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ABSTRACT  Inflammation in chronic obstructive pulmonary disease (COPD) is thought to originate from
the activation of innate immunity by a danger signal (first hit), although this mechanism does not readily
explain why the inflammation becomes chronic. Here, we propose a two-hit hypothesis explaining why
inflammation becomes chronic in patients with COPD. A more severe degree of inflammation exists in the
lungs of patients who develop COPD than in the lungs of healthy smokers, and the large amounts of
reactive oxygen species and reactive nitrogen species released from inflammatory cells are likely to induce
DNA double-strand breaks (second hit) in the airways and pulmonary alveolar cells, causing apoptosis and
cell senescence. The DNA damage response and senescence-associated secretory phenotype (SASP) are also
likely to be activated, resulting in the production of pro-inflammatory cytokines. These pro-inflammatory
cytokines further stimulate inflammatory cell infiltration, intensifying cell senescence and SASP through a
positive-feedback mechanism. This vicious cycle, characterised by mutually reinforcing inflammation and
DNA damage, may cause the inflammation in COPD patients to become chronic. Our hypothesis helps
explain why COPD tends to occur in the elderly, why the inflammation worsens progressively, why
inflammation continues even after smoking cessation, and why COPD is associated with lung cancer.
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Introduction

Inflammation in chronic obstructive pulmonary disease (COPD) is currently understood as consisting of
two stages: an innate immunity stage, in which the inflammation is activated by a danger signal (damage-
associated molecular patterns (DAMPs)), and a subsequent acquired immunity stage [1, 2]. The activation
of the immune response and subsequent progression from innate immunity to acquired immunity is
consistent with the natural disease course in smokers who develop the symptoms of COPD and in patients
with mild disease who subsequently develop severe disease. However, this model does not readily explain
why the inflammation in patients with COPD becomes chronic (unlike the situation in healthy smokers),
why the inflammation in COPD patients progressively worsens, or why the inflammation persists in COPD
patients even after they have stopped smoking.

Since pulmonary inflammation and lung ageing are closely associated, COPD is often referred to as a disease
of accelerated or abnormal lung ageing, or a disease of lung inflammaging [3—6]. Lung ageing has been
suggested to result from the time-dependent accumulation of damage to cells and macromolecules [3-6],
whereas DNA damage is regarded as one type of damage that has been implicated in ageing [7]. In this
article, we will review evidence supporting a concept in which DNA damage, such as DNA double-strand
breaks, is involved in a mechanism through which the inflammation that occurs in COPD may
subsequently become chronic. Based on this evidence, we propose a two-hit hypothesis in which
inflammation initiated by a “danger signal” (first hit) and persistent inflammation arising from DNA
damage (second hit) are involved in the development of COPD.

Stepwise activation of the immune response in COPD

Cosio et al. [1] suggested that the immune response is activated in a stepwise manner in the lungs of
patients with COPD. During the activation of innate immunity in step 1, a danger signal, such as the high-
mobility group box 1 protein, ATP, or uric acid (also known collectively as DAMPs [8]), is released by cells
that have been damaged by tobacco smoke (necrotic cells); this danger signal can activate a variety of
receptors including Toll-like receptors, the receptor for advanced glycation end products, purinergic
receptors and receptors within the inflammasome. The activation of such receptors in turn stimulates the
production of interleukin (IL)-1o and IL-1f, thereby activating neutrophils and macrophages [2]. Step 2
represents a transitional phase from innate immunity to acquired immunity; during this step, CD4" T-cells
and CD8" T-cells proliferate and undergo differentiation and activation in response to dendritic cells
presenting antigens released by necrotic cells and tissues. When immune tolerance during step 2 is
insufficient, a transition to the activation of acquired immunity is thought to occur (step 3), resulting in
severe inflammation and tissue damage in response to the activities of cytotoxic CD8" T-cells, T-helper
(Th)1 CD4" T-cells, Th17 CD4" T-cells and B-cells. Cosio et al. [1] stated that in many smokers the process
proceeds no further than step 1, during which the activation of innate immunity occurs. In patients who
develop COPD, however, the process proceeds from step 1 to step 2, resulting in an increase in disease
severity and the subsequent activation of acquired immunity in step 3 [1].

This theory of the stepwise activation of the immune response is consistent with data obtained in smokers
who develop COPD and suggests a progressive pathology in which patients who are mildly ill subsequently
become severely ill. Nevertheless, the above theory does not address numerous questions. 1) Why is COPD
more common in the elderly? 2) Why does the inflammation that occurs in COPD worsen progressively?
3) Why do steroids tend to be ineffective except in exacerbated cases? 4) Why does lung cancer tend to
develop as a complication of COPD? 5) Why does the inflammation in COPD persist even after smoking
cessation? For example, the theory of stepwise activation of the immune response suggests the involvement
of an autoimmune response as the reason why inflammation persists after smoking cessation; unfortunately,
the research performed to date has provided inconsistent results [1, 2, 9-12]. We believe an alternate
mechanism that addresses the above-mentioned questions may depend on DNA damage, and not simply on
the stepwise activation of the immune response. Specifically, cuamulative DNA damage may explain why the
inflammation in patients with COPD becomes chronic, and a considerable amount of accumulated data
supports an association between chronic inflammation and DNA damage.

Induction of DNA damage by chronic inflammation-induced reactive oxygen species
and reactive nitrogen species

Chronic inflammation is widely known to induce carcinogenesis by causing DNA damage [13]. For
example, infection by Helicobacter pylori, hepatitis viruses and human papillomavirus is known to cause
stomach cancer, liver cancer and cervical cancer, respectively [14]. Even in chronic inflammation cases
without an infection-related cause, high rates of cancer have been reported (for example, colorectal cancer
associated with ulcerative colitis and Crohn’s disease, lung cancer and mesothelioma associated with
inflammation caused by asbestos exposure, and lung cancer associated with COPD) [13, 15]. The
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mechanisms thought to underlie these relationships include the production of reactive oxygen species
(ROS) and reactive nitrogen species (RNS), which can cause serious DNA damage including oxidation,
nitration and double-strand breaks, by inflammatory cells [13, 16-19].

Induction of chronic inflammation by DNA damage

DNA damage is a cause of apoptosis and cell senescence, as well as a cause of carcinogenesis, and DNA
damage has recently begun to attract attention as a cause of chronic inflammation [20-26]. For example, cells
that have senesced as a result of DNA double-strand breaks produce many phlogogenic substances (e.g. IL-1a,
IL-6, IL-8, granulocyte-macrophage colony-stimulating factor, growth-regulated oncogene o, monocyte
chemotactic protein (MCP)-2, MCP-3, and matrix metalloproteinases-1, -2, -3, -12, -13 and -14) [21-26].
The senescence-associated secretory phenotype (SASP) has been used to describe senescent cells that produce
these phlogogenic substances [27]. Several molecular mediators are thought to contribute to this phenotype,
including ATM, MDCI, NBS1, 53BP1, BRCA1 and Chk2; these mediators are activated as a result of DNA
double-strand breaks and transmit the DNA damage response, which activates nuclear factor (NF)-«B [23-26].
The inhibition of NF-«B in progeroid mice has been shown to delay DNA damage-induced inflammation,
cell senescence and age-related pathologies in multiple organs [28]. The pro-inflammatory cytokines
produced in response to the activation of the DNA damage response have been shown not only to
activate inflammatory cells, but also to intensify cell senescence and the SASP through the autocrine and
paracrine actions of IL-1, IL-6 and IL-8 [23-26, 29]. Moreover, in vivo animal experiments have shown
that colitis becomes chronic in A’ mice, which have a reduced ability to repair DNA double-strand
breaks compared with control Atmi™* mice [30]. Thus, recent studies support the concept that DNA
damage induces chronic inflammation.

Summarising the above research findings, the following positive-feedback loop could be responsible for the
chronic inflammation that develops in COPD: inflammatory cell activation — production of ROS/RNS —
DNA double-strand breaks — activation of the DNA damage repsonse — induction of cell senescence —
SASP — pro-inflammatory cytokine production — inflammatory cell activation [23, 24]. Through the
activation of this positive-feedback loop, a vicious cycle is formed in which chronic inflammation induces
DNA damage; if not repaired, this DNA damage in turn intensifies the inflammation [23, 24]. In COPD, DNA
damage may arise from the ROS or RNS released by inflammatory cells as well as the ROS present in tobacco
smoke [31]. In fact, accumulating evidence suggests the occurrence of DNA damage in COPD [32-42].

DNA damage and SASP as a persistent source of inflammatory mediators in COPD
Many investigators, including our own group, have reported the occurrence of DNA damage (including
DNA oxidation and methylation, microsatellite DNA instability, loss of heterozygosity, and DNA double-
strand breaks) in the lung tissue of COPD patients [32-38]. DNA breaks have also been observed in
peripheral blood lymphocytes [40, 43]. The ROS present in tobacco smoke and the ROS or RNS produced
by inflammatory cells are thought to be important causes of this type of DNA damage in COPD [42].

Fluorescent immunostaining using an anti-yH2AX antibody has made it possible to detect DNA double-
strand breaks with a high sensitivity [44]. Our recent studies using human lung tissue have revealed that: 1)
ROS-mediated DNA double-strand breaks not observed in control smokers can be detected in the lung
tissues of COPD patients, and 2) DNA double-strand breaks not only induce apoptosis and cell senescence,
but also chronic inflammation via NF-kB-dependent pro-inflammatory cytokine production by senescent
cells (SASP) [38, 43, 45]. Similarly, AMSELLEM et al. [46] showed that senescent pulmonary vascular
endothelial cells produce phlogogenic substances, such as IL-6, IL-8, MCP-1 and soluble intercellular
adhesion molecule-1, in COPD patients. Moreover, using animal experiments we showed that when DNA
damage is specifically induced in mouse club cells (Clara cells), club cell senescence and chronic airway
inflammation develop in association with the production of pro-inflammatory cytokines by the senescent
club cells [47]. YAO et al. [48] also showed that activation of the anti-ageing sirtuin 1/FOXO3 pathway
alleviated cell senescence, inflammation and emphysema in mice. Collectively, these results suggest the
involvement of DNA damage, cell senescence and SASP in the pathogenesis of COPD.

The mechanism by which inflammation becomes chronic in COPD: danger signal plus
DNA damage, or the two-hit hypothesis

Based on the data mentioned above, we have proposed a two-hit hypothesis explaining how inflammation
becomes chronic in patients with COPD (fig. 1). The two-hit hypothesis consists of the initiation of
inflammation by a danger signal and the perpetuation of inflammation as a result of DNA damage. As
previously described by Cosio et al. [1], we considered the activation of innate immunity by a danger signal
(first hit) to be the initial trigger leading to inflammation in smokers. Because of a genetic predisposition
that facilitates the development of inflammation, more severe inflammatory cell infiltration occurs in the
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lungs of “susceptible” smokers who have a stronger predisposition for COPD than healthy smokers.
Because of a less active antioxidant defence system in “susceptible” smokers, the large amounts of ROS or
RNS released by the inflammatory cells and the ROS that is already present in tobacco smoke together
induce double-strand breaks (second hit) in the DNA of the airway and alveolar cells. As a result, apoptosis
and cell senescence are induced in the airways and alveolar cells, and the DNA damage response and SASP
are activated, leading to the production of pro-inflammatory cytokines. These pro-inflammatory cytokines
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FIGURE 1 Two-hit hypothesis, consisting of a danger signal plus DNA damage, explaining chronic inflammation in
chronic obstructive pulmonary disease (COPD). a) In smokers, the danger signal (hit 1) is the trigger initiating
inflammation in the lungs (the hypothesis of Coslo et al. [1]). According to the two-hit hypothesis, “susceptible” smokers
who are predisposed to COPD develop DNA damage (hit 2), which induces apoptosis and senescence and activates the
DNA damage response (DDR) and senescence-associated secretory phenotype (SASP), leading to the production of pro-
inflammatory cytokines. b) Unlike healthy smokers, “susceptible” smokers develop DNA damage (e.g. double-strand
breaks) in the airways and alveolar cells, presumably because of severer inflammatory cell infiltration and larger amounts
of reactive oxygen species (ROS)/ reactive nitrogen species (RNS) production, a less efficient induction of antioxidants,
and/or more inefficient DNA repair mechanisms. This, in turn, results in the activation of the DDR, apoptosis,
senescence, and SASP and the production of pro-inflammatory cytokines. The pro-inflammatory cytokines then intensify
inflammatory cell infiltration, forming a positive-feedback loop that further induces ROS/RNS production and the
activation of the DDR, apoptosis, senescence, and SASP. In this manner, a vicious cycle is established between
inflammation and DNA damage, and the inflammation becomes chronic. DAMP: damage-associated molecular pattern;
IL: interleukin.

1692

DOI: 10.1183/09031936.00102912



DOI: 10.1183/09031936.00102912

TWO-HIT HYPOTHESIS FOR COPD | K. AOSHIBA ET AL.

further stimulate the infiltration of inflammatory cells, forming a positive-feedback loop in which cell
senescence is intensified by autocrine and paracrine actions and promotes pro-inflammatory cytokine
production via the SASP. The inflammation in COPD patients is thought to become chronic because of the
vicious cycle between inflammation and DNA damage that occurs as a result of this positive feedback. In
contrast to “susceptible” smokers, healthy smokers do not develop DNA damage [32-35, 38], presumably
because of a lower severity of inflammatory cell infiltration resulting in the production of smaller amounts
of ROS or RNS, more efficient adaptation by antioxidant induction, and/or more efficient DNA repair
mechanisms. Based on this hypothesis, we propose that DNA damage in a smoker is the determining event
in the progression to COPD. In other words, COPD develops when genotoxic stress (DNA damage) is
added to the cellular stress (danger signal) of tobacco smoke.

TzorTzAKI and SIAFAKAS [42] hypothesised that dendritic cells recognise alveolar cells carrying gene
mutations (somatic mutation) that have developed as a result of oxidative DNA damage as being “non-
self”, resulting in the persistent activation of the host immune system; however, with our hypothesis, we
consider the activation of the DNA damage response and SASP via DNA double-strand breaks to be the
mechanism responsible for chronic inflammation. However, these two hypotheses do not conflict with one
another: they both involve the concept that DNA damage causes inflammation to become chronic in COPD.

Other theories explaining why the inflammation in COPD becomes chronic have also been proposed. For
example, autoimmunity may account for the chronic inflammation in COPD via its ability to amplify a
positive-feedback loop characterised by the mutual reinforcement of inflammation and autoreactive
conditions [1, 49]. Furthermore, chronic infection may account not only for inflammation in COPD
becoming chronic, but also for the higher prevalence of COPD in the elderly, who have a reduced immune
surveillance and a reduced control of unwanted immune responses [50, 51].

The following research is needed to test the validity of the two-hit hypothesis explaining chronic
inflammation in COPD. First, the actual occurrence of DNA damage during an early stage of COPD will
need to be confirmed. DNA damage has already been reported to occur in the lung tissue of COPD patients,
but many of the reported results were obtained in studies that compared control smokers with patients who
had moderate-to-severe COPD [32-36, 38]. If the occurrence of DNA damage is the determining event that
separates healthy smokers from COPD patients, DNA damage should have occurred even in patients with
mild COPD and should progress as the severity of COPD increases. Secondly, animal experiments to
confirm that COPD-like lesions develop as a result of DNA damage should be performed. Although we have
previously reported that chronic airway inflammation develops as a result of DNA damage in mouse club
cells [47], whether DNA damage is the cause of pulmonary emphysema or airway remodelling should be
examined using a long-term animal model. Possible animal models for such investigations could include
models created by long-term smoke exposure, or using animals with a reduced DNA repair capacity, such as
Atm”" mice. Thirdly, whether the occurrence of DNA damage in COPD patients is simply due to an
increase in DNA damage, a decreased ability to repair such damage or a combination of these two
mechanisms must be investigated. Previous studies have reported that ROS inhibit DNA mismatch repair
enzyme activity and that the expression of Ku86, a protein which is required for the non-homologous end-
joining repair of DNA double-strand breaks, is decreased in COPD patients, suggesting a decreased ability
to repair DNA damage in COPD [52, 53]. Fourthly, whether other genetic changes besides DNA double-
strand breaks, such as histone deacetylation, microsatellite DNA instability, DNA methylation, telomere
shortening and microRNA alterations, are involved in the vicious cycle between inflammation and DNA
damage should be examined [6].

If the development of DNA damage is the determining event in whether a smoker develops COPD, as
proposed in this hypothesis, the presence of DNA double-strand breaks might serve as a biomarker for the
development of COPD. For example, the detection of DNA double-strand breaks using the anti-yH2AX
antibody in epithelial cells obtained in sputum or bronchoalveolar lavage fluid samples, or in peripheral blood
lymphocytes from smokers might be useful as an early detection method for COPD. In addition,
chemopreventive agents that protect against DNA damage (such as chemicals, vitamins and other dietary
substances) might be useful not only for the prevention of carcinogenesis, but also for the prevention of COPD.

Questions regarding the two-hit model and the pathogenesis of COPD

Based on the assumption of the two-hit hypothesis, questions regarding the pathogenesis of COPD can be
answered as follows. 1) Why is COPD more common in the elderly? According to our hypothesis, COPD
might be more common in the elderly because a long time is required for DNA damage to accumulate. This
concept is shared by the mutation accumulation theory, which states: DNA damage that has gradually
accumulated exerts its harmful effects in old age [54]. 2) Why does inflammation in COPD worsen
progressively? Inflammation in COPD might worsen progressively because of the vicious cycle between
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inflammation and DNA damage. 3) Why do steroids tend to be ineffective except in exacerbated cases? The
fact that steroids have no effect on DNA damage and a limited effect on SASP [55] might explain, at least in
part, why steroids tend to be ineffective in most patients with COPD. 4) Why does lung cancer tend to
develop as a complication of COPD? The tendency for lung cancer to develop as a complication of COPD
might be explained by the fact that DNA damage and oxidative stress are involved in the pathogenesis of
both COPD and lung cancer. 5) Why does the inflammation in COPD persist even after smoking cessation?
Inflammation in COPD might persist even after smoking cessation because DNA damage caused by
smoking persists for a long time even after smoking cessation [56, 57].

Conclusion

We have proposed a two-hit hypothesis suggesting that inflammation in COPD becomes chronic as a result
of the initiation of inflammation by a danger signal (first hit) and the perpetuation of inflammation by
DNA damage (second hit). This hypothesis can explain why COPD is more common in the elderly
(accumulation of DNA damage). It can also explain why inflammation in COPD worsens progressively
(vicious cycle between inflammation and DNA damage), why inflammation in COPD continues even after
smoking cessation (persistence of DNA damage), and why lung cancer can occur as a complication of
COPD (DNA damage and oxidative stress contribute to both COPD and lung cancer).
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