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Reduced proliferation capacity of
lung cells in chronic obstructive
pulmonary disease

Despite apoptosis and senescence
of cells being known as anti-cancer
mechanisms, their occurrence in age-
related diseases is not sufficient to
prevent the development of cancer.
This problem becomes obvious
when looking at the example of
chronic obstructive pulmonary
disease (COPD), a typical age-related
comorbidity in lung cancer patients.

Background and objectives

More than 50 years ago, Hayflick and
Moorhead revealed that human diploid
cells are able to undergo cell division for
a maximum of 60 times until cell divi-
sion stops [11]. This number of maxi-
mumpossible cell divisions is alsoknown
as Hayflick limit [22]. Main reason for
this limit is the shortening of the telom-
ere region at the end of a DNA strand
with each cell division. Since telomeres
are not only damaged by the cell divi-
sion-related shortening but also by re-
active oxygen species, oxidative stress is
another crucial factor reducing the max-
imum number of possible cell divisions
[23]. In addition to telomere damage,
DNA damage by double strand breaks
cause an irreversible stop in cell division
with subsequent senescence or apoptotic
death of cells [3].

Senescent cells influence the tissuemi-
croenvironment by releasing soluble fac-
tors that in most cases are pro-inflam-
matory. Theterm“senescence-associated
secretory phenotype” has therefore been

introduced to emphasize the adverse ex-
tracellular effect of senescent cells [6].
Moreover, senescent cells are highly sus-
ceptible to undergo cell death by apopto-
sis. For how long senescent cells can still
maintain their viability depends on the
function of the cell cycle inhibitory pro-
tein p21Cip1 [25]. Since there is no single
cellular hallmark for specific indications
of senescence, several senescence-related
parameters includingacidbeta-galactosi-
dase need to be verified to demonstrate
cellular senescence [3].

The high susceptibility of senescent
cells to apoptosis makes an in vitro cul-
tivation after isolation from tissue spec-
imens almost impossible; however, it is
possible to isolate and culture pre-senes-
cent cells in order to identify their re-
maining proliferation capacity. This is
a frequently used method to indirectly
indicate the presence of senescent cells
in situ and is often combined with other
methods, such as the detection of acid
beta-galactosidase [3]. Moreover, prolif-
eration studies of primary cells isolated
from tissue specimens indicate the cel-
lular regeneration capacity of this tissue.

A suitable cell type for this type of
study is the fibroblast, which was already
used by Hayflick and Moorhead in their
previous experiments [11]. Fibroblasts
are a cellular part of the connective tis-
sue responsible for generation and mod-
ulation of the extracellular matrix. In
this function, fibroblasts contribute to the
normal tissue architecture, but, if dysreg-
ulated, also to an abnormal architecture

leading to various pathologies, such as
several structural lung diseases. Typical
lung diseases associated with dysregu-
lated fibroblasts are chronic obstructive
pulmonarydisease (COPD), emphysema
as a result of long-term COPD or other
causative pathologies, idiopathic lung fi-
brosis, and lung carcinoma [14, 16].

In the field of cancer research, fibro-
blasts originating from tumor tissue are
specifically named “tumor-associated fi-
broblasts” because of their activated cell
state in tumor tissue and their crucial role
in tumor progression [9]. Since COPD
and emphysema are known risk factors
for lung cancer, with high risk to be de-
velopedby smokers [17], and their preva-
lence is age-dependent, we studied the
proliferation capacity of isolated lung fi-
broblasts from both normal and tumor
tissue of lung cancer patients partially
also suffering from COPD, emphysema
and/or other lung pathologies.

Material andmethods

Isolation and culture of lung
fibroblasts

Fibroblasts were isolated from tumor
tissue and paired normal lung tissue of
40 lung cancer patients who had under-
gone pulmonary resection surgery. All
patients had developed a non-small cell
lung carcinoma at different tumor stages
(TNM I–III). In addition to lung cancer,
patients often suffered from other lung
diseases and were smokers in most cases
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Table 1 Characteristics of 40 lung cancer
patients

Age (years) 63± 10

Sex (n) Male 34

Female 6

Coexisting lung
disease (n)

Anthracosis 16 (3a)

COPD 19 (4b)

Emphysema 9

Fibrosis 9

Silicosis 4

Smoker (n) No 8 (3c)

Yes 32 (16c)
aNon-smokers
bWith emphysema
cWith COPD

(. Table 1). In order to isolate fibro-
blasts, tissue specimens were minced,
transferred into phosphate-buffered
saline supplemented with collagenase P
(Roche Diagnostics, Mannheim, Ger-
many), EDTA-free trypsin solution and
antibiotics/antimycotics, and then incu-
bated for 30min at 37 °C. Thereafter, the
cell suspension was filtered, centrifuged,
resuspended in Dulbecco’s modified Ea-
gle’s medium (DMEM), supplemented
with 10% foetal calf serum (FCS) and
antibiotics/antimycotics, and seeded in
a culture dish. After 24h incubation at
37 °C in a 10% CO2 atmosphere, non-
adherent cells were washed off and ad-
herent cells were cultured in DMEM
with 10% FCS and antibiotics. After
reaching cell confluency, which took
at least 10 days, the first cell passage
was performed by use of trypsin-EDTA
solution. When cells were passaged the
first times, they were reseeded in new
cell culture dishes for cell proliferation
studies as well as cryoconservation.

For determination of the cell prolifer-
ation, fibroblasts were seeded at a den-
sity of 1× 104 cells/cm2 and then cul-
tured for 4 days. The number of liv-
ing/dead cells was counted by use of
an automated cell counter. Cell popu-
lation doubling (PD) for each cell pas-
sage was calculated according to the for-
mula: PD= (ln cell number at day 4 – ln
cell number day 1)/ln2. The cumulative
population doubling (CPD) is the sum
of all PDs at a given time. If not in-
dicated otherwise, cell culture reagents
were purchased fromThermo Fisher Sci-

entific (Waltham, MA, USA) and plastic
consumables fromCorning Life Sciences
(Corning, NY, USA). In order to keep
external factors on the cell proliferation
to a minimum, enzymes, FCS and cell
culture plates were used from the same
lot number. The use of patient material
was approved by the local ethics com-
mittee, and informed consent of all the
patients was obtained. Additionally, we
studied the cell proliferation of human
fibroblasts derived from a fetal lung (WI-
38; ATCC cell bank). Air pollution fly
ash taken from an incineration plant for
household rubbish (TFA98 pre-treated
in DMEM with ultrasound, particle size
of 200–300nm [7]) was a generous gift
of the Karlsruhe Institute of Technology
(Dr. Silvia Diabatè).

Determination of telomere length
and others

GenomicDNAwas isolatedwithTRIzol™
Reagent (Thermo Fisher Scientific) and
spectrophotometrically quantified. For
DNA isolation we used fibroblasts which
had been cryoconserved at passage 2
and then recultured for one cell passage.
As described by Cawthon [5] telomere
lengths were assessed by quantitative
PCR in the iCycler iQ™ Real-Time PCR
DetectionSystem(Bio-RadLaboratories,
Munich, Germany) using primers for
human telomere (sense: ACACTAAG-
GTTTGGGTTTGGGTTTGGGTTTG-
GGTTAG TGT, antisense: TGTTAG-
GTATCCCTATCCCTATCCCTATCC-
CTATCCCTAACA) or albumin as a sin-
gle copy gene and GoTaq® qPCR mix
(Promega, Madison,WI,USA).ThePCR
reliability was tested by use of genomic
DNA prepared from different passages
of lung fibroblasts as well as by use
of different DNA dilutions. Telomere
lengths were calculated per external
standard curve containing different con-
centrations of genomic DNAwith lowest
concentration set to 1 relative unit.

Cell staining for acid beta-galac-
tosidase was performed as previously
described [8]. Lysates of sub-confluent
fibroblasts were subjected to a standard
immunoblot procedure using antibod-
ies against p21Cip1 (Merck-Millipore,
Burlington, MA, USA) or p16Ink4a (BD

Bioscience [Franklin Lakes, NJ, USA],
Sigma [St. Louis, MO, USA]). Pro-
inflammatory factors released from con-
fluent fibroblasts (3.5× 105 cells per 10ml
DMEM) in 24h were detected with BD™
Cytometric BeadArray sets in aBDFACS
Array Luminex 100/200 device equipped
with FCAP ArrayTM Software 2.0 (BD
Bioscience).

Statistics

End CPD values were used for compar-
isons of two or many groups and then
tested for significance (t-test or ANOVA
test followed by Holm-Sidak method).
The correlation coefficient of linear re-
gression analysis was tested for signif-
icance by t-test. P values≤ 0.05 indi-
cate significant differences. All statistical
calculations and data presentations were
performedbyuseof theSigmaStat3.5and
SigmaPlot 10 software (Systate Software,
Erkrath, Germany).

Results

Serial cultivation of human lung fibro-
blasts causesdecreasedproliferationrates
(PD) andmore cell death with advancing
time in vitro (. Fig. 1a). Over time fibro-
blasts also undergo cellular senescence as
indicated by typical changes in the cell
morphology (flattening, increased size)
and positive staining for acid beta-galac-
tosidase (. Fig. 1b). Human lung fibro-
blasts highly express the cell cycle in-
hibitor p21Cip1 (. Fig. 1b) but p16Ink4a,
another cell cycle inhibitory protein in-
volved in cellular senescence, was hardly
detected (. Fig. 1b). Among known pro-
inflammatory factors we identified the
monocyte chemotactic protein-1 (MCP-
1) to be increased in senescent lung fi-
broblasts (. Fig. 1b). In order to iden-
tify the proliferation capacity of isolated
lung fibroblasts we calculated the CPDs
at given time points and the end CPDs.
Comparative analyses of lung fibroblasts
isolated from tumor and paired normal
tissue of lung cancer patients indicated
that theCPDsof thesefibroblastswere in-
dependent of the respective tissue origin
(. Fig. 1c). In most cases, we observed
similar end CPDs for fibroblasts of nor-
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Reduced proliferation capacity of lung cells in chronic obstructive pulmonary disease

Abstract
Background and objectives. The prevalence
of chronic obstructive pulmonary disease
(COPD) and lung emphysema increases
with age and both lung diseases are again
risk factors for lung cancer. Since a reduced
capacity of fibroblasts for proliferation is
a good indicator of tissue aging, we studied
the cell proliferation of lung fibroblasts from
normal and tumor tissue of lung cancer
patients depending on lung comorbidities.
Material and methods. Fibroblasts were
isolated from tumor and normal lung tissue
of 40 lung cancer patients. Cumulative
population doubling (CPD) was determined
to assess the proliferation capacity, and the
PCR technique was used tomeasure telomere

lengths. Since many patients had previously
been exposed to severe air pollution, we also
studied the effect of air pollution particles on
the fibroblast CPD in vitro.
Results. Fibroblasts from tumor and normal
lung tissue had comparable CPDs; however,
the CPD of fibroblasts from both tumor and
normal lung tissue was significantly reduced
in patients also suffering from COPD. This CPD
reduction was highest in COPD patients who
had already developed emphysema or were
smokers. A significant correlation between
CPD and telomere length was identified only
for fibroblasts of non-COPD patients. Further
studies also showed an adverse effect of

air pollution particles on the CPD of lung
fibroblasts.
Conclusion. Lung cells of COPD patients are
characterized by accelerated senescence
which must have been initiated prior to
lung tumorigenesis and cannot depend on
telomere shortening only. In addition to
smoking as a known risk factor for COPD and
lung cancer, air pollution particles could be
another reason for the acceleratedsenescence
of lung cells.

Keywords
Cellular senescence · Fibroblasts · Cancer ·
Smoking · Air pollution

Verminderte Proliferationskapazität von Lungenzellen bei chronisch-obstruktiver Lungenerkrankung

Zusammenfassung
Hintergrund und Zielsetzung. Die Prävalenz
der chronisch-obstruktiven Lungenerkran-
kung (COPD) und des Lungenemphysems
nimmt mit dem Alter zu, wobei beide
Erkrankungen wiederum das Risiko an
Lungenkrebs zu erkranken, steigern. Da
eine reduzierte Proliferationskapazität von
Fibroblasten einen guten Indikator für die
Gewebealterung darstellt, haben wir die
Zellproliferation von Lungenfibroblasten
aus dem Normal- und Tumorgewebe von
Patientenmit Lungenkrebs in Abhängigkeit
von pulmonalen Begleiterkrankungen
untersucht.
Material undMethoden. Fibroblastenwurden
aus Tumor- und Normallungengewebe von
40 Patientenmit Lungenkrebs isoliert. Die
kumulative Populationsverdopplung (CPD)

wurde als Maß für die Proliferationskapazität
ermittelt. Die Telomerlängen wurden per
Polymerase-Kettenreaktion (PCR) bestimmt.
Da viele Patienten hoher Luftverschmut-
zung ausgesetzt waren, untersuchten
wir zudem den Einfluss von Partikeln aus
Industrieanlagen auf die Fibroblasten-CPD in
vitro.
Ergebnisse. Die CPD-Werte von Fibroblasten
aus Tumor- und Normallungengewebe
unterschieden sich nicht. Dagegen waren
die CPD von Fibroblasten aus Tumor- sowie
Normalgewebe von Patienten mit COPD
stark verringert. Diese Verringerung war
am stärksten bei den COPD-Patienten, die
bereits ein Emphysem entwickelt hatten oder
Raucher waren. Die CPD und Telomerlängen
korrelierten jedoch nur bei den Fibroblasten

von Patienten ohne COPD signifikant. Weitere
Untersuchungen zeigten einen nachteiligen
Effekt von Luftverschmutzungspartikeln auf
die CPD von Lungenfibroblasten.
Schlussfolgerung. Die COPD ist eng mit der
beschleunigten Alterung von Lungenzellen
verbunden, wobei diese bereits vor der Tu-
morbildung eingesetzt haben muss und nicht
ausschließlich von der Telomerverkürzung
abhängig ist. Neben dem Rauchen als bekann-
ter Risikofaktor für COPD und Lungenkrebs
könnte auch die LuftverschmutzungGrund für
die beschleunigte Zellalterung sein.

Schlüsselwörter
Zellalterung · Fibroblasten · Krebs · Rauchen ·
Luftverschmutzung

mal and tumor tissue of the same patient
(. Fig. 1c).

Since the tumorstagedidnot influence
the CPDs of tumor-derived fibroblasts,
we thenanalyzed the impact of other lung
diseases. Theseanalyses revealeda strong
influence of COPD on the proliferation
capacity of fibroblasts from both normal
lung and paired lung tumors (. Fig. 2a).
Measurements of telomere length in lung
fibroblasts taken at an early cell passage
showed a positive correlation between
telomere length and endCPD(. Fig. 2b);

however, this correlation is based more
on the data of fibroblasts derived from
non-COPDthanthose fromCOPDlungs
(. Fig. 2b).

Lung emphysema often results from
previously developed COPD but can
also have other causes. In this con-
text, . Fig. 2c indicates that the CPD of
lung fibroblasts is impaired by COPD
but not by emphysema. Due to the
primary impact of COPD on the prolif-
eration capacity of lung fibroblasts and
the relatively low number of patients

analyzed, the influence of other possible
lung diseases as well as smoking is diffi-
cult to prove statistically. Nevertheless,
our data clearly show that the CPD of
lung fibroblasts derived from COPD
patients either having already developed
lung emphysema or being smokers is
worst in comparison to other evaluation
groups (. Fig. 2c). Moreover, we ob-
served a trend for a negative correlation
between time and intensity of smoking
(pack-years) and the final CPD of lung
fibroblasts (. Fig. 2d).
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Many patients included in our study
suffered from anthracosis (. Table 1)
which is caused by the accumulation
of carbon in the lung parenchyma due
to repeated exposure to air pollution
or inhalation of smoke or coal dust
particles. Because most patients were
also smokers and many of them suf-
fered from COPD, the sole effect of air
pollution on the proliferation capacity
of lung cells could not be analyzed.

Therefore, in separate experiments we
studied the influence of fly ash con-
taining numerous air pollution particles
on the CPD of lung fibroblasts. Here
we used fibroblasts from fetal human
lung tissue because, in contrast to our
patients’ fibroblasts, they were not pre-
influenced by environmental impacts.
These studies showed a reduced CPD of
lung fibroblasts in response to fly ash
in vitro (. Fig. 3). Since fly ash did not

enhance cell death with advancing time
in vitro (. Fig. 3), it indicates a fly ash-
mediated CDP reduction by induction
of cellular senescence.

Discussion

Our study showed that COPD is major
reason for a reduced proliferation capac-
ity of lung cells and, therefore, a higher
susceptibility of cells to undergo senes-
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cence and death. Comparative analyses
of lung fibroblasts from tumor and non-
tumor tissue indicated that the adverse
effect of COPD on the proliferation ca-
pacity precedes the lung carcinogenesis.
Our study additionally showed that per-
manent lung exposure to air pollution
might impair the proliferation capacity
of lung cells.

The reduced proliferation capacity of
lungfibroblasts from lung cancerpatients
with COPD corresponds to findings of
other studies investigating in situ lung
specimensor invitro isolated cells of lung
specimens from COPD patients without
lung cancer. In this respect, signs for cel-
lular senescence in COPD-affected lung
tissues have not only been found for fi-
broblasts [12, 18] but also for alveolar ep-
ithelial cells [2, 10, 24], endothelial cells
[2, 24] and smooth muscle cells [19]. Ito
and Barneswere the first to conclude that
“COPD is a disease of accelerated lung
aging” [13]. Although the COPDdepen-
dency of the proliferation of fibroblasts
derived from non-tumor lung tissue was
no surprise, we did not expect similar
but rather lower proliferation capacities

of tumor-derived fibroblasts caused by
tumor cell-mediated activation of fibro-
blasts in vivo [15]. Since these findings
could not be verified in vitro, it leads to
the assumption that lung tumorcells acti-
vate adjacent fibroblastswithout effect on
their proliferation and, therefore, deple-
tion of the remaining possible number of
cell divisions. Furthermore, the isolated
impact of COPD on the CPD of tumor-
derived fibroblasts indicates that the de-
pletion of the possible number of cell
divisions must have happened in COPD
lungs prior to lung carcinogenesis. The
latter is also plausible because the pro-
gression of COPD takes more time than
the progression of lung cancer.

Accelerated senescence of cells, espe-
cially of extracellular matrix-producing
fibroblasts, in COPD lungs supposedly is
one reason for the development of em-
physema inmanyCOPDpatients [12, 18,
20, 24]. Supporting this supposition, iso-
lated fibroblasts of COPD patients with
additional emphysema showed the least
proliferation capacity; however, the ac-
celerated senescence of lung cells can-
not be the sole reason for lung emphy-

sema because the proliferation capacity
of lungfibroblasts in emphysemapatients
without COPD was not impaired. It is
therefore conceivable that cellular senes-
cence accelerates the progression of em-
physema specifically in COPD patients,
and by that mainly discriminates it from
the lung emphysema caused byother rea-
sons (e. g. pulmonary infection). Since
human lung fibroblasts highly express
p21Cip1, they seem to use this cell cy-
cle inhibitory protein to reach cellular
senescence.

Shortened telomeres could explain
lower proliferation capacities of fibro-
blasts, a coherence which is also sup-
ported by the positive correlation identi-
fied between telomere length andCPDof
each fibroblast culture; however, telom-
ere lengthandCPDdidnotcorrelate inall
cases indicating the additional influence
of telomere-independent factors, such
as double strand DNA breaks induced
by cigarette smoke [2]. These seem to
be crucial for the cellular senescence
in COPD lungs because a CPD depen-
dency on the telomere length could not
be identified in those fibroblasts isolated
from COPD lungs.

Most COPD patients have a history
of smoking abuse. Toxins in cigarette
smoke extracts/condensates cause geno-
toxic damage in respiratory tract cells
which in turn induce cellular senes-
cence [3]. Since cellular senescence is
characterized by a stop in cell prolifer-
ation and the secretion of mostly pro-
inflammatory factors such as MCP-1,
as shown in this study, tissue repair
processes are consequently impaired,
while pro-inflammatory processes are
promoted. This scenario is well con-
ceivable in COPD lungs and has been
supported by current findings [26]; how-
ever, most patients included in our study
were long-term smokers some of which
suffered from COPD but only diagnosed
COPD patients showed reduced fibro-
blast CPDs. This suggests two further
assumptions. First, smoking only causes
COPD if DNA/senescence-protective
mechanisms are exhausted. Second,
the tissue microenvironment in COPD
lungs enhances cellular senescence. The
second possibility is also indirectly sup-
ported byour observation indicating that
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the fibroblast CPDs are independent of
the presence of lung emphysema.

In order to investigate the separate ef-
fects ofCOPDand smokingon theprolif-
eration capacity of lung cells, it would be
necessary to include more non-smokers
as well as healthy subjects into the study.
Moreover, our patients came from the in-
dustrial region of Halle (Saale) and had
possibly been exposed to severe air pol-
lution particles for decades. This might
also be a reason for high frequency of
diagnosed anthracosis in our study pa-
tients. Comparable to compounds of the
cigarette smoke, particulate matter air
pollutants also causes genotoxic stress
[1]. In separate experimentswe observed
a negative effect of air pollution particles
on the proliferation capacity of primary
human lung fibroblasts. This observa-
tion is in accordance with other studies
observing increased cellular senescence
after treatment of lung cells with partic-
ulate matter air pollutants [4, 21].

Senescence and apoptosis of cells
are generally known as important anti-
cancer mechanisms preventing the fur-
ther participation of damaged cells in
tissue homeostasis. Despite the fact that
COPD-affected lungs are characterized
by an increased susceptibility of cells
to undergo senescence and apoptosis,
COPD is a major risk factor for lung
cancer. One critical reason for this might
be the tumor-promoting microenviron-
ment generated by senescent fibroblasts
[6].
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