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Abstract
Smoking-related lung diseases are among the leading causes of death worldwide, underscoring the
need to understand their pathogenesis and develop new effective therapies. We have shown that
CD1a+ antigen-presenting cells (APCs) from lungs of patients with emphysema can induce
autoreactive T helper 1 (TH1) and TH17 cells. Similarly, the canonical cytokines interferon-γ
(IFN-γ) and interleukin-17A (IL-17A) are specifically linked to lung destruction in smokers, but
how smoke activates APCs to mediate emphysema remains unknown. Here, we show that, in
addition to increasing IFN-γ expression, cigarette smoke increased the expression of IL-17A in
both CD4+ and γδ T cells from mouse lung. IL-17A deficiency resulted in attenuation of, whereas
lack of γδ T cells exacerbated, smoke-induced emphysema in mice. Adoptive transfer of lung
APCs isolated from mice with emphysema revealed that this cell population was capable of
transferring disease even in the absence of active smoke exposure, a process that was dependent
on IL-17A expression. Spp1 (the gene for osteopontin) was highly expressed in the pathogenic
lung APCs of smoke-exposed mice and was required for the TH17 responses and emphysema in
vivo, in part through its inhibition of the expression of the transcription factor Irf7. Thus, the
Spp1-Irf7 axis is critical for induction of pathological TH17 responses, revealing a major
mechanism by which smoke activates lung APCs to induce emphysema and identifying a pathway
that could be targeted for therapeutic purposes.
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INTRODUCTION
The global burden of smoking-induced chronic obstructive pulmonary disease (COPD),
encompassing chronic bronchitis and emphysema, exacts a large and rapidly increasing toll
on human health and society. Over the next decade, COPD is expected to become the fifth
leading cause of death worldwide, and for the foreseeable future, lung cancer, the incidence
of which is increased in emphysema, will continue to kill more smokers than all other
cancers combined (1–3). Yet, despite the massive impact of smoking on health, the
pathophysiology of emphysema in particular remains poorly understood.

The transient nature of innate immunity fails to account for the notoriously progressive
course of emphysema, which can occur long after smoking cessation (4), suggesting that an
adaptive immune component drives the chronic and unremitting forms of this disease in a
subtype of smokers. We and others have previously demonstrated that the presence of T
helper type 1 (TH1)– and TH17-biased CD4+ T cells in the emphysematous lung correlated
with disease severity (5–7). Further, recall TH1 and TH17 responses can be demonstrated
from peripheral blood of smokers with emphysema by stimulation with lung-derived elastin
fragments, suggesting a role for autoimmune mechanisms in disease pathogenesis (8, 9).
Although these human studies suggest a critical role for TH1 and TH17 cells in emphysema,
the mechanism for their development and rigorous evidence of a pathogenic role are lacking.

TH1 and TH17 cells mediate tissue damage in several chronic auto-immune diseases, such as
rheumatoid arthritis, multiple sclerosis, and colitis (10–13). Although the exact processes by
which different subsets of TH cells cause damage in various organs remain poorly
understood, direct cytotoxic effects of autoreactive T cells and chronic release of proteinases
in response to cytokines are among plausible mechanisms (14, 15). For example, interferon-
γ (IFN-γ) expressed by TH1 cells increases expression of CXCL10 (IP-10) in diverse cells,
causing enhanced expression of the potent elastase MMP12 (matrix metalloproteinase 12)
(5, 16). Moreover, interleukin-17A (IL-17A), the canonical TH17 cytokine, also increases
expression of MMP12, and its overexpression in the lung results in spontaneous
inflammation in aging mice (9, 17). Even though overexpression of these cytokines in the
lungs may recapitulate some pathophysiology of smoke-induced lung disease (18), the
upstream molecular events leading to induction of lung TH1 and TH17 cells and formal
evidence of a causal role of IL-17A in smoke-induced emphysema remain speculative.

Dendritic cells (DCs) present antigen and provide cytokines and costimulatory molecules
that are necessary for activation of CD4 TH cells (19, 20). Specifically, DCs isolated from
patients with psoriasis, an autoimmune skin disease, direct CD4+ T cell differentiation into
TH17 cells in vitro (21). Similarly, CD1a+-expressing lung myeloid DCs (mDCs) from
emphysematous lung are sufficient to induce TH1 and TH17 responses in a cell-cell contact–
dependent manner (9). However, the mechanism(s) by which smoke transforms lung DCs to
promote TH1 and TH17 differentiation in response to cigarette smoke has not been defined.

Using an experimental model of smoke exposure combined with complementary analyses of
human lung cells, we investigated the immune mechanisms underlying TH1 and TH17 cell
induction in emphysema and their contribution to disease expression.

RESULTS
Cigarette smoke induces TH1 and TH17 responses in mice

We developed an active smoke exposure chamber in which mice are exposed to smoke from
commercially available cigarettes in a manner mimicking natural human smoking habits
(fig. S1). Four months of daily smoke exposure significantly increased the number of lung
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macrophages, DCs, and neutrophils when compared with air-exposed mice (fig. S2).
Moreover, smoke-exposed mice showed significant increases in lung volume and decreased
lung density, the essential hallmarks of human emphysema (fig. S3 and Fig. 1A). Smoke-
exposed mice also showed higher levels of inflammatory cytokines and chemokines in their
bronchoalveolar lavage fluid (BALF) (fig. S4), as well as increased expression of IL-17A
and IFN-γ mRNA and protein (Fig. 1, B and C). Further analysis of CD3+ T cells from lung
parenchyma revealed baseline (air) expression of IL-17A in predominantly CD4+, γδ, and
CD4/CD8/γδ TCR (T cell receptor) triple-negative T cells, but not in CD8+ T cells (Fig.
1D). We did not find a significant change in the overall abundance of CD4+ T cells with
smoke exposure, but the number of lung γδ T cells doubled in smoke-exposed mice (Fig. 1,
E and F). Thus, both CD4+ T cells and γδ T cells, but not CD8+ T cells, contribute to the up-
regulation of IL-17A production in the lungs of smoke-exposed mice (Fig. 1G).

IL-17A is required for cigarette smoke–induced emphysema
Given the prominent expression of IL-17A in this model, we next elucidated its role in
cigarette smoke–induced emphysema. Lung-specific IL-17A transgenic (Cc10-Il17a) and
Il-17a−/− mice are born morphologically normal, but the former develop spontaneous lung
inflammation after 10 months of age (17). Therefore, we exposed 2-month-old otherwise
syngeneic Cc10-Il17a, Il-17a−/−, and wild-type mice to air or smoke for 4 months. The
constitutive overexpression of IL-17A in the lungs of the Cc10-Il17a mice exposed to smoke
resulted in increased total numbers of lung inflammatory cells when compared to wild-type
mice treated identically (Fig. 2A). Multinucleate giant cells were more numerous in the
BALF of smoke-exposed Cc10-Il17a mice, indicating a more activated phenotype, whereas,
relative to wild-type, Il-17a−/− macrophages appeared smaller (fig. S5). In contrast, the
number of inflammatory cells was attenuated in BALF of Il-17a−/− mice when compared to
that of wild-type mice (Fig. 2B). Furthermore, smoke-induced emphysema was exaggerated
in Cc10-Il17a mice and attenuated in Il-17a−/− mice when compared to wild-type mice, as
assessed by light microscopy (Fig. 2C) and confirmed by quantitative microcomputed
tomography (μCT) (Fig. 2, D and E). Intracellular cytokine analysis of lung leukocytes
further showed that IL-17A–expressing T cells were more abundant in Cc10-Il17a than in
wild-type mice (Fig. 2F).

In agreement with previous observations of the effect of IL-17A treatment of human lung
macrophages (9), IL-17A transgenic mice exposed to smoke showed enhanced expression of
MMP9 and MMP12, whereas Il-17a−/− mice showed attenuated expression (Fig. 2G and
fig. S6). Together, these data suggest that TH17 cells and IL-17A promote smoke-induced
emphysema by up-regulating elastolytic MMPs.

Because we observed that lung γδ T cells doubled in abundance in smoke-exposed mice
simultaneously with an increase in the relative abundance of IL-17A–expressing lung γδ T
cells, we next determined the contribution of this cell population to smoke-induced
emphysema. Unexpectedly, we found that Tcrδ−/− mice (lacking functional γδ T cells)
exposed to smoke showed an increase in total numbers of lung inflammatory cells when
compared to wild-type mice treated the same way (Fig. 2H). Consistently, we found an
increase in TH17, but not in TH1 cells, in these mice, suggesting that lack of γδ T cells
specifically resulted in an increase in TH17 inflammatory cell in response to smoke. Further,
Tcrδ−/− mice exposed to smoke showed increases in Mmp12 gene expression and in lung
volume as shown by μCT analysis of lung parenchyma (Fig. 2, C and I to K, and fig. S6).
These findings underscore the importance of TH17 cells as mediators of smoke-induced lung
inflammation and emphysema and suggest that IL-17A–secreting lung γδ T cells act to
inhibit pathological lung TH17 responses in this context.
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Lung antigen-presenting cells from smoke-exposed mice induce TH17 cells
Because human emphysematous lung DCs induce TH17 (9), we next examined the capacity
of cigarette smoke–exposed mouse lung DCs to cause differentiation of syngeneic, naïve
CD4+ T cells in vitro. Splenic CD4+ T cells cultured with lung DCs (CD11c+CD11b+)
isolated from mice exposed to smoke for 4 months were more potent in inducing TH17
differentiation (as determined by IL-17A production) than were alveolar macrophages
(CD11c+CD11blow) or air-exposed DCs (Fig. 3A).

To further examine the pathogenic role of lung antigen-presenting cells (APCs) and the
requirement for IL-17A in the pathogenesis of emphysema, we transferred lung APCs
isolated from control or emphysematous lungs of wild-type mice into wild-type and Il17a−/−

mice. Lung APCs from mice with emphysema but not cells from control mice induced
emphysema and increased inflammation in mice after 12 weeks in the absence of smoke;
this process was partly dependent on the function of IL-17A, because Il17a−/− recipient
mice failed to develop emphysema (Fig. 3B and fig. S7). After as little as 2 months of
smoke exposure, we found evidence for TH1 and TH17 cell accumulation in the lungs.
Further, APCs isolated from these recipient mice could induce TH1 and TH17 cell
differentiation in coculture experiments, showing that even before disease development, the
APCs are conditioned to induce characteristic pathological TH cell responses (fig. S8).

We next sought to elucidate the mechanism by which lung DCs selectively induce TH17
differentiation by conducting a gene expression analysis of human lung DCs from control
and emphysema patients. Using strict criteria for significance (more than twofold increase
with P < 0.004 relative to control), we identified 116 up- and 62 down-regulated genes in
emphysema lung DCs (GSE26296). Among the genes showing highest expression was
SPP1 (encoding osteopontin) (Fig. 3C), a pleiotropic, cytokine-like molecule that has
previously been linked to TH1 and TH17 responses in several autoimmune diseases (22–24).

We confirmed by reverse transcription–quantitative polymerase chain reaction (RT-qPCR)
that SPP1 was expressed to a significantly greater degree in human DCs (Fig. 3D) and
macrophages (fig. S9A) from emphysema subjects than from control subjects. SPP1
expression correlated positively with obstructive lung disease severity as assessed by forced
expiratory volume in 1 s (FEV1), consistent with a pathogenic role in lung function (Fig. 3E
and fig. S9B). Detailed analysis of distinct cell populations from human lungs confirmed
that SPP1 was most abundantly expressed in DCs and lung macrophages from emphysema
subjects (Fig. 3F). Similarly, expression of Spp1 was enhanced in total lung APCs (CD11c+

cells), as well as total BALF cells, of smoke-exposed emphysematous mice (Fig. 3G).
Detailed analyses of mouse lung single-cell populations confirmed that Spp1 expression was
enhanced selectively in alveolar macrophages and, especially, DCs (Fig. 3H).

Osteopontin is required for TH1 and TH17 differentiation through mDCs in vitro
We next determined whether lung mDCs require osteopontin production for TH1 and TH17
cell differentiation. Transfection of human lung DCs with anti-osteopontin small interfering
RNA (siRNA), but not scrambled siRNA, reduced SPP1 mRNA (Fig. 4A) and decreased the
ability of the DCs to promote TH1 and TH17 differentiation in vitro (Fig. 4B and fig. S10A).
A similar effect was also observed in identically treated human macrophages isolated from
emphysematous lung (fig. S10B).

We next examined the role of osteopontin in the mouse model of emphysema. Similar to
results from human DCs, we found that relative to air-exposed controls, incubation of
syngeneic wild-type mouse CD4 T cells with APCs isolated from emphysematous lung of
wild-type mice exposed to smoke resulted in a 3- to 10-fold enhancement of IL-17A and
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IFN-γ secretion, respectively (Fig. 4, C and D, black bars). Further, lung APCs isolated from
lungs of osteopontin-deficient (Spp1−/−) mice exposed to smoke consistently failed to
induce significant increase of IL-17A and IFN-γ in CD4 T cells (Fig. 4, C and D, gray bars).

Osteopontin is required for IL-17A production and emphysema in vivo
We next determined immune and physiological endpoints from tobacco smoke–exposed
wild-type and Spp1−/− mice. Spp1−/− mice exposed to 4 months of smoke showed
significantly reduced total and individual inflammatory cells in BALF and concomitant
reductions in secreted IL-17A and IFN-γ from whole lung when compared to smoke-
exposed wild-type mice (Fig. 5, A and B). Consistent with these findings, μCT and
histological analyses of lungs confirmed that Spp1−/− mice showed significantly less smoke-
induced emphysema than wild-type mice, indicating reduced lung parenchymal damage
(Fig. 5, C and D). In tracellular cytokine analysis of whole lung cells confirmed that smoke
exposure resulted in the generation of fewer lung TH1 and TH17 cells in Spp1−/− than in
wild-type mice (Fig. 5, E and F), and Spp1−/− mice showed reduced Mmp12 mRNA
expression in BALF cells (Fig. 5G). Together, these findings demonstrate that osteopontin is
required in mice for the induction of robust lung IL-17A responses and emphysema after
exposure to cigarette smoke.

Irf7 negatively regulates activation of APCs
Because Spp1−/− mice were protected against cigarette smoke–induced disease and their
lung APCs failed to induce TH1 or TH17 cell differentiation in vitro, we next sought to
determine the mechanism by which osteopontin mediated these pathological changes. We
performed gene expression analysis in lung APCs isolated from mice exposed to 4 months
of smoke. Using strict criteria for significance (>1.5-fold increase with adjusted P < 0.05),
we found that 19 of the 83 selected IFN-stimulated genes (GSE30906) are up-regulated in
Spp1−/− when compared with wild-type mice (Fig. 6A). Among the newly identified
candidate genes, we chose to examine IFN regulatory factor 7 (Irf7) because it is an
inducible transcription factor with diverse immunological functions, and we verified that it
is up-regulated in Spp1−/− lungs and is further increased in response to smoke (Fig. 6B).
Further, although Il1b and Il6 were significantly decreased, we detected no significant
differences in Tgfb1 expression between wild-type and Spp1−/− lung APCs exposed to
smoke (Fig. 6, C to E), showing differential regulation of pro-inflammatory genes by Spp1.
Next, we examined the functional significance of the Irf7 in lung APCs isolated from
Spp1−/− mice exposed to smoke. Reduction in Irf7 expression with a specific siRNA in
Spp1−/− lung APCs from mice exposed to smoke (Fig. 6F) resulted in up-regulation of
genes for the proinflammatory cytokines Il1b and Il6, whereas Mmp12 gene expression was
not affected (Fig. 6F). In agreement with these findings, Irf7-inhibited, Spp1−/− APCs
isolated from mice exposed to smoke induced increased IL-17A and IFN-γ in cocultured TH
cells (Fig. 6G).

DISCUSSION
Using an experimental mouse model of emphysema, we have demonstrated that tobacco
smoke exposure faithfully recapitulates the predominant lung TH1 and TH17 responses that
we have previously demonstrated are characteristic of human emphysema. Active tobacco
smoke also increased the number of IL-17A–expressing γδ T cells in lungs and induced
emphysema that was enhanced by over-expression of IL-17A. In addition to elastases that
are induced by TH1 and TH17 cytokines and are associated with emphysema pathogenesis,
mouse and human lung DCs from emphysematous subjects showed increased expression of
osteopontin, a cytokine previously linked to autoimmune disease. Osteopontin was required
for differentiation of TH17 cells from both mouse and human naïve precursor T cells and

Shan et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2014 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was essential for robust induction of emphysema in mice, in part through the regulation of
the transcription factor Irf7. These findings confirm the critical importance of the
osteopontin–IL-17A pathway in emphysema and suggest that it may provide a therapeutic
target for smoking-related lung disease.

The immune response of the lung to chronic tobacco smoke exposure, dominated by IFN-γ
and IL-17A secretion, is consistent between humans and, as shown here, mice. Although
respiratory tract infections are common in human emphysema and potentially drive life-
threatening disease exacerbations (25), the experimental emphysema model used here
involved no respiratory tract infections of our specific pathogen-free animals. Thus, type 1–
and type 17–inducing in fections may be important for exacerbating extant disease, but are
unlikely to be the primary smoke-related event that initiates lung destruction.

We have previously shown that human emphysema involves a prominent autoimmune
component marked by anti-elastin TH1 and TH17 responses (8, 9). We have not identified
the specific endogenous antigen(s), if any, that induces TH1 and TH17 cells in the lungs of
mice exposed to chronic smoke; nonetheless, our studies do not rule out the possibility that
chronic smoke inhalation in mice is sufficient to elicit autoimmune responses to lung
antigens that are capable of perpetuating disease after cessation of exposure (26).

IL-17A is produced by numerous leukocytes, including CD4+ and CD8+ T cells, γδ T cells,
natural killer T cells, neutrophils, and lymphoid tissue inducer cells (27–30). Here, we show
that in the naïve lung, IL-17A is constitutively expressed by CD4+ T cells, γδ T cells, and a
γδ TCR−CD4−CD8− T cell subset. IL-17A– and IL-17 receptor–deficient mice are
morphologically normal (31), suggesting that IL-17A is not required in development.
Therefore, it is likely that, unique among canonical TH cytokines, constitutive IL-17A
expression is important for baseline lung immune surveillance, which may in turn contribute
to autoimmunity in the setting of pathological exposures such as tobacco smoke. Indeed, the
lung Il-17a transgene used in our study is driven by the Clara cell promoter, and functional
IL-17A protein secreted in the lung likely establishes an autocrine loop that further induces
TH17 differentiation, thereby exacerbating the effect of smoke-induced TH1 and TH17
inflammation in the lungs. This hypothesis is supported by the finding that IL-17A induces
two critical TH17 regulatory proteins, IL-6 and IL-1β, in APCs (32).

Although γδ T cells represent only a small fraction of all lung T cells, we found that after
exposure to smoke, they account for about 40% of all IL-17A–expressing cells. The next
most abundant IL-17A–expressing subset was TH17 cells, which have been previously
described to be associated with human emphysema (6, 9). Perhaps most surprising was the
virtually complete lack of IL-17A production by CD8+ T cells, which have also been linked
to human and experimental emphysema (33, 34). These findings suggest that CD8+ T cells
contribute to emphysema through a non–IL-17A–related mechanism. We found that
TCRδ−/− mice exposed to cigarette smoke displayed exaggerated TH17 responses in the
lungs and increased emphysema. These findings suggest that the increase in γδ T cells in the
lungs of mice exposed to cigarette smoke may represent a regulatory response to inhibit
TH17 cells. These data further support our original hypothesis that TH17 cells are critical
effectors of lung inflammation in response to cigarette smoke, but that γδ T cells with a
similar immune profile exert a negative regulatory function in vivo.

Osteopontin was first described as a product of activated T cells (35) and differs from most
cytokines in having both secreted and intracellular forms, each with distinct functional
properties (36, 37). This uniquely pleiotropic cytokine has been widely described in
association with diverse chronic inflammatory conditions, including autoimmune syndromes
and cancer (22, 38, 39). Serving as a secreted autocrine factor, osteopontin promotes
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recruitment and activation of human epidermal mDCs through increased expression of
human leukocyte antigen (HLA)–DR and costimulatory molecules (40). It also promotes
TH17 responses and autoimmunity in distinct experimental systems, an effect that is
antagonized by ligation of the type I IFN receptor (24). These studies suggest that
osteopontin influences TH17 responses through its intracellular form.

Using gene microarrays to examine global transcriptome changes in lung DCs from wild-
type and Spp1−/− mice in response to cigarette smoke, we discovered a link between Spp1
and activation of type I IFN–stimulated genes. Specifically, genes such as IFN-induced
protein with tetratricopeptide repeat 3 (Ifit3), Ifit2, and Irf7 were significantly up-regulated
in Spp1−/− APCs. When we compared data obtained from human lung mDCs using micro-
arrays (GSE26296), we found that many of the same type I IFN genes, in particular IFIT3,
IFI27, OASL, CXCL10, and OAS2, were significantly down-regulated in emphysema when
compared to controls. Consistent with findings from human lung mDCs, inhibition of Irf7,
an inducible transcription factor with multiple immune-modulating functions (41), was
critical in dampening production of the proinflammatory cytokines IL-6 and IL-1β in lung
APCs. Reduction of Irf7 expression restored the function of the Spp1−/− lung DCs required
for TH17 cell differentiation in our model. Therefore, in addition to the findings that type I
IFN–stimulated genes regulate Spp1 and DC function, our data reveal a mechanism by
which Irf7 expression inhibits expression of proinflammatory cytokines by lung DCs in the
setting of smoke exposure.

Emphysema is a destructive lung disease that is most frequently linked to tobacco smoking
but is also seen in nonsmoking subjects exposed to coal and biofuel combustion products in
poorly ventilated areas (42, 43). Despite the global reach and rising importance of
emphysema, medical management remains primitive, with no diagnostic assays capable of
predicting disease emergence in smoke-exposed, at-risk subjects, no reliable prognostic
indices, and no specific therapy aside from lung transplantation. In addition to the
contribution of TH1 responses, we have shown here that emphysema is characterized by a
specific immune pathogenesis involving the cooperative interplay between osteopontin-
producing lung macrophages and DCs and IL-17A–secreting T cells. These discoveries
provide a foundation for developing diagnostic, prognostic, and therapeutic strategies that
are critically needed for emphysema and other smoking-related diseases.

MATERIALS AND METHODS
Mice

Wild-type, Spp1−/−, and Tcrδ−/− mice (C57BL/6 background) were purchased from the
Jackson Laboratory. Cc10-Il17a and Il17a−/− mice backcrossed six to eight generations with
C57BL/6 were provided by C. Dong from the University of Texas M. D. Anderson Cancer
Center. All mice were bred in the transgenic animal facility at Baylor College of Medicine.
All experimental protocols used in this study were approved by the Institutional Animal
Care and Use Committee of Baylor College of Medicine and followed the National Research
Council Guide for the Care and Use of Laboratory Animals.

Human study subjects
A total of 26 non-atopic current or former smokers were serially entered into the study (table
S1); all smoker subjects had significant (>20 pack-years) history of smoking and had quit
smoking for an average of 13 ± 6 (SEM) and 5 ± 3 years in control and COPD/emphysema
groups, respectively (table S1). COPD was diagnosed according to the criteria recommended
by the National Institutes of Health–World Health Organization workshop summary (44).
Smoking one pack of cigarettes per day each year is defined as one “pack-year.” Subjects
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were recruited from the chest or surgical clinics at Methodist and Michael E. DeBakey
Houston Veterans Affairs Medical Center hospitals. Studies were approved by the
Institutional Review Board at Baylor College of Medicine, and informed consents were
obtained from all patients.

Cigarette smoke exposure
Six- to 8-week-old mice were exposed to active smoke from commercial cigarettes
(Marlboro 100's). Exposure to four cigarettes (about 4 to 5 min per cigarette) per day, 5 days
a week was carried by intermittently forcing air (4 liters/min) through the burning cigarette.
Intermittent cycles were designed to mimic puffing cycles of actual human smokers and to
prevent CO2-induced asphyxiation. Puffing cycles consisted of 5 s of active cigarette smoke
followed by 25 s of forced air as controlled by a timer-controlled two-way valve
(Humphrey). Mice were given 10 min of rest in between each cycle of cigarette smoke
exposure. In total, mice were given four cigarettes each day (1 hour), 5 days each week for 4
months.

Quantification of experimental model of emphysema
The severity of mouse emphysema was determined by CT methods originally developed for
humans (45) with modifications for μCT imaging in mice (46). Mice were anesthetized with
etomidate (30 mg/kg) and placed in an animal CT scanner (Gamma Medica), and completed
images of the chest were obtained by the Animal Phenotyping Core in Baylor College of
Medicine. Amira 3.1.1 software was used to process the images and quantification of
emphysema in three dimensions.

Analysis of experimental model of emphysema
Collection of BALF and lung tissue is as described (47). After mice were anesthetized with
etomidate, BAL was collected by instilling and withdrawing 0.8 ml of sterile phosphate-
buffered saline twice through the trachea. Total and differential cell count in the BALF were
determined with the standard hemocytometer and HEMA3 staining (Protocol) of 200 μl of
BALF cytospin slide preparation. Cytokine and chemokine concentrations in the BALF
were measured by Milliplex kit. In some experiments, mouse lungs were dissected to
prepare single-cell suspensions; alternatively, lungs were fixed with instillation of 4%
paraformaldehyde solution via a tracheal cannula at 25-cm H2O pressure followed by
paraffin embedding and were sectioned for histopathological studies. Hematoxylin and eosin
(H&E) staining was performed as described (47).

Immune cell preparation and isolation
Mouse lung and spleen single-cell suspensions were prepared as described (47). Red blood
cell (RBC)–free single-cell suspensions were labeled with bead-conjugated anti-CD11c
(Miltenyi Biotec) to isolate lung APCs using autoMACS. Alternatively, lung DCs and
alveolar macrophages were isolated from single-cell suspensions of total lung homogenates
by fluorescence-activated cell sorting (FACSAria, BD Biosciences) for
CD3−B220−CD11c+/CD11b+ (lung DCs) or CD3−B220−CD11c+/CD11blow (alveolar
macrophages). Mouse splenic CD4 T cells were selected from peripheral splenocytes by
labeling with bead-conjugated anti-CD4 (Miltenyi Biotec) followed by autoMACS
separation. Human lung DCs, macrophages, and peripheral blood mononuclear cell (PBMC)
CD4 T cells were prepared as described (5).

Adoptive transfer of lung APCs
Wild-type donor mice were exposed to cigarette smoke for at least 12 weeks. A total of 8 ×
105 lung APCs were isolated with CD11c beads as described above and were
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intraperitoneally injected into 6- to 8-week-old naïve recipient mice. Mice were then
exposed to room air for another 12 weeks before lungs were analyzed by μCT and cytokine
expression.

Intracellular cytokine staining
Mouse lung RBC-free single-cell suspensions were stimulated with phorbol 12-myristate
13-acetate (PMA) (10 ng/ml) (Sigma) and ionomycin (1 μg/ml) (Sigma) supplemented with
brefeldin A (10 μg/ml) (Sigma) for 6 hours. Cells were stained for surface markers with
anti-CD3, anti-CD4, anti-CD8, and anti–δδ TCR antibodies and then fixed with 1%
paraformaldehyde, permeabilized with 0.5% saponin (Sigma), and stained with anti–IFN-γ
and anti–IL-17A antibodies for analysis of intracellular cytokine production by flow
cytometry.

mRNA isolation and qPCR
Cell pellets were treated with TRIzol (Invitrogen) and mRNA was extracted for qPCR as
described (47). All probes, Il17a (Mm00439619_m1), Ifng (Mm01168134_m1), Mmp9
(Mm00600164_g1), Mmp12 (Mm00500554_m1), Spp1 (Mm00436767_m1), SPP1
(Hs00167093_m1), Irf7 (Mm00516788_m1), Il6 (Mm00446190_m1), Il1b
(Mm013361891_m1), and Tgfb1 (Mm00441724_m1), were purchased from Applied
Biosystems. All data were normalized to 18S ribosomal RNA (Hs99999901_s1) expression.

In vitro T cell coculture and cytokine measurements
Human PBMC CD4 T cells were cocultured with lung APCs (10:1 ratio) for 3 days in the
presence of soluble anti-human CD3 (BD, 1 μg/ml). Alternatively, cells were stimulated
with PMA (10 ng/ml) (Sigma) and ionomycin (200 ng/ml) supplemented with monensin (10
ng/ml) (Sigma) for 3 hours, followed by intracellular cytokine staining. Similarly, mouse
spleen CD4 T cells were cocultured with lung APCs (10:1 ratio) for 3 days with the
presence of soluble anti-mouse CD3 (BD, 1 μg/ml). Milliplex kit (Millipore) was used to
measure concentrations of IL-17 and IFN-γ according to the manufacturer's instructions.

Microarray analysis of lung DC gene expression
Human lung DC and mouse lung APC microarray analysis was performed by Genomics and
Proteomics Core Laboratory, Texas Children's Hospital, Baylor College of Medicine, with
an Illumina Human WG-6 V3.0 and Illumina Mouse WG-6 v 2.0 chip, respectively. Data
were analyzed by Bioconductor. Briefly, data were analyzed with variance-stabilizing
transform and quantile normalization; linear models were used to identify differentially
expressed transcripts. Nominal P values were adjusted to yield false discovery rates with the
empirical Bayes method.

siRNA transfection
Human SPP1 siRNA, mouse Irf7 siRNA, and scrambled siRNA were purchased from
Applied Biosystems. Human lung DCs were transfected with human DC Nucleofection kit
(Lonza) according to the manufacturer's instructions. Mouse lung APCs were transfected
with mouse DC Nucleofection kit (Lonza) according to the manufacturer's instructions.
Lung DCs treated with siRNA were incubated overnight and washed with medium before
further experiments were performed.

Flow cytometry and antibodies
Flow cytometry was performed with BD LSRII (BD Biosciences), and data were analyzed
with FlowJo (TreeStar). Mouse-specific antibodies Pacific Blue–CD3 (500A2),
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allophycocyanin (APC)–Cy7–CD8 (53-6.7), phycoerythrin (PE)–IL-17A (TC11-18H10),
APC–IFN-γ (XMG1.2), PECy5-CD4 (PM4-5), and APC-Cy7-Gr1 (RB6-8C5) were
purchased from BD Pharmingen. Fluorescein isothiocyanate (FITC)–γδ TCR (eBioGL3),
eFluro450-B220 (RA3-6B2), PE-CD11b (M1/70), and APC-CD11c (N418) were purchased
from eBioscience. Human-specific antibodies APC-CD19 (SJ25C1), APC-CD3 (SK7),
Pacific Blue–CD3 (UCHT1), APC–IFN-γ (B27), APC-CD1a (HI149), FITC-CD1a (HI149),
PE-CD11c (B-ly6), and FITC-CD14 (M5E2) were purchased from BD Pharmingen. PE–
IL-17A (eBio64DEC17) was purchased from eBioscience.

Statistical analysis
For the comparison of cytokine production and gene expression from air- and smoke-
exposed mice, we used the Student's t test or one-way analysis of variance (ANOVA) test.
For the comparison of human lung DC gene expression, the Mann-Whitney test
(nonparametric) was used. For the comparison of CT quantification of air- and smoke-
exposed mice, one-way ANOVA test was used. Correlation between gene expression and
FEV1%-based emphysema quantification was determined by linear regression. All statistical
analyses were performed with the Prism software (GraphPad Software).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Cigarette smoke induces emphysema and increases lung IFN-γ and IL-17A production in
mice. (A) Representative three-dimensional images of lungs from air- or cigarette smoke–
exposed mice. Average lung volume and density are shown below. n = 10 per group. *P <
0.01. HU, Hounsfield unit. (B) Il17a and IFN-γ mRNA expression from total lung mRNA of
air- or cigarette smoke–exposed mice. Data are representative of two independent studies. n
= 5 per group per study. **P < 0.01. (C) IL-17A and IFN-γ protein expression from total
lung mRNA of air- or cigarette smoke–exposed mice. Lung CD11c-depleted cells were
stimulated overnight with PMA and ionomycin, after which supernatant protein
concentrations were measured. n = 5 per group. *P < 0.05; ***P < 0.001. (D)
Representative intracellular staining for IL-17A and IFN-γ from the indicated T cell subsets
isolated from lungs of air- and smoke-exposed mice. Data are representative of three
independent studies. n = 5 per group per study. (E) Representative flow cytometry analyses
of lung γδ T cells and CD4+ T cells from total lung CD3+ lymphocytes in (D). (F and G)
Cumulative pie chart data depicting the relative abundance of defined lung CD3+ (F) and
IL-17A–producing, CD3+ lung T cell subsets (G) from air- and smoke-exposed mice. Data
represent three independent studies. n = 5 per group per study.
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Fig. 2.
IL-17A is required for smoke-induced emphysema in mice. (A) Numbers of total
macrophages (Mac), lymphocytes (Lym), and neutrophils (Neu) in BALF of air- and
cigarette smoke–exposed wild-type (WT) and Cc10- Il17a mice (n = 5 per group). (B)
Numbers of cells as in (A) in BALF from WT and Il17a−/− mice (n = 4 to 8 per group). *P
< 0.05; **P < 0.01; ***P < 0.001. (C) Representative H&E staining of lung sections from
air- or cigarette smoke–exposed mice as indicated on each panel; inset represents ×200
magnification. Scale bars, 100 μm. (D and E) μCT quantification of total lung volume and
lung density from air (–)– and cigarette smoke (+)–exposed WT and Cc10-Il17a mice (D) or
WT and Il17a−/− mice (E) (n = 4 to 8 per group). *P < 0.05; **P < 0.01; ***P < 0.001.
Data represent at least three independent studies. (F) Intracellular cytokine staining of
IL-17A and IFN-γ from lung CD4+ T cells of air- or smoke-exposed WT and Cc10-Il17a
mice. Data represent at least three independent studies with five mice in each group. (G)
Mmp12 mRNA expression from total BALF cells of airand smoke-exposed mice (n = 4 to 8
per group). **P < 0.01. (H) Numbers of cells as in (A) in BALF from WT and Tcrδ−/− mice
(n = 4 to 5 per group). *P < 0.05; **P < 0.01; ***P < 0.001. (I) Intracellular cytokine
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staining of IL-17A and IFN-γ from lung CD4+ T cells of air- or smoke-exposed WT and
Tcrδ−/− mice. Data represent at least three independent studies with four to five mice in each
group. (J) μCT quantification of total lung volume and lung density from air- and cigarette
smoke–exposed WT and Tcrδ−/− mice (n = 4 to 5 per group). *P < 0.05; **P < 0.01. (K)
Mmp12 mRNA expression from total BALF cells of air- and smoke-exposed WT and
Tcrδ−/− mice (n = 4 to 8 per group). *P < 0.01.
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Fig. 3.
Mouse lung DCs induce TH17 differentiation. (A) Effect of CD4 T cells on IL-17A
production in cells from air- or smoke-exposed mice. Splenic CD4 T cells were cultured
with mouse lung macrophages (Mac) or DCs for 3 days with soluble anti-CD3 antibody (1
μg/ml), after which IL-17A was quantified from culture supernatants (n = 3). Data represent
at least three independent studies. (B) μCT quantification of total lung volume and lung
density from mice that received lung APCs from mice with the indicated phenotype (n = 3 to
7 per group). *P < 0.05. Data represent two independent studies. (C) Heat map depicting top
10 significantly up-regulated genes as determined by gene microarray analysis of human
lung DCs from healthy control (n = 3) and emphysema (n = 3) subjects. (D) SPP1 mRNA
expression in control lung DCs (n = 8) and emphysema lung DCs (n = 8). **P < 0.01. (E)
Correlation of lung DC SPP1 mRNA expression and disease severity (FEV1%) (control, n =
8; emphysema, n = 8). (F) qPCR analysis of SPP1 mRNA expression in different lung cell
population. Mac, macrophages; Neg, DC, macrophage, T cell–depleted cells. Data are
representative of four independent experiments. (G) Spp1 mRNA expression in lung
CD11c+ APCs and BALF cells from air-treated (n = 3) and cigarette smoking–treated (n =
3) mice. **P < 0.01; ***P < 0.001. (H) qPCR analysis of Spp1 mRNA expression in
different lung cell population. Mac, macrophages; Neg, DC, macrophage-depleted cells.
Data represent three independent studies with five mice pooled for each group.
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Fig. 4.
Spp1 expression is required for induction of TH1 and TH17 cells by lung DCs. (A) Effect of
Spp1 siRNA on SPP1 mRNA. Human emphysematous lung DCs were transfected with 10
ng of Spp1 or scrambled siRNA, after which SPP1 mRNA was quantitated by PCR. (B)
Human lung DCs require Spp1 to differentiate T cells. Similarly treated human lung DCs
were cultured with allogeneic human PBMC-derived CD4 T cells in the presence of anti-
CD3 antibody (1 μg/ml) for 3 days, followed by intracellular cytokine staining for IL-17A
and IFN-γ. Data are representative of at least five independent experiments. (C and D)
IL-17A (C) and IFN-γ (D) were quantitated from 3-day cultures of lung APCs isolated from
smoke-exposed WT and Spp1−/− mice that were incubated with spleen-derived CD4 T cells
in the presence of soluble anti-CD3 antibody (1 μg/ml) (n = 3 independent experiments with
triplicate replicates in each experiment).
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Fig. 5.
Spp1-deficient mice are protected from cigarette smoke–induced emphysema. (A) Number
of cells in BALF of air- and cigarette smoke–exposed mice. Total cells, macrophages (Mac),
lymphocytes (Lym), and neutrophils (Neu) (n = 5 per group). *P < 0.05; ***P < 0.001. (B)
IL-17A and IFN-γ levels in cells from airand cigarette smoke–exposed Spp1−/− mice.
CD11c-depleted cells from whole lung homogenates were stimulated overnight with PMA
and ionomycin, and supernatant protein concentrations were measured. n = 3 to 5 per group.
*P < 0.05. (C) μCT quantification of total lung volume and lung density from air (–)– and
cigarette smoke (+)–exposed WT and Spp1−/− mice (n = 5 per group). *P < 0.05. Data
represent at least three independent studies. (D) Representative H&E staining of lung
sections from WT and Spp1−/− mice exposed to air or smoke for 4 months; insets represent
×200 magnification. Scale bars, 100 μm. (E and F) Representative (E) and cumulative (F)
intracellular cytokine analyses of CD4 T cells derived from lungs of air- and smoke-exposed
WT and Spp1−/− mice (n = 16 to 20). ***P < 0.001 by one-way ANOVA test. (G) Mmp12
mRNA expression in total BALF cells from air- and smoke-exposed mice (n = 5 per group).
**P < 0.01.
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Fig. 6.
Irf7 regulates the function of Spp1−/− lung APCs. (A) Heat map depicting significantly up-
regulated type I IFN–stimulated genes (fold change > 1.5) from gene microarray analysis of
mouse lung APCs of cigarette smoke–exposed WT (n = 2) and Spp1−/− (n = 2). (B) Irf7
mRNA expression in total BALF cells from air- and smoke-exposed WT and Spp1−/− mice
(n = 5 per group). ***P < 0.001. (C to E) Il6, Il1b, and Tgfb1 mRNA expression in lung
APCs from air- and smoke-exposed WT and Spp1−/− mice (n = 3 per group). **P < 0.01;
***P < 0.001. ns, nonsignificant. (F) Irf7, Il6, Il1b, and Mmp12 mRNA expression in lung
APCs from smoke-exposed Spp1−/− mice and transfected with scrambled or Irf7 siRNA (n
= 6 per group). *P < 0.05; **P < 0.01. (G) IL-17A and IFN-γ in spleen-derived CD4+ T
cells cocultured with lung APCs as described in (F) for 3 days. Protein production was
measured by Milliplex kit (n = 5 independent experiments with triplicate replicates in each
experiment). **P < 0.01.
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