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Cigarette smoke exposure generates both acute and chronic
inflammatory cell infiltrates that are operative in numerous pul-
monary disorders. Cigarette smoke induces a complex signaling
cascade within the lung mediated by epithelial cells, lymphocytes,
macrophages, and others. The net result is a destructive and self-
perpetuating inflammatory environment that is capable of creat-
ing lungdiseases such as emphysema,while simultaneously fueling
lung tumor growth using both matrix-dependent and -independent
means.
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Cigarette smoking is the most common cause of preventable
death in the United States and is pandemic worldwide (1). Al-
though it is associated with many diseases, cigarette smoke ex-
posure is most highly associated with the development of lung
cancer and chronic obstructive pulmonary disease (COPD)/
emphysema, the second and fourth leading causes of death in
the United States, respectively. Seminal epidemiological studies
from more than 2 decades ago demonstrated that COPD/
emphysema and lung cancer were “linked” diseases (2, 3). That
is, lung cancer incidence was shown to increase with declining
FEV1, an indicator of worsening COPD. More recently, several
independent studies have shown that the presence of radio-
graphic emphysema on CT scan of the chest predicts an increase
in lung cancer incidence, with airflow obstruction not being the
primary risk factor (4, 5). Potential explanations for this obser-
vation are somewhat limited, given that emphysema and lung
cancer are diametrically opposed diseases. For example, emphy-
sematous lungs display alveolar capillary dropout, whereas can-
cers display robust angiogenesis. Emphysema is characterized
by apoptosis and cell death, and cancer by uncontrolled cellular
proliferation. However, it would appear that the lung epithelial
cell’s attempts to avoid apoptosis inadvertently generate tumor-
promoting inflammation (6). It is easy to speculate, then, that the
inflammatory cell infiltrates common to both diseases, and con-
tinually modified by cigarette smoke, may represent the shared
mechanistic link. Herein we outline how the innate immune cell
infiltrates encountered in emphysematous lungs function to ac-
celerate the growth of lung tumors arising within this unique,
cigarette smoke–generated, disease microenvironment.

EMPHYSEMA PATHOGENESIS

Although the definition of COPD is broad, descriptive, and
allows for the inclusion of multiple disease phenotypes—airflow
obstruction associated with the chronic inhalation of particulate
matter (cigarette smoke)—emphysema has a strict definition.
Emphysema is anatomically defined as the permanent enlargement
of the peripheral airspaces distal to the terminal bronchioles.
Chronic cigarette smoke exposure generates a characteristic in-
nate and adaptive immune response (see below) culminating in
the accumulation of activated macrophages and neutrophils
(which release matrix-degrading proteinases) within the distal
airways and peripheral airspaces of the lung. This inflammatory
cell infiltrate is not the rate-limiting step in the pathogenesis of
emphysema. Based on several studies performed to determine
the cellular content in the bronchoalveolar lavage fluid of sub-
jects with COPD (7), we have learned that essentially all habit-
ual cigarette smokers display this characteristic inflammatory
response. Therefore, it would appear that the development of
emphysema is the result of an imbalance between the burden of
inflammatory cell–derived proteinases and the adequacy of the
antiproteinase shield of the host.

According to thenownearly 50-year-oldproteinase–antiproteinase
hypothesis, when the quantity of elastic-degrading enzymes
exceeds the amount of their inhibitors, tissue destruction and em-
physema result. Initially, it was assumed that there were just two
variables in this equation, the neutrophil-derived serine proteinase
neutrophil elastase (NE)and itsphysiologic inhibitor,a1-antitrypsin
(A1AT). This simple conceptwas uniformly accepted as it readily
explained the clinical observation of overwhelming lung tissue
destruction encountered inA1AT-deficient subjects (8). The sub-
sequent identification of certain members of the matrix metallo-
proteinase (MMP) family andother elastolytic enzymeswithin lung
(9)hasdispelled thisoverly straightforwardview,although thebasic
tenants of the proteinase–antiproteinase hypothesis remain intact.

The completion of numerous studies in mice and humans has
provided an increasingly clearer picture as to the generation and
maintenance of the destructive inflammatory cell infiltrate char-
acteristic of emphysema (see Figure 1). Acute cigarette smoke
exposure in mice creates a mild acute lung injury characterized
by typical inflammatory cytokines, such as tumor necrosis factor-
a andmonocyte chemotactic factor-1. However, this acute injury
is short-lived. Chronic cigarette smoke exposure, as encountered
in humans, reveals a significant accumulation of alveolar macro-
phages, CD41 and CD81 lymphocytes, and to a lesser extent,
neutrophils. On cigarette smoke exposure, CD81 lymphocytes
release the IFN-g–inducible chemokines MIG (CXCL-9), IP-10
(CXCL-10), and I-TAC (CXCL-11) (10). These chemokines
act to induce the expression and release of matrix-degrading
enzymes from resident alveolar macrophages, including the elas-
tolytic macrophage elastase (MMP-12) (11). MMP-12, acting in
concertwith other inflammatory cell–derived proteinases, such as
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NE, destroys the rather inert and irreplaceable elastic fiber. Once
the elastic recoil properties of the lung have been compromised,
obstructive physiologic parameters appear, and the characteristic
sequelae of emphysema ensue. Making matters worse, the deg-
radation of elastic fibers creates novel elastic fragments that are
chemotactic for monocytes (12), resulting in a positive feedback
loop that promotes macrophage accumulation in the lungs of
emphysematous subjects. This positive feedback loopmayexplain
why cigarette smoke–induced inflammation frequently persists af-
ter smoking cessation. It should be noted that the inflammatory
infiltrate described above might be a marker of cigarette smoke
exposure and persistent bacterial infection and not necessarily the
causative link between emphysema and lung cancer.

LUNG TUMOR MICROENVIRONMENT

As is the case with emphysema, cigarette smoke exposure is the
cause of the vast majority of lung cancers. Although cigarette
smoke promotes carcinogenesis onmany levels, key among these
is the carcinogen-induced formation of DNA adducts, ultimately
leading to the generation of activating mutations in oncogenes
and the deletion of tumor-suppressor genes. Reactive oxygen
species also contribute to this “genotoxic” stress generated by
cigarette smoke.

The inflammatory cell composition encountered within the
lung tumor microenvironment is the net result of many compet-
ing factors, especially when one accounts for the preexisting lung
disease that almost uniformly accompanies a new lung cancer di-
agnosis. Among the competing forces are the impact of cigarette
smoke exposure, the emphysematous microenvironment, the en-
dogenous host immune response to the presence of tumor, and
the manipulation of this host response by the tumor itself. In
some cases, host immune cells found within the tumor microen-
vironment are the result of a process entirely driven by the tumor
and not really a means of host defense in the least. Activating
K-ras mutations, seen in approximately 25 to 50% of lung

adenocarcinomas, have been shown to induce the expression
of IL-8 via a nuclear factor-kB–dependent mechanism (13).
Subsequently, genetically engineered mice bearing K-ras mu-
tant lung tumors have been shown to secrete substantial quan-
tities of CXC chemokines 1 and 2 (mouse equivalents of
IL-8), which recruit neutrophils to the sites of tumorigene-
sis (14). Depletion of tumor-associated polymorphonuclear leu-
kocytes in these models using an antibody approach (Gr-1)
reduced the tumor burden (15), consistent with the concept that
these neutrophils are tumor promoting, and not functioning for
the host.

To confuse matters more, it remains unclear whether or not
cigarette smoke generates a protumor inflammatory cell re-
sponse. A seminal study by Witschi and colleagues examined
the role of cigarette smoke exposure on lung tumor development
initiated by administration of the carcinogen NNK in mice (16).
Surprisingly, after coadministering NNK and cigarette smoke, the
authors observed that the discontinuation of cigarette smoking led
to an increase in lung tumor burden, whereas the group that
continued smoking had significantly fewer tumors. The unques-
tioned carcinogenic effects of cigarette smoke are not the issue
here, as the short-term exposure of cigarette smoke does not
induce tumors in mice. Rather, it is believed that cigarette
smoke generates more of a cytotoxic, or M1-type, macrophage,
which is antitumor. In contrast, the majority of tumor-associated
macrophages are of the tumor-promoting M2 phenotype. Addi-
tional studies will be required to tease apart the individual
contributions of cigarette smoke, tumor-released cytokines/
chemokines, and innate host response, on the macrophage phe-
notype encountered within the tumor microenvironment in vivo.

NEUTROPHILS AND NEUTROPHIL ELASTASE
AS THE MECHANISTIC LINK

Based on the fact that neutrophils and NE are present in the dis-
ease microenvironments encountered in emphysema and lung

Figure 1. Simplified schematic depicting

the emphysematous disease microenvi-

ronment. As shown, emphysema is the

result of an interaction between multiple
cell types, cytokines/chemokines, protei-

nases, and proteinase inhibitors. A1AT ¼
a1-antitrypsin; EFs ¼ elastin fragments;

IP-10 ¼ CXCL-10; Mig ¼ CXCL-9; I-TAC ¼
CXCL-11;MMP¼matrix metalloproteinase;

NE ¼ neutrophil elastase; ROS ¼ reactive

oxygen species; TIMPs ¼ tissue inhibitors

of metalloproteinases; TNF-a ¼ tumor ne-
crosis factor-a.
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cancer, our group undertook studies to determine the role of NE
within the lung tumor microenvironment. Using the lox-stop-lox
(LSL)-K-ras mouse model of lung adenocarcinoma, we demon-
strated that NE deficiency protected the mice against tumor bur-
den and mortality (17). Additional studies revealed that NE
promotes lung tumor growth via directly promoting tumor cell
proliferation. NE accomplishes this by gaining access to tumor
endosomes, degrading target substrates, and activating the PI3K
signaling within tumor cells, ultimately leading to increased
proliferation. We were able to demonstrate the therapeutic
implications of this work by using a small molecular weight
NE inhibitor. Administration of ONO-5046 to LSL-K-ras tumor-
bearing mice reduced the tumor burden by threefold.

Recent clinical and epidemiological reports also implicate
the NE:A1AT axis in lung cancer development. Taniguchi and
colleagues have reported the presence of two separate single-
nucleotide polymorphisms within the NE promoter that increase
lung cancer risk (18). Reporter assays demonstrated that both
SNPs increased NE expression/activity, consistent with the above
studies. With respect to A1AT deficiency, there has not been
a report of increased lung cancer risk. This is not surprising when
one considers that the life expectancy of A1AT-deficient subjects
is only approximately 50 years of age. Also, given that these
patients develop early-onset emphysema, they typically consume
substantially fewer cigarettes over their lifetimes and subse-
quently have reduced exposure to carcinogens. In contrast, sub-
jects heterozygous for a mutant A1AT allele (usually S or Z)
display a twofold increase in lung cancer risk (19). The authors
speculate that transient imbalances in proteinase/antiproteinase
content will arise in these subjects on exposure to acute stressors,
such as infections.

It appears, then, that NE is a unique entity, in that it promotes
both the tissue destruction observed in emphysema and the pro-
gression of lung cancers, making it an attractive therapeutic tar-
get for lung cancer that arises within emphysematous lungs.

CONCLUSIONS

Cigarette smoking is the major risk for the development of both
COPD/emphysema and lung cancer. The disease microenviron-
ment encountered in emphysema appears to play a tumor-
promoting role, most likely by augmenting the growth of lung
tumors arising within the disease locale. The exact nature of
the tumor microenvironment is likely to be the result of a com-
petition between cigarette smoke, innate and adaptive immune
responses, and local-regional diseasemicroenvironments, all ma-
nipulated by the release of tumor-derived cytokines and chemo-
kines. Additional study should identify components of the tumor
microenvironment, such as NE, that promote both emphysema
formation and lung cancer growth.

Author disclosures are available with the text of this article at www.atsjournals.org.
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