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Abstract

The drug-efflux pumps P-glycoprotein (P-gp) and multidrug resistance-associated protein 1 (MRP1) are present in the blood—
testis barrier (BTB) and may hamper the delivery of cytotoxic drugs to the testis. The precise localisation of P-gp and MRP1 in
testicular tissue and the presence of the efflux pumps MRP2 and breast cancer resistance protein (BCRP) in the BTB are unknown.
We therefore studied the localisation of these pumps in the BTB in normal testis (n = 12), in non-seminoma (rn = 10) seminoma
(n = 10), and testicular lymphoma (n = 9). Slides were scored semi-quantitatively for P-gp, MRP1, MRP2 and BCRP and blood
vessels with factor VIII antibody. In normal testis, P-gp and BCRP were strongly expressed by myoid cells and luminal capillary
endothelial wall and P-gp also by Leydig cells. MRP1 was observed at the basal side of Sertoli cells and on Leydig cells. MRP2 was
only weakly expressed by myoid cells. Seminomas and non-seminomas expressed P-gp and/or BCRP and/or MRP1, lymphomas
strongly expressed P-gp, weakly expressed BCRP and did not or showed weak expression of MRP1. There was very little staining for
MRP2 in the tumours. Newly formed vessels in all tumours only expressed P-gp and BCRP. P-gp, BCRP and MRP1 are present in
different cell layers of the normal testis, suggesting the optimal protection of spermatogenesis. In germ cell tumours, this expression
pattern may explain the chemoresistance observed to P-gp, BCRP and MRPI substrates. In germ cell tumours and testicular
lymphomas, P-gp and BCRP expression by tumour cells and by newly formed vessels may also contribute to chemoresistance. These
findings underscore the importance of removing the affected testis in cases of primary germ cell tumours and testicular lymphomas,
irrespective of whether the patient has already undergone chemotherapy.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction vincristine and doxorubicin, for the treatment of lym-
phoblastic leukemias [1,2]. Although complete remission

The testes are a sanctuary for tumour cells during the to first-line chemotherapy is common in these patients,
administration of chemotherapeutic agents, such as isolated testicular relapses and testicular combined with

central nervous system (CNS) relapses have been re-
ported [3]. Patient outcome following anthracycline-

— .. based chemotherapy for testicular lymphomas seems to
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regimens consisting of cisplatin, bleomycin and etopo-
side [5], but are, in general, resistant to cytotoxic agents
that are known substrates of the drug-efflux pumps;
P-glycoprotein (P-gp), breast cancer resistance protein
(BCRP) or multidrug resistance protein 1 (MRP1).
Cisplatin is a substrate of multidrug resistance protein 2
(MRP2) [6,7]. However, after initial chemotherapy, in
almost one third of patients, residual viable tumour re-
mains at the primary tumour site [8,9]. It is thought that
the blood-testis barrier (BTB), which protects develop-
ing germ cells against harmful agents, hampers delivery
of certain cytotoxic agents to the testis and tumours
[10,11]. The BTB consists of both a passive and active
part with regard to drug transport. Three cell layers,
endothelial cells, myoid cells and Sertoli cells, form the
passive part of the BTB. The cells within these three
layers are connected by tight junctions. The endothelial
cells of the testicular capillaries lack fenestrations. Ser-
toli cells form the seminiferous tubule, in which germ
cells divide and develop. The myoid cells form the Tu-
nica propria, a thin layer around the seminiferous tubule
[12,13]. The active part of the BTB consists of efflux
pumps, but the composition of this part is less well
understood. It is already known that the efflux pumps,
P-gp and MRPI, are expressed in the testis, but the
expression of other pumps, such as MRP2 and BCRP, is
unknown [10,14,15]. These members of the ABC trans-
porter family are transmembrane proteins that are able
to transport many substrates in an adenosine triphos-
phate (ATP) dependent manner. They transport a wide
range of agents, such as cytotoxic drugs (vinca-alka-
loids, anthracyclines, taxoids and epipodophyllotoxins),
protease inhibitors, calcium antagonists and corticos-
teroids [16,17]. Although there are differences in sub-
strate specificity between P-gp, BCRP and MRP1 and 2,
they have many substrates in common. MRPI1 is ex-
pressed on the basolateral side of Sertoli cells [15], but
the exact arrangement of these four efflux pumps in
different cell layers of the BTB is unknown. Insight into
their exact arrangement may help us to understand the
function of the BTB in normal and malignant testicu-
lar tissues. For this reason, we elucidated in this study
the localisation of the drug-efflux pumps, P-gp, BCRP,
MRP1 and MRP2, in the different cell layers in
normal testicular tissue and in previously untreated
primary seminomas, non-seminomas and testicular
lymphomas.

2. Patients & methods
2.1. Chemicals
Biotinylated rabbit-anti-mouse secondary antibody

(RAMBIO), rabbit-anti-rat (RARABIO), conjugated
strepta-B-complex (ABC) and factor VIII antibody were

purchased from DAKO (Glostrup, Denmark). The
Avidin/Biotin blocking kit was from Vector Laborato-
ries Inc. (Burlingame, CA, USA), 3.3-diaminobenzidine
tetrahydrochloride from Sigma (St. Louis, MO, USA),
phosphate-buffered saline (PBS: 6.4 mM Na,HPOy;
1.5 mM KH,POy; 0.14 M NaCl; 2.7 mM KCIl, pH 7.4)
and imidazole from Merck (Darmstadt, Germany) and
bovine serum albumin (BSA) from Serva Electropho-
resis GmbH (Hamburg, Germany).

The monoclonal antibody, C494, used for the detec-
tion of P-gp, was purchased from Signet Laboratories
(Dedham, MA, USA). The monoclonal antibodies,
BXP21, MRPrl and M,III-6, were kindly provided by
Dr. R. J. Scheper, Free University Hospital, Amster-
dam, The Netherlands [18-20].

2.2. Histologylimmunohistochemistry

Samples of normal testicular tissue (z = 12), and of
non-pretreated non-seminoma (#n = 10), seminoma
(n = 10) and testicular lymphoma (n = 9) from patients
treated from 1997 to 2002 were retrieved from our
hospital’s pathology archive. Normal testicular tissue
was obtained from patients who underwent bilateral
orchidectomy as hormonal treatment for prostate can-
cer. The paraffin-embedded samples were sliced into
4 um sections, placed on positively charged glass slides,
and dried. The slides were dewaxed in xylene and re-
hydrated in serial ethanol washes (100%, 96% and 70%).
Subsequently, the slides were washed 3x in 1% BSA/
PBS. For histology, the slides were stained with hae-
matoxylin/eosin. For immunohistochemical staining of
the efflux pumps, antigen retrieval was performed by
heating the slides three times for 5 min in an autoclave at
115 °C in 20 mM blocking reagent (Boehringer Mann-
heim, Mannheim, Germany) at pH 6.0 (for P-gp and
MRP1) or by heating in a microwave with citric acid
(0.1 mM) for 10 min. Endogenous peroxidase was
blocked by incubation with 1% H,O, in PBS over
30 min and pre-incubated with avidin/biotin blocking
reagent for 15 min and aspecific antigens were blocked
with 1% rat serum in PBS. The slides were incubated
with P-gp-specific antibody C494 (0.6 pg/ml in PBS with
1% BSA), BCRP-specific antibody BXP21 (5 pg/ml in
PBS with 1% BSA), MRPI1-specific antibody MRPrl
(2.5 pg/ml in PBS with 1% BSA) and MRP2-specific
antibody M,III-6 (5 pg/ml in PBS with 1% BSA) for 1 h
at room temperature in a humidified chamber. The
primary antibodies were detected with a biotinylated
rabbit anti-mouse secondary antibody (1:300 diluted in
1% BSA/PBS) followed by incubation with peroxidase
conjugated streptABComplex (1:100 diluted in 1% BSA/
PBS and 1% AB-serum). As a chromagen, 3,3-diam-
inobenzidine tetrahydrochloride (25 mg) and imidazole
(50 mg) in PBS (50 ml) with 50 pl of 30% H,0, was used.
After counterstaining with Mayer’s haematoxylin for
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2 min, slides were dehydrated through graded ethanols
(70%, 96% and 100%) and mounted with coverslips.
Liver and bronchial tissue slices served as positive con-
trols for P-gp and MRPI staining, respectively. As
negative controls, liver and bronchial tissue also served,
processed in the same way as described above, but
without incubation with the monoclonal antibody.

Blood-vessels were detected with factor VIII mono-
clonal antibody. Staining was performed with a micro-
processor-controlled automated device (Ventana
Medical Systems, Tucson, AZ, USA), according to the
manufacturer’s instructions. Counterstaining of the nu-
clei was performed with haematoxylin.

Two observers independently assessed the expression
of P-gp, BCRP, MRP1, MRP2 and factor VIII. P-gp,
MRPI and factor VIII expression was studied in ad-
jacent slides of normal testicular tissue and the most
viable tumour parts. P-gp, BCRP, MRP1 and MRP2
expression was assessed semi-quantitatively using a
scale of 0-3 (0: no staining, 1: very weak staining, 2:
intermediate staining, 3: strong staining). Strong
staining was defined as comparable to the strongest-
stained slice of all tissue slices. Samples were consid-
ered negative if less than 10% of a specific subtype of
cells were stained. The final scoring was based on the
percentage of positive cells and the semi-quantitative
staining result. Factor VIII was used to localise the
sites where newly formed vessels in the tumours were
formed.

3. Results
3.1. Normal testicular tissue from normal testes

Representative photographs of the immunostaining
results are presented in Fig. 1. The different cell types,
which belong to the different layers of the BTB ex-
pressed in a reciprocal manner either BCRP and P-gp or
MRPI. Table 1 presents the averaged semi-quantitative
evaluation of P-gp, BCRP, MRP1 and MRP2 expres-
sion in the testicular tissue. P-gp and BCRP are ex-
pressed on the luminal side of the endothelial cells and
on the apical side of the myoid cells. MRP1 is expressed
on the basolateral side of the Sertoli cells. The hormone-
producing Leydig cells express P-gp and MRP1, but not
BCRP. Capillary endothelium of normal testes showed
strong P-gp, but not MRPI expression. MRP2 is ex-
pressed on the myoid cell layer only.

3.2. Normal testicular tissue in the proximity of a
testicular tumour

In the testicular tumour cases, the pre-existing normal
testicular tissue showed the same pattern of efflux pump
expression as in the normal testis (Table 1).

Fig. 1. Immunohistochemical staining for P-gp, BCRP and MRP1 in
normal testicular tissue. Monoclonal antibodies C494, BXP21 and
MRPrl were used for P-gp, BCRP and MRPI, respectively. Magni-
fication 400x. Arrows: (a) Sertoli cells, (b) developing germ cells,
(c) myoid cells, (d) endothelial cells. MRP2 data not shown because
this was negative.

3.3. Testicular tumours

Semi-quantitative evaluation of staining of different
testicular tumours is shown in Table 2. Representative
examples are shown in Fig. 2(a)—(f). Seminomas and
non-seminomas expressed either P-gp, BCRP or MRP1
alone or together. Lymphomas predominantly showed
(strong) P-gp or BCRP expression, but only weak or no
MRPI1 expression. MRP2 was only very weakly ex-
pressed in some seminomas and on the endothelium of
some of the investigated tumours. The factor VIII
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Table 1
Average staining result in normal testicular tissue in a normal testis
and in the proximity of different tumours

P-gp BCRP  MRP1  MRP2

Normal testis (n=12)
Myoid cell layer [ 1hle) [ 1)]@] 00/0) @00

Sertoli cells O00 00O [ 1)]@) 00O
Leydig cells [ 1)]@) OO0 [ 1)]@) 000
Endothelium [ 1)@) 0O 00O OO0

Proximity of a testicular tumour (n=29)

Myoid cell layer [ lole) [ 1)]@) OO0 00O

Sertoli cells ©0O OO0 0O 00O
Leydig cells [ 10)®) 000 [ 10)®) 000
Endothelium @O0 00O 000 OO0

@, expression of the pump; O, no expression

Table 2
Average staining result on tumour cells and on endothelium in tumour
vessels

P-gp BCRP MRPlI MRP2

Tumour cells

Seminoma (n=10) 000 000 [ 1)]@) 00O
Non-seminoma (n=10) 00O OO0 @00 00O
Lymphoma (n=9) 000 @00 00O OO0

Endothelium of tumour vessels

Seminoma (n=10) 00 000 00O 000
Non-seminoma (n=10) @00 00O OO0 OO0
Lymphoma (n=9) 00 000 00O ©00

@, cxpression of the pump; O, no expression

staining revealed the localisation of the newly formed
tumour vessels. These vessels appeared in most tumours
as hairy patterns penetrating between tumour cells
(Fig. 2(g)). In all samples, P-gp and factor VIII staining
showed the same pattern at the same localisation
(Fig. 2(b) and (g)). In addition, this hairy pattern found
for P-gp staining, even in slices that had negative factor
VIII staining. The hairy pattern of factor VIII expres-
sion reflects angiogenesis and thus indicates that early
stages of newly formed vessels already express P-gp.

4. Discussion

In the present study, we elucidated the precise local-
isation of P-gp, BCRP, MRPI and 2 in normal testes
and in normal testicular tissues in the proximity of a
primary testicular tumour. The expression of MRP2 in
the BTB is negligible and will not be extensively dis-
cussed. The distribution of the other efflux pumps over
different tissue layers suggests a histologically serial or-

der of P-gp and BCRP versus MRPI1. According to the
detoxifying function of these pumps, it is suggested that
the pump direction of P-gp and BCRP in myoid cells
and in endothelial cells, as well as of MRP1 in Sertoli
cells is outwards from the seminiferous tubule. This
pump direction will result in the maximal protection of
developing germ cells. However, so far, it is unknown
whether expression of efflux pumps on two cell layers
(MRP1 in Sertoli cells and P-gp/BCRP in myoid cells) is
advantageous in comparison with expression in one cell
layer. For example, Leydig cells express both P-gp and
MRPI1 on their cell membrane, but are they better or
worse protected than germ cells in the intratubular lu-
men? It is noteworthy that alkylating agents, such as
cyclophosphamide and ifosfamide — agents that are not
P-gp substrates — frequently result in male infertility,
due to irreversible azoospermia [21]. Testicular cancer
treatment with cisplatin-containing regimens frequently
results in at least temporary azoo- and oligospermia
[22], but also in irreversible DNA damage [23]. In con-
trast, the use of MDR drugs, such as doxorubicin, does
not necessarily lead to infertility. Interestingly, hormone
production by Leydig cells remains largely intact after
cytotoxic treatment [24]. The question of whether the
localisation of P-gp and MRPI, separately or in com-
bination with other pumps, is advantageous for pro-
tection of the testis requires further investigation. For
instance, transport studies should be carried out at a
cellular level, in viable tissue slices and in knock-out
animal models. The resistance of germ cell tumours to
P-gp or MRP1 substrates may, at least partly, be ex-
plained by P-gp and MRP1 expression at the BTB and
in the tumour cells.

Treatment for metastatic germ cell tumours consists
of cisplatin-based regimens. Because the primary treat-
ment consists of orchidectomy, cisplatin penetration in
the testis can only be deduced from data of an occa-
sionally removed primary tumour after chemotherapy
and from the contralateral testis and bilateral germ cell
tumours. The incidence of contralateral germ cell tu-
mours decreases after cisplatin-containing therapy [25].
More than two thirds of synchronous bilateral primary
testicular germ cell cancers could be cured with cisplat-
in-containing chemotherapy [26], but it is also known
that in cases of delayed orchidectomy after chemother-
apy viable tumour remains [8]. The chemosensitivity of
germ cell tumours to cisplatin can be attributed to a
combination of factors, including a lack of anti-apop-
totic BCL-2 family members and an intact apoptotic
cascade downstream of p53. Interestingly, it is suggested
that P-gp expression on germ cell tumours is associated
with a more malignant phenotype and with poor treat-
ment outcome. This is probably due to a correlation of
P-gp expression with a lack of functional p53 and me-
tallothionein [27,28]. Furthermore, a lack of MRP2 is
mentioned as a factor in the sensitivity of germ cell tu-
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Fig. 2. Representative examples of immunohistochemical staining of P-gp, BCRP, MRP1 and factor VIII in different tumour types. (a) P-gp staining
in seminoma, (b) P-gp staining in non-seminoma, (c) P-gp staining in lymphoma, (d) BCRP staining in seminoma, (¢) BCRP staining in non-
seminoma, (f) MRPI staining in seminoma, (g) factor VIII staining in non-seminoma. Magnification 400x. MRP2 data not shown because this was

negative.

mours to cisplatin [29]. Cisplatin is considered a sub-
strate for MRP2, which is hardly expressed in the testis,
but it is not a substrate for P-gp, BCRP or MRPI.
Therefore, it might potentially reach high levels in the
testis. However, the higher percentage of viable post-
chemotherapy residual tumour cells in the primary tes-
ticular tumour compared with residual metastases in
retroperitoneal lymph node dissection specimens still
suggests a functional BTB for cisplatin, which cannot
fully be explained by efflux pump activity [8,30]. Treat-
ment of (testicular) lymphomas usually consists of
combination chemotherapy including cyclophospha-
mide, doxorubicin, vincristine, and prednisolone [31].
Doxorubicin and vincristine are well-known substrates
of P-gp and BCRP. Although testicular lymphomas
show a relatively good response to first-line chemo-
therapy, the survival of these patients is relatively poor
and relapse in the contralateral testicle is not uncom-
mon, especially when no scrotal radiotherapy has been
applied [4,32,33]. In our series, primary testicular lym-

phomas showed a strong P-gp and a much weaker
BCRP expression, but no or only weak MRP1 expres-
sion. Obviously, strong P-gp expression alone does not
necessarily lead to resistance for all of these cytotoxic
compounds. Since primary treatment of testicular lym-
phomas consists also of orchidectomy, poor treatment
results can possibly be attributed to the strong P-gp
expression by this tumour. To our knowledge, little is
known about the role of BCRP in lymphomas. Al-
though it is expressed weakly, it might contribute to
chemoresistance. It can also be speculated that the ex-
pression of efflux pumps is upregulated by chemother-
apy. It is known that Leydig cells excrete factors, which
induce P-gp expression in the BTB [18]. Possibly these
factors are also involved in the strong P-gp expression of
primary testicular lymphomas.

Almost all tumours in the present study showed P-gp
and most of the tumours had BCRP expression in the
newly formed vessels. Many studies addressed P-gp
tumour expression, while less attention has been paid to
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P-gp expression in the newly formed tumour vessels. As
shown, P-gp is present in very early stages of neo-an-
giogenesis. Endothelial cells in neo-angiogenic tumour
vessels are often formed by differentiation of a subset of
CD34" pluripotent stem cells, recruited from the bone
marrow [34]. These CD347 cells express P-gp and show
even stronger expression of BCRP [35]. Most likely,
these ABC transporters protect stem cells from harmful
agents, and probably from differentiation agents [36,37].
Differentiated stem cells express less efflux pumps than
pluripotent stem cells [38]. It can therefore be speculated
that endothelial cells that form these early stages of tu-
mour vessel growth are relatively immature, and have
not yet lost P-gp and BCRP expression on their cell
surface. Alternatively, tumours may excrete factors,
such as basic fibroblast growth factor or glial fibrillary
acidic protein, known to be necessary for the induction
of P-gp expression in brain capillaries [39]. It is obvious
that factors like these are necessary for P-gp expression
in tumour capillaries, and that tumours excrete them to
protect themselves.

This study illustrates that either P-gp and BCRP or
MRP1 are expressed in different cell layers of the normal
testis, which suggests the optimal protection of sper-
matogenesis. The expression of efflux pumps in germ cell
tumours may, at least partly, explain the resistance of
these tumours to substrates of P-gp, BCRP and MRP1.
In addition, in germ cell tumours and in testicular
lymphomas, P-gp expression in newly formed vessels
may contribute to chemoresistance. These findings are in
favour of the common practice to remove the affected
testis in cases of primary germ cell tumours and testic-
ular lymphomas, irrespective of whether the patient has
already undergone chemotherapy.
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