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SUMMARY
Follicular lymphoma (FL) comprises nearly 25% of non-Hodgkin lymphoma cases and is
clinically characterized by initial sensitivity to chemotherapy followed by relapse. FL stroma
contains a special type of stromal cell found in germinal centre of lymph nodes—the follicular
dendritic cell (FDC). We first isolated tumourigenic cells from the FL cell line FLK-1 by side
population (SP) technique, and found that SP cells, which express ABCG2, were enriched by
chemotherapy and radiation treatments. In vitro, SP cells were attracted by and adhered to FDCs
through chemokine (C-X-C motif) ligand 12/chemokine (C-X-C motif) receptor 4 (CXCL12/
CXCR4) signalling. In vivo, limiting dilution assays showed SP cells were highly enriched in
cancer stem cell (CSC), but required FDC for tumour formation in non-obese diabetic/severe
combined immunodeficiency mice. Treatment with AMD3100, a specific CXCL12/CXCR4
inhibitor, eliminated tumour growth. These findings were then verified with FL cells isolated from
an FL patient’s ascitic fluid (FLA-1). Finally, we detected the ABCG2 expressing lymphoma cells
in FL clinical specimens. Thus, we found that the highly tumourigenic FL cells having CSC-like
activities (FL-SC) interact with FDCs in a CXCL12/CXCR4 dependent manner to resist
chemotherapy. Our results indicate the importance of FL-SC and niche cell signalling in
maintaining tumourigenicity. These signals represent novel targets for CSC eradication.
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INTRODUCTION
Follicular lymphoma (FL) is the second most common form of non-Hodgkin lymphoma
(NHL) in the Western Hemisphere, representing nearly 25% of all NHL cases (Armitage
and Weisenburger 1998). FL arises from B cells, and its clinical course is frequently
indolent and responsive to initial chemotherapy. However, multiple relapses are common.
More than half of relapsed patients become refractory to treatment and do not survive more
than five years (van Oers, et al 2006). Hence, it is important to gain insight into the cellular
and molecular mechanisms of relapse following a successful response to chemotherapy.

The potential mechanisms of relapse may involve the interaction of tumourigenic FL cells
with the stromal cell counterpart present in the lymph node (LN) (Arai, et al 2000). One of
the putative stromal cell types that may interact with FL cells is the follicular dendritic cell
(FDC). FDC is present in the germinal centre (GC) of lymphoid follicles, the site of FL
origin (Klein, et al 1998). FDCs were found to initiate and maintain a pro-tumourigenic
microenvironment (Torlakovic, et al 2002) by producing appropriate cytokines (Li and Choi
2002) to promote lymphoma cell proliferation (Li, et al 2004, Li, et al 2000). Our
preliminary observations suggested that the FDC in GC expresses chemokine (C-X-C motif)
ligand 12 (CXCL12) (Supplementary Fig 1). This preliminary data, coupled with previous
reports that the transformation of FL to therapy-resistant aggressive large B cell lymphoma
(De Jong and de Boer 2009) is associated with the induction of stromal gene signatures
including CXCL12 (Lenz, et al 2008), motivated us to investigate the potential interaction
between tumourigenic FL cells and FDCs through the CXCL12/ chemokine (C-X-C motif)
receptor 4 (CXCR4) signalling pathway.

Previous cell line-based studies showed that not all cancer cells are tumourigenic (Wang, et
al 2007). It has also been reported that some cancer cells require co-injection with stromal
cells to form tumour in immunodeficient mice (Li, et al 2004, Margolin, et al 2011),
suggesting the importance of the interaction between tumourigenic cancer cells and stromal
cells to form tumours in vivo.

In this study, we developed an experimental model to isolate the tumourigenic FL cells with
cancer stem cell (CSC)-like activities (henceforth known as FL-SC) to study the potential
interaction between the FL-SC and FDC. To isolate FL-SC, we have employed a commonly
used CSC enrichment technique known as the side-population (SP) cells. Recently, we and
others have identified a quiescent population of drug-resistant CSC in the SP fraction in
various malignancies, including Hodgkin lymphoma (Das, et al 2008, Ho, et al 2007, Jones,
et al 2009, Wu and Alman 2008, Zhang, et al 2009). The SP fraction expressed the drug-
resistant gene ABCG2 and demonstrated higher tumourigenic capacity than the non-SP
fraction (Das, et al 2008, Jakubikova, et al 2011, Kruger, et al 2006). Hence, we isolated the
SP fraction from both FL cell line and primary tumours, and confirmed that FL-SC interact
with FDC in a CXCL12/CXCR4-dependent manner both in vitro and in vivo to maintain
tumourigenicity. Finally, we demonstrated the existence of FL-SC in FL patient specimens.

METHODS
Patient specimen, cell lines, antibodies and reagents

This research was approved by the institutional review board of Ochsner Clinic Foundation.
Ascitic fluid from an untreated FL patient was collected after obtaining informed consent. B
lymphoma cells (FLA-1) were isolated from the ascitic fluid and used in various
experiments. The FLK-1 cell line (obtained from Dr. Kagami, Aichi Cancer Centre Hospital,
Nagoya, Japan) was established by co-culturing lymphoma cells derived from the bone
marrow (BM) of an FL patient with an FDC cell line, HK (Kagami, et al 2001, Kim, et al
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1995). FLA-1 and FLK-1 cells express CD10, CD20, CD27, CD77, high CD38, but low
CD44, and no surface IgD. These phenotypes are similar to GC-centroblasts but different
from naïve B cells (Supplementary Table 1), suggesting B cell tumours of GC-origin. The
HK cell line, established from human tonsil FDC, was maintained as described (Kim, et al
1995). FLK-1 cells were co-cultured with HK cells in Iscove’s media supplemented with
10% fetal calf serum (FCS; Life Technologies, Grand Island, NY), 2 mM glutamine, 100 u/
ml penicillin G, and 100 mg/ml streptomycin (Irvine Scientific, Santa Ana, CA).

Antibodies used for this work were fluorescein isothiocyanate (FITC)-labelled mouse anti-
human ABCG2 (clone 5D3) and goat anti-mouse IgG (Santa Cruz Biotechnology, Santa
Cruz, CA); anti-human CD20 (clone L-26, BioGenex, Cherlapally, Hyderabad, India); anti-
human BCRP1 (clone BXP-21); biotinylated anti-human ABCG2, anti-human Oct 3/4, and
normal goat IgG negative control (all from R&D Systems, Minneapolis. MN); alkaline
phosphatase (AP)-conjugated rabbit anti-mouse IgG (Southern Biotechnology Associates,
Birmingham, AL); and horseradish peroxidase (HRP)-conjugated streptavidin (Jackson
Laboratory, Bar Harbor, ME). Reagents used were goat ABC Elite Kit; Vector Red Alkaline
Phosphatase developing kit (both from Vector Laboratories, Burlingame, CA); and Sigma
FAST 3,3-Diaminobenzidine tablets (Sigma Aldrich, St. Louis, MO).

Hoechst 33342 labelling and SP cell sorting
Hoechst 33342 dye (5 µg/ml, Molecular Probes, Carlsbad, CA) was added to lymphoma
cells with or without 100 mM verapamil, and cells were incubated at 37°C for 90 min,
mixed occasionally, and then washed. For fluorescence-activated call sorting (FACS)
analysis, lymphoma cells were resuspended in phosphate-buffered saline (PBS) containing
1% FCS. Prior to analysis, propidium iodide (2 µg/ml) was added to exclude nonviable cells.
Verapamil-sensitive SP cells were identified and electronically gated for cell sorting on an
FACS Aria cell sorter using Becton Dickinson Diva software (BD Biosciences, San Jose,
CA). Hoechst dye was excited with 150 mW of 350 nm ultra-violet light. SP fluorescence
emissions were directed toward a 610-nm dichroic filter and captured simultaneously
through a blue (440/24 nm) and a red (695/40 nm) filter on a linearly amplified fluorescence
scale.

Cell cycle analysis
Lymphoma cells (1 × 106/0.5 ml in PBS) were mixed with 4.5 ml 70% ethanol and
incubated for 2 h. Ethanol-suspended cells were washed once with PBS and resuspended in
staining solution (1 × 106 cells/ml) containing 0.1% (v/v) Triton X-100 (Rohm & Haas
Company, Philadelphia, PA) in PBS, 0.2 mg/ml of DNase-free RNase A (Sigma) and 20 µg/
ml of propidium iodide. Cells were allowed to equilibrate for 30 min in the dark. The
distribution of cells in various cell cycle compartments was analysed using FACS Caliber
equipped with Cell Quest software (BD Biosciences). The percentages of cells in G0+G1,
G2+M, or S phase were obtained from DNA histograms using ModFit software (Versity
Software House, Topsham, ME). The proliferating index (PI) was calculated as PI = G2+M
+S/G0+G1.

Tumourigenicity
Female non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice, 6 to 8
weeks old, were obtained from the NCI-Frederick Cancer Research Facility (Frederick, MD)
and acclimated for 1 week. All animal studies were conducted under approved guidelines of
the Animal Care and Use Committee of Ochsner Clinic Foundation. NOD/SCID mice were
pre-treated with anti-Natural Killer cell antibody and sublethally irradiated (4 Gy) 24 h
before cell injection. The Extreme Limiting Dilution Analysis (ELDA) was performed as
described by Hu and Smyth (2009). Briefly, different numbers of lymphoma cells or FACS-
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sorted SP cells were mixed with HK cells (1 × 106) in 0.1 ml of RPMI medium and then
injected subcutaneously into the posterior flank of NOD/SCID mice. Tumour formation was
measured in three dimensions with calipers twice a week for up to 90 days. Tumour volume
was calculated as length×width×height. The frequency of tumour initiating cells in FLK-1
cell line was determined using the extreme limiting dilution analysis (ELDA) webtool at
http://bioinf.wehi.edu.au/software/elda.

Tumours were removed when tumour size reached 1 cm3. A portion of each tumour was
placed in 10% formalin for paraffin embedding or placed in optimum cutting temperature
(OCT) compound to be snap frozen in liquid nitrogen. In some experiments, to improve
tumour detection sensitivity, green fluorescence protein (GFP)--tagged FLK-1 cells were
used for tumour formation. To visualize GFP-labelled tumour cells, mice were imaged with
the IVIS Lumina Imaging System; and images were analysed using Living Image Software
(Caliper Life Sciences, Hopkinton, MA). Mice were anesthetized using isofluorane (2.5% in
100% oxygen, 1 l/min) during all imaging procedures.

FACS analysis
For cell surface antigen staining, lymphoma cells were stained with unconjugated or directly
FITC-conjugated antibodies (Abs). Unconjugated monoclonal antibodies (mAbs) were
detected by FITC-labelled goat anti-mouse Ig. In brief, cells were incubated with the
appropriate concentration of Abs for 15 min at 4°C. After washing with PBS containing
0.2% bovine serum albumin and 0.1% sodium azide, cells were analysed by FACS Calibur
and CellQuest software.

Immunohistochemistry
Formalin-fixed paraffin embedded tissue sections (5 µm) were deparaffinized, rehydrated,
and blocked for endogenous peroxidase activity. Following high temperature antigen
retrieval in Trilogy unmasking solution (Cell Marque, Rocklin, CA), slides were biotin-
blocked, serum-blocked, and immunostained using a goat ABC Elite Kit. Biotin-conjugated
Ab to Oct-3/4 was applied at 1:50 for 1 h at room temperature (RT). Positive staining was
detected with 3,3V-diaminobenzidene (DAB). For double staining, anti-CD20 mAb was
applied after DAB for 2 h at RT. AP-conjugated rabbit anti-mouse IgG secondary Ab was
applied at 1:40 at RT for 1 h. The Vector Red alkaline phosphatase detection kit was used to
detect CD20+ cells, followed by light green counter-stain. Frozen slides were fixed with cold
100% acetone for 10 min before specific mAbs staining.

Migration assay
Lymphoma cells (105 cells/100 µl) were added to the upper compartments of 24-well
transwell chambers with 8 µm pore filters (Corning Life Sciences, Lowell, MA). Lower
compartments contained medium, pre-seeded HK cells, or CXCL12 (100 ng/ml, R&D
Systems). In some experiments, lymphoma cells were pre-incubated with 50 µM AMD3100
(Sigma) for 30 min at 37°C. Migrating cells were collected after 24 h and the absolute
numbers of viable lymphoma cells were evaluated by flow cytometry using FlowCount
beads (Beckman-Coulter, Fullerton, CA). Data were analysed as a migration index
corresponding to the number of cells migrating in response to testing medium divided by the
number of cells migrating in response to control medium.

Statistical analysis
Data are presented as the mean ± standard deviation (SD). To assess statistical significance
of differences, an unpaired t test (Prism Version 4.03, GraphPad Software, Inc., La Jolla,
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CA) was used. P values <0.001 and <0.05 were considered very significant (***) and
significant (**) as indicated by asterisks, respectively.

RESULTS
FL tumour formation is dependent on FDC cell line HK

The FLK-1 cell line was established by co-culturing lymphoma cells derived from the BM
of a FL patient with HK cells, an FDC cell line (Kagami, et al 2001, Kim, et al 1995).
FLK-1 cells have been previously reported to be dependent on FDC to proliferate in vitro
(Kagami, et al 2001). We used the FLK-1 cells and the HK cells to study the putative CSC
and niche cell interaction. First, we determined whether FLK-1 tumour formation was
dependent on stromal cell support by evaluating the tumour formation from subcutaneous
injection of both cell types in NOD/SCID mice. We found that FLK-1 cell tumour formation
was dependent on HK cells (Supplementary Fig 2A); No tumour was formed when FLK-1
cells were injected into mice without HK cells. FLK-1 cells maintained tumourigenic
potential in the presence of HK cells, and these tumours could be serially transplanted in
NOD/SCID mice with shortened tumour formation latency in each generation
(Supplementary Fig 2B). Lymphoma cells isolated from a FL patient’s ascitic fluid (FLA-1)
were used to confirm FLK-1 results. As shown in Supplementary Fig 2A and 2C, FLA-1
cells were similarly dependent on HK cells for proliferation and tumour formation in NOD/
SCID mice. These results demonstrate that HK cells are required for FL tumourigenesis.

FL cells contain an SP fraction with CSC characteristics
To isolate and further characterize the putative FL-SC population, we used the Hoechst
33342 dye efflux-based isolation of SP cells. To detect SP, FLK-1 cells were labelled with
Hoechst 33342 with or without treatment of verapamil, an ABCG2 inhibitor (Fig 1A)
(Seigel, et al 2005). In 5 separate experiments, we consistently found Hoechst dim SP from
FLK-1 cells, 0.230±0.012% with Hoechst staining and 0.052±0.016% with Hoechst staining
in the presence of verapamil (P=0.001). The presence of Hoechst 33342 dye efflux and
verapamil-sensitive SP was confirmed with patient-derived lymphoma cells isolated from
ascitic fluid (FLA-1 cells, Fig 1A).

Moreover, the sorted FLK-1 SP cells were characterized for ABCG2 expression and cell
cycle status by appropriate assays. FACS staining data showed that 60.8% of FLK-1 SP
cells were positive for ABCG2 staining (Fig 1A, right panel), whereas 1.14% ABCG2
positive cells were found in FLK-1 parental cells (Supplementary Table 2). It has been
reported that CSC phenotype, such as ABCG2 expression, is modulated by the
microenvironment in malignant lymphomas (Singh, et al 2011). However, FLK-1 cells are
maintained in co-culture with HK cells. It is not likely that HK cells induce SP cells from
non-SP cells under these co-culture conditions.

CSC are known to be quiescent and proliferate slower than non-CSC. Indeed, identically
treated FLK-1 parental and sorted SP cells are distinguishable by their cell cycle states. Cell
cycle distribution showed that 41.87±2.94% of FLK-1 parental cells were in G0G1 phases,
51±1.96% was in S phase, and 8.22±0.32% was in G2M phases (PI=1.45), while a majority
of sorted SP cells was in G0G1 state (68.39±4.39%). 30.27±0.97% and 1.35±0.04% of SP
cells were in S and G2M phases, respectively (N=3, PI=0.46, P<0.0001). These results
suggest that FLK-1 cell line contains an ABCG2 expressing and slow cycling SP fraction.

FL-SP cells are enriched in chemotherapy- and irradiation-treated cell populations
A hallmark of CSC is their resistance to conventional treatments, including chemotherapy
and radiation (Visvader and Lindeman 2008). Therefore, we examined the effects of
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chemotherapy and radiation on FLK-1 SP cells. FLK-1 cells were co-cultured with HK cells,
and then treated with media (Control, Table 1), chemotherapy drugs or irradiation.
Following treatment, SP cells were detected by Hoechst dye staining and FACS analysis in
each condition. The relative SP fraction of FLK-1 cells increased 128-fold after treatment
with irradiation (3 Gy) compared with untreated cells (Control, Table 1). After treatment
with two commonly used chemotherapy drugs in the treatment of lymphoma,
cyclophosphamide and doxorubicin, the SP fraction of FLK-1 cells increased 114- and 156-
fold, respectively when compared with untreated cells (Control, Table 1). When primary
tumour FLA-1 cells were tested for methylcellulose colony formation, doxorubicin
treatment enriched the number of colony-forming cells by at least 3-fold (Supplementary Fig
2D). Drug or irradiation treatment increased the proportion of SP cells whereas the non-SP
fraction decreased. These results suggest that SP cells are enriched in the chemotherapy and
radiation-treated population.

FL-SP cell sorting enriched tumour-initiating FL-SC
To investigate whether the SP in FLK-1 is enriched with the CSC population, we first
compared the clonogenic ability of SP versus parental cells in a methylcellulose based in
vitro assay. When the primary FL tumour-derived cells (FLA-1 cells) were tested in a
methylcellulose colony formation assay, a significantly higher percentage of cells formed
colonies in the SP cell fraction compared with parental cells (Supplementary Fig 2D).

Next, we investigated the tumourigenicity of FLK-1 SP versus parental cells in NOD/SCID
mice using a limiting dilution tumour transplantation assay. Lymphoma cells were mixed
with HK cells and injected subcutaneously to NOD/SCID mice, and limiting dilution assays
were performed. The data were analysed by an ELDA method (Hu and Smyth 2009).
Tumour initiating cells were found to be one out of 1.75×105 for FLK-1 parental cells and
1.49×104 for FLK-1 SP cells. There was an 11.7-fold enrichment of tumour-initiating
FLK-1 cells in SP compared with parental cells (Fig 2). A summary of tumour formation
experiments with various numbers of parental or FACS-sorted SP cells from FLK-1 cells are
shown in Table 2. These functional in vitro and in vivo assay results demonstrated that SP
cells obtained from FL were highly enriched with CSC.

FL-SC interact with FDC in a CXCL12/CXCR4-dependent manner in vitro
We next investigated the potential role of CXCL12/CXCR4 signalling in the interaction
between FL-derived SP cells and stromal HK cells. First, we measured CXCL12 secretion
by HK cells and CXCR4 expression by FLK-1 and FLA-1 derived SP cells. Quantitative
real-time polymerase chain reaction (PCR) showed CXCL12 was expressed over 9-fold
higher in HK cells than control fibroblasts (HFF-1, Fig 3A). CXCL12 protein levels
produced by HK cells were confirmed by enzyme-linked immunosorbent assay (ELISA)
(Fig 3A, grey bar). CXCR4 mRNA expression was more than 3-fold upregulated in SP
versus parental cells in both FLK-1 and FLA-1 cells (Fig 3B). These results suggest that HK
cells produce CXCL12 whereas the SP fractions of FLK-1 and FLA-1 cells express CXCR4.

Second, we performed the migration study to evaluate the functionality of the chemokine
receptor CXCR4 expressed on the FLK-1 and FLA-1 SP cells. When CXCL12 was added to
the media in the lower compartments of transwells, we found that the FLA-1 SP cells
migrated towards CXCL12 at a significantly higher rate (more than 5-fold) compared with
parental cells (Fig 3C), and their migration was inhibited by the presence of AMD3100, a
specific small molecule inhibitor of CXCL12/CXCR4 signalling. We also found similar
results with FLK-1 cells (3-fold, Fig 3D). These data suggest that the chemokine receptor
CXCR4 is active on these cells, and cells migrated in response to chemokine CXCL12.
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Third, we evaluated the role of HK cells in the maintenance of FLK-1 derived SP cells.
Because HK cells were adherent, whereas FLK-1 cells were in suspension in culture, FLK-1
cells were easily separated from HK cells to perform the experiments. Two populations of
FLK-1 cells emerged when they were co-cultured with HK cells, one represented FLK-1
cells remaining suspended in the medium and the other represented FLK-1 cells adhering to
HK cells. Evaluation of the SP fraction identified a 55-fold enrichment of the SP fraction in
FLK-1 cells that were adherent to HK cells when compared to the parental cells (Control,
Table 1). It is not likely that co-culture with HK cells induced non-SP cells to express SP
phenotype, because FLK-1 cells need HK cells in order to survive in vitro and in vivo.
These results suggest the enrichment of FLK-1 derived SP cells in FLK-1 cells that interact
with HK cells.

Fourth, in a transwell migration assay, we further evaluated the migration of FLK-1 cells
towards HK cells with or without treatment of AMD3100. FLK-1 cells migrated toward HK
cells in a dose-dependent manner (Fig 3D, insert). The migratory FLK-1 fraction was 60-
fold enriched in SP cells compared with parental cells (Control, Table 1). AMD3100
treatment completely blocked FLK-1 cell migration towards HK cells (Fig 3D). Thus, these
results suggest that FLK-1 derived SP cells migration towards HK cells is dependent on
CXCL12/CXCR4 signalling.

Taken together, the results suggest that the stromal cells, represented by HK cells, interact
with the CSC fraction of FLK-1, the SP cells, in a CXCL12/CXCR4-dependent manner to
enhance maintenance, growth, and migration of the SP cells in vitro.

FL-SC interact with FDC in a CXCL12/CXCR4 dependent manner in vivo
To investigate the in vivo interaction between FLK-1 SP cells and FDCs, GFP-tagged
FLK-1 cells were mixed with HK cells and injected subcutaneously to NOD/SCID mice for
in vivo monitoring of tumour growth. In some of the tumour formation experiments,
AMD3100-treated GFP-tagged FLK-1 cells were used. We first confirmed the rapid tumour
growth of the FLK-1 cells when co-injected with HK cells. Next, we found that the
AMD3100 pre-treated groups showed no tumour growth (Fig 3E and 3F). These data
suggest that FL-SC may be dependent on FDC via CXCL12 and CXCR4 paracrine
signalling in tumour formation in vivo.

Next, we took advantage of the GFP-tagged FLK-1 cells to perform a co-localization study
of SP cells with HK cells. In this study, ABCG2 expression in the GFP-tagged FLK-1 cells
was considered representative of SP cells. Established tumours were removed for
immunohistochemistry staining. HK cells were detected by CD44 expression (Li, et al
2004). In xenografts, it is known that the host inflammatory cells are attracted to the tumour
site, including CD31+ endothelial cells which are essential for neovascularization
(Gilbertson and Rich 2007). As an indicator of CSC niche formation, we also studied the
presence of mouse CD31+ endothelial cells.

We first confirmed ABCG2+ expression in the GFP+ FLK-1 cells (Fig 4A). Then, we
observed that the ABCG2+GFP+ FLK-1 cells were in close contact with CD44+ HK cells
within 2 weeks after lymphoma cell injection (Fig 4A). Most importantly, similar to what
was observed with CSC and the vascular niche in glioblastoma (Gilbertson and Rich 2007),
ABCG2+CD38+ lymphoma cells were in close contact with CD31+ mouse endothelial cells
4 weeks after lymphoma cell injection (Fig 4B). These data suggest that FLK-1 SP cells and
the stromal HK cells stay in close contact, and FLK-1 SP cells may also interact with the
host vasculature cells. Taken together, we conclude that the FLA-1 SP cells interact with
HK cells in a CXCL12/CXCR4-dependent manner to promote in vivo tumour growth of the
SP cells.
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FL patient LN specimens contain ABCG2+ and Oct-3/4+ cells
The presence of an FL-SC population found in our FLK-1 cell line experiments was then
confirmed with clinical specimens from FL patients. First, we identified that FL-patient LN
cell suspensions contained 0.37% SP cells, and FL-patient lymphoma cells isolated from
ascitic fluid (FLA-1 cells) contained 0.62% SP cells. Both SP cell fractions were sensitive to
verapamil treatment (Table 1).

Similar to our observation with FLK-1 cells, primary FL tumour-derived FLA-1 cells also
demonstrated the close interaction between ABCG2+ lymphoma cells and HK cells in the
early stage (Fig 4C) or CD31+ host vasculatures in the late stage of tumour formation (Fig
4D). These data further suggest that the interaction between FL-SP cells and stromal cells
may not be restricted to cell line alone, but might represent a general phenomenon of the FL-
SP cells’ ability to interact with host stromal cells in vivo to maintain tumourigenicity.
Hence, to investigate the possibility that the ABCG2-expressing FL tumour cells may be
present in FL tumours, we utilized an immunohistochemical-based clinical study.

We obtained paraffin-embedded tissue samples from FL patients and observed ABCG2
expressing cells. Positive staining was scored by counting all cells in 10 high power fields
(magnification ×400) to calculate the percentage of positive cells (Table 3). Normal human
colon specimens were used as positive control tissues for ABCG2 and Oct-3/4 staining (Fig
5A). We found 0.6−2.4% ABCG2+ cells in FL patient LN specimens (N=6). Positive
staining was specific because all tissues used were negative when isotype control Ab
(negative control) was used in place of stem cell-specific Abs (Fig 5A). These data in
clinical FL samples further suggest the presence of ABCG2 expressing cells in the FL
samples.

Next, we evaluated the expression of Oct 3/4, which is increasingly found to be expressed in
CSC of diverse tumours (Bentivegna, et al 2010, Koh, et al 2011). We found 4.1−8.7%
Oct-3/4+ cells in these same FL patient LN specimens. We further confirmed that these
lymphoma cells expressed Oct 3/4 by double staining with mAb CD20 and Oct 3/4. Oct 3/4+

(brown, nuclear staining pattern) lymphoma cells were also CD20+ (Fig 5B; red, membrane
staining pattern, upper and lower inserts). Taken together, we confirmed the existence of
ABCG2 and Oct 3/4 expressing cells in clinical FL samples. These data are consistent with
our observations in the FLK-1 cells and primary FLA-1 cells, that there is a rare cell
population with stem-cell characteristics, including expression of ABCG2 and Oct 3/4.

DISCUSSION
FL is often indolent and responsive to initial chemotherapy. However, nearly all patients
relapse (Horning 2000, Tan and Horning 2008), suggesting the existence of a small,
chemotherapy-resistant population responsible for regeneration of the tumours. Here, we
found that a rare ABCG2 expressing SP cell fraction demonstrated CSC characteristics in
FL. We identified an SP fraction both within the established FL cell line FLK-1 as well as
from lymphoma cells from patients with FL. We convincingly demonstrated that this SP
fraction exhibits CSC function, including increased tumourigenicity in NOD/SCID mice,
higher expression of stem cell associated genes, and resistance to chemotherapy agents and
radiation. CSC were initially described in acute myeloid leukaemia (Bonnet and Dick 1997),
and have now been characterized in various solid and haematological malignancies,
including recent reports in murine mantle cell lymphoma, multiple myeloma, and human
Hodgkin lymphomas (Huff and Matsui 2008, Jones, et al 2009, Vega, et al 2010). Our work
is the first report of the presence of CSC-like cells in FL.
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The CSC models suggest that niche cell signalling may play an important role in CSC-
mediated tumourigenesis and evasion of chemotherapy. Here, in vitro and in vivo, we
demonstrated that drug-resistant FL-SC interact with stromal cell FDC by CXCL12/CXCR4
signalling to maintain tumourigenicity. Previous reports suggest that FDC is present in the
GC of lymphoid follicles maintain a pro-tumourigenic microenvironment by producing the
appropriate cytokines (Li and Choi 2002, Torlakovic, et al 2002). In this study, our findings
suggest that the CXCL12 is one of the candidate cytokines that FDC might secret to
modulate the tumourigenicity of FL-SC.

One of the limitations of the study of FL-SC and its interactions with the stromal cells is the
lack of representative in vitro and in vivo models of FL. In our experiments, we have used
the FLK-1 cell line, established by co-culturing patient-derived FL cells with an FDC cell
line HK cells (Kagami, et al 2001). FLK-1 cells possess several features characteristic of FL,
including cytogenetics with translocation t(14;18)(q32;q21), common to FL, as well as the
requirement of FDC for tumour formation in NOD/SCID mice (Supplementary Fig 2A).
Thus, we used the FLK-1 cell line as a reasonable exploratory pre-clinical model to study
the biology of FL-SC interaction with the FDC, with confirmation of results with FL clinical
specimens.

This observed interaction between FL-SC and FDC provides critical insights into the
mechanism of FL relapse and drug resistance. Drug resistance and transformation to more
aggressive forms of lymphoma, such as large B cell lymphoma (De Jong and de Boer 2009),
are the major causes of mortality from FL. The molecular mechanism of such transformation
is not yet known, however, it may be associated with embryonic stem cell-like gene
expression signatures (Gentles, et al 2009). We hypothesize that the FL-SC and stromal cell
interaction through CXCL12/CXCR4 signalling may allow the FL-SC to evade
chemotherapy and transform to a more aggressive phenotype. This is supported by our
findings reported in this work, as well as previous findings that CXCL12 expression in B
cell lymphoma was associated with poor prognosis (Lenz, et al 2008).

CXCL12 and CXCR4 expression may also serve as prognostic markers for risk of disease
transformation. Recently, distinct stromal gene signatures predictive of large B cell
lymphoma patient survival were identified (Lenz, et al 2008), and CXCL12 was among the
unfavorable markers. A deeper understanding of the essential signals produced by FDC to
promote survival in B cell lymphoma could suggest new therapeutic targets. Recent reports
showed that migrating populations enrich CSC in neuroblastoma SP cells (Das, et al 2008),
and migrating CD133+CXCR4+ CSC are essential for pancreatic adenocarcinoma metastasis
(Hermann, et al 2007). In a transwell experiment, we similarly found that those FLK-1 cells
that migrated towards HK cells contained a 60-fold enriched SP. In addition, HK cells were
in close contact with ABCG2+ lymphoma cells during early stages of tumour formation.
This is similar to clinical FL where FDCs are associated with the lymphoma mass. It has
been hypothesized that FDCs attract FL-SC by producing survival factors, such as CXCL12
(Burger and Kipps 2006), which is consistent with our findings, that SP cells express higher
levels of CXCR4, and that inhibition of CXCL12/CXCR4 interaction abolished FLK-1 cell
tumour formation in NOD/SCID mice. Therefore, targeting the stem cell niche interaction is
an attractive approach to target CSCs. In this regard, our findings suggest that the CXCL12/
CXCR4 signalling may be an attractive target to eliminate FL-SC.

The FLK-1 and HK interaction in vivo model described here could serve as a humanized
microenvironment model to identify and analyse key interactions and signalling molecules
in FL and evaluate response to targeted agents. In this interaction, we found that both
chemotherapy and radiation treatment increased the number of SP cells in the FLK-1. Thus,
the lymphoma cells with SP phenotype and the environment that protect them could be the
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therapeutic targets to eradicate relapses. It is reported that AMD3100 inhibited infiltration of
lymphomatous cells into liver and lung tissues by inhibiting CXCL12/CXCR4 signalling.
Additionally, antibody mediated inhibition of CXCL12/CXCR4 signalling completely
abrogated the CXCL12-mediated cell migration of lymphocytic leukaemias and lymphomas,
as well as the migration of lymphoma cells towards lymph node stromal cells (Kawaguchi,
et al 2009, O'Callaghan, et al 2012, Zhang, et al 2006). AMD3100 has been used clinically
in the setting of mobilization of normal haematopoietic stem cells prior to autologous stem
cell transplantation. Clinical trials are ongoing, investigating the safety and efficacy of
AMD3100 in combination with chemotherapy in a variety of haematological malignancies,
including lymphomas (ClinicalTrials.gov Identifier: NCT00694590 and NCT00512252). It
is hypothesized that AMD3100 disrupts the CSC niche and makes the CSC more susceptible
to chemotherapy. Therefore, our findings, that inhibition of the CXCL12/CXCR4 signalling
reduced the migration of lymphoma cells towards stromal cells and inhibited tumour
formation, is consistent with previous reports and highlight that the one mechanism of action
of AMD3100 in this disease may be the elimination of FL-SC.

The in vivo interaction between FL-SC and the FDC may also promote angiogenesis, and
therefore, targeting angiogenesis may further reduce the SP cell fraction in vivo. In our
lymphomagenesis model, the signals produced by FDC and lymphoma cells promote host
angiogenesis in the tumour site that sustains tumour formation after the initial survival stage.
After tumour formation, ABCG2+ lymphoma cells were found in close contact with CD31+

mouse endothelial cells. The microenvironment, first supported by HK cells followed by
host vessels, may form a niche to sustain FL-SC in xenoplants. These niches may involve a
complex interplay of short- and long-range signals between FL-SC, their differentiated
daughter cells, and neighbouring stromal cells (Watt and Hogan 2000). Thus, the FL-SC
niche may also represent a novel target to prevent disease recurrence.

In summary, we identified a novel CSC population in FL and its signalling mechanism of
interaction with the niche cells. Current treatments for FL are not curative for the majority of
patients and were designed and deemed successful based on the response of the bulk
population of tumour cells (Reya, et al 2001). Effects on a rare CSC population or on cells in
the supportive microenvironment are unknown but presumed to be inadequate given the
rates of relapse in FL. Understanding the essential signals for tumour chemoresistance and
survival produced by FDC in FL may help develop novel therapeutic strategies (Burger, et al
2009). FL-SC biomarkers may also serve as prognostic markers to classify patients at higher
risk of transformation or suggest alternative treatments. The overall limitation of the current
study is the considerable reliance on cell line-based studies with confirmation of the results
using patient specimens. Given the limited availability of clinical specimens and the rare
CSC population, it is a reasonable strategy to use a cell line model for exploratory
experiments but requiring confirmation in clinical specimens. In future studies of FL, a
much larger effort would be required to perform lymph node biopsies rather than fine needle
aspirations in FL patients in order to collect a larger number of cancer cells to perform FL-
SC studies. We believe that our studies, which identify and characterize the FL-SC and its
interactions with the tumour microenvironment, are an important step in the development of
biologically-based, curative treatments for FL.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification and characterization of SP in the FL cell line, FLK-1, and FL patient
lymphoma cells (FLA-1)
(A) Hoechst efflux and verapamil-sensitive SP cells are detected in FLK-1 cells (top, left
and middle panels), and FLA-1 cells (bottom). Histograms (upper right) indicate FLK-1 SP
cells stained with FITC-conjugated anti-ABCG2 antibody (blue line) for FACS analysis, and
isotype control (red line) was used for background staining. Numbers indicate percentage of
gated cells. (B) Hoechst efflux and verapamil-sensitive SP cells detected in FLK-1 cells in 5
separate experiments (P=0.001 by t test).
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Fig. 2. SP cells are highly tumourigenic
Limiting dilution assays of tumour formation were performed with various cell doses of
FLK-1 parental and SP cells in the presence of HK cells. A log-fraction plot of the limiting
dilution model fitted to the data in Table 2. The slope of the line is the tumour-initiating cell
fraction for FLK-1 parental (black) and FLK-1 SP (red) cells. The dotted lines give the 95%
confidence interval. Tumour-initiating cells comprise one out of 1.75×105 cells for FLK-1
parental cells and one out of 1.49×104 cells for FLK-1 SP cells (P=9.18×10−6).
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Fig. 3. CXCL12 is a microenvironmental factor for FL-SC
(A) Quantitative real-time polymerase chain reaction (PCR) results show CXCL12
(SDF-1α, clear bars, and SDF-1β, solid bars) expression in HK cells. Fibroblasts (HFF-1)
are used as control. Cumulative levels of CXCL12 (SDF-1α) in HK cells (0.2 million cells
seeded in 24-well plates in 1 ml culture media and cultured for 72 h) were detected by
ELISA (grey bar). ND: not tested. (B) Quantitative real-time PCR results show FLK-1 and
FLA-1 cell SP cells express higher levels of CXCR4. (C) FLA-1 SP cells migrate toward
CXCL12 with a significantly higher index compared with unsorted cells, and migration is
inhibited by the presence of AMD3100. (D) FLK-1 cells migrate toward CXCL12 or HK
cells (insert), and pre-treatment of lymphoma cells with small molecule inhibitor
(AMD3100) prevented this migration. Migration index of lymphoma cells are shown. (E and
F) GFP-tagged FLK-1 cell tumour formation assisted by HK cells is inhibited by
pretreatment of lymphoma cells with AMD3100. Tumour growth curves (E) and images (F)
of GFP-FLK-1 cell tumours detected with IVIS Lumina Imaging System are shown. ROI,
region of interest.
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Fig. 4. A stem cell niche for FL-SC
(A and C) Tumour tissue sections from 7 days post-injection of GFP-tagged FLK-1 cells (A)
or FLA-1 cells (C, CD38, green) and HK cells were stained with anti-hCD44 (red) for HK
cells and anti-ABCG2 (purple) for FL-SC. (B and D) Tumour tissue sections from 4 weeks
post-injection of FLK-1 (B) or FLA-1 (D) and HK cells were stained with CD31 (red) for
mouse endothelial cells, ABCG2 (green) for FL-SC, and CD38 (purple) for lymphoma cells.
DAPI (blue) was used as a nuclear counter-stain. Arrowheads show ABCG2+ lymphoma
cells. The images were captured by a deconvoluting microscope using SlideBook software.
Original magnification x400.
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Fig. 5. Stem cell markers detected by immunohistochemistry in FL lymph node tissues
(A) Paraffin-embedded normal colon, FL patient 8265 and 7601 lymph node (LN) tissue
sections were stained with mAb against ABCG2 (clone BXP-21) followed by biotin-
conjugated goat anti-mouse IgG Ab or stained with biotin-conjugated goat Ab against Oct
3/4. Slides were then stained with horseradish-conjugated streptavidin, and DAB substrate to
develop the brown colour deposits (arrows). (B). Paraffin embedded FL-patient LN 12608
tissue sample was double stained with anti-CD20 (red) and Oct 3/4 (brown) Abs. Light
green was used as counter stain. Inserts show enlarged individual cells. Original
magnification ×100 (normal colon) and ×400 (LN). Percentages of Oct 3/4+ and ABCG2+

cells in LN tissue section of 6 FL patients are summarized in Table 3.
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Table 1

Detecting FL-SP cells

Treatment
Average SP (%)

Average SP enrichment
(fold)**

FLK-1 cell

Control* 0.230 1

Verapamil 0.052 -

Irradiation1 30.7 128

Cyclophosphamide2 27.3 114

Doxorubicin3 37.4 156

Adhere cells (to HK cell) 13.3 55

Migrating cells (to HK cell) 14.4 60

Non-migrating cells (to HK cell) 0.22 1

FL patient lymph node suspension cells

Medium 0.37 N/A

Verapamil 0.08 N/A

FL patient ascitic suspension cells (FLA-1)

Medium 0.62 N/A

Verapamil 0.03 N/A

*
Control indicates side population (SP) fractions in untreated FLK-1 cells. The SP (%) was an average of 5 separate experiments (see Fig 1B).

**
Average SP enrichment (fold) = Average SP (%) of Treatment/Average SP (%) of Control. Untreated (Control) or treated lymphoma cells were

stained with Hoechst dye for SP analysis. Verapamil was used to validate the SP. FLK-1 cells were treated with irradiation1 (3 Gy) then cultured

for 72 h; Cyclophosphamide2 (2000 µM) for 48 h; or Doxorubicin3 (10 nM) for 28 h. All lymphoma cell cultures were in the presence of HK cells.
Relative SP cells were also enriched in the populations that are adherent to HK cells, or migrating towards HK cells.
Numbers show percentage of SP. Data shows one representative of at least 2 similar experiments.
N/A: not applicable.
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