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Abstract

In human chronic lymphocytic leukemia (CLL) pathogenesis B cell antigen receptor
signaling seems important for leukemia B cell ontogeny, whereas the microenvironment
influences B cell activation, tumor cell lodging and provision of antigenic stimuli. Using
the murine Eu-Tcll CLL model, we demonstrate that CXCRS5-controlled access to
follicular dendritic cells (FDCs) confers proliferative stimuli to leukemia B cells.
Intravital imaging revealed a marginal zone B cell-like leukemia cell trafficking route.
Murine and human CLL cells reciprocally stimulated resident mesenchymal stromal cells
through lymphotoxin-B—receptor activation, resulting in CXCL13 secretion and stromal
compartment remodeling. Inhibition of lymphotoxin/lymphotoxin-B-receptor signaling or
of CXCRS5 signaling retards leukemia progression. Thus, CXCRS5 activity links tumor

cell homing, shaping a survival niche, and access to localized proliferation stimuli.

Significance

CLL and other indolent lymphoma are not curable and usually relapse after treatment, a
process where the tumor microenvironmemt plays a pivotal role. We dissect the
consecutive steps of CXCR5-dependent tumor cell lodging and LTBR-dependent stroma-
leukemia cell interaction, moreover, we provide therapeutic solutions to interfere with

this reciprocal tumor-stroma crosstalk.



Introduction

In B cell chronic lymphocytic leukemia (B-CLL) patients, tumor cell survival and
progression are linked to interactions between leukemia cells and non-tumor cells in
microenvironments of the spleen, peripheral blood (PB), and bone marrow (BM) (1-3).
Little is known about how CLL cells get access to a putative proliferation and survival
niche within lymphoid organs, and a spatial and kinetic resolution of this process is
desirable for two reasons. First, the microanatomy of B cell activation might illuminate
the cellular encounters leading to apoptosis resistance versus proliferation induction in
CLL cells. Second, signaling events could alter trafficking behavior of leukemia B cells,
which is likely relevant for B cell stimulation.

B-CLL is the most frequent leukemia subtype affecting adults in western
countries (4). It develops as an expansion of clonal mature CD5" B cells (5, 6), and gene
expression profiles of CLL cells show that these malignant B cells resemble antigen-
experienced memory B cells (7, 8). The precise cell-of-origin is debated. Depending on
differentiation markers, or a putative antigen experience in conjunction with B cell
receptor selection either a marginal zone (MZ) B-2 cell, a B-1 lymphocyte or a
hematopoietic stem cell origin have been proposed (9, 10).

Several genomic aberrations involving karyotypic alterations or mutations in
TP53, Notchl and other markers are frequently reported in CLL cases (3, 11). High
TCL1 (T cell leukemia/lymphoma 1) oncogene expression is linked to an aggressive B-
CLL phenotype, with leukemic cells displaying a nonmutated immunoglobulin (Ig)
receptor and profound ZAP70 expression (3, 12). A mouse B-CLL model has been
developed by introducing a transgene encoding human 7¢// under the control of the IgH
Ep-enhancer, resulting in 7c/l overexpression at the mostly mature stages of B cell

development (13). Tc¢/l transgenic mice develop B-CLL-like tumors characterized by an



expansion of B2201°IgM+CD5+CD11b+ cells, initially localized in the peritoneum, and
subsequently in the spleen, BM, and PB. This B-CLL model has proven suitable to
phenocopy several aspects of the human disease, including low proliferative progression,
tissue distribution, and B cell differentiation status.

As in the migration of their normal cellular counterparts, trafficking and homing
of CLL cells to and within the tissue microenvironment is regulated by adhesion
molecules in concert with the chemokine-chemokine receptor system (14). The
homeostatic chemokine receptor CXCR4 has emerged as a key receptor in the
recruitment of and crosstalk between malignant B cells and their protective bone marrow
microenvironment (15). Expression of secondary lymphoid organ (SLO)-homing
receptors, including CCR7 and CXCRS, on human B cell non-Hodgkin and Hodgkin
lymphoma correlate with their dissemination and tissue localization to and within
specific SLO compartments (16, 17).

In B-CLL pathogenesis a predominant role of B cell receptor (BCR) signaling in
CLL ontogeny has emerged (1). Furthermore, it remains still elusive how the
microenvironment assumes a central role in B cell activation and survival. Here, we
aimed to link the mechanisms of leukemia cell activation and the microenvironment
dependence during CLL pathogenesis in Eu-Tcll mice. We intravitally visualized the
CXCRS5-mediated guidance of leukemic B cells towards splenic B cell follicles via a
route normally taken by MZ B cells. In germinal center (GC) light zones, tumor B cells
productively interacted with follicular dendritic cells (FDC), accelerating proliferation
and clinical progression. Leukemia cells initiated LTof-dependent reciprocal crosstalk
with resident follicular stroma cells, leading to CXCL13 release. Selective targeting of
stroma-associated CXCL13 and LTBR-signaling abrogated this paracrine feedback-loop,

hence retarding leukemia growth.



Results

CXCRS-dependent Eu-Tcll tumor cell localization within the growth-promoting
environment of the splenic follicular compartment

To assess a putative role of CXCRS5-governed leukemia cell migration and expansion in a
CLL model, we crossed Eu-Tcll transgenic and Cxcr5 mice and followed their
spontaneous tumor development compared to Eu-Tc/l mice (Fig. 1A). We detected
leukemia B cells (CD19°CD5"; Supplementary Fig. SIA-C and Fig. 1A) in the spleen
and PB of Eu-Tcll mice after two months. In Cxcr5” Eu-Tell mice disease onset was
substantially delayed. At 4-6 months of age, tumor cells in Eu-Tc/l mice accounted for
30-50% of all lymphocytes, whereas tumor cells were barely detectable in Cxcr5” Eu-
Tcll mice. After >6 months, Eu-Tcll mice showed a further increased tumor load
(>50%) in spleen and PB, whereas that in Cxcr5'/'E,u—T cll mice was still much lower. At
5-6 months of age, we also detected more leukemia B cells in the BM of Eu-Tcll
compared to Cxcr5/~Eu-Tell mice (Fig. 1A). Eu-Tell leukemia cells in the spleen (Fig.
1B) expressed high levels of functional CCR7, CXCR4, and CXCRS chemokine
receptors, as shown in vitro by their migration in response to the respective chemokines
CCL21, CXCL12, and CXCLI13 (Fig. 1C). High expression levels of the homeostatic
chemokine receptors were not restricted to the spleen, since LN, PB and BM derived
leukemia cells also abundantly expressed CCR7, CXCR4 and CXCRS5 (Supplementary
Fig. S1D). Integrins B1, B2, B7, a4, and aLP2 (LFA-1), were readily detected on all Eu-
Tcll leukemia cells and quantitative real time PCR (qRT-PCR) revealed substantial
expression for LTo, LTP, and TNF-o in Eu-Tell and Cxer5"Eu-Tell cells
(Supplementary Fig. S2A and B).

Hence, Eu-Tcll leukemia B cells are equipped with functional homeostatic chemokine

receptors and integrins that enables them for access to SLOs.



We confirmed abundant high CXCRS expression on human CLL tissue
(Supplementary Fig. S2C) and on human peripheral CLL blood samples (Supplementary
Fig. S2D). Much weaker expression was observed on CLL cells localized within
proliferation centers (PC), which are thought to harbor a proliferative fraction of CLL
leukemia B cells (18).

Next, malignant B cells derived from diseased Eu-Tcll or Cxer5 ' Eu-Tell mice
were adoptively transferred into Wt congenic recipients. After 72 hrs, leukemia cells
were detected in the spleen, PB, and BM. Eu-Tcll cells were predominantly localized
within splenic B cell follicles (Fig. 1D). In contrast, Cxcr5 " Eu-Tcll cells were
completely absent from B cell follicles, and were mostly found in the MZ outside the
metallophilic macrophage ring (MOMA-1"). To further assess whether this follicular
localization had any consequences on leukemia progression, we applied a CXCLI13
antibody to inhibit CXCRS5 signaling. Expansion of adoptively transferred tumor B cells
was substantially diminished in spleens of CXCL13-treated mice (Figure 1E).

Collectively, these data indicate that CXCRS contributes to accelerated leukemia
development, potentially by conferring a survival advantage to Eu-Tcll tumor cells

within the B cell follicle.

Gene expression signatures indicate a proliferative advantage in CXCRS-expressing
Eu-Tcll leukemia compared with Cxcr5™ Eu-Tcll leukemia

The slower kinetics of tumor growth in Cxer5™” "Eu-Tcll transgenic mice could relate to a
reduced proliferation rate. Using genome-wide expression arrays, we examined relative
changes in gene expression of splenic leukemia cells derived from diseased Eu-Tcll
versus Cxcr5 ' Eu-Tell mice. Gene set enrichment analysis (GSEA) identified seven

+/+

different proliferation signatures that discriminated Cxcr5™" from Cxcr5” leukemias



(Fig. 2A and B; Supplementary Fig. S3A). For example, the gene-expression signature of
the neighborhood of the CDC2 cell division cycle 2 (G1 to S and G2 to M) in the GNF2
expression compendium (19) predicted a proliferative advantage in CXCRS5-expressing
Eu-Tcll tumor cells and included genes involved in cell cycle regulation, DNA
synthesis, and protein translation. Conversely, CXCR5™ versus CXCR5"" leukemia did
not differentially express gene sets of apoptosis-mediating pathways like the KEGG
apoptosis signature (20) (Fig. 2C).

Eu-Tell leukemia B cells represent the unmutated and aggressive type of B-CLL
(21). A bias towards the restricted use of Vi gene segments was noted, indicating that the
expanded CD5" B cell population in Eu-Tell mice could be derived from B-1 lineage
cells. We performed a transcriptome analysis of leukemia cells, murine B-1 B and MZ B
cells (Fig. 2D and E). Two gene expression signatures comprised of the top 100
downregulated and upregulated genes in B-1 cells compared to MZ B cells were defined.
When gene expression of these signatures was compared in leukemia cells and in follicle
cells derived from Wt mice, a strikingly higher similarity of Ez-Tcll leukemia cells to B-
1 B cells as compared to MZ B cells was revealed.

Next, we adoptively transferred leukemia cells to synchronize pathogenic events
at the onset of the disease (22). Leukemia cells were retrieved and we used RT-qPCR to
assess their gene expression pattern, focusing on genes reportedly involved in CLL
survival (23). Wnt6 and Wnt10a were modestly elevated in Ex-Tc/l tumor cells, whereas
Cxer5Eu-Tell leukemia cells showed substantially higher gene expression for the
transcription factor Runx2 (Supplementary Fig. S3B). The cell cycle inhibitor p21, a
transcriptional target of Runx2 (24), was also upregulated in Cxcr5 7 ~Ep-Tell leukemia
(Supplementary Fig. S3C), indicating that CXCRS confers Eu-Tcll tumor cells with a

proliferative advantage.



When leukemia cells were co-cultured with the FDC/HK cell line, the activities
of serine/threonine kinases p42/p44, p38 and Akt were indiscriminable in both genotypes
(Supplementary Fig. S3D). Additionally, a comparable proliferation rate of Wt and
CXCRS5-deficient tumor cells was detectable when leukemia cells were co-cultured with
the stroma cell line M2-10B4 (Fig. 2F). This indicates that when tumor cells get access to
stromal cell support in vitro, their proliferation is supported. /n vivo, CXCRS5 controls

this access to a tumor growth-promoting stromal niche.

En-Tcll leukemia cells move directly across the MZ-WP border to gain access to the
B cell follicle

Lymphocyte transition from the blood into the spleen occurs at the MZ. Follicular B cells
and T cells then migrate along the FRC-rich MZ bridging channels (MZBC) toward the
splenic white pulp (WP) and eventually enter the periarteriolar lymphoid sheaths
(PALS). This movement is largely CCR7-dependent(25). In contrast, MZ B cells
undergo CXCRS5- and S1P1-controlled constitutive shuttling between the MZ and the
follicle (26).

It is unknown how CLL cells access the B cell follicle. Applying a sequential
static imaging approach, SNARF-1-labeled tumor or B cells were adoptively transferred
into B6 recipients. One to 5 hrs later, spleens were stained with anti-B220 to locate B cell
follicles and anti-MOMA-1 to highlight the border between WP and MZ (Fig. 3A and
3B). We counted the numbers of labeled Eu-Tcll leukemia cells or normal B cells in four
regions of the spleen: the RP (MOMA-1"B220), MZ (MOMA-1'B220"), B cell follicle
(MOMA-1"B220"), and T/B zone interface (Fig. 3A and 3B). One hour after transfer,
normal B cells were found predominantly in the RP but also in the MZ (Fig. 3B and 3C),

while >50% of tumor cells were either localized within the MZ or in B cell follicles (Fig.



3A and 3C). Two hours after transfer, B cells were still predominantly located in the RP,
with a smaller proportion in the MZ, and single B cells appeared at the T/B cell border.
Tumor cells were equally distributed between MZ and B cell follicle with a smaller
proportion in the RP. Three to 5 hrs after transfer, the proportion of leukemia cells in B
cell follicles further increased whereas tumor cells remained absent from the T/B cell
border (Fig. 3A-3D). In contrast, B lymphocytes transiently accumulated at the T/B zone
border (between 2-3 hrs) before entering the B cell follicle (3-5 hrs; Fig. 3B-3D).

The positioning of B cells at the T/B cell border is regulated by CCR7 and EBI2
chemotactic activity (27). After adoptive transfer, both Cer7”" and Cer7™" leukemia
cells showed the same direct migratory route from the MZ into B cell follicles, with an
accumulation at the FDCs (Supplementary Fig. S4A). Likewise, Ebi2'/'E,u-Tcll cells
exhibited the same localization behavior (Supplementary Fig. S4B and C). Clinically,
spontaneous leukemia development in Ebi2” "Eu-Tcll double-transgenic animals
compared to Eu-Tcll mice revealed no alteration in tumor growth (Supplementary Fig.
S4D).

In summary, Eu-Tcll leukemia B cells directly cross the MZ sinus, reaching the
B cell follicle faster than follicular B cells, and this process is tightly regulated by the

CXCL13/CXCRS5 signaling axis.

Eu-Tcll leukemia cells tightly co-localize with the follicular FDC network and
exhibit strong ZAP-70/Syk and BTK activity

FDCs reside within primary follicles and in the GC light zone of secondary B cell
follicles. They express CXCL13, which enables CXCR5-expressing B cells to migrate
into lymphoid follicles. Since a strong correlation has been proposed between antigen-

stimulated BCR signaling and the clinical course of CLL, we identified follicular stromal



networks that locally interact with Eu-Tc/l leukemia cells. Eight hrs after transferring
leukemia cells, tumor cells tightly intermingled with FDCs (Fig. 4A). These cells stained
strongly for the proliferation marker Ki67 (CD45.2'Ki67"), indicating a proliferation-
driving interaction. 77.5 *+ 5.8% of all Ki67" leukemia cells were tightly associated with
the FDC networks, whereas only 22.1 + 3.6% of follicular Ki67" leukemia cells were
located outside of the FDC networks (Fig. 4B).

Next, we simultaneously injected differentially labeled follicular B cells
(B220°CD21™CD23") with Eu-Tcll leukemia cells and quantified the proportion of
transferred cells within the FDC-rich zone (Fig. 4C). Less than 50% of all transferred
follicular B cells were found at the FDC networks. In contrast, more than 70% of
leukemia cells strongly co-localized with FDCs (Fig. 4D).

Consistent with the animal model, FDCs could be detected in human CLL
specimen at variable rates and shapes, ranging from distinct reticular forms to more
complex networks (Supplementary Fig. S5).

Leukemic cells of patients with progressive CLL express the protein tyrosine
kinase ZAP-70, which is functionally associated with increased BCR signaling (28).
Another tyrosine kinase that is uniformly overexpressed and constitutively active in CLL
is Bruton’s tyrosine kinase (BTK) (29-31). Here, employing an antibody that crossreacts
with phosphorylated (p)-ZAP-70 and p-Syk (32), we showed substantially enhanced
expression of p-ZAP-70/Syk in Eu-Tcll leukemia cells compared with B lymphocytes.
This finding was corroborated with a p-BTK antibody (Fig. 4E and F), indicating that
Eu-Tcll leukemia cells exhibit increased BCR activity.

BCR engagement and growth factor supply could depend on the environmental
context. Here, tissue-resident leukemia cells from the spleen showed an enhanced

proportion of cells in S phase (BrdU"), suggesting a stronger stimulus in SLOs compared

10



to cells derived from PB (Fig. 4G). Thus, Eu-Tcll leukemia cell contacts to FDC
networks could be a prerequisite for tumor cell proliferation which is enhanced by BCR
signaling and local cytokine provision.

To further dissect these mechanisms, we co-cultured seven different Eu-Tcll
leukemia cell clones in the presence of FDC/HK cells (33). When HK cells were
prestimulated with LTa1B2, an almost twofold higher survival rate of leukemia cells as
compared with HK cells alone was seen. This indicated that engagement of the LTBR
could induce provision of B cell growth factors (Fig. 4H). Next, we mimicked cytokine
and growth factor conditions that were suggested to support either GC B cell
proliferation or follicular B cell lymphoma expansion (34, 35). When supplemented, a
substantial increase in cell proliferation was obtained for BAFF, CXCL12, Sonic
hedgehog (SHH), hepatocyte growth factor (HGF), CXCL13, and IL-15 (Fig. 4H).
Employment of the y-secretase inhibitor DAPT, and thus Notch pathway blockade,
served as a negative control. To discriminate between an anti-apoptotic effect and a
proliferation induction, we repeated this assay for selected cytokines and measured
instead BrdU uptake. We observed enhanced proliferation rates of Eu-Tcll leukemia
cells (BrdU") after stimulation with LTa:1B2 and an even stronger proliferation in the
presence of IL-15 (Fig. 41). Treatment of cocultures with the CXCR4 antagonist
AMD3100 inhibited BrdU uptalke (Fig. 41), which supports the notion that the CXCR4
signaling directly stimulates proliferation of CLL cells. Inclusion of the Gai/o-protein
inhibitor pertussis toxin (PTX) considerably diminished leukemia B cell viability in HK
cocultures (Supplementary Fig. S6A). Hence, BrdU uptake could not be reliably
determined because of the predominant fraction of apoptotic leukemia cells.

In accordance, when human CLL cells were cocultured with FDC/HK cells,

enhanced proliferation of CLL cells was also observed and could be further enhanced by
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adding 1l-15 (Supplementary Fig. S6B). Prestimulation with LTo1B2 had a modest
effect, which might be explained by higher endogenous expression of LTa and LTP in
human CLL cells (Figure 7E).

If antigen recognition is important for Eu-Tcll leukemia cell growth then
restricting the antigen specificity of leukemia cells against an irrelevant antigen might
reduce their fitness in vivo. We generated Eu-Tcll x BCR™" double-transgenic mice
and analyzed them after repetitive immunization with the cognate antigen HEL or
without (Supplementary Table S1 and S2) for the development of a clonal B-CLL-like
disease. Leukemia cell development equipped with the cognate BCR™™ could not be
observed in non-immunized or HEL-immunized mice, indicating that sole stimulation of
the BCR"™" does not confer sufficient signaling to promote Eu-Tcll leukemia

development.

The dynamics of Eg-Tcll leukemia cell localization in the CD21°CD35" GC light
zone

The localization of Eu-Tcll tumor cells near FDCs suggested that this network might
provide the combined chemoattractant, nutritive and antigenic stimuli for BCR
engagement. To visualize the dynamic behavior of Eu-Tcll leukemia cells in relation to
FDCs, we injected Alexa Fluor 568-conjugated anti-CD21/CD35 Fab-fragments for
intravital FDC staining (Supplementary Fig. S7), together with CFDA-labeled Eu-Tcll
leukemia or B cells. During a 30-min imaging period, we tracked individual motile Ep-
Tcll leukemia cells or B cells that were localized within the B cell follicle or close to the
FDCs for as long as the cells remained within the z stacks (height: 40—50 pm) of optical
sections (Movie S1 and S2). Tracks of motile leukemia or B cells were also projected

onto an image of the entire z stack, representing a midpoint in the imaging time period

12



(Fig. 4)). We could distinguish between a more stationary FDC-associated and a more
motile follicular-located leukemia cell population based on total displacement from their
origin (Fig. 4K), track velocity (Fig. 4L), and total track length (Fig. 4M).

All three parameters were substantially decreased when leukemia cells were close
to the FDC networks, as opposed to those located within the outer B cell follicle (Fig.
4K-M; Fig. 4], upper panel, and Supplementary Movie S1). This association was also
obtained in follicular B cells (Figure 4K-M and Supplementary Movie S2), but fewer B
cells were associated with FDCs (Fig. 4D and 4J, lower panel). We conclude that the
decreased displacement rate and increased interaction time of leukemia B cells with
FDCs could result from the tumor cells' cognate nature and their ability to encounter
antigen-laden FDCs.

To assess follicular Ex-Tcll leukemia positioning following the organization of
GCs into dark and light zones, we immunized B6 mice with sheep red blood cells. GC B
cell positioning in the dark zone is crucially dependent on high CXCR4 expression (36).
SNARF-1-labeled tumor cells were i.v. transferred; 8 hrs later, splenic sections were
stained for PNA™ GCs (centroblasts; dark zone), CD21°CD35" FDC networks (light
zone), and IgD" B cell follicles (Fig. 5SA). Tumor cells were also pre-treated with the
CXCR4 antagonist AMD3100 (Fig. 5B-D). Eu-Tcll leukemia cells localized exclusively
in the CD21'CD35" GC light zone, independently of CXCR4-signaling inhibition (Fig.
5B). Inhibition of CXCR4-signaling after AMD3100 treatment was confirmed in vitro in
a chemotaxis assay (Fig. 5D).

The sphingosine-1-phosphate receptor S1P2 helps to confine B cells to the GC
(37). GC B cells showed the highest gene expression of Sipr2. In contrast, Eu-Tcll

leukemia cells exhibited low SIpr2 expression comparable to the amounts of S/pr2 in

13



MZ B cells (Fig. 5E). Collectively, Eu-Tcll leukemia cells are predominantly recruited

to the CD21°CD35" GC light zone, but they do not access the PNA" dark zone.

In irradiated mice Eu-Tcll leukemia cells exhibit enhanced proliferation in close
proximity to FDCs

Clinically, an unresolved problem in the treatment of indolent lymphoma is their
propensitiy to relapse and to develop progressively chemo-resistance. The close
association of Eu-Tcll leukemia cells with FDCs raised the question whether tumor cells
might reciprocally support or initiate stroma cell network differentiation. To analyze the
mechanisms of a putatively stroma-regulated treatment failure, we first assessed the
stroma-inducing capacity of tumor cells in Rag2” mice that are devoid of mature
lymphocytes and lack FRCs and FDCs. These mice still have MAdCAM-1" marginal
reticular cells (MRC), which produce CXCL13 and express the LTBR. Over a twenty-
one day observation period, Eu-Tcll leukemia cells induced formation of follicular-like
CXCL13-expressing FDC (CD21°CD35") networks in RagZ'/ " mice (Supplementary Fig.
S8A). Leukemia-loaded spleen also upregulated CXCL13 und LT[ gene expression
(Supplementary Fig. S8B).

Radiotherapy eliminates hematopoietic cells whereas mesenchymal stromal
elements survive. To assess whether residual leukemia cells could exploit stromal
contacts and engage with FDCs and MRCs, we transferred Eu-Tc/l cells into irradiated
congenic recipients. While essentially all benign B220" B cells were depleted after 48
hrs, FDCs persisted and the MRC ring expanded (Fig. 6A; upper left). Transferred CLL
cells accumulated around the FDC networks in an even stronger manner than in untreated
mice (Fig. 6A; lower panel). Functionally, transfer into irradiated hosts conferred tumor

cells with an enhanced proliferative capacity (Fig. 6B and C), and the rate of tumor cells
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in close proximity to FDC networks that stained strongly for Ki-67 was substantially
higher compared to untreated controls (Fig. 6B). Irradiation of mice substantially
enhanced splenic BAFF gene expression about 4-fold, whereas APRIL was weaker
upregulated (Fig. 6D). We confirmed expression of the corresponding cytokine receptor
BAFFR on leukemia cells (Fig. 6E).
To demonstrate that irradiation enhances proliferation in a BAFF dependent manner, we
transferred tumor cells together with a blocking anti-BAFF antibody into irradiated mice.
Treatment with the anti-BAFF antibody completely abrogated irradiation-induced
proliferation in Ex-Tell tumor cells (Fig. 6F).

Taken together, CLL cells are recruited to mesenchymal stromal cells, which in
turn promote chemokine-mediated tumor cell attraction, growth acceleration through

BCR stimulation and paracrine provision of cytokines.

Stromal LTBR-signaling is crucial for maintaining FDC structures and accelerates
Ep-TclI leukemia progression

FDC stimulation with cell-bound LT or soluble LTa/TNFR1 agonist can induce the
expression of CXCL13 and other cytokines (38). Since the leukemia cell itself was also a
source of lymphotoxin (Supplementary Fig. S2B), we hypothesized that leukemia cell-
associated LTofy conferred the ligand for LTPR activation on FDCs and MRCs. To
assess this regulatory feedback-loop, we inhibited LTo-LTPR signaling in Eu-Tcll
mice using a LTBR-Ig fusion protein. Spontancously diseased Eu-Tcll mice with a 5—
15% tumor load in PB were treated with the decoy receptor protein LTBR-Ig. Eu-Tcll
mice treated with a control Ig showed a substantially increased tumor load in PB from
day 0 to day 38 of treatment, whereas no such increment was observed in LTBR-Ig-

treated mice (Fig. 7A). Tumor load in the spleen of isotype-treated Eu-Tcl/l mice was
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also higher than in LTPR-Ig-treated animals (Fig. 7B). Immunohistology showed
substantial FDC disappearance (Fig. 7C) and a severe disturbance of MAdCAM-1" and
BP-3" B cell follicle stromal structures (Supplementary Fig. S9A) in LTPR-Ig-treated
animals. Splenic Cc/2] and Cxcll3 gene expressions were lower in LTBR-Ig-treated Eu-
Tcll mice compared to controls (Fig. 7D).

Supporting a pathogenic role of LTPR-signaling, disease onset and progression
was substantially delayed in Lto” "E-Tcll-double transgenic mice compared to Eu-Tcll
animals (Supplementary Fig. S9B). Hence, tumor cell production of LTa accelerates
tumor growth. Conversely, interference with LTBR signaling leads to growth reduction
in a murine CLL model.

In line with the data from Eu-Tc/l mice, lymphotoxin and TNFa transcripts
could be detected in sorted human CLL cells, normal B cells, and in the human B-CLL
line MEC-1 (Fig. 7E). Adoptive transfer of MEC-1 cells into NOD/SCID/c-ychain”
mice elicited a follicular-like FDC network (Fig. 7F, left), a process which could be
completely abrogated by LTBR-Ig-treatment (Fig. 7F, right). Thus, LTBR-signaling is an
essential part of the reciprocal relationship between leukemia B cells and mesenchymal

stromal cells.
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Discussion

In the present study, we tracked the trafficking routes of murine CLL cells into protective
microenvironmental niches in SLOs, and identified FDCs as a crucial resident stromal
cell population that supports consecutive steps of leukemia pathogenesis. Using the Eu-
Tcll transgenic mouse (13) as a CLL model, we also obtained functional evidence that
the chemokine receptor CXCRS5 has a dominant role in leukemia cell microanatomical
localization.

Eu-Tcll B cells showed a hierarchy among expressed homeostatic chemokine
receptors. CXCR4 has been identified as a survival factor in CLL (39) and as an
important homing receptor of neoplastic B cells to the BM (40), while CXCRS5
expression is predominantly associated with CLL positioning in SLOs (41). Although
CXCL12-CXCR4 engagement accelerates human B-CLL and murine Eu-Tcll leukemia
cell proliferation in vitro, in vivo this activity requires access to a CXCL12 providing
niche. In our murine CLL model, CXCRS5 crucially controls homing of leukemia cells
into the B cell follicles of SLOs. CXCR4 could not compensate for CXCRS5 deficiency
regarding their migratory functions: CXCRS5-deficient leukemia cells were restricted to
the MZ zone but not attracted to the B cell follicle, and tumor cells remained absent from
the dark zone of the GC, the attraction to which is CXCL12-CXCR4 governed (36).

In the absence of CXCRS, spontaneous onset of disease in Eu-Tcll mice was
severely delayed. Gene expression profiling uncovered a proliferative advantage in
CXCRS5-expressing Eu-Tcll tumor cells, while no obvious differences were found in
apoptosis-mediating pathways. In conjunction with a compartment-specific higher
proliferation rate, this observation is in line with the view that B-CLL is not a static or
accumulative disease that simply results from long-lived lymphocytes defective in

apoptosis (42, 43).
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Migration of normal B cells toward follicles is mediated by the CXCL13-CXCR5
signaling axis and a stromal cell network (25, 44). CXCL13, which is produced by the
FDC network and MRCs, guides circulating naive B cells in the proximity of FDCs, a
prerequisite for the formation of B cell follicles (36). Moreover, CXCR5 also plays a
unique role in trafficking and homing of B-1 B cells (45). In CLL patients, leukemia cells
express high levels of functional CXCRS and significantly higher CXCL13 serum levels
were found compared to healthy controls (41).

With regard to these correlative studies in CLL patients, we aimed to dissect the
CXCRS5-dependent spatial positioning of Eu-Tcll leukemia cells in vivo. We found that
upon adoptive transfer, Eu-Tcll leukemia cells lodged within the splenic B cell follicles
in close proximity to FDCs. In sharp contrast, CXCR5™"" leukemia cells accumulated in
the MZ of the spleen. Bajénoff and colleagues (46) showed that T and B lymphocytes are
guided by FRCs and enter the WP across MZBCs. Here, we observed that Eu-Tcll
leukemia cells directly crossed the MZ sinus and reached the B cell follicle faster than
follicular B cells. Hence, leukemic cells exhibited remarkable functional similarity to MZ
B-2 lymphocytes, which also shuttle directly from the MZ to the B cell follicle (26).
Gene expression profiling revealed a higher similarity of Eu-Tcll leukemia cells with B-
1 B cells, as compared to MZ B cells. This result is consistent with the initial
classification of these tumors (47), and would also fit with several properties of the
human unmutated variant of B-CLL. Although physiological differences between murine
and human B cell populations exist prohibiting definitive conclusions (48), similarities
are also appreciated that affect structural restriction of the BCRs, the poylreactivity
towards autoantigens, expression of CDS5, and the presentation as activated antigen-
experienced B cells (3, 9, 49). B-1 cells can induce and associate with FDCs in mice,

however trafficking routes of these cells have not been thoroughly analyzed (50).

18



CXCL13/CXCRS5 signaling is crucial for B cell migration under steady-state
conditions and enhances antigen encounter and BCR-triggered B cell activation (51). A
strong correlation has been proposed between antigen-stimulated BCR signaling and the
clinical course of CLL (3). An involvement of a microbial-derived or autoantigen
component in the heavy chain Ig repertoire selection has been suggested in many CLL
cases, leading to the occurrence of stereotyped BCRs (1, 52). Alternatively, a BCR-
mediated antigen-independent, cell-autonomous signaling mechanism might account for
CLL signaling activity. However, this in vitro model does not rule out involvement of in
vivo extrinsic antigens as additional enhancers (53).

How could Eu-Tcll leukemia B cells receive proliferation stimuli in vivo? Using
two-photon microscopy, we found that Eu-Tcll leukemia cells showed decreased
displacement rates and increased interaction times with follicular FDCs compared to
leukemia cells outside this area. This could result from their cognate nature and ability to
encounter antigen-laden FDCs. The preferred tumor cell localization in the FDC-rich GC
light zone may also be due to the paracrine provision of growth-promoting factors (34,
35). BCR engagement, as evidenced by activated BTK, and the receipt of growth factors
could act differentially during tumor ontogeny and in a complementary manner. In this
view, a strong antigen dependence exists in early stages, followed by a competition for
natural ligand availability, then acqusition of additional oncogenic lesions and finally,
selection for mutants that can co-opt autonomous signaling either from the BCR or their
downstream effectors (54).

The differentiation of FDCs is essential for SLO organogenesis (55) and final
FDC maturation crucially requires lymphoid tissue-inducer (LTi) cells and B cells
expressing LTof} (56). Consistent with previous reports that B-2 and B-1 B cells can

induce the formation of mature FDC networks (50, 57), a human leukemia cell line
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efficiently induced FDC networks in NOD/SCID/c-y-chain”” mice. This implies that B
leukemia cells themselves provide the crucial factors for FDC differentiation in vivo. The
crosstalk between leukemic B cells and rudimentary stromal cells could be of relevance
for a post-therapeutic minimal residual disease state. Irradiation of Wt mice elicited an
accumulation of leukemia B cells around radio-resistant FDCs and MRCs. This spatial
proximity accelerated the growth rate of the tumor cells, most likely through an
uncompeted access to FDCs.
Notably, much of the cellular proliferation in human CLL arises in pseudofollicular
proliferation centers (PC) in SLO, which are unique to CLL among all other B cell
malignancies, but they are observed in inflamed tissues of patients with systemic
autoimmune disorders as well (1). Functional similarities between inflammation- and
CLL-associated PC may include their capacity to initiate or maintain autoantigen-
stimulation, indicating that autoimmune diseases and CLL could share part of their
pathogenic trait. The occurrence of FDCs in PCs has been reported (58), thus supporting
the view that leukemia B cell-FDC encounter is a major source of cellular proliferation.
We infer from our data that leukemia cell-associated LTaf3 confers the required
ligand such that FDC-networks can be induced de novo. In this paracrine network,
further FDC stimulation with cell-bound LTo} can induce the expression of CXCL13
and other pro-inflammatory cytokines (59). To break this feedback-loop, we treated mice
with an LTBR-Ig fusion protein and found that targeting the LTBR signaling pathway
profoundly retarded murine CLL growth. FDC loss and CXCL13 reduction indicated that
inhibition of stroma-lymphoma cell crosstalk can translate into an ameliorated clinical
course. Targeting the stromal environment in SLOs is an appealing treatment option for
indolent lymphoma because these benign compartments are subject to low selective

pressure for mutations and epigenetic changes (60).
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We propose that our stroma induction model can mimic an early pathogenic
condition where, upon arrival of transformed clonal CLL cells in SLO, leukemia cells
encounter a microenvironment that enhances their proliferation. Reciprocally, tumor cells
impose stroma remodeling. Increased proliferative activity in proximity to FDC networks
could enhance genetic vulnerability, resulting in mutation acquisitions that render tumor
cells increasingly independent from antigenic triggering (1).

When applying an LTPR-decoy receptor, selective targeting of the stroma
interface alone led to tumor growth retardation; this strategy is applicable to a minimal
residual disease state where tumor cells might be protected in LT-dependent niches.
Furthermore, it may be possible to inhibit leukemia cell access to antigen-presenting
cells, either through selective interference with CXCRS activity as shown here, or by
targeting the FDC function in growth factor supply. Both immunological treatments are
rational strategies to complement traditional cytotoxic therapies for the cure of leukemia

and lymphoma.
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Methods

More detailed methods can be found in the Supplemental Methods.

Microarray data
The Microarray data presented in this publication have been deposited in NCBI’s Gene
Expression Omnibus (61) and are accessible through GEO Series accession number

GSE60925.

Chemotaxis assay
Assays were performed in 5-um-pore transwell plates (Corning) for 4 hr at 37°C, exactly
as described (16). CCL21, CXCL12 and CXCL13 were used at a concentration of 100

nM, 25 nM and 300 nM, respectively (R&D Research Diagnostics).

Patient CLL blood samples

Peripheral blood samples from treatment naive CLL patients were purified over a Ficoll
gradient. Tumor cells (CD19'CD5") were FACS-sorted and RNA was immediately
extracted. The study was conducted according to the declaration of Helsinki and in
accordance with local ethical guidelines; written informed consent of all patients was

obtained.

Generation of primary Eu-Tcll leukemia cells for transplantation
Eu-Tcell transgenic mice were monitored for signs of disease by quantification of the
frequency of tumor cells in PB by flow cytometry (CD5'CDI19"). Spleen-derived

leukemia cell suspensions were prepared from diseased mice (> 8 months old and tumor
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cell load > 50% in the periphery) by tissue homogenization, depletion of red blood cells

and FACS-sorting.

Cell lines

Murine bone marrow stromal cells (M2-10B4; ATCC-CRL-1972) were obtained from
ATCC in July 2010. The cells were passaged 2-3 times over a period of three weeks and
aliquots were frozen in liquid nitrogen. All experiments were performed with these
aliquots. The human follicular dendritic cell line FDC/HK was obtained from Y. S. Choi
(Ochner Clinic foundation New Orleans, LA, USA) in 2011 and cultured as described

above. No further authentication was done for both cell lines.

In vivo blockade of the LTB-receptor signalling pathway
100 pg of blocking LtBR-Ig (murine receptor fused to mouse mAb IgG1; Biogen Idec or
generated as described (62) or isotype control antibody (MOPC 21) were injected

repeatedly i.p. into tumor challenged and Eu-Tcll transgenic mice, respectively.

Statistical analysis

Results are expressed as arithmetic means = SEM if not otherwise indicated. Values of P
< 0.05 were considered statistically significant, as determined by the unpaired Mann-
Whitney test, the 2-tailed unpaired Student’s ¢ test, or the Wilcoxon signed rank test

where appropriate.
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Figure Legends

Figure 1. CXCRS expression accelerates FEu-Tcll leukemogenesis and is
indispensable for tumor cell recruitment to lymphoid B cell follicles. (A) Tumor load
in spleen, LN, PB, and BM of 7-19 (n=12-19), 20-27 (n=8-17), 28-39 (n=36-52), and 40-
48 (n=12-52) week-old Eu-Tcll and 7-19 (n=9-15), 20-27 (n=10-12), 28-39 (n=9-42),
and 40-48 (n=16-20) week-old Cxcr5” Eu-Tell mice. CD19"B220"°"CD5" tumor cells
are presented as percentages of all lymphocytes with means. Error bars indicate Min to
Max. P values were determined by unpaired Student’s ¢ test. (B) Chemokine receptor
expression on splenic CD19'B220""CD5" gated tumor cells of diseased Eu-Tcll and
Cxers™ ‘Eu-Tell mice (n=4-7 mice per marker; isotype control; shaded curve). (C)
Chemotaxis of Eu-Tcll (left panel) or Cxer5”E u-Tcll (right panel) cells towards CCL21
(100 nM), CXCL12 (25 nM), and CXCL13 (300 nM). Error bars indicate mean = SEM
of three independent experiments with triplicates for each chemokine. P values were
determined by Mann-Whitney test. (D) Adoptive transfer of 2 x 10’ splenic leukemia
cells of Eu-Tell and Cxer5”Eu-Tell mice (CD45.2") into CD45.1" B6 recipients. Three
days after i.v. transfer, spleen sections were stained for CD45.2" tumor cells, CD3" T
cells, and IgD" B cells (n=8-9 per group; upper part). Lower panel, detection of tumor
cells, B cells, and MOMA-1" metallophilic macrophages (n=8-9 per group). Scale bars,
100 um. (E) In vivo blockage of the CXCL13 signaling pathway by treatment of tumor
challenged mice (1 x 10° E-Tcll cells i.v. on day 1) with 50 pg anti-CXCL13 or isotype
Ab 1i.p. at the days indicated (n=3 per group). Tumor cell (CD19"B220"¥CD5") load was
assessed by flow cytometry at day 24. Error bars indicate mean = SEM. P values were

determined by unpaired Student’s 7 test. *P < 0.05, **P <0.01, *P <0.05, ***P <0.001.
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Figure 2. Differential gene expression signatures of Ex-Tcll and CXCR5-deficient
Eu-Tcll leukemia cells. (A) Gene expression profiling of sorted Eu-Tcll (n=6) or
Cxers™ "Eu-Tcll (n=5) leukemia cells. Human genes in the signature definition without a
homolog mouse gene and genes without measurement data are depicted in grey. Gene
expression profiles were analysed by GSEA. A representative proliferation signature is
shown (Molecular Signature DB v3.1; GNF2 CDC2 cancer gene neighbourhood). Gene
expression levels are shown relative to the mean of all animals and were averaged over
all animals of each genotype. The signature average for each genotype is depicted at the
bottom (paired Student’s t-tests against zero regulation; error bars indicate SEMs). (B)
Enrichment plot of the proliferation signature shown in (A). Blue lines mark genes in the
signature; the p value of the enrichment score (permutation test), and the false discovery
rate (relative to the cancer gene neighbourhoods sub-category of the Molecular Signature
Database v3.1) are indicated. (C) Gene expression profiles of Ex-Tcll- versus Cxer5”
Eu-Tcll-derived tumor cells were analyzed by GSEA, as in (A). In 83 out of 84 gene
signatures related to apoptosis a differential regulation between Eg-Tcll and Cxcr5” Eu-
Tcll animals was not found. Relative expression for all genes belonging to the
representative KEGG apoptosis pathway are shown here. The average signature
expression determined by paired Student’s t-tests against zero regulation; error bars
indicate SEMs. (D, E) B-1 and MZ B cells were compared and the top 100 down- (D)
and up- (E) regulated genes were identified. Shown are relative gene expression levels of
these genes in Eu-Tcll tumor cells versus Wt total follicular cells. Genes found
upregulated in B-1 versus MZ B cells were also found upregulated in Ep- Te¢/l tumor
versus Wt total follicular cells and likewise for downregulated genes. (F) Proliferation of

Eu-Tell or Cxcr5’/'E,u—Tcl] leukemia cells cocultured with or without a M2-10B4
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stromal layer was analyzed by an enzymatic activity assay (Cell Titer 96 AQcous One
Solution Cell Proliferation Assay from Promega) measuring the absorbance of a
formazan product after 48 hours. The quantity of the formazan product as measured by
the absorbance at 450-540 nm is directly proportional to the number of living cells in the
culture. Bars indicate mean £ SEM of three independent experiments; P value was

determined by unpaired Student’s ¢ test.

Figure 3. Eu-Tcll tumor cells exhibit different migratory routes and temporal
migration pattern to and within lymphoid follicles compared to B lymphocytes. (A
and B) 2 x 10" SNARF-1 labeled (red) splenic Eu-Tell leukemia cells or follicular B
cells were transferred i.v. into B6 mice. Spleen sections were stained for MOMA-1"
metallophillic macrophages and B220" B cells to distinguish the MZ (MOMA-1"B220";
MZ), the B cell follicle (MOMA-1"B220"; Fo), red pulp (RP) and T cell zone (MOMA-1
B220; T) and one representative section is shown for each time point. Scale bar, 100 um.
(C) Quantification of Wt B cells and E-Tcll leukemia cell localization within the zones
as indicated in (A and B). (D) The percentage of B cells or Eu-Tc/l leukemia cells
located at the B/T cell border or in the MOMA™B220" B cell zone is presented as a time
curve. Bars represent mean = SEM of two independent experiments with n=2-5 mice for
each group and time point. P values were determined by unpaired Student’s 7 test. *P <

0.05, **P <0.01; n.s., non significant.

Figure 4. Functional interaction of Eu-Tcll tumor cells with FDC networks.
(A) Splenic Eu-Tcll leukemia cells were sorted and 2x107 SNARF-1 labeled cells (red)

were transferred i.v. into recipient mice (n=3). Eight hrs later, spleen sections were

stained for CD21'CD35" FDCs and B220" B cells. A zoomed inlet (boxed area; left
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panel) is aditionally shown. Scale bar, 100 um. (B) 2x10" Eu-Tcll leukemia cells were
transferred i.v. into congenic recipient mice. Three days later spleen sections were
stained for tumor cells (CD45.2"), FDC-M2" FDCs, and the proliferation marker Ki67
(6-9 sections per mouse; n=3). (C) Splenic follicular B cells (B220'CD21™CD23") and
Eu-Tcell lymphoma cells were sorted and labeled with CMAC (FoB, in blue) and
SNARF-1 (leukemia cells, in red), respectively. 1x10” cells of both groups were co-
transferred into recipient mice (n=3) and localization was analyzed after 8§ hrs. A
representative section and an enlarged inlet of the boxed area are shown. Scale bar, 50
pum. (D) Quantification of the proportion of transferred leukemia cells compared to
follicular B cells localized within the FDC rich zone of the B cell follicle, as marked by
the dashed white line in (C). Error bars indicate mean + SEM of three independent
experiments with a total of 9-13 analyzed sections. (E) Immunoblot analysis of
phosphorylated ZAP-70/Syk from leukemia cells (n=14 mice; #1 and #2 indicate two
representative leukemia samples), and follicular B cells (n=4 mice, one representative
sample depicted) as a control. Membranes were incubated with anti-phospho-ZAP-
70771%/Syk™*2 (top panel), and anti-Gapdh (bottom panel). Bar diagram depicts the
quantification of the ratios. Error bars indicate mean = SEM. (F) Immunoblot analysis of
phosphorylated and total BTK from leukemia cells (n=3 mice; #1-3 indicate three
leukemia samples), and follicular B cells (n=3 mice, #1-3; three samples) as a control.
Membranes were incubated with anti-p-BTK (top panel), and total BTK (bottom panel).
Bar diagram depicts the quantification of the ratios. Error bars indicate mean + SEM. (G)
Eu-Tell mice with a tumor burden of 21-25% (n=10) in PB were injected i.p. with 1 mg
BrdU for three days. PB, spleen, and peritoneal cavity (PerC)-derived Eu-Tc// leukemia
cells were analyzed for BrdU uptake. (H, I) One x10° splenic-derived Eu-Tcll leukemia

cells were seeded in triplicates on top of unstimulated (control group) or LTo1f2
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prestimulated FDC-HK stroma cells alone, or together with cytokines, growth factors,
the CXCR4 antagonist AMD3100 or the Notch-inhibitor DAPT, as indicated. After 72
hrs, viable leukemia cells were counted (H). In (I) after 24 and 48 hrs, cultures were
supplemented with 10 uM BrdU and BrdU uptake was analyzed by flow cytometry 72
hrs thereafter. Results are shown as x-fold cell proliferation relative to control (FDC-HK
+ Eu-Tcell leukemia B cells), set arbitrarily to 1 (indicated by a horizontal line; n=7 (H),
separate Eu-Tcll cell clones tested). Error bars indicate mean = SEM of 5-7 independent
experiments. P values were determined by Mann-Whitney test. Tracks of motile Eu-Tcll
leukemia cells (J; upper panel) or motile B lymphocytes (J; lower panel) that are
localized within the B cell follicle at the FDCs, visualized by staining with AF568-
labeled anti-CD21'CD35" Fab fragments (red), are projected onto an image of the entire
z stack representing a midpoint in the imaging time period of a representative experiment
from 2 independent experiments (n=4 mice per group). (K) Quantitation of displacement
rate, (L) track velocity, and (M) track length of follicle (Fo)- or FDC-located B cells and
Ep-Tcll lymphoma cells. Means and significances calculated by the unpaired Student’s ¢

test are shown. *P < 0.05; **P < 0.01; ***P <0.001; n.s., non significant.

Figure 5. Ey-Tell tumor cell localize in the GC-associated FDC rich light zone
independently of Cxcr4 and Slpr2 signaling. (A) Wt mice were immunized with
SRBCs. At day 7, 2x10" SNARF-1 labeled sorted splenic Eu-Tcll tumor cells were
transferred i.v. into recipients. Eight hrs later, localization of tumor cells (red) was
detected in splenic sections by staining for GC-associated FDC rich light zone
(CD21°CD35") and PNA" dark zone (left panel) or by staining of IgD" B cell follicular
areas and PNA" dark zone (right panel). Two consecutive slides were stained. Scale bar,

50 um. (B) B6 mice were immunized as in (A). At day 8, 2x10” sorted splenic Eu-Tcll
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leukemia cells were pre-treated without (2 independent experiments) or with AMD3100
(3 independent experiments), followed by i.v. transfer into recipient mice. Eight hrs later,
localization of tumor cells (red) was detected in splenic sections by staining for GC-
associated FDC rich light zone (CD21°CD35") and PNA" dark zone (upper panel) and
for CD21°CD35" FDCs and B220" B cells (lower panel). (C) Quantification of the
proportion of leukemia cells within the light zone (green) or within the PNA" dark zone
(blue). Bars represent mean = SEM of 3-5 independent experiments. (D) Chemotaxis of
Eu-Tell tumor cells toward CXCL12 with and without treatment with AMD3100. Bars
represent mean = SEM of 2-4 independent experiments with triplicates per each group. P
values were determined by a Mann-Whitney test. *P < 0.05; ***P < 0.001. (E)
Quantitative RT-PCR of Sipr2 in sorted tumor cells of Eu-Tcll (n=4) mice, and in
follicular B (B220°CD21°CD23"; Fo B), marginal zone B (B220'CD21"CD23"°; MZ B)
and germinal center B (B220°'GL7 Fas'; GC B) cells (one experiment with three mice
per group). Transcript expression was normalized to Gapdh. Error bars indicate mean +

SEM.

Figure 6. Eu-Tcll tumor cells localize at radio-resistant FDC networks and exhibit
stronger proliferation in the spleens of irradiated mice. (A) Spleens of lethally
irradiated (9.25 Gy) or untreated B6 CD45.1 mice were harvested 48 hrs (n=2 per group)
after treatment and stained for B220" B cells, MAdACAM-1" MRCs and FDC-M2"
stromal cell networks. Representative sections are shown (upper panels). 2 x 10’
SNARF-labeled Eu-Tcll cells (CD45.2) were adoptively transferred into lethally
irradiated recipients (n=3) or into non-irradiated controls (n=2). 48 hrs after tumor
challenge spleen sections were stained with CD45.2" and FDC-M2" (blue) (lower panels)

or (B), CD45.2", FDC-M2", and Ki-67" antibodies. Representative sections are shown.
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Scale bars, 100 um. (C) 2-5 x 10° eFluor670-labeled Eu-Tcll leukemia cells were
adoptively transferred into irradiated mice (n=3) or into untreated recipients (n=2). 48 hrs
later, proliferation of splenic tumor cells was evaluated according to eFluor670 dilution;
a representative histogram shows staining of tumor cells recovered from untreated or
irradiated mice. (D) Splenic BAFF and APRIL mRNA transcripts of irradiated or non-
irradiated mice with or without tumor cell challenge (n=2-3 mice per group). Transcript
expression was normalized to Gapdh. Error bars indicate mean + SEM. (E) Surface
expression of BAFFR on splenic Eu-Tell leukemia cells (CD19'CD5"; n=5 transgenic
E-Tcll mice) was confirmed by flow cytometry (isotype Ig control, shaded curve; anti-
BAFFR Ig, solid line). (F) Blockage of the BAFF signaling pathway by injecting 50 ug
anti-BAFF or isotype Ab together with 5-10 x 10° eFluor670-labeled Eu-Tcll leukemia
cells i.v. (n=3-4 per group). 48 hrs later, proliferation of splenic tumor cells was
evaluated according to eFluor670 dilution; a representative histogram shows staining of
tumor cells recovered from isotype or anti-BAFF treated irradiated mice (left panel).
Relative proportion of proliferated leukemia cells from isotype and anti-BAFF treated
irradiated mice compared to cells from non-irradiated mice (set arbitrarily to 100%; n=3
independent experiments) are depicted as bars £ SEM (right panel). Means and
significances calculated by the unpaired Student’s ¢ test are shown. *P < 0.05; **P <

0.01.

Figure 7. Stromal LTo-LTBR signaling is crucial for maintaining FDC structures
and drives Eu-Tcll leukemia progression. (A and B) /n vivo blockage of the LTBR
signaling pathway by treatment of Ex-Tc/l mice with 100 ug LTBR-Ig (n=9; right) i.p. in
7 day intervals starting on day -1 up to day 35 or control mouse IgGl (MOCP21) (n=9;

left). Tumor load was assessed at day 0 and 38 in PB (A), and at day 38 in (B) spleens.
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Error bars indicate mean £ SEM. P values in (A) were determined by Wilcoxon signed
rank test; in (B), a Mann-Whitney test was applied. (C) Spleen sections (day 38) were
stained for B220" B cells, CD21'CD35" FDC networks and CXCL13 expression. A
representative section of each group is shown. Scale bar, 50 um. (D) Splenic CCL19,
CCL21, CXCL12, and CXCL13 mRNA expression of Eu-Tcll mice treated with either
LTPBR-Ig (n=9) or control Ig (n=9) were analyzed by RT-qPCR. Gene expression was
calculated relative to Gapdh. Error bars indicate mean + SEM. P values were determined
by a Mann-Whitney test. *P < 0.05; **P < 0.01; ***P < 0.001. (E) qRT-PCR of
lymphotoxin and TNFo transcripts in sorted human (hu) B cells (CD19"; n=4), hu CLL
B cells (CD19'CD5"; n=3), and in the B-CLL cell line MEC-1 (n=2). Transcript
expression was normalized to GAPDH. Error bars indicate mean + SEM. (F) One x 10’
human MEC-1 cells were i.v. transferred into NOD/SCID/c- %chain’/ “mice. On day 3 up
to day 25, mice were treated with 100 ug LTPR-Ig (n=3; right) i.p. in 7 day intervals, or
control mouse IgG1 (MOCP21) (n=4; left). Representative spleen sections were stained
28 days after transfer for CD19" MEC-1 cells (red) and CD21°CD35" FDCs (red). Scale

bars, 50 um.
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Figure 3
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Figure 6
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Supplemental Information

Supplemental Methods

Mice

Eu-Tcll transgenic mice on a mixed C3H/C57.BL/6 background were provided by Carlo
Croce (1). Eu-Tcll 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—y-chain‘/ ") were obtained from Charles River
(Sulzfeld, Germany). Cxer5” and Cer7”” mice were generated as described (2, 3) and
backcrossed onto a C57BL/6 background for 12 generations. Lymphotoxin (L?) o’ mice
were obtained from Jackson Laboratories (Bar Harbor, ME). EBI2-deficient mice (also
referred to as Gprl 83" ) were generated as described (4); Ebi2", Cer7”, Cxer5™”, and
Lta”” mice were crossed with Eu-Tcll transgenic mice to generate double transgenic
mice. C57BL/6-Tg (IgheIMD4)4Ccg/J mice carry the transgenic IgheIMD4 B cell
receptor that recognizes hen egg lysozyme (5); the receptor is further referred to as
BCR"™™". 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 Eu-Tcll mice
(F10) to obtain double-transgenic Eu-Tcll/BCR™" 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,



PE-labeled rat anti-mouse CD268 (BAFF-R), biotinylated rat anti-mouse CD29, CD49d
and integrin 7, 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 CXCRS, 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 Eu-Tcll cell
frequencies or to isolate tumor cells by cell sorting. Leukemic cells derived from spleen,
PB, LN, or BM were characterized as CD19"CD5™ cells in contrast to CD19°CD5" T
cells (T), CD19°CD5™ follicular B cells (B), and CD19'CD5™ B-1 B cells (B-1). The
frequency of CD19'CD5™ cells was calulated based on all cells within the lymphocyte

gate.



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 FACSCantoll 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 10° bone marrow stromal cells (M2-10B4; ATCC) per well of a 96 well plate
were grown overnight. 1x10° splenic-derived Eu-TclI or Cxcr5” "Eu-Tcll 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
AQcous 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 Eu-Tcll leukemia cell clones
or CLL cells obtained from patient peripheral blood samples, 2x10° 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 LTalf2, where indicated.
Following overnight culture, stroma cells were irradiated with 2000 rad. Next, 1x10°
leukemia B cells were added in triplicates and mean values were calculated. Eu-Tcll
leukemia cell co-cultures were supplemented with the following murine cytokines, a y-
secretase inhibitor (DAPT) or a CXCR4 antagonist: B-cell activation factor belonging to
the TNF family (BAFF), 1 ug/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



ng/ml (all from Peprotech); DAPT, 25 uM (Selleckchem); AMD3100 octahydrochloride
hydrate, 10 ug/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 uM BrdU (Sigma)
24 and 48 hrs after the start of the co-culture.

Peripheral blood samples from treatment naive 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 uM (Selleckchem) or AMD3100, 10 ug/ml (Sigma). After 24 hrs
and 72 hrs the co-cultures were supplemented with 10 uM 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 Eu-Tcll leukemia cells were
labeled with 1uM Cell Proliferation Dye eFluor670 (eBiosciences) in PBS for 10 min at
37°C. Labeled cells (5 - 10 x 10°%) were adoptively transferred into irradiated C57BL/6
mice together with 50 ug 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.



Immunizations and screening of Eu-Tcll/BCR" "

double-transgenic mice

BCR"™" expression was determined in mice PB or spleen after repeated immunization
with hen egg lysoszme (HEL) by staining B cells with an antibody to IgM® and IgD’, an
allotypic marker that allows for the identification of BCR" -expressing B220"¢" B cells
or CD5" CD19" leukemia cells. Immunizations with 100-250 ug HEL in Sigma Adjuvant

(Sigma) was done in 3-4 weekly intervals by i1.p. injections starting at an age of 8-10

weeks. Observation periods were 3-8 months.

Chemotaxis assay. Chemotaxis assays were performed in 5-um-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-Universititsmedizin
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 CXCRS5 (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).



Immunohistology

For frozen sections, tissues were frozen in Tissue Tek OCT compound (Sakura Finetek).
Cryosections of 6 um 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 Eu-Tc/l mice or splenic B lymphocytes
derived from C57BL/6 mice were sorted and labeled with 2.5 uM SNARF-1 (Molecular
Probes) in PBS/ 2%FCS for 15 min at room temperature or with 10 uM 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 NalO4 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.



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 um

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
uM 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 10° labeled tumor cells or 1 x 10’ labeled B
lymphocytes were injected 1.v. in C57BL/6 mice. After 16 hrs, 10 - 20 ug 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 II 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 wm) were imaged. Stacks of 3 um in z- direction were recorded in 16 optical



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 RT’First 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 ul. 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 p2l1 Primer Assay,



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 Eu-Tcll and Cxcr5” "Eu-Tcll 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 Eu-Tcll samples and Cxcr5'/‘Eu—T cll samples were
equalized across groups, keeping the relative log, 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
Cxer5”Eu-Tell versus Eu-Tell 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



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 logy(ratio) with respect to
the mean expression across all samples. Bars beneath each column represent the average
loga(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 log,(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 Eu-Tcll mice versus cells derived from healthy Wt mice. These cells were
obtained by laser-microdissection of splenic folllicular B cell areas using the PixCell Ile

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-

38 MAPK(Thr180/Tyr182), anti-p38 MAPK (DI3El) XP®, anti-phospho-pBTK
p y
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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

1x10* follicular dendritic cell line FDC/HK (12) per well of a 24 well plate were grown
overnight. 1x10° splenic Eu-Tcll or Cxer5”Eu-Tell 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 Eu-Tcll 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 NacCl, 1% Nonidet P-40, 1 mM MgCl,, 0.5 mM EDTA, 0.1
mM EGTA, 1 mM phenylmethylsulfonylfluorid, 5 ug/ml aprotinin, 10 mM NaF, 1 mM
NazVO4, 2 mM B-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 Image] 1.440

software.
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Table S1. Lack of induction of BCR"*"-expressing leukemia B cells in Eu-

Tcll/BCRM™ " transgenic mice after repeated immunization with HEL

Mouse  Immunization CD5'CD19" CD5'CD19" CD5CD19"
No. HEL i.p. BCRYELY BCRHEL BCRYELY
tumor cells tumor cells (%) B cells
1 6x - - +
2 6x - - +
3 8x - - +
4 9x - 82 +
5 10x - - +
6 12x - 338 +
7 12x - 0.8 +
8 12x - 79.9 +

*BCR" ' -expression was determined in mice after repeated immunization with HEL (as
indicated) by staining the cells with an antibody to IgM® and IgD?, an allotypic marker that allows
for identification of BCR™-expressing B220™ B cells or CD5'CD19" leukemia cells.

Observation period 3-8 months.

13



Table S2. Eu-Tcll/BCR"" transgenic mice exhibit BCR"*"-expressing B220" B
u g

cells but do not develop BCR"*"-expressing leukemia B cells

Mouse No. Age CD5'CD19" CD5'CD19" CD5CD19"
(weeks) B CRHEL+ BCRHEL' B CRHEL+
tumor cells* tumor cells (%) 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 - 53 +
12 28-39 - - +
13 28-39 - 215 +
14 28-39 - 78.4 +
15 28-39 - - +
16 28-39 - 413 +
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 - 20 +
26 40-48 . - +
27 40-48 - 709 +
28 40-48 - 6.32 +
29 40-48 - 93.3 +
30 40-48 - 52 +
31 40-48 - 143 +

*BCR""-expression was determined by staining the cells with an antibody to IgM* and
IgD?, an allotypic marker that allows for identification of BCR"*"-expressing B220" B
cells or CD5'CD19" leukemia cells.
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Table S3. Oligonucleotides for gRT-PCR

Gene

APRIL F2

APRIL R2

BAFF F1
BAFF R1

BAFFR F1
BAFFR R1

BCMA F1
BCMA R1

CCL19 forw
CCL19 rev

CCL20 forw
CCL20 rev

CCL21 forw
CCL21 rev

CXCL12 forw

CXCL12 rev

CXCL13 forw

CXCLI13 rev

CXCL10 forw

CXCLI10 rev

GAPDH forw
GAPDH rev

LTo forw
LTo rev

LTp forw
LTp rev

TACI F1
TACIRI1

TNFao forw
TNFao rev

Sequence

W W

W W

W

5
5

"GTAACCCGCTCTTCCCTTCT 3’
" GGATCAGTAGTGCGACAGCA 3’

"TTGTCCAGCAGTTTCACAGC 3’
"CCGGTGTCAGGAGTTTGACT 3’

" GGACTGATACTGGCGCTGAC 3’
" CACTGCTGCTATTGCTCTGG 3’

" AACCCTCCTGCAACCTGTC 3’
"CAGCCCTGATCCTAGTCAGC 3’

" AGA CTG CTG CCT GTC TGT GA 3’

" TGC TGT TGC CTT TGT TCT TG 3’

" CGACTGTTGCCTCTCGTACA 3’
" AGGAGGTTCACAGCCCTTTT 3’

" GGGCTGCAAGAGAACTGAAC 3’
" CCGTGCAGATGTAATGGTTG 3’

" CTTCCACCAGAGCAGAGTCC 3’
" GTTTGGAGGCAAGCAGAGAG 3’

" TGACAACCCACTTCAGATGC 3’
" GGAAGCCTGCGTTTTACAAAG 3

" CCCACGTGTTGAGATCATTG 3’
" CACTGGGTAAAGGGGAGTGA 3’

" AACTTTGGCATTGTGGAAGG 3’
" ACACATTGGGGGTAGGAACA 3

" CCCATC CACTCC CTC AGA AG 3’

" CGCACTGAGGAGAGGCACAT 3’

" TAT CAC TGT CCT GGC TGT GC 3’
"TGG ATC TCT GAG GAT GCA GA 37

"CCATCTTCTGCTGTTTCTTGG 3°
" CTCCTGAGTGGGAGAACTGC 3’

TCTCATCAGTTCTATGGCCC 3
GGGAGTAGACAAGGTACAAC 3

RT’
Annealing
0

60

60-65

61

58-61

66,4

64,8

59

66,5

65,2

63,3

65,2

57,3

66,4

614

63,5

MgCl,

(mM)

2,5

2,5

2,5

2,5

2,5

3,0

3,0

2,0

4,0

3,0

2,5

2,5

2,5

2,5

2,5

Primer

(uM)

0,25

0,25

0,25

0,25

0,25

0,5

0,2

0,5

0,5

0,5

0,25

0,5

0,25

0,25

0,5

Runx2: Mouse Sonic Hedgehog Signaling Pathway PCR Array (RT* Profiler PCR Array

System, Qiagen)
p21 (Cdknla), S1prl: Mouse Cdknla, mouse S1pr2/ Mouse Gapdh (RT? gPCR Primer

Assay, Qiagen)

Human LTa, LT, TNFa, and GAPDH: RT? qPCR Primer Assay, Qiagen
q
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Supplemental Figure Legends

Figure S1. Ep-Tcll leukemia B cells show a clonal phenotype. (A) Flow cytometry
gating strategy to characterize and quantitate leukemia Eu-Tcll cell frequencies.
Leukemic cells derived from spleen, PB, LN, and BM were characterized as
CD19'CD5™ cells in contrast to CD19°CD5" T cells (T), CD19°CD5" follicular B cells
(B), and CD19°CD5" B-1 B cells (B-1). The frequency of CD19'CD5™ cells was
calulated based on all cells within the lymphocyte gate. Exemplary, splenic cells derived
from a diseased Eu-Tcll transgenic mice are depicted here. Surface expression of IgM
and B220 (B) or of CD11b and CD86 (C) on CD19°CD5™ gated tumor cells derived
from spleens of leukemic Eu-Tcll transgenic mice was assessed by flow cytometry.
Representative dot plots of two leukemic Eu-Tcll transgenic mice are shown (n=5 mice
analysed per marker (in red); isotype control (in blue). (D) Chemokine receptor CCR7,
CXCR4, and CXCRS5 expression on splenic, LN, PB, and BM derived
CD19"B220"°"CD5" gated Eu-Tcll 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 Ep-7cl/I leukemia B cells share strong
expression of CXCRS. (A) Surface expression of adhesion molecules on CD19'CD5™
gated tumor cells derived from spleens of leukemic Eu-Tcll and Cxcr5”Eu-Tell
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'CD5™) of Eu-Tell (n=3-4) and Cxcr5” Eu-Tcll

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

indicate mean + SEM of two independent experiments. (C) Detection of CXCRS5 in
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human CLL specimens in situ. Immunohistochemical detection of human CXCRS 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 CXCRS5-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 CXCRS, with medium-sized blast cells predominating over small
lymphocytes. Magnification, 400x. (D) Surface expression of the chemokine receptor
CXCRS5 on CD19°CD5™ 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 Eu-Tcll versus CXCRS-
deficient Eu-Tcll leukemias. (A) Gene expression profiling of fluorescence-activated
cell sorted (FACS) FEu-Tcll (n=6) or Cxcr5” "Eu-Tcll  (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
(CD45.17) mice were adoptively transferred (i.v.) with Eu-Tcll or CXCRS5-deficient Eu-
Tcll leukemia cells (CD45.2"). At day 3 after transfer, splenic tumor cells
(CD19°CD5°CD45.2") and endogenous B lymphocytes (CD19'CD5CD45.2") 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, Wntl10a, and Wntl0b and Runx2 in Eu-Tcl/l (n=3) or CXCRS5-deficient Eu-Tcll
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. 1x10° splenic-derived Eu-Tcll (n=6 independent clones) or
Cxcr5”Eu-Tell (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 ¢ test. *P < 0.05; **P < 0.01; n.s., non-significant.

Figure S4. Migratory routes and temporal migration pattern of Ccr7 Eu-Tcll and
Ebi2” "Eu-Tcll leukemia B cells to and within lymphoid follicles.

(A) Splenic Cer7 Eu-Tell leukemia cells (CD5'CD19") were purified by FACS and
2x10” 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"B2207; RP) and T cell zone (MOMA-1"B2207; 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 : "Eu-Tcll 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 um.

(B) Adoptive transfer of 2 x 107 splenic leukemia cells of Ebi2” Eu-Tell 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°CD21™CD23") and Ebi2”Eu-Tcll
lymphoma cells were sorted and labeled with cell tracker dyes CMAC (FoB, blue) and
SNARF-1 (leukemia cells, red), respectively. 1x10” 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 um. (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 Eu-Tcll and 7-19 (n=17), 20-27 (n=18), 28-39
(n=16), and 40-48 (n=4) week-old Ebi2”Eu-Tcll mice was quantitated by flow
cytometry. Tumor cells were defined as CD19"B220"°"CD5". Error bars indicate mean +
SEM. Applying the unpaired Student’s ¢ 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.
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Figure S6. PTX treatment induces Eu-7clI cell apoptosis.

(A) On the left, forward scatter (FSC) and side scatter (SSC) profiles of Eu-Tc/
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 x10° human CLL leukemia cells were
seeded in triplicates on top of unstimulated (control group) or LTalB2 prestimulated
FDC-HK stroma cells alone, or together with I1-15, and the Notch-inhibitor DAPT, as
indicated. After 24 and 72 hrs of co-culture, cells were supplemented with 10 uM 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 um.

Figure S8. Eu-Tcll 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 10° sorted Eu-TclI cells were i.v. transferred into RagZ’/ " mice (n=4). Splenic
sections were stained 21 days after transfer for IgM" Eu-Tcll cells and the CD21°CD35"
FDC networks (upper left), for MAACAM-1" MRCs and CXCL13 expression (upper
right), for MAdACAM-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 um. (B) Quantitative RT-PCR of total
splenic lymphotoxin (LT), TNFa, CXCLI13, and BAFF transcripts in RagZ'/ " mice
challenged with Eu-Tcll 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 LTa-LTBR signaling axis is crucial for maintaining stroma cell
networks and a lymphoma growth-promoting environment. (A) /n vivo blockage of
the LTPR signaling pathway by treatment of Eu-7cll mice with either 100 ug LTPR-Ig
(n=9; right) 1.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 um. (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 Eu-Tcll and 20-
27 (n=4), 28-39 (n=5), and 40-48 (n=9) week-old Lt Eu-Tcll mice was quantitated by

flow cytometry analysis. Percentage of infiltrating tumor cells per organ was determined
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by gating on CD19"B220"CD5" cells. Error bars indicate mean = SEM. P values were

determined by unpaired Student’s ¢ test. *P < 0.05; **P < 0.01; ***P < 0.001.

Movie S1. Follicular motility of Eu-TclI leukemia cells. Five x 10° labeled tumor cells
were injected 1.v. in C57BL/6 mice. After 16 hrs, 10 - 20 ug 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 pum 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 10° labeled tumor cells or 1 x 10’
labeled B lymphocytes were injected 1.v. in C57BL/6 mice. After 16 hrs, 10 - 20 ug
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 um 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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Figure S1
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Figure S2
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Figure S3
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Figure S4
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Figure S7
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