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Background: Viral infections are considered a major driving factor of chronic obstructive
pulmonary disease (COPD) exacerbations and thus contribute to disease morbidity and
mortality. Respiratory syncytial virus (RSV) is a frequently detected pathogen in the respira-
tory tract of COPD patients during an exacerbation. We previously demonstrated in a murine
model that leukemia inhibitory factor (LIF) expression was increased in the lungs during
RSV infection. Subduing LIF signaling in this model enhanced lung injury and airway
hypersensitivity. In this study, we investigated lung LIF levels in COPD patient samples to
determine the impact of disease status and cigarette smoke exposure on LIF expression.
Materials and methods: Bronchoalveolar lavage fluid (BALF) was obtained from healthy
never smokers, smokers, and COPD patients, by written informed consent. Human bronchial
epithelial (HBE) cells were isolated from healthy never smokers and COPD patients, grown
at the air-liquid interface and infected with RSV or stimulated with polyinosinic:polycy-
tidylic acid (poly (i:c)). Mice were exposed to cigarette smoke daily for 6 months and were
subsequently infected with RSV. LIF expression was profiled in all samples.

Results: In human BALF, LIF protein was significantly reduced in both smokers and COPD
patients compared to healthy never smokers. HBE cells isolated from COPD patients
produced less LIF compared to never smokers during RSV infection or poly (i:c) stimulation.
Animals exposed to cigarette smoke had reduced lung levels of LIF and its corresponding
receptor, LIFR. Smoke-exposed animals had reduced LIF expression during RSV infection.
Two possible factors for reduced LIF levels were increased LIF mRNA instability in COPD
epithelia and proteolytic degradation of LIF protein by serine proteases.

Conclusions: Cigarette smoke is an important modulator for LIF expression in the lungs.
Loss of LIF expression in COPD could contribute to a higher degree of lung injury during
virus-associated exacerbations.

Keywords: chronic obstructive pulmonary disease, leukemia inhibitory factor, respiratory
syncytial virus, cigarette smoke

Plain language summary

Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death world-
wide. Little is known about leukemia inhibitory factor (LIF), an immune response protein
that has an important role in preventing lung injury, in COPD. Our group has previously
demonstrated that LIF protects the lung during a respiratory syncytial virus (RSV) infection,
a common virus observed in the lungs of COPD patients. This current study demonstrates
that cigarette smoke inhalation significantly reducs LIF levels in the lungs. Reduced LIF
levels were observed in lung samples from COPD patients and active smokers. Equally, lung
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cells isolated from COPD patients or mice exposed to smoke
have reduced LIF responses during an RSV infection, which
could contribute to the enhanced lung damage observed in
COPD npatients. Finally, we identify two events that could con-
tribute to reduced LIF levels in COPD. LIF is sensitive to the
hostile environment induced by cigarette smoke inhalation, with
LIF RNA and protein degradating quicker in the lungs of COPD
patients. In summary loss of LIF in the lungs of smokers and
COPD patients could worsen lung damage, especially during

viral infections, and could contribute to disease progression.

Introduction

Chronic obstructive pulmonary disease (COPD) is
a leading cause of morbidity and mortality, and is consid-
ered the third leading cause of death worldwide and in the
USA." COPD is a preventable disease with airflow limita-
tion that is not fully reversible.” There are multiple risk
factors for disease development, but cigarette smoking is
the most common etiologic factor in the developed world.’
Acute exacerbations of COPD, defined as a sudden wor-
sening of COPD that typically lasts for several days, are
major contributors to disease morbidity and mortality.*
Rhinovirus, influenza, and respiratory syncytial virus
(RSV) are frequently detected in the respiratory tract of
COPD patients.® RSV infections are frequently reported in
infants, the elderly and immunocompromised patients but
also in healthy adults.”® Studies show that RSV is
a common cause of COPD exacerbations and is associated
with the onset of severe airway symptoms.”'° RSV typi-
cally infects the airway epithelium.'' Those infected with
RSV develop mild to severe cough and dyspnea.'”
Wheezing and asthma symptoms are observed following
severe RSV lower respiratory tract infection.'® Multiple
factors are associated with lung damage in COPD and
during RSV infection. We and others have identified leu-
kemia inhibitory factor (LIF), an interleukin 6 class cyto-
kine, as an important regulator of inflammation, with LIF
expression protecting against lung injury.'*"'” However,
little is known about LIF in COPD.

The primary function of LIF is to preserve the totipotency
of embryonic stem cells'®, but higher levels of LIF are
detected in several disease states, including acute respiratory
distress syndrome.'® However, several studies have demon-
strated that LIF protects the lung from injury during
pneumonia'® and during RSV infection.'” LIF reduces cyto-
kine expression'® and alters alveolar neutrophil numbers.'*'¢
Lif deficient mice have altered immune responses during an
experimental autoimmune encephalomyelitis model.”® We

have previously demonstrated that neutralizing LIF signaling
enhanced lung damage, airway hyperresponsiveness, chemo-
kine (C-X-C motif) ligand (CXCL)1, CC chemokine ligands
(CCL)S, CXCL10, CCL3, and CCL2 in mice during an RSV
infection.!” Overexpression of LIF in airway epithelial cells
protects the airways during hyperoxia in mice, with
improved survival and decreased pulmonary edema.'> LIF
is a prominent signal transducer and activator of transcription
3 (STAT3)-activating cytokine that facilitates tissue protec-
tion during pneumonia.'® Loss of STAT3 enhances smoke-
induced inflammation in mice.?' LIF regulates apoptosis,
with investigators suggesting that LIF acts as a pro-
apoptotic mediator’>>® while others suggesting that LIF has
anti-apoptotic potential.****> Enhanced Fas, Fap, interleukin
(I1)24, and tumor necrosis factor superfamily member (7nfsf)
15 expression is observed following LIF depletion in animals
with bacterial pneumonia,'® which could contribute to
changes in cell fate.

In this study, we investigated whether smoke exposure
or the disease status of COPD predisposes the lung to
reduced LIF expression during an RSV infection. Human
bronchoalveolar lavage fluid (BALF), fully differentiated
human bronchial epithelial (HBE) cells and a mouse cigar-
ette smoke and RSV infection model were utilized to
examine LIF expression following RSV infection. Our
findings indicate that smoke exposure and underlining
pulmonary disease modulate LIF responses, which could
not only worsen symptoms during a viral infection but also
contribute to worsening lung damage.

Methods

RSV culture

Human RSV strain A2 (ATCC, Manassas, VA; #VR-1540)
was used to infected cells and mice throughout this study
and was maintained as previously described.'” Non-
infected cells were processed in the same manner as
RSV infected cells and the resulting sample collection
was used as a mock control.

Human samples

BALF was collected from healthy never smokers, smokers,
and COPD patients free from exacerbations for 6 months (see
Table 1 for demographics). Written informed consent was
obtained from all study participants and was approved by the
institutional review board of the University of Miami.
Primary HBE cells were obtained from organ donors whose
lungs were rejected for transplant (see Table 2 for
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Table | Patient demographics
Nonsmoker Smoker COPD
Number 10 30 16
Age (years) 57.2%11.1 57.8%9.1 61.2+9.3
Gender (Male/Female) 5/5 12/18 13/3
Race (Caucasian/Hispanic/African-American) 60%/30%/10% 50%/40%/10% 129%/88%/0%
Pack years 0+0 31.2¢16.9 40.146.7%
FEV1% Predicted 101.1£14.1 94.5+12.1 6241027
FVC % Predicted 97.1%9.5 96.1+12.3 80.1+2.1%
FEVI/FVC % 82.4+4.7 80.1+3.9 53262
D, .CO % Predicted 102+10.1 93.6x11.5 70.8+12.4%

Note: Values are means + SEM *#p<0.05 comparing COPD to nonsmokers and smokers, respectively.

Table 2 Patient demographics for epithelial cell donors

Nonsmoker | COPD

Number 10 6

Age (years) 38.2+12.3 50+8.3*
Gender (Male/Female) 317 3/3

Race (Caucasian/African-American) 70%/30% 68%/32%
Pack years 0+0 51.4%17.2

Note: Values are means * SD. ¥p<0.05 comparing both groups.

demographics). Consent for research was obtained by the
Life Alliance Organ Recovery Agency of the University of
Miami. All consents were IRB-approved and conformed to
the Declaration of Helsinki. The diagnosis of COPD was
provided by the clinician taking care of the patient. Since
no confirmatory lung function was available, we only classi-
fied and used cells in the COPD category if the explanted
lungs showed signs of emphysema.

Airway epithelial cells isolated from healthy, smokers
and COPD lungs, were de-differentiated through expan-
sion and re-differentiated at an air-liquid interface (ALI)
on 24-mm T-clear filters (Costar Corning, Corning, NY) as
previously described.?® RSV, mock, or 1 pg/mL polyino-
sinic:polycytidylic acid (poly (i:c)) were added to the
apical surface of the cultures and incubated for 2 hrs at
37°C, 5% CO,. The multiplicity of infection for RSV was
0.3. Subsequently, the apical surface was washed five
times with PBS and ALI conditions were restored.
Twenty-four hours later the apical surface was rinsed
with 600 pL. PBS, and the rinse was harvested and inves-
tigated for LIF production. The cells were collected for
RNA. Undifferentiated HBE cells were also transfected
with either a scrambled control small interfering RNA
(siRNA) (Qiagen, Gaithersburg, MD), human antigen
R (HuR; encoded by the ELAVLI gene), tristetraprolin

(TTP; encoded by the ZFP36 gene), or Dcr-1 homolog
(DICERI)-specific siRNA.

Animal model

C57BL/6] were purchased from the Jackson Laboratory
(Bar Harbor, ME). All mice were maintained in a specific
pathogen-free facility at SUNY Downstate. Eight-week-
old mice were used at the initiation point for all experi-
ments. Mice were exposed to cigarette smoke in
a specially designed chamber (Teague Enterprises, Davis,
CA) for 3 hrs a day at a total particulate matter concentra-
tion of 80-120 mg/m’ as per our established protocol,?’
using 3R4F reference cigarettes (University of Kentucky,
Lexington, Kentucky, USA). Following 6 months of
smoke exposure, mice were anesthetized by intraperitoneal
(IP) injection of a mixture of ketamine and xylazine.
Animals were intranasally administered 1x10° plaque-
forming units RSV or an equal volume of mock. Animals
were euthanized on day 7 post-RSV or mock administer-
ing. At the time of euthanasia, BALF isolation was per-
formed on the mice in accordance with our previously
published protocol.”® All animal experiments were per-
formed with approval from SUNY Downstate’s
Hospital’s Institutional Animal Care and Use Committee
approval. This study was performed in strict accordance
with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of
Health and according to the Declaration of Helsinki con-
ventions for the use and care of animals.

LIF detection

LIF was detected by real-time reverse transcription-PCR
(RT-PCR), Luminex assays, and immunoblotting. Human
LIF and mouse Lif gene expressions were performed by RT-
PCR and corrected to ACTB or Actb using the following
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primers: human L/F' forward 5'-GAA GAA GCT GG CTG
TCA A-3', human L/F reverse 5'-ACATCT GGA CCC AAC
TCC T-3', human ACTB forward 5-GAT GAG ATT GGC
ATG GCT-3', human ACTB reverse 5'-CAC CTT CAC CGT
TCC AGT-3', mouse Lif forward 5'-TAG GAG TCA GGG
AAG GAC-3', mouse Lif reverse 5'-GAC AGC TGT GCT
GGATCA-3', mouse Actb forward 5'-GTT GGA GCA AAC
ATC CCC CA-3', mouse Actb reverse 5'-CGC GAC CAT
CCT CCT CTT AG-3'" (Life
Biosystems, Carlsbad, CA). Changes in LIF gene expression

technologies/Applied

are presented as relative expression of LIF compared to
controls and corrected to ACTB or Actb. LIF was examined
in apical washes from the HBE cultures and mouse BALF
using Luminex beads assays (Bio-Rad Magnetic Bio-Plex
pro-human Cytokine Bead Panel and the Bio-Plex pro mouse
cytokine panel) with the BioRad Bio-Plex 200 system
(BioRad, Hercules, CA). Human BALF data were standar-
dized to total BALF protein concentrations. Total protein was
determined by bicinchoninic acid assays, according to the
manufacturer’s instructions (Thermo Fisher). Human BALF
data are now presented as picograms of LIF per microgram
of total BALF protein. LIF was detection in BALF ranging
from 30 to 100 pg/mL, and the limit of detection for the kit
was 3.85 mg/mL. LIF data from cells and mice are presented
as pg/mL of apical cell wash or BALF collected. Protein was
collected from lung tissue by bead beater disruption
(Minibeadbeater-16, BioSpec Products, Bartlesville, OK,
USA). Tissue was placed in radio-immunoprecipitation
assay buffer with 50 mg of 1 mm diameter Zirconia beads
(BioSpec Products) and disrupted for 30 s in the bead beater.
Soluble
mins centrifugation at 13,000x g at 4°C. Immunoblots were
conducted to determine levels of LIF (Abcam, Cat #
ab135629), LIFR (Abcam, Cat # ab101228), and B-actin
(Cell Signaling Technologies, Cat #4967). All antibodies
were polyclonal rabbit antibodies. Chemiluminescence

proteins were collected following a 10

detection was performed using the Bio-Rad Laboratories
Molecular Imager ChemiDoc XRS+ imaging system.
Densitometry was performed on each target and represented
as a ratio of pixel intensity compared to B-actin, using Bio-
Rad Laboratories Image Lab software (version 4.0, build 16).

Analysis of LIF mRNA degradation

The mRNA stability within HBE cells was measured
indirectly by analyzing the mRNA half-life following
transcription inhibition using actinomycin D, assuming
changes in mRNA levels reflect mRNA degradation.
HBE cells were treated with 2.5 pg/mL of actinomycin

D (Sigma Aldrich) for 1 hr. RNA was extracted using
Qiagen RNeasy kits according to the manufacturer’s
instructions. LIFF RT-PCR was then performed with
ACTB used as a normalization control. Results were deter-
mined relative to time zero after actinomycin D treatment.

LIF degradation analysis

Recombinant LIF protein (250 ng; R&D Systems) was
incubated with 10 plL of BALF (healthy nonsmoker or
COPD) in PBS to a final volume of 20 pL for 24 hrs at
37°C. COPD BALF was also pretreated with 10 mM
pefabloc for 30 mins prior to incubation with recombinant
LIF. A series of concentrations of human sputum neutro-
phil elastase (NE) (Elastin products Inc, Owensville,
Missouri) were incubated with recombinant LIF for 24
hrs at 37°C. LIF degradation was examined by immuno-
blotting samples and detection with an LIF antibody.

Statistical analyses

For statistical analysis, data from multiple animals or
multiple separate cell experiments were pooled. Data are
expressed as means + SEM F-tests and normality testing
(D’Agostino & Pearson omnibus normality test) were per-
formed on all data sets. Differences between groups of
mice were compared by two-way analysis of variance.
Individual differences between groups were tested by mul-
tiple comparison and analysis using the Bonferroni post-
test. Pairs of groups were compared by Student’s -test
(two-tailed). P-values for significance were set at 0.05.
All analysis was performed using GraphPad Prism
Software (Version 5 for Mac OS X).

Results
LIF protein is reduced in human BALF
from both smokers and COPD patients

Enhanced LIF expression is observed in airway epithelial
cells after RSV infection,'” and LIF is protective for lung
injury.'"*"7 In this study, we measured LIF protein levels in
human BALF fluid from age-matched healthy nonsmoker
(NS) controls, smokers, and subjects with COPD with stable
lung function 6 months prior to BALF collection. LIF protein
was significantly reduced in both smokers and COPD
patients compared to NS controls (Figure 1). There was
a 31% decrease in LIF levels from the nonsmoking to the
smoking group (from 2.2+0.21 to 1.5+0.13 pg/ug BALF total
protein, respectively, p<0.05). Similarly, there was a 42%
LIF reduction from healthy nonsmokers compared to COPD
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Figure | In human BALF, leukemia inhibitory factor (LIF) protein is significantly
reduced in both smokers and chronic obstructive pulmonary disease (COPD)
patients compared to nonsmokers. LIF was measured in lung BALF from age-
matched healthy control non-smoker subjects (NS; n=10), smokers (n=30), and
subjects with COPD (n=16) by Luminex bead assays. LIF levels were standardized
to BALF total protein concentration. Graphs are represented as mean LIF concen-
tration (pg of LIF per ug BALF protein) * standard error of the mean (SEM) *p<0.05
compared to nonsmoking controls. ¥p<0.05 comparing both groups connected by
a line by Student’s t-tests and corrected with Bonferroni analysis.

subjects (from 2.2+0.21 to 1.3+0.19 pg/ug BALF total pro-
tein, respectively, p<0.05). Therefore, cigarette smoke and
the disease status play a role in suppressing LIF protein levels
in human BALF samples in the absence of an infection.

Proteolytic degradation of LIF protein in
COPD BALF and increased LIF mRNA
instability in COPD epithelia

To determine why LIF levels are reduced in COPD, we
examine LIF protein and mRNA stability. Equal concentra-
tions of LIF recombinant protein were incubated in the
presence of BALF from either healthy nonsmokers or
COPD subjects for 24 hrs; then, LIF immunoblots were
performed. LIF recombinant protein underwent degradation
in the presence of COPD BALF but not in the presence of
BALF from nonsmokers (Figure 2A). BALF from COPD
subjects was also pretreated with pefabloc, a serine protease
inhibitor, prior to incubation with LIF recombinant protein.
Inhibition of serine protease activity in BALF from COPD
patients prevented LIF protein degradation (Figure 2A).
Alternatively, incubation of LIF recombinant protein with

various concentrations of NE demonstrated that NE can
cleave LIF protein (Figure 2B).

The stability of LIF mRNA was examined in HBE cells
from COPD subjects and nonsmokers, indirectly by ana-
lyzing the mRNA half-life following transcription inhibi-
tion using actinomycin D. In the presence of actinomycin
D (Figure 2C), LIF mRNA degraded faster in fully differ-
entiated HBE cells from COPD patients compared to cells
from healthy nonsmokers. At 30-min post-Actinomycin
D treatment, significant LIF degradation was observed in
COPD epithelia compared to cells from nonsmokers with
a 43% reduction in mRNA (Figure 2C). To determine
whether LIF mRNA is regulated by common mRNA sta-
bilizing or destabilizing proteins, gene silencing was per-
formed for HuR, TTP, and dicer, and LIF expression was
analyzed in HBE cells. LIF expression was unaltered by
HuR, TTP, and dicer expression in HBE cells (Figure 2D).

HBE cells isolated from COPD patients

produce less LIF during RSV infection

To determine whether LIF levels are lower in COPD
samples during an RSV infection, we examined LIF levels
in fully differentiated HBE cells that were isolated from
nonsmokers and COPD subjects and subsequently infected
with RSV. In both cells form nonsmokers and COPD
patients, LIF gene expression was increased 24-hr post-
RSV infection (Figure 3A). However, the level of LIF
gene expression in COPD patients was significantly less
than in nonsmokers, with a 72% difference observed
(»<0.05). LIF protein secreted onto the apical surface of
HBE cells was also reduced in cells isolated from COPD
subjects (Figure 3A; p<0.05). Twenty-four-hours post-
RSV infection, LIF secretion increased from 151.3 to
426.3 pg/mL in cells from nonsmokers. In COPD cells,
LIF secretion increased from 75.3 to 180.0 pg/mL, which
is 57% less compared to cells from nonsmokers. HBE cells
from NS and COPD subjects were also exposed to poly (i:
¢), a common stimulus used to simulate viral infections,
and LIF gene expression and LIF protein secretion were
quantified. Similar to RSV infection, poly (i:c) stimuli
induced a LIF response that was weaker in HBE cells
isolated from COPD subjects (Figure 3B).

Cigarette smoke exposure reduces LIF

and LIFR levels in mouse lungs
To determine whether cigarette smoke exposure affects lung
LIF levels, we examined LIF and LIFR expression in mouse
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Figure 2 Increased leukemia inhibitory factor (LIF) mRNA instability in chronic obstructive pulmonary disease (COPD) epithelia and proteolytic degradation of LIF protein.
(A) Equal concentrations of LIF recombinant protein were incubated with BALF from nonsmokers or COPD patients for 24 hrs and LIF immunoblots were performed.
COPD BALF was also pretreated with pefabloc before incubation with LIF recombinant protein. (B) Equal conentrations of LIF recombinant protein were inclubed with
various concentrations of neutrophil elastase (NE) for 24 hours and LIF immunoblots were performed. (C) Human bronchial epithelial (HBE) cells from nonsmokers (NS)
and COPD patients were treated with Actinomycin D. LIF expression was measured by qPCR. Relative gene expression of LIF was expressed as comparison to time zero of
Actinomycin D treatment for NS and COPD samples. (D) Gene silencing was performed for human antigen R (HuR), tristetraprolin (TTP), and dicer in HBE cells from NS
and LIF gene expression determined relative to scramble negative control transfected cells. Graph shows the mean * standard error of the mean (SEM), with each
measurement, performed three times on at least four subjects/group. *p<0.05 comparing NS to COPD at each corresponding time point by two-way analysis of variance

(ANOVA) with Bonferroni post hoc analysis.

lungs following smoke exposure, by performing immuno-
blots on total lung samples from room air and cigarette
smoke-exposed mice. Lung LIF protein was lower in mice
exposed to cigarette smoke (Figure 4; p<0.05). Similarly,
LIFR protein was also lower in smoke-exposed mice
(p<0.05). Cigarette smoke exposure reduced LIF and LIFR
by 32% and 72%, respectively. Therefore, smoke exposure is
an important modulator of LIF responses.

While COPD epithelia reveal reduced LIF responses dur-
ing RSV infection, the impact of cigarette smoke exposure on
LIF responses during RSV infection has yet to be determined.
Relative LIF gene expression in the lung tissue and LIF protein
concentration in BALF was measured in smoke-exposed
mice, 7-day post-RSV infection (Figure 5). LIF expression
increased 3.7-fold during an RSV infection in room air-
exposed animals but only by 2.2-fold in smoke-exposed
mice (p=0.02). This is a 41% reduction in LIF expression
due to smoke exposure. Similarly, LIF levels in BALF post-
RSV infection were reduced by 53% in the smoke-exposed
group compared to the room air-exposed group (84.0+20.5 vs
177.3£20.5 pg/mL, p=0.01). Therefore, cigarette smoke sub-
dues lung levels of LIF during RSV infection.

Discussion

LIF protects the lung from injury'*"’

and here, we
demonstrate that smoke exposure and the disease state of
COPD significantly reduces LIF baseline responses and
upon infection with RSV or poly (i:c) stimulation. LIF
protein is reduced in human BALF from smokers and
COPD subjects compared to healthy never smokers, and
the epithelia of COPD patients express less LIF,
possibly due to reduced mRNA stability and increased
cleavage of LIF protein by serine proteases. LIF protein
is more susceptible to degradation in COPD lung micro-
environment, with recombinant LIF protein undergoing
degradation in the presence of COPD BALF which is
prevented by serine protease inhibitors. NE can directly
cleave LIF. Importantly, HBE cells from COPD subjects
and mice pre-exposed to cigarette smoke produce less LIF
during an RSV infection or following stimulation with
poly (i:c) mimicking a viral infection. Therefore, this
study demonstrates that cigarette smoke and the COPD
microenvironment result in the inhibition of LIF produc-
tion and enhanced LIF proteolytic degradation, which
could significantly influence lung injury and repair.
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Figure 3 Human bronchial epithelial (HBE) cells isolated from chronic obstructive pulmonary disease (COPD) patients produce less leukemia inhibitory factor (LIF)
compared to cells from never smokers during respiratory synctial virus (RSV) infection. Fully differentiated HBE cells grown at the air liquid interface (ALI) from healthy and
COPD individuals (n=5/group) were infected with (A) RSV or mock or treated with (B) polyinosinic:polycytidylic acid (poly (i:c)), and RNA and apical surface washes were
taken 24 hrs later. (A and B) LIF gene expression was quantified by quantitative polymerase chain reaction (QPCR) and apically release LIF protein from apical surface
washing with a Luminex bead assay. Graphs are represented as relative expression of LIF and LIF pg/mL of cell apical surface wash of the mean * standard error of the mean
(SEM), where each assay was performed in triplicate. *p<0.05 compared to mock treated mice by two-way analysis of variance (ANOVA) with Bonferroni post hoc analysis.
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Figure 4 Animals exposed to cigarette smoke had reduced expression of leukemia inhibitory factor (LIF) and its corresponding receptor, LIF receptor (LIFR). Animals were exposed to
cigarette smoke for 6 months, immunoblots were performed on whole lung tissues proteins for LIF, LIFR, and B-actin. Densitometry analysis was performed. Graphs are represented as
mean = standard error of the mean (SEM), where each measurement was performed on six animals/group. ¥p<0.05 comparing both groups by Student’s t-tests.

In other cells and tissues, LIF expression is observed to
play a role in minimizing tissue damage or aiding in repla-
cing dead or stressed cells, with injured olfactory sensory
neurons releasing LIF as a stimulus to initiate their own
replacement.”’ Equally, LIF promotes neurogenesis of fetal
cerebrum in rats and is a critical step in brain development.*°
Lower LIF and LIFR expression is also observed in pancrea-
tic cancer and overexpression of LIFR significantly sup-
pressed pancreatic cancer cell colony formation, migration,

invasion, and wound healing ability. It is interesting that LIF
counters the replication and metastasis of cancer cells but
enhances the proliferation of cells involved in tissue
repair.*'*? This unique feature of LIF underscores its impor-
tance in lung maintenance and suggests a potential mechan-
istic link between COPD and cancer, two smoking-related
lung diseases. Here, we observed reduced LIF and LIFR
expressions in the diseased lung, with reduced LIF responses
upon RSV infection or poly (i:c) stimulation. Therefore,
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Figure 5 Smoke-exposed animals have reduced lung leukemia inhibitory factor (LIF) expression during respiratory syncytial virus (RSV) infection. Animals were exposed to
cigarette smoke for 6 months and then infected with RSV or mock. LIF expression was quantified in whole lung samples by qPCR and in BALF by Luminex bead assay 7-day
post-RSV infection. Graphs are represented as mean # standard error of the mean (SEM), where each measurement was performed on 25 animals/group. *p<0.05 comparing
both groups connects by a line determined by analysis of variance (ANOVA) with Bonferroni post hoc analysis.

maintaining LIF expression could be a critical step to tissue
repair and remodeling following stressful stimuli.

Several factors influence LIF expression. Interferon-
gamma inhibits LIF expression®® while several other
inflammatory mediators, such as IL1B,** enhance it. LIF
production is also influenced by estrogen®® and p53.°° E26
transformation-specific binding sites in the human LIF
promoter are critical for its inducibility in response to
T-cell activators.”” Insulin and epidermal growth factor
downregulate LIFRa, which correlates with reduced cell
responsiveness to LIF.>® Here we report that LIF mRNA
appears to be less stable in COPD epithelia than cells from
healthy never smokers. Others have reported that there are
highly conserved AU-rich elements in the LIF 3" UTR that
are important for LIF regulation.®” Interleukin enhancer
binding factor 3 (ILF3) plays a significant role in the
redox-dependent Lif mRNA stabilization, with H,O,
enhancing mRNA stability of Lif in mouse Miiller
cells.*® ILF3 is highly expressed in samples from
GOLD-2 smokers.*” But little is known about ILF3 in
COPD and requires further testing. Here we examined
the influence of HuR, TTP, and dicer on LIF expression
in HBE cells, as all three proteins significantly influence
mRNA fate especially inflammation responses. However,
LIF expression was not influenced by these factors.
Recently, HuR and TTP were reported to be unchanged
in COPD samples compared to controls, determined by
immunostaining®' but other methods are required to con-
firm their quantifiable expression. Ricciardi et al,*' also
report that AU-rich element-binding factor 1 (AUF-1) is

decreased in COPD samples. LIF mRNA also interacts
with nucleolin and poly(rC)-binding protein 1 (PCBP1)
at the proximal AU-rich region of its mRNA, which
enhances LIF mRNA and protein levels.** Nucleolin is
regulated by HuR and miR-494 in Hela cells*® but little
is known about its regulation in COPD. Interestingly,
nucleolin is the receptor at the cell surface that interacts
with the RSV fusion protein** and investigating its role in
COPD exacerbation would be of interest. Alternatively,
PCBPI is a negative regulator of epithelial-mesenchymal
transition**, and PCBP1 plays an important role as an iron
chaperone for ferritin that assists in the mineralization of
ferritin.*® Disruption of iron homeostasis is a critical step
in COPD pathogenesis*’ but the role of PCBP1 and LIF on
iron regulation in COPD is unknown. ILF3, PCBPI,
nucleolin, and AUF-1 could possibly influence LIF and
require investigation in COPD models and tissue samples.

We also report that LIF protein is sensitive to protein
degradation in the presence of COPD BALF but not in
age-matched BALF from healthy never smokers. Serine
proteases appear to mediate this degradation, as the
serine protease inhibitor pefabloc prevented COPD
BALF degradation of LIF and NE directly degrades
LIF. To our knowledge, this is the first reported evi-
dence of LIF protein degradation in BALF. Secreted LIF
protein has a short half-life due to serum protease.*®
However, further studies are required to identify
whether other serine proteases also cleave LIF and
investigate the specific cleavage site targets for LIF

protein degradation in the lungs.
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LIF is a multifunctional protein with a broad range of
functions in multiple tissues. Therefore, its role in COPD
and in exacerbations could be multifaceted. LIF can reg-
ulate many responses due to its regulation of cell differ-
entiation and fate. LIF binds to its specific receptor LIFR,
then recruits gp130 to form a high-affinity receptor com-
plex to induce the activation of the downstream signal
pathways, including JAK/STAT3, AKT, EKR1/2, and
mTOR signal pathways. LIF also can regulate signaling
via influencing mRNA fate of other genes, with the
removal of LIF from mouse embryonic stem cells resulting
in increased decay rates of mRNA of multiple targets.*’
LIF is known to regulate several signaling processes,
including gene expression of IGF-binding protein 3,
amphiregulin, and immune response gene-1."" LIF could
be a significant regulator of multiple signaling processes in
smoke-associated diseases but further investigations are
needed. It is also important to note that LIF regulates
several important events during pregnancy,”’ such as
implantation, which could link smoke exposure to inferti-
lity if LIF inhibition by cigarette smoke is systemic.

Conclusions

This study demonstrates that lung levels of LIF are
reduced in COPD patients. LIF levels are reduced by
smoke exposure and the disease state, and are significantly
subdued during an RSV infection or poly (i:c) stimulation.
This reduction in expression could be due to LIF mRNA
stability and degradation of LIF protein in the COPD air-
ways by serine proteases. Therefore, reduction of LIF
expression in the COPD airways could contribute to wor-
sening of lung injury during viral exacerbations.
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