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Abstract

Lymphocyte trafficking is orchestrated by chemokine and
sphingosine 1-phosphate (S1P) receptors that enable homing
and egress from secondary lymphoid organs (SLO). These
receptors undergo rapid internalization and plasma mem-
brane recycling to calibrate cellular responses to local che-
moattractants. Circulating chronic lymphocytic leukemia
(CLL) cells display an abnormal increase in the surface levels
of the homing receptors CCR7 and CXCR4 concomitant with
low S1P receptor 1 (S1P1) expression. In this study, we
investigated the role of receptor recycling on CXCR4/CCR7
surface levels in CLL cells and addressed the impact of quan-
titative alterations of these receptors and S1P1 on the ability

Introduction

Lymphocyte homing is regulated by chemokine receptors that
respond to stromal ligands (1, 2). The main B-cell homing
receptors are CCR7 and CXCR4, which promote their entry into
secondary lymphoid organs (SLO), where CXCR5 takes over for
their follicular traffic (3, 4). Leukemic cells exploit this process to
acquire proliferation and survival cues, as exemplified by chronic
lymphocytic leukemia (CLL; refs. 5, 6). CLL cells express increased
surface CXCR4/CCR7 and CXCRS5, which favors their bone mar-
row and SLO homing and their positioning close to CXCL13-
secreting stromal cells, respectively (7, 8). The defective expression
in these cells of the egress S1P receptor S1P1 may further con-
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of leukemic cells to accumulate in SLOs. We show that
recycling accounts, to a major extent, for the high levels of
surface CXCR4/CCR7 on CLL cells. In addition, increased
expression of these receptors, together with S1P1 deficiency,
is detectable not only in circulating leukemic cells, but also in
SLOs of CLL patients with lymphoadenopathy. We further
provide evidence that ibrutinib, a Btk inhibitor that promotes
mobilization of leukemic cells from SLOs, normalizes the
imbalance between CXCR4/CCR7 and S1P1. Taken together,
our results highlight the relevance of chemokine and S1P
receptor recycling in CLL pathogenesis and clinical outcome.
Cancer Res; 75(19); 4153-63. ©2015 AACR.

tribute to the retainment of CLL cells in the prosurvival stromal
niche (9, 10).

The plasma membrane chemokine receptor pool is highly
dynamic, undergoing downmodulation in the presence of high
ligand concentrations and recycling when these decrease, allow-
ing for a rapid adjustment of the surface levels without overall
quantitative changes (11). Here we investigated the role of recy-
cling in the regulation of the surface levels and chemotactic
response of the homing receptors CXCR4 and CCR7. We further
asked whether the quantitative CXCR4/CCR7 and S1P1 altera-
tions correlate with the ability of CLL cells to accumulate in these
tissues. We show that efficient recycling contributes to maintain-
ing high surface CXCR4/CCR7 in CLL cells and that increased
expression of these receptors, together with S1P1 deficiency, is
present not only in circulating CLL cells, but also in lymph nodes
and bone marrow. We also show that ibrutinib, a Btk inhibitor
that promotes leukemic cell mobilization from SLOs, restores the
balance between homing and egress receptors by reciprocally
modulating CCR7 and S1P1 expression, underscoring the path-
ologic relevance of this imbalance in CLL.

Materials and Methods

Patients and healthy donors

Peripheral blood samples were collected from 52 patients
satisfying standard morphologic and immunophenotypic criteria
for CLL. B cells from 18 buffy coats were used as controls of the
adult healthy population. Informed consent was obtained accord-
ing to the Declaration of Helsinki. At the time of collection,
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patients had never received treatment. For 5 patients, blood
samples were collected before and after a 4-month ibrutinib
treatment with a fixed daily dose of 420 mg, administered orally
on a continuous schedule. Experiments were approved by the
local Ethics Committee.

B cells were purified by negative selection using the RosetteSep
B-cell enrichment Cocktail (StemCell Technologies) followed by
density gradient centrifugation on Lympholite (Cedarlane
Laboratories).

Antibodies and reagents

Antibodies against CXCR4 (Abcam), CCR7 (clone Y59 Novus
Biologicals), actin (Millipore), and pVav (Y160; Invitrogen), and
secondary peroxidase-labeled antibodies (Amersham Pharmacia
Biotech) were used for immunoblot. Anti-CXCR4 (clone 12G5),
CCR7 (clone 150503; R&D Systems), and anti-EDG1/S1P1 (Novus
Biologicals) antibodies were used for flow cytometry. Anti-CXCR4
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Figure 1.

and CCR7 (Abcam), Rab5 (BD Biosciences), Rab7 and Rab11
(Santa Cruz Biotechnology) were used for immunofluorescence.
Secondary Alexa Fluor 488- and 555-labeled antibodies were from
Invitrogen. Human CXCL12 and CCL21 and fibronectin were
from Sigma-Aldrich and rthICAM-1/Fc from R&D Systems.

Activations and immunoblots

Cells were starved for 2 hours in RPMI-1% BSA and activated at
37°C with 500 ng/mL CXCL12 or CCL21 (Sigma-Aldrich). For
immunoblots, cells were lysed in 1% Triton X-100, 20 mmol/L
Tris-HCI (pH 8), 150 mmol/L NaCl added with protease inhibi-
tors (Invitrogen). Postnuclear supernatants were processed for
immunoblot as described (12).

RNA purification and quantitative RT-PCR
RNA was extracted from B cells from healthy donors and
CLL patients and retrotranscribed as described (13). Real-time
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The increase in surface CXCR4/CCR7 on CLL cells is only partly accounted for by increases in total protein and mRNA levels. A, flow cytometric analysis

using fluorochrome-conjugated mAbs of surface CXCR4 (left) or CCR7 (right) on whole fresh blood samples from healthy donors (HC) and M-CLL or

U-CLL patients (MFI£SD). B, gRT-PCR analysis of CXCR4 (left) or CCR7 (right) mRNA in purified HC, M-CLL, or U-CLL B cells. The relative gene transcript abundance
was determined on triplicate samples using the AAC: method (mean normalized fold expression +SD). C, immunoblot analysis of CXCR4/CCR7 expression

on cell lysates from purified HC, M-CLL or U-CLL B cells. Left, representative immunoblots. Right, quantification (mean+SD) of CXCR4/CCR7 expression normalized
to actin. *, P < 0.05; **, P < 0.01; ***, P < 0.001. For each donor/patient, the results of the flow cytometry, real-time RT-PCR and immunoblot showed the
same trend. The data presented in A and B were analyzed using the Mann-Whitney rank sum test.
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PCR was performed in triplicate on 96-well optical PCR plates
(Sarstedt AG) using SSo Fast EvaGreen SuperMix (Bio-Rad Lab-
oratories) and a CFX96 Real-Time System (Bio-Rad Laboratories).
Results were processed and analyzed using Bio-Rad CFX Manager
v1.5 software (Bio-Rad). Transcript levels were normalized to
HPRT1 or ACTB. Primers used for amplification are listed in
Supplementary Materials and Methods.

Flow cytometry
Flow cytometric analysis of surface CXCR4/CCR7 was carried

out using fluorochrome-conjugated mAbs or isotype controls on
fresh whole blood samples. To quantitate the ratio of surface to
total CXCR4/CCR7, B cells were purified, fixed, and, where
required, permeabilized using the Cytofix/Cytoperm plus kit (BD
Biosciences). The fixation protocol resulted in a decrease in surface

A
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labeling (Supplementary Fig. S1), accounting for the lower mean
fluorescent intensities (MFI) measured under these conditions as
compared with measurements on fresh whole blood samples.
Flow cytometry was carried out using a Guava Easy Cyte (Milli-
pore) or FACSCanto (BD Biosciences) cytometer. Before S1P1
staining, cells were resuspended in serum-free medium added
with 0.5% fatty acid-free BSA (Sigma-Aldrich) and incubated for
30 minutes at 37°C to allow recycling of intracellular receptors.
Data were analyzed and plotted using Flowjo (Tree Star Inc).

Immunofluorescence microscopy and colocalization analyses

Cells were processed for immunofluorescence microscopy as
described (14). Confocal microscopy was carried out on a Zeiss
LSM700 using a 63 x objective as described (14). The quantitative
colocalization analysis of CXCR4 or CCR7 and Rab protein signals
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was performed on median optical sections using ImageJ and
JACoP plug-in to determine Manders' coefficient (15).

Flow cytometry and immunofluorescence analysis of receptor
recycling and cell adhesion and polarization

CXCR4/CCR7 recycling following antibody-dependent down-
regulation was quantitated by flow cytometry as described
(16, 17). To analyze recycling by immunofluorescence, cells
were equilibrated 30 minutes at 37°C in RPMI-1% BSA, incu-
bated with saturating concentrations of specific antibodies or
100 ng/mL CXCL12/CCL21 at 37°C for 40 minutes, permeabi-
lized, and processed for immunofluorescence microscopy.
CXCL12/CCL21 treatment did not interfere with binding of the
anti-CXCR4/CCR?7 antibodies (Supplementary Fig. S2).

Adhesion assays on thICAM-1/Fc (R&D Systems)- or fibronec-
tin (Sigma-Aldrich)-coated plates in the presence or absence of
100 ng/mL CXCL12/CCL21 were carried out as described (12).
Cells were stained with TRITC-labeled phalloidin and polariza-
tion analyzed by immunofluorescence microscopy as described

(12).
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Chemotaxis assays

Chemotaxis assays were carried out using 24-well Transwell
chambers with 5-um pore size polycarbonate membranes (Corn-
ing Life Sciences, Schiphol-Rijk, The Netherlands) as described

(18).

Immunohistochemistry

CCR7, S1P1, and CXCR4 immunohistochemical expression
was assessed on matched lymph node and bone marrow
samples from 5 CLL cases (2 M-CLL, 3 U-CLL). Three tonsils
with reactive follicular hyperplasia were used as controls.
Immunohistochemistry was performed on 4 um thick FFPE
sections. Heat/citrate-based antigen retrieval methods were
applied, as described (19). Antigen detection was performed
with the Bond Polymer Refine Detection kit in an automated
immunostainer (Bond maX).

Receptor expression was assessed according to the anatomical
compartment (T-cell and B-cell zones for reactive tonsillar tissue;
proliferation centers and small cell areas for CLL).

Rab11 Merge DIC

Figure 3.

Enhanced CXCR4/CCR7 sorting to
recycling endosomesin CLL Bcells. Aand
B, immunofluorescence analysis of
Rab11 (green, top) or Rab7 (green,
bottom) and either CXCR4 (red; A) or
CCRY7 (red; B) in purified HC, M-CLL,

or U-CLL B cells incubated with

100 ng/mL of CXCL12/CCL21 at 37°C for
40 minutes, fixed, and permeabilized.
Representative median optical sections
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Statistical analyses

Mean values, SD values, and the Student ¢ test (unpaired) were
calculated using the Microsoft Excel application. The Mann-
Whitney rank sum test was also used for small samples (<5 data
points) or if the population was not normally distributed. A level
of P < 0.05 was considered statistically significant.

Results

An alteration in the balance between plasma membrane and
endosomal CXCR4/CCR?7 pools contributes to their increased
surface levels in CLL cells

CXCR4/CCR?7 expression was measured on peripheral B cells
from CLL patients and healthy controls. Based on the IGHV
mutational status, patients were divided into two groups, with
mutated (M-CLL) and unmutated (U-CLL) IGHV (20, 21). Flow
cytometric analysis showed that, as reported (7), the surface levels
of CXCR4/CCR7 were increased in CLL cells compared with
healthy B cells (Fig. 1A).

To understand whether this reflects an increase in the total
cellular content, CXCR4/CCR7 expression was measured by
real-time RT-PCR and immunoblot. At variance with the
increased surface CXCR4 levels in CLL cells, the respective
mRNA levels were comparable with healthy controls (Fig.
1B). Consistent with our previous report (9), CCR7 expression
was enhanced in CLL cells, with significant differences between
U-CLL and M-CLL (Fig. 1B). These results were confirmed by
immunoblot (Fig. 1C). As CXCR4/CCR7 are stored in part in
recycling endosomes (11), this suggests that the ratio between
the surface and intracellular receptor pools may be altered in
CLL cells, at least for CXCR4.

To address this issue, CXCR4/CCR7 were measured by flow
cytometry in intact and permeabilized normal and CLL B cells.
Expression of both receptors was significantly higher when mea-
sured on permeabilized normal B cells (Fig. 2A), indicating that a
substantial proportion of CXCR4/CCR?7 is intracellular. In con-
trast, the levels of CXCR4/CCR7 were comparable in intact and
permeabilized CLL cells (Fig. 2A and B), indicating that the bulk of
CXCR4/CCR? is associated with the plasma membrane. This was
confirmed by immunofluorescence analysis, which showed a less
substantial endosomal CXCR4/CCR?7 staining in CLL cells com-
pared with normal B cells (Fig. 2C). Of note, the ratio of surface to
total receptor was not only consistently higher in CLL cells when
compared with normal B cells, but also significantly higher in U-
CLLversus M-CLL cells (Fig. 2B). Collectively, these results suggest
that plasma membrane transport of CXCR4/CCR7 may be more
efficient in CLL cells.

Enhanced receptor recycling contributes to the increased
surface CXCR4/CCR?7 levels on CLL cells

To assess the fate of CXCR4/CCR?7 following their internaliza-
tion at the plasma membrane, normal and CLL B cells were treated
with CXCL12/CCL21 and stained with antibodies to the respec-
tive receptor. Cells were costained for makers of recycling (Rab11)
or late (Rab7) endosomes, to which they are alternatively sorted
from early endosomes. Normal B cells showed a partial CXCR4
colocalization with Rab11 (Fig. 3A and C). Consistent with its
preferential late endosomal sorting following internalization
(22), CXCR4 also partially colocalized with Rab7 (Fig. 3A and
C). This did not apply to CCR7 (Fig. 3B and D), which is
preferentially sorted to recycling endosomes (23) and that

www.aacrjournals.org
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indeed showed a strong colocalization with Rab11 (Fig. 3B and
D). The vesicular CXCR4 pool, which was less prominent in CLL
cells, showed a lower Rab7 colocalization and a higher Rab11
colocalization compared with normal B cells (Fig. 3A and C),
indicating that internalized receptors are sorted to recycling rather
than late endosomes in CLL cells. An increase in CCR7 colocaliza-
tion with Rab11 was also observed (Fig. 3D). Similar results were
obtained when receptor internalization was induced using spe-
cific mAbs (Supplementary Fig. S3). These results suggest that the
increased proportion of surface CXCR4/CCR?7 in CLL cells is likely
accounted for by a more efficient recycling. Indeed, CLL cell
treatment with colchicine, which inhibits recycling by targeting
the microtubule cytoskeleton, results in a decrease in surface
CXCR4/CCR?7 (Supplementary Fig. S4).

To directly address this issue, CXCR4/CCR7 recycling was
measured by flow cytometry. Initial experiments on normal B
cells showed that CXCL12/CCL21 treatment resulted in the rapid
mobilization of the respective intracellular receptor pools to the
plasma membrane (Supplementary Fig. S5), thereby interfering
with the analysis of CXCR4/CCR7 undergoing ligand-dependent
internalization. We therefore used an antibody-based assay to
selectively track receptors that had been engaged at the plasma
membrane (16). The kinetics and extent of CXCR4/CCR? inter-
nalization in CLL cells were comparable with normal B cells
(Fig. 4A). At variance, CXCR4/CCR7 recycling were strongly
enhanced in CLL cells, with significant differences between M-
CLL and U-CLL (Fig. 4B). Hence, CLL cells can effectively recycle
their homing receptors.
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CLL B cells effectively recycle CXCR4 and CCR7. A, flow cytometric analysis of
CXCR4 (left) and CCR7 (right) downregulation in HC, M-CLL, or U-CLL B cells
incubated with anti-CXCR4 or anti-CCR7 antibodies for 30 minutes on ice,
washed, incubated at 37°C for the indicated times and labeled with
fluorochrome-conjugated secondary antibodies. B, flow cytometric analysis
of CXCR4/CCR7 recycling in purified HC, M-CLL, or U-CLL B cells.

Cells were incubated for 30 minutes on ice with receptor-specific mAbs,
washed, shifted to 37°C for 40 minutes, then subjected to acid stripping (time
0), and incubated for the indicated times at 37°C. Receptor:antibody
complexes that had recycled to the cell surface were measured by labeling
with fluorochrome-conjugated secondary antibodies. Data are presented as
percentage of internalized receptors that recycled to the cell surface. Error
bars, SD. *, P < 0.05; ***, P < 0.001.

Cancer Res; 75(19) October 1, 2015

Downloaded from cancerres.aacrjournals.org on December 6, 2017. © 2015 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst August 17, 2015; DOI: 10.1158/0008-5472.CAN-15-0986

Patrussi et al.

A C
0 HC (n=10) OHC (n=15) OHC (n=13)
O M-CLL (n = 15) B M-CLL (n = 28) OM-CLL (n=22)
® U-CLL (n=11) B U-CLL (n = 20) B U-CLL (n=17)
dkdk *kk dededk I
80 e o 50 Maeen 2055 Sl
Erral
] % 40
@ g0 . ok Q » 15
; — [ T 2
5 = 30 £
= 40 o c 10 deded
% T 20 s 2 =
< =) ! S
L 20 = o ’_]_‘ 2 5
; ol M
ctr CXCL12 CCL21 CXCL12 CCL21
B D
ctr CXCL12 cCL21
O HC (n=4)
@ M-CLL (n = 11)
B U-CLL (n=8)
o (K3
I m 3 | *k i
0 IETA
§ 25 1
g , ™ e
:l| ——
(&) B s
= L
£
©
s 0.5
- =
T CXCL12 CCL21
=
OHC (n=5)
8 M-CLL (n = 11) E
B U-CLL (n=9) HC M-CLL U-CLL
100 e CXCL12 - *+ - = *+ - - + -
i e 1 ccL2y -~ =~ _*+ -~ & . . &
3 8 K e W
= = WB anti-P-Vav
o 60
E —49
8 40 | ma— s e S S — -
Y
2 20 WB anti-actin
o 1 12121116 2 1.1 28 2.9
+ 0+ o+ 0+ 0 o 0+ & %
ctr cxcL12  ccL21 0 001 010102 01 0.3 0.4
4158 Cancer Res; 75(19) October 1, 2015 Cancer Research

Downloaded from cancerres.aacrjournals.org on December 6, 2017. © 2015 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst August 17, 2015; DOI: 10.1158/0008-5472.CAN-15-0986

Abnormally high surface CXCR4/CCR?7 levels translate into
robust chemotactic responses of CLL cells

To understand whether the increase in surface CXCR4/CCR7 in
CLL cells translates into quantitative differences in the cellular
response, the outcome of CXCR4/CCR7 engagement was inves-
tigated by analyzing the main steps that coordinate B-cell homing.
CXCR4/CCR7-dependent adhesion to ICAM-1 was strongly
enhanced in U-CLL cells, with significant differences also com-
pared to M-CLL cells (Fig. 5A). A small, yet significant enhance-
ment was also observed for M-CLL cells (Fig. 5A). Similar results
were obtained when cells were plated on fibronectin (Supple-
mentary Fig. S6).

Following CXCL12/CCL21-dependent adhesion to ICAM-1, B
cells morphologic changes associated with F-actin reorganization,
resulting in their polarization (Fig. 5B). The proportion of polar-
ized cells was increased for both M-CLL and U-CLL cells as
compared with healthy controls (Fig. 5B). Analysis of CXCL12/
CCL21-dependent migration showed that M-CLL cells had more
robust chemotactic responses compared to normal B cells, with a
further increase in U-CLL cells (Fig. 5C).

These results suggest that CXCR4/CCR?7 signaling to the actin
cytoskeleton is enhanced in CLL cells. Quantification of F-actin
staining in control and CLL B cells plated on ICAM-1 and
stimulated with CXCL12/CCL21 showed increased levels of actin
polymerization in CLL cells, with the highest levels in U-CLL (Fig.
5D). Moreover, CXCL12/CCL21-dependent phosphorylation of
Vav, a Rho GTPase GEF that promotes actin reorganization in
hematopoietic cells (24) was enhanced in CLL cells (Fig. 5E).
Hence, the CXCR4/CCR7-dependent response in CLL cells corre-
lates with their increased surface levels.

Imbalance in homing and egress receptor expression in SLOs
and BM from CLL patients

Taken together with the S1P1 expression defect in U-CLL cells
(ref. 9 and data not shown for the patients who participated in this
study), the increase in surface CXCR4/CCR?7 in circulating CLL
cells suggests that these alterations may impact on leukemic cell
transit through SLOs and bone marrow. Nonetheless, surface
CXCR4/CCR?7 can undergo dynamic changes in the presence of
local chemokine gradients (25, 26). Moreover, under certain
conditions their expression is shut off to overcome responsiveness
to T-cell zone chemokines (27). The fate of CXCR4/CCR?7 in CLL
cells accumulating in SLOs and bone marrow is unknown. We
carried out an immunohistochemical analysis of CXCR4, CCR7,
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and S1P1 on lymph node and bone marrow biopsies from CLL
patients, using tonsillar tissue as control.

In normal lymphoid tissue, CCR7 was expressed in B-cell and T-
cell zones, with the highest positivity on centrocytes and centro-
blasts in secondary follicle germinal centers (GC; Fig. 6A and B).
Membrane positivity was coupled with cytoplasmic expression,
consistent with the two pools in circulating B cells (Fig. 6B). CXCR4
expression closely resembled that of CCR7, with moderate-to-
strong expression in GCs and low-to-absent staining in mantle
zones (Fig. 6E and F). Unlike CCR7/CXCR4, S1P1 was selectively
expressed in mantle zone cells (Fig. 6I), with both membrane
and cytoplasmic positivity (Fig. 6J). High-endothelial vein endo-
thelial cells were also S1P1-positive. Within GCs, scattered posi-
tivity was solely observed in histiocytes/accessory cells (Fig. 6]).

Immunohistochemical analysis of CLL lymph node biopsy
samples showed strong CCR7 (Fig. 6C and D) and CXCR4 (Fig.
6G and H) positivity in small lymphocytes and paraimmuno-
blasts of proliferation centers. Consistent with the S1P1 expres-
sion defect in both U-CLL cells and cells from M-CLL patients with
lymphoadenopathy (9), lymph nodes were S1P1-negative (Fig.
6K and L). CCR7 and S1P1 expression did not differ between
matched lymph node and bone marrow biopsy samples (Sup-
plementary Fig. S7). Hence, CXCR4/CCR7 expression remains
high on CLL cells following their SLOs and bone marrow accu-
mulation generating, together with the S1P1 expression defect, an
imbalance that is expected to promote lymphoadenopathy.

Ibrutinib treatment reverses the homing/egress receptor
imbalance in CLL by reciprocally modulating CCR7 and S1P1
expression

Clinical trials have identified ibrutinib, a Btk inhibitor that
suppresses both BCR and chemokine receptor survival signaling
during leukemic cell transit through SLOs and bone marrow, asan
effective alternative to current chemoimmunotherapy-based regi-
mens (28-31). A striking effect of inbrutinib is the rapid lymph
node shrinkage paralleled by a transient lymphocytosis (28). We
hypothesized that this could result from a normalization of the
homing and egress receptor imbalance. CLL cells were treated with
ibrutinib, and the mRNA and surface levels of CXCR4, CCR7, and
S1P1 were quantitated. Ibrutinib treatment resulted in a robust
upregulation in surface S1P1 (Fig. 7A), paralleled by a modest, yet
significant, downregulation in surface CCR7. No effect on CXCR4
was observed (Fig. 7A). These results were confirmed by real-time
RT-PCR (Fig. 7B).

Figure 5.

Enhanced chemotactic responses to CXCL12/CCL21in CLL B cells. A, quantification by flow cytometry of the percentage of purified HC, M-CLL, or U-CLL B cells that
adhered to rhICAM-1/Fc-coated wells following 10-minute treatment with 100 ng/mL CXCL12/CCL21. The data, which refer to quadruplicate samples

from each donor/patient, are presented as percentage of input cells that remained attached to each well. B, quantification of the percentage of polarized HC, M-CLL,
or U-CLL B cells plated for 5 minutes on rhICAM-1/Fc-coated slides, stimulated for 5 minutes with 100 ng/mL CXCL12/CCL21, and labeled with Phalloidin-TRIC. The
percentage of polarized versus nonpolarized cells was calculated on 4 wide-field images/well. Representative images are shown. Size bar, 10 um. C, migration of
purified HC, M-CLL, or U-CLL B cells measured after 3-hour treatment with 100 ng/mL CXCL12/CCL21. The data, obtained on duplicate samples from each donor/
patient, are presented as mean migration index (ratio of migrated cells in chemokine-treated vs. untreated samples) 4- SD. D, quantification of actin polymerizationin
purified HC, M-CLL, or U-CLL B cells plated for 5 minutes on rhICAM-1/Fc-coated slides and stimulated for 5 minutes with 100 ng/mL CXCL12/CCL21. Slides
were labeled with Phalloidin-TRIC. The data, calculated on four wide-field images from each donor/patient, are presented as phalloidin MFI in stimulated vs.
unstimulated samples, quantitated using ImageJ and normalized to the intracellular actin content. See B for representative images. E, immunoblot analysis with an
anti-phospho-Vav antibody of postnuclear supernatants from a representative healthy donor (HC) and CLL patient with mutated (M-CLL) or unmutated
(U-CLL) /GHV, either unstimulated or stimulated for 1 minute with 100 ng/mL CXCL12 or CCL21. The control anti-actin immunoblot of the stripped filter
is shown below. The migration of molecular mass markers is indicated. The quantification below is calculated on 5 HC, 3 M-CLL, and 5 U-CLL. Error bars, SD.
*, P<0.05; **, P < 0.01; ***, P < 0.001. Statistics were carried out using Student ¢ test, with the exception of the data presented in D, for which the
Mann-Whitney rank sum test was used.
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The analysis was extended to leukemic cells from patients
undergoing ibrutinib treatment. Cells were analyzed before the
start of treatment and after 4 months of daily ibrutinib admin-
istration. Consistent to the in vitro results, in vivo ibrutinib treat-
ment resulted in a significant upregulation of S1P1 expression,
with a concomitant reduction in CCR7 but no effect on CXCR4
(Fig. 7C and D). Hence ibrutinib targets the homing and egress
receptor imbalance likely by modulating the expression of the
respective genes.

Discussion

Increased surface CCR7/CXCR4 on CLL cells correlates with
both lymphoadenopathy and disease stage (7, 32, 33) and trans-
lates into enhanced in vitro migration (32, 34, 35), as also
documented in this report. Here we identify recycling as a central
mechanisms exploited by CLL cells to increase the surface levels of
these receptors. The absence of significant alterations in the mRNA
or protein CXCR4 levels demonstrates indeed that the increase in
surface CXCR4 on CLL cells results from their enhanced ability to
recycle this receptor. Although CCR7 expression is enhanced in
CLL as compared with normal B cells, the increase in its surface
pool in leukemic cells indicates that this also applies to CCR7.

The trafficking pathways of internalized CXCR4/CCR?7 differ,
CCR7 being preferentially sorted to recycling endosomes (36) and
CXCR4 to lysosomes (37, 38), as also supported by our coloca-
lization analyses. Our data show that these pathways are dysre-
gulated in CLL cells. The plasma membrane receptor pool is
indeed significantly higher in CLL compared with normal B cells,
concomitant with an increase in their recycling endosome asso-
ciation that is particularly striking for CXCR4, which in CLL cells
shows a significantly more limited association with late endo-
somes compared with normal B cells. It is worth emphasizing that
the abnormality in CCR7/CXCR4 recycling and the resulting
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Figure 6.

CCR7 and CXCR4 and S1P1 expression
in normal reactive lymphoid tissue and
CLL lymph nodes. In non-neoplastic
lymphoid tissue, CCR7/CXCR4 were
expressed in both B-cell and T-cell
areas (A and E), with stronger
immunohistochemical positivity in
secondary follicle GCs (B and F; dotted
lines, mantle zone). STP1 expression
was restricted to mantle zone B-
lymphocytes (I and J). Malignant CLL
lymphocytes were CCR7" (C and D)
and CXCR4™ (G and H). No differences
were observed between small
lymphocytes and paraimmunoblasts
of proliferation centers. Neoplastic
cells were consistently SIP1-negative
(K and L; positive internal control;
intramural vessels; immunoperoxidase
staining; original magnification, x10
and x20).

alterations in the chemotactic response, while displayed by CLL
cells independently of the IGHV mutational status, is more severe
in U-CLL cells. This may contribute to the high incidence of
lymphoadenopathy in these patients.

Taken together with the reciprocal alterations in CCR7 and
S1P1 expression, the recycling-related increase in surface
CCR7/CXCR4 on circulating CLL cells suggests a scenario
where homing to SLOs and bone marrow is favored and
egress therefrom prevented. The immunohistochemical anal-
ysis of CCR7/CXCR4 in CLL lymph node biopsies, showing
that leukemic cell maintain high the receptor levels at this
location, indicates that CLL cells have indeed the potential to
generate a sustained and robust response to the stromal
ligands. This is expected not only to promote leukemic cell
survival but also their lymphoid niche retention, particularly
when the negativity of these cells for S1P1, shown here and
consistent with a recent report (39), is taken into account.
Other abnormalities affecting the migratory ability of CLLs are
likely to further exacerbate this imbalance, particularly in U-
CLL patients, including alterations in the expression of
CXCR5, CD38, CD49d, CD62L, and MMP9 (40). Interesting-
ly, lymph node and bone marrow homing of CLL cells from
early and intermediate Rai stage patients has been shown to
be impaired compared with normal B cells following their
transfer into NOD/SCID mice due to defective LFA-1 and VLA-
4 expression in a significant proportion of these patients (41).
We did not observe a reduction in LFA-1 expression in our
CLL cells (not shown), consistent with their unipaired adhe-
sion to ICAM-1.

This is one of the first studies where the distribution of
CXCR4, CCR7, and S1P1 has been analyzed in situ not only
in CLL, but also in normal human lymphoid tissue. The role
of these receptors has been extensively addressed in the mouse
(42). Consistent with the role of CXCR4 in retaining
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centroblasts in GCs (25), normal reactive tonsillar tissue shows
a strong CXCR4 immmunoreactivity. The CCR7 distribution is
similar, with a strong GCs and T-cell zone immunoreactivity. In
the mouse, CCR7 is downregulated once B cells enter lymph
nodes, where CXCRS5 takes over for follicular targeting, but re-
expressed on antigen-engaged B cells to allow their movement
to the T-cell zone (26). The CCR?7 reactivity observed in human

www.aacrjournals.org

GCs is compatible with this scenario. Within lymphoid folli-
cles, the S1P1 distribution pattern is complementary to that of
CCR7/CXCR4, with strong immunoreactivity tightly restricted
to mantle zone B cells. This result is consistent with a recent
report describing the expression of S1P receptors in human B-
cell subsets (39). The abundant S1P1 expression in mantle zone
B cells suggests that, similar to mouse B cells, this receptor may
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play a role in their migration towards the S1P-enriched follicle
center (43). Interestingly, S1P1 expression has been recently
reported to be reduced by BCR signaling (44), which might
account for the lack of GC immunoreactivity and contribute to
the S1P1 defect in CLL cells.

The notion that the homing and egress receptor imbalance
contributes to retaining CLL cells in the stromal microenviron-
ment is strongly supported by our finding that ibrutinib treat-
ment, which promotes leukemic cell mobilization from SLOs,
results in an increase in S1P1 expression, coupled to a reduction in
CCR?7.S1P1 expression is also upregulated in the presence of a Syk
inhibitor (10), indicating that Btk and Syk participate in an
inhibitory pathway controlling S1P1 transcription. The apparent
discrepancy of these results with those obtained by Till and
colleagues showing that S1P1 expression, while downregulated
by BCR signaling, is not affected by either Btk or Syk inhibitors
(44), may be accounted for by the shorter duration of CLL cell
treatment with these inhibitors. The fact that Btk couples BCR
signaling to FoxO1 expression (45), which regulates CCR7 (46),
could underlie the ability of ibrutinib to reduce its expression in
CLL cells. Because Btk also participates in CXCR4 and CXCR5
signaling (12, 47), Btk inhibition would be predicted to also
inhibit B-cell entry into SLOs and local traffic therein. Hence, the
ibrutinib-related lymphocytosis in CLL is likely to result from the
combined inhibition of leukemic cell homing to SLOs and bone
marrow and their enhanced egress resulting from upregulation in
S1P1 expression.
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