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Supplemental Information 

Supplemental Methods 

Mice 

Eµ-Tcl1 transgenic mice on a mixed C3H/C57.BL/6 background were provided by Carlo    

Croce (1). Eµ-Tcl1 mice were backcrossed onto a C57BL/6 background for 10 

generations. C57BL/6 Ly5.1 (CD45.1) congenic and severe combined immunodeficient 

common gamma chain mice (NOD/SCID/c-γ-chain-/-) were obtained from Charles River 

(Sulzfeld, Germany). Cxcr5-/- and Ccr7-/- mice were generated as described (2, 3) and 

backcrossed onto a C57BL/6 background for 12 generations. Lymphotoxin (Lt) α-/- mice 

were obtained from Jackson Laboratories (Bar Harbor, ME). EBI2-deficient mice (also 

referred to as Gpr183-/-) were generated as described (4); Ebi2-/-, Ccr7-/-, Cxcr5-/-, and 

Ltα-/- mice were crossed with Eµ-Tcl1 transgenic mice to generate double transgenic 

mice. C57BL/6-Tg (IghelMD4)4Ccg/J mice carry the transgenic IghelMD4 B cell 

receptor that recognizes hen egg lysozyme (5); the receptor is further referred to as 

BCRHEL. About 80-90% of IgM+ and IgD+ B cells in the spleen are derived from the 

transgene and exhibit the a allotype; this strain was obtained backcrossed for more than 

12 generations (Jackson Laboratories) and then further backcrossed with Eµ-Tcl1 mice 

(F10) to obtain double-transgenic Eµ-Tcl1/BCRHEL animals. All animal studies were 

performed according to institutional and Berlin State guidelines. 

 

Antibodies 

The following primary antibodies were used for flow cytometry: fluorescein 

isothiocyanate (FITC) or Pacific Blue (PB)-labeled rat anti-mouse CD19, Biotin labeled 

rat anti-mouse CCR7; FITC-labeled rat anti-mouse CD62L and CD18, Alexa Fluor (AF) 

647-labeled mouse anti-human TCL1; phycoerythrin (PE)-labeled rat anti-mouse LFA-1, 
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PE-labeled rat anti-mouse CD268 (BAFF-R), biotinylated rat anti-mouse CD29, CD49d 

and integrin β7, PE-labeled mouse anti-human CD19, FITC-labeled mouse anti-human 

CD19, PB or AF 647-labeled mouse anti-human CD5 (Biolegend), PE-labeled rat anti-

mouse CXCR4 and CXCR5, FITC or allophycocyanin (APC)-labeled rat anti-mouse 

CD5, and PE-labeled rat anti-mouse CD4, and PE-labeled rat anti-T- and B-cell 

activation antigen (GL-7) (BD Biosciences). Streptavidin-PE conjugates were used for 

the detection of biotinylated primary antibodies (Molecular Probes). 

For immunohistology the following primary antibodies were used: FITC-labeled anti-

mouse MOMA-1, Biotin labeled rat anti-mouse FDC-M2 (Serotec); purified rat anti-

mouse Ki67 (Dako); Biotin labeled mouse anti-mouse CD45.2; FITC-labeled rat anti-

mouse IgD, FITC-labeled CD21/35 (BD Biosciences); PB- labeled rat anti-mouse CD3, 

PB-labeled rat anti mouse B220, and purified goat anti-mouse CXCL13 (R&D Systems); 

purified rat anti-mouse MAdCAM-1, PE-labeled mouse anti-mouse CD157 (BP3), AF 

488-labeled mouse anti-mouse CD45.2 (Biolegend). Secondary antibodies included: goat 

anti-rat IgG AF 568 and AF 488 conjugated, goat anti-mouse Alexa Fluor 488, donkey 

anti-goat Alexa Fluor 568 (Molecular Probes).  

 

Flow cytometry and cell sorting 
 
Flow cytometry gating strategy to characterize and quantitate leukemia Eµ-Tcl1 cell 

frequencies or to isolate tumor cells by cell sorting. Leukemic cells derived from spleen, 

PB, LN, or BM were characterized as CD19+CD5int cells in contrast to CD19-CD5+ T 

cells (T), CD19+CD5- follicular B cells (B), and CD19+CD5hi B-1 B cells (B-1). The 

frequency of CD19+CD5int cells was calulated based on all cells within the lymphocyte 

gate. 
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For flow cytometry analysis, cells were blocked with CD16/32 antibody in flow 

cytometry buffer (PBS, 0.5% BSA), followed by staining with the antibodies listed 

above. Data were acquired on a FACSCantoII flow cytometer (BD Biosciences) and 

were further analyzed with FlowJo software (TreeStar). Cell sorting was done on a 

FACSAria (BD Biosciences).  

 

In vitro cell proliferation assay 

Five x 103 bone marrow stromal cells (M2-10B4; ATCC) per well of a 96 well plate 

were grown overnight. 1x105 splenic-derived Eµ-Tcl1 or Cxcr5-/-Eµ-Tcl1 leukemia cells 

were seeded per well with or without a stromal cell layer and grown for 48 hours 

(triplicates). The number of living cells per well was determined using the Cell Titer 96 

AQeous One Solution Cell Proliferation Assay (Promega). Generation of a Formazan 

product was measured at 450 nm in a 96 well plate reader and proliferation was 

calculated by subtracting the blank. 

For the co-culture of the FDC/HK cell line with individual Eµ-Tcl1 leukemia cell clones 

or CLL cells obtained from patient peripheral blood samples, 2x103 stroma cells per well 

were seeded in 96-well plates in RPMI 1640 medium (PAA Laboratories), supplemented 

with 5% FCS, penicillin-streptomycin, glutamine, and Na-pyruvate (Invitrogen). After 

adherence, cells were supplemented with 50 ng/ml human LTα1β2, where indicated. 

Following overnight culture, stroma cells were irradiated with 2000 rad. Next, 1x105 

leukemia B cells were added in triplicates and mean values were calculated. Eµ-Tcl1 

leukemia cell co-cultures were supplemented with the following murine cytokines, a γ-

secretase inhibitor (DAPT) or a CXCR4 antagonist: B-cell activation factor belonging to 

the TNF family (BAFF), 1 µg/ml (R&D); CXCL13, 500 ng/ml; CXCL12, 100 ng/ml; IL-

15, 100 ng/ml; hepatocyte growth factor (HGF), 200 ng/ml; sonic hedgehog (SHH), 200 
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ng/ml (all from Peprotech); DAPT, 25 µM (Selleckchem); AMD3100 octahydrochloride 

hydrate, 10 µg/ml (Sigma). After 72 hrs, viable leukemia cells were counted by Trypan 

Blue exclusion in a Neubauer chamber using light microscopy. Proliferation of leukemia 

cells grown in the presence of unstimulated FDC/HK cells alone was set arbitrarily at 1. 

For BrdU incorporation, leukemia cells were supplemented with 10 µM BrdU (Sigma) 

24 and 48 hrs after the start of the co-culture. 

Peripheral blood samples from treatment naïve CLL patients were purified over a Ficoll 

gradient. Human CLL cell co-cultures were supplemented with human IL-15, 100 ng/ml 

(Peprotech); DAPT, 25 µM (Selleckchem) or AMD3100, 10 µg/ml (Sigma). After 24 hrs 

and 72 hrs the co-cultures were supplemented with 10 µM BrdU. After 96 hrs BrdU 

incorporation into the DNA was analyzed by flow cytometry with the BrdU Flow Kit 

(BD Biosciences). CLL cells were gated for CD19+CD5+BrdU+ expression. 

 

In vivo cell proliferation 

For in vivo cell proliferation analysis, splenic-derived Eµ-Tcl1 leukemia cells were 

labeled with 1µM Cell Proliferation Dye eFluor670 (eBiosciences) in PBS for 10 min at 

37°C. Labeled cells (5 - 10 x 106) were adoptively transferred into irradiated C57BL/6 

mice together with 50 µg inhibitory polyclonal rabbit anti-BAFF antibody (R&D) or 

together with the isotype control (Biolegend). 48 hrs after transfer, cells were analyzed 

by Flow Cytometry.  

Alternatively, BrdU incorporation into the DNA of proliferating cells was analyzed by 

flow cytometry with the BrdU Flow Kit (BD Biosciences). One mg BrdU was injected 

intraperitoneally (i.p.) in 24 hrs intervals for 3 days. 
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Immunizations and screening of Eµ-Tcl1/BCRHEL double-transgenic mice 

BCRHEL expression was determined in mice PB or spleen after repeated immunization 

with hen egg lysoszme (HEL) by staining B cells with an antibody to IgMa and IgDa, an 

allotypic marker that allows for the identification of BCRHEL-expressing B220high B cells 

or CD5+ CD19+ leukemia cells. Immunizations with 100-250 µg HEL in Sigma Adjuvant 

(Sigma) was done in 3-4 weekly intervals by i.p. injections starting at an age of 8-10 

weeks. Observation periods were 3-8 months.  

 

Chemotaxis assay. Chemotaxis assays were performed in 5-µm-pore transwell plates 

(Corning) for 4 hr at 37°C, exactly as described (6). CCL21, CXCL12 and CXCL13 were 

used at a concentration of 100 nM, 25 nM and 300 nM, respectively (R&D Research 

Diagnostics). 

 

Human tissue specimen and immunohistochemistry 

Formalin-fixed and paraffin-embedded biopsy specimens of 15 cases of CLL were 

retrieved from the archives of the Institute of Pathology, Charité-Universitätsmedizin 

Berlin. Four micrometer sections of paraffin-embedded tissue specimens were used for 

immunohistochemistry. 

In brief, dewaxed and rehydrated tissue sections were subjected to antigen retrieval 

through 2-min submersion in citrate-buffered saline at pH 6.0 in a high-pressure cooker. 

The primary antibodies rat anti-human CXCR5 (clone 51505; R&D), mouse anti-human 

CD21 (clone 1F8; Dako), and isotype matched control antibodies were used in a 1:50 

dilution and applied for 1 hr. Incubation with a biotinylated secondary antibody for 30 

min was followed by adding streptavidin-coupled alkaline phosphatase. Fast Red was 

used as an alkaline phosphatase substrate (all components were from Dako). 
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Immunohistology 

For frozen sections, tissues were frozen in Tissue Tek OCT compound (Sakura Finetek). 

Cryosections of 6 µm thickness were cut, air dried, and fixed for 10 min in -20°C 

acetone. For immunofluorescence, sections were blocked for 30 min with 10% normal 

rat, goat or donkey serum, respectively; slides were stained for 1.5 hrs at room 

temperature with biotinylated or fluorescently labeled antibodies. For indirect staining, 

secondary antibodies were incubated for 1 hr. Biotinylated primary antibodies were 

detected with streptavidin Alexa Fluor 488 or -568 (Molecular Probes). All slides were 

mounted in DABCO-Mowiol solution.  

 

Sequential static imaging 

Splenic leukemia cells derived from diseased Eµ-Tcl1 mice or splenic B lymphocytes 

derived from C57BL/6 mice were sorted and labeled with 2.5 µM SNARF-1 (Molecular 

Probes) in PBS/ 2%FCS for 15 min at room temperature or with 10 µM CMAC in 

serum-free medium for 30 min at 37°C, respectively. Labeled cells (1-2 x 107) were 

adoptively transferred into C57BL/6 recipients. Spleens were fixed in a 0.05 M 

phosphate buffer (pH 7.4) containing 10 mg/ml paraformaldehyde, 2 mg/ml NaIO4 and 

0.1 M L-lysin (all Sigma-Aldrich) for 12 hrs and dehydrated in 30 % sucrose in 

phosphate buffer and frozen in Tissue Tek OCT compound. Staining of cryosections was 

performed as aforementioned.  

 

Immunofluorescence image acquisition 

Fluorescently labeled tissue sections were analyzed on a Zeiss Axio Imager M2m 

microscope, equipped with an Apo Tome 2.0 (Carl Zeiss). Images were obtained with a 

40 x Plan-Apochromat NA 0.9 objective, or a 20 x Plan-Apochromat NA 0.8 objective. 
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Digital images were processed with Axio Vision 4.8.2 software (Carl Zeiss) and Adobe 

Photoshop applying the Autocontrast function. Serial z stacks were obtained at 0.3 µm 

intervals. For quantitative image analysis, ImageJ 1.440 software was used.    

 

Two photon (2P) microscopy 

Tumor cells and B lymphocytes were purified applying FACS or magnetic bead 

separation (Pan B cell isolation Kit, Miltenyi Biotech), respectively and labeled with 2.5 

µM SNARF-1. In vivo labeling of FDCs was done by Fab-fragments prepared from 

antibodies against murine CD21/CD35 (clone 7G6) by digestion with immobilized 

papain. Complete digestion was confirmed by SDS-PAGE. Fab-fragments were labeled 

with AF568 succinimidyl esters. Five x 106 labeled tumor cells or 1 x 107 labeled B 

lymphocytes were injected i.v. in C57BL/6 mice. After 16 hrs, 10 - 20 µg fluorochrome-

labeled Fab-fragments were i.v. injected.  Four hours after the injection of Fab-

fragments, spleens were analysed. 

Spleens were cut into 2-3 mm thick slices and transferred into a perfusion chamber 

(POC-R2 Chamber; H.Saur) with 37°C medium and a low continuous flow (RPMI 1640 

without phenol red, 10 mM Hepes). A LaVision TriMScope with an Olympus upright 

BX 51 microscope stand and an Olympus 20x, NA 0.95 objective were used for imaging. 

The microscope was equipped with a Coherent Ultra ΙΙ Ti:Sa Laser. The bandpass filters 

used for detection of SNARF-1 and FITC were 593/40 and 520/40 nm, respectively. 

Detection of CFDA and AF568 was done in high sensitivity PMTs after emitted light 

passed through a 560 nm dicroic mirror and 624/40 bandpass filter. Viability of 

transferred tumor cells was >90%, as confirmed by AnnexinV- and 7-AAD staining.    

For 4D analysis of cell migration, regions covering FDC rich areas and follicular areas 

(300 x 300 µm) were imaged. Stacks of 3 µm in z- direction were recorded in 16 optical 
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sections every 60 sec over 30 min at a laser wavelength of 790 nm (for detection of 

SNARF-1 and FITC) or 806 nm (for detection of CFDA and AF568). Image acquisition 

was performed with the ImSpector Imaging Software and cell tracking was done using 

the Imaris 7.4.0 Software (Bitplane).  

 

RNA extraction and RT-PCR 

Total RNA of murine leukemia cells, human CLL cells, or the human B-CLL line MEC-

1 (DSMZ) was extracted using the RNeasy Mini Kit (Qiagen), and integrity was 

confirmed with an Agilent Bioanalyzer system. cDNA was synthesized with oligo(dT) 

primers plus random hexamers using the SuperScript III First-Strand Synthesis System 

for RT-PCR kit (Invitrogen) or the RT2First Strand Kit (Qiagen). Real-time RT-PCR 

(RT-qPCR) was performed using the IQ5 Real-Time PCR Detection System (Bio-Rad). 

PCR reactions contained 100 ng cDNA in a total volume of 25 µl. SYBR Green 1 

reagent (Sigma) was used for detection of PCR products.  PCR conditions included: 10 

min, 95°C activation of Perpetual Taq polymerase (Roboklon), denaturation 10 s, 95°C; 

annealing 30 s, (temperature according to Supplemental Table 1); elongation 30 s, 72°C; 

denaturation 1 min, 95°C; melt curve 10 s/0.5°C, range: 55-95°C; 40 cycles. 

Sequence specific primers were designed according to the Primer3 Input software 0.4.0 

(http://frodo.wi.mit.edu/). For data analysis, gene transcript expression was calculated 

relative to Gapdh. 

For analysis of chemokine expression in whole spleen, total RNA was prepared using the 

Trizol reagent (Invitrogen) according to the supplied protocol. Isolation of mRNA was 

performed with the RNeasy purification Kit (Qiagen). The mRNA expression was 

calculated relative to Gapdh. Expression of Runx2 and p21 was assessed using the 

Mouse Sonic Hedgehog Signaling Pathway PCR Array or a p21 Primer Assay, 
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respectively (SA Bioscience/Qiagen). Messenger RNA expression was calculated 

relative to house keeping genes suggested by the manufacturer. 

 

Gene expression profiling 

Gene expression profiling in splenic-derived Eµ-Tcl1 and Cxcr5-/-Eµ-Tcl1 leukemia cells 

was performed after sorting of tumor cells (CD5+CD19+) from diseased animals of each 

genotype with an average tumor load in the spleen of 21.5% (range 15-40% of all 

lymphocytes). Tumor cell purity after sorting was > 95% and RNA was extracted as 

described above. For each sample, 30 ng of RNA were used for cDNA synthesis and 

amplification employing the Ovation® Pico WTA System V2 (NuGEN). Fragmentation 

and labeling of cDNA was performed using the Encore™ Biotin Module (NuGEN). 

Labeled transcripts were hybridized to Affymetrix Mouse Gene 1.1 ST microarrays and 

processed automatically using the Affymetrix GeneTitan system. Raw signal intensities 

were quantile-normalized and a group effect between the two measurement charges was 

neutralized (mean expressions of Eµ-Tcl1 samples and Cxcr5-/-Eµ-Tcl1 samples were 

equalized across groups, keeping the relative log2 intensities inside each measurement 

group). Probes were aggregated on gene level using median polish based on probe sets 

defined in version 14.1.0 of the Entrez Gene custom CDF from (7). Differential genes of 

Cxcr5-/-Eµ-Tcl1 versus Eµ-Tcl1 leukemia cells were identified using a two-sample t-test, 

assuming equal expression variance in each genotype. 

 

Gene Set Enrichment Analysis (GSEA) 

Enrichment analysis was employed to objectively identify different regulation of 

pathway-associated sets of genes. GSEA was performed as described previously (8) 

against an integrated database containing the Molecular Signature Database v3.1 (9), the 
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GeneSigDB (10) and the Staudt Lab library (11). Signatures of human genes were 

translated via gene homology data. Only those gene signatures that obtained a significant 

(p < 0.005, FDR < 5%) enrichment score as well as those that contained at least 20% 

significantly differentially expressed genes (p < 0.05, 2-sample t-tests) were considered 

to represent differentially regulated pathways between the two genotypes investigated. 

Signatures with less than 10 genes were filtered out. Heatmaps of selected signatures 

show for each genotype and each gene the genotype-averaged log2(ratio) with respect to 

the mean expression across all samples. Bars beneath each column represent the average 

log2(ratio) of the signature. Error bars depict standard errors of the mean. P values are 

calculated for the null hypothesis that the signature is not regulated for the respective 

sample (paired t-test against zero log2(ratio)). 

We also performed gene expression profiling of B-1 B cells and marginal zone (MZ) B 

cells and defined two gene expression signatures comprised of the top 

100 downregulated and the top 100 upregulated genes in B-1 cells compared to MZ B 

cells. We then analyzed gene expression of these signatures in tumor cells derived from 

transgenic Eµ-Tcl1 mice versus cells derived from healthy Wt mice. These cells were 

obtained by laser-microdissection of splenic folllicular B cell areas using the PixCell IIe 

LCM System (Arcturus).  

 

Antibodies for immunoblot analysis 

The following primary antibodies were used for immunoblot analysis: anti-phospho- 

pZAP-70(Tyr319/pSyk(Tyr352), anti-phospho-p44/42 MAPK (Erk1/2)(Thr202/Tyr204), 

anti-p44/42 MAPK(Erk1/2), anti-phospho-Akt, anti-Akt (Pan) (C67E7), anti-phospho-

p38 MAPK(Thr180/Tyr182), anti-p38 MAPK (D13E1) XP®, anti-phospho-pBTK 
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(Tyr233), anti-BTK (Cell Signaling); anti-Calnexin (Enzo Life Science) or anti-GAPDH 

(Abcam) were used as loading controls. 

 

Immunoblot analysis 

1x104 follicular dendritic cell line FDC/HK (12) per well of a 24 well plate were grown 

overnight. 1x106 splenic Eµ-Tcl1 or Cxcr5-/-Eµ-Tcl1 leukemia cells derived from highly 

diseased mice were seeded per well and grown for 72 hours. Alternatively, splenic 

CD5+CD19+ leukemia cells were FACS sorted from spleens of Eµ-Tcl1 transgenic 

animals with a tumor load of 8-20% in the blood and splenic CD19+ B cells were sorted 

from naive Wt mice. The lymphoma and B cell lysates were generated in lysis buffer (20 

mM Hepes, pH 7.9, 350 mM NaCl, 1% Nonidet P-40, 1 mM MgCl2, 0.5 mM EDTA, 0.1 

mM EGTA, 1 mM phenylmethylsulfonylfluorid, 5 µg/ml aprotinin, 10 mM NaF, 1 mM 

Na3VO4, 2 mM β-glycerolphosphate). Proteins were analyzed by immunoblot and 

visualized by chemiluminescence (ECL kit, Thermo Scientific). Densitometric 

quantification of gel bands was performed using the ImageJ 1.440 software. 

Densitometric quantification of gel bands was performed using the ImageJ 1.440 

software. 
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Table S1.  Lack of induction of BCRHEL-expressing leukemia B cells in Eµ-

Tcl1/BCRHEL transgenic mice after repeated immunization with HEL  
   
Mouse 

No. 
Immunization 

HEL i.p. 
CD5+CD19+ 

BCRHEL+ 

tumor cells 

CD5+CD19+ 

BCRHEL- 

tumor cells (%) 

CD5-CD19+ 

BCRHEL+ 

B cells  
1  6x - - + 
2  6x - - + 
3  8x - - + 
4 9x - 82 + 
5  10x - - + 
6   12x - 33.8 + 
7 12x - 0.8 + 
8  12x - 79.9 + 

 

*BCRHEL-expression was determined in mice after repeated immunization with HEL (as 

indicated) by staining the cells with an antibody to IgMa and IgDa, an allotypic marker that allows 

for identification of BCRHEL-expressing B220hi B cells or CD5+CD19+ leukemia cells. 

Observation period 3-8 months. 
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Table S2.  Eµ-Tcl1/BCRHEL transgenic mice exhibit BCRHEL-expressing B220hi B 

cells but do not develop BCRHEL-expressing leukemia B cells  

 
Mouse No. Age 

(weeks) 
CD5+CD19+ 

BCRHEL+ 

tumor cells* 

CD5+CD19+ 

BCRHEL- 

tumor cells (%) 

CD5-CD19+ 

BCRHEL+ 

B cells*  
1 20-27 - - + 
2 20-27 - 21.0 + 
3 20-27 - - + 
4 20-27 - - + 
5 20-27 - 9.5 + 
6 20-27 - - + 
7 20-27 - - + 
8 20-27 - - + 
9 20-27 - - + 
     10 28-39 - 6.2 + 

11 28-39 - 5.3 + 
12 28-39 - - + 
13 28-39 - 21.5 + 
14 28-39 - 78.4 + 
15 28-39 - - + 
16 28-39 - 41.3 + 
15 28-39 - - + 
16 28-39 - 62.4 + 
17 28-39 - - + 

  18 28-39 - 26.0 + 
19 28-39 - 65.0 + 
20 28-39 - - + 
21 28-39 - - + 
22 28-39 - - + 
23 28-39 - - + 
24 28-39 - - + 
25 28-39 - 2.0 + 

     26 40-48 - - + 
27 40-48 - 70.9 + 
28 40-48 - 6.32 + 
29 40-48 - 93.3 + 
30 40-48 - 5.2 + 
31 40-48 - 14.3 + 

 

*BCRHEL-expression was determined by staining the cells with an antibody to IgMa and 

IgDa, an allotypic marker that allows for identification of BCRHEL-expressing B220hi B 

cells or CD5+CD19+ leukemia cells.   
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Table S3.  Oligonucleotides for qRT-PCR 

Gene Sequence RT2 
Annealing 
(°C) 

MgCl2  
(mM) 

Primer 
(µM) 

APRIL F2 5´ GTAACCCGCTCTTCCCTTCT 3´ 60 2,5 0,25 
APRIL R2 5´ GGATCAGTAGTGCGACAGCA 3´    
     
BAFF F1 5´ TTGTCCAGCAGTTTCACAGC 3´ 60-65 2,5 0,25 
BAFF R1 5´ CCGGTGTCAGGAGTTTGACT 3´    
     
BAFFR F1 5´ GGACTGATACTGGCGCTGAC 3´ 61 2,5 0,25 
BAFFR R1 5´ CACTGCTGCTATTGCTCTGG 3´    
     
BCMA F1 5´ AACCCTCCTGCAACCTGTC 3´ 58-61 2,5 0,25 
BCMA R1 5´ CAGCCCTGATCCTAGTCAGC 3´    
     
CCL19 forw 5´  AGA CTG CTG CCT GTC TGT GA 3´ 66,4 2,5 0,25 
CCL19 rev 5´  TGC TGT TGC CTT TGT TCT TG  3´    
     
CCL20 forw 5´  CGACTGTTGCCTCTCGTACA  3´ 64,8 3,0 0,5 
CCL20 rev 5´  AGGAGGTTCACAGCCCTTTT  3´    
     
CCL21 forw 5´  GGGCTGCAAGAGAACTGAAC  3´ 59 3,0 0,2 
CCL21 rev 5´  CCGTGCAGATGTAATGGTTG  3´    
     
CXCL12 forw 5´  CTTCCACCAGAGCAGAGTCC  3´ 66,5 2,0 0,5 
CXCL12 rev 5´  GTTTGGAGGCAAGCAGAGAG  3´    
     
CXCL13 forw 5´  TGACAACCCACTTCAGATGC  3´ 65,2 4,0 0,5 
CXCL13 rev 5´  GGAAGCCTGCGTTTTACAAAG  3´    
     
CXCL10 forw 5´  CCCACGTGTTGAGATCATTG  3´ 63,3 3,0 0,5 
CXCL10 rev 5´  CACTGGGTAAAGGGGAGTGA  3´    
     
GAPDH forw 5´  AACTTTGGCATTGTGGAAGG  3´ 65,2 2,5 0,25 
GAPDH rev 5´  ACACATTGGGGGTAGGAACA  3´    
     
LTα forw 5´   CCC ATC CAC TCC CTC AGA AG   3´ 57,3 2,5 0,5 
LTα rev 5´   CGCACTGAGGAGAGGCACAT   3´    
     
LTβ forw 5´  TAT CAC TGT CCT GGC TGT GC  3´ 66,4 2,5 0,25 
LTβ rev 5´ TGG ATC TCT GAG GAT GCA GA  3´    
     
TACI F1 5´ CCATCTTCTGCTGTTTCTTGG 3´ 61,4 2,5 0,25 
TACI R1 5´ CTCCTGAGTGGGAGAACTGC 3´    
     
TNFα forw 5´   TCTCATCAGTTCTATGGCCC   3 63,5 2,5 0,5 
TNFα rev 5´   GGGAGTAGACAAGGTACAAC   3´    
     

Runx2: Mouse Sonic Hedgehog Signaling Pathway PCR Array (RT2 Profiler PCR Array 

System, Qiagen) 

p21 (Cdkn1a), S1pr1: Mouse Cdkn1a, mouse S1pr2/ Mouse Gapdh (RT2 qPCR Primer 

Assay, Qiagen) 

Human LTα , LT, TNFα , and GAPDH: RT2 qPCR Primer Assay, Qiagen 
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Supplemental Figure Legends 
 
 

Figure S1. Eµ-Tcl1 leukemia B cells show a clonal phenotype. (A) Flow cytometry 

gating strategy to characterize and quantitate leukemia Eµ-Tcl1 cell frequencies. 

Leukemic cells derived from spleen, PB, LN, and BM were characterized as 

CD19+CD5int cells in contrast to CD19-CD5+ T cells (T), CD19+CD5- follicular B cells 

(B), and CD19+CD5hi B-1 B cells (B-1). The frequency of CD19+CD5int cells was 

calulated based on all cells within the lymphocyte gate. Exemplary, splenic cells derived 

from a diseased Eµ-Tcl1 transgenic mice are depicted here. Surface expression of IgM 

and B220 (B) or of CD11b and CD86 (C) on CD19+CD5int gated tumor cells derived 

from spleens of leukemic Eµ-Tcl1 transgenic mice was assessed by flow cytometry. 

Representative dot plots of two leukemic Eµ-Tcl1 transgenic mice are shown (n=5 mice 

analysed per marker (in red); isotype control (in blue). (D) Chemokine receptor CCR7, 

CXCR4, and CXCR5 expression on splenic, LN, PB, and BM derived 

CD19+B220lowCD5+ gated Eµ-Tcl1 tumor cells (n=3-5 mice per marker; isotype control; 

shaded curve). One representative histogram is shown for each organ and each receptor. 

 

Figure S2. Human CLL tissues and murine Eµ-Tcl1 leukemia B cells share strong 

expression of CXCR5. (A) Surface expression of adhesion molecules on CD19+CD5int 

gated tumor cells derived from spleens of leukemic Eµ-Tcl1 and Cxcr5-/-Eµ-Tcl1 

transgenic mice was assessed by flow cytometry (n=4-7 mice per marker; isotype 

control; shaded curve). (B) Quantitative RT-PCR of chemokine and lymphotoxin 

transcripts in sorted tumor cells (CD19+CD5int) of Eµ-Tcl1 (n=3-4) and Cxcr5-/-Eµ-Tcl1 

(n=3) transgenic mice. Transcript expression was normalized to GAPDH. Error bars 

indicate mean ± SEM of two independent experiments. (C) Detection of CXCR5 in 
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human CLL specimens in situ. Immunohistochemical detection of human CXCR5 on 

paraffin-embedded sections of a tonsil and LN biopsies of representative CLL cases 

(n=15). In the tonsil (left), the follicular mantle cell (FoM) area is brightly stained, 

whereas in the germinal center (GC) only a few CXCR5-positive cells are detectable. In 

the two representative CLL cases depicted here (right), most of the tumor cells exhibit a 

robust staining pattern. In CLL case #1, a proliferation center (PC) shows a weak 

staining for CXCR5, with medium-sized blast cells predominating over small 

lymphocytes. Magnification, 400x. (D) Surface expression of the chemokine receptor 

CXCR5 on CD19+CD5int gated human peripheral blood CLL cells was assessed by flow 

cytometry (n=3 CLL cases (#1-3) ; isotype control; shaded curve). 

 

Figure S3. Differential gene expression signatures of Eµ-Tcl1 versus CXCR5-

deficient Eµ-Tcl1 leukemias. (A) Gene expression profiling of fluorescence-activated 

cell sorted (FACS) Eµ-Tcl1 (n=6) or Cxcr5-/-Eµ-Tcl1 (n=5) leukemia cells 

(CD19+CD5+). Tumor cells were sorted from mice of each group with a splenic tumor 

load between 10-45% of all lymphocytes, and purity after sorting was > 95%. 

Enrichment plots of seven proliferation-related signatures are shown which were 

identified by gene set enrichment analysis to be significantly downregulated and to have 

an enrichment score of at least 0.5. Blue lines mark genes in the signature; the p value of 

the enrichment scores, determined by permutation tests, and the false discovery rates are 

indicated. A table with GSEA top hits is avilable upon request. (B) Congenic B6 

(CD45.1+) mice were adoptively transferred (i.v.) with Eµ-Tcl1 or CXCR5-deficient Eµ-

Tcl1 leukemia cells (CD45.2+). At day 3 after transfer, splenic tumor cells 

(CD19+CD5+CD45.2+) and endogenous B lymphocytes (CD19+CD5-CD45.2-) were 

retrieved by FACS, and RNA derived from these cells was analysed on a Mouse Sonic 
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Hedgehog Signaling Pathway specific RT-PCR array. Differential gene expression for 

Wnt6, Wnt10a, and Wnt10b and Runx2 in Eµ-Tcl1 (n=3) or CXCR5-deficient Eµ-Tcl1 

leukemia cell clones (n=3) compared to gene expression in normal B cells (n=3) is 

depicted. Gene expression of the cell cycle inhibitor p21 (C) was determined by 

quantitative RT-PCR. Transcript expression was normalized to house keeping genes 

HKG or GAPDH, respectively. (D) Immunoblot analysis of leukemia cell activation and 

proliferation pathways. 1x106 splenic-derived Eµ-Tcl1 (n=6 independent clones) or 

Cxcr5-/-Eµ-Tcl1 (n=3 independent clones) leukemia cells were seeded on top of FDC/HK 

stroma cells. After 72 hrs, leukemia cells were retrieved and lysates were analysed in 

SDS-PAGE and immunoblot. Membranes were incubated with the antibodies indicated, 

anti-calnexin served as a loading control. Quantification of the ratios phosphorylated and 

total kinases is depicted on the right. Error bars indicate mean ± SEM. P values were 

determined by unpaired Student’s t test. *P ≤ 0.05; **P ≤ 0.01; n.s., non-significant. 

 

Figure S4. Migratory routes and temporal migration pattern of Ccr7-/-Eµ-Tcl1 and 

Ebi2-/-Eµ-Tcl1 leukemia B cells to and within lymphoid follicles.  

(A) Splenic Ccr7-/-Eµ-Tcl1 leukemia cells (CD5+CD19+) were purified by FACS and 

2x107 SNARF-1 labeled leukemia cells were transferred i.v. into recipient mice. Five and 

8 hrs after tumor cell transfer spleens were harvested and localization of tumor cells was 

analyzed by immunofluorescence stainings (n=2 mice per time point). Spleen sections 

were stained for MOMA-1+ metallophilic macrophages (green) and B220+ B cells (blue) 

to distinguish the MZ (MOMA-1+B220+; MZ), the B cell follicle (MOMA-1-B220+; Fo), 

the red pulp (MOMA-1-B220-; RP) and T cell zone (MOMA-1-B220-; T) at 5 and 8 hrs 

after transfer (upper panels). Additional stainings for the CD21+CD35+ FDC network 

(green) and B220+ B cells (blue) reveal co-localization of the tumor cells with follicular 
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FDCs 8 hrs after transfer (lower panels). At higher resolution, Ccr7-/-Eµ-Tcl1 lymphoma 

cells were found to intermingle tightly with the CD21+CD35+ FDC network. One 

representative section is shown for each time point and staining. Scale bars, 50 µm. 

(B) Adoptive transfer of 2 x 107 splenic leukemia cells of Ebi2-/-Eµ-Tcl1 mice (CD45.2+) 

into congenic CD45.1+ B6 recipients (n=4). Three days after i.v. transfer, spleen sections 

were stained for CD45.2+ tumor cells (red), CD3+ T cells (blue), and IgD+ B cells 

(green). (C) Splenic follicular B cells (B220+CD21intCD23hi) and Ebi2-/-Eµ-Tcl1 

lymphoma cells were sorted and labeled with cell tracker dyes CMAC (FoB, blue) and 

SNARF-1 (leukemia cells, red), respectively. 1x107 cells of both groups were co-

transferred into recipient mice (n=3). Localization of the differentially labeled cells was 

analyzed 12 hrs after transfer by co-staining the CD21+ CD35+ FDC network (green). 

The FDC rich zones of the B cell follicle are marked by the dashed white line. Scale bar, 

100 µm. (D) Tumor load in peripheral blood (PB) of 7-19 (n=19), 20-27 (n=17), 28-39 

(n=52), and 40-48 (n=52) week-old Eµ-Tcl1 and 7-19 (n=17), 20-27 (n=18), 28-39 

(n=16), and 40-48 (n=4) week-old Ebi2-/-Eµ-Tcl1 mice was quantitated by flow 

cytometry. Tumor cells were defined as CD19+B220lowCD5+. Error bars indicate mean ± 

SEM. Applying the unpaired Student’s t test, no statistical differences within the age 

groups were observed. 

 

Figure S5. Lymph node biopsies of CLL patients exhibit FDC networks. 

Immunohistochemical detection of human FDC networks on paraffin-embedded sections 

of LN biopsies of representative CLL cases (n=15). Two representative CLL cases are 

depicted. Magnification, 400 x.  

 

 



 20 

Figure S6.  PTX treatment induces Eµ-Tcl1 cell apoptosis. 

(A) On the left, forward scatter (FSC) and side scatter (SSC) profiles of Eµ-Tcl 

lymphoma cells co-cultured with FDC-HK stroma cells for 72 hrs (see Figure legend 4E) 

with or without PTX is shown. On the right, tumor cell viability was assessed by 

Annexin-V and 7-AAD staining. Representative dot plots for one clone from 3 

independent experiments are shown. (B) One x105 human CLL leukemia cells were 

seeded in triplicates on top of unstimulated (control group) or LTα1β2 prestimulated 

FDC-HK stroma cells alone, or together with Il-15, and the Notch-inhibitor DAPT, as 

indicated. After 24 and 72 hrs of co-culture, cells were supplemented with 10 µM BrdU 

and after 96 hrs BrdU incorporation was analyzed by flow cytometry 

(CD19+CD5+BrdU+). Results are shown as x-fold cell survival relative to control (human 

CLL cells w/o FDC-HK), set arbitrarily to 1 (indicated by a horizontal line; n=3 CLL 

cases analyzed in independent experiments). Error bars indicate mean ± SEM. P values 

were determined by the unpaired Student’s t test. *P ≤ 0.05; **P ≤ 0.01; n.s., non 

significant. 

 

 Figure S7. In vivo staining of the CD21+CD35+ FDC network. 

The CD21+CD35+ FDC network was visualized by staining with AF568-labeled anti-

CD21+CD35+ Fab fragments (red). Antibodies were applied i.v. 12 hrs before intravital 

imaging. Sections of frozen spleens were stained additionally with anti-CD21+CD35+ 

(green), and follicular B220+ B cells were stained in blue. Scale bar, 50 µm.  

 

Figure S8. Eµ-Tcl1 tumor cells induce FDC networks and a tumor cell-promoting 

cytokine and chemokine profile in lymphopenic Rag2-/- mice.  
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(A) Six x 106 sorted Eµ-Tcl1 cells were i.v. transferred into Rag2-/- mice (n=4). Splenic 

sections were stained 21 days after transfer for IgM+ Eµ-Tcl1 cells and the CD21+CD35+ 

FDC networks (upper left), for MAdCAM-1+ MRCs and CXCL13 expression (upper 

right), for MAdCAM-1+ MRCs and for CD21+CD35+ FDC networks (lower left), and for 

CD21+CD35+ FDC networks and CXCL13 expression (lower right). A representative 

section for each staining and enlarged insets of the boxed areas for CXCL13 expressing 

stroma cell networks are shown. Scale bars, 50 µm. (B) Quantitative RT-PCR of total 

splenic lymphotoxin (LT), TNFα, CXCL13, and BAFF transcripts in Rag2-/- mice 

challenged with Eµ-Tcl1 cells (checkered bars; n=4 mice for each cytokine) or untreated 

(open bars; n=2-5) as a control. Transcript expression was normalized to Gapdh. Error 

bars indicate mean ± SEM. P values were determined by the unpaired Student’s t test. *P 

≤ 0.05. 

 

Figure S9. The LTα-LTβR signaling axis is crucial for maintaining stroma cell 

networks and a lymphoma growth-promoting environment. (A) In vivo blockage of 

the LTβR signaling pathway by treatment of Eµ-Tcl1 mice with either 100 µg LTβR-Ig 

(n=9; right) i.p. in 7 day intervals starting on day -1 up to day 35, or with control mouse 

IgG1 (MOCP21) (n=9; left). Spleens were harvested on day 38 and sections were stained 

for B220+ B cells (blue) and BP3+-follicular stromal cells (red) (upper panels), for B220+ 

B cells (blue) and MAdCAM1+ MRCs (green) (middle panels), or for B220+ B cells 

(green) and CD31+ blood vessels (red) (lower panels). A representative section of each 

group and staining is shown. Scale bars, 50 µm. (B) Tumor load in the spleen, PB, and 

BM of 20-27 (n=8-17), 28-39 (n=36-52), and 40-48 (n=12-51) week-old Eµ-Tcl1 and 20-

27 (n=4), 28-39 (n=5), and 40-48 (n=9) week-old Ltα-/-Eµ-Tcl1 mice was quantitated by 

flow cytometry analysis. Percentage of infiltrating tumor cells per organ was determined 
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by gating on CD19+B220lowCD5+ cells. Error bars indicate mean ± SEM. P values were 

determined by unpaired Student’s t test. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. 

 
Movie S1. Follicular motility of Eµ-Tcl1 leukemia cells. Five x 106 labeled tumor cells 

were injected i.v. in C57BL/6 mice. After 16 hrs, 10 - 20 µg fluorochrome-labeled anti-

CD21+CD35+ Fab-fragments were i.v. injected. Four hours after the injection of Fab-

fragments, spleens were cut into 2-3 mm thick slices and transferred into a perfusion 

chamber. Spleen slices were imaged in a perfusion chamber. A z-stack of images 

consisting of 17 optical sections of 3 µm thickness was collected every 60 sec over a 

period of 30 min. Movie is representative of 6 mice of three independent experiments. 

 

 
Movie S2. Follicular motility of B cells. Five x 106 labeled tumor cells or 1 x 107 

labeled B lymphocytes were injected i.v. in C57BL/6 mice. After 16 hrs, 10 - 20 µg 

fluorochrome-labeled anti-CD21+CD35+ Fab-fragments were i.v. injected. Four hours 

after the injection of Fab-fragments, spleens were cut into 2-3 mm thick slices and 

transferred into a perfusion chamber. Spleen slices were imaged in a perfusion chamber. 

A z-stack of images consisting of 17 optical sections of 3 µm thickness was collected 

every 60 sec over a period of 30 min. Movie is representative of 6 mice of 5 independent 

experiments. 
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