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Most lung disorders are known to be associated to consid-
erable modifications of surfactant composition. Numerous
of these abnormalities have been exploited in the past to di-
agnose lung diseases, allowing proper treatment and follow-
up. Diagnosis was then based on phospholipid content, sur-
face tension and cytological features of the epithelial lining
fluid (ELF), sampled by bronchoalveolar lavage (BAL) dur-
ing fiberoscopic bronchoscopy. Today, it appears that the
protein content of ELF displays a remarkably high complex-
ity, not only due to the wide variety of the proteins it contains
but also because of the great diversity of their cellular origins.
The significance of the use of proteome analysis of BAL fluid
for the search for new lung disease marker proteins and for
their simultaneous display and analysis in patients suffering
from lung disorders has been examined.

1. History of surfactant analysis for lung diseases
diagnosis

The cellular interface between the lung and the en-
vironment is composed of a heterologous epithelium:
pseudostratified in the proximal airways, cuboidal in
the distal airways and very thin in the alveoli, the latter
representing more than 95% of the lung surface. Be-
sides its primary function of providing an extensive and
thin surface for gas exchanges between the blood and
the air, the lung epithelium also fulfils a multitude of
functions: it provides a protective barrier against in-
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fection and injury from the environment, it contributes
to the maintenance of the lung fluid balance, thereby
preventing lung oedema, it is capable of normal cell
turnover and regeneration after injury and, finally, it
produces secretions such as mucus, host-defence pro-
teins and surfactant [1-4].

The clinical importance of pulmonary secretions was
first demonstrated in the late fifties, on infants dying
from respiratory distress syndrome due to surfactant
deficiency [5]. Later, synthetic surfactant therapies
were shown to restore surfactant function in humans
and animals [6].

Nowadays, numerous other lung diseases are as-
sociated with biochemical abnormalities of surfactant
(reviewed by Griese [7]): obstructive lung diseases
(asthma, bronchiolitis, chronic obstructive pulmonary
disease, lung transplantation), infectious and suppura-
tive lung diseases (cystic fibrosis (CF), chronic bronchi-
tis, pneumonia, AIDS-related lung disease), adult respi-
ratory distress syndrome (ARDS), pulmonary oedema,
interstitial lung diseases (sarcoidosis, idiopathic pul-
monary fibrosis (IPF), hypersensitivity pneumonitis,
asbestosis), pulmonary alveolar proteinosis (PAP),
other diseases specific to infants (neonatal respiratory
distress syndrome, meconium aspiration syndrome,
congenital diaphragmatic hernia, nosocomial infection
in ventilated preterm neonates, chronic lung disease
of prematurity, sudden infant death syndrome). Car-
diopulmonary bypass and tobacco smoking also result
in biochemical modifications of surfactant. Early and
specific detection of these surfactant abnormalities in
patients is of outstanding interest to enable accurate di-
agnosis, follow-up, prognosis and treatment of all lung
disorders.

Since the discovery of the possibility of harvesting
the surfactant by bronchoalveolar lavage (BAL), the
epithelial lining fluid (ELF) has been the object of an
impressive number of studies, allowing analyses of its
components, their functions and their possible changes
in patients suffering from lung diseases [8].

The first optimised ancestor of bronchoalveolar
lavage, using a large volume of saline fluid, appeared
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at the beginning of the twentieth century and was de-
signed to therapeutically remove lung secretions [9].
Growing interest in the study of the physiological ef-
fects of small volume bronchopulmonary lavage and in
cellular immunology of the lower airways, along with
technical improvements of lavage techniques, lead to
the development of routine and standardized sampling,
by bronchoalveolar lavage, of cells and secretions mak-
ing up the thin layer of epithelial lining fluid that covers
the airways and the alveoli [8].

Today, bronchoalveolar lavage is considered as a
very safe procedure, with no reported lethal complica-
tion and minor side-effects compared to more invasive
techniques such as transbronchial lung biopsy. Most
recent publications now describe standardized wash-
ing of the right middle or lower lobe of the lung with
5 X 20 ml of sterile 0.9% w/v saline during fiberoptic
bronchoscopy to obtain bronchoalveolar lavage fluid
(BALF) after centrifugation [10].

Bronchoalveolar lavage is not, however, the only
way of collecting ELF. Sputum induction has, for ex-
ample, been proposed as a less invasive alternative to
bronchoscopy for the collection of airway secretions
from asthmatic subjects and patients with chronic ob-
structive pulmonary disease (COPD) [11]. It involves
the inhalation of hypertonic saline aerosol, a stimulus
known to cause bronchoconstriction in asthmatic sub-
jects. This method, mainly restricted to the assess-
ment of airway inflammation in asthmatic patients over
6 years old, is currently extended to the sampling of
airways of subjects with cystic fibrosis [12], tuberculo-
sis [12] and various interstitial lung diseases (ILD) [13].
Condensation of exhaled breath is, on the other hand,
a newly described non-invasive way to collect mate-
rial originating from the lung, including the lower res-
piratory tract. It is therefore fully applicable to the
follow-up of airway inflammation in very young chil-
dren and to the analysis of healthy subjects. Its current
applications remain however limited to the analysis of
hydrogen peroxide, lipid peroxidation and nitric oxide
derivatives, and some inflammation parameters present
in the exhaled breath condensate [14—16].

2. BAL-based diagnosis of lung diseases
2.1. Phospholipid analyses
Biochemical analyses have revealed that the main

components of surfactant are phospholipids (~ 90%),
especially dipalmitoylphosphatidylcholine (~ 65%)

and phosphatidylglycerol, which are thought to be re-
sponsible for the decrease of alveolar surface tension.
The role of the other lipid components, of which choles-
terol is the most abundant (~ 10%) and other neutral
lipids are in trace amounts only, remains to be under-
stood [7].

Phospholipid composition and surface tension of sur-
factant are modified in a large number of lung diseases.
An impressive number of studies have indeed demon-
strated a significant decrease in the percentage of phos-
phatidylcholine and phosphatidylglycerol and an in-
crease of phosphatidylinositol in total phospholipids in
pulmonary surfactant of patients suffering from ARDS.
Many other surfactant parameters in patients with vari-
ous other lung diseases have been reviewed recently by
Griese [7] and will not be discussed here.

2.2. Cell analyses

Much emphasis has also been given to the analysis
of the cellular content of BAL, with the aim of using
lung cytology as a diagnostic tool: in the normal lung,
alveolar macrophages account for 80-95% of the cells
in BAL samples [17]. Other cell types include lym-
phocytes (< 10%), neutrophils (< 5%), eosinophils
(< 5%) and sometimes plasma cells [17,18]. Squa-
mous epithelial cells, bronchial epithelial cells, type 11
pneumocytes, basophils and mast cells are also found
in BAL [19,20].

Morphological analyses of BAL cells reveal signifi-
cant differences in a large number of lung disorders [18,
21-23]. For example, granulomatous and allergic lung
diseases are characterized by an increase in the lym-
phocyte count and high neutrophil counts are character-
istic of fibrosing processes or of occupational diseases
caused by inhalation of inorganic dust. The percentage
of mast cells is significantly increased in BAL of pa-
tients with asthma, sarcoidosis or fibrosis [18]. How-
ever, most cytological BAL properties are generally not
specific of only one lung pathology and can therefore
not be considered as disease markers by themselves.
For example, a combination of multiple cytological pa-
rameters (total cell count, differential cell count, num-
ber of infected cells) was shown to provide more signif-
icant information than a single parameter for ventilator-
associated pneumonia (VAP) [19]. A computer pro-
gram has also been used to distinguish between three
common ILD by using a combination of several param-
eters originating from BAL cell analysis [24]. Some
peculiar aspects of BAL cytology permits nonetheless
an unambiguous diagnosis, for instance in the case of
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some infectious pneumopathies, revealed by the pres-
ence in BAL of infectious agents like pneumocystis
carinii, mycobacteria, aspergillus, anguillulae [ 19]; non
infectious pneumopathies, as BAL allows the visuali-
sation of tumor cells, for example [19]; diffuse alveolar
damage: a cellular content of BAL specific of abun-
dant alveolar cell injury, combined with the appropriate
clinical setting, allows a correct diagnosis [25].

Phenotypical analysis of the cellular content of
BAL, using flow cytometry with fluorescence acti-
vated cell analysis and sorting capabilities (FACS)
and with monoclonal antibodies directed against spe-
cific surface antigens, may give deeper insights into
BAL cell subpopulations. For example, lympho-
cyte subpopulations are modified in various lung dis-
eases, including sarcoidosis [26-28], IPF [29], idio-
pathic eosinophilic pneumonia [30], hypersensitivity
pneumonitis [26,27], bronchiolitis obliterans organiz-
ing pneumonia (BOOP) [26]. Differential immunocy-
tochemical staining of BAL alveolar macrophages was
also described in IPF [31,32].

Finally, functional studies like spontaneous or in-
duced proliferation assays, chemotaxic and cytotoxi-
city testings can be performed on BAL cells to give
a more accurate information about the immunologic
status of the diseased lung [17].

2.3. Nucleic acid analyses

BAL nucleic acids-based diagnosis encountered re-
cently huge progresses thanks to the development of
the polymerase chain reaction and its derivatives. Its
most important applications today include the detec-
tion in BALF of pathogens via nested PCR [33,34] and
dosage of cytokins via RT-PCR [35,36].

2.4. Protein analyses

Last, but not least, soluble proteins account for 20—
30% of surfactant weight and are, to our point of view,
the most promising elements of ELF leading to accu-
rate diagnosis of lung disorders since BAL fluid sam-
ples contain a large number of different proteins: to
date, more than 100 different proteins have been iden-
tified using 2-DE gel electrophoresis of BALF sam-
ples [37,38]. Moreover, thanks to an outstanding num-
ber of sources of BALF proteins, analysis of even a
single protein in BALF will enable the integrated as-
sessment of multiple lung parameters at a time. As a
mere example, BALF Interleukin-10 has four possible
origins: production by pulmonary T cells [39], alveolar

macrophages [40], bronchial epithelial cells [41] and
diffusion from serum across the air-blood barrier.

The wide variety of the proteins found in BALF,
together with the multitude of measurements it makes
possible in healthy and diseased subjects, are depicted
in the next chapter.

3. BAL proteins-based diagnosis of lung diseases
3.1. Protein markers originating from serum

The major proteins in BALF are albumin (about 50%
of its total protein content), transferrin (about 5.6%),
alphal-antitrypsin (about 3.5%) and the immunoglob-
ulins A and G (together about 30%) [42]. All of these
major proteins are identical to serum proteins and may
originate from it by simple diffusion across the intact
blood-air barrier. Indeed, the concentration of most
serum-like proteins in BAL parallels their serum distri-
bution in healthy subjects [42]. However, the molecu-
lar weight of serum-like proteins found in BALF range
up to 160 kDa, indicating a possible size exclusion of
higher molecular weight proteins [42]. The higher lev-
els of IgG and IgA in BAL than in serum are probably
a result of the secretion of these two immunoglobu-
lins by lung tissue [42]. Together with transferrin, IgA
and IgG may serve as protecting agents against bacte-
rial and viral infections [43]. The occasional detection
of alpha2-macroglobulin in BAL can be explained by
its secretion by alveolar macrophages [44]. The pres-
ence of alphal-antitrypsin probably accounts for the
prevention of protease-dependent lung damage due to
protease release from inflammatory cells [45]. Other
minor BAL proteins that are identical to serum anti-
gens include IgM, IgD, IgE, betal-lipoprotein, plas-
minogen, complement components C3 and C4, ceru-
loplasmin, haptoglobin, hemopexin, prealbumin, Gc-
globulin, alpha2-HS-glycoprotein, alphal-acid glyco-
protein and beta2-glycoprotein 1 [42]. It is not ex-
cluded that these serum-like proteins may also origi-
nate from blood contamination during the lavage proce-
dure, thereby questioning the accuracy of concentration
estimation of serum-like proteins in BAL.

Most interstitial lung diseases are characterized by
a massive and significant rise of serum-like proteins in
BALF, indicating a probable increase in the permeabil-
ity of the air-blood barrier. Examples of such marker
proteins are numerous and include IgG, IgA, albumin
and alphal protease inhibitor in sarcoidosis [46,47], al-
phal antitrypsin, alpha2 macroglobulin and albumin in
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pneumonia [48], IgM, alpha2 macroglubulin and albu-
min in ARDS [49]. The most significant differences in
serum-like proteins in BALF of patients with various
lung disorders are summarized in Table 1.

In conclusion, measuring the BALF levels of serum-
specific proteins could well serve as an indicator of the
integrity of the air-blood barrier, provided the synthesis
of these proteins is unchanged in serum and that the air-
blood barrier is the unique source of these serum-like
antigens in BALF, which is not always the case.

3.2. Lung-specific protein markers

Proteins specifically produced by lung epithelial
cells include four surfactant-associated proteins (SP-A,
B, C and D), the Clara cell protein (CC-16) and mucin-
associated antigens (reviewed in [7,50]). The most
abundant protein (3—4% of total surfactant weight), SP-
A, is secreted by type II, Clara and bronchial cells. SP-
B and SP-D are produced by type II and Clara cells,
and SP-C is exclusively synthesised by type II cells in
the mature lung. Both SP-A and SP-B are involved in
tubular myelin formation. SP-A and SP-D are involved
in host defence mechanisms whereas the main function
of SP-C is biophysical. CC16, which is exclusively
produced by Clara cells, might be crucial for immuno-
suppression and inflammation down regulation [51].
Mucin KL-6 is expressed in alveolar type II and bron-
chiolar cells as well as on other somatic cells outside
the lung. Tightly associated with cellular membranes,
KL-6 is thought to be involved in lung fibrogenic pro-
cesses, glycocalyx formation and host defence. Mucins
17-Q2 and 17-B1 are secreted by mucous cells in the
tracheobronchial lumen, where they participate in the
formation of the mucous gel and in host defence mech-
anisms.

Growing interest is given today to these lung-specific
proteins with the expectation that their differential ex-
pression and/or post-translational modification might
be an additional and useful parameter in diagnosing
lung diseases. ELISA’s (enzyme-linked immunosor-
bent assay) specific for each of these proteins have
therefore been developed, enabling the determination
of their absolute amount in BALF of patients with var-
ious lung disorders and healthy controls [52-57]. Dif-
ferences in the amounts of lung-specific proteins in
BALF may result from a wide variety of phenomena.
Reduction of BALF SP’s may be caused by reduction
in the amount of secreting cells, or by decreased syn-
thesis and/or release by these cells. Likewise, increase
of BALF SP’s may result from increase of the synthesis

and/or release by secreting cells or by impaired clear-
ance by alveolar macrophages, mucociliary transport,
degradation, and absorption into the bloodstream. For
instance, increased synthesis and/or release are the most
plausible mechanisms explaining BALF SP-A increase
in patients with sarcoidosis and HP [58]. BALF SP-A
increase in pulmonary alveolar proteinosis is also due to
impaired removal/degradation of surfactant [52]. Both
SP-A and SP-D are significantly decreased in BALF of
patients with idiopathic pulmonary fibrosis (IPF), due
to decreased synthesis and/or release by lung epithelial
cells [59]. Tobacco smoke was shown to significantly
reduce the population of Clara cells, thereby reducing
the amount of BALF CC-16 [55]. Increase in BALF
KL-6 levels in various ILD’s is explained by enhanced
release of the mucin, due to inflammation-linked cy-
totoxicity [60]. All known significant differences in
lung-specific proteins in BALF of patients with various
lung disorders have been reviewed and are summarized
in Table 1.

Some of the lung-specific proteins described above
are also found in serum, as a result of their sponta-
neous leakage across the air-blood barrier, and thereby
provide another mean of assessing the integrity of the
barrier, less invasively than by measuring the levels
of these proteins in BALF (reviewed in [50,61]). SP-
A, SP-B, SP-D, CC-16 and mucin-associated antigens
are immunodetected in serum by ELISA’s and their
respective amounts are modified according to specific
lung disorders. Serum SP-A significantly increases in
patients with IPF, asbestosis and PAP. Cardiac lung
oedema and ARDS are accompanied by a significant
increase in SP-A and SP-B in serum. SP-D is signif-
icantly higher in serum of patients with fibrosis, PAP,
tuberculosis and sarcoidosis. Serum CC-16 is higherin
patients with chronic bronchitis, sarcoidosis and pul-
monary fibrosis. Mucin KL-6 is elevated in serum of
patients with active sarcoidosis and interstitial lung dis-
orders (HP, IPF, COPD). Mucins 17-B1 and 17-Q2 in-
crease in serum from patients with cystic fibrosis and
ARDS, respectively.

In conclusion, the analysis of lung-specific proteins
in BALF enables the evaluation of multiple lung param-
eters, including the number and integrity of secreting
cells, their ability to synthesise and release proteins, the
efficiency of the clearance systems. When performed
in serum, the analysis of lung-specific proteins also en-
ables the assessment of the air-blood barrier integrity
in a less invasive fashion than by their measurement in
BALF.
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Table 1
Protein modifications in BAL fluid of healthy subjects and patients with lung disorders. The first group of proteins are lung-specific proteins,
the second correspond to serum-like antigens, the third group comprises proteins secreted by inflammatory proteins (ECP: Eosinophilic Cationic
Protein; MCP: Monocyte Chemoattractant Protein) and the fourth group of proteins perform various functions and have been identified by
proteome analysis (IgBF: Immunoglobulin Binding Factor; Ug-like: Ubiquitin-like protein; FABP: Fatty Acid Binding Protein). Up- and down-
arrows indicate proteins that are over- or under- represented in comparison to healthy non-smokers

Tobacco Asthma CF Pneumonia ARDS Sarcoidosis  IPF Tuberculosis PAP
smoke

SP-A = | reviewed T,= l,= | reviewed T,= l,= T reviewed T reviewed
reviewed by [7,50] reviewed reviewed by [7,50] reviewed reviewed by [50] by [7,50]
by [7,50] by [7,50] by [7,50] by [7] by [7]

SP-B =reviewed =reviewed = reviewed

by [50] by [7,50] by [50]
SP-C T reviewed
by [7]

SP-D | reviewed =reviewed =reviewed T reviewed
by [7,50] by [7,50] by [7,50] by [7,50]

CC-16 | reviewed | reviewed Treviewed =reviewed | reviewed
by [50] by [50] by [50] by [50] by [50]

KL-6 T reviewed T reviewed T[56]

by [50] by [50]

Albumin 1 [86] 1 [87] 7 [49] 1 [46,47,90] 1 [88]

IgA 1189] 1 [46,47,90]

IeG 1 [42] 1 [46,47,90]

IeM 11491

«al-proteinase T [46,47]

inhibitor

«l-antitrypsin 1 48] T188,91] T91] T [88]

a2-macroglobulin T [92] T 187] 1 [48] 1 [49] 1 [88] 1 [88]

Transferrin T91]

Transthyretin T[91]

IL-18 1193]

IL-16 T[94]

IL-12 1195]

IL-10 1196] 1197] 1 [40]

TNFalpha 11971 1 198] 1 [40] 1 [64] 1 [67]

GM-CSF T199] T [100]

G-CSF 1 198] 1 [65]

1L-8 T[101] T 197] 1 [66] 1T[102] 1T1102]

IL-6 11971 1198] 11671

IL-1beta 1197] 1 167]

Myeloperoxidase T [66]

MCP-1 7 [68] 11[102,103] 7 [102]

MCP-4 T 169]

Eotaxin T [70]

ECP T [104]

Tryptase 1 [105] T172]

Histamine T [105] 1172,104]

Ceruloplasmin 1 [89]

Pro-apolipo. Al 1 [89]

Lipocalin-1 1 [38]

IgBF 7 138]

Cystatin S 7T 38]

Cathepsin D T91]

Saposin D T191]

Ug-like T[91]

FABP T191]

Calvasculin T[91]

Intestinal trefoil T[91]

factor
Calgranulin T[91]

Tropomyosin 1191]
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Table 1 (cont.)

Tobacco Asthma CF
smoke

Pneumonia ARDS

Sarcoidosis  IPF Tuberculosis PAP

Calreticulin
Calcyclin

11911
10911

3.3. Protein markers produced by lung inflammatory
cells

Increasing interest in the understanding of the mech-
anisms involved in the establishment of inflammation
during lung diseases in the last decades lead to such
a flood of informations about the cytokinic factors
secreted by inflammatory cells in the lung tissue it
would be presumptuous to try to review them exhaus-
tively. Some recent examples for the most studied dis-
eases are cited hereafter and are outlined in Table 1.
During ARDS, pro-inflammatory TNFalpha increases
in BAL whereas anti-inflammatory cytokine IL10 de-
creases [40]. Consistent with this, increased IL10 in
the BALF of ARDS patients is correlated with patient
survival [62]. On the contrary, persistent elevation of
inflammatory cytokines in BALF predicts a poor out-
come in ARDS [63]. During sarcoidosis, TNFalpha
levels were shown to increase in BAL, with concomi-
tant increase of its inhibitor, TNFalpha receptor [64].
Granulocyte-Colony stimulating factor (G-CSF) is de-
tected in BALF of IPF patients while it remains un-
der the detection limits in BALF of healthy volun-
teers [65]. In BALF of patients with pneumonia, IL-
8, the major polymorphonuclear neutrophils chemoat-
tractant cytokine, is significantly increased, as well as
myeloperoxidase, which is released by neutrophils de-
granulation [66]. In BALF of patients with tubercu-
losis, TNFalpha, IL-1beta and IL-6 are significantly
increased [67]. Chemotaxins MCP1, MCP4 and Eo-
taxin are increased in BAL fluid of asthma patients [68—
70]. Neutrophils are also responsible for the synthe-
sis of elastase and two other matrix metalloproteinases:
collagenase and gelatinase. The enzymatic activity of
these three proteinases is increased in ELF of emphyse-
matous patients, where it is responsible for the progres-
sive destruction of extracellular matrix [71]. Tryptase
and histamine in bronchoalveolar lavage fluid (BALF)
are used as indicators of pulmonary mast cell activa-
tion [72].

In conclusion, inflammatory cells present in the lung
are diverse and secrete a wide variety of proteins in
ELF. Assaying these proteins in BALF by ELISA’s
and/or enzymatic activity tests will give insights on the
current stage of any lung disease, in correlation with
the immunological status of the patient. Furthermore,

measuring cytokines in BALF has also proven to give
insights into the comprehension of the mechanisms in-
volved in lung pathogeneses.

3.4. Other protein markers

Oxidative burst plays a crucial role in the gene-
sis of inflammatory lung diseases: reactive oxygen
metabolites are released by alveolar macrophages, neu-
trophils and eosinophils during inflammation. BALF
Manganese SuperOxide Dismutase is highly expressed
by pneumocytes II and alveolar macrophages in the
granulomas of pulmonary sarcoidosis and extrinsic al-
lergic alveolitis in response to pro-inflammatory cy-
tokines [73]. Metal-catalysed oxidation of BALF pro-
teins, revealed by their carbonyl content, has been ob-
served in patients with ILD, ARDS and chronic bron-
chitis [74-77].

BALF alkaline phosphatase is produced by pneumo-
cytes II and is a marker of tissue damage in IPF and
BOOP [78]. sFas and sFasL levels, revealing apoptosis,
have been measured in BALF of patients with IPF, inter-
stitial pneumonia associated with collagen vascular dis-
eases (CVD-IP), BOOP, and ARDS using ELISA [79,
80]. sFasL is increased in all four disorders compared to
control subjects, especially elevated in ARDS patients
who died [79]. Moreover, an elevation of the BALF
sFas level in BOOP patients, abrogating sFasL cyto-
toxicity, is associated with better prognosis of BOOP,
compared to IPF or CVD-IP [80]. sFas antigen was
also analysed by immunocytochemistry in BAL cells:
expression in alveolar macrophages was higher in pa-
tients with sarcoidosis, lung cancer and fibrosis than in
healthy controls [81].

Despite the wide variety of available tumour mark-
ers in bronchoalveolar lavage (neuropeptides [82], car-
bohydrate antigen, carcinoembryonic antigen, neuron
specific enolase, squamous cell carcinoma antigen, tis-
sue polypeptide antigen, tissue polypeptide specific
antigen, cytokeratin fragment 19, ferritin, antigens
Cag25 and CanAg50 [83-85]), none could be defined
as diagnostic by itself, most studies advising the use
of a combination of several of them to unambiguously
diagnose lung carcinomas.

In summary, the protein content of BALF displays
a huge complexity, due to the enormous diversity of
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proteins it contains and the variety of origins of each
protein considered. Whereas measuring changes in the
levels of one particular protein species gives insights
into some particular mechanism affected in a defined
lung disease, it is, in general, insufficient to establish
a unambiguous diagnosis of one particular disease, al-
lowing proper treatment and follow-up: the combina-
tional analysis of several protein markers is most often
recommended. In this context, the use of proteomics,
as a means to simultaneously display and analyse large
amounts of protein markers and/or as a search tool for
new lung disease markers in BALF, is discussed in the
last part of this review.

4. Simultaneous display and search for new lung
disease markers by BAL proteomic analysis

From the abundant studies describing known BAL
proteins as potential lung disease markers, it appears
obvious that there could also exist unidentified pro-
teins, present amongst the wide variety of proteins
of BAL, which concentration varies specifically with
one or another lung disorder, and that could there-
fore become helpful markers for accurately diagnos-
ing lung diseases. The search for such protein mark-
ers in the BAL proteome, i.e. all the proteins present
in BAL, was therefore initiated and encountered im-
portant developments owing to the improvement of all
the techniques involved in proteomic analysis. On the
other hand, proteome-wide expression analyses also
enables simultaneous examination of proteins levels
which concentration can be modified as a consequence
of changing physiological conditions or diseases. Nu-
merous examples of the use of proteomics for the study
of human diseases exist, including the development
new drugs (expression proteomics [106]), the diagnosis
of neurological disorders (Alzheimer’s disease [107]),
the identification of tumor associated protein markers
(bladder, kidney, breast, lung, ovarian, prostate can-
cer, leukaemia, neuroblastoma (reviewed in [108]), the
search for proteins associated with dilated cardiomy-
opathy (reviewed in [109]) and, in the context of in-
fectious diseases, the hunt for new diagnostic markers,
candidate antigens for vaccines [110] and determinants
of virulence [111].

The current tool for displaying a proteome is two-
dimensional gel electrophoresis (2-DE), that has proven
to be particularly suited to provide specific diagnostic
information from various body fluids such as seminal
fluid, aqueous humor, blood, cerebrospinal fluid, urine,

and BALF [112]. In 2-DE, proteins are separated ac-
cording to their isoelectric point in the first dimension
and to their molecular weight in the second. Once
stained, the resulting two-dimensional protein maps
can be compared, the objective being, in differential-
display proteomics [113], to search for and identify pro-
teins that are up- or downregulated in a disease-specific
manner for further use as diagnostic markers.

The first 2-DE map of lung lavage effluents was
published more than 20 years ago [114]. It provided
a comparison of BALF 2-DE of patients with PAP
with normal subjects. The premises of differential-
display proteomics of BALF were set, along with the
search for lung-specific disease markers. BALF protein
identifications were originally performed with group-
specific staining, comparisons with purified references
standards and pattern matching with 2-DE maps of
serum samples. It resulted in the identification of
23 serum-like proteins [42]. At the beginning of
the nineties, Lenz and coworkers used the improved
method for Isoelectric Focusing developed by G 6rg and
coworkers (Immobilized PH Gradient, IPG [115]) for
the first-dimensional separation of BAL fluid proteins
and obtained satisfactory and well reproducible sepa-
ration [90,116]. They identified SP-A among the 400
spots of a BALF 2-DE gel (pH 4—7) by comparison with
2-DE pattern of purified SP-A [90] and showed that
BALF SP-A, along with IgG, IgA and 15 other spots
of unknown identity, were modified in IPF, sarcoidosis
and/or asbestosis [90]. These observed modified SP-A
levels in 2-DE gels of BALF of patients with IPF [90]
are in agreement with our 2-DE results [91] and also
with previous reports showing that ELISA-detected SP-
A was significantly decreased in IPF [117]. Working
with IPG strips ranging from pH 3 to 10, Lindahl and
coworkers could detect approximately 1000 spots [118]
and rose to 29 the number of proteins identified in
BALF, which corresponds to 35—40% of all spots [89].
The newly identified proteins included isoforms of
lipocortin-1, CC-16, lysozyme and lactoferrin, which
may all turn out to be useful markers of lung inflam-
mation [89], especially anti-inflammatory lipocortin-
1 and CC-16, because their isoform distribution was
shown to be altered in BALF from smokers [119]. Lin-
dahl et al. also pinpointed other significant differences
in BAL fluid 2-DE pattern between smokers and non-
smokers [120] including IgA, ceruloplasmin and pro-
apolipoprotein A-1 [89]. In 1999, the same authors
described the identification, by N-terminal sequencing,
of several new and clinically interesting proteins [38].
Lipocalin-1 may function as a scavenger against toxic
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and proinflammatory lipids [121] and has cysteine pro-
teinase inhibitor function [122]. Bronchial secretions
from patients with CF were shown to contain higher
levels of lipocalin-1, due to an up-regulated expres-
sion of the LCN1 gene [121] and BALF from smokers
contain more lipocalin-1 than BALF from nonsmok-
ers [38]. Cystatin S is thought to protect against cystein
proteinases inhibitors originating from invading mi-
croorganisms or lysosomes. The two identified forms
of cystatin S, probably differing from each other by
their phosphorylation status, were decreased in BALF
from smokers versus nonsmokers [38]. Immunoglobu-
lin binding factor (IgBF), which is abundant in human
seminal plasma but has also been found in BALF, may
act as a modulator of local immune reponses, and is
higher in smokers than in nonsmokers [38,123].
Wishing to characterize the nature of protein BALF
components, we undertook an exhaustive identification
of all proteins present in human BAL fluid [37]. Our
strategy to construct a protein map that contains the
widest range of proteins was based on the analysis of
individual and pooled BAL fluid samples from patients
suffering from various lung disorders. The use of a
wide nonlinear gradient IPG to separate proteins with
pl between 3 and 10 in the first dimension and of a
flat, ultra-thin, horizontal gradient polyacrylamide gel
to separate proteins with molecular masses from 5 to
400 kDa in the second dimension strongly increased
the amount of information obtainable from BALF 2-
DE gels. Our present BALF 2-DE map comprises
over 1200 silver stained spots ([37,91]; our unpub-
lished results). Over 900 protein spots were identified
by matching with the human plasma reference 2-DE
map or with other miscellaneous cell line maps avail-
able from SWISS-2D PAGE (macrophage-like, epi-
dermal keratinocyte, liver), by N-terminal or internal
amino acid microsequencing and mass spectrometry
(peptide mass fingerprinting) ([37,91]; our unpublished
results). A dynamic 2-DE database for human BALF
was made available on the Worldwide Web in 2000
(http://w3.umh.ac.be/"biochim/proteomic.htm [91]).
The construction of such BAL 2-DE database would
obviously not be of great use if it were not to be asso-
ciated with comparative proteomic analysis of patients
with lung disorders. In 2000, a comparison of BALF
2-DE gels of patients with ILD (hypersensitivity pneu-
monitis, idiopathic pulmonary fibrosis and sarcoido-
sis) was published [91] and we could identify, with
the assistance of our BAL database, a minimum of 50
protein spots displaying modified expression levels for
each lung disease compared to healthy subjects. As

an example, a comparison of 2-DE of BALF from IPF,
sarcoidosis patients and healthy controls is shown in
Fig. 1. The study was done on 15 healthy subjects,
10 patients with IPF and 15 with sarcoidosis, all be-
ing nonsmokers. Dramatic increases of some plasma
proteins (transferrin, transthyretin, alpha-1 antitrypsin
and immunoglobulins) are observed in patients with
sarcoidosis. This result is a confirmation of previous
observations reporting increases in serum proteins in
BALF of sarcoidosis patients [46,47]. The most likely
mechanism for this elevation is an increased protein
leakage from the bloodstream to the lung tissues caused
by inflammatory damage to the alveolar-capillary bar-
rier. Concentration of SP-A, the most abundant pul-
monary surfactant protein, is down regulated in BALF
of patients with IPF, which has been observed previ-
ously in 2-DE gel experiments and ELISA’s [90,117],
and is probably the consequence of an alteration of the
synthesis and/or release of this lung-specific protein,
caused by alveolar type II cells damage. High levels of
three forms of calgranulin A (spots 201, 202 and 206)
are also observed in BALF of IPF patients compared
to healthy ones as well as an increase in number and
intensity of small and acidic proteins. These include
calcium binding proteins (calcyclin, spot 212 and cal-
vasculin, spot 216), lipid binding proteins (epidermal
fatty acid-binding protein, spot 174 and adipocyte fatty
acid-binding protein, spot 183), enzymes (cathepsin D,
spots 108, 174 and 207; saposin D chain, spot 210) and
miscellaneous proteins (intestinal trefoil factor, spot
179 and ubiquitin-like protein, spot 212). Most of these
proteins have been involved in a variety of processes
related to cell proliferation, but their exact role in IPF
pathogenesis remains to be discovered. The presence
of cathepsin D in BALF correlates with reports of its
expression by alveolar macrophages, bronchial epithe-
lial cells and type I pneumocytes [124]. Cathepsin D
increase in BALF of IPF patients is consistent with its
potential role in remodelling processes occurring dur-
ing fibrogenesis [91,124].

Our 2-DE studies not only allowed the confirmation
of the status of disease markers for lung disorders diag-
nosis (SP-A, cathepsin D, for example), but also permit-
ted the identification of new proteins in BALF. Human
AOEB166 was for instance identified in BALF 2-DE
gels (see Fig. 1) and microsequenced to enable reverse
cloning of the complete gene. The protein, a perox-
iredoxin widely expressed in human tissue, is thought
to have a protective role in oxidation and inflammatory
processes since LPS (lipopolysaccharide)-induced in-
flammation in rat lung is accompanied by an increase
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35 pl = P10

Fig. 1. Analytical silver-stained 2-DE gels of human BALF from a healthy subject (A) a patient with IPF (B) and a patient with sarcoidosis (C).
25 pg proteins dissolved in 9 M urea, 0.5% v/v Triton X-100, 2% v/v Pharmalyte 3—10, 65 mM DTE and 8 mM PMSF were loaded on pH 3-10
non-linear IPG strips for isoelectric focusing. Second dimensional separation of the proteins was done on ExcelGel XL 12-14% and detected
by silver staining. SP-A is absent in BALF of patients with IPF. Circles indicated small proteins up regulated in IPF (108: Cathepsin D, heavy
chains; 172: FABP-E; 174: Cathepsin D, light chain; 179: Intestinal Trefoil Factor; 183: FABP-E; 194: Cathepsin D, light chain; 201, 202 and

206: Calgranulin A; 207: Saposin, D chain; 210: Ubiquitin-like protein; 212: Calcyclin; 216: Calvasculin) and the matching spots in healthy
control.
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of lung AOEB 166 mRNA levels [125]. Other unknown
proteins detected in BALF, their tissue-specificity, their
involvement in various lung disorders and their val-
idations as lung disease markers are currently under
investigation.

Finally, proteomic analysis of BAL fluid has also
been recently described as enabling early, direct and
sensitive monitoring of the actual impact of therapeu-
tic interventions on specific BALF proteins, long be-
fore lung function parameters and structural changes
are expected to be detected. BALF SP-A proteolysis
levels were assessed, by immunoblotting of the SP-A
degradation products displayed on 2-DE gels, to evalu-
ate restoration, by alphal-protease inhibitor treatment,
of the protease-antiprotease imbalance in cystic fibro-
sis [126].

In conclusion, recent advances in proteomic anal-
ysis have enabled the identification of about 70% of
BAL fluid protein spots displayed on 2-DE gels. These
investigations confirm previous observations obtained
by ELISA measurements and are consistent between
different laboratories, which validate the use of 2-DE
gels to compare BAL fluid protein levels between pa-
tients with lung disorders and healthy controls. The
systematic sequencing of BAL fluid proteins is leading
to the identification of numerous proteins of unknown
function. Their possible use as new disease markers
are currently being studied. Moreover, the everyday
enrichment of the BALF 2-DE map by new protein se-
quences further facilitates comparisons betweens 2-DE
gels, thereby accelerating the process of differential-
display proteomics involved in the identification of new
disease markers. Finally, the 2-DE display of BAL fluid
proteins permits the integrated analysis of numerous
clinical parameters, which is often required to unam-
biguously and accurately establish a diagnosis of lung
diseases and/or to check the influence of therapies on
these clinical parameters.

5. Future directions of BALF proteomics-based
diagnosis of lung diseases

Future research leading to efficient proteomics-based
diagnosis of lung diseases has to be oriented in multiple
directions. Completion of human BALF 2-DE protein
map will require a significant increase in the number
and intensity of displayed protein spots, for example
through BAL fluid fractionation prior to 2-DE analy-
sis, solubilization of hydrophobic proteins, increased
staining sensitivity in conjunction with raised detec-

tion limits for identification (e.g., by fluorescence stain-
ing), and use of smaller pl ranges which increase the
first dimension resolution of proteins. High-throughput
mass spectrometry-based methods, such as SELDI-
TOF (Surface-Enhanced Laser Desorption/Ionisation —
Time Of Flight [127,128]), able to determine, in total
protein extracts, unique protein profiles describing the
progression from healthy to diseased states and back,
will have to be implemented for BALF-based early di-
agnosis and therapy follow-up of lung diseases and for
high-throughput identification of BALF components.
Multiplying the molecular biological approaches to un-
ravel the functional roles and the tissue specificity of the
putative disease markers identified by proteomics will
further increase confidence in the relevance of our ob-
servations and knowledge of the mechanisms involved
in lung pathogenesis. On the other hand, the use of in
vitro generated recombinant antibodies directed against
all lung disease markers identified in BALF by pro-
teomic analyses will give a very sensitive readout of
the relative abundance of each marker in BALF or in
other body fluids such as serum, induced sputum or
breath condensates, monitored simultaneously by west-
ern blots, flow cytometry or antibody arrays.
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