Oxidative Stress-induced Antibodies to
Carbonyl-modified Protein Correlate with Severity of
Chronic Obstructive Pulmonary Disease
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Rationale: There is increasing evidence for the presence of autoanti-
bodies in chronic obstructive pulmonary disease (COPD). Chronic
oxidative stress is an essential component in COPD pathogenesis
and can lead to increased levels of highly reactive carbonyls in the
lung, which could result in the formation of highly immunogenic
carbonyl adducts on “self” proteins.

Objectives: To determine the presence of autoantibodies to carbonyl-
modified protein in patients with COPD and in a murine model of
chronic ozone exposure. To assess the extent of activated immune
responses toward carbonyl-modified proteins.

Methods: Blood and peripheral lung were taken from patients with
COPD, age-matched smokers, and nonsmokers with normal lung func-
tion, as well as patients with severe persistent asthma. Mice were
exposed to ambient air or ozone for 6 weeks. Antibody titers were
measured by ELISA, activated compliment deposition by immunohis-
tochemistry, and cellular activation by ELISA and fluorescence-
activated cell sorter.

Measurements and Main Results: Antibody titer against carbonyl-
modified self-protein was significantly increased in patients with
Global Initiative for Chronic Obstructive Lung Disease stage 1l COPD
compared with control subjects. Antibody levels inversely correlated
with disease severity and showed a prevalence toward an 1gG1 iso-
type. Deposition of activated complement in the vessels of COPD lung
as well as autoantibodies against endothelial cells were also observed.
Ozone-exposed mice similarly exhibited increased antibody titers to
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

There is increasing evidence for the presence of autoanti-
bodies in chronic obstructive pulmonary disease (COPD),
but it is yet unclear as to how this is linked to one of the
major pathogenic drivers present in COPD, chronic oxi-
dative stress.

What This Study Adds to the Field

The detection of antibodies in COPD against novel carbonyl-
modified self-antigens provides a plausible mechanistic link
between chronic oxidative stress and the development of
a potentially destructive autoimmune component in COPD.

carbonyl-modified protein, as well as activated antigen-presenting cells
in lung tissue and splenocytes sensitized to activation by carbonyl-
modified protein.

Conclusions: Carbonyl-modified proteins, arising as a result of oxida-
tive stress, promote antibody production, providing a link by which
oxidative stress could drive an autoimmune response in COPD.
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Chronic obstructive pulmonary disease (COPD) is currently
a leading cause of morbidity and mortality worldwide (1), with
the main cause being long-term cigarette smoking in the west-
ern world (1, 2). Inflammation and remodeling of the small air-
ways are major determinants for the progression and severity
of COPD, as defined by the decline in FEV; (3). Accumulation of
inflammatory mucous exudates in the lumen and infiltration of
the wall by innate and adaptive inflammatory immune cells,
such as CD4™ cells, CD8™ cells, B cells, macrophages, and neu-
trophils, and the formation of lymphoid follicles are all features
of the observed inflammation that correlate with the severity of
COPD (3, 4).

Previous studies have suggested that autoimmune mecha-
nisms may contribute to the pathogenesis of COPD. Serum auto-
antibodies against elastin (5) and bronchial epithelial cells along
with corresponding IgG and complement (C3) deposition (6)
have been observed in COPD lung. It has therefore been pro-
posed that cigarette smoke—derived antigens may be responsi-
ble for driving this disease process in COPD (6-9), but until
now this has not been investigated. In addition, complement
activation in the lung, which is usually direct evidence of auto-
immune activation, has not been examined in COPD, particu-
larly in progressive disease (1, 10).
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Oxidants, which are a major constituent of cigarette smoke,
can cause the formation of carbonyl adducts on proteins (11).
They are formed in vivo as a result of lipid peroxidation, and
then in turn modify proteins, but can also be directly incorpo-
rated into proteins through direct oxidation of amino acid side-
chains as well as oxidative cleavage of proteins (12). These have
been implicated in the pathogenesis of many chronic inflamma-
tory and/or autoimmune diseases (11, 13). In patients with
COPD, carbonyl adducts have been found both within the lung
(13) and in the circulation (14), and their levels correlated with
disease severity, measured by the decline in FEV;.

We hypothesized that carbonyl stress arising as a result of
chronic exposure to oxidants in cigarette smoke drives the produc-
tion of potentially damaging neo- or autoantibodies to carbonyl-
modified “self” protein in COPD. To test this hypothesis, we
modified self-proteins with a number of different carbonyl adducts
known to be present in COPD, which were then used to screen
sera from patients with COPD and control subjects for antibodies
against self- and carbonyl-modified self-protein. In addition, the
ability of carbonyl-modified self-proteins to trigger lymphocyte
activation in vitro was also examined. The presence of IgG de-
position and of complement activation were examined in lung
tissue of patients with COPD and control subjects. Finally, in
a chronic animal model of oxidative stress—induced lung inflam-
mation, we examined whether an immune response against
carbonyl-modified self-protein could also be triggered.

METHODS

Reagents

Unless otherwise stated, all biochemical reagents used in this study were
purchased from Sigma Aldrich Inc. (St. Louis, MO). Research-grade
cigarettes (reference code 2R1/1R3F) were obtained from the Univer-
sity of Kentucky. 4-Hydroxynonenol (4-HNE) was obtained from Cal-
biochem (Nottingham, UK). Bis-malonyldialdehyde (MDA) was
acquired from Alpha Diagnostics Intl. (San Antonio, Texas). Antibod-
ies: peroxidase-labeled monoclonal anti human IgGl1, 2, 3, and 4; anti-
human IgM; and peroxidase-labeled polyclonal goat anti-human IgG
(#A6029) were all acquired from Sigma Aldrich Inc. Murine IL-2
ELISA kit was purchased from R&D Systems (Abingdon, UK). Ultra-
culture medium was obtained from Biowhittaker (Wokingham, UK).

Clinical Samples

Subjects were recruited from the Section of Respiratory Medicine of
the University Hospital of Ferrara, Italy, with approval by the local
Ethics Committee. Serum and tissue samples were acquired after writ-
ten informed consent was obtained, and pulmonary function tests
were performed as previously described (15). Predicted values for
the different measures were calculated from the regression equations
published by Waalkens and colleagues (16). COPD was defined
according to international guidelines (post-bronchodilator FEV,/
FVC ratio < 70%), and the severity of COPD was classed according
to current Global Initiative for Chronic Obstructive Lung Disease
(GOLD) criteria (1). Serum and lung tissue was processed as detailed
in the online supplemental, and subject details are summarized in
Tables 1 and 2, respectively.

Animals and Treatments

Pathogen-free, 6- to 8-week old male BALB/c mice purchased from
Harlan (Wyton, UK) were exposed to 2.5 ppm ozone for 3 hours in
a sealed Perspex container either once (acute) or every 3 days for
6 weeks (chronic) (17). Control animals were exposed to air over the
equivalent period. Twenty-four hours after the last exposure, the mice
were killed and the lung, spleen, lymph nodes, and blood removed.
Dendritic cells and lung macrophages were purified by positive selec-
tion using MACS (Miltenyi Biotech Ltd, Bisley, UK). Further details
are described in the online supplement.

TABLE 1. PATIENT DETAILS (SERUM)

Age (y) M/F Pack-years  FEV;/FVC % Predicted FEV;
Nonsmokers 51 +£2 8/5 N/A 0.98 = 0.03 105 = 4
Smokers 59+2 14/8 28+3 0.84 + 0.03 86 =3
GOLD | 66 = 2 1/4 56 +20 0.66 = 0.01 88 = 8
GOLD 1I 722 10/2 437 0.59 + 0.02 62 = 2
GOLD 11l 742 6/4 347 0.50 + 0.03 40 =1
Severe asthma 51 = 4 3/9 0 0.85 = 0.02 70 = 8

Definition of abbreviations: F = female; GOLD = Global Initiative for Chronic
Obstructive Lung Disease; M = male.

Data are given as mean *+ SD. FEV;/FVC ratio is post bronchodilator for sub-
jects with COPD but not smokers or nonsmokers.

Antigen Preparation, ELISA, Immunohistochemistry,
Western Blot Analysis, and Flow Cytometry

Human or mouse serum albumin (Sigma; cat# A3782) was modified
with either acrolein, 4-hydroxynonenol, malonyldialdehyde (MDA), or
cigarette smoke condensate for 24 hours at 37°C. Patient or mouse
serum was screened for antibodies against carbonyl-modified proteins
by ELISA using 96-well Nunc Maxisorb immunoplates coated with the
carbonyl-modified protein prepared above. Bound antibodies were
assessed for either total IgG or specific class and isotype using appro-
priate secondary antibodies. Murine IL-2 was assessed using a commer-
cial ELISA from R&D Systems. Immunohistochemical staining for
activated C4d complement was performed using rabbit anti-human
C4d (Oxford Biosystems Ltd, Oxford, UK). Lung tissue carbonylated
proteins were detected by Western blot using the oxyblot assay (Milli-
pore UK Ltd, Watford, UK). Activated dendritic cells and lung macro-
phages were assessed by flow cytometry after staining for CDllc,
CD80, CD86, CD54 (all from BD Biosciences, Oxford, UK), and F4/
80 (Caltag-Medsystems Ltd, Buckingham, UK). Further details are de-
scribed in the online supplement.

Statistical Analysis

Differences between patient groups were calculated with GraphPad
Prism software using a nonparametric Kruskal-Wallis test with Dunn
multiple comparison post-test analysis or Mann-Whitney test as indi-
cated. All data are expressed as mean = SEM and differences were
considered significant if P was less than 0.05.

RESULTS

Autoantibodies to Carbonyl Modified Self-Protein Are Present
in COPD

Serum from patients with stable COPD with different stages of
severity, as well as from control subjects, were screened against
various forms of carbonylated-modified self-protein to estab-
lish the presence of autoantibodies against carbonyl-modified
epitopes (Figure 1). Human serum albumin was chosen as
a generic self-protein as it was easily available, not expected
to have an autoimmune response directed against it, and could
therefore be used to screen against carbonyl epitopes. There
was a significant increase in antibody titer against carbonyl-
modified protein by GOLD stage III (Figure 1), which was

TABLE 2. PATIENT DETAILS (LUNG TISSUE)

Age (y)  M/F  Pack-years  FEV;/FVC % Predicted FEV,
Nonsmokers 68 *+ 3 4/10 NA 0.80 = 0.02 104 = 4
Smokers 642 17/3 28 x4 0.78 = 0.01 100 = 4
COPD 67 =2 14/2 45+ 6  0.59 £ 0.02 69 =5

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; F =
female; M = male.

Data are given as mean *+ SD. FEV;/FVC ratio is post bronchodilator for sub-
jects with COPD but not smokers or nonsmokers.



798 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 184 2011

(a) (b)

Unmodified

40000 40000

£ 30000 © 30000
= *%k =
> >
S 20000 T 20000
o o
s * =
c c
< 10000 ! < 10000
0 e é E—— 0 —
NS  Smoker GOLD1 GOLD2 GOLD3 SA NS
(c) (d)
MDA k%
40000 # 40000
@ 30000 | £ 30000
£ E
> >
'8 20000: *%* 8 20000
] 2
‘<E é E 10000
10000
o ——] g l o
NS  Smoker GOLD1 GOLD2 GOLD3 SA NS
(e) (f)
CSE
40000
12000
*%
£ 30000 2 100001
s = 80000
€ 20000 g
3 g 60000
£ * £ 40000
< 10000 <
Ii' |£| 20000
s sd
" L 1 | T 1 e A
NS  Smoker GOLD1 GOLD2 GOLD3 SA NS

inversely correlated with FEV; (% predicted), particularly for
MDA- and acrolein-modified protein (MDA: * = 031, P <
0.01; Acrolein: # = 027, P < 0.01; 4-hydroxynonenal: P =017,
P < 0.05; cigarette smoke extract (CSE): /# = 0.17, P < 0.05).
There was also a small, but significant, increase in autoantibody
titer against unmodified human serum albumin (HSA) in subjects
with GOLD III COPD only. There was no significant increase in
antibody titer against MDA- and acrolein-modified HSA in smok-
ers. In contrast, apart from a significant response to acrolein-
modified HSA (P < 0.001), there was no significant increase in
antibody titer to unmodified, MDA-, 4HNE-, or CSE-modified
HSA in sera from patients with severe persistent asthma. Overall,
subjects with GOLD IIT COPD exhibited a highly significant (P <
0.001) increase in total antibody titer levels compared with asymp-
tomatic nonsmokers (Figure 1f). Patients with severe asthma had
similar total anti-carbonyl titer levels as asymptomatic smokers.

Numerous carbonyl-modified proteins were present in the lung
parenchyma from patients with COPD as determined by Western
blotting (Figure 2A, lanes I, 3, and 5). The most abundant
carbonyl-modified protein had a molecular weight similar to that
for HSA. In contrast, no nonspecific bands were observed in the
control lanes (Figure 2A, lanes 2, 4, and 6), although protein
loading was similar across all six lanes (Figure 2B).

A significant increase in IgG1 isotype responses in smokers
and patients with COPD compared with nonsmokers (see Fig-
ure El in the online supplement) was observed. Moreover,
there was a trend toward increasing immunoreactivity for this
isotype response with increased disease severity. Except for
a significant increase in IgG2 immunoreactivity against
carbonyl-modified protein in GOLD stage III COPD (Figure
E1b), there were no significant responses against the other im-
munoglobulin isotypes tested (IgG3, IgG4, and IgM). In
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contrast to carbonyl-modified HSA, significant immunoreactiv-
ity toward unmodified HSA was only observed in patients with
GOLD stage III COPD, and was of an IgG2 isotype (Figure
Elg). No significant response was observed against HSA for
IgG1, IgG3, 1gG4, and IgM.
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Figure 2. Carbonyl-modified proteins are present in parenchymal lung
tissue of patients with chronic obstructive pulmonary disease (COPD).
Solubilized parenchymal lung tissue from three patients with COPD was
analyzed by (A) Western blotting for carbonyl modified proteins after
dinitrophenylhydrazine (DNPH) derivatization of carbonyl epitopes,
and (B) Coomassie staining for total protein. In lanes 1, 3, and 5, protein
samples were derivatized with DNPH before sodium dodecyl sulfate poly-
acrylamide gel electrophoresis; lanes 2, 4, and 6 were left underivatized.
Further details are available in the online supplement.
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Chronic Ozone Exposure Leads to Activated Immune
Response to Carbonyl-Modified Self

The effect of 6 weeks’ exposure to ozone, an oxidant stress, on
antibodies against carbonyl-modified proteins in mice was also
determined. Ozone exposure led to a significant increase in
antibody titer against MDA-modified murine serum albumin
compared with a control group of mice exposed to air only
(Figure 3). In contrast, acute exposure to ozone (one exposure)
showed no increase in titer above control.

Splenocytes isolated from chronic ozone-exposed mice when
treated with MDA-modified albumin exhibited significantly
greater proliferation and increased release in IL-2, when com-
pared with splenocytes isolated from control air-exposed mice
(Figure E2). In contrast, unmodified murine serum albumin
had no significant impact on splenocytes from either air-
exposed or chronic ozone-exposed mice. Finally, chronic ozone
exposure led to activation of lung antigen presenting cells
(APCs), from both within the lung (Figure E3) and draining lung
lymph nodes (Figure E4) as demonstrated by increased expres-
sion of the surface expression markers CD80, CD86, and CD54.

Complement Deposition and Immunoreactivity against
Endothelial Cells in the Peripheral Lung of Stable Patients
with COPD

Immunohistochemical staining for C4d was mainly confined to
lung vessels, and the number of C4d-positive lung vessels was
significantly increased in smokers, with or without COPD, com-
pared with nonsmokers (Figure 4. However, there were no
significant differences between subjects with GOLD II COPD
and control smokers. In addition, autoantibody levels against
endothelial cells were significantly elevated in subjects with
COPD compared with healthy nonsmokers (Figure 5). There
was no significant increase in anti-endothelial cell autoanti-
body levels in smokers compared with nonsmokers.

1750+
15004
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250+
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Air Ozone Air Ozone
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Figure 3. Antibodies to carbonyl-modified self-protein in mice chron-
ically exposed to ozone. Murine serum was screened for immunoreac-
tivity toward carbonyl-modified murine serum albumin by ELISA and
titers determined by ELISA as detailed in MeTHops. Murine serum from
mice either acutely exposed (1 d) or chronically exposed (6 wk) to air
or ozone was screened on ELISA plates coated with murine serum
albumin (MSA) that had been carbonyl-modified with malonyldialde-
hyde (MDA). Chronic ozone exposure results in a significant increase in
antibody titer against carbonyl-modified protein. Results are expressed
as the mean = SEM for the titer determination from 6 to 8 mice in each
treatment group. Statistical analysis was performed using a nonpara-
metric Kruskal-Wallis test with Dunn multiple comparison post test
analysis. *P < 0.05, compared with control mice exposed to air.

DISCUSSION

We have shown in patients with stable COPD, the presence
of circulating antibodies against carbonyl epitopes formed on
proteins as a result of exposure to chronic oxidative stress.
The increased antibody titer against carbonyl-modified protein
correlated with disease severity in stable COPD and was highly
significant in GOLD stage III COPD. Interestingly, antibodies
against carbonyl-modified protein also showed a trend toward
an IgG1 phenotype. Moreover, we observed the presence of a nu-
merous carbonyl-modified proteins in peripheral lung tissue
from patients with COPD. These antigenic carbonyl adducts
on self-proteins and their plasma levels have previously been
shown to be associated with disease severity in stable COPD
(18). Similar findings were observed in mice after chronic expo-
sure to ozone for 6 weeks. Antibodies against carbonyl-modified
protein were elevated and splenocytes isolated from ozone-
exposed mice became activated in response to stimulation with
carbonyl-modified protein. This was accompanied by a greater
antigen-presenting cell activation (both macrophages and
dendritic cells) in murine lungs as demonstrated by the in-
creased expression of the activation markers CD80, CDS86,
and CD54 on these cells. Finally, we demonstrate the presence
of anti-endothelial cell antibodies and activated complement
localized to the endothelium of lung vessels from patients with
COPD.

Carbonyl adducts, such as 4-HNE, have been observed in
both the lung and systemically in muscle fibers of subjects with
COPD (13, 14). Other examples of reactive carbonyl adducts
include acrolein, MDA, methyl glyoxal, and numerous others.

@ W

Figure 4. Complement (C4d) activation in peripheral lungs of chronic
obstructive pulmonary disease (COPD) and control subjects. Photomi-
crographs showing immunostaining for activated compliment C4d
with a polyclonal rabbit IgG antibody on peripheral lung from (A)
a nonsmoker, (B) a healthy smoker with normal lung function, (C)
a patient with mild/moderate COPD, and (D) the negative control
wherein the primary antibody is substituted for a nonspecific polyclonal
rabbit IgG antibody on COPD lung. C4d+ cells are identified by
a brown immunostain. Results are representative of those from 14 non-
smokers, 20 smokers with normal lung function, 16 with mild/moder-
ate COPD. A significant increase in staining between nonsmokers
versus healthy smokers and COPD groups was observed (P < 0.05 as
determined using the Kruskal-Wallace test). Further methodological
details are described in the online supplement.
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Figure 5. Autoantibodies to endothelial cells in human serum from
patients with chronic obstructive pulmonary disease (COPD), smokers,
and nonsmokers. Human serum was screened for immunoreactivity
toward human endothelial cells by ELISA and titers determined as de-
tailed in MetHoDs. Plates were coated with live human umbilical vein
endothelial cells, then treated with serum from COPD, smokers, or
nonsmokers before detecting bound antibody. Results are expressed
as the mean = SEM for immunoreactivity in each patient group. Sta-
tistical analysis was performed using a nonparametric Kruskal-Wallis
test with Dunn multiple comparison post test analysis. *P < 0.05 com-
pared with control nonsmokers.

A key characteristic of this group of molecules is that they are
able to covalently modify proteins nonenzymatically by target-
ing nucleophilic sites, such as amines or sulfthydryl groups, on
proteins (19-21). Consequently, carbonyl-induced protein mod-
ifications have been shown to be markers for oxidative stress—
derived tissue damage in a number of diseases (22). Protein
carbonylation can also affect protein function as demonstrated
by us (19, 23) and others (12). Furthermore, carbonyl-modified
proteins are highly immunogenic and lead to the formation of
neoantigens in the form of carbonylated self-protein (24-26).
This in turn leads to the formation of autoimmune-type re-
sponses as a result of altered self-antigens (26-28). Protein car-
bonylation is a heterogeneous event, and it is unlikely that only
one particular carbonyl modification will impart antigenicity to
a protein, as demonstrated here by the immunoreactivity to-
ward protein modified by several different carbonylating spe-
cies. Carbonylated proteins can also modulate adaptive immune
responses (29, 30) as well as activate T cells and promote Thl-type
responses through their uptake and presentation by antigen-
presenting cells (31).

We have demonstrated that there are a large number of
carbonyl-modified proteins present in the peripheral lung tissue
of subjects with stable COPD (GOLD stages I and II) that could
act as potential epitopes for the generation of the anti-carbonyl
antibodies. HSA was used as a generic screening antigen, be-
cause there should be no immune response against it under phys-
iological conditions. However, because of its abundant nature it
is very likely to be affected by oxidative stress and hence be mod-
ified. A major modified band corresponds to the molecular
weight of HSA, which has recently been reported to be the major
carbonyl-modified protein in human lung tissue (32). HSA was
postulated to be acting as a sacrificial, scavenger antioxidant,
but prolonged exposure to oxidative stress may lead to autoan-
tibody production. Clearly, further detailed studies will be re-
quired to ascertain the identities and function of these other
carbonyl-modified proteins.

The presence of autoantibodies in COPD has been controver-
sial. The increased prevalence of anti-elastin antibodies in a sub-
set of patients with COPD with severe pulmonary emphysema
(5) has been contradicted by more recent publications (33—
36). However, autoantibodies to several unidentified epithelial

cell proteins (6) and general tissue proteins (37) have also been
demonstrated, as well as antibodies in the serum of patients
with COPD directed against a number of peptide epitopes from
a peptide array (8). In addition, a very recent publication has
reported the increased presence of anti-endothelial cell autoan-
tibodies in COPD (9). However, none of the publications
addressed how these autoantibodies might have arisen through
the breakdown of immune tolerance, apart from speculating
that components in cigarette smoke were somehow involved.
We have demonstrated that carbonyl adducts, which are potent
antigens formed as a result of exposure to chronic oxidative
stress (27), such as cigarette smoking or ozone exposure, can
trigger an antibody-mediated immune response. Using in vivo
models, two groups have shown that oxidant stress and
carbonyl-modified protein can lead to autoimmunity (28, 31)
with specific T cell activation and corresponding antibody
production, a prerequisite for any immune response. Similarly,
we found that oxidant-stressed mice after chronic ozone expo-
sure exhibited higher antibody titers against carbonyl-modified
protein as well as increased activation of their splenocytes in re-
sponse to stimulation with carbonyl-modified protein. Our un-
published observations also showed increased proliferation of
peripheral blood mononuclear cells from subjects with COPD
in response to stimulation with carbonyl-modified protein as de-
termined by BrdU uptake, but this needs to be confirmed in
a more extensive study using fluorescence-activated cell sorter
analysis to determine cell specificity and the extent of prolifera-
tion. Allison and Fearon (24) demonstrated that carbonyl mod-
ified self-protein or peptides were able to break immune
tolerance in vivo. The immune response to oxidatively, or
more correctly, carbonyl-modified neoantigens is not unique
to COPD. Kurien and Scofield (27) highlighted how oxidative
stress in other chronic diseases associated with high oxida-
tive stress, such as rheumatoid arthritis, systemic lupus eryth-
ematosus, scleroderma and Behget disease, gave rise to
autoimmune responses to carbonyl-modified self-antigens.
Furthermore, they highlighted how these carbonyl-modified
epitopes could give rise to epitope spreading, a key feature of
many autoimmune diseases. Not surprisingly, we also found an
anti-carbonyl antibody response in patients with severe asthma,
another chronic inflammatory disease that has also been asso-
ciated with the presence of oxidative stress (38). Interestingly,
the response was not as widespread across those carbonyl-
modified antigens tested and moreover was not as strong as
that observed in subjects with GOLD III COPD. This may sim-
ply reflect the greater oxidative burden present in the COPD
lung compared with the severe asthmatic lung. Another key fea-
ture of many autoimmune diseases is the presence of antinuclear
antibodies. It is interesting to note, therefore, that antibodies
against adducts of 4HNE, a carbonyl known to be elevated in
COPD (13), have dual specificity against both DNA and 4HNE-
modified protein leading to an antinuclear antibody-type re-
sponse (39).

Our immunohistochemical analysis of lung resection samples
showed evidence of complement activation around the vascular
endothelium in peripheral lung from healthy smokers and
patients with GOLD II COPD and not in the lungs from control
nonsmokers. We also observed elevated anti—endothelial cell
and anti-carbonyl-modified protein titers in smokers and sub-
jects with GOLD II COPD compared with nonsmokers, al-
though significance was only seen in the COPD group.
However, antibody titers between the smokers and subjects
with GOLD II COPD were similar and may therefore explain
the similar level of complement activation. Interestingly, serum
levels of C4 were negatively correlated with the degree of pul-
monary emphysema in patients with COPD and chronic
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bronchitis (40). Other studies have reported similar findings. Miller
and colleagues showed decreased levels of serum C3 and C4 pro-
teins in patients with stable COPD compared with control subjects
(41). Moreover, they found a correlation between the degree of the
reduction of these serum proteins and the presence of symptoms of
chronic bronchitis (41). In contrast, Marc and colleagues demon-
strated that sputum levels of both C3a and C5a were significantly
increased in patients with moderate to severe stable COPD com-
pared with control healthy smokers and nonsmokers (42). Together
this would suggest that as complement is sequestered toward the
lung where it is activated and consumed, serum levels would de-
cline. Combined with our data, it would suggest that the oxidant
stress seen in both smokers and patients with COPD is directing an
antibody-mediated autoimmune response against the endothelium.
In keeping with these data, triggering an autoimmune response
against lung endothelial cells in a murine model led to endothelial-
cell death and pulmonary emphysema (43). Similarly, Karayama
and colleagues have reported the increased presence of anti-
endothelial antibodies in patients with COPD (9). We hypothesize
that a similar mechanism is occurring in smokers and to a much
greater extent in COPD lungs, where the chronic exposure to ox-
idative stress leads to carbonyl adducts being formed on lung en-
dothelial cells. Why this should only occur on endothelial cells
is not clear, and what is the identity of the carbonyl-modified
endothelial-specific antigen remains to be resolved.

In conclusion, this pilot study has demonstrated for the first
time the presence of antibodies against carbonyl-modified pro-
tein neoepitopes in both COPD and a murine model of chronic
exposure to oxidative stress. It is also proposed that these anti-
body responses to carbonyl-modified protein may be targeting
endothelial cells in the lung parenchyma of subjects with COPD,
leading to lung destruction. We recognize that one of the impor-
tant limitations of this study is the low numbers of subjects
screened in each group. Therefore, it would be important to con-
firm our findings here in larger cohorts of control subjects and
patients with COPD.

Author Disclosure: P.A.K. received institutional grant support from the Royal
Society, Novartis, the Medical Research Council (MRC), the British Lung Foun-
dation, and the Engineering and Physical Sciences Research Council. He is
employed by and owns stocks in Novartis. G.C. received institutional grant sup-
port from Pfizer, UK; Chiesi Farmaceutici; and Novartis, UK; and he received
lecture fees from Merck Sharp & Dohme (MSD), Italy. P.C. does not have a fi-
nancial relationship with a commercial entity that has an interest in the subject of
this manuscript. A.A.P. is a Board member of Chiesi Farmaceutici, AstraZeneca
(AZ), GlaxoSmithKline (GSK), Mundipharma, Novartis, Teva Pharmaceuticals,
ProtAffin Biotechnologie, and Nycomed. He was a consultant for Chiesi Farm-
aceutici, GSK, Sunovion, and Zambon. He received institutional grant support
from Chiesi Farmaceutici, AZ, GSK, MSD, Novartis, Boehringer Ingelheim (BI),
and Pfizer. He received lecture fees from AZ, Chiesi Farmaceutici, GSK, BI, MSD,
Novartis, Pfizer, and Nycomed. M.E. and B.S. are employed by the Novartis
Institute for Biomedical Research. K.T. does not have a financial relationship with
a commercial entity that has an interest in the subject of this manuscript. F.H.
does not have a financial relationship with a commercial entity that has an in-
terest in the subject of this manuscript. M.P. does not have a financial relationship
with a commercial entity that has an interest in the subject of this manuscript. Y.
K. does not have a financial relationship with a commercial entity that has an
interest in the subject of this manuscript. L.H. does not have a financial relation-
ship with a commercial entity that has an interest in the subject of this manu-
script. L.S. does not have a financial relationship with a commercial entity that
has an interest in the subject of this manuscript. M.Y. is employed by Pfizer. P.].B.
is a Board member of AZ, Bl, Chiesi, Teva Pharmaceuticals, and Novartis. He
received lecture fees from AZ, Bl, Teva Pharmaceuticals, and Chiesi, and he
was an expert witness for Bl and Teva Pharmaceuticals. He received grant support
from GSK, AZ, Novartis, Daiichi-Sankyo, and Cempra. K.F.C. is on the Advisory
Board of GSK, Novartis, and Merck. He received lecture fees from Novartis and
GSK. He received travel accommodations from Bl and Novartis. I.M.A. was
a consultant for GSK, Chiesi, Novartis, Pfizer, and Merck. He was on the Advi-
sory Board for Chiesi and GSK. He received lecture fees from Kyorin, AZ, and
GSK and received grant support from Pfizer, GSK, AZ, Novartis, the MRC, and
Asthma UK.

Acknowledgment: The authors thank Dr. Margaret Burke of Royal Brompton and
Harefield NHS Trust for her help in assessing the presence of activated comple-
ment in tissue samples.

References

1. GOLD. 2009. Global Initiative for Chronic Obstructive Lung Disease.
Global Strategy for the Diagnosis, Management and Prevention of
Chronic Obstructive Pulmonary Disease. NHLBI/WHO workshop
report. Bethesda, MD: National Heart, Lung and Blood Institute.
http://www.goldcopd.com. Accessed May 15, 2010.

2. Burrows B, Knudson RJ, Cline MG, Lebowitz MD. Quantitative rela-
tionships between cigarette smoking and ventilatory function. Am
Rev Respir Dis 1977;115:195-205.

3. Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L,
Cherniack RM, Rogers RM, Sciurba FC, Coxson HO, et al. The na-
ture of small-airway obstruction in chronic obstructive pulmonary
disease. N Engl J Med 2004;350:2645-2653.

4. van der Strate BW, Postma DS, Brandsma CA, Melgert BN, Luinge
MA, Geerlings M, Hylkema MN, van den Berg A, Timens W, Kerstjens
HA. Cigarette smoke-induced emphysema: a role for the B cell? Am J
Respir Crit Care Med 2006;173:751-758.

5. Lee SH, Goswami S, Grudo A, Song LZ, Bandi V, Goodnight-White S,
Green L, Hacken-Bitar J, Huh J, Bakaeen F, et al. Antielastin auto-
immunity in tobacco smoking-induced emphysema. Nat Med 2007;13:
567-569.

6. Feghali-Bostwick CA, Gadgil AS, Otterbein LE, Pilewski JM, Stoner
MW, Csizmadia E, Zhang Y, Sciurba FC, Duncan SR. Autoanti-
bodies in patients with chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 2008;177:156-163.

7. Cosio MG, Saetta M, Agusti A. Immunologic aspects of chronic ob-
structive pulmonary disease. N Engl J Med 2009;360:2445-2454.

8. Leidinger P, Keller A, Heisel S, Ludwig N, Rheinheimer S, Klein V,
Andres C, Hamacher J, Huwer H, Stephan B, et al. Novel auto-
antigens immunogenic in patients with COPD. Respir Res 2009;10:20.

9. Karayama M, Inui N, Suda T, Nakamura Y, Nakamura H, Chida K.
Antiendothelial cell antibodies in patients with COPD. Chest 2010;
138:1303-1308.

10. Brusselle GG, Demoor T, Bracke KR, Brandsma CA, Timens W.
Lymphoid follicles in (very) severe COPD: beneficial or harmful? Eur
Respir J 2009;34:219-230.

11. Dalle-Donne I, Aldini G, Carini M, Colombo R, Rossi R, Milzani A.
Protein carbonylation, cellular dysfunction, and disease progression. J
Cell Mol Med 2006;10:389-406.

12. Dalle-Donne I, Giustarini D, Colombo R, Rossi R, Milzani A. Protein
carbonylation in human diseases. Trends Mol Med 2003;9:169-176.

13. Rahman I, van Schadewijk AA, Crowther AJ, Hiemstra PS, Stolk J,
Macnee W, De Boer WI. 4-Hydroxy-2-nonenal, a specific lipid perox-
idation product, is elevated in lungs of patients with chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 2002;166:490-495.

14. Barreiro E, de la Puente B, Minguella J, Corominas JM, Serrano S,
Hussain SN, Gea J. Oxidative stress and respiratory muscle dys-
function in severe chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 2005;171:1116-1124.

15. Marwick JA, Caramori G, Stevenson CS, Casolari P, Jazrawi E, Barnes
PJ, Ito K, Adcock IM, Kirkham PA, Papi A. Inhibition of PI3Kdelta
restores glucocorticoid function in smoking-induced airway in-
flammation in mice. Am J Respir Crit Care Med 2009;179:542-548.

16. Waalkens HJ, Merkus PJ, van Essen-Zandvliet EE, Brand PL, Gerritsen
J, Duiverman EJ, Kerrebijn KF, Knol KK, Quanjer PH. Assessment
of bronchodilator response in children with asthma. Dutch CNSLD
Study Group. Eur Respir J 1993;6:645-651.

17. Triantaphyllopoulos K, Hussain F, Pinart M, Zhang M, Li F, Adcock I,
Kirkham PA, Zhu J, Chung KF. A model of chronic inflammation and
pulmonary emphysema after multiple ozone exposures in mice. Am J
Physiol Lung Cell Mol Physiol 2011;300:L691-L700.

18. Torres-Ramos YD, Garcia-Guillen ML, Olivares-Corichi IM, Hicks JJ.
Correlation of plasma protein carbonyls and C-reactive protein with
GOLD stage progression in COPD patients. Open Respir Med J 2009;
3:61-66.

19. Kirkham PA, Spooner G, Ffoulkes-Jones C, Calvez R. Cigarette smoke
triggers macrophage adhesion and activation: role of lipid peroxidation
products and scavenger receptor. Free Radic Biol Med 2003;35:697-710.

20. Kirkham PA, Spooner G, Rahman I, Rossi AG. Macrophage phagocy-
tosis of apoptotic neutrophils is compromised by matrix proteins
modified by cigarette smoke and lipid peroxidation products. Bio-
chem Biophys Res Commun 2004;318:32-37.


http://www.goldcopd.com

802

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Esterbauer H, Schaur RJ, Zollner H. Chemistry and biochemistry of
4-hydroxynonenal, malonaldehyde and related aldehydes. Free Radic
Biol Med 1991;11:81-128.

Dalle-Donne I, Rossi R, Giustarini D, Milzani A, Colombo R. Protein
carbonyl groups as biomarkers of oxidative stress. Clin Chim Acta
2003;329:23-38.

Meja KK, Rajendrasozhan S, Adenuga D, Biswas SK, Sundar IK,
Spooner G, Marwick JA, Chakravarty P, Fletcher D, Whittaker P,
et al. Curcumin restores corticosteroid function in monocytes exposed
to oxidants by maintaining HDAC2. Am J Respir Cell Mol Biol 2008;
39:312-323.

Allison ME, Fearon DT. Enhanced immunogenicity of aldehyde-bearing
antigens: a possible link between innate and adaptive immunity. Eur J
Immunol 2000;30:2881-2887.

Sheikh Z, Ahmad R, Sheikh N, Ali R. Enhanced recognition of reactive
oxygen species damaged human serum albumin by circulating systemic
lupus erythematosus autoantibodies. Autoimmunity 2007;40:512-520.

Eggleton P, Haigh R, Winyard PG. Consequence of neo-antigenicity of
the ‘altered self’. Rheumatology (Oxford) 2008;47:567-571.

Kurien BT, Scofield RH. Autoimmunity and oxidatively modified
autoantigens. Autoimmun Rev 2008;7:567-573.

Yahya MD, Pinnas JL, Meinke GC, Lung CC. Antibodies against
malondialdehyde (MDA) in MRL/Ipr/lpr mice: evidence for an au-
toimmune mechanism involving lipid peroxidation. J Autoimmun
1996;9:3-9.

Moghaddam A, Olszewska W, Wang B, Tregoning JS, Helson R, Sattentau
QJ, Openshaw PJ. A potential molecular mechanism for hypersensitivity
caused by formalin-inactivated vaccines. Nat Med 2006;12:905-907.

Hall SR, Rhodes J. Schiff base-mediated co-stimulation primes the
T-cell-receptor-dependent calcium signalling pathway in CD4 T cells.
Immunology 2001;104:50-57.

Wang G, Konig R, Ansari GA, Khan MF. Lipid peroxidation-derived
aldehyde-protein adducts contribute to trichloroethene-mediated
autoimmunity via activation of CD4+ T cells. Free Radic Biol Med
2008;44:1475-1482.

Hackett TL, Scarci M, Zheng L, Tan W, Treasure T, Warner JA. Oxi-
dative modification of albumin in the parenchymal lung tissue of

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 184 2011

current smokers with chronic obstructive pulmonary disease. Respir
Res 2010;11:180.

Cottin V, Fabien N, Khouatra C, Moreira A, Cordier JF. Anti-elastin
autoantibodies are not present in combined pulmonary fibrosis and
emphysema. Eur Respir J 2009;33:219-221.

Greene CM, Low TB, O’Neill SJ, McElvaney NG. Anti-proline-glycine-
proline or antielastin autoantibodies are not evident in chronic in-
flammatory lung disease. Am J Respir Crit Care Med 2010;181:31-35.

Wood AM, de Pablo P, Buckley CD, Ahmad A, Stockley RA. Smoke
exposure as a determinant of autoantibody titre in {alpha}l-antitrypsin
deficiency and COPD. Eur Respir J 2011;37:32-38.

Brandsma CA, Kerstjens HA, Geerlings M, Kerkhof M, Hylkema MN,
Postma DS, Timens W. The search for autoantibodies against elastin,
collagen and decorin in COPD. Eur Respir J 2011;37:1289-1292.

Nunez B, Sauleda J, Anto JM, Julia MR, Orozco M, Monso E, Noguera
A, Gomez FP, Garcia-Aymerich J, Agusti A. Anti-tissue antibodies
are related to lung function in chronic obstructive pulmonary disease.
Am J Respir Crit Care Med 2011;183:1025-1031.

Kirkham P, Rahman I. Oxidative stress in asthma and COPD: anti-
oxidants as a therapeutic strategy. Pharmacol Ther 2006;111:476-494.

Akagawa M, Ito S, Toyoda K, Ishii Y, Tatsuda E, Shibata T, Yamaguchi S,
Kawai Y, Ishino K, Kishi Y. Bispecific abs against modified protein and
DNA with oxidized lipids. Proc Natl Acad Sci USA 2006;103:6160-6165.

Kosmas EN, Zorpidou D, Vassilareas V, Roussou T, Michaelides S.
Decreased C4 complement component serum levels correlate with the
degree of emphysema in patients with chronic bronchitis. Chest 1997,
112:341-347.

Miller RD, Kueppers F, Offord KP. Serum concentrations of C3 and C4
of the complement system in patients with chronic obstructive pul-
monary disease. J Lab Clin Med 1980;95:266-271.

Marc MM, Kristan SS, Rozman A, Kern I, Flezar M, Kosnik M, Korosec
P. Complement factor C5a in acute exacerbation of chronic obstruc-
tive pulmonary disease. Scand J Immunol 2010;71:386-391.

Taraseviciene-Stewart L, Scerbavicius R, Choe KH, Moore M, Sullivan
A, Nicolls MR, Fontenot AP, Tuder RM, Voelkel NF. An animal
model of autoimmune emphysema. Am J Respir Crit Care Med 2005;
171:734-742.



	link2external
	link2external
	link2external

