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Abstract

Although the positive effects of recombinant fibroblast growth factor-2 (rfFGF-2) in chronic obstructive pulmonary
disease (COPD) have been implicated in previous studies, knowledge of its role in COPD remains limited. The
mechanism of FGF2 in a COPD mouse model and the therapeutic potential of rFGF-2 were investigated in COPD. The
mechanism and protective effects of rFGF-2 were evaluated in cigarette smoke-exposed or elastase-induced COPD
animal models. Inflammation was assessed in alveolar cells and lung tissues from mice. FGF-2 was decreased in the
lungs of cigarette smoke-exposed mice. Intranasal use of rFGF-2 significantly reduced macrophage-dominant
inflammation and alveolar destruction in the lungs. In the elastase-induced emphysema model, rFGF-2 improved
regeneration of the lungs. In humans, plasma FGF-2 was decreased significantly in COPD compared with normal
subjects (10 subjects, P = 0.037). The safety and efficacy of inhaled rFGF-2 use was examined in COPD patients, along
with changes in respiratory symptoms and pulmonary function. A 2-week treatment with inhaled rFGF-2 in COPD
(n =6) resulted in significantly improved respiratory symptoms compared with baseline levels (P < 0.05); however, the
results were not significant compared with the placebo. The pulmonary function test results of COPD improved
numerically compared with those in the placebo, but the difference was not statistically significant. No serious adverse
events occurred during treatment with inhaled rFGF-2. The loss of FGF-2 production is an important mechanism in the
development of COPD. Inhaling rFGF-2 may be a new therapeutic option for patients with COPD because rFGF-2
decreases inflammation in lungs exposed to cigarette smoke.

Introduction

Chronic obstructive pulmonary disease (COPD) is a
disease entity that is physiologically characterized by
chronic irreversible airflow limitation causing progressive
decline of lung function and intermittent episodes of
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increased severity of the disease, known as acute exacer-
bations. The pathophysiological characteristics of COPD
comprise several components, such as mucus hyperse-
cretion, oxidative stress, and chronic inflammation of the
airways and lungs'. Although bronchodilators, such as
long-acting (2-agonists (LABAs) and long-acting mus-
carinic antagonists (LAMAs), with or without inhaled
corticosteroids (ICSs), are recommended as first-line
treatments for symptomatic patients, there is no avail-
able treatment option to reverse changes in pulmonary
structures and declining lung function. In addition, long-
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term use of corticosteroids can cause complications in
patients with advanced stage COPD*?,

The exact mechanism that leads to the presence of
pulmonary emphysema, an important part of COPD, is
not fully understood. It has been shown that emphysema
might be the result of interactions between environmental
triggers (such as cigarette smoking) in patients with
genetic predisposition. Smoking is known as the main
cause of the development of emphysema®. Studies have
shown that smoking causes an induction of several epi-
genetic changes in the methylation of DNA, which has
been found to occur in emphysema’. In the case of
emphysema, oxidative stress mainly caused by cigarette
smoking results in the development of cellular injury and
apoptosis®. A common mediator in emphysema is trans-
forming growth factor-p (TGF-B). Although TGF is
known as a major regulator of fibrosis, it has recently been
found to play a significant role in the development of
emphysema’. FGF signaling regulates TGEF-B-dependent
smooth muscle cell phenotypess. In other words, FGF-2 is
a downstream mediator of TGF-B and is important in
wound healing’.

Fibroblast growth factors (FGFs) are members of the
heparin-binding growth factor family that affect the
growth and differentiation of various cell types'’. They are
often involved in morphogenesis, wound repair, inflam-
mation, and angiogenesis and function as potent chemo-
tactic and mitogenic factors for cells originating from the
mesoderm, ectoderm and endoderm''™'*. In addition,
FGF-2 has attracted increasing attention as an important
factor involved in airway remodeling by increasing the
deposition of proteoglycans and its eventual association
with bronchial hyperresponsiveness in asthmatic air-
Way512—15.

Previous studies have suggested that there are beneficial
effects of recombinant FGF-2 (rFGF-2) in treating COPD
in animal emphysema models'®*°. In addition, rFGE-2
has been reported to be an inhibitor of inflammatory cells
and cytokines related to asthma and has been shown to
reduce airway remodeling in an asthma mouse model™.
In a clinical trial, inhaled rFGF-2 was safely used in
patients with asthma, whose daytime and nocturnal
symptoms as well as quality of life were improved without
any serious adverse events (AEs)*'. Regardless of these
positive results of rFGF-2 for treating animal emphysema
models, it is reasonable to assume that rFGF-2 would be
effective in patients with COPD based on the similarity
between the pathogeneses of COPD and asthma. Fur-
thermore, the development of fundamental medicine to
prevent airway hyperresponsiveness and airway remodel-
ing in patients with COPD has been considered a priority.

In this study, the mechanisms of FGF-2 in the devel-
opment of COPD (especially emphysema) and the ther-
apeutic potential of FGF2 were explored in a cigarette
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smoke-exposed C57BL/6] emphysema mouse model.
Additionally, a prospective placebo-controlled pilot study
was conducted separately to define the potential role of
rFGF-2 in improving or stabilizing symptoms and lung
function in patients with COPD.

Materials and Methods
Animal experiments
Animal model

C57BL/6] mice were purchased from Orientbio
(Seongnam, Korea). The mice were bred in specific
pathogen-free facilities at Asan Medical Center. Female
C57BL/6] mice (7 weeks of age) were exposed to com-
mercial cigarette smoke based on the protocol used in our
previous report’?.

Briefly, mice were exposed to smoke for 1 day, 4 days,
and 6 months (5 days/week) in an inhalation box (50 x
40 x 30 cm) connected to a pump to assess changes in
FGEF-2 levels. To evaluate the effect of short-term smoke
exposure on the mice, mice were exposed to smoke for
4 days, and 0.1, 10, or 1,000 pg of rFGF-2 was intranasally
administered to each mouse immediately after smoke
exposure on each day to define the effects of rFGF-2 on
smoke exposure. After completing the 4-day smoke
exposure with or without rFGF-2, the mice were killed to
collect their lung tissues on day 5.

For the elastase-induced mouse model, 0.4 U of porcine
elastase (Sigma-Aldrich, St. Louis, MO, USA) was intra-
tracheally injected into C57BL/6 mice on day 0. Then,
rFGF-2 (10 pg) was administered intranasally once daily
from days 7-13, and PD173074 was intraperitoneally
injected once per day during the same period. The mice
were killed to collect their lung tissues on day 14.

All mouse experiments were approved by the Institu-
tional Animal Care and Use Committee of Asan Medical
Center (South Korea).

Bronchoalveolar lavage cellularity

Cellularity in Bronchoalveolar lavage (BAL) fluid was
analyzed as previously described®®. In brief, BAL fluid was
obtained from both lungs using PBS, and the cells were
collected after centrifugation. The total number of cells in
the BAL fluid was counted after trypan-blue staining, and
the cell pellet was diluted with 500 uL of PBS for counting.
The BAL differential cell count was determined by Diff-
Quick staining in 300 inflammatory cells counted.
Inflammatory cells were classified as macrophages, lym-
phocytes, neutrophils or eosinophils.

Histology and quantification of emphysema

The lungs were perfused with PBS and inflated by
intratracheal infusion of 0.5% low-melting agar in 25 cm
H,O, fixed in 4% paraformaldehyde and embedded in
paraffin. Lung sections of 4-pm thickness were stained
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with hematoxylin and eosin (H&E). The mean linear
intercept (MLI) was determined separately by 2 investi-
gators in a blinded fashion®*.

Caspase-3/7 activity and western blotting

A 10-pg portion of lung protein homogenized in RIPA
buffer (Cell Signaling Technology, Danvers, MA, USA)
was measured with the Apo-one homogeneous caspase-3/
7 assay kit (Promega, Madison, W1, USA) according to the
manufacturer’s protocol. After 5h, sample fluorescence
was measured using a fluorometer. Western blotting
using anti-caspase-3 polyclonal antibody (Enzo Life Sci-
ence, New York, NY, USA) was performed to quantify
pro- and active caspase-3 in lung tissues.

Elastase activity

Lung tissues were homogenized with protein lysis buffer
(Cell Signaling Technology) without protease inhibitors
and subjected to the EnzCheck Elastase Assay Kit
(Molecular Probes, Sunnyvale, CA, USA) according to the
manufacturer’s protocol.

FGF-2

FGF-2 was measured in the plasma of normal controls
and patients with COPD (10 subjects/group). The lungs of
mice were homogenized in RIPA buffer, and the quantity
of protein was assessed with the Bradford assay. FGF-2
levels were measured using an enzyme-linked immuno-
sorbent assay (ELISA) (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s protocol.

Clinical trial: a pilot study

This single-center, double-blind, randomized, placebo-
controlled pilot trial was conducted at Dankook Uni-
versity Hospital between October 2009 and September
2010. The study protocol was approved by the Korean
Food and Drug Administration and the Institutional
Review Board at Dankook University Hospital (DKUH
0909-066). Written informed consent was obtained from
all patients before they participated in the study. Dong-A
Pharm. Co. Ltd. (Seoul, South Korea) provided the rFGF-
2. The dosage used in this study was determined based on
a previous clinical trial performed in patients with
asthma®’.

Randomization was performed using a random number
table on day 1 (screening visit). Eligible patients with
COPD were randomly allocated to 4.5 ng/day rFGF-2 or a
placebo. In the treatment group, 1.5ng of rFGF-2 was
administered over 10 min, 3 times a day for 2 weeks using
a nebulizer kit (PARI BOY N® type 085; PARI GmbH,
Starnberg, Germany), and normal saline was administered
to the placebo group using the same method for the same
duration. The biological half-life of FGF is <50 min%?,
which is too short for a single administration by
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inhalation to be sufficient because wound healing takes
longer than 1 day®®. Therefore, administration 3 times a
day was recommended for this clinical pilot trial. Con-
comitant use of ICSs, LABAs/LAMAs, mucus-active
agents, and antitussives was permitted during the study,
but use of systemic corticosteroids was prohibited to
avoid any potential confounding effects on the clinical
endpoints.

Twelve patients with COPD were randomly assigned to
a 2-week treatment period (m=6) or placebo (n=6),
followed by a 4-week nontreatment follow-up period.
Patients were first seen at a screening visit and afterwards
at 7, 15, and 28 days after completion of the trial. At
screening and at each visit, the following results were
recorded: physical examination including vital signs,
pulmonary function tests (PFTs), chest radiography, and
electrocardiogram (ECG); and blood chemistry, urinalysis,
and dyspnea scale including the American Thoracic
Society (ATS) dyspnea scale and the modified Borg scale.
Patients had to meet all the criteria included in Table S2
in the Supplementary Appendix.

Patients were not eligible for the trial if they met 1 or
more of the exclusion criteria listed in Table S3. The
clinical characteristics are displayed in Table S3. The
primary endpoint was confirmation of the safety of
inhaled rFGEF-2. Safety was assessed by reporting AEs,
vital signs, chest radiography, ECG, and laboratory test
results, including complete blood count, blood chemistry,
and urinalysis. The secondary endpoints were the clinical
effects of rFGF-2 from baseline to 4 weeks of treatment.
The clinical effects were assessed by analyzing PFT
results, such as changes in forced expiratory volume in 1's
(FEV1), forced vital capacity (FVC), the Global Chest
Symptoms Questionnaire (GCSQ)*°, as well as dyspnea
scales including the ATS dyspnea scale and the modified
Borg scale.

Data are presented as the mean and standard deviation
for continuous variables and as a number (percentage) for
categorical variables. The Mann—Whitney U test was used
to compare plasma FGF-2 levels between the COPD and
control groups. Two-way analysis of variance (ANOVA)
was performed for BAL cellularity. In the human clinical
study, differences between the study and control groups
were tested using the Wilcoxon matched pair signed-rank
test. A P value of <0.05 was considered statistically sig-
nificant. The data were analyzed using PASW statistics
ver. 18 (SPSS Inc., Chicago, IL, USA).

Results
FGF-2 production in the lungs is dependent on exposure
time to cigarette smoke

To evaluate the effects of exposure to cigarette smoke
on FGEF-2 production in the lungs, the amounts of FGF-2
in lung lysates were compared using ELISA in C57BL/6
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Fig. 1 Fibroblast growth factor-2 (FGF-2) levels in lung lysates decreased in response to short-term smoke exposure. a-c FGF-2 levels were
measured in 5 ug of lung lysate using an enzyme-linked immunosorbent assay. a Mice were exposed to cigarette smoke once, and lung tissues were
obtained 3 and 24 h after exposure (n =6 per group). b, ¢ Mice were exposed to cigarette smoke for 4 days or 6 months, and lung tissues were
collected 18 h after the last exposure (b n=12 per group, ¢ n =5 per group). P-values were determined by the Mann-Whitney test
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mice. Compared with mice exposed to normal air, FGF-2
production in lung tissues was decreased 3 and 24 h after
smoke exposure in mice exposed to smoke once (Fig. 1a).
A decrease in FGF-2 levels was also observed in mice
exposed to smoke for 4 days (Fig. 1b). However, the level
of FGF-2 produced in mice exposed to smoke for
6 months was not significantly different from that in mice
exposed to normal air (Fig. 1c). Therefore, FGF-2 pro-
duction was decreased in mouse lungs only after short-
term exposure to cigarette smoke.

Emphysema induced by short-term exposure to cigarette
smoke in mice

To determine the effects of a decreased FGF-2 level on
the lungs after short-term exposure to cigarette smoke
(presented in Fig. 1), BAL fluid and lung tissue were
collected on day 5 from C57BL/6 mice exposed to
cigarette smoke for 4 days, and inflammation and the
emphysema index representing the COPD patient’s phe-
notype were determined. Recruitment of inflammatory
cells was increased in smoke-exposed mice; macrophages
were the main inflammatory cell type that was increased
in the BAL fluid of the smoke-exposed mice (Fig. 2a). The
MLI was measured using H&E-stained lung tissue to
determine the index of alveolar destruction, which was
significantly increased in smoke-exposed mice compared
with that in normal air-exposed mice (Fig. 2b). Lung
resident cell apoptosis and protease activity developed in
the destroyed alveoli. Apoptosis based on caspase-3/
7 signaling in lung tissue was increased more in mice
exposed to cigarette smoke than in those exposed to
normal air (Fig. 2c), but alveolar destruction observed in
smoke-exposed mice was not associated with an induc-
tion of elastase activity (Fig. 2d). Overall, mice that were
exposed to short-term smoke showed phenotypes similar
to those of patients with COPD, such as macrophage-
dominant inflammation and alveolar destruction.
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Protective effect of rFGF-2 on the development of
emphysema induced by exposure to short-term cigarette
smoke in mice

To confirm the protective effect of rFGF-2, 3 doses (0.1,
10, and 1000 pg) of the rFGF-2 protein were intranasally
administered immediately after the mice were exposed to
smoke for 4 days. The number of inflammatory cells
recruited was decreased more in mice administered 10 or
1000 pg of rFGF-2 than in those administered 0 or 0.1 pg
of rFGEF-2 after smoke exposure (Fig. 3a). In particular,
the numbers of macrophages and lymphocytes were
decreased in BAL fluid obtained from the 10 and 1000 pg
rFGF-2-administered mice. Alveolar destruction was also
decreased in mice administered 10 and 1000 pg of rFGF-2
(Fig. 3b, c). These results suggest that the loss of FGF-2
production is an important initial mechanism of devel-
oping COPD in response to cigarette smoke, and this
phenomenon was protected by and compensated for
using rFGF-2.

Effect of rFGF-2 on apoptosis signaling in cigarette smoke-
exposed mice

Resident lung cell apoptosis developed in the destroyed
alveoli of mice exposed to smoke over the short term
(Fig. 2). Resident lung cell apoptosis was dependent on
caspase-3 signaling in mice exposed to smoke for 4 days.
Caspase-3/7 activity was significantly decreased immedi-
ately after smoke exposure in mice intranasally adminis-
tered 10 pg of rFGF-2 each day than in those exposed to
smoke alone (Fig. 4a). Pro- and active caspase-3 protein
expression was also decreased in the group receiving
rFGE-2 (Fig. 4b).

Regenerative effect of rFGF-2 on the development of
emphysema in the elastase-induced mouse model

To evaluate the regenerative effects of FGF-2, rFGF-2
was intranasally administered to mice with emphysema,
which was induced by injecting porcine elastase for
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Fig. 2 Characterization of short-term exposure to cigarette smoke. a-d The mice were exposed to cigarette smoke for 4 days using an
inhalation box. a Cellularity in bronchoalveolar lavage (BAL) fluid. P < 0.0001 using two-way analysis of variance. b Mean linear intercept (MLI) (n =6
per group). ¢ Caspase-3/7 and elastase activities were measured in 10 ug of lung lysate (n =11 per group). P-values were determined by the
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to cigarette smoke for 4 days, and 0.1, 10, and 1000 pg of FGF-2 was administered intranasally within 1 h after smoke exposure. Mice were killed 18 h
after the final smoke exposure. a Cellularity in BAL fluid. P-values were determined by two-way analysis of variance. b MLI (n =6-12 per group). P-
values were determined by the Mann-Whitney test. ¢ Lung histology with hematoxylin and eosin (H&E) staining (scale bar =1 mm)
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Fig. 5 Regenerative effects of FGF-2 on the elastase-induced emphysema model. The mice were intratracheally injected with 0.4 U of porcine
elastase on day 0. Aliquots (10 pg) of FGF-2 and PD173074 were intranasally and intraperitoneally administered on days 7-13. The mice were killed on
day 14.a MLI (n = 4-6 per group). P-values were determined by the Mann-Whitney test; *p < 0.05. b Lung histology with H&E staining (scale bar =1

7 days. The rFGF-2 protein (10 pg) was administered
once daily for 4 days after completing the elastase injec-
tion schedule. The lungs were effectively regenerated in
rFGF-2-treated mice compared with nontreated mice
(Fig. 5a, b). To confirm the direct association between
emphysematous lung regeneration and FGF-2, we used
PD173074 as an FGF receptor 1/3 inhibitor. The regen-
erative effect shown in elastase-induced emphysematous
mice receiving rFGF-2 was not observed when PD173074
was given intraperitoneally (Fig. 5a, b), suggesting a direct
association between FGF-2-mediated signaling and the
regeneration of emphysematous lungs.

Blood FGF-2 levels in patients with COPD

To determine whether the blood FGF-2 level is corre-
lated with COPD, FGF-2 levels were measured in plasma
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from patients with COPD and normal controls using
ELISA in 10 subjects each from the study groups. Plasma
was obtained from individuals with similar ages and his-
tories (Table S1). The mean plasma FGF-2 level was 102.9
pg/mL in patients with COPD and 125.5 pg/mL in the
normal controls (P = 0.037) (Fig. 6).

Safety of inhaling FGF-2 in patients with COPD

The flowchart for the clinical pilot trial is shown in
Fig. 7. No treatment-associated severe AEs requiring
treatment discontinuation were observed in the rFGF-2
group. No abnormal findings were detected on physical
examination in the treatment group during the study
period. Petechiae were found in 1 patient in the control
group on day 2 of rFGF-2 treatment, but the lesions
disappeared without any medication. No abnormal
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findings were observed on chest radiographs, ECGs or
laboratory tests, including a complete blood count, blood
chemistry, and urinalysis, during the study period.

The most commonly reported AEs were cough and sore
throat. The incidences of AEs are summarized in
Table S4. The AEs improved spontaneously during
treatment with inhaled rFGF-2. Therefore, AEs were not
causally related to inhaled rFGF-2 treatment.

Clinical effects of inhaling FGF-2 in patients with COPD

All patients enrolled in the clinical trial were current
smokers. The demographic characteristics of patients are
summarized in Table 1. PFTs including FEV1 and FVC
tended to improve during the rFGF-2 treatment period,
but they were not significantly different between the
rFGF-2 and control groups P > 0.05. Changes in the PFTs
are summarized in Table 2 and Fig. 8.

According to the GCSQ results, the grade of dyspnea,
chest discomfort, and daytime activities improved more
after treatment than before treatment in the rFGF-2
group (P < 0.05). The ATS dyspnea scale score improved
significantly 4 weeks after treatment compared with the
first day of treatment (P = 0.038). The modified Borg scale
score improved significantly 4 weeks after treatment (2.5
+ 1.4) compared with the first day of treatment (4.8 + 2.0)
and day 7 of treatment (4.0+1.1) (P=0.042 and P=
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Table 1 Demographic characteristics of the subjects in
the clinical trial
Control group (n FGF-2 group (n  p-value®
=6) =6)
Age (year) 66.7+11.7 630+ 105 0.39
Male (%) 6 (100) 5(83) 0.30
BMI (kg/mz) 218+33 233+36 0.39
Smoking pack- 450+ 109 320+173 0.24
years
Pulmonary function tests
FEV, (%) 416+9.19 497+74 0.24
FVC (%) 636+ 105 742+152 013

FGF-2 fibroblast growth factor-2, BMI body mass index, FEV; forced expiratory
volume in 15, FVC forced vital capacity
Statistical differences were tested by Pearson’s chi-square test

0.041, respectively). Chest discomfort improved sig-
nificantly on day 15 of treatment (0.3 £0.5) compared
with the first day of treatment (1.7 +1.0) (P =0.038).
Daytime activities significantly improved more during the
4 weeks after treatment (12.8 £ 8.6) than during the first
day of treatment (21.8+9.7) and day 15 of treatment
(28.3+14.8) (P=0.042 and P =0.043, respectively). In
particular, the effects of rFGF-2 were maintained for up to
4 weeks after treatment. However, no significant differ-
ences were observed between the rFGF-2 and control
groups for GCSQ, grade of dyspnea, chest discomfort, or
daytime activities (P > 0.05). The dyspnea scales, including
the ATS dyspnea scale and the modified Borg scale, were
not significantly different between the rFGF-2 and control
groups. These results are summarized in Tables 3 and 4.

Discussion

This study revealed several important findings. First,
plasma FGF-2 levels were decreased more in patients with
COPD than in normal subjects. Second, FGF-2 levels were
decreased in short-term smoke-exposed mice. Finally,
FGEF-2 significantly protected against the development of
emphysema induced by short-term exposure to cigarette
smoke in mice.

A significant inverse correlation was observed between
short-term exposure to cigarette smoke and FGF-2 pro-
duction, indicating that the degree of pulmonary FGF-2
expression is related to the magnitude of lung exposure to
smoke during the early phase. In this study, we tested very
short-term exposure to smoke in animal experiments.
Biological changes induced by smoke mainly develop
during the early phase; therefore, biological changes are
not clearly observed in the late phase. The mechanisms
involved in this phenomenon are poorly understood. In
fact, FGF-2 levels changed upon short-term exposure to
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Table 2 Pulmonary function test (FEV,/AFEV, and FVC/AFVC) of each group during and after FGF-2 treatment in the
clinical trial

FEV, (%) AFEV, (%) FVC (%) AFVC (%)

Control FGF-2 Control FGF-2 Control FGF-2 Control FGF-2
T 428+97 497+74 00+00 00+£00 652+109 742+152 00+00 00+£00
T7 466+ 136 552453 37+66 55+78 660+17.7 763+99 09+83 21+147
T15 421+125 523+59 —0.7+7.1 25+87 624+ 151 745+113 —28+75 03+£129
A4 454+83 509+6.8 25+72 1.1+101 663+ 10.3 753+85 11479 1.1+146

FEV, forced expiratory volume in one second, FVC forced vital capacity, FGF-2 fibroblast growth factor-2, T1 1 day of treatment, 77 7 days of treatment, T15 15 days of

treatment, A4 after 4 weeks of treatment

.

Fig. 8 Change in pulmonary function tests (PFTs) [a change in forced expiratory flow in 1's (A FEV;) and b change in forced vital capacity (A FVQ)]
during and after fibroblast growth factor (FGF)-2 treatment. PFTs, including FEV1 and FVC, tended to improve during the recombinant (r) FGF-2

a 3 control
D Treated group
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= 8
=
<}
q c 1 ] 1 1
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-10-
treatment period but not significantly between the rFGF-2 group and the control group (p > 0.05)

3 control
20- D Treated group

10
b 1l
04 T1 T7 'FS Ad

=204

Table 3 ATS scale and AATS scale of each group during
and after FGF-2 treatment in a clinical trial

Table 4 Modified Borg scale and AModified Borg scale of
each group during and after FGF-2 treatment in a clinical
trial

Modified Borg scale

AModified Borg scale

ATS scale AATS scale

Control FGF-2 Control FGF-2
T 22+04 22+08 00+00 00+00
T7 16+1.1 22+08 —06+09 00+£00
T15 18+08 20+00 —04+05 —02+08
A4 14+09 15+08 —08+04 —0.7+08

ATS American Thoracic Society, FGF-2 fibroblast growth factor-2, T1 1day of
treatment, T7 7 days of treatment, T15 15 days of treatment, A4 after 4 weeks of
treatment.

smoke. Therefore, we believe that a short-term exposure
animal model is effective for examining the effects of
FGF-2 inhalation.

In this study, BAL fluid demonstrated macrophage-
dominant inflammation and alveolar destruction of lung
tissues according to the MLI An increase in the number
of inflammatory cells, mainly macrophages, was seen in
the BAL fluid of smoke-exposed mice. Cigarette smoke is
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Control FGF-2 Control FGF-2
T 40+12 48+20 00+00 00+00
17 32419 40+ 1.1 —-08+13 —08+12
T15 26+18 33+£05 —14+1.1 —15+19
A4 26+2.1 25+14 —14+1.1 —23%+19

FGF-2 fibroblast growth factor-2, 77 1 day of treatment, 77 7 days of treatment,
T15 15 days of treatment, A4 after 4 weeks of treatment.

a well-defined common pollutant that influences cellular
components in BAL fluid*"?®,

Smokers have a significantly elevated number of cells in
the lower respiratory tract, mainly due to the increased
number of alveolar macrophages®”*’. Macrophages are
the first line of defense against inhaled pollutants,
including tobacco smoke. The MLI, which is the standard
technique for measuring alveolar destruction, was
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significantly increased in smoke-exposed mice compared
with normal air-exposed mice.

Intranasal FGF-2 administration had a protective effect
on emphysema: (1) a decline in the number of inflam-
matory cells, especially macrophages and lymphocytes, in
BAL fluid; and (2) a decline in alveolar destruction and a
regenerative effect in emphysematous mice. These results
indicate that loss of FGF-2 production is an important
mechanism for developing COPD in response to smoke.
Caspase-3/7 activity, which is related to lung cell apop-
tosis, was significantly decreased in the mice after FGF-2
treatment. Previous studies have shown that FGF-2 pre-
vents apoptosis induced by chemotherapy in patients with
lung cancer®*?, Intravascular FGF-GMS administration
reduces dilatation of the alveolar space and microvascular
proliferation in the emphysematous canine lung'®. Intra-
tracheal administration of FGF-2 increases blood flow in
damaged lungs and improves blood gas values, thus
allowing recovery of pulmonary function in a canine
emphysema model'”'®, Intrapleural administration of
FGEF-2 in rats with emphysematous lungs induces lung
regeneration'”, These studies suggest a new potential
emphysema treatment using FGF-2, and the present study
confirmed these findings. However, the positive effects of
FGF-2 in animal studies may not be equally applicable to
human COPD. Therefore, we further studied human
patients with COPD to determine whether FGF-2 is
involved in the pathogenesis of COPD.

In our study, the analysis of FGF-2 in human COPD
showed decreased plasma levels of FGF-2 in patients with
COPD compared with normal subjects. The mean plasma
FGEF-2 level was 102.9 pg/mL in patients with COPD and
125.5 pg/mL in the healthy controls (P = 0.037). When we
consider these marginal differences in FGF-2 levels, other
factors involved in the development of COPD should be
considered. However, when considering the results of ani-
mal experiments together, there might be a protective effect
of FGF-2, although FGF-2 levels between COPD patients
and healthy controls were marginal. Our findings of
downregulated FGF-2 indicate that the compensatory
mechanisms observed in mice are also active in patients with
COPD, as smoking has been suggested to have a strong
effect on the imbalance of proteases/antiproteases, including
elastases and collagenases, and extracellular matrix deposi-
tion in the lungs. FGF-2 in the bronchial epithelium could
be involved in the proliferation and repair of epithelial cells
after injury in patients with COPD. However, FGF-2 could
also be involved in fibrosis and tissue remodeling in patients
with asthma and COPD™,

Airway remodeling is an important pathophysiological
feature of COPD as well as asthma and is characterized by
thickening of the airway wall with increased collagen
deposition and airway smooth muscle hypertrophy and
hyperplasia®*?®>. The mechanisms underlying airway
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remodeling are not well understood. One molecule with
possible relevance is FGF-2, which is a potent mitogen of
fibroblasts, airway smooth muscle cells, and endothelial
cells. The degree of airway wall thickening is associated
with disease progression, which is the main cause of
decreased lung function in patients with COPD because
remodeling reduces airflow and distensibility*®*~>®, FGF-2
plays an important role in wound healing by promoting
the migration and proliferation of fibroblasts, reversing
myofibroblast phenotypes, and regenerating airway epi-
thelial cells'*°. In particular, FGF-2 has an inhibitory
effect on the differentiation of fibroblasts into myofibro-
blasts, suggesting a possible anti-scarring effect of FGF-2
during wound healing.

Furthermore, we conducted a clinical trial in patients
with COPD to determine the effect and safety of inhaled
rFGF-2. The results showed that inhaled rFGF-2 was safe
and well tolerated in patients with COPD. No significant
differences were observed in terms of AEs associated with
the inhaled rFGF-2 treatment compared with the placebo
during the study period. Only 2 patients developed
minimal side effects of cough and sore throat, which were
self-limiting.

The present clinical study had several limitations. First,
the inclusion of a small number of patients from a single
center showed the potential for selection bias. Despite this
limitation, this pilot clinical trial is the first one done in
humans as a preclinical study. Further large-scale clinical
studies are warranted. Second, objective airway inflam-
matory markers, including inflammatory cells in the
sputum, cytokines, and chemokines, were not measured
in the clinical trial. However, when the animal experi-
mental results are considered together, rFGF-2 may be
effective at suppressing inflammatory changes. Third,
there is a paucity of data on the safety, efficacy, and pul-
monary pharmacokinetics of rFGF-2 administered via the
inhalation route. We were unaware of the concentrations
or distribution of rFGF-2 in the pulmonary system.
Fourth, our study did not assess long-term safety or
patient outcomes, such as the exacerbation rate after
completion of treatment. However, clinical improvements
and no serious AEs 4 weeks after treatment could be
considered reasonable treatment goals for COPD. Finally,
we did not evaluate correlations between FGF-2 and lung
function/clinical parameters. Large-scale clinical trials
should be done in the future.

COPD remains an inextirpable disease with significant
morbidity and mortality rates when accompanied by acute
exacerbations. Unfortunately, no fundamental treatment
agent has been identified. Currently, several drugs tar-
geting the small airways of patients with COPD have been
developed and successfully used, but there are no effective
drugs for emphysema. The results of this study demon-
strate that FGF-2 is involved in the pathogenesis of
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emphysema; therefore, rFGF-2 is a therapeutic option for
Korean patients with emphysema-type COPD. The
potential attenuation of symptom progression associated
with COPD reported in this study makes rFGF-2 a rea-
sonable agent for further prospective trials.
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