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LYMPHOID NEOPLASIA

Targeting CXCR4 with cell-penetrating pepducins in lymphoma and lymphocytic
leukemia
Katie O’Callaghan,1 Lydia Lee,1 Nga Nguyen,1 Mo-Ying Hsieh,1 Nicole C. Kaneider,1 Andreas K. Klein,2,3 Kellie Sprague,2,3

Richard A. Van Etten,1-3 Athan Kuliopulos,1-4 and Lidija Covic1-4

1Molecular Oncology Research Institute and 2Division of Hematology/Oncology, Tufts Medical Center, Boston, MA; and Departments of 3Medicine and
4Biochemistry, Tufts University School of Medicine, Tufts Medical Center, Boston, MA

The chemokine receptor CXCR4, which
normally regulates stromal stem cell inter-
actions in the bone marrow, is highly
expressed on a variety of malignant hema-
tologic cells, including lymphoma and
lymphocytic leukemias. A new treatment
concept has arisen wherein CXCR4 may
be an effective therapeutic target as an
adjunct to treatment of hematologic neo-
plasms with chemo- and immunotherapy.
In the present study, we developed pep-
ducins, cell-penetrating lipopeptide an-

tagonists of CXCR4, to interdict CXCL12-
CXCR4 transmembrane signaling to
intracellular G-proteins. We demonstrate
that pepducins targeting the first (i1) or
third (i3) intracellular loops of CXCR4
completely abrogate CXCL12-mediated
cell migration of lymphocytic leukemias
and lymphomas. Stromal-cell coculture
protects lymphoma cells from apoptosis
in response to treatment with the CD20-
targeted Ab rituximab. However, combina-
tion treatment with CXCR4 pepducins and

rituximab significantly increases the apo-
ptotic effect of rituximab. Furthermore,
treatment of mice bearing disseminated
lymphoma xenografts with pepducins
alone or in combination with rituximab
significantly increased their survival.
These data demonstrate that CXCL12-
CXCR4 signaling can be effectively inhib-
ited by cell-penetrating pepducins, which
represents a potential new treatment strat-
egy for lymphoid malignancies. (Blood.
2012;119(7):1717-1725)

Introduction

Hematologic malignancies account for almost 10% of new cancer
cases in the United States each year.1 The last decade has seen the
introduction of rituximab, a humanized mAb directed against the
CD20 Ag, as a treatment option for B-cell leukemia and lympho-
mas, and combination chemotherapy with rituximab is now
standard treatment for aggressive non-Hodgkin lymphoma (NHL).2

However, because approximately 60% of patients with aggressive
NHL are not cured, new biologic therapies and targets are urgently
needed to further improve overall survival.

The chemokine G-protein–coupled receptor (GPCR) CXCR4
and its ligand, CXCL12 (also called stromal cell–derived factor-1�
[SDF-1]), regulate a diverse array of cellular processes, including
leukocyte trafficking, B-cell lymphopoiesis, and bone marrow
myelopoiesis3; survival and proliferation of hematopoietic stem
cells (HSCs)4; and homing of HSCs to the BM. Under normal
physiologic conditions, HSCs and hematopoietic progenitor cells
(HPCs) are predominantly present in the BM, where they give rise
to the mature cells of the hematopoietic system that are released
into the blood circulation.5 CXCL12 is constitutively secreted at
high levels by BM stromal cells,6 and it is this chemokine gradient
that retains HSCs and HPCs in the BM and regulates homing of
CXCR4-expressing cells.7 The small-molecule antagonist plerixa-
for (AMD3100), which targets the CXCR4/CXCL12-SDF1 signal-
ing axis, is an effective clinical tool with which to enhance
mobilization of HSCs to the peripheral blood for subsequent
autologous transplantation,8,9 and has recently been approved for
use in combination with G-CSF as a stem cell–mobilizing agent in
humans.

In recent years, CXCR4 has been implicated in the progression
of several hematologic and nonhematologic malignancies. CXCR4
is expressed on a variety of human tumors and is a poor prognostic
factor in cancers as diverse as breast carcinoma,6 melanoma,10

colorectal cancer,11 and acute myelogenous leukemia.12,13 CXCL12/
CXCR4 signaling mediates metastasis to distal organs, including
the BM14 and lymph nodes,15,16 where interaction with CXCL12-
secreting stromal cells can mediate cell survival and resistance to
chemotherapy.17,18 Recent studies have examined the potential of
targeting CXCR4 as a therapeutic strategy in the treatment of
hematologic malignancies19-21 and metastasis of solid tumors,22,23

and plerixafor is currently being evaluated for safety and efficacy in
phase 1/2 clinical trials in patients with chronic lymphocytic
leukemia (CLL) in combination with rituximab.24 A significant
obstacle to curing hematologic malignancies is the occurrence of
minimal residual disease. Stromal cells of the BM and secondary
lymphoid organs support the survival and chemoresistance of CLL
cells,25,26 and are thought to contribute to minimal residual disease
and subsequent disease relapse. In this way, antagonism of
CXCL12-SDF1/CXCR4 signaling with plerixafor disrupts interac-
tion of myeloma cells with stromal cells of the BM, thereby
increasing their sensitivity to the cytotoxic agent bortezomib.27 It
has also been demonstrated that mAbs to CXCR4 mediate tumor
cell extravasation and enhance survival of mice bearing human
lymphoma xenografts.28

GPCRs such as CXCR4 are attractive therapeutic targets
because of their involvement in a range of pathologic diseases. The
majority of drugs targeting GPCRs interact with the receptor on the
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outside surface in competition with the natural ligand. However,
the intracellular domains of GPCRs represent new drug targets
because these regions mediate interaction of receptors with G pro-
teins that activate subsequent downstream signaling pathways. In
recent years, cell-penetrating lipidated peptides called pepducins
have emerged as effective agonists or antagonists of their cognate
GPCR.29-35 Pepducins are composed of a peptide sequence derived
from the amino acid sequence of the intracellular domains of the
target receptor, typically conjugated to a lipid moiety such as
palmitate. The lipid moiety facilitates membrane translocation and
tethering of the pepducin to the inner leaflet of the lipid bilayer,
where the peptide sequence can selectively modulate GPCR
activity.36 Pepducins have high bioavailability, efficacy, and long
biologic half-lives when delivered systemically.37 Cell-penetrating
pepducins have been designed to target several GPCRs and exhibit
in vivo efficacy in several disease models, including inhibition of
cancer cell metastasis,35,38 thrombosis,29,32 and sepsis.33,39

Our previous work demonstrated that CXCR4 pepducin antago-
nists were potent inhibitors of calcium mobilization and che-
motaxis of human neutrophils in response to CXCL12 and could
mobilize immature neutrophils to the peripheral blood of mice.33 In
the present study, we examined the efficacy of CXCR4 pepducins
based on the first (i1) and third (i3) intracellular loops in primary
and established leukemia and lymphoma cells, and have demon-
strated that the CXCR4 pepducins inhibit chemotaxis to gradients
of CXCL12. Pepducins enhanced rituximab-mediated apoptotic
cell death in primary CLL cells and in Raji and Ramos lymphoma
cells. Moreover, CXCR4 pepducins, alone or in combination with
rituximab, prolonged survival in a mouse model of disseminated
lymphoma. These findings provide support for the use of pepducin
antagonists of CXCR4 as a novel treatment strategy for lymphoid
malignancies.

Methods

Reagents

N-palmitoylated peptides were synthesized as described previously40 with
C-terminal amides by the Tufts Peptide Core Facility and purified by
reverse-phase HPLC. The peptide sequence of PZ-218, MGYQK-
KLRSMTD, corresponds to the i1 loop of CXCR4; the peptide sequence of
PZ-210, SKLSHSKGHQKRKALK, corresponds to the i3 loop of CXCR4.
The control pepducins PZ-253 and PZ-254 are composed of the same
peptide sequence as PZ-218 and PZ-210, but lack an N-terminal palmitate.
PZ-217 (ATI-2339) is a negative control CXCR4 pepducin that was
characterized previously by Tchernychev et al.41 Plerixafor was obtained
from Sigma-Aldrich and rituximab was from Genentech.

Cell culture and clinical samples

All leukemia and lymphoma cell lines were obtained from the American
Type Culture Collection (Manassas, VA). Cells were cultured in RPMI
supplemented with 10% FBS. For primary leukemia samples, blood was
obtained after informed consent in accordance with the Declaration of
Helsinki following a protocol approved by the Institutional Review Board
of Tufts Medical Center. Low-density mononuclear cells were isolated by
density gradient separation on Ficoll-Paque PLUS, and cells were cryopre-
served until required.

Measurement of cell-surface CXCR4 and CD20 expression

Cells were stained with PE-conjugated CXCR4 Ab (clone 12G5), FITC-
conjugated CD20 Ab, or isotype controls (BD Pharmingen) for 20 minutes
at room temperature. Samples were analyzed with a FACS Canto II flow
cytometer (BD Biosciences).

Chemotaxis and migration assays

Chemotaxis of cells through a 5-�m cellulose nitrate filter to 30nM
CXCL12 (Peprotech) was measured as described previously33 using a
48-well microchemotaxis chamber (Neuro Probe). Briefly, cells in migra-
tion medium (0.4% BSA/RPMI) in the upper wells of the chamber were
treated with pepducins or plerixafor and allowed to migrate to CXCL12 in
the bottom wells for 1 hour at 37°C. The migration depth of cells into the
filter was quantified by light microscopy by measuring the distance from the
surface of the filter to the leading front of the cells. Chemotaxis of
vehicle-treated cells was set at 100% and was calculated as change in
distance migrated toward CXCL12 compared with random migration
(distance migrated by cells in the absence of chemoattractant). Migration
assays were carried out essentially as described previously by Bluel et al
using 5-�m pore polycarbonate Transwell migration chamber (Corning).42

Cells were treated with vehicle or pepducin, and 4 � 105 cells in 200 �L of
0.4% BSA/RPMI were seeded in the upper well of the migration chamber.
CXCL12 at a final concentration of 3nM in 0.4% BSA/RPMI was added to
the bottom wells. Cells that had migrated through the 5-�m polycarbonate
membranes after 5 hours at 37°C were manually counted using a
hemocytometer.

Measurement of intracellular calcium mobilization

Cells were resuspended, washed in KRB buffer,43 and loaded with 2.5�M
Fura-2/AM (Molecular Probes) for 30 minutes at 37°C with 5% CO2 and
gentle shaking. Fluorescence was measured in a Perkin-Elmer LS50B
spectrofluorometer as described previously. The fluorescence emission was
recorded at 510 nm with dual excitation at 340 and 380 nm at 25°C.

Western blotting

Cells were treated with inhibitors overnight in 0.4% BSA/RPM1 (10�M
pepducin or plerixafor and 100 ng/mL of pertussis toxin). Stimulation with
CXCL12 (6 ng/mL) was for 15 minutes at 37°C. Cells were lysed in NP-40
buffer (150mM NaCl; 1% NP-40; 50mM Tris, pH 8.0) supplemented with
the proteinase inhibitors aprotinin and leupeptin (Sigma-Aldrich) and a
phosphatase inhibitor cocktail (Roche) as described previously.44 Western
blots were probed with phospho-ERK1/2 and total ERK1/2 Abs (Cell
Signaling Technologies) overnight at 4°C.

Coculture experiments

M210B4 stromal cells (American Type Culture Colleciton) were plated at a
density of 4 � 104 cells per well in 12-well tissue culture plates and
incubated overnight. The following day, Raji lymphoma cells were
resuspended in M210B4 conditioned medium and treated with vehicle or
rituximab (10 �g/mL) in the presence or absence of pepducins. These cells
were then cocultured with M210B4 cells for 24 hours before assessment of
apoptotic cells by annexin V/propidium iodide (PI) staining. Stromal cells
were distinguished from Raji cells on the basis of their distinct forward
scatter/side scatter properties by flow cytometry.

Annexin V/PI cell viability assay

Apoptotic/dead cells were quantified using the annexin V–FITC Apoptosis
Detection Kit (BD Pharmingen) by dual staining with FITC-conjugated
annexin V and PI. Briefly, Raji and Ramos cells (0.4 � 106/mL in 10%
FBS/RPMI) were treated with pepducin and rituximab (10 �g/mL for Raji
cells and 20 �g/mL for Ramos cells) for 24 hours at 37°C. Cells were then
stained with annexin V–FITC and PI for 15 minutes at room temperature
before analysis of fluorescence by flow cytometry. The percentage of
apoptotic/dead cells was calculated as the sum of percentages of early
apoptotic cells (annexin V�/PI�) and late apoptotic/dead cells (annexin
V�/PI� and annexin V�/PI�).

In vivo systemic lymphoma mouse model

Female 6-week-old NOD/SCID/Il2rg�/� (NSG) mice (The Jackson Labora-
tory) were injected intravenously into the lateral tail vein with 2 � 106 Raji
lymphoma cells suspended in 200 �L of PBS. Raji cells had been
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maintained in culture for less than 2 weeks and were tested for surface
expression of CD20 and CXCR4 by flow cytometry before injection into
mice. After injection, mice were randomly divided into 8 groups for the
following treatments: (1) vehicle, (2) rituximab, (3) PZ-218, (4) PZ-210,
(5) plerixafor, (6) rituximab and PZ-218, (7) rituximab and PZ-210, and
(8) rituximab and plerixafor. Equimolar concentrations of pepducins (3 mg/
kg) and plerixafor (1 mg/kg) were administered subcutaneously each day
starting on day 0 (the day of injection of Raji cells). Rituximab (10 mg/kg)
was injected intraperitoneally twice weekly, with the first treatment
administered on day 7. Mice were monitored daily for signs of disease
progression and death, and were killed upon development of hind-limb
paralysis.

Statistical analyses

Statistical analyses of chemotaxis and cell viability assays were performed
using Prism Version 4.0 software (GraphPad). P values were calculated
using the Student unpaired t test. For survival studies, Kaplan-Meier curves
were generated for all treatment cohorts using the Prism Version 4.0
software. Statistical significance between treatment groups was analyzed
using the log-rank test.

Results

Generation of lipid-conjugated peptides that antagonize CXCR4
signaling in lymphocytic leukemia and lymphoma cells

CXCR4 is a 7-transmembrane receptor that mediates intracellular
signaling by interaction with cytosolic heterotrimeric G proteins, as
illustrated in Figure 1A. Previous work by our group demonstrated
that palmitoylated peptides, called pepducins, based on the se-
quences of the first or third intracellular loops of GPCRs, can
modulate downstream signaling. In the present study, pepducins
were designed to target the first (i1) and third (i3) intracellular
loops of CXCR4 (Figure 1B-C), which are identical in human and
mouse. These pepducins, designated PZ-218 and PZ-210, respec-
tively, contain an N-terminal palmitate moiety that facilitates

insertion into the cytosolic face of the plasma membrane. Peptides
lacking an N-terminal palmitate moiety (PZ-253 and PZ-254) and
an inactive analog (PZ-217) with an additional C-terminal positive
charge (Figure 1C) were generated as controls to examine the
specific activity of CXCR4-targeted pepducins. Our previous work
demonstrated that PZ-218 and PZ-210 specifically inhibit CXCL12-
mediated responses in human and mouse neutrophils.33 Both
PZ-218 and PZ-210 could completely inhibit CXCL12-mediated
Ca2� signaling, whereas PZ-217, PZ-253, and PZ-254 negative
control pepducins had no effect (Figure 1D). CXCR4 was highly
expressed on the surface of several leukemia cell lines, including
CEM and Jurkat cells, and on the lymphoma cell lines Raji and
Ramos (Figure 2A). Consistent with previous studies,45 the mecha-
nism of CXCR4-mediated activation of the MAPK cascade is
Gi(��)–PI3K dependent, as shown by complete inhibition of
CXCL12-mediated ERK activation by pertussis toxin treatment of
Jurkat cells (Figure 2B). There was complete inhibition of CXCL12-
induced ERK1/2 phosphorylation with the PZ-218 and PZ-210
pepducins and by plerixafor (AMD3100).

We also investigated the efficacy of the i1 and i3 loop pepducins
as CXCR4 antagonists in human lymphocytic leukemia and
lymphoma cell lines and primary cells derived from CLL patients
using chemotaxis and Boyden chamber migration assays. Both
PZ-218 and PZ-210 inhibited chemotaxis of CEM, Jurkat, Raji, and
Ramos cells toward 30nM CXCL12 in a dose-dependent manner,
with IC50 values of approximately 0.3-1�M (Figure 2C). In CEM,
Jurkat, and Raji cell lines, PZ-218 and PZ-210 at high concentra-
tions (� 3�M) had the additional ability to inhibit chemotaxis
below baseline levels, suggesting suppression of chemokinesis. We
also examined CXCL12-mediated chemotaxis of CEM and Ramos
cells treated with the nonpalmitoylated peptides PZ-253 and
PZ-254 and with the i1 loop pepducin, PZ-217, which has an
additional C-terminal lysine. At concentrations of 10�M, neither
the nonpalmitoylated peptides nor PZ-217 inhibited chemotaxis in
these cell lines (supplemental Figure 1, available on the Blood Web

Figure 1. Pepducins are lipopeptide antagonists of CXCR4 in human leukemia and lymphoma cell lines. (A) A model of the 3-dimensional structure of CXCR4 based on
the structure of rhodopsin demonstrates the topological arrangement of the intracellular loops. G proteins are recruited to the intracellular loops of CXCR4 and mediate
downstream signaling in response to ligand binding. (B) Schematic representation of CXCR4 with i1 and i3 loop amino acid sequences. (C) Sequences of the CXCR4
pepducins and control peptides. Pepducins with N-terminal palmitate (Pal) based on the sequence of the i1 (PZ-218 and PZ-217) and i3 (PZ-210) intracellular loops. Control
peptides lacking an N-terminal palmitate moiety and corresponding to the i1 (PZ-253) and i3 (PZ-254) loop sequences were synthesized. (D) Effect of CXCR4 pepducins on
human hematopoietic cell calcium flux. Cells were preincubated with vehicle or the indicated pepducins and stimulated with CXCL12.
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site; see the Supplemental Materials link at the top of the online
article), indicating that both the palmitate moiety and the specific
peptide composition are essential for antagonist activity of the
CXCR4 pepducins.

To confirm the efficacy of pepducins as CXCR4 antagonists, we
tested their effect on CXCL12-mediated Boyden chamber migra-
tion and chemotaxis in leukemia cells isolated from 5 patients with

CLL. All patient CLL B cells tested had high CXCR4 expression
levels (data not shown). Both PZ-218 and PZ-210 significantly
inhibited cell migration/chemotaxis to CXCL12 with comparable
IC50 values in both types of migration assays (Figure 3A-B and
supplemental Figure 2), indicating that pepducins are effective
antagonists of CXCR4 activity in leukemic cells obtained from
patients with CLL.

Figure 2. Pepducins targeting the i1 and i3 loop of CXCR4 inhibit
CXCL12-mediated chemotaxis of leukemia and lymphoma cells.
(A) CXCR4 surface expression on human leukemia (Jurkat and CEM) and
lymphoma (Raji and Ramos) cell lines was analyzed by flow cytometry
using PE-conjugated CXCR4 Ab. (B) Inhibition of CXCR4-ERK activation
by i1- and i3-derived CXCR4 pepducins. Lysates from Jurkat cells
untreated (veh) or treated as indicated before CXCL12 stimulation were
immunoblotted with anti–phospho-ERK or total ERK. (C) Human leukemia
and lymphoma cells were treated with 0.3-10�M PZ-218 or PZ-210 and
chemotaxis to 30nM CXCL12 was determined by microscopically measur-
ing the distance migrated by cells through a cellulose nitrate filter.
Chemotaxis of vehicle-treated cells to CXCL12 was set at 100%, and
random chemotaxis (chemotaxis of cells in the absence of CXCL12) was
set at 0%. Data are presented as the means � SEM of triplicate experi-
ments with n 	 3 for each experiment. *P 
 .05 and **P 
 .01 compared
with vehicle-treated controls.

Figure 3. Inhibition of CXCL12-mediated chemotaxis in primary
human B-CLL cells. Primary leukemic cells isolated from patients with
B-CLL were treated with PZ-218, PZ-210, or plerixafor (AMD, 0.1-10�M)
and migration (A) and chemotaxis (B) toward CXCL12 was measured.
Chemotaxis/migration of vehicle-treated cells to CXCL12 was set at 100%.
All data are expressed as means � SEM (n 	 4) with assays done in
triplicate or quadruplicate. **P 
 .01 compared with CXCL12-treated cells.
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CXCR4 pepducins significantly enhance rituximab-mediated
cytotoxicity of leukemic cells from patients with CLL

In view of recent reports examining the potential of CXCR4
antagonism as an adjunctive treatment strategy in hematologic
malignancies,20,27,46 we next examined the cytotoxic activity of
CXCR4 pepducins on leukemic cells obtained from patients with
CLL in the presence or absence of rituximab. Rituximab, the
humanized anti-CD20 Ab, is a component of standard therapy for
previously treated and untreated B-CLL and NHL. We confirmed
that cells from patients with CLL expressed CD20 on their cell
surface (data not shown). As expected, treatment of CLL B cells
with rituximab alone caused significant increases in the percentage
of apoptotic cells for the majority of patients (Figure 4). The i3 loop
pepducin PZ-210 also gave similar increases in apoptosis as
rituximab alone in CLL B cells from patients 3 and 5. When used
in combination with rituximab, PZ-218 and/or PZ-210 significantly
increased apoptosis compared with rituximab alone in all patient
samples and were more efficacious than plerixafor in the majority
of patient CLL cells.

CXCR4 pepducins significantly enhance rituximab-mediated
cytotoxicity of lymphoma cells

To further examine the synergistic effects of pepducins and
rituximab, we performed cytotoxicity assays on CD20-expressing
Raji and Ramos lymphoma cell lines.47 Treatment of Raji cells with
1-10�M PZ-218 or PZ-210 alone for 24 hours did not significantly
increase the percentage of apoptotic cells (annexin V�/PI�/annexin
V�PI�; Figure 5A-B). However, when Raji cells were treated with
rituximab in combination with 3 and 10�M PZ-218 or PZ-210, the
pepducins enhanced rituximab-mediated cytotoxicity in a dose-
dependent manner, with 1.5- to 2-fold increases in the percentage
of apoptotic cells compared with rituximab alone (Figure 5B).
Treatment of Raji cells with 10�M concentrations of the negative
control pepducins PZ-253, PZ-254, or PZ-217 did not increase
cytotoxicity either alone or in combination with rituximab (Figure
5B). Plerixafor (AMD), the small-molecule inhibitor of CXCR4,
had no effect on the survival of Raji lymphoma cells either alone or
in combination with rituximab (Figure 5B). The cytotoxic effects of
PZ-218 and PZ-210 in combination with rituximab were confirmed
in the Ramos lymphoma cell line (supplemental Figure 3),
demonstrating that pepducin antagonists of CXCR4 significantly
and dose-dependently enhance rituximab-mediated killing of lym-
phoma cells in vitro.

CXCR4 pepducins reverse the protective effect of stroma and
enhance rituximab-induced apoptosis

Because survival of B-cell lymphomas is protected by stromal cells
in the BM microenvironment,48,49 we investigated whether survival
of Raji lymphoma cells could be enhanced by coculture with
stromal M2 10B4 cells. Consistent with previous reports,50 cocul-
ture of Raji cells with M2 10B4 BM stromal cells increased their
resistance to rituximab treatment (Figure 5C). To determine
whether the protective effect of M2 10B4 cells could be reversed by
blockade of the CXCR4 receptor, Raji cells were treated with
vehicle or rituximab (10 �g/mL) in the presence or absence of
CXCR4 pepducins. Lymphoma cells treated with PZ-218 and
PZ-210 exhibited a highly significant enhancement in rituximab-
induced apoptosis. The i1 loop pepducin PZ-218 was more
effective than the i3 loop pepducin PZ-210 at suppressing stromal-
mediated protection of the lymphoma cells in combination with
rituximab.

CXCR4 pepducins enhance rituximab-mediated survival in a
mouse model of lymphoma

To assess the efficacy of i1 and i3 loop CXCR4 pepducins as
potential treatments of lymphoma in vivo, we used a disseminated
lymphoma xenograft model in which Raji cells were injected into
the lateral tail vein of immunocompromised NOD/SCID mice. As
expected, rituximab monotherapy prolonged survival of mice
compared with the vehicle-treated cohort (P 	 .0006; Figure 6A).
PZ-218 monotherapy also significantly increased survival com-
pared with the vehicle-treated cohort (P 	 .0008), and there was no
difference in survival between the rituximab and PZ-218 mono-
therapy groups. By comparison, the i3 loop pepducin PZ-210 gave
no significant increase in survival as a monotherapy. Similar to
PZ-218, plerixafor monotherapy yielded an increase in survival
compared with vehicle (P 	 .002) in the lymphoma model.

Based on the observed synergistic effects in vitro of rituximab
plus pepducins on lymphoma-cell cytotoxicity, we next determined
whether PZ-218 and PZ-210 could further enhance the survival of
rituximab-treated mice with disseminated lymphoma. Indeed,
PZ-218 in combination with rituximab increased survival com-
pared with rituximab alone (P 	 .0001; Figure 6B). Likewise,
PZ-210 increased survival (P 	 .005), although the protective
effect was less than that conferred by PZ-218. Combination therapy
of rituximab and plerixafor also increased survival compared with
rituximab alone (P 	 .0001). PZ-218 and plerixafor were equiva-
lent in these survival studies. These data support the notion that
CXCR4 is a promising clinical target for lymphoma treatment, and
suggest that CXCR4 pepducins may be effective at increasing the
salutary effects of rituximab.

Discussion

The involvement of GPCRs such as CXCR4 in a variety of diseases
is well established, and agents targeting this class of receptor
represent 30%-40% of all current pharmacotherapeutics. The
majority of these therapeutics are orthosteric modulators of GPCR
activity that compete with the natural ligand for receptor binding.
In the present study, we used a novel approach to CXCR4
antagonism using cell-penetrating peptide antagonists targeted at
specific intracellular loops of CXCR4. We demonstrated that
pepducins targeting the i1 and i3 loops of CXCR4 completely
abrogated CXCL12-mediated migration/chemotaxis of leukemia
and lymphoma cells. Furthermore, activation of downstream
CXCL12/CXCR4-Gi–mediated MAPK (ERK) signaling and cal-
cium flux was completely blocked. Whereas pepducins alone
exhibited little cytotoxic activity against leukemia and lymphoma
cell lines, they enhanced rituximab-mediated cell death of primary
CLL, Raji, and Ramos cells significantly in vitro. Most importantly,
coculture of lymphoma cells with BM-derived stromal cells
resulted in protection of cell survival in lymphoma cells. CXCR4
pepducin treatment was able to reverse stromal protection and
synergized with rituximab to increase apoptotic cell death. Further-
more, pepducins in combination with rituximab significantly
prolonged survival in a murine model of disseminated lymphoma.

Effective small-molecule antagonists of CXCR4 have been
developed, and the bicyclam antagonist plerixafor (AMD3100) is
used clinically in combination with G-CSF to enhance the mobili-
zation of stem cells for subsequent transplantation. The therapeutic
half-life of plerixafor is short, approximately 1.5 hours, which is
permissive for stem cell mobilization but may be ineffective for
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Figure 4. CXCR4 pepducins enhance rituximab-mediated cytotoxicity in leukemic cells from patients with CLL. Leukemic cells isolated from 5 patients with CLL were
treated overnight with vehicle (0.3% DMSO), PZ-218, PZ-210, or plerixafor (AMD) in the absence or presence of rituximab (20 �g/mL). Samples were stained with annexin
V–FITC, and evaluated for apoptotic cells by flow cytometry. Data represent means � SEM (n 	 5). *P 
 .05 compared with rituximab-treated controls.
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other therapeutic indications targeting CXCR4 for which sustained
inhibition of CXCR4 activity is desirable. It has been reported
recently that plerixafor and TC14012, a peptidomimetic antagonist
of CXCR4, are agonists of CXCR7,51,52 a GPCR that is activated by
CXCL12 and I-TAC. CXCR7 signaling has been implicated in
invasion, angiogenesis, and growth of human tumors.53 For this
reason, chronic administration of agents that activate CXCR7 could
potentially lead to undesirable tumor-promoting effects.

CXCR4 antagonists are predicted to enhance the efficacy of
conventional cytoreductive treatment in CLL and other hemato-
logic malignancies by abrogating stromal-mediated protection,48

and the safety and tolerability of plerixafor as an adjunctive therapy
in CLL is currently under investigation in phase 1/2 clinical trials.
Although rituximab is potentially a treatment option in combina-
tion with chemotherapy for B-cell malignancies, it has only modest
activity in CLL and NHL as monotherapy and has been shown to
have weak effects on some tumors.54 Therefore, combination
treatment with orthogonal targets that enhance rituximab-mediated
cytotoxicity is an attractive approach to improving therapeutic
outcome. We propose that one mechanism by which pepducins
enhance rituximab-mediated survival is by inhibition of the interac-
tion of malignant cells with cytoprotective microenvironments.
Indeed, in in vivo lymphoma model, both pepducins and plerixafor
seemed equivalent, which implies that stromal protection may
dominate the in vivo responses. Further supporting this hypothesis,
mouse stem cell studies demonstrated that the CXCR4 pepducins,
PZ-218 and PZ-210, enhance hematopoietic stem and progenitor
cell mobilization from the BM.55 PZ-218 was a more effective stem
cell–mobilizing agent than PZ-210, which is consistent with the

enhanced efficacy of this pepducin in lymphoma survival studies.
Consistent with these results are coculture stromal protection
studies that identified PZ-218 as highly efficacious in reversing
stromal protection to rituximab treatment. However, we also
demonstrated that pepducin antagonists of CXCR4 enhanced the
cytotoxic activity of rituximab in the absence of stromal cells,
suggesting that inhibition of CXCR4 signaling may have pleiotro-
pic effects on cells to influence survival. Moreover, PZ-218, when
administered as a single agent to mice with disseminated lym-
phoma, enhanced survival compared with vehicle-treated mice,
suggesting that pepducin antagonism of CXCR4 may itself be
beneficial in the treatment of hematologic malignancies.

Rituximab mediates cytoreductive effects through Ab-
dependent cell cytotoxicity (ADCC), complement-dependent cyto-
toxicity (CDC), and direct cytotoxic activity. Cell-viability assays
demonstrated that pepducins did not augment rituximab-mediated
CDC (data not shown), and we can further conclude that the
cytotoxic effects of pepducins in combination with rituximab are
not because of ADCC, because our in vitro assays did not include
effector cells. CDC and ADCC rely on the Fc fragment of
rituximab, which binds complement factor C1q and Fc receptors on
macrophages and natural killer cells. Because the mouse strain
used here (NSG) has severely depleted natural killer cell activity,
this indicates that the increased survival mediated by CXCR4
pepducins is because of enhancement of the direct cytotoxic
activity of rituximab.

In the present study, we have demonstrated that cell-penetrating
CXCR4 pepducins provide effective antagonism of CXCL12-
mediated signaling in leukemia and lymphoma cell lines. The

Figure 5. CXCR4 pepducins enhance rituximab-mediated cytotoxicity
in lymphoma cells. (A) Raji cells were treated overnight with vehicle
(0.3% DMSO), PZ-218 (10�M), or PZ-210 (10�M) in the absence or
presence of rituximab (10 �g/mL). Samples were dual stained with
annexin V–FITC and PI and evaluated for apoptotic/dead cells by flow
cytometry. The x-axis depicts annexin V and y-axis depicts PI. Experi-
ments were repeated 3 times with similar results. Representative dot plots
are shown. (B) Raji cells were treated with the indicated concentrations of
pepducins and plerixafor (AMD) for 24 hours in the presence (�) or
absence (�) of rituximab (10 �g/mL). The percentage of apoptotic/dead
cells was determined by annexin V/PI staining and flow cytometry.
Data represent means of the sum of annexin V�/PI�/annexin V�PI�

cells � 1 seconds (n 	 3), with assays done in duplicate. *P 
 .05 and **
P 
 .01 compared with rituximab-treated samples. (C) CXCR4 pepducins
inhibit stromal-mediated protective effect of rituximab and enhance ritux-
imab-induced apoptosis. Raji cells were cocultured with or without M2-
10B4 stromal cells and treated with 10�M concentrations of pepducins or
vehicle control in the presence (�) or absence (�) of rituximab. Samples
were dual stained with annexin V–FITC and PI and evaluated for
apoptotic/dead cells by flow cytometry.
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synergistic effects of pepducins with rituximab in vitro and in vivo
demonstrate that pepducins increase the susceptibility of lym-
phoma cells to rituximab-mediated cell death. Our findings there-
fore validate CXCR4 as a promising new target in lymphomas, and
support further evaluation of pepducins as novel adjuvant therapies
in the treatment of lymphoma and other hematological malignancies.
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