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ATP-binding cassette transporters in primary central
nervous system lymphoma: Decreased expression of MDR1
P-glycoprotein and breast cancer resistance protein
in tumor capillary endothelial cells
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Abstract. Most tumors in the central nervous system are
drug resistant partly because of the presence of the blood-
brain barrier (BBB) between circulating blood and tumor
tissues. Primary central nervous system lymphoma (PCNSL)
is one of the exceptions, as it is highly sensitive to high-dose
methotrexate (MTX)-based chemotherapy. The aim of this
study was to evaluate the BBB function of tumor capillary
endothelial cells in PCNSL. Expression of three major drug
efflux transporters that belong to the ATP-binding cassette
(ABC) superfamily, P-glycoprotein encoded by the human
multidrug resistance gene (MDRI Pgp; ABCB1), breast cancer
resistance protein (BCRP; ABCG?2), and multidrug resi-
stance-associated protein 1 (MRP1; ABCCl1), was evaluated.
Immunohistochemistry was performed in capillary endo-
thelial cells of 30 tumor areas from 22 PCNSL cases and
compared with that of 30 gliomas. The microenvironment
around tumor capillaries was assessed by examining the
distribution of astrocytes and by counting the number of
macrophages and T-cells, the principal cytokine producers.
In PCNSL, expression of MDRI Pgp and BCRP in tumor
capillary endothelial cells was decreased in 63 and 93% of
tumor areas examined, respectively, and these reduction levels
differed significantly from those of gliomas (P<0.05). When
the PCNSLs were further segregated by way of infiltration
of tumor cells into three patterns (dense, perivascular and
sparse), decreased MDRI Pgp and BCRP in tumor capillary
endothelial cells were much more prominent in dense and
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perivascular patterns. In all tumors and non-tumor areas of
the brain, MRP1 was undetected on capillary endothelial
cells. Assessment of the microenvironment around the tumor
capillaries suggested that dissociation from astrocytes and
infiltration of macrophages and T-cells was involved in the
down-regulation of MDRI Pgp and BCRP in capillary endo-
thelial cells. In conclusion, we report that expression of the
major ABC transporters of the BBB, MDRI Pgp and BCRP,
decreases in tumor capillary endothelial cells of PCNSL.
Thus, decreased expression may permit delivery of chemo-
therapeutic agents to the tumor tissues.

Introduction

Primary central nervous system lymphoma (PCNSL) occurs
in the cranial axis without evidence of systemic involvement,
and it accounts for 2.7% of all malignant diseases of the
central nervous system (CNS). Approximately 90% of PCNSL
are diffuse large B-cell type (1). Unlike other CNS tumors,
PCNSL often shows a favorable response to chemotherapy.
The majority of the active regimens include the use of high-
dose methotrexate (HD-MTX), which has become a standard
component in the treatment of PCNSL (2-5).

The blood-brain barrier (BBB) limits CNS delivery of
many chemotherapeutic agents. The BBB is composed of
capillary endothelial cells, which are sealed by tight junctions
and surrounded by astrocyte foot processes and pericytes.
In physiologic conditions of the BBB, capillary endothelial
cells express multidrug integral membrane proteins that trans-
locate solutes across cellular membranes by use of energy
of ATP hydrolysis. These proteins belong to the members of
the ATP-binding cassette (ABC) superfamily, which includes
P-glycoprotein encoded by the human multidrug resistance
gene (MDRI Pgp; ABCB1), breast cancer resistance protein
(BCRP; ABCG2), and multidrug resistance-associated protein
1 (MRP1; ABCC1) (6-8). The ABC transporters play an
important role in drug efflux and limit the ability of many
drugs to access the CNS. Some studies have demonstrated
that MTX is one of the substrate drugs excreted by ABC
transporters such as MDRI Pgp, BCRP and MRP1 (9-11).
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Although the mechanism of BBB regulation remains to be
elucidated, recent studies have shown that BBB function is
influenced by the microenvironment around the capillaries,
which consists of elements such as astrocytes and pro-
inflammatory cytokines (12-16).

Téth et al reported that MDR1 Pgp is expressed in tumor
capillary endothelial cells of gliomas and some metastatic
brain tumors. The authors suggested that multidrug resistance
of these brain tumors may result not only from the expression
of resistance markers in neoplastic cells but also from their
expression in endothelial cells of tumor capillaries (17). To
our knowledge, in PCNSL, expression of ABC transporters
in tumor capillary endothelial cells has not been investigated
to date. Thus, this paucity of information prompted us to
assess the expression of three major ABC transporters,
MDRI Pgp, BCRP, and MRP1, in capillary endothelial
cells of PCNSL by immunohistochemistry.

Materials and methods

Specimens. Archival samples from 22 cases of PCNSL were
retrieved from the database of the Kyorin University Hospital,
Tokyo. The archival cases were diagnosed and treated
between 2001 and 2009. No human immunodeficiency virus-
infected patients were included in this study. The slides were
reviewed and an appropriate block was selected from each
case. All tissues were routinely fixed in 10% formalin and
embedded in paraffin wax. To create a representative group
for comparison in immunohistochemistry, tissues from 30
glioma cases diagnosed at Kyorin University Hospital between
2006 and 2009 were also selected. Histological types and
grades of PCNSL as well as glioma specimens were inde-
pendently re-evaluated by two pathologists (S.S. and M.F.)
according to the World Health Organization Classification of
Tumours of the Central Nervous System, 4th edition (18).

Classification of PCNSL histological patterns and grading of
gliomas. In this study, histology of PCNSL was segregated
by way of infiltration of the tumor cells into three patterns:
dense, perivascular, and sparse. The dense pattern implies
diffuse proliferation of tumor cells, which infiltrate closely to
one another without intermingling with neuronal or glial
fibers. The perivascular pattern is characterized by angio-
centric infiltration of tumor cells in the form of typical
perivascular cuffs (arbitrarily defined as five or more layers
of tumor cells). The sparse pattern indicates a scattering
of tumor cells that singly infiltrate the brain parenchyma
and resemble encephalitis.

PCNSL often shows heterogeneity within a tumor,
disposing the latter two patterns (perivascular and sparse)
around the periphery (1). Therefore, the pattern observed
in each tissue sample might reflect the local aspect of the
tumor rather than the manifestation of its entire histological
characteristics. In cases harboring areas of two or more
different patterns of infiltration, we decided to evaluate
each area separately by immunohistochemistry. Thus, we
assessed up to 30 tumor areas from 22 PCNSL cases.

We divided the glioma tissues into low and high grades.
Low-grade glioma corresponds to grades I and II and
high-grade glioma corresponds to grades III and IV in the
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four-tiered grading system of WHO (18). Microvascular proli-
feration is one of the essential diagnostic criteria for distin-
guishing high-grade gliomas from low-grade gliomas. Histo-
logical patterns and grades of the tumors were evaluated on
hematoxylin-eosin-stained sections.

Immunohistochemistry. For immunohistochemical analysis,
the following primary antibodies were used: anti-MDRI Pgp
mouse monoclonal antibody (clone JSB-1, dilution 1:400;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
BCRP mouse monoclonal antibody (clone BXP21, dilution
1:4000; Kamiya Biomedical, Seattle, WA, USA), anti-MRP1
mouse monoclonal antibody (clone MRPm6, dilution 1:50;
Kamiya Biomedical), anti-Glial Fibrillary Acid Protein
(GFAP) rabbit polyclonal antibody (dilution 1:8; Nichirei
Bioscience, Tokyo, Japan), anti-CD20 mouse monoclonal
antibody (clone L26, dilution 1:100; DakoCytomation,
Glostrup, Denmark), anti-CD3 mouse monoclonal anti-
body (clone PS1, dilution 1:100; Novocastra, Newcastle,
UK), anti-CD68 mouse monoclonal antibody (clone PGM-1,
dilution 1:100; DakoCytomation), and anti-CD31 mouse
monoclonal antibody (clone JC70A, dilution 1:25; Dako-
Cytomation).

Paraffin-embedded tissues were cut at a thickness of 4 ym.
The sections were then deparaffinized in xylene, rehydrated
in ethanol solution, and soaked in 3% H,O, in methanol
for 15 min to inactivate endogenous peroxidase. Sections for
CD68 staining were pretreated with proteinase K for 5 min
at room temperature. The sections for MDRI Pgp, BCRP,
MRP1 and CD20 were placed in an autoclave and heated
for 15 min at 121°C in citrate buffer (pH 6.0), or in EDTA
(pH 9.0) for CD3 and CD31. After proteinase pretreatment
or heating, the sections were rinsed in Tris-HCI buffer
(pH 7.6) at room temperature for 5 min. Sections were incu-
bated with each primary antibody overnight at 4°C. For
antibody detection, we used Acuity Detection System (Signet
Laboratories, Dedham, MA, USA; Cat No. 2606) for anti-
MDRI1, anti-BCRP and anti-MRP1. The EnVision Detection
Kit (DakoCytomation; Cat No. K5007) was used for GFAP,
CD3, CD20, CD68 and CD31. The sections were counter-
stained with Mayer's hematoxylin.

Evaluation of ABC transporter expression in tumor capillary
endothelial cells and tumor cells. Following confirmation of
capillary distribution in the tumors stained with anti-CD31,
the intensity of staining for MDR1, BCRP and MRP1 was
scored from O to 2+ against capillaries in non-tumor brain
tissue that served as the control. The scores were as follows:
0, absent; 1+, weaker intensity than capillaries in the non-
tumor brain; and 2+, comparable intensity to capillaries
in the non-tumor brain. In tumors with areas of two or more
different scores, the predominant areas were used as the
representatives.

Drug resistance of tumor cells is reported to be associated
with their own ability to express ABC transporters. There-
fore, we also evaluated the immunoreactivities of each ABC
transporter in the tumor cells by scoring 0 to 3+ as follows: 0,
absent; 1+, <5% tumor cells reactive; 2+, 5-25% tumor cells
reactive or >25% tumor cells reactive at a weaker intensity
than capillaries in the non-tumor brain; 3+, >25% tumor cells
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Figure 1. The representative images of three histological types of PCNSL (hematoxylin-eosin stain). (A) Dense pattern; (B) perivascular pattern; (C) sparse

pattern. Magnification, x200.

reactive at a comparable intensity to capillaries in the non-
tumor brain.

Assessment of the microenvironment around the tumor
capillaries. For each PCNSL and glioma sample, the
distribution of astrocytes and their foot processes, either non-
neoplastic or neoplastic, were examined on sections stained
with anti-GFAP antibody.

In addition, to predict the influence of pro-inflammatory
cytokines such as interleukins and tumor necrosis factor-o
(TNF-a) on the expression of ABC transporters in tumor
capillary endothelial cells, we counted the number of principal
cytokine producers, the macrophages and T-cells, around
the capillaries. CD68- and CD3-stained sections were used
for counting macrophages and T-cells, respectively. We
determined the average value of three representative fields
at x200 magnification in each subject.

Statistical analysis. Staining data were analyzed using statcel
software (OMS, Tokorozawa, Japan). Mann-Whitney U-test
was applied to determine the difference in immunohisto-
chemical scores for the expression of ABC transporters in
tumor capillary endothelial cells, and in the numbers of CD68-
positive macrophages and CD3-positive T cells around the
tumor capillaries. P-values of <0.05 were considered stati-
stically significant.

Results

Classification of PCNSL histological patterns and grading of
glioma. Re-evaluation of the PCNSL samples by histology
and immunohistochemistry for CD20 confirmed that all
cases studied were of the diffuse large B-cell type. Of 30
areas from 22 cases of PCNSL, 11 were classified as having
a dense pattern, 7 a perivascular pattern, and 12 a sparse
pattern. Fig. 1 shows the representative areas of these three
patterns. Of 30 glioma cases, 9 were categorized as low grade
and 21 as high grade.

Expression of ABC transporters in tumor capillary endo-
thelial cells. Immunohistochemical analysis of tumor
capillary endothelial cells from PCNSL showed a decrease of
MDRI Pgp in 19 (63%) and BCRP in 28 (93%) tumor areas
(Table I). The decrease of BCRP was much more dramatic,
as BCRP was undetectable in 50% of subjects. Concerning
the three histological patterns of PCNSL, decreased amounts
of MDRI Pgp and BCRP in the tumor capillary endothelial

Table I. Expression of ABC transporters in tumor capillary
endothelial cells.

Glioma®
PCNSL® Low grade High grade

(n=30) (%) (0=9) (%) (n=21) (%)
MDRI Pgp
2+ 11 (37) 9 (100) 16 (77)
1+ 18 (60) 0 (0) 5(23)
0 1(3) 0 (0) 0(0)
BCRP
2+ 2(7) 9 (100) 23 (77)
1+ 13 (43) 0(0) 5(23)
0 15 (50) 0(0) 00
MRP1
2+ 0 (0) 0 (0) 0
1+ 0 (0) 0(0) 0
0 30 (100) 9 (100) 21 (100)

PCNSL, primary central nervous system lymphoma. Immuno-
reactivity was scored as: 0, absent; 1+, weaker intensity than
capillaries in the non-tumor brain; 2+, comparable intensity to
capillaries in the non-tumor brain. ® vs. °, P<0.05, for each MDRI
Pgp and BCRP.

cells were prominent in dense and perivascular areas compared
to areas of sparse patterns (Table II). In contrast, most glioma
cases were found to express MDRI Pgp and BCRP in the
tumor capillary endothelial cells the same as in normal
brain (Table I). Interestingly, in 5 high-grade gliomas, endo-
thelial cells of proliferating microvasculatures and endothelial
cells of capillaries around necrotic foci revealed decreased
expression of MDRI Pgp and BCRP. The expression scores
of MDRI Pgp and BCRP differed significantly between
PCNSL and glioma. In all tumors as well as the non-tumor
areas of the brain, MRP1 was undetectable on tumor capillary
endothelial cells. Fig. 2 illustrates representative features
of immunohistochemistry for MDRI Pgp (left column) and
BCRP (center column) in PCNSL (first to third row, 3 histo-
logical patterns), glioma (fourth row, high grade), and normal
brain (bottom row).
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Figure 2. Immunohistochemistry of MDRI Pgp, BCRP, and GFAP in three histological types of PCNSL (A-I), high-grade glioma (J-L), and normal
brain (M-O). Expression of MDR/ Pgp and BCRP are decreased in dense and perivascular patterns of PCNSL (A and D, score 1+; B and E, score 0). Note:
the absence of GFAP-positive astrocyte foot processes around the tumor capillaries in dense and perivascular regions of PCNSL (C and F). Magnification,

x200 for MDR1 Pgp and BCRP, x100 for GFAP.

Table II. MDRI Pgp and BCRP expression in the tumor
capillaries of three histological patterns of PCNSL.

Dense? Perivascular® Sparse®
(n=11) (%) (n=7) (%) (n=12) (%)

MDRI Pgp
2+ 0(0) 0 (0) 11(92)
1+ 10 (91) 7 (100) 1(8)
0 1(9) 0 (0) 0 (0)
BCRP
2+ 0(0) 0 (0) 2(17)
1+ 2 (18) 1(14) 10 (83)
0 9 (82) 6 (86) 0(0)

Immunoreactivity was scored as: 0, absent; 1+, weaker intensity
than capillaries in the non-tumor brain; 2+, comparable intensity
to capillaries in the non-tumor brain. ® vs. ®, P<0.05, for each MDRI
Pgp and BCRP.

Distribution of astrocytes and their foot processes around the
capillaries. Immunohistochemistry for GFAP implied that
preservation of the astrocytes and their foot processes was
apparently coupled with the expression of MDRI Pgp and
BCRP in the tumor capillary endothelial cells (Fig. 2,
right column). In sparse patterns of PCNSL with retained
expression of MDRI Pgp and BCRP in the tumor capillary
endothelial cells, the capillaries had contact with astro-
cyte foot processes. Conversely, in dense and perivascular
patterns of PCNSL with significantly decreased or abolished
expression of MDRI Pgp and BCRP in the tumor capillary
endothelial cells, contact between the capillaries and the
astrocytes was interrupted by infiltration of the tumor cells.
Capillaries of both gliomas and normal brain had close
contact with neoplastic and non-neoplastic astrocytes,
respectively.

Number of macrophages and T-cells around the capillaries.
Immunohistochemistry of CD68 and CD3 showed a mani-
festation of macrophages and T-cells intermingling with the
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Figure 3. Immunohistochemistry of CD68 and CD3 in PCNSL (A and B)
and high-grade glioma (C and D). A large number of macrophages and
T-cells infiltrate around the tumor capillaries in PCNSL, compared to glioma.
Magnification, x200.
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Figure 4. Plot box graphs representing the comparison in numbers of
macrophages and T-cells around the tumor capillaries. Numbers of both
macrophages (A) and T-cells (B) in PCNSL are significantly larger than
those in glioma.

tumor cells (Fig. 3). The number of CD68-positive macro-
phages in PCNSL (median 95.9, range 31.7-203.7) was
2.3-fold higher than that of glioma (median 35.0, range
29.7-53.3) (Fig. 4A). Furthermore, we also found a consi-
derable number of CD3-positive T-cells (median 47.9, range
3.7-473.3) in PCNSL, and this value was 5.9-fold higher
than that of glioma (median 2.0, range 0.0-16.3) (Fig. 4B).
These results raised the possibility of an inverse correlation
between the number of these cells and the expression of
MDRI Pgp and BCRP on the tumor capillary endothelial cells.
No difference was found in the number of macrophages or
T-cells among the three histological patterns of PCNSL or
between the two grades of glioma (data not shown).

Expression of the ABC transporters in the tumor cells.
Immunohistochemical analysis of the tumor cells in 22
PCNSL cases showed that, in 2 cases (9%), a small number
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Table III. Expression of the ABC transporters in tumor cells
of PCNSL and glioma.

Glioma
PCNSL Low grade High grade

(n=22) (%) (0=9) (%) (n=21) (%)
MDRI Pgp
3+ 0 (0) 0(0) 0(0)
2+ 0 (0) 0(0) 0(0)
1+ 209 0(0) 5(5)
0 20 (91) 9 (100) 17 (95)
BCRP
3+ 0 (0) 0(0) 0(0)
2+ 0 (0) 0(0) 0 ()
1+ 0 (0) 0(0) 0 ()
0 22 (100) 9 (100) 21 (100)
MRP1
3+ 0 (0) 0 10 (48)
2+ 0 (0) 5 (56) 524)
1+ 0 (0) 4 (44) 6 (28)
0 22 (100) 0(0) 0(0)

PCNSL, primary central nervous system lymphoma. Immuno-
reactivity was scored as: 0, absent; 1+, <5% tumor cells reactive;
2+, 5-25% tumor cells reactive or >25% tumor cells reactive at
a weaker intensity than capillaries in the non-tumor brain; 3+,
>25% tumor cells reactive at a comparable intensity to capillaries
in the non-tumor brain.

Figure 5. Immunohistochemistry of MDRI Pgp in PCNSL. Gathering of
an MDRI Pgp-positive subpopulation in PCNSL cells is shown.
Magnification, x400.

of the tumor cells (<5%, score 1+) expressed detectable
MDRI Pgp (Table III and Fig. 5). In contrast, expression
of either BCRP or MRP1 was not observed in any of the
PCNSL cases. Positive staining for MRP1 in the tumor cells
was observed in all glioma cases, and the intensity of staining
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and expression rates were higher in high-grade tumors than
in low-grade tumors (Table III). Of the 30 gliomas, 5 high-
grade tumors contained a small number of MDRI Pgp-positive
tumor cells (<5%, score 1+). Similar to PCNSL, expression
of BCRP was not observed in any of the glioma cases.

Discussion

In this study, we demonstrate decreased expression of
two major ABC transporters involved in BBB function,
MDRI Pgp and BCRP, in tumor capillary endothelial cells
of PCNSL. Another ABC transporter studied, MRP1, was
not detected in any of the tumor capillary endothelial cells
of PCNSL or in those of normal brain.

MDRI Pgp and BCRP are the major efflux transporters
of the BBB that limit penetration of substrate drugs into
the brain. On the other hand, the BBB also contains influx
transporters such as organic anion polypeptide 1A2, which
carry MTX (19). Decreased expression of MDRI Pgp
and BCRP in tumor capillary endothelial cells of PCNSL
may cause an efflux-influx imbalance and elevated tissue
concentrations of MTX. In a clinical setting, Hiraga et al
reported that the MTX concentration in cerebrospinal fluid
(CSF) of PCNSL patients was higher than that of control
leukemia patients (20).

From a microenvironment viewpoint, we can provide
two explanations why expression of MDRI Pgp and BCRP
decreases in the tumor capillary endothelial cells of PCNSL.
First, interaction between astrocytes and capillaries may be
interrupted by infiltration of tumor cells. Some investigators
reported that expression and function of MDRI Pgp and
BCRP in the capillaries were enhanced by contact with astro-
cytes and by astrocyte-derived soluble factor (12-14). In
the present study, capillaries that lost contact with GFAP-
positive astrocytes (in dense and perivascular patterns)
showed decreased expression of MDRI Pgp and BCRP,
whereas those having contact with astrocytes (in sparse
patterns) exhibited preserved expression of these ABC trans-
porters. Our results also emphasize the importance of astro-
cytes in the expression of MDRI Pgp and BCRP.

The second possible explanation is based on regulation by
cytokines released from inflammatory cells. Recent studies
have revealed that pro-inflammatory cytokines such as IL-6,
IL-18 and TNF-a reduce the expression of ABC transporters,
particularly BCRP, in endothelial cells (15,16). We have
shown here that PCNSL is accompanied by a considerably
large number of major cytokine producers, macrophages
and T-cells, compared to glioma. Infiltration of these cells
may also be associated with decreased expression of the ABC
transporters in PCNSL. Measurement of secreted cytokine
levels using fresh frozen tissues is needed to validate this
assumption.

Expression of ABC transporters in the tumor cells has
been reported to be responsible for drug resistance in acute
lymphoblastic leukemia (21), breast cancer (22), and non-
small cell lung cancer (23). With regard to PCNSL, Kunishio
et al proposed that expression of MDRI Pgp and MRP1 in
tumor cells is associated with resistance to MTX (24). In this
study, we analyzed the expression of the ABC transporters in
tumor cells and found that MDRI Pgp alone was detected in
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only 2 of 22 cases. This result indicates that the low rate of
ABC transporter expression in the tumor cells may be one
of the factors associated with the high response rate of
PCNSL to HD-MTX treatment.

Despite the high complete remission rate achieved with
HD-MTX based chemotherapy, the disease relapses in 35-
60% of patients in later years (25). All PCNSL cases
examined here were diffuse large B-cell type. However,
when we segregated the PCNSL cases according to their
pattern of infiltration, heterogeneity was observed among
the cases and even within a single tumor. In cases of areas
with sparse patterns, expression of the ABC transporters
in the tumor capillary endothelial cells may have been
preserved and permeability of the drugs may have been
kept to the lowermost levels in such areas. This implies that
heterogeneity in the expression of the ABC transporters
might be one of the reasons for the relapse of PCNSL after
MTX treatment. A potential weakness of our study is that
the PCNSL tissues used for immunohistochemical analysis
were limited to small fragmented open-biopsy samples.
Examination of autopsy cases that harbor a latent, untreated
PCNSL may help to understand this spatial difference in
the expression of ABC transporters within a tumor.

BBB function of capillary endothelial cells of the brain is
achieved not only by the expression ABC transporters but
also by the composition of tight junctions. Thus, decreased
expression of the ABC transporters alone may not be
sufficient for the significant increase in the penetration
of MTX through the BBB. Clinical studies using osmotic
BBB disruption, which opens endothelial tight junctions,
has shown enhancement of the therapeutic effect of MTX
in PCNSL patients (26). Understanding the BBB condition
may facilitate the development of such novel therapeutic
approaches for the treatment of PCNSL.

In conclusion, we demonstrate that the expression of the
major ABC transporters of the BBB, MDRI Pgp and BCRP,
are decreased in tumor capillary endothelial cells of PCNSL.
This decreased expression may determine the delivery of
MTX to tumor tissues. Further studies towards understanding
the BBB are needed to overcome the frequent relapse of
PCNSL after MTX treatment.
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