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Abstract

Pulmonary emphysema is characterized by alveolar wall
destruction, and cigarette smoking is the main risk factor in this
disease development. S100A8 is a member of the S100 protein
family, with an oxidative stress–related and antiinflammatory role.
The mechanisms of human alveolar type II (ATII) cell injury
contributing to emphysema pathophysiology are not completely
understood. We wanted to determine whether S100A8 can protect
ATII cells against injury induced by cigarette smoke and this disease
development.We used freshly isolated ATII cells from nonsmoking
and smoking organ donors, as well as patients with emphysema to
determine S100A8 function. S100A8 protein andmRNA levels were
low in individualswith this disease and correlatedwith its severity as
determined by using lung tissue from areas with mild and severe
emphysema obtained from the same patient. Its expression
negatively correlated with high oxidative stress as observed
by 4-hydroxynonenal levels. We also detected decreased serine
phosphorylation within S100A8 by PKAa in this disease. This
correlated with increased S100A8 ubiquitination by SYVN1.
Moreover, we cultured ATII cells isolated from nonsmokers

followed by treatment with cigarette smoke extract. We found
that this exposure upregulated S100A8 expression. We also
confirmed the cytoprotective role of S100A8 against cell injury
using gain- and loss-of-function approaches in vitro. S100A8
knockdown sensitized cells to apoptosis induced by cigarette
smoke. In contrast, S100A8 overexpression rescued cell injury.
Our results suggest that S100A8 protects ATII cells against injury
and cigarette smoke–induced emphysema. Targeting S100A8
may provide a potential therapeutic strategy for this disease.

Keywords: alveolar type II cell; apoptosis; cigarette smoke; lung
injury; pulmonary emphysema

Clinical Relevance

Our results suggest that S100A8 protects ATII cells against
injury and cigarette smoke–induced emphysema. Targeting
S100A8 may provide a potential therapeutic strategy for this
disease.

Emphysema is a form of chronic obstructive
pulmonary disease (COPD) (1, 2). It is a
progressive and debilitating disease that is
recalcitrant to medical interventions (3, 4).
The pathogenesis of emphysema is still not
well understood, and there is no effective

treatment against this disease. For patients
with COPD and severe emphysema, both
lung volume reduction surgery and lung
transplantation are potential treatment
options. Emphysema is characterized by
alveolar wall destruction and loss of surface

area in the lung parenchyma involved in
gas exchange. This leads to irreversible
weakening respiratory airflow and shortness
of breath (1).

Cigarette smoke (CS) contains high
concentrations of reactive oxygen species
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(ROS) (5). Oxidative and carbonyl stress
induced by this exposure contributes to
alveolar epithelial cell injury (6). Alveolar
type II (ATII) cells secrete pulmonary
surfactant to decrease the surface tension.
They proliferate to restore the epithelium
after damage to the more sensitive ATI
cells (7, 8). Exposure to CS can induce
an increase in epithelial permeability,
the proinflammatory response, and
cell senescence, and decrease surfactant
production (6, 9). The most deleterious

effect of this exposure on alveolar epithelial
cells is apoptosis or necrosis. Dying cells
are replaced through stimulation of
proliferation. However, once alveolar cells
reach the senescence stage, apoptosis is no
longer compensated for by proliferation,
which results in a progressive loss of
alveolar architecture (9). An inverse
correlation between the level of alveolar
cellular senescence and proliferation
suggests impaired alveolar epithelial cell
regeneration. This is supported by the

marked imbalance between alveolar
epithelial cell apoptosis and proliferation
found in the lungs of patients with end-
stage emphysema, indicating that apoptotic
cells are not adequately replaced by new
cells (10).

S100A8 (also known as MRP-8 or
calgranulin-A) is a member of the S100
protein family. It has been found in the
lungs of patients with disorders such as
airway inflammation, cystic fibrosis, asthma,
and acute respiratory distress syndrome

1.8

R
el

at
iv

e 
S

10
0A

8
ex

pr
es

si
on

/
-a

ct
in

1.6
*

**
*1.4

1.2
1.0
0.8
0.6
0.4
0.2
0.0

NS SM
Lung tissue

E

1.8 *

*

R
el

at
iv

e 
S

10
0A

8 
m

R
N

A
ex

pr
es

si
on

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

NS SM
Lung tissue

E

B

2

10

N
or

m
al

iz
ed

 4
-H

N
E

ex
pr

es
si

on

8

6
r = –0.83472
p < 0.054

0
0 0 0.5 1.0

Normalized S100A8 protein
expression

1.5 2.0
–2

D

NS

A

S100A8

-actin

SM E

C

10

R
el

at
iv

e 
4-

H
N

E
ex

pr
es

si
on

/
-a

ct
in 8

9
*

7
6
5
4
3
2
1
0

NS SM
Lung tissue

E

*

NS

4-HNE

-actin

SM E

Figure 1. Low S100A8 expression and high oxidative stress in lung tissue from patients with emphysema. (A and B) Western blot images of expression
and quantification of S100A8 protein (A) and S100A8 mRNA levels (B) in lung tissue obtained from nonsmokers (NS), smokers (SM), and patients with
emphysema (E). Quantification of S100A8 expression was normalized to b-actin and control nonsmokers. (C) Western blot images of expression and
quantification of 4-hydroxynonenal (4-HNE) in lung tissue from NS, SM, and patients with E. (D) Correlation analysis of 4-HNE and S100A8 protein
expression. *P , 0.05; **P , 0.001. Data are shown as means 6 SD.
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(11). S100A8 can act independently or form
a heterocomplex with S100A9 to mediate
cellular responses to ROS generation (12,
13). We have previously shown that the
S100A8/S100A9 complex is required for
human regulatory T-cell differentiation and
may contribute to the maintenance of
immune homeostasis (13). Recent studies
showed that S100A8 is induced in the
absence of S100A9 by oxidative stress or
Toll-like receptor agonists in murine
keratinocytes (14). Moreover, S100A8
expression was found in the absence of
S100A9 in activated macrophages, and in
the low-density lipoprotein proteome. This
provides strong evidence that S100A8 does
not depend on S100A9 for structural
stability and has independent functions
(15).

In the present study, we hypothesized
that S100A8 has a cytoprotective role
against CS-induced lung injury and
emphysema. We determined S100A8
protein and mRNA levels in primary
ATII cells isolated from individuals with
this disease compared with nonsmoking
and smoking control subjects. We also

studied the mechanism of decreased S100A8
levels in ATII cells in patients with
emphysema.

Methods

Isolation and Culture of Human
Primary ATII Cells
Lungs were obtained from deidentified
nonsmoking and smoking organ donors
through the Gift of Life Donor Program and
from patients with emphysema through
the Temple Biobank (Temple University,
Philadelphia, PA). ATII cells were isolated
from nonsmokers, smokers, and patients
with emphysema (n = 4–12 per group,
45–69 years old, females and males) as we
previously described (16).

Chest Computed Tomography Scans
and Tissue Core Processing
The subjects underwent volumetric
computed tomography scans of the
chest at full inspiration (standard dose =
200 mA) and at end-tidal expiration
(low dose = 50 mA). Detailed computed

tomography protocols have been previously
published (17).

S100A8 Knockdown and
Overexpression
The human alveolar epithelial cell line
A549 was transfected with S100A8 siRNA
(Santa Cruz Biotechnology) for 48 hours
using Lipofectamine RNAiMax Reagent
(Invitrogen). We used nontargeting (NT)
siRNA (59 UAGCGACUAAACACAUCAA
UU 39 and 39 UUAUCGCUGAUUUGU
GUAGUU 59) to confirm the specificity
of the inhibition.

For transient S100A8 overexpression,
A549 cells were transfected with 2.5 mg of
pcDNA3.1-S100A8 construct or empty
vector (both from Addgene) for 48 hours
using Lipofectamine 3000 (Invitrogen). The
mCherry-N1 expression plasmid (Clontech
Laboratories, Inc.) was used as a control
to evaluate the transfection efficiency by
fluorescent protein expression.

CS Extract
CS extract (CSE) was prepared using one
3R4F cigarette with no filter (Kentucky
Tobacco Research and Development
Center) as we previously described (7).
Briefly, 100% CSE was prepared in 12.5 ml
of Dulbecco’s modified Eagle’s medium
without FBS using a peristaltic pump
(Mannostat, 72-310-000, Thermo Fisher
Scientific).

Real-Time PCR
Total RNA was isolated using TRIzol
reagent (Thermo Fisher Scientific). RNA
was reverse-transcribed into cDNA by using
the Superscript II Reverse Transcriptase
kit (Thermo Fisher Scientific). The SYBR
Green Master Mix kit (Thermo Fisher
Scientific) was used for PCR amplification
using the StepOnePlus Real-Time PCR
System (Applied Biosystems). Gene-
specific primers are listed in the METHODS

section of the data supplement. Gene
expressions were calculated as a ratio of
S100A8 to GAPDH levels. Obtained
values were normalized to one for a control
group. Data were analyzed using the
DDCt method (18).

Western Blotting and
Immunoprecipitation
Immunoprecipitation and Western blotting
analysis using primary and secondary
antibodies were performed as described in
the data supplement.
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Figure 2. Decreased S100A8 levels in lung tissue in severe emphysema. (A) Representative
computed tomography scan of a patient with emphysema. The lung slice was obtained from a
part of the lower and middle lobes. (B and C) Tissue cores were removed from areas with severe
(upper white arrow) and mild (lower white arrow) emphysema from the same patient. A representative
core is shown in the upper right corner. (D) Representative Western blot images of expression
and quantification of S100A8 in mild and severe emphysema (n = 5). *P , 0.05. Data are shown
as means 6 SD. ME = mild emphysema; SE = severe emphysema.
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Flow Cytometry Analysis
Cell apoptosis was determined using
the Alexa Fluor 488 Annexin V/Dead
Cell Apoptosis kit (Thermo Fisher
Scientific). Briefly, cells were stained with
5 ml of Annexin V conjugated to Alexa
Fluor 488 and 1 mg/mL of propidium
iodide (PI) diluted in binding buffer for
5 minutes. This method allows us to
distinguish between viable (unstained)
and apoptotic (Annexin V1) cells. Data
were acquired using an LSR-II flow
cytometer (BD Biosciences) and analyzed
by FlowJo (TreeStar).

Statistical Analysis
To evaluate statistical differences
among the experimental groups, one-
way ANOVA was used. A value of
P, 0.05 was considered significant.
Data are shown as the mean 6 SD
from at least three independent
experiments.

The methods used in this work are
described in detail in the METHODS section of
the data supplement.

Results

Decreased S100A8 Expression in
Human ATII Cells in Emphysema
CS-induced oxidative stress can cause
ATII cell injury, contributing to emphysema
development (1). Here, we wanted to
determine S100A8 expression at the
gene and protein levels in lung tissue
and ATII cells obtained from nonsmokers,
smokers, and patients with emphysema.
We found significantly lower S100A8
protein expression in lung tissue from
patients with emphysema compared
with nonsmokers or smokers (Figure
1A). Data obtained from RT-PCR
also indicated decreased S100A8 levels
in patients with emphysema compared
with nonsmokers (Figure 1B). Low
S100A8 expression correlated with
high oxidative stress in patients with
emphysema as detected by the levels of
4-hydroxynonenal (4-HNE), which is a
marker of lipid peroxidation products
(Figures 1C and 1D). We also found
significantly higher ROS generation in
smokers and patients with emphysema
compared with nonsmokers as detected
by dihydroethidium staining (Figure E1
in the data supplement). Next, we sought
to gain insights into the correlation between

S100A8 expression and the degree of
emphysema progression (Figure 2A).
We used tissue collected from two regions
corresponding to mild and severe disease
areas from the same patient (Figures
2B and 2C). Our results indicated that
S100A8 was downregulated in areas with
severe emphysema compared with mild
emphysema as detected by Western
blotting (Figure 2D).

In addition, we found significantly
higher S100A8 protein (Figure 3A) and

mRNA (Figure 3B) levels in ATII cells from
smokers compared with nonsmokers. The
discrepancy between S100A8 levels in lung
tissue and ATII cells in smokers compared
with nonsmokers may be related to the
various cell types present in the former
samples. Moreover, ATII cells isolated
from individuals with emphysema had
lower S100A8 expression in comparison
with those obtained from smokers. We
also cultured human primary ATII cells
isolated from nonsmokers followed by
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Figure 3. Low S100A8 expression in ATII cells from patients with emphysema. (A and B) Western
blot images of expression and densitometric quantification of S100A8 protein (A) and mRNA levels (B)
in freshly isolated ATII cells from NS, SM, and patients with E. Quantification of S100A8 expression
was normalized to b-actin and control nonsmokers (n = 4). (C) ATII cells obtained from nonsmokers
were treated with 1%, 5%, or 10% cigarette smoke extract (CSE) for 24 hours to determine S100A8
expression by Western blotting and densitometric analysis (n = 3). *P , 0.05; **P , 0.001. Data are
shown as means 6 SD. ATII = alveolar type II.
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exposure to CSE for 24 hours. We found
that CSE upregulated S100A8 expression as
detected by Western blotting (Figure 3C).

It has been reported that S100A8 can
act independently or form a heterocomplex
with S100A9 (14). We analyzed this
interaction in nonsmokers, smokers, and
patients with emphysema; however, we did

not detect significant differences between
these groups (Figure E2). This suggests the
independent role of S100A8 in the lung.

Regulation of S100A8 by
Phosphorylation and Ubiquitination
Phosphorylation of serine, tyrosine,
or threonine residues within S100A8

may regulate its function in many cellular
processes (14). Here, we wanted to
gain mechanistic insights into the
decreased S100A8 levels observed in
lung tissue and ATII cells obtained from
patients with emphysema. We detected
low serine phosphorylation levels within
S100A8 in lung tissue (Figure 4A) and
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Figure 4. Decreased S100A8 phosphorylation by PKAa in lung tissue and ATII cells from patients with emphysema. (A) Immunoprecipitation of S100A8 in
lung tissue obtained from NS, SM, and patients with E followed by Western blotting to detect phosphorylated (p)-serine expression. Densitometric
quantification of p-serine within S100A8 is also shown. The ratio was normalized to control nonsmokers. (B) S100A8 was immunoprecipitated in freshly
isolated ATII cells from nonsmokers, smokers, and patients with emphysema, followed by analysis of p-serine expression by Western blotting.
Densitometric quantification is also shown. (C) Immunoprecipitation of S100A8 in lung tissue followed by analysis of p-PKAa expression by Western
blotting. Densitometric quantification normalized to control nonsmokers is shown. (D) Low p-PKAa levels in ATII cells isolated from patients with
emphysema by Western blotting. Densitometric quantification of p-PKAa levels was normalized to control nonsmokers (n = 12). *P , 0.05. Data are
shown as means 6 SD. IP = immunoprecipitation; ser = serine.
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ATII cells (Figure 4B) in individuals with
this disease, and high expression
in smokers. However, we did not detect
significant differences in phosphorylation
of threonine (Figure E3A) and tyrosine
residues (Figure E3B) within S100A8
(P . 0.05). Next, we wanted to identify
kinases, which interact with S100A8
and can phosphorylate serine residues
in smokers. We screened for 30 kinases
by Western blotting (Figure E4A)
and selected PKAa, ERK2, casein kinase
II a, and PKCa for further analysis
(Figure E4B). We observed increased
p-PKAa interaction with S100A8 in
lung tissue obtained from smokers
by immunoprecipitation followed by
Western blotting analysis (Figure 4C),
which correlated with the levels of
serine phosphorylation within S100A8
in these samples. Consistent with
these results, we found that p-PKAa
expression was increased in ATII cells
in smokers and decreased in patients
with emphysema (Figure 4D). Although
we found S100A8 interaction with
p-ERK2, casein kinase II a, and
p-PKCa (Figure E4C), we did not
detect significant changes in their
expression in smokers compared with
individuals with this disease (P . 0.05;
Figure E4C).

Next, we wanted to check whether
decreased phosphorylation of serine
within S100A8 in patients with emphysema
correlates with protein destabilization and
degradation. We found S100A8
ubiquitination in lung tissue obtained from
these individuals (Figure 5A). We also
detected that SYVN1, an E3 ubiquitin
ligase, is responsible for S100A8
ubiquitination (Figure 5B). These results
correlated with decreased expression and
low phosphorylation levels of S100A8 in
ATII cells and lung tissue obtained
from patients with emphysema. Our
data indicate that S100A8 degradation
may contribute to CS-induced emphysema.

S100A8 Regulates Cell Susceptibility
to Apoptosis
S100A8 deletion causes embryonic
lethality in mice (14, 19). To study
S100A8 function in vitro, we applied
loss- and gain-of-function strategies
using the human alveolar epithelial
cell line A549 followed by exposure
to CSE. We used a siRNA strategy to
knock down S100A8 (Figure 6A),

and analyzed A549 cell death by
double staining with Annexin V and PI
(Figure 6B). S100A8 knockdown alone
increased the percentage of apoptotic
cells (Figure 6C). In addition, we found

significantly higher apoptosis in cells
treated with S100A8 siRNA followed
by exposure to CSE.

We also used transient overexpression
of S100A8 in A549 cells to complement
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the obtained results (Figures 7A, E5A,
and E5B). We found that this protected
cells against apoptosis induced by
treatment with CSE as detected by

Annexin V and PI double staining
(Figures 7B and 7C). Our results suggest
that S100A8 has a cytoprotective
activity against CSE-induced cell

injury and may serve as a potential
therapeutic target against emphysema
development.

Discussion
The pathogenesis of emphysema is still
not well understood (20, 21). This
disease is characterized by alveolar wall
destruction. The alveolar epithelium
consists of ATI and ATII cells (22).
ATI cells cover 95% of the lung
parenchyma and form a tight epithelial
barrier along with ATII cells that helps
keep the alveoli dry. ATI cells have special
morphological characteristics for efficient
gas exchange between the alveolus and
the pulmonary capillaries. ATII cells
secrete pulmonary surfactant protein to
decrease the surface tension (23). It has
been reported that the senescence of
ATII cells and endothelial cells is
accelerated in patients with emphysema.
Cellular senescence and apoptosis may
explain the abnormal cell turnover that
promotes the loss of alveolar epithelial
cells in emphysematous lungs (9). The
infiltration of inflammatory cells such
as macrophages has been also reported.
Alveolar macrophages play a unique role
in the immune response, pulmonary host
defense, and clearance of damaged cells
and inhaled particulates during lung injury.
Macrophages are activated by CS to release
inflammatory mediators. In patients with
emphysema, there is an increase in BAL
fluid protein concentrations and expression
of matrix metalloproteinase (MMP)-1 and
MMP-9 in macrophages (24). There is a
direct correlation between the presence
of parenchymal macrophages and
emphysema (25). Previous studies have
established a strong relationship between
MMPs and COPD (26). MMPs are involved
in the inflammatory response and are
the regulatory factors of elastin and
collagen in the extracellular matrix, which
are indispensable for the occurrence of
emphysema. Gene-targeted mice deficient
in macrophage elastase (MMP-12) are
entirely protected from CS-induced
emphysema (27). Moreover, macrophages
recruit neutrophils and CD81 lymphocytes,
which cause elastolysis and contribute
to development of this disease (28, 29).
Furthermore, excessive oxidative stress,
induced by CS, is also deleterious to
alveolar macrophage function, leading to
a deficiency in efferocytosis of apoptotic
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cells, which can be particularly damaging.
This indicates that CS-induced oxidative
stress results in alteration of cell functions,
inflammation, protease–antiprotease
imbalance, damage to airspace structure,
and disturbance of the normal maintenance
of the alveolar wall, which contributes to
emphysema pathogenesis (28). Identification
of the molecular mechanisms involved
in this disease development may lead to
novel therapeutic strategies.

In this study, we focused on the
mechanism of ATII cell injury by CS and in
emphysema. Our previous reports showed
primary ATII cell and lung tissue damage in
heavy smokers (30) and mice exposed to CS
(31, 32). Here we provide evidence that
S100A8 has a cytoprotective role against ATII
cell injury by CS and emphysema progression.

Deletion of S100A8 gene is embryonic
lethal in mice, which suggests its critical
function (14, 19). S100A8 expression is
increased by oxidative stress, whereas
S100A9 does not respond to ROS (14,
33). Recently it has been reported that
S100A8 protects against acute murine
lung injury by scavenging ROS and
reducing proinflammatory mediators and
chemokines, leading to suppression of
neutrophil infiltration (34, 35). These
observations position S100A8 as a
potential key factor in protection against
lung diseases in which oxidative stress is a
part of the pathophysiology. We found
S100A8 upregulation at the protein and
mRNA levels in freshly isolated ATII cells
obtained from smokers and cultured
primary ATII cells exposed to CSE. This
suggests that oxidative stress induces
S100A8 expression and its cytoprotective
function. However, we found significantly
lower S100A8 levels in ATII cells and

lung tissue obtained from patients with
emphysema, which correlated with high
oxidative stress as detected by 4-HNE
expression. We also observed decreased
S100A8 levels in severe emphysema
compared with mild emphysema. This
indicates that S100A8 has a cytoprotective
activity and the loss of its function may
contribute to emphysema development. A
previous study reported that S100A8
expression could be used to predict graft
loss due to chronic allograft nephropathy
(36). Relatively lower S100A8 mRNA and
protein levels were also associated with
unfavorable prognosis in that study.
Moreover, S100A8/S100A9 deficiency was
observed in nonhealing chronic venous
wounds (37). These observations suggest
that decreased S100A8 levels correlate with
cell injury and the proinflammatory
response.

PKA is a cAMP-dependent
serine/threonine kinase and an important
player in many cellular pathways (38).
PKA can interact with its targets by direct
physical binding or indirect formation
of complexes mediated by other linker
proteins (39). We found higher serine
phosphorylation within S100A8 in
ATII cells and lung tissue in smokers.
These results suggest activation of the
cytoprotective properties of S100A8 against
oxidative stress–induced cell injury through
its phosphorylation by p-PKAa. Moreover,
we detected low S100A8 and p-PKAa
levels in emphysema. We analyzed
S100A8 ubiquitination to determine the
functional consequences of decreased
S100A8 phosphorylation by p-PKAa
in this disease. Indeed, we found that
S100A8 was ubiquitinated in emphysema,
which correlated with high oxidative stress.

Furthermore, our data suggest that SYVN1,
an E3 ubiquitin ligase, is responsible for
S100A8 ubiquitination leading to its
degradation. The polymerized ubiquitin
chain acts as a signal that shuttles the
target proteins to proteasome (40). Thus,
high oxidative stress and decreased
p-PKAa–mediated serine phosphorylation
within S100A8 in emphysema may lead
to the induction of protein folding stress
followed by S100A8 ubiquitination by
SYVN1. Our results suggest that S100A8
degradation may contribute to ATII cell
injury and CS-induced emphysema
development (1).

It has been reported that S100A8
recombinant protein can attenuate airway
hyperresponsiveness in ovalbumin-
sensitized rats (41). We used loss- and gain-
of function studies to determine the role of
S100A8 in cells. Interestingly, we found
that S100A8 siRNA alone induced cell
apoptosis, which indicates the important
role of this gene. We also detected
significantly higher apoptosis in A549 cells
with S100A8 knockdown and treated with
CSE compared with CSE alone. On the
other hand, S100A8 overexpression had a
cytoprotective activity.

In conclusion, our data provide new
insight into the cytoprotective function of
S100A8 against ATII cell injury induced
by CS (Figure E6). Moreover, very high
oxidative stress in emphysema correlated
with S100A8 degradation. Further studies
may focus on its role in susceptibility to CS-
induced emphysema. Targeting S100A8
may provide a new therapeutic strategy for
this disease. n

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