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Rationale: Neutrophils are key players in chronic obstructive pulmonary
disease (COPD), and increased numbers of neutrophils are present in
sputum and lung tissue of patients with COPD. Interestingly, immuno-
globulin free lightchains(IgLC)areabletoprolongthelifeofneutrophils;
therefore, IgLCmay contribute to the chronic state of inflammation.
Objectives: In this study, the relation between IgLC and COPD has
been investigated.
Methods: We investigated the presence of IgLC in different murine
lung emphysema models. IgLC levels in serum from mice and
patients with COPD were examined by Western blot analysis and
ELISA, respectively. IgLC levels in lung tissue were determined by
immunohistochemistry. Fluorescence-activated cell sorter and im-
munofluorescent analysiswereused todetectbindingbetween IgLC
and human neutrophils. Interleukin-8 (CXCL8) release by neutro-
phils after IgLC incubation was measured by ELISA. The effect of
F991, an IgLC antagonist, was examined on the neutrophil influx in
murine lungs after 5 days of smoke exposure.
Measurements and Main Results: Increased levels of IgLC in serum of
cigarette smoke–exposed and cigarette smoke extract–treatedmice
compared with control mice were observed. Patients with COPD
showed increased serum IgLC and expression of IgLC in lung tissue
comparedwithhealthyvolunteers. Interestingly, IgLCboundtoneu-
trophils and activated neutrophils to release CXCL8. F991 inhibited
the IgLC binding to neutrophils and reduced the smoke-induced
neutrophil influx in murine lungs after smoke exposure.
Conclusions: This study describes for the first time an association be-
tween neutrophils and IgLC in the pathophysiology of COPD, which
couldopennewavenues totargetedtreatmentofthis chronicdisease.

Keywords: lung emphysema; cigarette smoke; CXCL8; F991

Chronic obstructive pulmonary disease (COPD) is character-
ized by an incompletely reversible, progressive airflow limita-
tion and is associated with an abnormal inflammatory response
of the lungs to noxious particles or gases, most commonly cig-
arette smoke (1, 2). The relation between neutrophils and
COPD has been extensively investigated, and several studies
provide suggestive evidence that neutrophils are important
key players in the development of COPD (3, 4). Increased
numbers of neutrophils are present in sputum, lung tissue,
and bronchoalveolar lavage fluid (BALF) of patients with
COPD (5, 6). Neutrophils are critical effector cells during
acute inflammatory processes, and recruitment and activation
of neutrophils can be initiated and regulated via a multitude of
mechanisms. An example is the interaction of interleukin-8
(CXCL8) with the chemokine receptor CXCR2, which has
been claimed to be a major mechanism of neutrophil activa-
tion in inflammatory lung diseases (7). However, neutrophils
also express receptors for different immunoglobulin isotypes.
These so-called Fc receptors are important triggers of neutro-
phil effector functions and may modulate airway inflammatory
reactions. Human neutrophils constitutively express the IgG
receptors, FcgRIIIB and FcgRIIA, whereas expression of

(Received in original form April 28, 2011; accepted in final form December 16, 2011)

*These authors contributed equally to this work.

This work was performed within the framework of Dutch Top Institute Pharma

Project T1-103.

Author Contributions: S.B. performed the experimental studies and was involved

in acquisition and interpretation of data and drafted the manuscript. M.T. per-

formed a part of the in vitro studies. B.R.B. and T.G.K. were involved in the IgLC

measurements. P.J.K. contributed to the additional experiments for the revised

manuscript. G.F.G.B. helped with setting up the animal models. H.A.M.K. and

D.S.P. supervised the clinical study and helped on the draft of the manuscript.

J.G., P.A.J.H., A.D.K., F.A.R., and G.F. supervised the study and contributed to the

writing of the final paper.

Correspondence and requests for reprints should be addressed to Saskia

Braber, Ph.D., Universiteitsweg 99, 3584 CG Utrecht, The Netherlands. E-mail:

s.braber@uu.nl

This article has an online supplement, which is accessible from this issue’s table of

contents at www.atsjournals.org

Am J Respir Crit Care Med Vol 185, Iss. 8, pp 817–824, Apr 15, 2012

Copyright ª 2012 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.201104-0761OC on January 6, 2012

Internet address: www.atsjournals.org

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

B cells have been suggested to contribute to the ongoing in-
flammation and development of emphysema in chronic ob-
structive pulmonary disease (COPD). B cells produce and
secrete tetrameric immunoglobulins, but in addition also
release a substantial amount of immunoglobulin free light
chains (IgLC). The presence of IgLC is often associated with
an increased inflammatory status. To date, little is known
about a possible role of IgLC in COPD.

What This Study Adds to the Field

We provide evidence of production of IgLC after cigarette
smoke exposure in various murine models for COPD. Se-
rum IgLC concentrations and local expression of IgLC were
also found increased in human patients with COPD. IgLC
were found to bind to neutrophils, and cross-linking induces
CXCL8 production. Antagonizing the action of IgLC
inhibited the IgLC binding to neutrophils and partly re-
duced the cigarette smoke–induced neutrophil influx and
activation in murine lungs. This study suggests that IgLC
may serve as a potential novel therapeutic target in the
treatment of COPD.
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FcgRI is increased during inflammatory conditions (8). More-
over, neutrophils from asthmatic subjects express the IgE
high-affinity receptor (FceRI), and the cross-linking of this
receptor is involved in the release of CXCL8 (9). It is widely
accepted that FceRI cross-linking by IgE bound to its antigen
results in biological effects; however, Saffar and colleagues
(10) demonstrated an antiapoptotic effect exerted by mono-
meric IgE alone on human neutrophils in vitro. Interestingly,
immunoglobulin free light chains (IgLC) are also able to pro-
long the life of neutrophils, suggesting that IgLC could con-
tribute to the chronic state of inflammation (11). It has been
long recognized that B cells not only produce and secrete
tetrameric immunoglobulins, but also secrete a substantial
amount of IgLC. In the mammalian immune system, two iso-
types of IgLC are produced: ĸ and l (12). The ratio in which
both types are produced varies significantly among species.
For instance, in humans, half to two-thirds of the IgLC pro-
duced is the kappa isotype, whereas mice predominantly pro-
duce kappa IgLC (e95%) (13, 14). IgLC can exert various
biological activities: enzymatic activities, binding to intracel-
lular and extracellular proteins, and cellular interactions (15).
Different inflammatory disorders and autoimmune diseases
are accompanied by elevated IgLC levels in different body
fluids (16–21), and the increased IgLC concentrations corre-
late with relapses of disease and enhanced activity of the im-
mune system (12, 22–25).

In this study, we investigated the involvement of IgLC in COPD
and focused on the neutrophil, themajor inflammatory cell involved
in the pathogenesis of COPD. Our data suggest a role of IgLC in
COPD, because increased levels of IgLC in serawere found in three
different murine models of lung emphysema. Furthermore, IgLC
levels were increased in serum and lung tissue from patients
with COPD. Interestingly, we determined that IgLC bind to
human neutrophils and cross-linking of IgLC resulted in the
production CXCL8 in vitro. Finally, antagonizing the action
of IgLC reduced the cigarette smoke–induced neutrophil
influx in murine lungs.

METHODS

Murine Lung Emphysema Models

In the first model, C57Bl/6 mice were exposed nose-only to cigarette
smoke twice every weekday for 3months. In the secondmodel, A/J mice
were subjected to whole-body cigarette smoke exposure 5 days/week for
20 weeks. In the third model, C57Bl/6 mice were injected intraperito-
neally with cigarette smoke extract (CSE), which was prepared as de-
scribed before (26), plus adjuvant at Day 1, and at Day 11, CSE was
administered intratracheally (see online supplement).

The mice lungs were fixed, embedded, cut, and stained as described
before (27). Morphometric assessment of emphysema was estimated by
the mean linear intercept (Lm) analysis (28).

The right ventricle was removed from lower heart after removal of
the atria. The ratio of the weights was calculated as follows: (right
ventricle)/(left ventricle 1 septum) (29).

F991, IgLC Antagonist, Study

Balb/c mice were whole-body exposed to cigarette smoke for 5 consec-
utive days and received the IgLC antagonist F991 by oropharyngeal ad-
ministration twice daily. The mice’s lungs were lavaged, and total cell
counts and the absolute number of neutrophils were calculated as de-
scribed before (30) (see online supplement).

IgLC Measurement in Murine Serum and Thoracic Lymph

Node Cells

Murine serum samples were precipitated to deplete high amounts of al-
bumin as previously described (31). The IgLC proteins in precipitated
serum and thoracic lymph node (TLN) supernatants were character-
ized by Western blot analysis with horseradish peroxidase (HRP)-
labeled goat anti-mouse ĸIgLC as previously described (32) (see online
supplement).

Patient Characteristics

Patient characteristics of the six patients with COPD included in the
study are presented in Table 1.

IgLC Measurement in Serum and Lung Tissue of Patients

with COPD

The concentration of ĸIgLC in serum samples obtained from patients
with COPD and healthy volunteers was measured by ELISA as de-
scribed previously (33, 34). IgLC expression in lung tissue of patients
with COPD was visualized by an immunohistological staining, accord-
ing to a procedure previously described (35) (see online supplement).

Flow Cytometry and Immunofluorescence Staining

for IgLC on Polymorphonuclear Leukocytes

Polymorphonuclear leukocytes (PMNs) were isolated from buffy coats via
a standard protocol as described before (36). PMNs were incubated with
fluorescein isothiocyanate (FITC)-labeled ĸIgLC or F991 (kindly produced
by Steffen van der Wal, Utrecht University, Utrecht, The Netherlands)
was preincubated with FITC-labeled ĸIgLC for 30 minutes before incuba-
tion with PMNs. Binding of FITC-labeled ĸIgLC to PMNs was analyzed
via flow cytometry and immunofluorescence (see online supplement).

PMN Stimulation Assay

Ninety-six-well plates were coated with human kIgLC and incubated with
buffy coat–isolated PMNs for 4 hours (see online supplement). After
incubation, the cells were centrifuged and supernatant was collected.

CXCL8 ELISA

CXCL8 levels were measured using a human CXCL8 ELISA kit (BD
Biosciences, Breda, The Netherlands) according to the manufacturer’s
instructions.

Statistical Analysis

Experimental results are expressed as mean 6 SEM. Differences be-
tween groups were statistically determined by an unpaired two-tailed

TABLE 1. PATIENT CHARACTERISTICS

Sex Age Smoking History FEV1 FEV1/FVC

Patient with COPD (M/F) (yr) Current Smoker (pack-years) (%predicted) (%)

1 m 67 2 37 40 45

2 m 67 2 35 57 58

3 m 52 1 31 33 23

4 m 59 1 42 35 42

5 m 63 1 50 42 41

6 m 62 2 45 55 58

Definition of abbreviations: COPD ¼ chronic obstructive pulmonary disease; FEV1 ¼ forced expiratory volume in 1 second;

FVC ¼ forced vital capacity.
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Student’s t test and differences between (in vitro) data were analyzed
using two-way analysis of variance, with post hoc Bonferroni’s t test for
multiple comparisons using GraphPad Prism 4.0 (GraphPad Software
Inc., San Diego, CA). Results were considered statistically significant
when P , 0.05.

RESULTS

Increased Production of IgLC after Nose-Only Cigarette

Smoke Exposure

IgLC levels were measured in serum of C57Bl/6 mice that were
nose-only exposed to cigarette smoke for 1, 3, 6, 9, and 12
weeks. The concentrations of IgLC in serum of cigarette
smoke–exposed mice were significantly enhanced compared
with the air-exposed mice, which was dependent on the dura-
tion of cigarette smoke exposure (Figure 1A). This nose-only
exposure model leads to characteristics of lung emphysema,
because airspace enlargement (observed by patchy emphy-
sema in some parts of the lung) and right ventricle heart hy-
pertrophy were observed in mice after 12 weeks of cigarette
smoke exposure compared with the air-exposed mice (Table
2). To investigate whether production of IgLC occurred in
local lymph nodes of cigarette smoke–exposed C57Bl/6
mice, cells from the TLNs (n ¼ 6 pooled) were cultured and
supernatants were analyzed for presence of IgLC. These super-
natants showed complete immunoglobulins (about 180–200 kD),
IgLC dimers (about 45 kD), and IgLC monomers (20 kD). The
TLN cells of cigarette smoke–exposed mice produced higher lev-
els of IgLC compared with TLN cells of control animals (Figures
1B and 1C).

Increased IgLC Levels in Serum after Whole-Body Cigarette

Smoke Exposure

In the next experiments, IgLC production was monitored in
a different model for experimental emphysema. Different lung
emphysema models were used to confirm that increased

production of IgLC was a general response to cigarette smoke
exposure and not strain dependent or dependent on other fac-
tors like exposure system, cigarettes, and exposure time. A/J
mice were whole-body exposed to cigarette smoke for 1, 4,
and 20 weeks, and after killing the animals, the IgLC levels were
measured in serum. The IgLC concentrations in serum of cig-
arette smoke–exposed mice were increased (1 wk: 48.54 6 7.9
optical density [OD]/mm2, 4 wk: 65.65 6 11.1 OD/mm2; 20 wk:
126.34 6 11.4 OD/mm2) compared with the air-exposed mice
(1 wk: 27.68 6 9.0 OD/mm2, 4 wk: 20.98 6 7.2 OD/mm2; 20 wk:
73.97 6 20.0 OD/mm2) at all time points (1, 4, and 20 wk)
(Figures 2A–2C). After smoking cessation for 8 weeks, the
IgLC serum levels were significantly decreased (100.66 6 2.0
OD/mm2) compared with the smoke-exposed mice (126.34 6
11.4 OD/mm2).

Air space enlargement and right ventricle heart hypertrophy
was observed in themice after 20-week cigarette smoke exposure
compared with the air-exposed mice (Table 2). The increased
Lm and the heart hypertrophy ratio was not reduced after a pe-
riod of 8 weeks without cigarette smoke exposure, demonstrat-
ing irreversible lung damage (37).

Increased IgLC Levels in Serum of Mice Intraperitoneally and

Intratracheally Injected with Cigarette Smoke Extract

To induce an (auto)immune response leading to the pathogen-
esis of COPD as suggested earlier (38), mice were exposed to
cigarette smoke extract via intraperitoneal and intratracheal
administration leading to an immune response to components
of cigarette smoke. We found that serum IgLC concentrations
in CSE-treated mice were significantly enhanced compared with
control mice (control: 171.8 6 10.2 OD/mm2, CSE: 228.2 6 16.9
OD/mm2; P , 0.05) (Figure 3). Characteristics of lung emphy-
sema, alveolar enlargement, and right ventricle heart hypertro-
phy were evident in the CSE-treated mice but not in control
mice (Table 2).

Figure 1. Increased levels of im-

munoglobulin free light chains
(IgLC) in serum and supernatant

of thoracic lymph node cells after

nose-only cigarette smoke expo-

sure. (A) Densitometric analysis af-
ter Western blotting of IgLC in

serum of C57Bl/6 mice after 1, 3,

6, 9, and 12 weeks of nose-only
cigarette smoke exposure (closed

symbols) compared with air-

exposed mice (open symbols). n ¼
4–6 animals per group. Values are
expressed as mean (optical density

[OD]/mm2) 6 SEM. **P < 0.01;

significantly different from the

control group. (B) Representative
Western blot of IgLC levels in

supernatants of thoracic lymph

node cells of C57Bl/6 mice after 1,
3, 9, and 12 weeks of nose-only cig-

arette smoke exposure compared

with air-exposed mice. The two

images were obtained from differ-
ent regions of the same gel. Igs ¼
total immunoglobulins (IgA, IgD,

IgE, IgG, and IgM); IgLC2 ¼ IgLC

dimers; IgLC ¼ monomers. (C)
Quantification of the thoracic lymph node supernatant samples of the air-exposed mice (n ¼ 6 pooled, white bars) and the smoke-exposed mice

(n ¼ 6 pooled, black bars) used for Western blotting via densitometric analysis. Values are expressed as OD/mm2.
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IgLC in Serum and Lung Tissue Specimens of Patients

with COPD

To investigate whether IgLC are also involved in the pathogen-
esis of human emphysema, IgLC levels were examined in serum
samples obtained from patients with COPD and healthy control
subjects. As depicted in Figure 4A, the IgLC serum levels of
patients with COPD were significantly increased compared with
the healthy control subjects. Immunohistochemical staining
with antibodies specific for k and l free light chain was per-
formed to analyze the localization of IgLC in lung tissue speci-
mens of patients with COPD. Figure 4 illustrates representative
photomicrographs of kIgLC (Figure 4B) and lIgLC (Figures 4C
and 4D) staining in lung tissue of patients with COPD. Positive
IgLC staining was observed around the larger airways and
within follicles.

IgLC Binding to PMNs Inhibited by F991 and Cross-linking

Bound IgLC Induces CXCL8 Production

Because neutrophils are key players in the development of COPD
and previous studies showed that IgLC could influence neutrophil
activity (11), we first analyzed whether IgLC could bind to human

PMNs. Human PMNs show extensive binding of FITC-labeled
IgLC as determined via fluorescence-activated cell sorter analysis
(Figure 5A). The IgLC binding to these human PMNs can be
reduced by F991, because PMNs incubated with IgLC in pres-
ence of 50 mg F991 showed diminished binding of IgLC, whereas
incubation with a lower dose of F991 (5 mg) did not lead to
a diminished binding of IgLC (Figure 5A). The PMNs of the
three donors used in this study showed reduced binding of IgLC
of 22.8 6 0.3%. In addition, the immunofluorescent analysis
showed focal binding of IgLC on the cell membrane of PMNs
(Figure 5B). To determine whether cross-linking bound IgLC
induced activation of PMNs, PMNs were incubated in IgLC-
coated wells to mimic cross-linking. CXCL8 release by PMNs
was significantly increased in the wells coated with kIgLCs com-
pared with the noncoated wells (Figure 5C), and this CXCL8
increase was dose dependent. In addition, incubating PMNs with
soluble kIgLC (100 mg/ml) did not result in an increased release
of CXCL8 (data not shown).

Cigarette Smoke–induced Neutrophil Influx in the BALF Is

Significantly Decreased after F991 Administration

To investigate whether IgLC in the airways were of functional
importance in COPD, we explored whether antagonizing its bi-
ological action with a specific IgLC antagonist F991 affected cig-
arette smoke–induced neutrophil migration and activation in
the airways. When mice were exposed for 5 days to cigarette
smoke, a significant increase of BALF neutrophils was observed
compared with the air-exposed mice. The cigarette smoke–
induced neutrophil influx in the BALF was significantly
decreased after F991 administration (Figure 6). The TLNs of
cigarette smoke–exposed mice produced higher levels of IgLC
compared with control animals (IgLC levels: control: 166.51
OD/mm2 vs. smoke: 245.43 OD/mm2). After F991 administration
in vivo, the IgLC levels produced by TLNs ex vivo were reduced
to normal level (IgLC levels: 171.96 OD/mm2). Furthermore, we
observed significantly increased KC (the murine CXCL8 homo-
log) levels in the BALF of smoke-exposed mice compared with
air-exposed (KC levels: control: 44.5 6 7.3 pg/ml vs. smoke:
191.1 6 18.2 pg/ml, P < 0.001), whereas after F991 administra-
tion, the cigarette smoke–induced KC levels were decreased
(169.56 17.5 pg/ml KC). To measure PMN activation in the lung
after F991 treatment, we assessed the lung homogenates for two
relevant granule products, matrix metalloproteinase-9 (MMP-9)

TABLE 2. LUNG EMPHYSEMA CHARACTERISTICS IN THE
DIFFERENT EMPHYSEMA MODELS

Animal model Groups

Mean Linear

Intercept
Heart

Hypertrophy(mm)

Nose-only exposure Control 38.9 6 0.5 0.18 6 0.005

Smoke 40.1 6 0.4 0.21 6 0.004***

Whole-body exposure Control 42.5 6 0.8 0.21 6 0.010

Smoke 52.6 6 1.7** 0.27 6 0.010***

Smoke cessation 49.6 6 1.4** 0.26 6 0.008***

CSE administration Control 38.7 6 0.1 0.17 6 0.010

CSE 41.9 6 0.5** 0.21 6 0.007**

Definition of abbreviation: CSE ¼ cigarette smoke extract.

Mean linear intercept values and heart hypertrophy measurement [(weight of

the right ventricle)/(weight of the left ventricle 1 septum)] of mice nose-only or

whole-body exposed to air or cigarette smoke or after smoking cessation and

of phosphate-buffered saline– and CSE-treated mice. n ¼ 4–6 animals per group.

Values are expressed as mean 6 SEM. **P < 0.01, ***P < 0.001; significantly

different from the control group.

Figure 2. Increased levels of immunoglobulin free light

chains (IgLC) in serum after whole-body cigarette smoke

exposure. Densitometric analysis after Western blotting of

IgLC in serum of A/J mice after whole-body cigarette
smoke exposure (black bars) for (A) 1 week, (B) 4 weeks,

and (C) 20 weeks and 20 weeks plus 8 weeks smoking

cessation (gray bar), all compared with air-exposed mice

(white bars). n ¼ 4–6 animals per group. Values are
expressed as percentage increase in IgLC (optical den-

sity/mm2) 6 SEM. *P < 0.05; significantly different from

the control group. ^P < 0.05; significantly different from
the smoke group.
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and myeloperoxidase (MPO). The mice exposed to cigarette
smoke for 5 days showed increased total MMP-9 levels (total
MMP-9 levels: control: 7.4 6 0.8 ng/mg vs. smoke: 15.0 6 1.4
ng/mg), and the active form of MMP-9 was also significantly
elevated after smoke exposure (active MMP-9 levels: control:
0.5 6 0.3 ng/mg vs. smoke: 2.3 6 0.5 ng/mg). After F991 treat-
ment, the total and active MMP-9 levels (total MMP-9 levels:
13.4 6 1.2 ng/mg; active MMP-9 levels: 1.6 6 0.3 ng/mg) showed
a tendency to decrease, but this did not reach statistical signifi-
cance. No clear differences in MPO levels were observed in the
lung homogenates after F991 treatment compared with the
smoke-exposed mice (data not shown).

DISCUSSION

In this study, we describe a possible role of increased IgLC produc-
tion in the development of COPD. First, IgLC serum levels were

enhanced in cigarette smoke–exposed mice and CSE-treated
mice compared with control animals. In addition, local lymph
nodes of smoke-exposed mice showed enhanced production of
IgLC ex vivo compared with air-exposed mice. Furthermore,
the concentration of IgLC is significantly higher in sera of patients
with COPD than in that of healthy control subjects, and positive
IgLC staining was found in lung tissue of patients with COPD. To
date, little is known about the role of immunoglobulins in COPD.
The presence of B cells has been demonstrated in human and in
murine lung tissue in association with COPD (39–41). Increased
IgG and IgA levels were observed in serum from patients with
COPD (42) as well as higher levels of IgA-positive cells in blood
(43). A recent study by Singh and colleagues (44) suggests that
IgE serum levels correlate with clinical aspects of disease severity
in COPD and that production of IgE in the airways of patients
with COPD may be related to smoking. Additionally, COPD is
associated with a higher prevalence of antinuclear autoantibodies
(45). Nevertheless, the biological role of these immunoglobulins
in the development of COPD remains unclear. To our knowledge,
the role of IgLC has never been investigated in the pathogenesis of
COPD. Increased IgLC serum or plasma levels have been assessed
in other (auto)immune/inflammatory diseases (18, 19, 32, 46–49).
Rises in IgLC levels appear to be associated with relapses of dis-
ease, enhanced activity of the immune system, disease progression,
and severity, and this may indicate increased polyclonal B-cell
activity, hypersecretion of (auto)antibodies, or increased local syn-
thesis (20). Many of these inflammatory diseases are also associ-
ated with increased numbers of activated PMNs. Because PMNs
are one of the major inflammatory cell types implicated in COPD,
and because it has been shown that whole immunoglobulins can
induce CXCL8 production by PMNs, we investigated the relation
between IgLC and neutrophils in COPD.

We observed that IgLC can bind to the cell membrane of hu-
man PMNs. The fluorescent signal suggests a patchy distribution
of IgLC-binding proteins on the neutrophil membrane. Such
clustered distribution has also been demonstrated previously
for mast cells (50). In earlier studies, we described that cross-
linking of receptor-bound IgLC by an antigen leads to mast cell
degranulation, release of proinflammatory mediators, and the
induction of a local inflammatory response (50). The current

Figure 3. Increased levels of immunoglobulin free light chains (IgLC) in
serum after cigarette smoke extract (CSE) administration. Shown is den-

sitometric analysis after Western blotting of IgLC in serum of C57Bl/6

mice after an intraperitoneal injection of CSE 1 adjuvant at Day 1 fol-
lowed by an intratracheal administration of CSE at Day 11 (black bar).

Mice were killed at Day 21 and compared with phosphate-buffered

saline–treated mice (white bar). n ¼ 5 animals per group. Values are

expressed as percentage increase in IgLC (optical density/mm2) 6
SEM. *P < 0.05; significantly different from the control group.

Figure 4. Increased levels of immunoglobulin

free light chains (IgLC) in serum and lung tissue

of patients with chronic obstructive pulmonary

disease (COPD). (A) IgLC levels in serum of
healthy control subjects (triangles, n ¼ 8) and

patients with COPD (squares, n ¼ 6) were ana-

lyzed using a specific ELISA. *P , 0.05; signifi-
cantly different from the healthy control

subjects. (B–D) Representative photomicro-

graphs of an immunohistological staining for

IgLC (red color, AEC staining) in human lung
tissue of patients suffering from COPD. Magni-

fication, 2003. The presence of both (B) kappa

and (C and D) lambda IgLC was demonstrated

around the larger airways and within follicles.
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study provides evidence that IgLC may also act on neutrophils,
and in vitro studies demonstrate that cross-linking of IgLC on
neutrophils resulted in an increase of the inflammatory media-
tor CXCL8. In COPD, CXCL8 is a prominent and selective
attractant of neutrophils. CXCL8 levels in sputum from patients
with COPD correlate with the extent of neutrophilic inflamma-
tion and disease severity (4, 6, 51). Interestingly, Gounni and
colleagues (9) showed that cross-linking of the high-affinity IgE
receptor on human neutrophils (10) leads to the release of
CXCL8. Furthermore, in vitro IgE alone (without cross-
linking) can delay programmed cell death of neutrophils (10).
Our study suggests that the presence of IgLC could be respon-
sible for a sustained neutrophilic inflammation as observed in
COPD (41, 52). Moreover, it is described that IgLC may con-
tribute to a prestimulation of PMNs, because IgLC increase the
basal levels of neutrophil oxidative metabolism (11) and inter-
fere with essential PMN functions, such as the activation of
glucose uptake and chemotaxis (11, 53). Cohen and colleagues
(11) demonstrated that IgLC increase the percentage of viable
PMNs, by reducing the PMN apoptosis, thereby inducing in-
creased PMN survival. It was further investigated that tyrosine
phosphorylation was essential for this IgLC-induced increase of
PMNs survival (11, 54–56). These data are in line with our
results and suggest the presence of a possible IgLC receptor
on the cell membrane of the neutrophil. To date, no receptor
for IgLC proteins has been characterized, and the identity of
this protein is currently under investigation.

IgE levels are increased in patients with COPD (9–11, 44), and
we now also demonstrate increased IgLC levels. This is of interest,
because both IgE and IgLC can exert similar proinflammatory
effects via PMNs. This remarkable common functionality leads
to the speculation whether these immunoglobulins and IgLC play
a crucial role in the onset and development of neutrophil-related

diseases, such as COPD. It is yet unknown which antigen(s) in
cigarette smoke or in the airways may be responsible for PMN
activation through either IgE or IgLC.

An important finding of our study is that binding of immuno-
globulin free light chains to PMNs can be blocked by F991. The
association between neutrophils and IgLC is substantiated by the
in vivo study, where intraairway treatment with the antagonist of
IgLC, F991, reduces the cigarette smoke–induced neutrophil in-
flux and activation in the BALF of mice. This suggests that IgLC
may play a role in the smoke-induced neutrophil influx in the
lungs of mice. Possible explanations for the F991-induced de-
creased smoke-induced neutrophil influx could be related to a
reduction of the IgLC-mediated decrease in PMN apoptosis
(11) and/or an inhibition of the IgLC-mediated activation of neu-
trophils. To measure PMN activation after F991 treatment, KC,
MMP-9, and MPO levels were assessed in the lung. After F991
treatment, the KC levels in the BALF and the total and active
MMP-9 levels in the lung homogenates showed a tendency to
decrease compared with the smoke-exposed mice, but did not
reach statistical significance. No clear differences in MPO levels
in lung homogenates were observed after F991 treatment com-
pared with the smoke-exposed mice. Interestingly, earlier studies
showed that F991 effectively inhibits the development of non-
atopic asthma in mice (19) by inhibition of IgLC-induced mast
cell activation, but it cannot be excluded that F991 may also have
additional inhibitory effects on the associated neutrophil influx in
this model.

Although we have not yet performed experiments to address
the effects of F991 on the development of lung emphysema, the
reduction of neutrophil numbers by F991 as observed in our
acute COPD model will presumably lead to less lung emphy-
sema, because neutrophil numbers in bronchial biopsies and
sputum are correlated with COPD disease severity in humans

Figure 5. IgLC binding to polymorphonu-

clear leukocytes (PMNs) is inhibited by
F991, and cross-linking bound immuno-

globulin free light chains (IgLC) induces

CXCL8 production. Freshly isolated human

PMNs were incubated with fluorescein iso-
thiocyanate (FITC)-labeled ĸIgLC. (A) Sub-
sequent flow cytometric analysis of the live

cell population showed significant binding

of IgLC to PMNs (green line) compared
with unstained cells (black line). After incu-

bation with 5 mg F991 (blue line), no re-

duced binding was observed, whereas

50 mg F991 (red line) showed a reduced
binding of PMNs to IgLC. Similar results

were obtained in three independent

experiments using three different donors.
(B) Representative photomicrograph of an

immunofluorescent staining on cytospin

preparations of PMNs incubated with

FITC-labeled ĸIgLC compared with (B,
lower right corner) untreated PMNs. IgLC

binding was detected along the cell mem-

brane of PMNs. Magnification, 4003. This

experiment was repeated in two different
donors with similar results. (C) Interleukin-

8 (CXCL8) production of freshly isolated

human PMNs incubated in 96-well plates
coated with medium (control, white bars)

and kIgLC (10, 30, or 100 mg/ml, gray

bars) for 4 hours. As a positive control,

LPS (1 mg/ml, black bars) was added to the PMNs and also incubated for 4 hours. CXCL8 values of one donor are expressed as mean 6 SEM.
***P < 0.001; significantly different from the control group. Similar results were obtained in two independent experiments using two different donors.
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(57–59). The inhibitory effect of F991 on neutrophil influx was
limited in vivo, which may be explained by the short half-life of
F991. Further research is needed to investigate the therapeutic
effects of F991 on the development of lung emphysema at dif-
ferent dosages and to clarify the mechanism of IgLC-induced
neutrophil activation.

In conclusion, our studies demonstrate production of IgLC
after cigarette smoke exposure in various experimental models
of COPD. This IgLC phenomenon is also observed in sera from
patients with COPD and in lung tissue of patients with COPD.
Antagonizing the action of IgLC reduces the cigarette smoke–
induced neutrophil influx and activation in murine lungs. IgLC
were shown to bind to and activate PMNs. This can serve as an
attractive therapeutic target and may open new avenues toward
effective treatment of COPD.

Author disclosures are available with the text of this letter at www.atsjournals.org.
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Material and methods 
Animals 
Female A/J mice, 9-14 weeks old, male C57Bl/6 mice, 6-8 weeks old, male Balb/c mice, 6-8 

weeks old (Charles River Laboratories) were housed under controlled conditions in standard 

laboratory cages. They were provided free access to water and food. All in vivo experimental 

protocols were approved by the local Ethics Committee and were performed under strict 

governmental and international guidelines on animal experimentation. 

 
Nose-only cigarette smoke exposure 

C57Bl/6 mice were nose-only exposed to the diluted mainstream and sidestream smoke from 

commercially available Lucky Strike cigarettes without filter (British-American Tobacco, 

Groningen, The Netherlands), using the TE-10z smoking machine (Teague Enterprises, 

Davis, CA) which is programmed to smoke cigarettes according to the Federal Trade 

Commission protocol (35 ml puff volume drawn for 2 seconds once per minute). Before 

starting smoke exposure, mice were accustomed to the nose-only exposure chambers (In-

Tox Products Inc., Albuquerque, NM) by gradually prolonging their stay in the tubes over the 

course of one week. Smoke exposures were conducted twice every weekday for 3 months 

after an adaptation period of 2 weeks, starting with 1×1 cigarette, increasing the dosage to 

2×3 cigarettes within two weeks. Control mice underwent the same procedures, but were 

allowed to breathe room air throughout the whole exposure period. The average total 

suspended particulates (TSP) concentration of the smoke inside the exposure chamber was 

85 mg/m3 determined by gravimetric analysis of Emfab filter samples (Pall Corporation, East 

Hills, NY, USA). The carbon monoxide (CO) content of the smoke inside the exposure 

chamber was measured by sampling with the Monoxor II CO analyzer (Bacharach Inc, New 

Kensington, PA, USA) at 15 seconds intervals during 2 runs and was around 1200 ppm. The 

mice were sacrificed 16-24 hours after the last air or smoke exposure.  

 
Whole body cigarette smoke exposure 
A/J mice were divided into three groups. The first group was exposed to room air for 20 

weeks, the second group was exposed to cigarette smoke for 20 weeks and the third group 

was exposed to cigarette smoke for 20 weeks followed by a period of 8 weeks without 

cigarette smoke exposure. The mice were exposed in whole-body chambers to air (sham) or 

to diluted mainstream cigarette smoke from the reference cigarettes 2R4F (University of 

Kentucky, Lexington, Kentucky) using a smoking apparatus. Exposures were conducted 

4h/day (with a 30/60-minutes fresh air break after each hour of exposure), 5 days/week for 

20 weeks to a target cigarette smoke concentration of 750 µg total particulate matter/l 

(TPM/l). This TPM concentration was reached after an adaptation period of 2 weeks, starting 



with a TPM concentration of 125 µg TPM/l. The mass concentration of cigarette smoke TPM 

was determined by gravimetric analysis of Cambridge filter samples. Carbon monoxide levels 

were monitored continuously and were around 800 ppm. The nicotine concentration in the 

smoke was approximately 40 µg/l. The sample sites were located in the middle of the 

exposure chamber at the breathing zone. The carboxyhemoglobin level measured via blood 

gas analysis was 50% on average in the smoke-exposed mice. The mice were sacrificed 16-

24 hours after the last air or smoke exposure, or after the smoke-free period of 8 weeks.   

 
Cigarette smoke extract administration 
Cigarette smoke extract (CSE) was prepared as described before [25]. Briefly, TE-10z smok-

ing machine was used to direct mainstream and sidestream smoke from one cigarette 

through 5 ml PBS. Hereafter, absorbance was measured spectrophotometrically and the OD 

of the CSE-PBS solution was 11 on average. Freshly prepared cigarette smoke extract was 

used for each injection. The control C57Bl/6 mice were intraperitoneally injected with 200 μl 

PBS at day 1. The CSE group was injected intraperitoneally with 100 μl CSE-PBS plus 100 

μl adjuvant (Freunds Complete Adjuvant H37Ra, Difco) at day 1 and 50 μl CSE-PBS was 

administered intratracheally at day 11. At day 21 the mice were sacrificed.  

 

F991, IgLC antagonist, study   
Balb/c mice were exposed in whole-body chambers to air (sham) or to diluted mainstream 

cigarette smoke from the reference cigarettes 2R4F (University of Kentucky, Lexington, 

Kentucky) using a peristaltic pump. Just before the experiments, filters were cut from the 

cigarettes. Each cigarette was smoked in 5 minutes at a rate of 5 l/hour in a ratio with 60 

l/hour air. The mice were exposed to cigarette smoke using 5 cigarettes twice daily for 5 

consecutive days, except for the first day when they were exposed to 3 cigarettes. The mice 

were sacrificed 16 hours after the last air or smoke exposure. In this cigarette smoke 

exposure model, cigarette smoke- and air-exposed mice received F991 (100µg F991 in 70µl 

sterile PBS) by oropharyngeal administration twice daily for 5 consecutive days during 

isoflurane anesthesia. The IgLC antagonist F991, a 9-mer peptide (AHWSGHCCL), was 

synthesized by Fmoc chemistry (Ansynth, Roosendaal, The Netherlands). 

 
Bronchoalveolar lavage 
Immediately after i.p. injection with an overdose of pentobarbital, the lungs of mice were 

lavaged 4 times through a tracheal cannula with 1 ml saline (NaCl 0.9%), pre-warmed at 

37 °C. After centrifuging the bronchoalveolar lavage fluid at 4°C (400 g, 5 min), the cell 

pellets of the 4 lavages were used for neutrophil cell counts. The 4 cell pellets, kept on ice, 

were pooled per animal and resuspended in 150 μl cold saline.  



 
Neutrophil cell count in BALF  
After staining with Türk solution, total cell counts per lung lavage were made under light 

microscopy using a Burker-Turk chamber. Differential cell counts were performed on air-

dried cytospin preparations stained by DiffQuick™ (Dade A.G., Düdingen, Switzerland). Cells 

were identified according to standard morphology. At least 200 cells were counted and the 

absolute number of neutrophils was calculated. 

 
Histology and morphomethric analysis 
Mice used for morphometric analysis, were sacrificed by an i.p. injection with an overdose of 

pentobarbital (Nembutal™, Ceva Santé Animale, Naaldwijk, The Netherlands). The lungs 

were fixed with a 10% formalin infusion through a tracheal cannula at a constant pressure of 

25 cm H2O [27]. The left lung was immersed in fresh fixative for at least 24h, after which it 

was embedded in paraffin. After paraffin embedding, 5 µm sections were cut and stained with 

hematoxylin/eosin (H&E) according to standard methods. Morphometric assessment of 

emphysema, including determination of the average inter-alveolar distance, was estimated 

by the mean linear intercept (Lm) analysis. The Lm was determined by light microscopy at a 

total magnification of 100x, whereby 24 random photomicroscopic images per left lung tissue 

section were evaluated by microscopic projection onto a reference grid. By dividing total grid 

length by the number of alveolar wall-grid line intersections, the Lm (in µm) was calculated. 

 

Right ventricular heart hypertrophy measurement 
The right ventricle was removed from lower heart after removal of the atria. The right 

ventricle and the left ventricle plus septum were weighed and the ratio of the weights was 

calculated as follows: (right ventricle)/(left ventricle + septum).  

 
Serum collection 
Directly after the i.p. injection with an overdose of pentobarbital, blood was obtained by heart 

puncture and collected in MiniCollect Z Serum Sep tubes (Greiner Bio-one, part no.450472). 

After 1 hour the blood samples were centrifuged for 10 min at 20.000 g and the sera were 

stored at -20°C for IgLC measurement.  

 

Culture of thoracic lymph node (TLN) cells 
Lung-draining lymph nodes were collected from the thorax and transferred to 1 ml sterile 

RPMI 1640 without L-glutamine and phenol red (Lonza Verviers SPRL, Belgium), 

supplemented with 1% Pen-Strep. TLNs from six mice were pooled and were filtered through 

a 70 μm nylon cell strainer (BD Falcon, Belgium) with 4 ml RPMI 1640 without L-glutamine 



and phenol red, supplemented with 1% Pen-Strep to obtain a single-cell suspension. The 

total number of cells in the TLN-cell suspension was determined using a Burker-Turk 

counting-chamber. TLN cells (1×106 cells/ml) were cultured in a culture flask at 37°C in 5% 

CO2. After 24 hours, the supernatant was harvested, and stored at -20°C until free 

immunoglobulin light chains were determined.  

 

Western Blot analysis 
Before use, serum samples were precipitated to deplete high amounts of albumin by using 

trichloroacetic acid/acetone, as previously described [30]. Equal amounts of proteins 

(precipitated serum and TLN supernatants) of boiled nonreduced samples were separated 

electrophoretically (SDS-PAGE 12%) and transferred onto polyvinylidene difluoride 

membranes (Bio-Rad, Veenendaal, The Netherlands). The membrane was blocked with 

Tween-PBS containing 2% milk proteins. HRP-labeled goat anti-mouse ĸIgLC (1:10.000) 

was applied for 1 h at room temperature as primary Ab. Blots were washed in Tween-PBS 

three times for 10 min, incubated in commercial ECL reagents (Amersham Biosciences, 

Roosendaal, The Netherlands), and exposed to photographic film. Films were scanned on a 

GS710 Calibrated Imaging Densitometer (Bio-Rad Laboratories) and the optical density (OD) 

of the immunoreactive bands was quantified.  

 

Patient characteristics  
All patient material collection was performed according to the local Medical Ethical 

Committees of the University Medical Center Groningen and all patients gave their informed 

consent before participation in the study. 

 
ELISA for kappa IgLC proteins 
The concentration of ĸIgLC in serum samples obtained from patients with COPD and healthy 

volunteers was measured by ELISA with mAbs specific for human IgLC  (purchased from A. 

Solomon, University of Tennessee, Knoxville, TN) as described previously [31, 32].  

 

Immunohistochemical staining for IgLC  
Paraffin sections of lung tissue were routinely deparaffinized and blocked for endogenous 

peroxidase for 30 min at room temperature. Sections were incubated with the primary mouse 

antibodies directed against human κ and λ IgLC [33] for 60 min at room temperature. Post-

incubation with the primary antibody, the sections were incubated with anti-mouse HRP-

labeled polymer (Dakocytomation, Heverlee, Belgium) for 30 min at room temperature. Color 

was developed with AEC substrate chromogen. Between incubation steps, the sections were 



intensively rinsed with 0.05 M TBS containing 0.05% Tween. Within each test, negative 

controls were included, and they were all found not to contain any specific staining.  

 

Isolation of human PMNs 
PMNs were isolated from buffy coats, which were purchased from Sanquin Blood Bank 

(Amsterdam, The Netherlands). The PMNs were obtained by gradient centrifugation on 

Ficoll-PaqueTM PLUS (density: 1.077 g/ml, GE Healthcare, Diegem, Belgium), followed by 

hypotonic lysis of erythrocytes with sterile lysis buffer (0.15 M NH4Cl, 0.01 M KHCO3 and 0.1 

mM EDTA, pH 7.4) on ice. Contamination by monocytes was prevented by incubating the 

isolated PMN fraction at 37°C in RPMI/10%FBS medium for 1h. After incubation, the PMNs 

were washed with PBS and finally resuspended in RPMI 1640 medium (without L-glutamine 

and phenol red) supplemented with 1% heat-inactivated FBS. Resulting PMN preparations 

consisted of approximately 95-97% PMNs.  
 

Flowcytometry  
Freshly isolated PMNs (1x105 cells/100 μl) were incubated with 3 μg FITC labeled ĸIgLC 

(ĸIgLC isolated and purified from the urine of multiple myeloma patients were kindly donated 

by dr B. Bast, UMC Utrecht, the Netherlands) for 1 hour at 37°C or 5 μg / 50 μg F991 (kindly 

produced by Steffen van der Wal, Utrecht University) was preincubated with FITC labeled 

ĸIgLC for 30 min before incubation with PMNs. In the in vitro experiments oxidized F991 was 

used, because recent experiments showed that F991 is rapidly oxidized in vivo into its 

possible biological active molecular conformation (Van der Wal et al, manuscript in 

preparation). After incubation, the cells were washed to remove the unbound FITC-IgLC and 

resuspended in PBS/1%BSA. Binding of FITC labeled ĸIgLC to PMNs was analyzed using a  

FACS Calibur (BD Biosciences, Breda, the Netherlands). 

 
Immunofluorescence staining for IgLC on PMNs 
Freshly isolated PMNs (1x106 cells/ml) were incubated with 7 μg FITC labeled ĸIgLC for 30 

min on ice. After incubation, the cells were washed to remove the unbound FITC-IgLC. The 

labeled cells were spun onto slides by using a cytospin centrifuge. The FITC signal was 

amplified using a FITC signal amplification kit (Invitrogen, Breda, the Netherlands). 

Fluorescent imaging was performed on a Zeiss microscope.  

 

PMN stimulation assay 
96-well plates (Greiner, Alphen a/d Rijn, the Netherlands) were coated with κIgLC (10, 30 

and 100 μg/ml) (isolated and purified from the urine of a myeloma patient, purity > 95%) in 

carbonate buffer (pH 9.6) by overnight incubation. Prior to adding the cells, the coated 



surface was blocked with RPMI containing 10% immunoglobulin free BSA (Sigma Aldrich, 

Zwijndrecht, the Netherlands) for 1h at room temperature. Buffy coat isolated PMNs (200 μl 

per well, cell density adjusted to 1x106 cells/ml using RPMI/10%FBS) were added to the 96-

well plate coated with κIgLC and incubated for 4 hours. As a positive control 1 µg/ml LPS 

(Sigma Aldrich, Zwijndrecht, the Netherlands) was added to the isolated PMNs and 

incubated for 4 hours. After incubation the cells were centrifuged at 450 g for 5 min and the 

supernatant was collected for CXCL8 measurement.   

 

CXCL8 ELISA 

CXCL8 levels were measured using a human CXCL8 ELISA kit (BD Biosciences, Breda, the 

Netherlands) according to manufacturer’s instructions. 

 

Statistical analysis 
Experimental results are expressed as mean ± S.E.M. Differences between groups were 

statistically determined by an unpaired two-tailed Student’s t-test and differences between (in 

vitro) data were analyzed using two-way ANOVA, with post hoc Bonferroni’s t- test for 

multiple comparisons using GraphPad Prism (Version 4.0). Results were considered 

statistically significant when P < 0.05. 
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