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In Vivo Growth of Mantle Cell Lymphoma Xenografts in
Immunodeficient Mice Is Positively Regulated by VEGF and
Associated with Significant Up-regulation of CD31/PECAM1
(mantle cell lymphoma / angiogenesis / CD31 / VEGF)
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Abstract. Mantle cell lymphoma (MCL) is an aggressive lymphoma subtype with dismal prognosis. New
treatments are needed to improve outcome of relap
sed/refractory disease. Recently, several drugs targeting at least partially the process of angiogenesis
have been successfully tested in the therapy of MCL.
Molecular mechanisms that regulate MCL-induced
angiogenesis and that might represent potential new
druggable targets remain, however, incompletely understood. We established two mouse models of human MCL by subcutaneous xenotransplantation of
JEKO-1 and HBL-2 cell lines into immunodeficient
mice. Histological analyses of xenografts confirmed
their neovascularization. The growth of xenografts
was significantly suppressed by single-agent therapy with bevacizumab, monoclonal antibody targeting vascular endothelial growth factor (VEGF). Sub
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sequently, we analysed expression of 94 angiogenesis-related genes in ex vivo isolated JEKO-1 and
HBL-2 cells compared to in vitro growing cells using
TaqMan low-density arrays. The most up-regulated
genes in both JEKO-1 and HBL-2 xenografts were
genes encoding platelet/endothelial cell-adhesion mo
lecule (CD31/PECAM1), VEGF receptor 1 (FLT1),
hepatocyte growth factor (HGF), angiogenin (ANG)
and transcription factor PROX1. The most downregulated genes in both JEKO-1 and HBL-2 xenografts were midkine (MDK) and ephrine B2 (EPHB2).
In summary, our results demonstrate an important
role of angiogenesis in the biology of MCL and provide preclinical evidence of potent anti-MCL activity
of bevacizumab. In addition, gene expression profiling of 94 angiogenesis-related targets revealed several in vivo up-regulated and down-regulated transcripts. The most differentially expressed target in
both MCL tumours was CD31/PECAM1. Whether
any of these molecules might represent a potential
druggable target in MCL patients remains to be elucidated.

Introduction
Mantle cell lymphoma (MCL) is an aggressive B-cell
non-Hodgkin lymphoma (B-NHL) subtype that accounts for approx. 5–10 % of all B-NHL and is characterized by chromosomal translocation t(11;14) leading
to over-expression of cyclin D1 with ensuing cell cycle
disruption (Pérez-Galán et al., 2011; Smedby and
Hjalgrim, 2011). Besides the up-regulation of cyclin D1
and a plethora of additional genetic and epigenetic aberrations, extrinsic signals from the microenvironment
have been identified as key pro-survival events that pos-
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itively regulate survival, proliferation, migration and/or
drug resistance of MCL cells (Kurtova et al., 2009;
Medina et al., 2012). Recently, new drugs targeting at
least partially the complex process of angiogenesis including bevacizumab, temsirolimus, enzastaurine and
lenalidomide were successfully tested in the therapy of
relapsed/refractory MCL patients (Morschhauser et al.,
2008; Hess et al., 2009; Stopeck et al., 2009; Smith et
al., 2010; Witzig et al., 2011; Eve et al., 2012). Blood
vessels are important components of the tumour microenvironment and creation of new vessels by tumour-induced angiogenesis positively impacts tumour growth
and dissemination. It was shown that lymphoma cells
can enhance local neovascularization by paracrine secretion of vascular endothelial growth factor (VEGF).
VEGF binds not only to VEGF receptors expressed on
endothelial cells, but also to VEGF receptors expressed
on the lymphoma cells, thereby stimulating their survival and proliferation in an autocrine fashion (Wang et
al., 2004). Several studies reported that cells obtained
from patients with MCL express both VEGF and VEGF
receptors (Stopeck et al., 2009; Wang et al., 2010).
While VEGF remains the most studied pro-angiogenic
factor, the roles of other pro- and anti-angiogenic factors
(e.g. basic fibroblast growth factor – bFGF, hepatocyte
growth factor – HGF, angiopoietins, midkine – MDK,
etc.) or cell surface receptors/adhesion molecules involved in angiogenesis (e.g. MET, CD31/PECAM-1,
CD105/Endoglin, ephrin B2 – EPHB2) in the biology of
lymphomas remain largely unexplored.
In this study we assessed the dependence of the
growth of MCL xenografts on VEGF signalling and
analysed changes in the expression of several angio
genesis-related transcripts during in vivo growth of
MCL xenografts.

Material and Methods
Cell culture
The JEKO-1 cell line was obtained from Leibnitz
Institute DSMZ – German Collection of Microorganisms
and Cell Cultures (Braunschweig, Germany), the HBL-2
cell line was a kind gift of prof. Dreyling (University of
Munich, Germany). Cell lines were cultured in Iscove’s
modified Dulbecco’s medium (IMDM, Lonza, Basel,
Switzerland) supplemented with 20% foetal bovine serum (FBS, Lonza) and 1% penicillin/streptomycin.

In vivo experiments
The studies were approved by the institutional Animal
Care and Use Committee. Female immunodeficient
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (Jackson Labo
ratory, Bar Harbor, ME) were maintained in individually ventilated cages. JEKO-1 and HBL-2 cells were harvested, suspended in PBS, and injected (5 × 106 / mouse)
subcutaneously into the left dorsal flank of 8- to
12-week-old mice. Three days posttransplant mice were
randomized into control and treatment groups. The treat
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ment group was injected with 300 µg of bevacizumab
(Avastin, Roche, Basel, Switzerland) intraperitoneally
twice weekly (Mondays and Fridays), the control group
was injected with PBS. When tumours in any group
reached 3 cm in diameter, animals were sacrificed and
tumours weighed.

Proliferation assays
To measure the effect of bevacizumab (Avastin,
Roche) on proliferation, we used Quick Cell Proliferation
Assay Kit (BioVision, Milpitas, CA) according to the
manufacturer’s instructions. Briefly, we incubated
20,000 cells with diverse concentrations of bevaci
zumab (0.1, 1, 10, and 100 µg/ml) for various time pe
riods (0–168 hours) and measured absorbance of the
samples after 2-hour incubation with WST-8 reagent.

Immunohistochemistry (IHC)
Mice with grown JEKO-1 and HBL-2 xenografts
were post-mortem perfused via left heart ventricle with
4% formalin for in situ tissue fixation. Subcutaneous
xenografts were excised and fixated in 4% formalin,
embedded in paraffin and sectioned into 6–7 μm thick
slices. Sections were then routinely stained with haematoxylin/eosin and Masson’s blue trichrome. IHC detections using anti-human CD31 (Dako, Glostrup, Den
mark) were performed. Antigen retrieval was done in
citrate buffer solution (0.291% sodium citrate, 0.05%
Tween 20, pH 6.0) using microwave for 3 × 5 minutes.
The standard ABC method was used for detection with
diaminobenzidine (DAB). Mayer’s haematoxylin was
used for counterstaining. Images were collected using
an Olympus BX51 microscope (Olympus Corporation,
Tokyo, Japan) equipped with a DP25 digital camera.

Flow cytometry (FCM)
Cell suspensions prepared from subcutaneous xenografts were incubated with ﬂuorochrome-conjugated
CD31 antibody (Exbio, Vestec, Czech Republic),
washed in PBS and analysed by flow cytometry
(FACSCanto II; Becton Dickinson, Franklin Lakes, NJ).
Cells stained with the isotype controls served as negative controls.

Human angiogenesis array
JEKO-1 and HBL-2 subcutaneous tumours were
passed through a 45-micrometer cell strainer, washed
with phosphate-buffered saline (PBS), labelled with human CD45 MicroBeads, and CD45-positive cells (= human MCL cells) were sorted using MACS Columns
(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. JEKO-1 and
HBL-2 cells cultured in vitro were processed in the
same way. Total RNA was extracted from ex vivo and in
vitro obtained JEKO-1 and HBL-2 cells by RNeasy
Mini Kit (Qiagen, Venlo, Netherlands), and reversetranscribed using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City,
CA). cDNA samples were mixed with TaqMan Universal
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Fig. 1. In vivo growth of MCL is associated with neovascularization and is positively regulated by VEGF. (A) Vascularized tumour after s.c. xenotransplantation of JEKO-1 cell line into immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
mouse. (B) A paraffin-embedded tumour section from JEKO-1 xenograft stained with haematoxylin/eosin revealed the
presence of blood vessels in the tumour. (C) Immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice were subcutaneously
injected with JEKO-1 or HBL-2 cell lines. Three days after xenotransplantation mice were randomized and either treated
with 300 µg of bevacizumab (Avastin, Roche) intraperitoneally twice weekly, or treated with PBS only (control group).
Dots represent weights of individual tumours and lines are plotted at the means. (D) A representative macroscopic tumour
grown in mice treated with bevacizumab at the time of completion of experimental therapy. (E) JEKO-1 and HBL-2 cell
lines were in vitro treated with bevacizumab (concentrations as indicated) and proliferation was measured as described in
Material and Methods.

PCR Master Mix (Applied Biosystems) and loaded into
TaqMan Array Human Angiogenesis Panel microfluidic
plates (Applied Biosystems). Real-time qPCR was run
in a 7900 HT SDS PCR cycler (Applied Biosystems)
according to manufacturer’s instructions. Data were
normalized to the expression of GAPDH and in vitro
cultured MCL cell lines were used as controls.

Statistical analysis
The data were analysed in GraphPad Prism (GraphPad
Software, La Jolla, CA). The values represent means
± SD of at least three independent experiments. The differences between experimental groups were determined
by Student’s t-test.

Results
In vivo growth of MCL is positively regulated by
VEGF
To study angiogenesis during engraftment and growth
of MCL we established and characterized two mouse
models of human MCL after subcutaneous (s.c.) xe
notransplantation of MCL cell lines JEKO-1 and HBL-2
into immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
mice. Grown MCL tumours (approx. 2–3 cm in diameter) were subjected to histological analyses that confirmed neovascularization of the xenografts (Fig. 1A, B).
VEGF is the single most important pro-angiogenic fac-
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Fig. 2. CD31/PECAM1 is the most up-regulated gene during in vivo growth of mantle cell lymphoma xenografts in immunodeficient mice. (A) Flow cytometry analysis of CD31/PECAM1 expression (full histograms) on the surface of
JEKO-1 cells cultured in vitro (upper histogram) and obtained ex vivo from JEKO-1 xenografts (lower histogram). Black
line empty histograms represent cells stained with the control isotype antibody. Histograms shown are representative
examples from three independent experiments. (B) A paraffin-embedded tumour section from JEKO-1 xenograft stained
with human anti-CD31 antibody revealed diffuse positivity of CD31 antigen. (C) The expression of angiogenesis-related
genes was assessed in JEKO-1 and HBL-2 cells obtained ex vivo from s.c. xenografts using TaqMan Low-Density Human
Angiogenesis Array. Columns represent cell lines and rows correspond to genes. Colour changes within a row indicate
expression levels relative to the in vitro cultured control cell lines (data analysed using MeV4 software, colour scale limits: logFC = ± 4, blue down-regulation, yellow up-regulation).

tor. We clearly demonstrated that monotherapy of both
JEKO-1- and HBL-2-xenografted mice with anti-VEGF
monoclonal antibody bevacizumab significantly suppressed growth of the xenografts compared to untreated
controls (Fig. 1C, also compare 1A and 1D). In contrast,
in vitro exposure of JEKO-1 and HBL-2 cells to bevacizumab did not impact the proliferation rate (Fig. 1E).

CD31/PECAM-1 is the most up-regulated gene
during in vivo growth of mantle cell lymphoma
xenografts in immunodeficient mice
Based on these results we decided to use the mouse
models of MCL to analyse in vivo induced changes in
gene expression of selected angiogenesis-related targets. Ninety-four angiogenesis-related genes were assessed in MCL cells obtained ex vivo from s.c. MCL

xenografts compared to in vitro cultured MCL cell lines
using TaqMan Low-Density Human Angiogenesis
Array. The most up-regulated gene in both JEKO-1 and
HBL-2 xenografts was the gene encoding platelet/endothelial cell-adhesion molecule (CD31/PECAM1, fold
change: 148.9 ± 19.4, and 127.6 ± 10.5, respectively).
The up-regulation of CD31/PECAM-1 protein was confirmed by flow cytometry and immunohistochemistry
(Fig. 2A, B). Other genes up-regulated in both JEKO-1
and HBL-2 were genes encoding VEGF receptor 1
(FLT1/VEGFR1, fold change: 23.3 ± 6.5, and 117.5 ± 0.7,
respectively), hepatocyte growth factor (HGF, fold
change: 8.9 ± 2.7, and 5.0 ± 0.4), angiogenin (ANG, fold
change: 11.1 ± 1.2, and 11.5 ± 13.2), CD105/Endoglin
(EDG1, fold change: 2.6 ± 0.2, and 21.1 ± 4.9) or transcription factor PROX1 (fold change: 6.6 ± 1.9, and 4.0
± 0.4). The most down-regulated genes in JEKO-1 and
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HBL-2 included genes encoding midkine (MDK, fold
change: 0.06 ± 0.05, and 0.45 ± 0.01) and ephrin B2
(EPHB2, fold change: 0.47 ± 0.05, and 0.41 ± 0.05). All
of the tested angiogenesis-related genes up-regulated or
down-regulated during in vivo growth of both JEKO-1
and HBL-2 by at least 2-fold are shown in Fig. 2C.

Discussion
In this study we established and characterized two
mouse models of human MCL by s.c. xenotransplantation of MCL cell lines JEKO-1 and HBL-2 into immunodeficient mice. We showed that MCL xenografts were
neovascularized and that treatment with anti-VEGF antibody bevacizumab resulted in significant tumour
growth suppression. These data confirmed VEGF as an
important druggable target in MCL. Importantly, bevacizumab did not impact the in vitro proliferation rate of
MCL cell lines, suggesting an angiogenic switch during
in vivo growth of MCL xenografts. Profiling of 94 an
giogenesis-related genes revealed several targets differentially expressed in both MCL tumours compared
to the corresponding MCL cell lines, including CD31/
/PECAM1, FLT1, HGF, ANG, PROX1 (up-regulated),
and EPHB2, MDK (down-regulated). CD31/PECAM1
was the most differentially expressed (up-regulated)
gene in both JEKO-1 and HBL-2 xenografts. Protein
over-expression of CD31/PECAM-1 was confirmed by
both flow cytometry and immunohistochemistry. CD31/
/PECAM-1 is an immunoglobulin superfamily member
expressed on the surface of endothelial cells, platelets
and leucocytes (Jackson, 2003). CD31/PECAM-1 and
CD34 represent established molecular markers used for
evaluation of tumour microvessel density. Expression of
CD31/PECAM-1 was, however, also reported on the
surface of malignant lymphocytes (Gallay et al., 2007;
Boyd et al., 2009; Akers et al., 2010; Poggi et al., 2010).
Only recently, CD31/PECAM-1 was reported over-expressed on MCL primary cells (Boyd et al., 2009).
This finding, together with significant up-regulation of
CD31/PECAM-1 on MCL cells during in vivo growth in
this current study suggest that CD31/PECAM-1 might
play an important role in the biology of MCL. FLT-1 is
a receptor tyrosine kinase binding VEGF and placental
growth factor (PGF). Despite the fact that FLT-1 was
described in the literature as a largely negative regulator
of angiogenesis, its expression on leukemic cells was
recently reported to promote cell proliferation and tumour growth (Fragoso et al., 2006).
Hepatocyte growth factor (HGF) and its receptor tyrosine kinase MET are oncogenes involved in the biolo
gy of many cancers, including lymphomas (Mahtouk et
al., 2010). Angiogenin (ANG) is a potent inducer of angiogenesis and its high concentration correlated with
poor outcome in patients with NHL (Fang et al., 2011).
Transcription factor PROX1 plays pivotal roles during
lymphatic development, but its role in lymphoma-induced (lymph)angiogenesis remains largely unexplored
(Yoshimatsu et al., 2011). Midkine (MDK), the most in
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vivo suppressed gene in this study, is a heparin-binding
growth factor. MDK was, however, reported to be upregulated in many types of cancer cells (Tsutsui et al.,
1993). Ephrin B2 (EPHB2) is a receptor tyrosine kinase
involved in the maintenance of tissue architecture via
regulating cell adhesion, motility, survival and angiogenesis (Zou et al., 1999). The precise role of EPHB2 in
cancer growth and metastasizing remains controversial.
EPHB2 appears to act as a tumour suppressor in some
types of cancer, while in other types it behaves as a classical oncogene. Both loss of EPHB2 expression and
EPHB2 over-expression or mutation were associated
with increased tumour aggressiveness or cancer progression (Jubb et al., 2005; Lugli et al., 2005; Guo et al.,
2006; Sikkema et al., 2012). Strong expression of
EPHB2 was recently reported on CD34+ haematopoietic
stem cells (Lazarova et al., 2006). There are, however,
no published data concerning EPHB2 expression in hematologic malignancies.
It must be taken into account that the gene expression
analysis was performed on CD45-sorted human MCL
cells only. Pro- and anti-angiogenic factors expressed by
murine microenvironment might contribute to stimulation or blockage of MCL-induced angiogenesis and/or
MCL survival/growth.
In summary, our results demonstrate a significant role
of angiogenesis in the biology of MCL, and provide preclinical evidence of potent anti-tumour activity of bevacizumab, thus confirming VEGF as a key druggable angiogenesis target in MCL. In addition, gene expression
profiling of 94 angiogenesis-related targets revealed
several in vivo up-regulated and down-regulated transcripts, including CD31/PECAM1, FLT1, HFG, ANG,
PROX1, and MDK, EPHB2, respectively. Whether any
of these molecules might represent a potential druggable target remains to be elucidated.
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