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The human equilibrative nucleoside transporter 1 (hENT1) is a member of the equilibrative nucleoside
transporter family that mediates cellular entry of gemcitabine, cytarabine, and fludarabine. Deficiency in hENT1
confers resistance to toxicity of these drugs in a variety of model systems. Since some nucleoside analogs have
a role in treating patients with non-Hodgkin’s lymphoma (NHL), this study was undertaken to assess hENT1
abundance in NHL. A total of 115 cases of NHL of various subtypes and 15 reactive lymph nodes were evaluated
for the presence of hENT1 protein using immunohistochemistry applied to frozen tissues. Samples were
considered positive when >50% of neoplastic cells showed immunostaining. In reactive lymph nodes, hENT1
was confined to the germinal centers, whereas mantle zone B-cells and interfollicular T-cells were negative. In
NHL, a relatively high frequency of hENT1 positivity was found in Burkitt lymphoma/leukemia (63%), diffuse
large B-cell lymphoma (DLCL; 45%), and follicular lymphoma (40%). In DLCL, 26% of cases were positive for
CD10, and CD10-positive DLCL cases were more likely to be hENT1 positive than CD10-negative cases
(P=0.025). A lower frequency of hENT1 positivity was found in mantle cell lymphoma (13%) and peripheral T-
cell lymphomas (37%). All marginal zone lymphomas (n=>5), chronic lymphocytic leukemia small lymphocytic
lymphomas (n=10), plasmacytoma (n=3), acute lymphoblastic lymphoma/leukemia, and anaplastic large-cell
lymphomas (n=>5) were negative. In conclusion, hENT1 was most frequently found in benign and malignant
follicular center cells. Prospective studies to assess the value of hENT1 immunostaining in predicting
resistance to nucleoside chemotherapy for NHL are warranted.
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Nucleoside analog chemotherapy is increasingly
important in the therapy of many hematological
malignancies. Fludarabine (9-f-D-arabinosyl-2-fluor-
oadenine) is an effective frontline therapy for small
lymphocytic lymphoma.” Gemcitabine (2',2’-difluoro-
deoxycytidine) benefits some patients with non-
Hodgkin’s lymphoma (NHL) unresponsive to the
frontline chemotherapy,>® and cytarabine (1-$-D-
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arabinofuranosyl cytosine) is a standard salvage
agent in relapsed aggressive lymphomas.®
Nucleoside analogs are relatively hydrophobic,
and do not readily cross plasma membranes by
diffusion.’®'* To reach their intracellular targets,
most anticancer nucleosides require the presence of
specialized nucleoside transport (NT) proteins in
plasma membranes.’®** The recent isolation and
functional expression of cDNAs encoding human (h)
NT proteins®®'® has identified five members of two
structurally unrelated protein families that are
designated ENT and CNT, depending on whether
they mediate, respectively, equilibrative (E) or
concentrative (C) NT processes. The hENT proteins
have approximately 450 amino-acid residues'*°
and 11 predicted transmembrane domains, whereas



the hCNT proteins have approximately 650 amino-
acid residues and 13 predicted transmembrane
domains.'®*"*”** Most human cells possess plasma
membrane hENT1, as shown by (i) inhibition of
cellular nucleoside uptake on exposure to nanomolar
levels of nitrobenzylmercaptopurine ribonucleoside
(NBMPR), a specific and tight-binding inhibitor of
hENT1 and (ii) quantitation of high-affinity NBMPR-
binding sites. Since hENT1 abundance is highly
variable in human tissues, and hENT1-deficient cells
demonstrate resistance to several anticancer nucleo-
sides,’”” hENT1 abundance may be a determinant of
response to nucleoside drugs in some cancers.

We recently developed an immunohistochemical
assay for the detection of hENT1 in frozen human
tissues using high-affinity, high-specificity monoclo-
nal anti-hENT1 antibodies.?° Since nucleoside analogs
have an important role in treating patients with NHL,
we have evaluated hENT1 immunostaining in benign
lymph nodes as well as NHL of various subtypes.

Materials and methods
Patient Samples

Frozen tissues from 115 patients with de novo NHL
and 15 benign reactive lymph nodes, collected between
1996 and 2003, were selected for this study. None of
these patients received prebiopsy chemotherapy or
radiotherapy. Specimens submitted to the Department
of Laboratory Medicine and Pathology, Cross Cancer
Institute, were snapped frozen in a dry-ice methanol
bath, embedded in Optimal Cutting Temperature
(Sakura USA, Torrance, CA, USA) and stored at
—80°C. Diagnoses were made based on morphology
and immunophenotyping, as described in the WHO
classification schemes for hematologic malignancies.*!
All procedures were performed with approval of the
local institutional research and ethics board.

Production of Monoclonal Antibodies Reactive
with hENT1

Monoclonal antibodies specific for the hENT1
protein were produced by (i) immunization of mice
with a synthetic hENT1 peptide (residue 254-273)
conjugated to keyhole limpet hemocyanin (KLH) ob-
tained from the Alberta Peptide Institute (Edmonton,
Alberta, Canada), and (ii) generation of antibody-
producing hybridomas by standard protocols. The
methods used to produce and validate these mono-
clonal antibodies were previously reported.?>*?

Immunohistochemistry

Cryostat sections of lymph node tissues of 4 um
thickness were air-dried overnight at room tempera-
ture, followed by fixation in acetone for 10min.
Tissue sections were then incubated with anti-
hENT1 antibodies at a concentration of 10 ug/ml in
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a humidity chamber for 30 min. After three washes
with phosphate-buffered saline (PBS), pH =7.5, goat
anti-mouse antibodies and horseradish peroxidase-
labeled dextran polymer (DAKO™EnVision +, Dako,
Carpinteria, CA, USA) were added to the tissue
sections and incubated for 30 min at room tempera-
ture. After three washes with PBS, brown color was
developed using diaminobenzidene as
the chromogen, followed by counterstaining with
hematoxylin, and dehydration through graded
alcohols and xylene. All incubations were per-
formed at room temperature. Omitting the primary
antibodies provided negative controls. hENT1 im-
munostaining was considered positive when >50%
(an arbitrary cutoff) of the neoplastic cells showed
definitive plasma membrane immunostaining, regard-
less of the staining intensities. CD10 immunostain-
ing was performed using anti-CD10 antibodies (BD
Biosciences, Mississauga, Ontario, Canada) with
identical methods as for hENT1, with positive
cases defined as >10% of neoplastic cells showing
definitive immunostaining.

For double immunostaining for hENT1 and CD3,
acetone-fixed frozen tissue sections were incubated
with anti-CD3 (BD Bioscience, Mississauga, Ontario,
Canada) for 30 min at room temperature, followed by
incubation of an IgG anti-mouse secondary antibody.
After three washes with PBS, brown color was
developed using diaminobenzidene as the chromo-
gen. After washings in running water for 5 min, the
tissue sections were washed with PBS and incu-
bated with anti-hENT1 antibody for 30 min at room
temperature. After three washes with PBS, the tissue
sections were incubated with a MACH 2 secondary-
ALP-HRP antibody (Biocare Medical, Walnut Creek,
CA, USA) for 30min, followed by an incubation
with Vulcan Fast Red (Biocare Medical) for 30 min
to develop a pink color in positive cells. The slides
were then counterstained with hematoxylin.

Results
hENT1 in Benign Lymph Nodes

In all of the reactive lymph nodes examined (n=15),
hENT1 immunostaining was restricted to the germinal
centers (Figure 1). Both centroblasts and centrocytes
were positive and staining was mostly membranous,
although some degree of cytoplasmic granularity also
was present. In all cases, hRENT1 immunostaining of
endothelial cells was detectable, thereby providing an
internal positive control.?*** Double immunostaining
confirmed that centroblasts in the germinal centers
expressed hENT1 (Figure 1, inset).

hENT1 in NHL

hENT1 immunostaining was heterogeneous among
different types of NHL; the results are summarized
in Table 1 and representative images are shown
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Figure 1 hENT1 staining in reactive lymph nodes was confined to
the germinal centers; both mantle zones and interfollicular areas
were negative (immunoperoxidase, x20). The inset shows
double staining of hENT1 (pink) and CD3 (red) of a benign
germinal center; CD3-negative centroblasts were hENT1 positive
(immunoperoxidase, x 100).

Table 1 Immunohistochemical assessment of hENT1 in benign
lymphoid tissues and various types of NHL

Lymphoma subtypes Number of hENT1

cases positive
Burkitt lymphoma/leukemia 8 5 (63%)
Diffuse large B-cell lymphoma 44 20 (45%)
Follicular lymphoma 15 6° (40%)
Mantle cell lymphoma 15 2 (13%)
Small lymphocytic lymphoma/Chronic 10 0
lymphocytic leukemia
Marginal zone B-cell lymphoma 5 0
Plasmacytoma 3 0
Acute lymphoblastic lymphoma/leukemia 2 0
Peripheral T-cell lymphoma 8 3 (37%)
Anaplastic large cell lymphoma (4 ALK+; 5 0

1 ALK-)

#Positivity for hENT1 was based on staining in the neoplastic
germinal centers only; hENT1 staining in the diffuse areas is
described separately in the Results.

in Figure 2. Burkitt lymphoma/leukemia, diffuse
large B-cell lymphoma and follicular lymphoma
were the subtypes with the highest frequencies of
hENT1 immunostaining (63, 45 and 40%, respec-
tively). Lower frequencies of hENT1 immunostain-
ing were found in mantle cell lymphoma (two of 15,
13%) and peripheral T-cell lymphoma (three of
eight, 37%). All cases of marginal zone B-cell
lymphoma (n=5), chronic lymphocytic leukemia/
small lymphocytic lymphoma (n=10), acute lym-
phoblastic leukemia/lymphoma (n=2), plasmacyto-
ma (n=3), and anaplastic large-cell lymphoma
(n=5) were negative. In the majority of negative
cases, <10% of neoplastic cells exhibited hENT1
immunostaining.

Since hENT1 expression was confined to germinal
center cells in reactive lymph nodes, we tested the
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Figure 2 hENT1 staining in a case of CD10-positive diffuse large
cell lymphoma (immunoperoxidase, x 40).

Table 2 Association between CD10 immunoreactivity and
hENT1

hENT1 hENT1 Total number

positive negative of cases
CD10 positive 9 2 11
CD10 negative 13 18 31
Total cases 22 20 42

There was a statistically significant positive association between these
two markers (P=0.025, Fisher’s exact test).

hypothesis that diffuse large B-cell lymphomas that
are derived from follicular center cells would be
more commonly positive for hENT1 than those that
were not derived from follicular center cells.
Expression of CD10, a surrogate marker for follicular
center cell origin, was assessed in 42 of 44 cases of
diffuse large B-cell lymphoma included in this
study that contained sufficient amount of tissues.
CD10-positive diffuse large B-cell lymphomas were
more likely to be hENT1 positive than CD10-
negative cases (P=0.025, Fisher exact test; Table 2).

Of three cases of follicular lymphoma in which
a prominent diffuse component was observed,
two cases were hENT1-positive in the low-grade
component but the negative in the diffuse large-
cell component (illustrated in Figure 3). Further
evaluation showed that one of these three cases was
positive for CD10, in which both the follicular
component and the diffuse large-cell component
were CD10 positive.

Discussion

Nucleoside transporter-deficient cells exhibit resis-
tance to cytotoxic nucleosides in vitro.***® The



Figure 3 hENT1 staining in one of three follicular lymphomas
with a prominent diffuse component, with the neoplastic follicles
being positive for hENT1 (left, black arrow) and the diffuse
component being negative for hRENT1 (right, gray arrow; immuno-
peroxidase, x 20).

plasma membrane abundance of hENT1 protein is a
major determinant of the efficiency of cellular
accumulation of several anticancer nucleosides,"""
and there is some evidence that hENT1 protein
abundance correlates with efficacy of nucleoside
therapy in leukemic cells*®*® and gemcitabine-
treated pancreas cancer (JR Mackey et al, sub-
mitted). hENT1 is the major means by which
cytarabine enters myeloblasts;*® low hENT1 activity
and RNA expression correlates with poor clinical
outcomes in cytarabine-treated acute myelogenous
leukemia.**®*° Similarly, hENT1 mediates gemcita-
bine entry in cultured human cells"'*** and
hematopoietic progenitor cells,®* and inhibition of
hENT1-mediated transport protects cells from cyto-
toxicity.** Although hENT1 transports fludarabine®®
and hENT1 expression appears to be linked to drug
ex vivo fludarabine sensitivity in chronic lympho-
cytic leukemia,** the relationship between hENT1
abundance and clinical fludarabine sensitivity is
uncertain.

Previously, assays for the quantification of hENT1
protein in clinical samples relied on radiolabeled
or fluorescent-labeled NBMPR-binding analyses,
which required large numbers of homogeneous
viable cells. These studies demonstrated that the
abundance of hENT1 protein on human plasma
membranes varies greatly, ranging from below 500
NBMPR-binding sites per chronic lymphocytic
leukemia cell®® to a high of 107 sites per BeWo
choriocarcinoma cell.>** However, NBMPR-based
binding analyses cannot be readily performed on
lymphomas, due to the technical difficulty of
purifying large numbers of malignant cells derived
from clinical specimens. In view of the clinical
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importance of nucleoside analogs in treating NHL
patients and the expected correlation between
nucleoside transporter abundance and chemosensi-
tivity, we performed a immunohistochemical survey
of hENT1 in benign lymphoid tissues and NHL.

In all 15 cases of normal lymphoid tissues we
examined in this study, hENT1 was strictly confined
to the germinal centers (Figure 1). Interfollicular
lymphocytes had no detectable hENT1 immuno-
staining. This is in keeping with one of our previous
studies® in which we reported that lymphocytes in
a normal lymph node are negative for hENT1. We
did not report the hENT1 reactivity in germinal
centers since the normal lymph node case we chose
in this previous case did not have prominent
germinal centers and the focus of the study was to
evaluate the hENT1 reactivity in Hodgkin’s lympho-
ma.*® Similar to the previous study,*® endothelial
cells were positive for hENT1 in all cases.

In contrast to normal lymphoid tissues, hENT1
abundance was markedly heterogeneous among the
different histologic subtypes of NHL, as summarized
in Table 1. Diffuse large B-cell lymphoma, follicular
lymphoma and Burkitt lymphoma/leukemia had
immunohistochemical evidence of plasma mem-
brane hENT1. In diffuse large B-cell lymphoma,
45% of cases were positive for hENT1, while 40% of
cases with follicular lymphoma and 63% with
Burkitt lymphoma/leukemia (thought to derive from
early germinal center cells) were positive. A lower
frequency of hENT1 positivity was found in mantle
cell lymphoma (two of 15, 13%) and peripheral
T-cell lymphomas (three of eight, 37%). All cases
of marginal zone B-cell lymphomas (n=5), small
lymphocytic lymphoma/chronic lymphocytic leu-
kemia (n=10), plasmacytoma (n = 3), and anaplastic
large cell lymphoma (n=5) were negative.

Interestingly, the highest frequency of hENT1
positivity in NHL was identified in lymphomas
derived from follicular center cells: CD10-positive
diffuse large B-cell lymphoma, follicular lymphoma
and Burkitt lymphoma/leukemia. We have pre-
viously reported that Reed—Sternberg cells in Hodg-
kin’s lymphoma were positive for hENT1 in roughly
40% of cases.®® There is mounting evidence that
Reed-Sternberg cells are derived from follicular
centers®®®® consistent with the observation that
Hodgkin’s lymphomas have a frequency of hENT1
positivity comparable to those of CD10-positive
diffuse large cell, follicular, and Burkitt lympho-
mas/leukemias (ie 40-60%). As described, B-cell
neoplasms of other stages of differentiation, includ-
ing marginal zone B-cell lymphoma, plasmacytoma,
acute lymphoblastic lymphoma, chronic lympho-
cytic leukemia/small lymphocytic lymphoma are all
negative for hENT1 or positive in only a small subset
of cases (ie mantle cell lymphoma). Thus, expres-
sion of hENT1 in lymphoid cells is linked to B-cell
differentiation.

The regulation of hENT1 is incompletely under-
stood. In cultured human cancer cells, cellular
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hENT1 protein levels may approximately double
between G1 and G2/M phases of the cell cycle,?**°
indicating that the cellular content of hENT1 is
regulated in a coordinated way with cell cycle.
High cellular proliferation rates are associated with
high hENT1 abundance,**** and leukopheresis,**
GM-CSF stimulation,** and cytotoxic nucleoside
exposure®® have been reported to cause 2-6-fold
increases in hENT1 in human leukemic cells.
In cultured human B-lymphoid cell lines, B-cell
activators, such as phorbol 12-myristate 13-acetate
and lipopolysaccharide, downregulate hENT1 at the
level of mRNA, via a protein kinase C-dependent
pathway. Additionally, TNF-alpha downregulates
hENT1 activity by a protein kinase C-independent
mechanism.** Stimulation of protein kinase C in
cultured human cells (HeLa, MCF-7) causes a rapid
increase in hENT1 activity.*® Potentially, we may be
observing these effects in vivo, where normal
germinal centers and lymphomas of follicular origin
are driven by these, or other, cytokines.

Although follicular lymphomas derive from
germinal center B cells, the absence of hENT1 in
60% of our cases would be expected to give rise
to insensitivity to nucleoside analogs. Gemcitabine
has shown only modest activity in patients with
refractory follicular lymphoma.®? In mantle cell
lymphoma, response rates range from 11 to 53%
with single agent fludarabine or cladribine and in a
study of 11 patients with mantle cell lymphoma
treated with gemcitabine there were only two
responses of limited duration.*® In our previous
report on a patient with refractory mantle cell
leukemia, circulating cells were functionally defi-
cient in nucleoside transport activity.** In the
current study, cases of follicular lymphoma with
foci of transformation show loss of hENT1 expres-
sion in the areas of large cells. While the mechanism
of the loss of hENT1 in this setting is unknown, the
absence of hENT1 expression in the large-cell
component may contribute to a relative lack of
response to nucleoside analogs in these diseases.

In keeping with studies with chronic lymphocytic
leukemia showing low abundance of NBMPR-bind-
ing sites,*® small lymphocytic lymphomas were
uniformly hENT1 negative. The relatively high
sensitivity of chronic lymphocytic leukemia/small
lymphocytic lymphoma to fludarabine therapy may
relate, in part, to the presence of other nucleoside
transporters, including hENT2 and hCNT2, that
mediate fludarabine entry.**

Unfortunately, there are no reliable clinical or
laboratory markers to predict as to which patients
with NHL may respond to nucleoside therapy. Our
observation that follicular derived lymphomas were
more frequently hENT1 positive than nonfollicular
lymphomas is concordant with clinical experience,
where Whelan et al*” observed response to fludar-
abine in 11 of 23 patients (48%) with follicular
lymphoma, and only two of 11 (18%) with diffuse
histology. Similarly, high response rates to fludar-
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abine were observed for follicular small cleaved cell
lymphoma (62%), follicular mixed small- and large-
cell lymphoma (80%), and follicular large-cell
lymphoma (FLCL, 100%) in another phase II trial,
with no responses send in diffuse lymphomas
(n=20).*® As hENT1 activity is strongly related to
nucleoside drug cytotoxicity in vitro and substantial
heterogeneity of staining was determined in this
study, the immunohistochemical staining of hENT1
warrants formal prospective evaluation as a pre-
dictive tool for guiding the appropriate clinical use
of nucleoside analogs in the treatment of follicular
cell-derived NHL. The absence of hENT1 may
predict those patients unlikely to derive benefit
from nucleoside chemotherapy.
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