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Smoking is associated with 

increased levels of extra-
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ABSTRACT

Objective. Smoking is a well-estab-
lished risk factor in rheumatoid ar-
thritis (RA), and citrullination of self-
antigens plays a pathogenic role in the 
majority of patients. Increased num-
bers of peptidylarginine deiminase 2 
(PAD2)-containing macrophages have 
been demonstrated in bronchoalveo-
lar lavage (BAL) fluid from smokers, 
but intracellularly located PAD cannot 
be responsible for citrullination of ex-
tracellular self-antigens. We aimed to 
establish a link between smoking and 
extracellular PAD2 in the lungs.
Methods. BAL fluid samples were ob-
tained from 13 smokers and 11 non-
smoking controls. Total protein content 
and C-reactive protein (CRP) concen-
tration were determined after separat-
ing cells from the samples. PAD2 con-
tent in cell-free BAL fluids was meas-
ured by means of a PAD2-specific sand-
wich ELISA. 
Results. Significantly increased levels 
of soluble PAD2 were detected in cell-
free BAL fluids from smokers as com-
pared to non-smokers (p=0.018). The 
PAD2 content correlated with the over-
all CRP levels (p=0.009) and cell count 
(p=0.016).   
Conclusion. This first demonstration 
of increased levels of extracellular 
PAD2 in the lungs of smokers supports 
the hypothesis that smoking promotes 
extracellular citrullination of pro-
teins. This may represent a pathologi-
cal event upstream for the production 
of anti-citrullinated protein antibodies 
(ACPAs) among RA patients carrying 
HLA-molecules capable of binding cit-
rullinated self-peptides.

Introduction

Tobacco smoking remains a great health 

burden on modern society. Increased 

cell infiltration and intensified release 
of pro-inflammatory cytokines are ob-

served in the lungs of smokers (1, 2). 

Smoking is a well-established risk fac-

tor for development of various autoim-

mune disorders, including rheumatoid 

arthritis (RA) (3, 4), in addition to other 

inflammatory diseases and cancer. The 
link between smoking and increased 

susceptibility to development of RA 

has been connected with increased cit-

rullination in the lungs (5). Citrullina-

tion refers to the conversion of arginine 

residues to citrulline residues, a post-

translational process catalysed by an 

enzyme family called peptidylarginine 

deiminases (PADs) (6). In humans five 
PADs, with different substrate specifici-
ties, exist (PAD 1-4 and PAD6) (7), and 

presence of PAD2 and PAD4 has been 

demonstrated in bronchial mucosal 

biopsy specimens and bronchoalveo-

lar lavage (BAL) cells in both healthy 

smokers and non-smokers (8). 

PAD2 and PAD4 are expressed in the 

inflamed synovium of RA patients 
suggesting the involvement of these 

two isotypes in the pathogenesis (6, 

9). Around 80% of RA patients carry 

HLA-molecules containing the so-

called ‘shared epitope’ motif capable 

of binding citrullinated self-peptides 

(10). A similar, and greatly overlapping, 

proportion of patients produce anti-cit-

rullinated protein antibodies (ACPAs), 

a highly specific prognostic marker for 
RA (11). A recent study demonstrated 

lung abnormalities and increased levels 

of citrullinated proteins in the lungs of 

ACPA-positive RA patients, compared 

to ACPA-negative patients (12). In the 

same study, high levels of ACPAs were 

found in BAL fluid samples, suggest-
ing that local autoantibody production 

occurs in the lungs (12). Shared citrul-

linated peptide sequences have been 

identified in the lungs and joints of RA 
patients, which further supports a link 

between the two anatomical compart-

ments (13). 

Extracellular PAD has not been quanti-

fied in the lung compartments. It is pos-

sible that established RA autoantigens, 

such as fibrinogen, are citrullinated 
extracellularly in the lungs of smokers, 

due to increased release of PADs. We 

have recently developed a sandwich 

ELISA specific for soluble PAD2 (14). 
Using this assay, we here test cell-free 

BAL fluid samples from 13 smokers 
and 11 non-smokers for content of ex-

tracellular PAD2.

Methods

Subjects
Patients undergoing surgery at the De-

partment of Ear-Nose-Throat (ENT) 

surgery, Odense University Hospital, 
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were recruited. Patients with arthritis, 

asthma, allergy, rhinosinuitis, dissemi-

nated cancer, lung diseases (except 

COPD) and ex-smokers were exclud-

ed from the study. A total of thirteen 

smokers and eleven non-smokers were 

included. Patient characteristics are 

shown in Table I. The Scientific Ethi-
cal Committee of the Region of South-

ern Denmark approved the study, and 

all subjects signed a written informed 
consent. In relation to operation, both 

smokers and non-smokers underwent 

spirometry according to standard pro-

cedure. The FEV1/FVC ratio was de-

termined for each individual. Three 

smokers and two non-smokers failed 

to successfully undergo the spirometry 

analysis, e.g. due to laryngeal surgery.

Collection of bronchoalveolar 
lavage fluid
BAL fluid was collected during general 
anaesthesia. A flexible bronchoscope 
was placed in wedged position in the 

right middle lobe, and the lavage was 

performed with 3 x 50 mL sterile sa-

line and aspirated under low pressure. 

Samples with iatrogenic bleeding were 

discarded. The samples were filtered 
through double layer cotton gauze. 

Cell viability was evaluated by tryp-

an blue exclusion and total cell count 

was determined. Cells were separated 

by centrifugation for 10 min at 170 g. 

Cell-free BAL fluid protein concentra-

tions were determined according to the 

Bradford method in a commercial Bio-

Rad protein assay (Bio-Rad, Hercules, 

USA). C-reactive protein (CRP) was 

measured using CRP human singleplex 

bead kit (Life Technologies, CA, USA) 

on a Luminex platform. Supernatants 

were frozen at -80°C.

        

PAD2 measurements 

The content of PAD2 in BAL superna-

tants was determined using a recently 

published PAD2-specific sandwich 
ELISA (14). In brief, ELISA plates 

were coated with anti-PAD2 mono-

clonal antibody (mAb) DN2 (1 μg/
mL), and BAL supernatants were di-

luted 1:4 in dilution buffer (PBS, 0.5% 

Tween-20, 2% bovine serum [Sigma], 

20 μg/mL mouse IgG isotype control 
[Novus Biologicals; Cambridge, UK], 

pH 7.4). Biotinylated anti-PAD2 mAb 

DN6 (1 μg/mL) was added, followed 
by incubation with streptavidin-conju-

gated horse radish peroxidise (Invitro-

gen; CA, USA) and development with 

o-phenylene-diamine substrate (Kem-

En-Tec; Taastrup, Denmark). All stand-

ards and samples were measured in du-

plicates. Absolute PAD2 concentrations 

were calculated by regression analysis 

for the standard curve using four pa-

rameter logistic curve-fitting by means 
of the MARS software (BMG Labtech; 

Ortenberg, Germany).

Statistical analysis
The GraphPad Prism 5.0 (GraphPad 

Software, San Diego, USA) was used 

for statistical analyses. The D’Agostino-

Pearson Omnibus test was used to deter-

mine whether data sets were normally 

distributed, in which case unpaired par-

ametric t-tests were performed. Other-

wise comparison between groups were 

made using Mann-Whitney U-test. Re-

ceiver operator characteristics (ROC) 

curves were applied to determine the 

ideal cut-off value, with respect to 

PAD2 positivity. A fisher’s test was ap-

plied to determine associations between 

categorical variables. Spearman’s rank 

correlation coefficient (rs) was calcu-

lated to determine relationship between 

variables. The threshold value 0.20 ng/

mL was assigned to all negative PAD2 

measurements in all analyses. P-values 

<0.05 were considered significant. 

Results

BAL fluid samples from smokers had 
a PAD2 content of 0.48±0.09 ng/mL 

(mean ± SEM), while samples obtained 

from non-smokers contained 0.23±0.02 

ng/mL PAD2 (p=0.018) (Fig. 1). Us-

ing a cut-off level of 0.39 ng/mL, as 

defined by ROC analysis, 7 out of 13 
smokers were PAD2-positive vs. 0 out 

of 11 non-smokers (p=0.006). BAL 

fluid from smokers and non-smokers 
had similar total protein concentrations 

(Table I). Thus, an overall increase in 

protein concentration due to smoking 

could not explain the elevated PAD2 

levels among smokers. 

Table I. Characteristics of subjects. 
           Smokers   Non-smokers 

  Mean (± SEM)  Mean (± SEM) p-value

     

Age (years) n=13 53.77 (± 2.77) n=11 61.64 (± 3.13) 0.07

Male/Female ratio n=13 0.18 n=11 0.22 0.85

Package-years n=13 26.08 (± 2.57)  NA NA

Cell count (x106/mL) n=13 10.16 (± 5.07) n=10 4.04 (± 0.92) 0.42

Protein concentration (mg/mL) n=13 0.23 (± 0.02) n=11 0.19 (± 0.03) 0.18

CRP (pg/mL) n=13 87.97 (± 48.6) n=11 36.92 (± 13.3) 0.99

FEV1/FVC (%) n=10 70.2 (± 2.16) n=9 73.89 (± 1.91) 0.22

   

CRP: C-reactive protein; FEV: Forced expiratory volume; FVC: Forced vital capacity.

Fig. 1. PAD2 levels in BAL 

supernatants from smokers 

and non-smokers. Extracel-

lular PAD2 was assessed in 

BAL fluids from 13 smokers 
(closed circles) and 11 non-

smokers (open circles) by 

means of a PAD2-specific 
ELISA. The lower limit of 

detection was 0.2 ng/mL. 

The horizontal bars repre-

sent mean values
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There was an overall correlation be-

tween PAD2 concentration and cell-

count in BAL, as shown in Table II. 

Within the individual groups, however, 

this positive correlation applied to non-

smokers only (rs=0.81, p=0.008 versus 

rs=0.28, p=0.35 in smokers). More-

over, an overall correlation was ob-

served between PAD2 levels and CRP 

levels (Table II). This correlation was 

borderline-significant within smok-

ers (rs=0.55, p=0.056), while a similar 

trend was observed among non-smok-

ers (rs=0.51, p=0.11). When smokers 

and non-smokers were grouped togeth-

er, PAD2-positive BAL fluids (PAD2 > 
0.2 ng/mL) contained markedly higher 

levels of CRP (p=0.004) and cell counts 

(p=0.003) than PAD2-negative BAL 

fluids (data not shown). 
No further correlations were observed 

when analysing smokers and non-

smokers separately. All analysed pa-

rameters were similar between PAD2-

positive smokers and PAD2-negative 

smokers, except for significantly higher 
levels of CRP among the PAD2-posi-

tive subjects (p=0.01). No correlations 

were found between cell count, protein 

concentration, CRP, package-years and 

FEV1/FVC ratio, as shown in Table II.  

Discussion

According to a prevailing hypothesis, 

smoking disposes to ACPA-positive 

RA by increasing protein citrullina-

tion in the lungs (5). Intracellular cit-

rullination by PAD may regulate e.g. 
release of neutrophil extracellular traps 

(NETs) and gene expression, which 

may promote tumour progression (15). 

On the other hand citrullinated extra-

cellular proteins, such as fibrinogen, 
have been linked to the pathogenesis of 

RA (13). The existence of extracellular 

PAD, which may drive citrullination 

of extracellular proteins, has not been 

clearly demonstrated in the lungs. In 

the present study, we quantified soluble 
PAD2 in BAL fluid from smokers and 
non-smokers and found that smoking, 

indeed, was associated with increased 

extracellular PAD2 levels. Since the 

samples were cell-free, PAD2 must 

have been released either due to an 

active secretion, as has been demon-

strated for mast cells (16), or as a result 

of leakage from dying cells, possibly 

damaged by chemicals contained in 

cigarette smoke (17). 

In the group of smokers, 7 out of 13 

subjects had relatively high PAD2 con-

tent in BAL fluid, compared to the 11 
non-smokers. It is possible that smok-

ing induces a rapid burst of extracel-

lular PAD2, and that the enzyme has 

been cleared in subjects who had not 
smoked within a short time period be-

fore BAL. It is unknown to the authors 

when the subjects had their last smoke 
before the sampling. 

We found no trend between package-

years and PAD2 levels indicating that 

the increased content of extracellular 

PAD2 in smokers may indeed be an 

acute effect, and not be caused by the 

prolonged exposure of cigarette smok-

ing. The PAD2 content did not correlate 

with the subjects’ FEV1/FVC ratio, in-

dicating that COPD per se did not cause 

increased extracellular PAD2 levels. 

The PAD2 levels correlated with CRP 

levels indicating that an increased ex-

tracellular PAD2 content is linked to in-

flammation. This was supported by sig-

nificantly higher levels of CRP among 
the PAD2-positive smokers than among 

PAD2-negative smokers.

Macrophages are the main produc-

ers of PAD2 during inflammation (6, 

9) and account for around 90% of all 

cells in BAL (1, 8). Smoking elevates 

the overall content of cells in BAL 

fluid, mainly through increased num-

bers of macrophages (1), and ciga-

rette smoke exposure has been shown 

to induce acute apoptosis of cultured 

alveolar macrophages (17). Our find-

ings of free PAD2 in BAL fluid thus 
supplement those of Makrygiannakis 

et al., who demonstrated that smoking 

is associated with an increased expres-

sion of PAD2 enzyme in BAL cells and 

in bronchial mucosa (8). They further 

demonstrated that the expression of 

PAD4, which is mainly produced by 

neutrophils (6), was similar in the lungs 

of smokers and non-smokers.

Our study suffers from the low number 

of BAL samples available, and stud-

ies in larger cohorts are necessary to 

validate both the lack of correlations, as 

well as to confirm our positive findings. 
In conclusion, this is the first study to 
demonstrate a link between cigarette 

smoking, the most well-established en-

vironmental risk factor for RA, and ex-

tracellular PAD2 in the lungs. Increased 

levels of free PAD2 may be responsible 

for citrullination of extracellular pro-

teins and possible break of tolerance 

towards these in the lungs of smokers 

who carry the shared epitope motif.

References
  1. KARIMI R, TORNLING G, GRUNEWALD J, 

EKLUND A, SKOLD CM: Cell recovery in 

bronchoalveolar lavage fluid in smokers is 
dependent on cumulative smoking history. 

PLoS One 2012; 7: e34232.

  2. KODE A, YANG SR, RAHMAN I: Differential 

effects of cigarette smoke on oxidative stress 

and proinflammatory cytokine release in pri-
mary human airway epithelial cells and in 

a variety of transformed alveolar epithelial 

cells. Respir Res 2006; 7: 132.

  3. VESSEY MP, VILLARD-MACKINTOSH L, 

Table II. Correlation between parameters. 
 

 PAD2 in BAL Cell count Protein CRP FEV1/FVC

 (ng/mL) (x106/mL) concentration (pg/mL) (%)

   (mg/mL) 

    

Cell count (x106/mL) (all patients) rs=0.50; p=0.016    

Protein conc. (mg/mL) (all patients) rs=0.21; p=0.33 rs=0.28; p=0.20   

CRP (pg/mL) (all patients) rs=0.52; p=0.009 rs=0.36; p=0.09 rs=0.26; p=0.21  

FEV1/FVC (%) (all patients) rs=-0.09; p=0.70 rs=0.27; p=0.29 rs=0.38; p=0.11 rs=0.29; p=0.23 

Package-years (smokers only) rs=-0.15; p=0.62 rs=0.38; p=0.20 rs=0.38; p=0.20 rs=0.05; p=0.87 rs=0.44; p=0.20

     

PAD: peptidylarginine deiminase; BAL: Bronchoalveolar Lavage; CRP: C-reactive protein; FEV: Forced expiratory volume; FVC: Forced vital capacity.



408

BRIEF PAPER Increased extracellular PAD2 in smokers’ lungs / D. Damgaard et al.

YEATES D: Oral contraceptives, cigarette 

smoking and other factors in relation to ar-

thritis. Contraception 1987; 35: 457-64.

  4. SODERLIN MK, ANDERSSON M, BERGMAN 

S: Second-hand exposure to tobacco smoke 

and its effect on disease activity in Swed-

ish rheumatoid arthritis patients. Data from 

BARFOT, a multicenter study of RA. Clin 
Exp Rheumatol 2013; 31: 122-4.

  5. KLARESKOG L, STOLT P, LUNDBERG K et 

al.: A new model for an etiology of rheuma-

toid arthritis: smoking may trigger HLA-DR 

(shared epitope)-restricted immune reactions 

to autoantigens modified by citrullination. 
Arthritis Rheum 2006; 54: 38-46.

  6. VOSSENAAR ER, ZENDMAN AJ, van VEN-

ROOIJ WJ, PRUIJN GJ: PAD, a growing fam-

ily of citrullinating enzymes: genes, features 

and involvement in disease. Bioessays 2003; 

25: 1106-18.

  7. DARRAH E, ROSEN A, GILES JT, ANDRADE F: 

Peptidylarginine deiminase 2, 3 and 4 have 

distinct specificities against cellular sub-

strates: novel insights into autoantigen selec-

tion in rheumatoid arthritis. Ann Rheum Dis 

2012; 71: 92-8.

  8. MAKRYGIANNAKIS D, HERMANSSON M,   

ULFGREN AK et al.: Smoking increases pep-

tidy-larginine deiminase 2 enzyme expression 

in human lungs and increases citrullination in 

BAL cells. Ann Rheum Dis 2008; 67: 1488-92.

  9. FOULQUIER C, SEBBAG M, CLAVEL C et al.: 
Peptidyl arginine deiminase type 2 (PAD-2) 

and PAD-4 but not PAD-1, PAD-3, and PAD-

6 are expressed in rheumatoid arthritis syn-

ovium in close association with tissue inflam-

mation. Arthritis Rheum 2007; 56: 3541-53.

10.  GREGERSEN PK, SILVER J, WINCHESTER RJ: 

The shared epitope hypothesis. An approach 

to understanding the molecular genetics of 

susceptibility to rheumatoid arthritis. Arthri-
tis Rheum 1987; 30: 1205-13.

11. van VENROOIJ WJ, van BEERS JJ, PRUIJN GJ: 

Anti-CCP antibodies: the past, the present 

and the future. Nat Rev Rheumatol 2011; 7: 

391-8.

12. REYNISDOTTIR G, KARIMI R, JOSHUA V et 

al.: Structural changes and antibody enrich-

ment in the lungs are early features of anti-

citrullinated protein antibody-positive rheu-

matoid arthritis. Arthritis Rheum 2014; 66: 

31-9.

13. YTTERBERG AJ, JOSHUA V, REYNISDOTTIR 

G et al.: Shared immunological targets in the 

lungs and joints of patients with rheumatoid 
arthritis: identification and validation. Ann 
Rheum Dis 2014.

14. DAMGAARD D, PALARASAH Y, SKJODT K 

et al.: Generation of monoclonal antibodies 

against peptidylarginine deiminase 2 (PAD2) 

and development of a PAD2-specific enzyme-
linked immunosorbent assay. J Immunol 
Methods 2014; 405: 15-22.

15.  CHERRINGTON BD, ZHANG X, McELWEE 

JL, MORENCY E, ANGUISH LJ, COONROD 

SA: Potential role for PAD2 in gene regula-

tion in breast cancer cells. PLoS One 2012; 7: 

e41242.

16. ARANDJELOVIC S, McKENNEY KR, LEMING 

SS, MOWEN KA: ATP induces protein argi-

nine deiminase 2-dependent citrullination 

in mast cells through the P2X7 purinergic       

receptor. J Immunol 2012; 189: 4112-22.

17. AOSHIBA K, TAMAOKI J, NAGAI A: Acute 

cigarette smoke exposure induces apoptosis 

of alveolar macrophages. Am J Physiol Lung 
Cell Mol Physiol 2001; 281: L1392-L1401.


