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The splenic marginal zone shapes the phenotype of leukemia B cells and facilitates
their niche-specific retention and survival
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ABSTRACT
Microenvironmental regulation in lymphoid tissues is essential for the development of chronic
lymphocytic leukemia. We identified cellular and molecular factors provided by the splenic marginal zone
(MZ), which alter the migratory and adhesive behavior of leukemic cells. We used the Cxcr5¡/¡Em-Tcl1
leukemia mouse model, in which tumor cells are excluded from B cell follicles and instead accumulate
within the MZ. Genes involved in MZ B cell development and genes encoding for adhesion molecules
were upregulated in MZ-localized Cxcr5¡/¡Em-Tcl1 cells. Likewise, surface expression of the adhesion and
homing molecules, CD49d/VLA-4 and CXCR7, and of NOTCH2 was increased. In vitro, exposing Em-Tcl1
cells or human CLL cells to niche-specific stimuli, like B cell receptor- or Toll-like receptor ligands, caused
surface expression of these molecules characteristic for a follicular or MZ-like microenvironment,
respectively. In vivo, inhibition of VLA-4-mediated adhesion and CXCL13-mediated follicular homing
displaced leukemic cells not only from the follicle, but also from the MZ and reduced leukemia
progression. We conclude that MZ-specific factors shape the phenotype of leukemic cells and facilitate
their niche-specific retention. This strong microenvironmental influence gains pathogenic significance
independent from tumor-specific genetic aberrations.
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Introduction

Low-grade B cell malignancies, including chronic lymphocytic
leukemia (CLL), follicular lymphoma (FL), and splenic mar-
ginal zone lymphoma (SMZL), are highly dependent on the
microenvironment. Tumor cells can alter their microenviron-
ment by cell-cell contacts or by the provision of paracrine fac-
tors. Conversely, the tumor microenvironment itself can
effectively support survival and proliferation of tumor cells,
either by donating growth and survival factors, or by protection
from immune attack.1 Much less is known about the impact of
the growth and survival niche on the cellular phenotype of
tumor cells itself, which is believed to depend on the tumor
cells intrinsic genetic program only. Previously, the relevance
of a crosstalk between neoplastic B cells and the tissue microen-
vironment has been recognized and critical cellular and molec-
ular interaction partners have been identified. Malignant B cells
recapitulate physiologic processes of B cells and show a con-
served pattern of dissemination to anatomic niches of second-
ary lymphoid organs (SLOs). Surface expression of distinct
chemokine receptors in cooperation with adhesion molecules
are correlated with nodal homing of B cell non-Hodgkin’s lym-
phoma (NHL) and Hodgkin’s lymphoma (HL).2

In CLL, tumor cells interact with a variety of different stro-
mal cells, such as mesenchymal stromal cells, monocyte-
derived nurse-like cells, and also with T lymphocytes and mye-
loid cells.3,4 Employing the murine Em-Tcl1 transgenic model

of CLL, we recently demonstrated that malignant B cells home
to the B cell follicle, where they find a growth-promoting
microenvironment in close proximity to the follicular dendritic
cell network (FDC). FDCs secrete CXCL13, the ligand for the
chemokine receptor CXCR5, and the CXCL13/CXCR5 signal-
ing axis mediates the recruitment of leukemic cells toward fol-
licular FDCs.5 Enhanced antigen-stimulated BCR signaling has
been correlated with the clinical course of human CLL.6 In the
Em-Tcl1 CLL model, we found enhanced expression of phos-
phorylated tyrosine kinases, i.e., ZAP-70 and BTK, indicating
increased BCR activity. Deletion of CXCR5 blocked the entry
of leukemic B cells into the B cell follicle and impaired leukemia
progression. Instead, Cxcr5¡/¡Em-Tcl1 tumor cells resided in
the splenic marginal zone (MZ).5 The MZ is at the border
between red (RP) and white pulp (WP) and serves as a transit
area for haematopoietic cells coming from the bloodstream and
entering the WP. Resident cells of the MZ are involved in
T cell-dependent and -independent immune responses to
blood-borne pathogens. In mice, the MZ is composed of spe-
cialized macrophages, marginal reticular cells (MRC), and MZ
B cells. In human SMZL, a B cell lymphoma located in the MZ
of SLOs, lymphoma cells express functional toll-like receptors
(TLRs) and their stimulation by microbial antigens contributes
to disease pathobiology.7

Despite a denied access to the follicle, we observed expan-
sion of Cxcr5¡/¡Em-Tcl1 leukemic cells within the MZ.5 We
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now asked if these tumor cells have the flexibility to adapt to
their microenvironment and what factors facilitate this pheno-
typic diversity. We found that murine and human CLL cells
acquired an inducible expression of homing and adhesion fac-
tors characteristic for a follicular or MZ-like microenvironment
upon niche-specific stimuli. Finally, we identified the integrin
CD49d as a crucial mediator for leukemic cell retention in the
MZ and inhibiting both, the CXCR5/CXCL13-mediated migra-
tion and CD49d-mediated retention, resulted in a strongly
reduced leukemia progression.

Results

Differentially expressed genes and increased surface
expression of homing molecules in Cxcr5¡/¡Em-Tcl1 cells
is associated with their migration and positioning within
the MZ

We recently showed that Cxcr5¡/¡Em-Tcl1 leukemia cells are
excluded from the B cell follicle and instead accumulate within
the splenic marginal zone (MZ).5 In this study, we asked what
cellular and molecular factors determine the positioning and
expansion of Cxcr5¡/¡Em-Tcl cells in the MZ.

Benign MZ B cells are directed to the splenic MZ by the
sphingosine 1-phosphate (S1P) receptors 1 and 38 and the che-
mokine receptor CXCR7.9 Hence, we addressed if S1P1 deter-
mines the positioning of Cxcr5¡/¡Em-Tcl cells in the MZ.
Cxcr5¡/¡Em-Tcl1 cells showed a trend toward an enhanced
S1P1 expression and an increased migratory capability in com-
parison to Em-Tcl1 cells (Figs. S1A and B). However, when we
applied the S1P antagonist FTY720 13 h after adoptive transfer
of SNARF-labeled Em-Tcl1 or Cxcr5¡/¡Em-Tcl1 cells in wt
recipients, the frequency and positioning of tumor cells in the
MZ, WP, and RP was not impaired (Figs. S1C and E). FTY720
treatment was confirmed by a drop in the frequency of periph-
eral CD3C blood lymphocytes (Fig. S1D). Next, we analyzed
CXCR7 surface expression on Em-Tcl1 or Cxcr5¡/¡Em-Tcl1
cells 3 d after adoptive transfer in congenic recipients. MZ-
localized Cxcr5¡/¡Em-Tcl1 exhibited substantially increased
CXCR7 surface expression compared with Em-Tcl1 cells that
homed to the follicle. (Fig. S1F).

To identify additional molecules that retain Cxcr5¡/¡Em-
Tcl1 cells in the MZ, we used recently generated genome-wide
expression data5 and identified genes expressed differentially
between Cxcr5¡/¡Em-Tcl1 and Em-Tcl1 cells. We found upre-
gulation of two genes encoding for lymphocyte transcription
factors associated with SMZL development in Cxcr5¡/¡Em-Tcl1
cells, Pax5 (log2 fold D 0.581, p D 0.0084) and Notch2 (log2
fold D 0.6643, p D 0.0003) (Fig. 1A). Pax5 is expressed in
SMZL cells and is overexpressed in some SMZL patients due to
Pax5 translocations.10 Notch2 is also frequently mutated in
SMZL11 and is important in the development of MZ B cells.12

Genes associated with migration and adhesion were also dif-
ferentially expressed in Cxcr5¡/¡Em-Tcl1 cells, i.e., genes
encoding cannabinoid receptor 2 (Cnr2 log2 fold D 0.7885, p D
0.031) (Fig. S2A), integrin a8 (Itga8 log2 fold D 0.9182, p D
0.0214) and integrin a4 (Itga4 log2 fold D 0.4222, p D 0.0207)
(Fig. 1B). Molecules involved in integrin activation or down-
stream integrin signaling (CD9 log2 fold D 0.6290, p D 0.0275;

Ptk2 or FAK log2 fold D 1.668, p D 0.0033; Vav1 log2 fold D
0.3715, p D 0.0016; Pik3cb log2 fold D 0.5224, p D 0.0121)
were upregulated in Cxcr5¡/¡Em-Tcl1 cells. Integrin a4 forms
the heterodimer VLA-4 with integrin b1 (CD29) and is
involved in retention of MZ B cells in the MZ.13 Integrin a6, an
alternative binding partner of CD29,14 was downregulated in
Cxcr5¡/¡Em-Tcl1 cells (Itga6 log2 fold D ¡1.0109, p D 0.0037),
which could increase the amount of CD29 available for associa-
tion with CD49d to form VLA-4.

Genes that are differentially expressed between MZ and fol-
licular B cells may also be detectable in Cxcr5¡/¡Em-Tcl1 versus
Em-Tcl1 cells (Figs. S2B–D). The GPI-anchored glycoprotein
CD59a (log2 fold D 1.2447, p D 0.0127) was upregulated in MZ
B and Cxcr5¡/¡Em-Tcl1 leukemia cells. CD59a inhibits cell lysis
through complement activation by inhibiting formation of the
membrane attack complex.15 Upregulation of CD59a could
protect both MZ B cells and Cxcr5¡/¡Em-Tcl1 cells from com-
plement-mediated cell lysis. Gene expression of activated leu-
kocyte cell adhesion molecule (ALCAM), an adhesion molecule
linked to migration of various leukocytes,16 was downregulated
in Cxcr5¡/¡Em-Tcl1 cells and MZ B cells (log2 fold D ¡1.0914,
p D 0.0023) (Fig. S2D).

Cell surface expression of adhesion molecules is crucial for
their functionality. We found that surface expression of
ALCAM was lower on Cxcr5¡/¡Em-Tcl1 cells, while CD49d,
CD29, and NOTCH2 expression was higher compared with
Em-Tcl1 cells (Fig. 1C).

In summary, genes encoding mainly for molecules involved
in the positioning of MZ or follicular B cells were differentially
expressed in Cxcr5¡/¡Em-Tcl1 versus Em-Tcl1 cells, indicating
that they were linked to the specific local microenvironment
tumor cells are exposed to. In line with this, MZ-positioning of
Cxcr5¡/¡Em-Tcl1 leukemic cells was associated with an upregu-
lation of CD49d, CD29, CXCR7, and NOTCH2 surface
expression.

Surface expression of adhesion molecules is modulated
in vitro by niche specific factors

To dissect the influence of defined stimuli in vitro, Em-Tcl1 cells
were co-cultured on the bone marrow (BM) stromal cell line
M2-10B4.17 Co-cultures were stimulated with or without differ-
ent supplements and cell surface expression of ALCAM,
CD49d, and NOTCH2 was analyzed after 24 h. Culturing
tumor cells with stromal cells alone only modestly affected sur-
face expression of these molecules, but increased the number of
living (7-AAD¡) cells (Figs. S3A and B). Next, we treated Em-
Tcl1 cells with a BCR cross-linking anti-IgM antibody. This
treatment reduced CD49d surface expression by 51 § 15% and
upregulated ALCAM expression by 2.6 § 1.6-fold. NOTCH2
expression was reduced to some modest extent (Fig. 2A).

We tested if inhibition of the Bruton’s tyrosine kinase
(BTK), a key component of BCR signaling and function,18 had
an effect on surface expression of ALCAM, CD49d, and
NOTCH2. Treatment with the BTK inhibitor Ibrutinib reduced
ALCAM and NOTCH2 expression levels by 40 § 16% and 55
§ 24% on Em-Tcl1 cells, respectively (Fig. 2B). CD49d expres-
sion levels were unaltered 24 h after BTK inhibition. In line
with our result, downregulation of VLA-4 on human CLL cells

e1323155-2 V. STACHE ET AL.



Figure 1. Genes involved in migration and adhesion are differentially expressed between Em-Tcl1 and Cxcr5¡/¡Em-Tcl1 leukemia cells. (A) Genome-wide expression analy-
sis of sorted Em-Tcl1 (n D 6) or Cxcr5¡/¡Em-Tcl1 (n D 5) cells was performed.5 Genes encoding lymphocyte associated transcription factors were upregulated in Cxcr5¡/

¡Em-Tcl1 compared with Em-Tcl1 cells (black bars), genes downregulated in Cxcr5¡/¡Em-Tcl1 cells are shown with gray bars. (B) Genes that are included in gene ontology
terms related to lymphocyte adhesion and migration and are differentially expressed between Cxcr5¡/¡Em-Tcl1 and Em-Tcl1 cells are shown. Genes implicated in MZ B
cell retention and positioning are marked by a filled circle (�), genes frequently mutated in SMZL by an asterisk (�) and genes involved in integrin signaling by an open cir-
cle (�). (C) Splenic CD5§CD19§ leukemia cells from Em-Tcl1 (n D 6) and Cxcr5¡/¡Em-Tcl1 (n D 8) mice were analyzed for surface expression of ALCAM, CD49d, CD29, and
NOTCH2 in four independent experiments. Representative histograms are shown. Bar diagrams represent the gMFIs normalized against a FMO plus isotype control, means
and SEMs are depicted. p values shown were determined by Mann-Whitney U test.
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was only observed after longer treatment with Ibrutinib, while
effects on adhesion were already detectable few hours after
Ibrutinib treatment.19 BTK can regulate protein kinase C
(PKC) activation.20 Hence, we treated leukemic cells with phor-
bol 12-myristate 13-acetate (PMA), which activates PKC
directly. PMA treatment inversed the effect of BTK inhibition
by upregulating cell surface expression of ALCAM (3.5 § 1.9-
fold) and NOTCH2 (2 § 1.1-fold), and reduced CD49d expres-
sion levels by 58 § 11% (Fig. 2C).

BTK is also involved in chemokine receptor-,21 IL-6-,22

CD40-,23 and TLR-mediated signaling.24,25 To inhibit

chemokine receptor-mediated signals, Em-Tcl1 cells were
treated with pertussis toxin (PTX), an inhibitor of Gai/o-pro-
teins. Twenty-four hours after treatment, CD49d and ALCAM
expression levels were slightly downregulated. Treatment with
IL-6 or with sCD40L had no influence on ALCAM and CD49d
and only a minor effect on NOTCH2 expression (Fig. S3C).

Surface expression of adhesion molecules
can be modulated in vitro by TLR stimulation

Within the MZ of the spleen, immune cells are strongly
exposed to bacterial antigens or unmethylated DNA, which can
be recognized by TLRs. Stimulation of TLR signaling activates
IRAK kinases, MAPK, and NF-kB signaling pathways26 and is
associated with BTK and PKC activity.25,27 Human B-CLL and
SMZL cells express numerous TLRs, i.e., TLR1, TLR2, TLR6,
TLR7, TLR9, and TLR10.7,28,29 Engagement of these receptors
with their respective ligands leads to activation or proliferation
of CLL,28,29 and SMLZ7 cells. CLL cells in LNs showed upregu-
lation of gene sets, indicating TLR signaling, compared with
CLL cells from blood and BM.30

Splenic Em-Tcl1 leukemic cells highly expressed TLR2 and
TLR9, whereas TLR4 was only modestly expressed following
LPS stimulation (Fig. 3A). Co-cultured Em-Tcl1 cells were stim-
ulated with or without TLR1/2 (PAM 3CSK4), TLR6/2 (FSL-1),
TLR4 (LPS), and TLR9 (CpG ODN 1826) specific agonists, and
expression of ALCAM, CD49d, and NOTCH2 was analyzed
after 24 h. Stimulation of TLR1/2, TLR4, or TLR9 increased
ALCAM and NOTCH2 surface expression by 1.8 § 0.5–2.7 §
1.3-fold and 2.9 § 1.6–4.5 § 3.0-fold, respectively (Figs. 3B–
D). CD49d expression was only significantly induced by the
TLR6/2-ligand FSL-1 (Fig. 4A). FSL-1 induced strong upregula-
tion of ALCAM (1.9 § 0.3-fold) and NOTCH2 (3.3 § 1.6-fold)
expression but also a significant upregulation of CD49d (1.5 §
0.3-fold). Next, we introduced an inhibitor for IRAK1/4 that
inhibits the activation of IRAK kinases by TLR1/2, TLR6/2,
and TLR9 stimulation.7 Three hours later, cells were stimulated
with FSL-1. TLR6/2-ligand induced changes in ALCAM and
CD49d surface expression could be effectively reversed by
IRAK1/4 inhibition, whereas upregulation of NOTCH2 was
only partially inhibited (Fig. 4B).

Colletively, in vitro exposure to niche-specific stimuli could
recapitulate cell surface expression pattern for CD49d and
NOTCH2 as observed in vivo on follicle- versus MZ-exposed
tumor cells. This indicates that localization within specific
splenic niches can modulate the phenotype of Em-Tcl1 leuke-
mic cells.

Surface expression of ALCAM and NOTCH2 on primary
human CLL cells is upregulated by BCR and TLR2/6
activation and reduced by Ibrutinib treatment

Because the provision of splenic tissue samples from untreated
CLL patients is not feasible, CLL cells from the peripheral blood
of six untreated CLL patients were isolated instead and co-cul-
tured with immobilized a-IgM (Fig. 5A) or on M2-10-B4 stro-
mal cells as described before for murine Em-Tcl1 cells
(Fig. S3A). Culturing human CLL cells with stromal cells alone
had no effect on surface expression of adhesion molecules or

Figure 2. Surface expression levels of ALCAM, CD49d, and NOTCH2 on Em-Tcl1
tumor cells can be altered by BTK- and PKC-dependent signaling. M2-10B4 stromal
cells were grown for 72 h on 24-well plates and irradiated. Four £105 tumor cells/
ml were added supplemented with (A) a BCR cross-linking a-IgM Ab, (B) the BTK
inhibitor Ibrutinib, or (C) the PKC activator PMA at the indicated concentrations.
Surface expression of ALCAM, CD49d, and NOTCH2 was assessed after 24 h of co-
culture. Dead cells were excluded with 7-AAD. For each treatment 3–5 indepen-
dent experiments were conducted with in total 6–10 different Em-Tcl1 cell clones.
Representative histograms of one clone are shown. Clone-specific differences were
normalized by dividing the gMFI of each treated sample with the gMFI of the cor-
responding untreated sample and bar diagrams represent means and SEMs of fold
gMFIs. p values shown were calculated with the Wilcoxon signed rank test against
a theoretical median of 1.
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NOTCH2 but increased the number of living (7-AAD¡) cells
(Figs. S4A–C). Stimulation with a BCR cross-linking anti-IgM
antibody induced only a mild upregulation of ALCAM and
NOTCH2 (Fig. 5A), possibly because peripheral blood CLL
cells are no longer sensitive to BCR activation through IgM-
crosslinking. In line with the murine data, surface expression of

ALCAM and NOTCH2 was substantially upregulated on CLL
cells treated with the TLR2/6 agonist FSL-1 (Fig. 5B). Treat-
ment with the BTK inhibitor Ibrutinib reduced expression of
both molecules (Fig. 5C). CD49d expression was absent on 4
out of 6 CLL samples and expression levels were not substan-
tially modulated by BCR or TLR activation. Culturing blood-
derived CLL cells exhibiting low CD49d expression levels with
stromal cells up to 96 h did not lead to further upregulation of
CD49d expression (Fig. S4B). The observed discrepancy to our
mouse data might be explained by this lack or downregulation
of CD49d expression on peripheral blood CLL cells. CD49d/
VLA-4 expression has been described as an independent nega-
tive overall survival prognosticator in CLL.31,32 Hence, the
murine Em-Tcl1 model resembles more the agressive CD49d§

subgroup of CLL patients, whereas the CLL samples made
available for us displayed low or absent CD49d expression lev-
els. This might also explain the observed discrepancies of our
mouse data.

Nevertheless, the modulation of expression pattern of
ALCAM and NOTCH2 by niche-specific stimuli could be con-
firmed for human CLL cells, supporting their phenotypic adap-
tion and flexibility.

Differential surface expression of adhesion molecules
is regulated by CXCR5-dependent compartment-specific
homing

Gene expression analysis and co-culture experiments were per-
formed with splenic tumor cells of Em-Tcl1 and Cxcr5¡/¡Em-
Tcl1 mice with a tumor burden from 20 to 40%. Hence, the
splenic compartimentalization of the B, T cell zone, and MZ
was no longer conserved. To reintroduce Em-Tcl1 cells into an
intact splenic architecture, we transferred Em-Tcl1 and Cxcr5¡/

¡Em-Tcl1 cells into wt mice (Fig. 6A). Three days after transfer,
surface expression of ALCAM and NOTCH2 was assessed on
re-isolated splenic tumor cells (Fig. 6A). As observed in the
transgenic mice, ALCAM expression was higher in Em-Tcl1
cells, which homed to the follicle, whereas NOTCH2 expression
was higher in MZ-localized Cxcr5¡/¡Em-Tcl1 cells. In benign B
cells, interferon regulatory factor-4 (IRF4) expression is associ-
ated with NOTCH2 activity. IRF4-deficiency caused upregula-
tion of NOTCH2 and replacement of mature B cells from the
follicle into the MZ.33 Here, we isolated mRNA from Em-Tcl1
and Cxcr5¡/¡Em-Tcl1 cells 3 d after transfer and found that
NOTCH2 expression was higher in Cxcr5¡/¡Em-Tcl1 cells,
whereas IRF4 expression was reduced (Fig. 6B). This implicates
that NOTCH2 expression could be negatively controlled by
IRF4 signaling also in malignant B cells.

To exclude that CXCR5-deficiency itself rather than the
microenvironment caused altered expression of adhesion mole-
cules, we transferred Em-Tcl1 cells into wt and Cxcl13¡/¡ mice.
In Cxcl13¡/¡ mice, B cells fail to home to the B cell follicle
whose formation is impaired.34 Three days after transfer, Em-
Tcl1 cells homed to the B cell follicle in wt recipients, whereas
in Cxcl13¡/¡ mice tumor cells were found in the MZ (Fig. 6C).
Em-Tcl1 cells isolated from Cxcl13¡/¡ mice exhibited higher
VLA-4 expression compared with cells from wt mice (Fig. 6D).
Thus, leukemia cells exposed to a MZ environment upregulated

Figure 3. Activation of TLR-dependent signaling alters cell surface expression of
ALCAM, CD49d, and NOTCH2 on Em-Tcl1 tumor cells. (A) 4 £105 Em-Tcl1 cells/mL
were co-cultured with M2-10B4 cells and supplemented with either 100 ng/mL
TLR1/2 ligand PAM3CSK4, 100 ng/mL TLR4 activator LPS, 500 nM TLR9 ligand
ODN1826 or without. Surface expression of TLR2 (CD282), 4 (CD284), and intracel-
lular expression of TLR9 (CD289) was assessed after 24 h. Representative histo-
grams from n D 7 Em-Tcl1 leukemia cell clones analyzed in three independent
co-culture experiments are depicted. (B–D) 4 £ 105 tumor cells/ml were supple-
mented with either (B) TLR1/2 agonist PAM 3CSK4, (C) LPS, or (D) stimulatory class
B CpG ODN1826, a TLR9 agonist. Surface expression of ALCAM, CD49d, and
NOTCH2 was assessed after 24 h. Per treatment 3–5 independent experiments
were conducted with in total 6–10 tumor cell clones. Representative histograms of
one clone are shown. Clone specific differences were normalized by dividing the
gMFI of each treated sample with the gMFI of the corresponding untreated sample
and bar diagrams represent means and SEMs of fold gMFIs. p values were calcu-
lated with the Wilcoxon signed rank test against a theoretical median of 1.
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expression of VLA-4 compared with tumor cells exposed to the
follicular microenvironment.

Combined CXCL13 and VLA-4 inhibition reduces tumor
growth

To test if VLA-4 is functionally important for the retention of
Cxcr5¡/¡Em-Tcl1 cells in the MZ, we administered an inhibi-
tory anti-CD49d Ab in a short-term adoptive transfer experi-
ment. A significant fraction of Cxcr5¡/¡Em-Tcl1 cells was
displaced from the MZ to the RP (Fig. 7A and Fig. S5). Thus,
VLA-4 is crucial for the retention of Cxcr5¡/¡Em-Tcl1 leukemia
cells within the MZ. Next, Em-Tcl1 leukemia cells were trans-
ferred into wt recipients, which were then treated with an
inhibitory anti-VLA4 Ab, an inhibitory anti-CXCL13 Ab, a
combination of both, or with an isotype control over 3 weeks
(Fig. 7B). Anti-VLA-4 Ab treatment alone did not interfere
with follicular tumor cell homing (Fig. 7C), but their overall
frequency was reduced (Fig. 7D). Anti-CXCL13 Ab treatment
alone caused exclusion of Em-Tcl1 leukemia cells from the B
cell follicle and a reduction in tumor growth, as described
before.5 Most importantly, mice treated with a combination of
anti-CXL13 and anti-VLA4 Abs showed the lowest leukemia

progression (Figs. 7C and D), suggesting that when leukemic
cells were not only excluded from the follicle but additionally
from the MZ, tumor expansion can be further reduced.

Discussion

Distinct microanatomical environments in both, BM and SLOs,
serve as protective niches and sites of leukemic cell
proliferation.3,6,35

We recently showed that CXCR5-deletion displaced Em-Tcl1
leukemic cells from the B cell follicle into the MZ of the spleen.5

Notably, human SMZL, which is also positioned extra-follicu-
larly, exhibits lower expression of CXCR5 and reduced migra-
tory responses toward CXCL13 compared with follicular-
located lymphoma.36

In this study, we now elucidate what cellular and molecular fac-
tors provided by the MZ may account for leukemic cell retention
and expansion.We provide experimental evidence that theMZ has
a direct impact on the leukemic cell phenotype. Using unbiased
genome-wide expression arrays, we found that genes involved in
the development of MZ B cells and the formation of SMZL were
upregulated in Cxcr5¡/¡Em-Tcl1 cells as well as homing receptors
and adhesion molecules mediating retention of MZ B cells. The

Figure 4. TLR6/2-ligand induced changes in cell surface expression of ALCAM and CD49d could be effectively reversed with IRAK1/4 inhibition. (A) 4£ 105 tumor cells/ml
were supplemented with the TLR2/6 agonist FSL-1. Surface expression of ALCAM, CD49d, and NOTCH2 was assessed after 24 h. Per treatment 3–5 independent experi-
ments were conducted with in total 6–10 tumor cell clones. Representative histograms of one clone are shown. Clone-specific differences were normalized by dividing
the gMFI of each treated sample with the gMFI of the corresponding untreated sample and bar diagrams represent means and SEMs of fold gMFIs. (B) 4 £105 tumor
cells/mL were added in medium supplemented with 10 mM IRAK1/4-Inhibitor or DMSO. After 3 h, cultures were supplemented 1:1 with medium plus 20 mg/mL or
200 mg/mL of the TLR2/6 ligand FSL-1. Surface expression of ALCAM, CD49d, and NOTCH2 was assessed after 24 h. Means and SEMs of fold gMFIs are shown. Per treat-
ment 3–5 independent experiments were conducted with in total 6–10 tumor cell clones. p values were calculated with the Wilcoxon signed rank test against a theoreti-
cal median of 1.
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adhesion molecule CD49d, which is upregulated in Cxcr5¡/¡Em-
Tcl1 cells, is crucially involved in MZ B cell retention.13 In human
SMZL, higher expression levels of CD49d have been described
compared with human CLL cells.37

We additionally found enhanced expression of NOTCH2. Acti-
vation of the NOTCH2 pathway has been linked to B cell retention
in the MZ33 and constitutive expression of active NOTCH2 gives
rise to increased numbers ofMZ versus follicular B cells.38

ALCAM, which is downregulated in MZ versus follicular B
cells,33,39 was also downregulated on Cxcr5¡/¡Em-Tcl1 compared

with follicular-located Em-Tcl1 cells. In support of the gene expres-
sion data, differences in surface expression levels between leukemic
cells derived from Cxcr5¡/¡Em-Tcl1 or Em-Tcl1 mice were con-
firmed for CD49d, ALCAM, and NOTCH2. Similar to the genetic
deletion of CXCR5, functional ablation of the CXCL13/CXCR5 sig-
naling axis induced upregulation of CD49d and the accumulation
of leukemia cells in theMZ.

These results raised the question what compartmental fac-
tors and molecular pathways in the stromal MZ were capable
of inducing phenotypical changes. Antigenic stimulation
through immune receptors such as BCR and TLR, has been
postulated to be involved in the development of CLL and
SMZL,40-42 in addition expression of functional TLRs and sig-
naling molecules were described in CLL,28,29,43 and SMZL.7

Mutations in genes that are activated through BCR signaling or
toll-like and interleukin signaling were associated with consti-
tutive activation of TLR-signaling and a higher histological
score in SMZL.44,45

Antibody-mediated BCR stimulation, a stimulus provided in
B cell follicles, induced upregulation of ALCAM in a probably
BTK- and PKC-dependent manner, whereas a PKC-dependent
downregulation of CD49d occurred. Hence, strong in vitro acti-
vation of the BCR enhanced the expression of surface molecules
that were also exhibited by leukemia cells localized in the folli-
cle in vivo. In contrast, Em-Tcl1 cells exposed to a milieu mim-
icking the MZ microenvironment, as characterized by the
presence of bacterial antigens, exhibited upregulated NOTCH2
and CD49d surface expression. Thus, this inducible phenotype
recapitulated the expression pattern of MZ-localized Cxcr5¡/

¡Em-Tcl1 cells in vivo.
Recently, a study in IRF4-deficient mice showed that

replacement of benign follicular B cells into the MZ was associ-
ated with enhanced NOTCH2 expression.33 The authors con-
cluded that IRF4 controls the positioning of B cells in SLOs by
regulating NOTCH2 expression. However, a causal molecular
link of how IRF4 regulates NOTCH2 expression was not pro-
vided. Here, we demonstrate instead that external stimuli in the
MZ were sufficient to alter expression of NOTCH2 and adhe-
sion molecules. These results were further strengthened by our
data showing that surface expression of NOTCH2 and adhe-
sion molecules was upregulated on primary human CLL cells
upon TLR stimulation. Notably, activating NOTCH2 muta-
tions have been frequently found in patients with SMZL.11,46

Because MZ-positioned Cxcr5¡/¡Em-Tcl1 cells concomitantly
downregulated IRF4 and upregulated NOTCH2, we propose an
alternative explanation for dysregulated NOTCH2 expression.
IRF4 does not necessarily act upstream of NOTCH2, but could
influence indirectly the localization of B cells in the MZ by
altering expression levels of homing receptors. Within the MZ,
stimulatory factors may then be provided that alter NOTCH2
activity and subsequently, expression of adhesion molecules
that facilitate B cell retention in the MZ.

Collectively, our results indicate that the splenic MZ can
modulate expression of surface molecules on Em-Tcl1 cells and
by that, impact on their further retention therein.

Splenic MZ B cells rapidly respond to blood-borne antigens
after sensing conserved microbial molecular signatures via
TLRs.47 Human B-CLL and SMZL cells also express a wide
range of TLRs and their stimulation leads to activation and

Figure 5. The surface expression of ALCAM and NOTCH2 on human CLL cells can
be modulated by BCR and TLR activation and by Ibrutinib treatment. CLL cells
were isolated from peripheral blood of six untreated CLL patients and cultured in
96-well plates with immobilized a-IgM antibodies (A) or in 24-well plates on irradi-
ated M2-10B4 cells for 24 h supplemented with either the TLR6/2 agonist FSL-1 (B)
or the BTK inhibitor Ibrutinib (C). ALCAM, CD49d, and NOTCH2 expression of
CD5CCD19C7-AAD¡ leukemia cells was determined. Representative histograms
from four independent experiments are shown. Bar diagrams represent means
and SEMs of fold gMFIs. gMFI values were divided by the gMFI value of the appro-
priate untreated control. p values shown were calculated with Wilcoxon signed
rank test against a theoretical median of 1.
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proliferation of tumor cells.7,28,29 An IRAK1/4 kinase-specific
inhibitor blocked TLR-mediated pro-survival effects and it was
suggested that this pathway represents a putative therapeutic
target.7 In the Em-Tcl1 mouse model, unabated TLR-mediated
stimulation caused accelerated leukemia progression.48 We
show that Em-Tcl1 cells expressed TLR2, TLR4, and TLR9 and

upon ligand-specific stimulation, surface expression of
NOTCH2, ALCAM, and CD49d was altered. Importantly,
TLR6/2-ligand induced changes in ALCAM and CD49d
expression were effectively reversed by an IRAK1/4 kinase
inhibitor. We conclude that TLR stimulation induces the upre-
gulation of adhesion molecules, which facilitates retention of

Figure 6. Altered expression levels of ALCAM, CD49d, and NOTCH2 on Em-Tcl1 tumor cells in vivo is dependent on the microenvironmental context. (A–B) 1.5 £ 107 Em-
Tcl1 or Cxcr5¡/¡Em-Tcl1 cells were transferred i.v. into wt mice. After 3 d, (A) cells were re-isolated and surface expression of ALCAM and NOTCH2 was determined. Repre-
sentative histograms show ALCAM and NOTCH2 expression on Em-Tcl1 (solid gray) or Cxcr5¡/¡Em-Tcl1 (black line) cells. Bars represent mean expression levels § SEM of
three independent experiments with total n D 8–9 mice per group. (B) Quantitative RT-PCR of NOTCH2 and IRF4 expression in sorted CD5CCD19C tumor cells was per-
formed. Transcript expression was normalized to Gapdh. Error bars indicate mean § SEM of five independent experiments (n D 8–9 mice per group). (C) 1 £ 106

RFPCEm-Tcl1 cells were transferred in wt (n D 5) and Cxcl13¡/¡ mice (n D 5) and re-isolated from spleens after 3 d. Representative splenic sections were stained for TCL
(pink), B220 (B cells, blue), and MOMA-1 (MMMs, green). Scale bars, 100 mm. (D) Surface expression of both VLA-4 subunits (CD49d and CD29) was assessed on RFPC

tumor cells. Means § SEM of two independent experiments are shown. Representative histograms show CD49d and CD29 expression on RFP§Em-Tcl1 cells derived from
Wt (solid gray) or Cxcl13¡/¡ (black line) mice. p values were determined by the Mann-Whitney test.
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leukemic cells in a growth-promoting niche. Additionally,
within the MZ Cxcr5¡/¡Em-Tcl1 leukemic cells recapitulate
some features of human SMZL cells, including susceptibility
toward TLR stimulation, upregulation of transcription factors
such as NOTCH211 and PAX5,10 upregulation of CD49d37 and
downregulation of CXCR5 expression.36

In vitro studies showed that the BTK inhibitor Ibrutinib tar-
geted BCR- and chemokine-controlled adhesion and migra-
tion49 and induced a partially VLA-4-dependent adhesion
defect.19 In a TCL1 adoptive transfer model, treatment with

Ibrutinib caused an increase in circulating leukemia cells, prob-
ably due to emigration of the leukemia cells from SLOs.50 These
studies provided an explanation for treatment-induced lym-
phocytosis and suggested a role for Ibrutinib in disrupting
CD49d-dependent prosurvival signals. Here, we show that
treatment with Ibrutinib substantially reduced ALCAM and
NOTCH2 expression levels on Em-Tcl1 and primary human
CLL cells which could essentially contribute to reduced adhe-
sion of CLL cells. Upon transfer of Em-Tcl1 cells in immuno-
competent recipients, pharmacological inhibition of VLA-4

Figure 7. Integrin VLA-4 mediates retention of Cxcr5¡/¡Em-Tcl1 leukemia cells in the splenic MZ. (A) Cxcr5¡/¡Em-Tcl1 cells (1£ 107) were transferred in wt recipients (nD
4). 22 h later, mice were treated with an anti-CD49d Ab. After 3 h, the fraction of transferred cells in splenic MZ and RP was counted (for each spleen four different layers
with 3 pictures/layer were counted). MZ was defined immunohistologically as outside of the MOMA-1C ring and B220C. Mean § SEM are depicted. p values were calcu-
lated with the Mann-Whitney U test. (B–D) 1 £ 106 Em-Tcl1 cells were transferred i.v. in wt recipients treated with an IgG control, or inhibitory Abs against CXCL13,
CD49d, or both (n D 3–5 mice/group and experiment) twice per week for 3 weeks from day 4 on. (C) Representative splenic sections were stained for TCL (red), B220 (B
cells, blue), MOMA-1 (MMMs, green), and CD35 (FDCs, white). Scale bar, 100 mm. (D) Tumor progression was analyzed 24 d after transfer. Mean § SEM of one representa-
tive out of three independent experiments are shown. p values calculated with the Student’s t test are depicted.
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reduced leukemia growth and was most effective in a combined
anti-CXCL13 and anti-VLA-4 application.

Our data indicate that MZ niche-specific cellular and molec-
ular interactions shape the phenotype of leukemic cells, fore-
most the upregulation of NOTCH2 and adhesion molecules.
These microenvironmental signals gain pathogenic significance
because they promote leukemic cell retention and disease pro-
gression independent from tumor-inherent genetic aberrations.

Materials and methods

Transgenic mice

Em-Tcl1, Cxcr5¡/¡, and Cxcr5¡/¡Em-Tcl1 transgenic mice on a
C57BL/6 background were generated as described.51,52

RFPCC57BL/6 mice were obtained from H.J. Fehling (Univer-
sity Clinics Ulm, Germany) and crossed with Em-Tcl1 mice to
generate RFPCEm-Tcl1 mice. Congenic C57BL/6 Ly5.1 mice
were obtained from Charles River (Sulzfeld, Germany).
Cxcl13¡/¡ mice were obtained from Jackson Laboratory (Bar
Habor, ME; USA). All animal studies were performed accord-
ing to institutional and Berlin State guidelines.

Generation of primary Em-Tcl1 leukemia cells for adoptive
cell transfer

Spleen-derived CD5CCD19C leukemia cell suspensions (tumor
cell load > 80%) were prepared by tissue homogenization and
depletion of red blood cells. Mice were challenged intrave-
nously (i.v.) with 1 £ 106 tumor cells in long-term and
1–2 £ 107 tumor cells in short-term transfer experiments.

Chemotaxis assay

Chemotaxis assays were performed in 5-mm-pore transwell
plates (Corning) for 4 h at 37�C, as described previously.53

Sphingosine 1-phosphate (S1P) (Sigma) was used at a concen-
tration of 1 nM, 10 nM, and 100 nM.

In vivo inhibition of S1P/S1P1–3,5 receptor signaling

Thirteen hours after adoptive tumor cell transfer, mice were
treated i.p. with 1 mg/kg body weight FTY720 (Cayman Chem-
ical), a S1P1, S1P3, S1P4, and S1P5 agonist. Three hours later
mice were killed and peripheral blood and spleens were further
analyzed by flow cytometry and immunohistology.

Ex-vivo cell labeling

Splenic leukemia cells derived from diseased Em-Tcl1 mice or
derived from diseased Cxcr5¡/¡Em-Tcl1 mice were labeled with
5 mM SNARF-1 (Molecular Probes) in PBS/ 2%FBS for 15 min
at room temperature, respectively.

In vivo treatment with antibodies

Tumor challenged mice were injected intraperitoneally (i.p.)
over 3 weeks twice weekly with 80–100 mg LE/AF purified rat
anti-mouse CD49d (clone R1-2; SouthernBiotech), 50 mg rat

anti-mouse CXCL13 (clone # 143614) and rat IgG control anti-
body (Ab) (R&D Systems).

Cell lines

The murine BM stromal cell line M2-10B4 (ATCC-CRL-1972)
was obtained from ATCC (Braunschweig, Germany) in 2010.
The cells were passaged 2–3 times over 3 weeks and aliquots
were frozen in liquid nitrogen. All experiments were performed
with these aliquots.

Patient CLL blood samples

Peripheral blood from six treatment-naive CLL patients was
purified over a Ficoll gradient. 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.

Statistical analysis

Results are expressed as arithmetic means § SEM if not other-
wise indicated. Values of p < 0.05 were considered statistically
significant, as determined by the unpaired Mann-Whitney U
test, the unpaired or paired Student’s t test, or the Wilcoxon
signed rank test where appropriate.
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