ORIGINAL RES

Cigarette Smoke Induces Human Epidermal Receptor 2-Dependent

Changes in Epithelial Permeability

Rangnath Mishra', Daniel Foster’, Vihas T. Vasu', Jyoti V. Thaikoottathil', Beata Kosmider®*, Hong Wei Chu®?,

Russell P. Bowler®®, and James H. Finigan'?*

"Division Oncology, National Jewish Health, Denver, Colorado; 2Division Pulmonary and Critical Care Medicine, National Jewish Health,
Denver, Colorado; and °Division of Pulmonary Sciences and Critical Care Medicine, University of Colorado, Denver, Colorado

Abstract

The airway epithelium constitutes a protective barrier against
inhaled insults, such as viruses, bacteria, and toxic fumes, including
cigarette smoke (CS). Maintenance of bronchial epithelial
integrity is central for airway health, and defective epithelial barrier
function contributes to the pathogenesis of CS-mediated diseases,
such as chronic obstructive pulmonary disease. Although CS

has been shown to increase epithelial permeability, current
understanding of the mechanisms involved in CS-induced
epithelial barrier disruption remains incomplete. We have
previously identified that the receptor tyrosine kinase human
epidermal receptor (HER) 2 growth factor is activated by the
ligand neuregulin-1 and increases epithelial permeability in
models of inflammatory acute lung injury. We hypothesized that
CS activates HER2 and that CS-mediated changes in barrier
function would be HER2 dependent in airway epithelial cells. We
determined that HER2 was activated in whole lung, as well as
isolated epithelial cells, from smokers, and that acute CS exposure
resulted in HER2 activation in cultured bronchial epithelial cells.
Mechanistic studies determined that CS-mediated HER2
activation is independent of neuregulin-1 but required upstream

activation of the epidermal growth factor receptor. HER2 was
required for CS-induced epithelial permeability as knockdown of
HER?2 blocked increases in permeability after CS. CS caused an
increase in IL-6 production by epithelial cells that was dependent
on HER2-mediated extracellular signal-regulated kinases (Erk)
activation. Finally, blockade of IL-6 attenuated CS-induced
epithelial permeability. Our data indicate that CS activates
pulmonary epithelial HER2 and that HER?2 is a central mediator of
CS-induced epithelial barrier dysfunction.
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Clinical Relevance

We have identified that the pulmonary epithelial human
epidermal receptor (HER) 2 receptor is activated by cigarette
smoke (CS) and that HER?2 is required for CS-induced
epithelial permeability. Our findings suggest that HER2 might
be a new target for smoking related lung diseases.

Chronic obstructive pulmonary disease
(COPD) is a chronic, debilitating disease
marked by derangements at the airway and
alveolar level, resulting in progressive,
largely irreversible, airflow obstruction.
Exposure to direct or second-hand cigarette
smoke (CS) is the most common and

significant risk factor for COPD. However,
despite rising public awareness of the
concrete health risks of CS, trends in
smoking have not dramatically changed
over the past few years (1). This is reflected
in epidemiologic trends for COPD; COPD
affects up to 24 million people in the

United States and over 200 million
people worldwide (2). Currently the
fourth leading cause of death worldwide,
expectations are that mortality rates will
increase over the next decade (2). Clearly,
improved understanding of disease
pathogenesis, with an eye toward how
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CS induces and propagates organ
dysfunction CS, is needed.

As the first line of defense against
inhaled insults to the lung, the pulmonary
epithelium is a central component of the
proinflammatory response to inhaled toxins
in the lung, and epithelial injury can lead
directly to organ dysfunction. Airways
disease caused by CS is marked by a robust
and persistent inflammatory response that
results in structural alterations, including
epithelial disruption, bronchial submucosal
gland hypertrophy and hyperplasia, and
airway fibrosis (3, 4). Increased airway
fibrosis and wall thickness correlates with
decreases in FEV, and it is now understood
that narrowed, scarred small airways are
the principal site of airflow obstruction in
COPD (4, 5). Although understanding of
the mechanisms of airways disease in
COPD is incomplete, data suggest that
repeated CS-mediated epithelial injury,
resulting in loss of epithelial integrity and
decreased barrier function, contributes to
this process (6). However, knowledge of
the mechanisms of CS-mediated effects
on epithelial barrier function is limited.

The tyrosine kinase receptor, human
epidermal receptor (HER) 2, is expressed by
pulmonary bronchial and alveolar epithelial
cells and is involved in multiple physiologic
processes, including cell proliferation and
wound repair. The HER receptor family
consists of four type-1, membrane-bound
tyrosine kinase receptors: HER1 or
epidermal growth factor receptor (EGFR),
HER?2, HER3, and HER4 (7). The receptors
exist in a quiescent state as single
monomers, but ligand binding induces
homo/heterodimerization, activation by
auto- and transphosphorylation, and
initiation of intracellular signaling. In the
adult lung, EGFR, HER2, and HER3 are
known to participate in epithelial injury
and repair (8, 9), whereas HER4 is critical
to epithelial cell proliferation and function
in lung development (10). HER2 has no
known ligand, yet partners with other HER
family members. For example, we have
previously identified that HER2 dimerizes
with HER3 after HER3 binding with the
ligand neuregulin (NRG)-1, which leads to
HER2-dependent increases in pulmonary
epithelial permeability (11, 12), and the
NRG-1-HER?2/3 signaling cascade
participates in the pathogenesis of acute
lung injury and the acute respiratory
distress syndrome (7, 8, 11). Although
HER?2 is known to participate in epithelial
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barrier dysfunction in air-liquid interface
(ALI), it has been unstudied in models of
CS exposure.

We hypothesized that CS would
induce HER2 activation leading to
HER2-dependent changes in epithelial
permeability. We determined that HER2, as
well as EGFR and HER3, were activated in
whole lung, as well as isolated airway and
alveolar epithelial cells, from smokers. Acute
CS exposure resulted in HER2, HER3,
and EGFR activation in cultured bronchial
epithelial cells. Mechanistic studies revealed
that CS-mediated HER2 activation was
independent of NRG-1 and HER3, but
required upstream activation of the EGFR.
Knockdown of either EGFR or HER2
using specific ShRNAs blocked increases
in permeability after CS, indicating that
CS-mediated barrier dysfunction is EGFR
and HER2 dependent. Finally, HER2-
mediated barrier dysfunction occurs through
extracellular signal-regulated kinases (Erk)-
dependent epithelial IL-6 release. Our data
outline a previously undescribed signaling
cascade triggered by CS, whereby EGFR
activation leads to HER2 activation and
subsequent HER2-dependent increases in
epithelial IL-6 production, and that this
EGFR-HER2-IL-6 pathway increases
epithelial permeability.

Materials and Methods

Chemicals and Reagents

Antibodies targeting HER2 (C-18) and
phosphorylated (p) HER2 (Tyr1248), HER3,
and pHER3, Erk, and pErk, and were
purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies directed
against pEGFR, and EGFR were from

Cell Signaling Technology (Danvers,

MA). B-Actin antibody was from Sigma
Chemical Co. (St. Louis, MO). Lapatinib
ditosylate (GW-572016) was obtained from
Biovision Inc. (Milpitas, CA). Neutralizing
IL-6 antibody was from R&D Systems
(Minneapolis, MN), and the isotype,
control antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).

Primary Human Lung and Isolation of
Human ATII Cells

Primary human alveolar epithelial cells
were harvested as previously described (13).
We obtained deidentified human lungs
not suitable for transplantation and
donated for medical research from the

National Disease Research Interchange
(Philadelphia, PA) and the International
Institute for the Advancement of Medicine
(Edison, NJ). We selected donors with
reasonable lung function with an arterial
oxygen pressure:fraction of inspired oxygen
ratio of greater than 225, a clinical history
and X-ray that did not indicate infection,
and limited time on a ventilator. We
analyzed the age, sex, race, smoking history,
medical information, and cause of death.
Smokers were individuals who smoked
10-25 cigarettes per day, nonsmokers
included those who had never smoked,
whereas individuals with COPD were
smokers. The Committee for the Protection
of Human Subjects at National Jewish
Health (Denver, CO) approved this
research.

Bronchoalveolar Lavage NRG-1
Bronchoalveolar lavage (BAL) was taken
from COPD and control subjects
according to protocols approved by the
Institutional Review Board at National
Jewish Health, as previously described
(14). NRG-1 was assessed by enzyme-
linked immunosorbant assay (ELISA)

as previously described (8).

Cell Culture and Treatments

NuLi-1 cells (ATCC, Manassas, VA), a
nontransformed, human airway epithelial
cell line, and normal human bronchial
epithelial (NHBE) cells were obtained
and maintained as previously described
(11). In all experiments, cells were grown
to greater than 75% confluence in normal
media at ALI and cultured overnight in
low-serum media before use.

CS Exposure

Cells were exposed to smoke as previously
described (15). Briefly, one research-grade
cigarette (2R4F; University of Kentucky,
Lexington, KY) was combusted using a
Master Flex L/S Economy Drive mini pump
(Fisher Scientific, Pittsburgh, PA), which drew
the smoke into a 1,000-ml flask and then
into a smoking chamber, where bronchial
epithelial cells were exposed to smoke or air
(control) for 10 minutes. Previous
experiments have determined that this culture
system adequately mimics the human airway
after exposure to CS (15).

In Vivo Smoke Exposure Model
Mice (C57Bl6/]) were exposed 6 h/d,
5 d/wk (Monday-Friday) using TE-10z
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smoking machines (Teague Enterprises,
Davis, CA). Smoke was composed of

11% mainstream smoke and 89%

side-stream smoke, and delivered at a

concentration of 100 mg/m” total

particulate matter that approximates

the exposure of primary smokers.

Control mice were placed in
the same room, but not in the
smoking chamber.

Western Blotting

Briefly, 10 pg of total protein was loaded
on 4-12% NuPage Bis-Tris gradient gels
(Invitrogen Inc., Grand Island, NY).
Resolved protein was transferred on to
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Figure 1. Pulmonary epithelial human epidermal receptor (HER) 2, HER3 and epidermal growth factor receptor (EGFR) are activated in smokers.

(A) Western blot of HER2, HERS3, and EGFR phosphorylation from lungs of nonsmokers, smokers, and individuals with chronic obstructive pulmonary
disease (COPD). (B) Densitometry of phosphorylation of EGFR (pEGFR), HER3, and HER2 from lungs of nonsmokers compared with smokers (*P < 0.02,
**P < 0.003, **P < 0. 0005; n=3). (C and D) Western blot and densitometry of EGFR, HERS, and HER2 in alveolar type Il epithelial cells isolated from
nonsmokers and smokers (*P < 0.01 control pEGFR versus smoker pEGFR, **P < 0.01 control phosphorylated HER [pHER] 3 versus smoker pHER3,
**P < 0.005 control pHER2 versus smoker pHER2; n = 3). (E and F) Western blot and densitometry of EGFR, HERS, and HER2 in airway epithelial cells
isolated from nonsmokers and smokers (*P < 0.02 control pEGFR versus smoker pEGFR, **P < 0.01 control pHERS versus smoker pHERS, ***P < 0.005
control pHER?2 versus smoker pHER?2); n =3 for all experiments. (G) Bronchoalveolar lavage of neuregulin (NRG)-1 from smokers (n = 8) versus
nonsmokers (n=9). Values are expressed as means (=SEM).
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Figure 2. Cigarette smoke (CS) induces HER2, HERS, and EGFR activation in cultured pulmonary
epithelial cells. (A and B) Western blot and densitometry of HER2, HERS3, and EGFR
phosphorylation in normal human bronchial epithelial cells (NHBE) cells grown at air-liquid interface
(ALI) exposed to CS for 10 minutes and then placed in normal media. Lysates were collected
after 1, 3, and 6 hours (*P < 0.05 pEGFR air versus CS 1 h, **P < 0.05 pHER3 air versus CS 1 h,
***P < 0.001 pHER2 air versus CS 1 h, *P < 0.01 pEGFR air versus CS 3 h, **P < 0.05 pHERS air
versus CS 3 h, **P < 0.001 pHER2 air versus CS 3 h, P < 0.001 pEGFR air versus CS 6 h, *P <
0.01 pHERS air versus CS 6 h, ***P < 0.001 pHER2 air versus CS 6 h); n = 6. (C and D) Western blot
and densitometry of HER2, HERS3, and EGFR phosphorylation of CS-exposed NuLi-1 (*P < 0.05
PEGFR control versus 1 h, **P < 0.05 pHERS control versus CS 1 h, **P < 0.001 pHER2 control versus
1 h, *P <0.01 pEGFR air versus smoke 3 h, **P < 0.05 pHERS air versus smoke 3 h, **P < 0.001
pHER?2 air versus smoke 3 h, *P < 0.001 pEGFR air versus smoke 6 h, **P < 0.01 pHERS air

versus smoke 6 h, **P < 0.001 pHER2 air versus smoke 6 h); n=6. (E) Immunoprecipitation (IP) of
HER2 in NuLi-1 and NHBE cells exposed to CS for 30 minutes, followed by immunoblotting (IB) for
EGFR, HER3, HER4, and total HER2 (n = 3). Values are expressed as means (+SEM).
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nitrocellulose membranes and then blocked
and probed in 1% milk in TBS-T. After
washing three times with TBS-T, images
were captured using a FuorChem

Q photography system from Protein
Simple Inc. (Santa Clara, CA).
Densitometry was performed and change
in phosphorylated levels compared with
total levels (phosphoreceptor/total
receptor) expressed graphically. Actin
served as a loading control.

Generation of HER2, HER3, EGFR,
and NRG-1 Knockdown NuLi-1 Cell
Lines

NuLi-1 cells were transduced with either
nontargeting (NT) shRNA or specific
shRNA targeting HER2, HER3, EGFR,

or NRG-1 in a lentiviral vector obtained
from Functional Genomics Core, University
of Colorado (Boulder, CO). Cells were
pretreated with 1 pg/ml of polybrene for
30 minutes. Viral particle suspension was
also treated with 1 wg/ml of polybrene
for 15 minutes and then added to cells.
Infected cells were selected with 1 pg/ml
of puromycin for 72 hours. Knockdown
of the proteins was confirmed by Western
blotting lysates of puromycin-resistant
cells. Cells were subjected to puromycin
selection regularly, once every 3 weeks.

Electrical Conductance Measurement
Electrical resistance was determined using
an ohmmeter (EVOM; World Precision
Instruments, Sarasota, FL) as previously
described (11). After cells were exposed
to smoke, transwells were transferred to
new 12-well plates with fresh media.

Statistical Analysis

Values are expressed as means (=SEM).
Groups with more than two groups were
compared using an ANOVA followed by

a Bonferroni posttest. Comparison of two
groups was performed using a Student’s ¢ test.
P less than 0.05 was considered significant.

Results

Pulmonary Epithelial HER2, HERS,

and EGFR Are Activated in Smokers
Initial studies sought to determine if
HER2 was activated in lungs from
smokers when compared with nonsmokers.
Phosphorylation of HER2 in protein isolates
from total lung was assessed by Western
blot (Figures 1A and 1B). We identified
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Figure 3. HER2 activation by CS occurs in mice
exposed to CS. C57Bl6/J mice were exposed
to CS or air for two weeks (6 h/d 5 d/wk). Total
and pHER2, HERS, and EGFR were measured in
whole lung by Western blot (P < 0.01; n=23).

that, compared with nonsmokers, lungs
from smokers had a roughly fivefold
increase in HER2 phosphorylation

(P < 0.005) as well as a two- and threefold
increase in phosphorylation of EGFR

and HER3, respectively (P < 0.02 and

P < 0.003). HER2, HER3, and EGFR were
also activated in lungs from patients with
COPD (though this was not directly
compared with smokers without COPD or
nonsmokers).

As the epithelium is the initial site of
contact for CS with the lung, we next sought
to determine if HER2 was activated in
pulmonary epithelial cells from smokers.
Alveolar type II (ATII) and bronchial
epithelial cells were harvested from lung
of smokers and nonsmokers as previously
described (13, 16), and HER2 activation
was measured by Western blot (Figures 1C
and 1D). Similar to what was observed in
whole lung, there was significantly
increased activation of HER2, HER3, and
EGEFR in both ATII and airway epithelial
cells from smokers when compared with
nonsmokers. In ATII cells, HER2, HER3,
and EGFR phosphorylation were increased
approximately eightfold (P < 0.001),
threefold (P < 0.01), and threefold (P < 0.05)
(Figure 1E). In airway epithelial cells,
HER2, HER3, and EGFR phosphorylation
were increased approximately 11-fold
(P < 0.001), threefold (P < 0.001), and
fourfold (P < 0.01) (Figure 1F).

Given that NRG-1 is elevated in
BAL from patients with acute lung injury, we
next assessed if there were differences in
lavage NRG-1 in smokers versus nonsmokers.
In contrast to acute lung injury, there was no

difference in NRG-1 levels in BAL
from smokers and nonsmokers
(Figure 1G).

Transient CS Activates HER2, HERS3,
and EGFR in Pulmonary Epithelial
Cells

Generally, HER receptor activation occurs
rapidly after ligand binding (11, 12). Given
this, we next sought to determine if transient,
acute CS induced activation of HER2 in
cultured pulmonary epithelial cells. NHBE
and NuLi-1 cells, a nontransformed,
immortalized bronchial epithelial cell line,
were cultured at ALI and exposed to CS for
10 minutes, after which media was replaced.
Lysates were then collected at 1, 3, and

6 hours after CS exposure and HER2, HER3,
and EGFR activation was measured. Although
there were some differences in kinetics, at
each time point, transient CS induced
significant increases in phosphorylation of all
three HER receptors (Figures 2A and 2B).

In NHBE cells, CS increased HER2
phosphorylation 3-fold, 9-fold and 11-fold at
1, 3, and 6 hours. EGFR was increased twofold
at 1 hour, fourfold at 3 hours, and roughly
sixfold at 6 hours, and HER3 activation was
increased twofold at 1 hour and threefold at
both 3 and 6 hours, compared with cells
exposed to ambient air. This effect was also
observed in NuLi-1 cells (Figures 2C and 2D)
with an increase in pHER2 of 7-, 28-, and
17-fold at 1, 3, and 6 hours compared with
air-exposed cells. HER3 was increased 7-, 5-,
and 4-fold at 1, 3, and 6 hours, whereas EGFR
was increased 8-, 20-, and 13-fold at 1, 3, and
6 hours. HER receptors exist as monomers
in a quiescent state, but activation includes
formation of homo- and heterodimers.

The receptor activation patterns observed after
CS exposure suggest a physical association
between HER2 with both HER3 and

EGFR. To assess this, NHBE and NuLi-1 cells
were exposed to CS and HER2 was
immunoprecipitated, followed by Western
blotting for EGFR, HER3, HER4, and
HER2 (Figure 2E). HER2 was associated
with HER3 and EGFR, but there was no
evidence of an association with HER4. We
(unpublished gene expression and RNA
sequencing data of primary adult airway
and alveolar epithelial cells) and others (17)
have determined that all HER receptors,
with the exception of HER4, are expressed
in adult epithelial cells. In contrast, HER4
is expressed and known to play a critical
role in epithelial cells of the developing
lung (10).

Mishra, Foster, Vasu, et al.: CS-HER2 Increases Epithelial Permeability

HER2 Activation by CS Occurs in
Mice Exposed to CS

To determine if CS phosphorylated
HER?2 in vivo, C57Bl6/] mice were
exposed to CS or air for 2 weeks, as this
duration has been shown to induce an
inflammatory response in the lung (18).
Measurement of phosphorylated receptor
from lungs of these mice demonstrated
significantly increased HER2, HER3, and
EGFR phosphorylation after CS exposure
(Figure 3).

HER2 Activation by CS Is Independent
of NRG-1 and HER3

We have previously identified that the
inflammatory cytokine, IL-1(3, induces
HER?2 activation through a process
dependent on the ligand NRG-1 binding
HER3 and inducing HER2-HER3
heterodimerization and HER2
autophosphorylation (11), and that
NRG-1 is elevated in bronchoalveolar
lavage from patients with acute respiratory
distress syndrome (8). Given this, we
sought to determine if NRG-1 and HER3
were required for HER2 activation by CS.
NulLi-1 cells were transduced with a
specific sShRNA for NRG-1, as well as an
NT shRNA to achieve knockdown of at
least 70% (Figure 4A). Knockdown cells
were then grown to confluence at ALI
and exposed to 10 minutes of CS, and
receptor phosphorylation was assessed.
Knockdown of NRG-1 with shRNA had
no effect on the levels of total HER2,
HER3 or EGFR (Figure 4B), and did not
decrease activation of HER2, HER3 or
EGEFR after CS exposure (Figure 4B). In
cells where HER3 was knocked down
(Figure 4C), there was no effect on HER2
or EGFR levels or activation (Figure 4D).
These findings demonstrate that
CS-mediated activation of HER2 occurs
independent of NRG-1 and HER3.

HER2 and HER3 Activation by CS Are
EGFR Dependent

Given that HER2 and EGFR activation
were independent of HER3 and NRG-1, we
next sought to determine whether EGFR
might participate in HER2 activation. NuLi-1
cells transduced with an EGFR-specific
shRNA were grown at AL exposed to smoke
for 10 minutes, and HER2 activation was
measured by Western blot. As can be seen
in Figure 5, EGFR knockdown resulted in
loss of HER2 and HER3 activation after
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Figure 4. HER2 activation by CS is independent of NRG-1 and HERS. (A) NRG-1 protein levels in NuLi-1 cells grown at ALl and transduced with
an NRG-1 shRNA or nontargeting (NT) shRNA. (B) HER2, HER3, and EGFR phosphorylation in NuLi-1 cells transduced with NRG-1 or NT shRNA
exposed to CS. (C) HERS protein levels in NuLi-1 cells grown at ALl and transduced with an HER3 shRNA or NT shRNA. (D) HER2 and EGFR
phosphorylation in NuLi-1 cells transfected with an HER3 or NT shRNA exposed to CS (n = 4). shRBNA, small hairpin RNA.

CS, indicating that EGFR is a required first
step leading to HER2 and HER3 activation
after CS. We observed HER2 and HER3
activation after CS that is not dependent on
NRG-1 stimulation (Figures 5A and 5B),
indicating that it is likely phosphorylated by
a previously activated HER receptor, such
as HER2 or EGFR. However, whether
EGEFR directly activates both HER2 and
HER3 (in parallel), or activation of HER2
by EGFR is followed by HER2-dependent
activation of HER3, is unknown. To
address this, NuLi-1 cells transduced with
an HER2 shRNA were exposed to CS, and
HER3 phosphorylation was measured. In
HER?2 knockdown cells, HER3 activation
was not observed, indicating that HER2 is a
required partner and the likely kinase
phosphorylating HER3 after CS exposure
(Figure 5C).
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CS-Mediated Epithelial Barrier
Dysfunction Is HER2 Dependent

HER?2 is known to modulate epithelial
barrier function (11, 12), although
whether it participates in epithelial barrier
dysfunction after CS is unknown. To
address this, NuLi-1 cells transfected with
HER2 shRNA were grown to confluence
(=800 m(2) at ALIL exposed to CS, and
resistance was measured over 24 hours
(Figure 6A). CS induced a significant, 45%
decrease in resistance in cells that was rapid
and reached a nadir at 6 hours. By 24
hours, resistance had returned to baseline.
In comparison, in HER2 knockdown cells,
there was no decrease in resistance after CS.
Given that HER2 activation is EGFR
dependent, we also exposed EGFR-deficient
NuLi-1 cells to CS and measured resistance.

Similar to HER2 knockdown cells, in
EGFR knockdown cells there was no
decrease in epithelial conductance
(Figure 6B). These data indicate that
CS-mediated changes in barrier function
require both HER2 and EGFR.

HER2 Activation by CS Results in
Increased IL-6

CS exposure results in a proinflammatory
milieu in the airway, with an increase in
IL-6 being a critical cytokine that increases
after CS exposure. We sought to determine
the role of HER2 in the increase in

certain proinflammatory cytokines in
pulmonary epithelial cells. IL-6 was
measured in media from control, HER2
knockdown, and EGFR knockdown
epithelial cells exposed to CS. Although
CS induced a significant increase in both
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Figure 5. HER2 activation by CS in puimonary epithelial cells is EGFR dependent. (A) HER2 and EGFR protein levels in NuLi-1 cells grown at ALI
and transduced with HER2, EGFR, or NT shRNA. (B) HER2, HERS, and EGFR phosphorylation in NuLi-1 cells transduced with an NT or EGFR shRNA
and exposed to CS. (C) HERS3 activation in NuLi-1 cells transfected with an HER2 or NT shRNA.

IL-6, knockdown of HER2 and EGFR
completely abrogated the increase in these
cytokines after CS (Figure 7A). As IL-6
production has been linked to Erk signaling
in breast epithelial cells (19), we next
sought to determine if Erk was required for
HER2-dependent IL-6 production after CS.
In our control pulmonary epithelial cells,
Erk was activated in a time course similar to
HER2. In HER2 knockdown cells, Erk
activation was lost (Figure 7B). Use of the
Erk inhibitor, U0126, blocked both Erk
activation as well as IL-6 production after
CS exposure (Figures 7C and 7D). Erk
blockade had no effect on HER2
phosphorylation. Together, these data
outline a signaling cascade, whereby CS
leads to HER2 activation, HER2-dependent
Erk activation, and subsequent IL-6
production.

CS-Mediated Increases in Epithelial
Permeability Are IL-6 Dependent

IL-6 has been demonstrated to participate
in COPD pathogenesis and can modulate
the epithelial barrier (20), but the effects of

IL-6 in CS-mediated changes in epithelial
barrier function has not been studied. To
address if increases in epithelial permeability
after CS exposure involved IL-6, we exposed
NuLi-1 cells to IL-6 with and without an
IL-6-blocking antibody. IL-6 induced a 61%
decrease in epithelial resistance at 6 hours
compared with untreated cells that was
prevented with the blocking antibody

(20% decrease), demonstrating that IL-6 can
increase epithelial permeability. To
specifically address the role of IL-6 in
CS-mediated barrier modulation, resistance
was measured in a monolayer of NuLi-1 cells
exposed to CS in the presence of the
IL-6-blocking antibody (Figure 8). Although
CS decreased epithelial resistance 53%,
pretreatment with the IL-6-blocking antibody
significantly attenuated alterations in the
epithelial barrier (20% change in resistance).

Discussion

In this study, we identified HER2 activation
by CS and new mechanisms regulating

Mishra, Foster, Vasu, et al.: CS-HER2 Increases Epithelial Permeability

epithelial barrier function after CS
exposure. We determined that HER2 is
phosphorylated in lungs, and specifically
epithelial cells, from smokers and that
CS rapidly activated HER2 in cultured
pulmonary epithelial cells. This CS-
mediated HER2 activation was independent
of the ligand-receptor pair, NRG-1-HER3,
but dependent on EGFR signaling.
Interestingly, CS also activated HER3,
which was NRG-1 independent, but
dependent on both EGFR and HER2.
Finally, CS decreased epithelial resistance
through EGFR and HER2-dependent
signaling. HER2 activation by CS has
not been described previously, and these
findings expand our understanding of
inflammatory signaling in epithelial cells
by CS and define a new signaling axis,
CS-EGFR-HER2-IL6, which regulates
epithelial barrier function in the

context of CS.

The HER family is a complex system
of ligands, receptors, and cytoplasmic
adaptor proteins that modulate intracellular
signaling. HER receptors exist in quiescent
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Figure 6. CS-mediated decreases in pulmonary epithelial resistance require HER2 and EGFR signaling. (A) NuLi-1 cells transduced with HER2 shRNA
or NT shRNA were grown to confluence at ALI, and electrical resistance was measured after CS exposure. NRG-1 served as a positive control to induce
HER2-dependent barrier dysfunction. NRG-1 decreased resistance 34% (*P < 0.05 NRG-1 versus control at 2 h) and 39% (*P < 0.001 NRG-1

versus control at 6 h). In NT cells, CS decreased resistance 44% (**P < 0.01 CS versus control at 2 h) and 45% (**P < 0.001 CS versus control at 6 h).
There was no change in resistance in HER2 knockdown cells in CS-exposed versus air control cells (n = 3). (B) Resistance in NuLi-1 cells transduced

with EGFR shRNA and exposed to CS. There was no change in resistance in EGFR knockdown cells in CS exposed versus air control cells (n = 3).

Values are expressed as means (+=SEM).

cells as single “closed” monomers, and
ligand binding induces a change in
confirmation to an “open” configuration.
This allows homo or heterodimerization,
leading to phosphorylation of intracellular
tyrosine residues and activation of the
kinase domain. The four HER receptors
all share a similar structure, including an
extracellular ligand-binding domain, a
single transmembrane domain, and an
cytoplasmic tyrosine kinase domain (7).
However, certain structural distinctions
influence how these monomers interact to
form signaling-competent dimer pairs.
Although HER?2 has no ligand, it exists in
a receptive “open” conformation, making it
the preferred binding partner for other
HER receptors. HER3 lacks an active kinase
domain, but, when bound by its ligand,
NRG-1, can readily dimerize with other
HER receptors, be phosphorylated, and
induce HER3 dependent signaling. We have
previously identified that NRG-1 induces
HER3-dependent activation of HER2 in
airway and alveolar epithelial cells in the
context of non-CS-mediated acute ling
injury. Our current findings are notable

in that HER3 was not required for HER2
activation by CS in pulmonary epithelial
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cells, and highlight the complexity of this
signaling network. We have previously
demonstrated that HER2 is activated in
models of acute lung injury, a process
that is felt to be IL-1 dependent. Similarly,
in cultured epithelial cells, IL-1B-induced
permeability is HER2 dependent.
Interestingly, IL-1B requires NRG-1 and
HER3 signaling upstream of HER2
activation, in contrast to the effects seen
with CS, which are NRG-1 and HER3
independent. Notably, IL-13 plays a role
in CS-mediated inflammation (21, 22), as
well as emphysema and airways disease in
mice (23); however, whether CS-mediated
changes in epithelial permeability require
IL-1B is unknown. CS does cause
epithelial production of IL-13; however,
it is notable that, like IL-6, this requires
Erk signaling (24). Given that the
CS-mediated Erk-IL-6 production was
HER2 dependent, it is possible that
epithelial IL-1B release after CS exposure
is HER2 dependent, although this was not
specifically addressed in our experiments,
nor was a specific requirement for IL-13
in CS-mediated HER2 activation.

We have previously identified that
HER?2 alters epithelial permeability via an

interaction with the adherens protein,
B-catenin (12). In our current study, we do
not explore how HER?2 interacts with
adherens junction and tight junction
proteins at points of cell-cell contact.
Previous work has identified that CS alters
the epithelial barrier through an interaction
between P120-catenin and mucin-1
(MUC1) (25). Although EGFR has been
linked to this effect, whether HER2 is a
required partner remains unknown. CS
also causes changes in tight junction
proteins, including inducing a decrease in
E-cadherin expression (6) and tyrosine
phosphorylation of occludin, and decreased
its association with zona occuldens-1
(ZO-1) (26), although the role of HER2 in
these processes has not been studied.

This is the first description of an
essential role for HER2 in CS-mediated
effects on the epithelial barrier, and our
findings identify new mechanisms, and
possibly new therapeutic targets, regulating
epithelial injury and permeability caused
by CS. Epithelial injury and barrier
disruption are significant consequences of
CS exposure, which contribute to organ
dysfunction and disease propagation. CS
induces a rapid increase in pulmonary
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Figure 7. Epithelial IL-6 production after CS exposure is EGFR and HER2 dependent. (A) NuLi-1 cells
transfected with HER2, EGFR, or NT shRNA were grown to confluence and exposed to CS, and

in media IL-6 was measured by ELISA. In NT cells, CS increased IL-6 362% at 1 hour, 202% at

3 hours (*P < 0.001 versus control), and 172% at 6 hours (**P < 0.005 versus control). In EGFR
knockdown cells, CS increased IL-6 131% at 1 hour, 82% at 3 hours, and 74% at 6 hours. In HER2
knockdown cells CS-induced increase in IL-6 was 97% at 1 hour, 59% at 3 hours, and 57% at

6 hours. (B) CS-induced HER2 phosphorylation at 1, 3, and 6 hours was not inhibited by ERK inhibitor
U0126. (C) CS activates Erk in NuLi-1 cells but not in HER2 knockout cells. (D) NuLi-1 cells

were exposed to CS in absence or presence of U0126, an ERK inhibitor, for 1, 3, and 6 hours. Level of
IL-6 in media increased to 204%, 217% and 309% at 1, 3, and 6 hours, respectively, in absence

of U0126 (*P > 0.05, **P < 0.01 versus contral). In presence of U0126, the increase was limited to 86%,
97%, and 77% at 1, 3, and 6 hours, respectively, (P = NS versus control, “P > 0.05, **P < 0.01 versus
corresponding time point). ERK, extracellular signal-regulated kinase; NS, not significant.

Mishra, Foster, Vasu, et al.: CS-HER2 Increases Epithelial Permeability

epithelial permeability in cultured epithelial
cells, animal models, and humans (6, 27,
28). In addition, long-term smokers have a
chronically permeable airway and alveolar
epithelium (29). That HER2 is activated
both rapidly after CS exposure and
chronically in the epithelium of smokers
supports its importance in CS-mediated
barrier dysfunction.

Changes in epithelial cell-cell adhesion
and permeability can have numerous
consequences. Over time, alterations in
epithelial barrier function stimulate a
fibrotic response. Recurrent epithelial
injury induces the recruitment and
expansion of fibroblasts and myofibroblasts
(30). The result is destruction of the
original tissue architecture and deposition
of excessive and disorganized extracellular
matrix, including collagen and fibronectin.
This dysregulated fibroblast proliferation
and extracellular matrix production leads to
the development of more diffuse
pulmonary fibrosis with compromised lung
function. It is apparent that deficient or
delayed re-epithelialization of the basement
membrane promotes fibrosis (31, 32),
whereas rapid and complete re-
epithelialization inhibits fibrosis (33).
Increased airway fibrosis and wall thickness
correlates with FEV, and it is now
understood that narrowed, scarred, small
airways are the principal site of airflow
obstruction in COPD. Although
understanding of the mechanisms of
airways disease in COPD is incomplete,
data suggest that repeated CS-mediated
epithelial injury resulting in loss of
epithelial integrity and decreased barrier
function contributes to this process (6).
Beyond a possible effect on fibrogenesis, it
is apparent that changes in epithelial barrier
function caused by CS are pathologic in
other pulmonary diseases, such as asthma
(34, 35), allow for the passage of respiratory
allergens (36), and are proinflammatory
(30, 37). Increased permeability would
result in transudation of plasma proteins
into the alveolar space and small airways,
causing inactivation of surfactant (38). In
addition to maintaining alveolar surface
tension, surfactant is antibacterial and
antiviral, possibly further increasing the
risk of infection or colonization in smokers.
In addition, given that alterations in
epithelial adhesion and polarity are
hallmarks of epithelial malignancy (39), it is
conceivable that changes in epithelial
permeability influence future oncogenesis
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Figure 8. CS-mediated increases in epithelial
permeability are IL-6 dependent. NuLi-1 cells
were grown to confluence at ALI, and
resistance was measured after exposure to
CS with and without pretreatment (30 min)
with an IL-6-blocking antibody. Use of IL-6
served as a positive control and decreased
electrical resistance 39% compared with a
19% drop in resistance at 6 hours in cells
exposed to IL-6 and U0126. CS caused a 47%
decrease in resistance to a 19% change in
resistance at 6 hours in CS- and U0126-
exposed cells (*P > 0.01 control [Con]

versus smoke, smoke versus smoke plus
IL-6-blocking antibody, control versus IL-6,
IL-6 versus IL-6 plus IL-6-blocking antibody;
n = 3 for each condition). Values are expressed
as means (=SEM).

caused by CS. That HER2 is a critical
mediator of barrier dysfunction after CS
exposure has immediate translational
potential, as HER2 inhibitors are currently
available and in use in patients with breast
cancer.

We have previously demonstrated that
HER?2 activation by NRG-1-HER3 can
increase epithelial permeability (11), and
EGEFR has been linked to CS-mediated
changes in epithelial resistance (40).
However, that HER2 is a needed
EGFR-binding partner mediating
epithelial barrier disruption after CS
likely has meaningful consequences.

HER receptor signaling is influenced

by numerous inputs, including ligand,
dimerization partner, cell type, and
existing intracellular signaling milieu.
For example, depending on receptor
expression patterns, NRG-1 can induce
HER2/3 or EGFR/HER3 pairs with distinct
intracellular signaling consequences

(11, 41). HER2 enhances EGF-mediated
activation of EGFR and prolongs EGFR
signal transduction (42), and inhibits
natural endocytosis of activated EGFR
proteins (43, 44), thereby overcoming a
regulator negative-feedback loop (45).

In addition, although EGFR has been
reported to directly activate HER3 (46),
our finding that HER2 is required

for EGFR-mediated activation of HER3
after CS exposure are consistent with
previous reports outlining this kind of
lateral transmission of signals among
HER receptors (41). HER receptor
activation is a dynamic process, and
activated HER2 could dissociate from
EGFR and subsequently bind and
activate HER3, or could facilitate
EGFR-mediated HER3 activation
through formation of multiunit oligomers
(47). The consequences of HER3
activation by CS in our system were not
investigated, partially because HER3-
deficient epithelial cells failed to achieve
a competent monolayer (data not shown);
however, HER3 activation has been
implicated as an escape mechanism
whereby cancer cells harboring an HER2
gene amplification become resistant to
HER?2 tyrosine kinase inhibitor (TKI)
therapy (48).

We have identified HER2 as a
regulator of epithelial IL-6 production
after CS exposure. Numerous reports
have outlined IL-6 as a possible major
contributor to COPD generation. IL-6 has
been identified as a candidate gene for
COPD, and certain polymorphisms are
associated with development of
emphysema in smokers (49). Blood

ORIGINAL RESEARCH

and lavage IL-6 levels are increased in
patients with COPD and decreases after
inhaled steroid treatment (50), suggesting
a possible causal relationship. Indeed,
murine studies confirm that
overexpression of IL-6 induces
spontaneous air space enlargement,
whereas knockout mice are protected
from emphysema development after CS
exposure in mice (51). IL-6 has been
linked to barrier function in different
organs, including the skin (52) and gut
(53). In the lung, IL-6 regulates in vivo
epithelial wound repair after naphthalene,
and enhances wound repair in an

in vitro scratch model via signal
transducer and activator of transcription
3 (STATS3) signaling (54). In a competent
monolayer, IL-6 increases permeability
through changing expression of claudin-2
(55). Although the intracellular pathways
governing IL-6 production are not fully
elucidated, we identified that the mitogen-
activated protein kinase Erk serves as an
intermediate set linking HER2 to IL-6
production.

We have identified that CS leads to
HER?2 activation via an EGFR-dependent
mechanism. HER2 in turn activates
Erk, leading to epithelial IL-6 release,
and this CS-EGFR-HER2-IL-6 pathway
regulates the epithelial barrier. Epithelial
injury, including squamous metaplasia,
increased mucous production, and
increased permeability, are hallmarks
of COPD, and understanding the
mechanisms of CS-mediated epithelial
injury is critical to designing novel
therapies. That HER2 is activated in
smokers and patients with COPD
suggests that targeting HER2 with
currently available inhibitors might
be beneficial in reducing epithelial
injury and pulmonary dysfunction
caused by CS. W

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