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Aims: Transporter proteins known to mediate multidrug resistance (MDR) in tumour cells—MDR1
P-glycoprotein (P-gp) and multidrug resistance related protein 1 (MRP1)—are thought to be involved in
protecting the lungs against inhaled toxic pollutants. Recently, several new transporter family members
have been identified—for example, MRP2, MRP3, and breast cancer resistance protein (BCRP). To
study the possible contribution of these proteins and the earlier defined MDR1 and MDR3 P-gp
molecules, MRP1, and the major vault protein (MVP) to lung functioning, their expression was analysed
in normal lung tissue of humans and several animal species.
Methods: Frozen sections of normal lung tissues were examined for the expression of the multidrug
resistance associated proteins, using an extended panel of monoclonal antibodies that specifically
detect these proteins in immunohistochemical techniques.
Results: In line with earlier reports, the expression of MDR1 P-gp and MRP1 was readily detected in
the apical and basolateral membranes, respectively, of the epithelial cell layers of the lungs. In addi-
tion, prominent cytoplasmic MVP staining was detected in these layers. In contrast, the recently discov-
ered transporters were either undetectable or they were present at very low values in lung tissue.
Immunohistochemical staining in tissues from mice, rats, and guinea pigs points to a strong evolution-
ary conservation for these transporter proteins.
Conclusions: These results show that the “classic” MDR related molecules, MDR1 P-gp, MRP1, and
MVP, should be considered the most important transporters in normal lung physiology. It will be of
great interest to investigate differences in expression of both classic and newly defined transporters
between normal individuals and—for example, patients with various bronchopulmonary pathological
conditions.

Respiratory tissue comes into contact with a broad variety
of potentially harmful and toxic substances that are
present in inhaled air. Although microorganisms, dust,

and toxic particles are largely removed in the upper airways
via ciliary movements and mucus, protection against harmful
substances is also critically important in the lower airways.
Surfactant, important for lung elasticity and produced by type
II pneumocytes, is bacteriocidal and the epithelial lining fluid
and the alveolar macrophages play a crucial role in the
removal of macromolecules. Other candidates that may play a
role in the defence against toxic materials are the transporter
molecules, originally characterised for their roles in multidrug
resistance (MDR; reviewed by Moscow et al).1 Increased
expression of these transporter molecules in tumour cells
renders these cells resistant to structurally and functionally
unrelated cytotoxic drugs. The proteins involved in this
phenomenon are the well known MDR1 P-glycoprotein (P-gp;
ABCB1),2 multidrug resistance protein 1 (MRP1; ABCC1),3

and the major vault protein (MVP),4 and the more recently
discovered MRP2 (ABCC2),5 MRP3 (ABCC3),6 and the breast
cancer resistance protein (BCRP; ABCG2).7 Except for the
MVP molecule, all of these proteins are members of the ATP
binding cassette (ABC) transporter family.8 They act as efflux
pumps, resulting in decreased intracellular concentrations of
natural product drugs.

“Respiratory tissue comes into contact with a broad vari-
ety of potentially harmful and toxic substances that are
present in inhaled air”

The 170 kDa MDR1 P-gp is the prototypic MDR transporter

protein that transports a broad range of hydrophobic,

amphiphilic substrates, in addition to organic cations, includ-

ing anticancer drugs.2 MDR3 P-gp (ABCB4) is 77% identical to

MDR1 P-gp, but for this protein no contribution to MDR has

been established. The protein is essential for the secretion of

phosphatidylcholine into the bile,9 and lack of expression of

MDR3 P-gp in the liver is responsible for type 3 progressive

familial intrahepatic cholestasis.10 The 190 kDa MRP1 protein

is the major cysteinyl leukotriene C4 (LTC4) transporter,11 and

it confers a similar resistance phenotype to MDR1 P-gp,12

although these two proteins share only 14% amino acid iden-

tity. The transporter shows a propensity for transporting

organic anions. In addition, MRP1 is probably involved in

antioxidant defence mechanisms through transport of the

anionic tripeptide glutathione and xenobiotic-glutathione

conjugates. In humans at least eight homologues of MRP1 are

now known to be expressed,13–16 namely: MRP2–9. MRP2 is

found in the liver and is responsible for the hepatobiliary

excretion of a broad range of organic anions, including gluta-

thione and bilirubin glucuronides,17 and mutations in the

MRP2 gene cause the Dubin-Johnson syndrome.5 Apparently,

the substrate specificity of MRP2 is very similar to that of

MRP1.17 MRP3 is the closest homologue of MRP1,6 and it is

also capable of transporting several anticancer drugs.18 The
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involvement of the other members of the MRP family in MDR

in tumour cells has not yet been established, but recently it

was found that MRP4 and MRP5 can mediate transport of

nucleoside analogues.19 20

BCRP is a 70 kDa transporter protein that probably acts as a

(hetero/homo) dimer in transporting MDR drugs. This trans-

porter is known to be involved in mitoxantrone and topotecan

resistance,21 22 and may also be involved in the resistance to

other drugs. The MVP molecule is not a family member of the

ABC transporters. This approximately 100 kDa protein consti-

tutes the major component of vault particles, large cytoplas-

mic ovoid shaped structures with yet unknown function(s).

Importantly, several reports have shown a connection between

the expression of MVP/vaults and MDR (see Scheffer and

colleagues23 and references therein).

To facilitate further studies on the contribution of these

molecules to MDR and their physiological functions—for

example, in lung tissues—we have developed a panel of

monoclonal antibodies that specifically detect the MDR1 P-gp

and MDR3 P-gp molecules, MRP1, MRP2, MRP3, BCRP, and

MVP.24–29 Studies on the presence of MDR1 P-gp, MRP1, and

MVP in normal human tissues, including lung and liver, have

been reported,30–33 and the results suggest that the normal

physiological function of these molecules is to provide protec-

tion against toxic substances. Here, we used the extended

monoclonal antibody panel, including at least two different

monoclonal antibodies for each MDR related molecule, to

investigate further the presence and possible roles of the

recently discovered transporter molecules in the lungs. Their

expression was examined in frozen sections reflecting

different airway levels of normal human lung tissue and, as a

control, in liver tissue. Because detection in archival material

would be most convenient for in depth studies on clinical

specimens, we also explored the applicability of the extended

monoclonal antibody panel in formalin fixed, paraffin wax

embedded tissues. Moreover, because animal models can pro-

vide invaluable information in mechanistic studies on lung

diseases, such as asthma, we further investigated the applica-

bility of these monoclonal antibodies to frozen sections of lung

tissues from the rat, mouse, and guinea pig.

MATERIALS AND METHODS
Tissues and sections
Frozen tissues of normal human lung and liver were obtained

from our tissue bank. The lung tissue samples originate from

different regions of normal parts of removed malignant lung

tissue from six individuals. Rat, mouse, and guinea pig tissues

were obtained from euthanised animals, snap frozen in liquid

nitrogen and stored at −80°C. Cryosections (4 µm thick) were

cut, airdried overnight, fixed for seven minutes in 100%

acetone, and stored at −20°C until further use. Formalin fixed,

paraffin wax embedded tissue blocks of normal human tissues

were from our tissue bank. Sections (4 µm thick) were cut,

mounted on to poly-L-lysine pretreated slides, and dried over-

night.

Monoclonal antibodies
Except for the anti-P-gp monoclonal antibody, C219, all anti-

bodies used in our study were produced in our laboratory.

These monoclonal antibodies were kept as concentrated

supernatants and were used in the immunohistochemical

staining at a final concentration of approximately 20 µg/ml.

The C219 monoclonal antibody was purchased from Alexis

(San Diego, California, USA) and used at the recommended

dilution. MDR1 P-gp detection was with the JSB-1 and C219

monoclonal antibodies, MDR3 P-gp detection was with P3II-1

and P3II-26. MRP1 detection was with MRPr1, MRPm6, and

MRPm5. MRP2 detection was with M2I-4, M2II-12, M2III-5,

and M2III-6. MRP3 detection was with M3II-9 and M3II-21.

BCRP detection was with BXP-21 and BXP-34. MVP detection

was with LRP-56, LMR-5, and MVP-37. All monoclonal

antibodies are murine antibodies, except for MRPr1 and

LMR-5, which are rat antibodies. The characteristics of the

monoclonal antibodies have been described in detail

previously.24–29 31 34 35

Table 1 Detection of MDR molecules with a panel of monoclonal antibodies in frozen sections of normal human lung
and liver tissue

MDR molecule Mab Lung epithelium Liver canaliculi
mRNA Staining mRNA Staining

MDR1 P-gp JSB-1 + (33) +* ++ (33) ++
C219 ++* +++

MDR3 P-gp P3II-1 − (34) − ++ (34) ++
P3II-26 +/− +++

MRP1 MRPr1 ++ (13) +++*† − (13) −
MRPm6 +*† −
MRPm5 +*† −

MRP2 M2I-4 − (13) − +++ (13) +++
M2II-12 − ++
M2III-5 − ++
M2III-6 ++ ++

MRP3 M3II-9 +/− (13) − + (13) −§
M3II-21 − −§

BCRP BXP-21 − (35) +/−‡ +/− (35) +
BXP-34 +/−‡ +

MVP LRP-56 ND ++* ND +/−
LMR-5 +* −
MVP-37 ++* −

mRNA data are from published studies, with the reference in parenthesis. *, Also variable staining in alveolar macrophages; †, also staining in
seromucinous glands; ‡, also staining of endothelial cells; §, staining of bile ducts. Staining scores: −, no reactivity; +/−, very weak reactivity; +, weak
reactivity; ++, strong reactivity; +++, very strong reactivity.
BCRP, breast cancer resistance protein; Mab, monoclonal antibody; MDR, multidrug resistance; MRP, multidrug resistance protein; MVP, major vault
protein; ND, not determined; P-gp, P-glycoprotein.
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Immunohistochemistry
Cytospin preparations and cryosections (4 µm thick) were air-

dried overnight and fixed for seven minutes in acetone at

room temperature. Sections of routinely processed formalin

fixed, paraffin wax embedded tissues (4 µm thick) were

dewaxed and rehydrated. Endogenous peroxidase activity was

blocked using 0.3% H2O2 in methanol for 30 minutes. Antigen

was detected without pretreatment, or after microwave

antigen retrieval using 1mM EDTA or 0.01M citric acid

(pH 6.0) in distilled water. The slides were incubated with

hybridoma supernatant for one hour at room temperature or

overnight at 4°C for the paraffin wax sections. Biotinylated

rabbit antimouse or antirat serum (1/150 dilution; Zymed, San

Francisco, California, USA) and horseradish peroxidase (HRP)

labelled streptavidin (1/500 dilution; Zymed) were used as

secondary reagents. Colour development was with 0.4 mg/ml

aminoethylcarbazole and 0.02% H2O2 as a chromogen. Nuclei

were counterstained with haematoxylin and the slides were

mounted with Kaiser’s glycerol gelatin (Merck, Darmstadt,

Germany).

For MVP-37 staining of cryosections, a paraformaldehyde

fixation in combination with guanidine hydrochloride pre-

treatment was applied, as described previously.29

For tissues with high endogenous biotin activity, incubation

with hybridoma supernatant was followed by HRP labelled

rabbit antimouse or antirat serum (1/200; Dako, Copenhagen,

Figure 1 Expression of MDR related
proteins in frozen sections of normal
human lung tissue as detected with
(A) C219 (anti-MDR1 P-gp), (B)
P3II-26 (anti MDR3 P-gp), (C) MRPr1
(anti-MRP1), (D1) M2II-12 (anti
MRP2), (D2) M2III-6 (anti MRP2), (E)
M3II-9 (anti-MRP3), (F) LRP-56
(anti-MVP), (G) BXP-34 (anti-BCRP),
and (H) control monoclonal antibody.
MDR1 P-gp is present in the apical
membrane of the bronchial and
bronchiolar epithelial layer. MRP1 is
present at the basolateral membrane
of the bronchial and bronchiolar
layer. Abberant MRP2 staining is only
seen with M2III-6. MVP is present in
the cytoplasm of the bronchial and
bronchiolar epithelial cells. Slides
were stained with HRP labelled rabbit
antimouse, FITC labelled tyramine,
HRP labelled rabbit anti-FITC, and
aminoethylcarbazole. BCRP, breast
cancer resistance protein; FITC,
fluorescein isothiocyanate; HRP,
horseradish peroxidase; MDR,
multidrug resistance; MRP, multidrug
resistance protein; MVP, major vault
protein; P-gp, P-glycoprotein.
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Denmark). Subsequently, a 10 minute incubation with

fluorescein isothiocyanate (FITC) labelled tyramine in phos-

phate buffered saline (PBS) containing 0.01% H2O2 was

performed. The slides were examined under a fluorescence

microscope (Leica DMRB, Rijswijk, the Netherlands). To

obtain more permanent results and to provide a better

impression of morphology, the slides were further incubated

with HRP labelled rabbit F(ab′)2 anti-FITC fragments (1/100

dilution; Dako) and developed with aminoethylcarbazole/

H2O2.

Negative controls consisted of replacing the primary

antibody with irrelevant isotype matched control antibodies.

RESULTS
Sections of different airway levels of normal human lung tis-

sue were cut and examined for expression of the transporter

proteins. This approach allowed the analysis of bronchial epi-

thelium and mucus producing goblet cells, seromucinous

glands, smooth muscle, and nerve cells in the higher part of

the lungs and bronchiolar epithelial cells, endothelial cells

(type I/II), pneumocytes, and alveolar macrophages in the

lower regions of the lung. In normal human liver, sections

were examined for the expression of transporter proteins in

the hepatocytes, bile ductules and canaliculi, and blood circu-

latory tissue.

Frozen sections of normal human lung and liver tissues
Table 1 summarises the results of immunohistochemical

staining in the lung and liver tissues. For comparison,

previously reported mRNA data (MDR1 P-gp,36 MDR3 P-gp,37

MRP1/2/3,13 and BCRP38) on the expression of the transporters

are also shown in table 1. Only positive staining results

obtained with the panel of MDR monoclonal antibodies will

be outlined in more detail. Thus, when not specifically

mentioned, lung tissue zones and cell types can be considered

as unreactive.

MDR1 P-gp was detected with both the JSB-1 and C219

monoclonal antibodies on the apical membranes of the bron-

chial and bronchiolar epithelium in the lung (fig 1A) and on

the (apical) canalicular membranes in the liver (not shown;

see example of canalicular staining in fig 2A). Moderate but

variable staining of the alveolar macrophages was seen. The

MDR3 P-gp monoclonal antibodies P3II-1 and P3II-26 showed

that MDR3 P-gp, which can be readily detected at the canal-

icular membranes in the liver (not shown), is absent in lung

tissue (fig 1B), thus confirming the mRNA data for MDR1

P-gp and MDR3 P-gp in liver and lung tissues. MRP1 was

detected with the rat MRPr1 monoclonal antibody (which

showed the strongest staining) and the mouse MRPm6 anti-

body in the basal membrane of bronchial and bronchiolar

epithelium of the lung (fig 1), whereas it was not detected in

liver tissue. In addition, MRP1 was present in the basal cells

in the seromucinous glands of the lungs, with a higher inten-

sity in the serous area than in the mucinous area (fig 3B).

Furthermore, despite some variability between individual

lung samples, consistent MRP1 expression was seen in the

cytoplasm of the alveolar macrophages (fig 3A). Overall, these

results agree with the mRNA data for MRP1 in lung and liver

tissues. Three of the four anti-MRP2 monoclonal

antibodies—M2I-4, M2II-12, and M2III-5—confirmed that

MRP2 is not detectable in lung tissue (fig 1D1), as inferred

from the mRNA data (table 1). An aberrant staining pattern

was observed for the M2III-6 monoclonal antibody, which

showed strong staining of the apical membrane of the bron-

chial and bronchiolar epithelial layers (fig 1D2). In contrast,

without exception, all four anti-MRP2 monoclonal antibodies

show the presence of MRP2 at the canalicular membranes

(fig 2A). The anti-MRP3 monoclonal antibodies M3II-9 and

M3II-21 showed that MRP3 is not present in lung tissue (fig

1E), whereas the protein can be detected in the liver. Staining

of bile ductules was most pronounced, with some additional

staining of the hepatocyte membranes (fig 2B), in line with

the mRNA data for MRP3 in both lung and liver tissues. The

anti-BCRP antibodies BXP-21 and BXP-34 revealed low but

distinct amounts of BCRP in the epithelial layer and in the

seromucinous glands of the lungs (fig 1G). Moreover, BCRP

was detected in the small endothelial capillaries. In the liver,

these monoclonal antibodies showed moderate staining of

the canalicular membranes (not shown). These results are

also in agreement with the BCRP mRNA data for these tissues

(table 1). In the lung, the anti-MVP monoclonal antibodies

LRP-56, LMR-5, and MVP-37 stained strongly in the

cytoplasm of the bronchial and bronchiolar epithelial layers

(fig 1F) and slightly less strongly in the alveolar macro-

phages. In the liver, MVP was very low or not detectable, as

reported previously.33 39

Figure 2 Expression of MDR related proteins in normal human liver
tissue. (A) MDR1 P-gp, MDR3 P-gp, MRP2, and BCRP show similar
staining at the canalicular membranes of the hepatocytes (example
of staining with M2I-4). (B) MRP3 is present in the bile ducts and the
basolateral membranes of the hepatocytes (staining with M3II-9). (C)
negative control. Slides were stained with HRP labelled rabbit
antimouse, FITC labelled tyramine, HRP labelled rabbit anti-FITC,
and aminoethylcarbazole. BCRP, breast cancer resistance protein;
FITC, fluorescein isothiocyanate; HRP, horseradish peroxidase; MDR,
multidrug resistance.
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Formalin fixed, paraffin wax embedded lung and liver
tissues
For some monoclonal antibodies in the panel reactivity (or

lack of reactivity) on formalin fixed, paraffin wax embedded

tissues has been reported previously25 29 39; the anti-MDR1 P-gp

antibodies, the anti-MRP1 antibodies, and the anti-MRP2

antibodies perform well on this material, with a microwave

antigen retrieval pretreatment in citrate buffer. However, with

both MRPr1 and MRPm6 the localisation of MRP1 in the epi-

thelial layers of the lungs differed from that seen in frozen

sections. Instead of the basolateral staining seen in frozen sec-

tions, a more diffuse, cytoplasmic localisation was seen (fig

3C; compare with fig 1C). In addition, the anti-MVP

monoclonal antibodies performed well on this material. How-

ever, in contrast, the newly developed anti-MDR3 P-gp mono-

clonal antibodies, P3II-1 and P3II-26, showed only limited

reactivity, and the anti-MRP3 antibodies, M3II-9 and M3II-21,

were non-reactive on tissue sections processed in this way.

To study the efficiency of the anti-BCRP monoclonal

antibodies on formalin fixed, paraffin wax embedded mate-

rial, several experiments were performed without pretreat-

ment or using the two different pretreatment methods, citrate

or EDTA. None of the conditions tested allowed for staining of

the BCRP protein with the BXP-34 monoclonal antibody but,

in contrast, the BXP-21 antibody was effective when the

citrate method was used for antigen retrieval. Table 2 summa-

rises the results and provides a semiquantitative rating for the

reactivities of the monoclonal antibodies on formalin fixed,

paraffin wax embedded material in comparison with the

results obtained using frozen sections.

Reactivity with MDR molecules in different species
For experimental studies into pulmonary diseases, it is impor-

tant to know the applicability of the monoclonal antibodies in

relevant animal species, notably mice, rats, and guinea pigs.

Therefore, we tested the monoclonal antibody panel on frozen

sections of liver and lungs from these animals. The results are

also presented in table 2, extending the results published

previously.25 Based on the presence or absence of the expected

expression profile(s) in the examined tissues, we concluded

that some of the monoclonal antibodies are highly specific for

the human antigen (for example, BXP-34), whereas others

(for example, P3II-26) seem to crossreact with orthologues in

the other species examined. Obviously, with mouse mono-

clonal antibodies on mouse tissues and rat monoclonal

antibodies on rat tissues, staining results are more difficult to

interpret because of the high background staining. An exam-

ple of mrp1 detection in mouse lung tissue with the rat mono-

clonal antibodies MRPr1 is shown in fig 3D.

DISCUSSION
A broad panel of monoclonal antibodies specifically detecting

MDR1 P-gp, MDR3 P-gp, MRP1–3, BCRP, and MVP has

become available and was used here to explore the distribu-

tion of these molecules within human lung tissues, where

they might contribute to protection against exogenous toxins.

Moreover, some of these transporters are assumed to play cru-

cial roles in immune effector cell functions—for example,

MDR1 P-gp and MRP1 in dendritic cells.40 41 Previously, we

showed that all but one of the anti-P-gp monoclonal antibod-

ies (C219) included in this panel are fully specific for their

cognate antigens, both in western blots and cytological

specimens.25 26 28 The C219 monoclonal antibody also reacts

with MDR3 P-gp,42 which probably contributes to its

apparently stronger immunoreactivity (compared with JSB-1)

in organs coexpressing both P-gp transporters. Because all

monoclonal antibodies can react with their respective antigen

in frozen sections, primary analyses were performed on this

type of material.

“The classic multidrug resistance related molecules men-
tioned are potentially the most important transporters in

Figure 3 Expression of MRP1 as detected with the rat MRPr1 monoclonal antibody in different types of lung tissue. (A) MRP1 staining in
alveolar macrophages in frozen sections of normal human lung. (B) MRP1 staining in a seromucinous gland in a frozen section of the upper
part of the lung. (C) MRP1 staining in formalin fixed, paraffin wax embedded normal human lung tissue. (D) mrp1 staining in frozen sections of
mouse lung tissue. Slides were stained with HRP labelled rabbit antimouse, FITC labelled tyramine, HRP labelled rabbit anti-FITC, and
aminoethylcarbazole. FITC, fluorescein isothiocyanate; HRP, horseradish peroxidase; MRP, multidrug resistance protein.
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normal lung physiology—the newly discovered trans-
porter molecules were either undetectable or present
only at low values”

Indeed, distinct transporters were easily detected in lung tis-

sue. Confirming earlier reports,30–32 MDR1 P-gp and, particu-

larly, MRP1 were found prominently in the bronchial and

bronchiolar epithelial layers. These proteins were found on

opposite sites of the epithelial cell layer, with apically

expressed MDR1 P-gp possibly being involved in removing

environmental xenobiotics into the lumen, and basolaterally

expressed MRP1 transporting toxic substances into the inter-

stitial fluid. The aberrant staining pattern of MRP1 in sections

of formalin fixed, paraffin wax embedded lung tissue,

suggesting a more subapical, intracellular localisation, was

seen here with two different monoclonal antibodies, and has

also been reported previously with another MRP1 specific

monoclonal antibody, QCRL-1.32 Therefore, this probably

reflects artifactual aggregation and dislocation of the MRP1

molecule as a result of the fixation procedure, rather than dis-

cordant epitope expression. The putatively protective role of

MRP1 is not limited to the epithelial layers because it is also

expressed in the seromucinous glands and in alveolar macro-

phages. MRP1 staining in the epithelial layers varied only

slightly between individual samples. However, variable num-

bers of stained macrophages and variable staining intensities

for the macrophages were observed in individual lung

samples. These observations may be related to different mac-

rophage activational states, depending on different clinical

sources. Notably, most of the “normal” lung tissue samples

from the collection of our tissue bank are derived from

non-affected parts of lungs obtained from patients with lung

cancer, which may still show varying degrees of inflammation.

Of note, MRP1 is the major transporter of LTC4, a cysteinyl

leukotriene. Leukotrienes are potent proinflammatory media-

tors accounting for late phase asthmatic reactivity.43 Indeed,

MRP1 knockout mice show strongly reduced inflammatory

reactivity patterns.44 Our present results also confirm that a

third MDR related protein, the major vault protein MVP, as

detected by either of three different monoclonal antibodies, is

highly expressed in the cytoplasm of the epithelial cells of the

lung. Vaults are evolutionarily highly conserved, large ribonu-

cleoprotein particles. The particles represent multimeric

RNA–protein complexes in which MVP predominates. Al-

though the cellular role of vaults has remained elusive, several

findings support the view that vaults have a transport

function by acting as a carrier, mediating bidirectional

nucleocytoplasmic exchange as well as vesicular transport of

compounds, including possible toxic materials (Scheffer and

colleagues23 and references therein).
Our results show that the classic MDR related molecules

mentioned are potentially the most important transporters in
normal lung physiology—the newly discovered transporter
molecules were either undetectable or present only at low
values. Thus, in line with the earlier reported mRNA data, no
MDR3 P-gp and MRP3 proteins were detectable in normal
lung tissues. The same holds true for MRP2, which was posi-
tive with only one of the four monoclonal antibodies tested—
the M2III-6 antibody. This staining of the apical membrane of
the bronchial epithelium remained unconfirmed with the
other three anti-MRP2 monoclonal antibodies and was not
confirmed by detectable MRP2 mRNA. Moreover, M2III-6
staining was not visible in rat or guinea pig lung tissues,
despite strong tissue reactivity in these species. Therefore, the
M2III-6 antibody probably crossreacts with another molecule
present on the human bronchial and bronchiolar epithelial
surface. Its distinct localisation along the airways certainly
warrants further identification of this protein(s). With regard
to the other recently identified MRP homologues, such as
MRP4–9, further studies are currently under way to raise
appropriate monoclonal antibodies, which should help to
reveal whether these closely related transporters play distinct
roles in lung tissues. Interestingly, the other recently identified
member of the ABC family, BCRP, showed low but distinct
expression in the lung, notably in the epithelial layer and
seromucinous glands, in addition to capillary endothelium.
Because this molecule has been attributed an important role

Table 2 Detection of MDR molecules with a panel of monoclonal antibodies in formalin fixed, paraffin wax embedded
normal human tissues and in frozen sections of different species

MDR molecule Mab Paraffin wax
embedded sections

Frozen sections

Human Human Rat Mouse Guinea pig
MDR1 P-gp JSB-1 + ++ − − −

C219 ++ +++ ++ + ++

MDR3 P-gp P3II-1 +/− ++ +/− − +/−
P3II-26 +/− +++ + +/− ++

MRP1 MRPr1 + +++ − ++ ++
MRPm6 + + − − −
MRPm5 +/− + − − −

MRP2 M2I-4 + +++ − − −
M2II-12 − ++ − − −
M2III-5 − ++ +++ − +
M2III-6 + ++ +++ − ++

MRP3 M3II-9 − ++ − − −
M3II-21 − ++ − − −

BCRP BXP-21 + + +/− − −
BXP-34 − + +/− − −

MVP LRP-56 + ++ − − −
LMR-5 + + − − −
MVP-37 ++ ++ − − −

Reactivity of MDR1 P-gp, MDR3 P-gp, MRP2, MRP3, and BCRP as judged on sections of liver, and reactivity of anti-MRP1 and MVP Mabs as judged on
sections of lung. Staining scores: −, no reactivity; +/−, very weak reactivity; +, weak reactivity; ++, strong reactivity; +++, very strong reactivity.
BCRP, breast cancer resistance protein; Mab, monoclonal antibody; MDR, multidrug resistance; MRP, multidrug resistance protein; MVP, major vault
protein; P-gp, P-glycoprotein.
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in the transmembrane transport of distinct classes of
cytostatic drugs, and little is known about its possible contri-
bution to physiological defence mechanisms, the importance
of BCRP expression in lung tissues should be explored further.
We used both acetone fixed frozen sections and formaldehyde
fixed paraffin wax embedded sections in our study. Like most
monoclonal antibodies raised against native molecules, fusion
proteins, and/or peptides, the currently available panel shows
excellent reactivities in western blotting and/or immunohisto-
chemical methods, whereas the panel generally performs less
well on paraffin wax embedded sections. However, our results
indicate that antigen retrieval methods can be identified that
provide acceptable conditions for the detection of each of
these transporter molecules.

For mechanistic studies in human disease, including those
affecting the lungs, experimental animal models remain
indispensable, whether models involving conventional inbred
or outbred mice, rats, or guinea pigs, or transgenic and knock-
out mice and rats. Because there is still much to be learned
about the pathophysiological roles of MDR related molecules,
and crucial patient tissue is often unavailable, appropriate
reagents detecting animal MDR related molecules need to be
defined. Our current data highlight those monoclonal
antibodies that show essentially similar staining patterns in
lung and liver tissues in mice, rats, and/or guinea pigs,
indicating that these reagents react with true orthologues in
these species. However, the panel needs to be extended; in
particular, reagents detecting MRP3 and MVP/LRP need to be
developed. Interestingly, all of the differently raised antihu-
man MVP monoclonal antibodies, including the mouse
antibodies, LRP-56 and MVP-37, and the rat LMR-5, are highly
specific for human epitopes. This may relate to the high
degrees of homology for different species derived MVP
molecules, suggesting strong evolutionary conservation, lead-
ing to low immunogenicity for larger parts of the molecule.

“For mechanistic studies in human disease, including
those affecting the lungs, experimental animal models
remain indispensable”

In conclusion, prominent expression of the classic MDR

related transporters in normal human lung tissues supports

the view that these proteins play crucial roles in the protection

against xenobiotics. Nevertheless, absence of the recently

cloned members of the transporter superfamily in normal

human lung does not preclude their possible role in

pathological conditions. Therefore, it will be interesting to

explore the different expression profiles of the classic and

newly defined transporters in normal individuals and—for

example, patients with chronic obstructive diseases, asthma,

or other pulmonary diseases.
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