production of MCP-1 [70,
71]. Consistent with these known effects of IFN-�, we show that
IL-7 can up-regulate MCP-1 and the number of macrophages in
the lung, in an IFN-�-dependent fashion. In fact, the recruitment
of macrophages into the lung may be the primary event induced
by the IL-7–IFN-� pathway, which leads to subsequent elevation
of local CXCR3 ligands. Future studies will investigate this possi-
bility.

Finally, we used a relatively low dose of anti-IL-7R� (50 �g)
in this study. IL-7 is a crucial factor for the survival and ho-
meostatic proliferation of T cells. We found that the dosage of
anti-IL-7R� that we used does not affect the normal homeo-
static proliferation and survival of the transferred T cells in the
absence of poly I:C treatment. It is, however, able to inhibit
poly I:C-induced events that are dependent on the elevated
levels and activity of IL-7. Furthermore, we showed that anti-
IL-7R� treatment markedly diminished lung inflammation in
the presence of poly I:C treatment without affecting the de-
gree of colon inflammation (Supplemental Fig. 4). Hence, the
effect of IL-7 on lung inflammation is not a consequence of
an altered inflammatory colitis milieu. Consequently, we are
able to conclude that the effects of anti-IL-7R� treatment that
we have observed do not result from an overall loss of T cells
or an altered inflammatory colitis environment, but result
from a blockade of poly I:C-induced, excessive IL-7 activity in
the lung.

In summary, the present study defines a crucial role of IL-7
in promoting a T cell immune response in the lung induced
by systemic administration of the TLR3 agonist, in which poly
I:C-induced IL-7 up-regulates T cell-derived IFN-� to promote
recruitment of macrophages and their production of CXCR3
ligands. These findings delineate a new, IL-7-dependent mech-
anism bridging innate and adaptive immune response and will
also provide insights into developing better strategies to com-
bat cancer and infectious diseases by using TLR agonists.
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