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Contribution and underlying mechanisms of CXCR4
overexpression in patients with systemic lupus
erythematosus

Li-dan Zhao1,3, Di Liang1,3, Xiang-ni Wu1,3, Yang Li1, Jing-wen Niu1, Chen Zhou1, Li Wang1,
Hua Chen1, Wen-jie Zheng1, Yun-yun Fei1, Fu-lin Tang1, Yong-zhe Li1, Feng-chun Zhang1, Wei He2,
Xue-tao Cao2 and Xuan Zhang1

Aberrant expression of CXCR4 has been indicated to play a role in the pathogenesis of systemic lupus erythematosus
(SLE), but the mechanism of CXCR4 dysregulation in SLE is unclear. This study is aimed to explore the clinical
significance and possible mechanisms of abnormal CXCR4 expression on B cells from patients with untreated SLE.
Expression of CXCR4 on peripheral B cells was determined by flow cytometry and western blotting. Freshly isolated
B cells were cultured with exogenous interleukin 21(IL-21) in the presence or absence of CD40 ligand (CD40L) plus
anti-IgM antibody (aIgM), and changes in CXCR4 expression were detected. Involvement of phosphatidylinositol 3 kinase
(PI3K)/Akt and Janus kinase/Signal transducer and activator of transcription (JAK/STAT) signaling pathways was assessed
by adding blocking agents Ly294002 and AG490. Since CD63 is reported to mediate endosomal recruitment of CXCR4
and BCL6 is capable of silencing CD63 gene transcription, we also measured BCL6 and CD63 gene transcription with
real-time PCR. It was shown that CXCR4 expression on B cells was significantly upregulated in SLE patients, especially
in those with lupus nephritis, and was positively correlated with SLE Disease Activity Index scores and negatively with the
serum complement 3 levels (Po0.05). Downregulation of CXCR4 by IL-21 was intact. In contrast, a similar effect of
aIgM plus CD40L in downregulating CXCR4 expression was defective in SLE patients but was restored by co-stimulation
with IL-21 in vitro. Both Ly294002 and AG490 promoted downregulation of surface CXCR4 expression on B cells from
SLE patients (P=0.078 and P=0.064). Furthermore, B cells from SLE patients exhibited diminished CD63 mRNA and
enhanced BCL6 mRNA expression (both Po0.05). To sum up, CXCR4 was overexpressed on SLE B cells, positively
correlating with disease activity and kidney involvement. Overactivation of the PI3K/Akt and JAK/STAT pathways as well
as defective CD63 synthesis may contribute to CXCR4 dysregulation in SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a systemic autoimmune
disease with heterogeneous clinical manifestations and various
immune dysfunctions. It is characterized by disturbances in B-cell
homeostasis and the development of a variety of autoantibodies
against intra- and extracellular autoantigens.1,2 Lymphocyte
trafficking and positioning within lymphoid organs are controlled
by chemokines and their receptors. One important chemokine
receptor, CXCR4, is expressed by multiple types of leukocytes3–5

and is specifically recognized by CXC chemokine ligand 12
(CXCL12).6,7 CXCR4 is involved in many immune system
functions, such as cell chemotaxis, proliferation, apoptosis,
survival and differentiation.8 Differential expression of CXCR4
on centroblasts and centrocytes in the germinal center (GC) is
critical for segregating the dark zone and the light zone and assists
in the maturation and selection of B cells.9,10 Furthermore,
targeted interference of the CXCR4 gene in mice has revealed its
critical role in lymphopoiesis, myelopoiesis, GC organization and
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maintenance of bone marrow stem cell pools.9,11–14 Although
overexpression of CXCR4 on B cells has been reported both in a
lupus mouse model and in SLE patients,15,16 contradictory results
have also been reported.17 Recently, it has been demonstrated that
CXCR4 is crucial for the pathogenesis of murine lupus.8

Heightened CXCR4 levels in lupus mice were found to prolong
B cell survival and promote migration of these cells to end-organs
via CXCL12 gradients.8 In addition, CXCL12 has been shown
to be selectively upregulated in the glomeruli and tubules
of kidneys from several murine lupus strains with nephritis
(for example, NZB/W, BXSB and MRL/lpr) and in patients with
lupus nephritis.15,16,18,19 In situ CXCL12 attracts lymphocytes
expressing CXCR4, leading to sequestration of these lymphocytes
in target organs. Importantly, blocking the interaction between
CXCR4 and CXCL12 with an antagonistic peptide early in life
or after disease onset was found to inhibit autoantibody
production, ameliorate renal disease, reduce disease activity and
prolong survival in NZB/W and B6.Sle1Yaa lupus-prone mice.8,18

Therefore, the CXCL12/CXCR4 axis plays a critical role in
recruiting B cells to the kidneys and contributes to nephritis
both in mice and in humans.8 Moreover, recent research on the
mechanism of lupus protection by malaria infection reported that
lupus mice infected with the parasite exhibited attenuated
B-cell hyperactivity and restoration of aberrantly elevated
pro-inflammatory cytokine profiles via modulation of CXCR4
expression and inhibition of the phosphorylation of downstream
signaling molecules, including Akt, NFkappaB and ERK.20 All the
above findings indicate that targeting CXCR4 might be promising
for lupus therapy.

CXCR4/CXCL12, together with other chemokines and their
cognate receptors, contribute to plasmablast migration into bone
marrow and inflamed tissues where these cells differentiate into
short-lived or long-lived plasma cells and continuously produce
autoantibodies such as anti-double-stranded DNA antibody
(anti-dsDNA). Although the increased expression of CXCR4 on
SLE B cells has been demonstrated, the mechanism of defective
CXCR4 regulation in lupus has not yet been explored.

It has been reported that interleukin 21 (IL-21) and B-cell
receptor (BCR) crosslinking induce CXCR4 endocytosis and that
CD63 mediates endosomal recruitment of CXCR4 in C57BL/6
mice in vitro.21,22 In addition, overproduction of IL-21 and
dysregulation of IL-21 R in certain B-cell subpopulations have
been demonstrated in several murine lupus models as well as in
SLE patients.23,24 IL-21, produced mainly by follicular helper
T cells (TFH), which have a central role in GC B-cell selection,
is able to directly induce B-cell activation, mediate B-cell
proliferation and promote plasma cell development, most likely
through the downstream pathway of the Janus kinase/Signal
transducer and activator of transcription (JAK/STAT) signaling.25

Furthermore, a recent study indicated that phosphatidylinositol 3
kinase (PI3K)/Akt may be involved in CXCR4 regulation.26 Thus,
the JAK/STAT and PI3K/Akt pathways are involved in many
physical and pathological activities. In this study, we examined
the influence of IL-21 on the regulation of CXCR4 in SLE B cells
and explored whether the PI3K/Akt and JAK/STAT signaling
pathways are involved.

MATERIALS AND METHODS

Patients and controls
Peripheral anticoagulant blood samples were collected from 18
treatment-naive SLE patients who visited Peking Union Med-
ical College Hospital (PUMCH) (17 female, one male; mean
age 31± 9 years, range 15–45 years). Before visiting PUMCH,
these patients had not been diagnosed with SLE, nor had
they received any lupus-related therapy. Although a detailed
history revealed that some of the patients were likely to have
exhibited relevant symptoms or signs of lupus for a long time,
they were also defined as treatment-naive SLE patients. All
patients fulfilled the revised American College of Rheumatology
(ACR) 1997 classification criteria for SLE. Disease activity was
evaluated by SLEDAI-2000 criteria (mean 11.7, range 5–19).
Peripheral blood samples from 18 age and gender-matched
healthy volunteers (17 female, one male; mean age 27± 3 years,
range 23–32 years) were collected as controls. Approval of this
study was obtained from the ethics committees of Peking
Union Medical College Hospital Review Board.

Cell preparation
Peripheral blood mononuclear cells (PBMCs) from healthy
controls (HC) and SLE patients were prepared by Ficoll–
Hypaque density gradient centrifugation. Peripheral B cells
were isolated using a negative isolation kit (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the manufacturer’s
recommendations. The purity and survival rate of the CD19+

population was typically495%.

Activation of peripheral B cells in vitro and flow cytometry
analysis
Freshly isolated PBMCs or peripheral B cells were incubated
with 50 ng/ml IL-21 (PeproTech, Rocky Hill, NJ, USA) for
72 h in the absence or presence of 20 ng/ml CD40L
(PeproTech) plus 10 μg/ml anti-human IgM (aIgM)
(Sigma-Aldrich, St Louis, MO, USA). The cells were
harvested and stained with pre-established combinations
of fluorescent mAbs for 30 min on ice in staining buffer
(BD Biosciences, Franklin Lakes, NJ, USA). For signaling
molecular blockade experiments, isolated B cells were
pretreated with 20 μg/ml AG490 (JAK/STAT inhibitor)
(Sigma-Aldrich) or 50 μmol/l Ly294002 (PI3K/Akt inhibitor)
(Sigma-Aldrich) for 1 h before stimulation with IL-21 and/or
CD40L plus aIgM. The following fluorescence-conjugated
mAbs and isotype controls from eBioscience (San Diego,
CA, USA), BD Biosciences and Biolegend (San Diego, CA,
USA) were used: anti-CD19-FITC, anti-CD38-PECY7, anti-
IgD-PE, anti-CXCR4-PE, anti-CXCR5-Alexa Fluor 647 and
anti-IL-21R-APC.

Western blotting
Isolated B cells were lysed using RIPA buffer (Sigma-Aldrich),
and 60–80 μg total cellular protein was electrophoresed
on a 10% SDS-polyacrylamide gel electrophoresis gel. The
proteins were then transferred onto polyvinylidene-difluoride
membranes (Millipore, Darmstadt, Germany) and blocked
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with 5% non-fat milk for 90min at room temperature. The
membrane was then incubated with antibodies against CXCR4
(Abcam, Cambridge, UK) at 4 °C overnight, with GADPH used
as the loading control.

Real-time quantitative PCR
Purified B cells were resuspended in TRIzol reagent (Invitrogen
Life Technologies, Waltham, MA, USA), and total RNA was
extracted using the RNeasy mini kit (Qiagen, Duesseldorf,
Germany). RNA purity was measured by spectrophotometry.
Reverse transcription reactions were prepared using the SYBR
Premix Ex Taq System (Takara Bio, Mountain View, CA, USA).
Real-time PCR was performed using IQ5 System (Bio-Rad,
Hercules, CA, USA), and the cycle conditions and relative
quantification were completed as described in the manufacturer’s
instructions (Bio-Rad). Expression of CD63 and B-lymphoma 6
protein (BCL6) was calculated using the comparative computer-
ized tomography method with efficiency calculations; all mRNA
levels were normalized to GAPDH mRNA. The primers used
were as follows:

CD63 Forward: 5'-CTGGACAGGATGCAGGCAGA-3';
CD63 Reverse: 5'-CCACAGTAACATTAATGCAGCAGC

AGGA-3';
BCL6 Forward: 5'-GGAACCTCCAAATCCGAGAC-3';
BCL6 Reverse: 5'-AGCCCTCAAAGCCACAAGAT-3';
GAPDH Forward: 5'-AAGCCCATCACCATCTTCCA-3';
GAPDH Reverse: 5'-CCTGCCTCACCACCTTCTTG-3';

Statistical analysis
All data were analyzed using SPSS 19.0 software (IBM, Inc.,
Armonk, NY, USA). The data passing both Kolmogorov–Smirnov

and Shapiro–Wilk tests (P40.05) were considered to have a
normal distribution. For data with a normal distribution and
homogeneity of variance, one-way analysis of variance with
adjusted Bonferroni correction was used to assess differences
among groups. The independent sample t-test was used to
compare differences between two groups. Correlations were
analyzed with Pearson’s correlation. For the data with
non-normal distribution, the Mann–Whitney U-test was used to
compare differences between two groups. In the co-culture,
stimulation experiments and the signaling blockade experiments,
repeated measures analysis was applied. For those data not
passing Mauchly’s test of sphericity, Greenhouse–Geisser
calibration results were chosen. Values of Po0.05 were
considered statistically significant.

RESULTS

Abnormal expression of CXCR4 and CXCR5 on SLE B
lymphocytes
We first assessed the expression of CXCR4 and CXCR5 on
circulating B cells from SLE patients and HC. Flow cytometry
analysis revealed upregulation of CXCR4 and downregulation of
CXCR5 on peripheral blood CD19+B cells from SLE patients
compared with those from HC (CXCR4 mean fluorescence
intensity (MFI): 35260± 6764 vs 14130± 2342, P= 0.008;
CXCR5 MFI: 5163± 766 vs 13660 ± 2662, P= 0.006; n= 11
per group) (Figure 1a). The percentage of CXCR4highCXCR5low/-

B cells was significantly increased while the percentage of
CXCR4low/-CXCR5high B cells was significantly decreased in
SLE patients (39.1± 4.57% and 7.57± 1.48%, respectively,
n= 18) compared with HC (12.11± 5.18% and 32.35± 6.27%,
respectively, n= 11) (both Po0.001) (Figure 1b). Western

Figure 1 Expression of CXCR4 and CXCR5 on B cells from SLE patients and HC, as detected by flow cytometry. The independent t-test
was used for comparisons between the two groups. (a) Expression of CXCR4 and CXCR5 on peripheral CD19+ B cells in SLE patients and
in HC. Representative flow cytometry histogram showing the MFI of CXCR4 and CXCR5 on CD19+ B cells in a SLE patient (red line) and
in a HC (black line). Bars represent the mean± s.e.m. (n=11 for each group). (b) Representative flow cytometry zebra plots displaying co-
expression of CXCR4 and CXCR5 on peripheral CD19+ B cells and comparison of subgroups (n=11 for HC and n=18 for SLE).
(c) Western blots of whole-cell lysates of CD19+ B cells from HC and SLE patients. (Blood samples from three SLE patients and three HCs
were used for this experiment; CXCR4 protein levels were standardized by GAPDH and analyzed with the t-test.)
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blotting also confirmed remarkable upregulation of total
CXCR4 protein in SLE patients (P= 0.05, n= 3 for each group)
(Figure 1c).

The expression level of CXCR4 on SLE B cells correlated
with disease activity
Heightened CXCR4 expression on CD19+ B cells from SLE
patients correlated positively with SLEDAI (Systemic Lupus
Erythematosus Disease Activity Index) score (r2= 0.38;
P= 0.04; Figure 2a) and negatively with the serum C3 level
(r2= 0.53; P= 0.01; Figure 2b). When patients were stratified
by anti-dsDNA titers detected by indirect immunofluorescence,
those with higher anti-dsDNA levels (defined as higher than
1:80) had significantly higher percentage of CXCR4highCXCR5-
low/− B cells (P= 0.02; Figure 2c). Notably, CXCR4 levels on
CD19+ B cells were more distinctly increased in those SLE
patients with nephritis (P= 0.01; Figure 2d).

Defective downregulation of CXCR4 by BCR crosslinking in
SLE B cells
Because IL-21 and IL-21R polymorphisms have been reported to
be associated with susceptibility to SLE27 and CXCR4
could be regulated by IL-21 via activation of endocytosis,
IL-21R expression on B cells was assessed, confirming enhanced
IL-21R expression on B cells from SLE patients compared with
HC in our cohort (MFI: 720±67 vs 476±49, P=0.009)
(Figure 3a). Considerable IL-21R expression on subgroups of B
cells, especially CD19+IgD−CD38− cells, from SLE patients
was found (MFI: 401± 47 vs 255±34, P=0.02) (Figure 3b).

To examine the regulative effect of IL-21 on CXCR4 expression,
SLE B cells were stimulated with IL-21 alone or in combination
with CD40L plus aIgM. A significant reduction in the percentage
of CXCR4+ B cells induced by IL-21 or CD40L plus aIgM was
observed in HC (both Po0.05). In SLE patients, the effect of
IL-21 appeared to be intact (Po0.05), but CD40L plus aIgM was
defective in downregulating the percentage of CXCR4+ B cells
(P40.1 compared with control); however, this could be rescued
by co-stimulation with IL-21 (P=0.001, compared with control)
(Figure 3c).

The PI3K/Akt and JAK/STAT signaling pathways were
involved in IL-21-mediated CXCR4 expression
In our previous study, phosphorylation of Akt was found to
be overactivated in SLE patients.28 In addition, the asso-
ciation of CXCR4 activation with JAK2 and JAK3 kinases has
been reported.29 In the present study, blockade experiments
revealed that both Ly294002 (blocking PI3K/Akt) and AG490
(blocking JAK/STAT) strongly inhibit in vitro CXCR4 expression
on B cells from SLE patients, independent of the IL-21
stimulation with or without CD40L plus aIgM (P=0.078 and
P=0.064). This tendency was not observed in HC (Figure 4).

Decreased CD63 mRNA and increased BCL6 mRNA in SLE
B cells
It has been reported that BCL6 upregulates CXCR4 expression
on activated B cells by silencing CD63 gene transcription.21

Therefore, we next analyzed expression of BCL6 mRNA and
CD63 mRNA in isolated peripheral B cells from HC and SLE

Figure 2 Correlations between CXCR4 expression and clinical features including the SLEDAI. (a) serum C3 levels, (b) anti-double-strand
DNA (c) and lupus nephritis (d). Samples from 11 SLE patients were used for this experiment. Pearson’s correlation and the independent
t-test were used for the analysis. Bars show the mean± s.e.m.
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patients by real-time quantitative PCR (RT-PCR). We found
BCL6 mRNA was upregulated (3.92± 0.92 vs 1.16± 0.26,
P= 0.02) and CD63 mRNA downregulated (3.18± 0.87 vs
8.23± 0.67, P= 0.001) in SLE B cells compared with HC
B cells (Figure 5).

DISCUSSION

CXCL12-CXCR4 is critically involved in the homing of B cells
to lymphoid follicles and inflammatory tissues. Indeed, tight
control of the expression of CXCR4 and CXCR5 on immature
B cells is crucial for B-cell translocation and migration from the

Figure 3 (a and b) Expression of IL-21R on B-cell subpopulations, as detected by flow cytometry. Samples from 18 SLE patients and 14
HC were used for this experiment. The independent t-test was used for comparisons between the two groups. Bars show the mean± s.e.m.
(c) Influence of exogenous IL-21 on CXCR4 expression on B cells in the presence or absence of CD40L plus aIgM in vitro (ns: P40.05).
Samples from 11 SLE patients and 10 HCs were used for this experiment. Repeated measures analysis was used for comparison of the
different stimulation conditions. Bars show the mean± s.e.m.
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dark zone to the light zone in the GC, which is imperative for
the selection and elimination of autoimmune B cells.9 Short-
lived plasma cells (PCs) at extra-follicular foci are the main
producers of anti-dsDNA, and migration of B cells to extra-
follicular sites and their differentiation into PCs are driven by
CXCR4-CXCL12.10,30 In several lupus murine strains, B cells
and PCs exhibit elevated CXCR4 expression.8 Increased

expression of CXCR4 on B cells and T cells in human lupus
has also been reported.16,31 Consistent with these findings, our
study demonstrated that CXCR4 was upregulated in SLE
patients and correlated with disease activity and kidney
involvement. These results also corroborate the findings of
Hanaoka H et al,31 whereby upregulation of CXCR4 expression
on circulating B cells with enhanced chemotactic response to

Figure 4 Influence of Ly294002 (PI3K/Akt inhibitor) and AG490 (JAK/STAT inhibitor) on CXCR4 expression is independent of IL-21
stimulation in SLE patients. (At least three independent experiments each for HC and SLE were performed.) Isolated peripheral blood
B cells were pretreated with AG490 (20 μg/ml) or Ly294002 (50 μmol/l) 1 h before stimulation with CD40L (20 ng/ml) plus anti-IgM
(10 μg/ml) with or without IL-21 (50 μg/ml) for 3 days. Surface CXCR4 levels were assessed by flow cytometry. Repeated measures analysis
was used for comparison of the different treatment conditions.

Figure 5 (a and b) Expression of BCL6 and CD63 mRNA in purified B cells from HC or SLE patients, as detected by real-time RT-PCR
(n=10 for each group). The Mann–Whitney U-test was used for comparison analysis. (c) Representative electrophoresis results are shown.
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CXCL12 in active SLE promoted inflammatory cell infiltration
into renal tissue. In our cohort, SLE patients with higher
anti-dsDNA titers exhibited a higher proportion of
CXCR4highCXCR5low/- B cells. It has been suggested that
dysregulated CXCR4/CXCR5 expression on SLE B cells may
lead to the mislocalization of autoimmune B cells to extra-
follicular sites, may allow them to escape negative selection and
apoptosis, and may contribute to autoantibody production and
active disease.

A previous study revealed that IL-21 accelerated CXCR4
internalization in mice by inducing endocytosis-related GRK6
expression.21 However, the role of IL-21 in regulating human
CXCR4 expression in autoimmunity has not been examined to
date. IL-21, which is mainly produced by activated CD4+ T and
TFH cells, is essential in regulating B cell responsiveness,25,32–34

and has been suggested that IL-21 might serve as a therapeutic
target in lupus.35 As demonstrated in our study, SLE B cells
expressed higher levels of IL-21R than HC. Accordingly, we
examined whether IL-21 has a role in abnormally increased
CXCR4 expression in lupus. However, we did find that
the downregulation of CXCR4 expression by IL-21 in vitro
was intact in B cells from SLE patients. In contrast, BCR
crosslinking by CD40L plus aIgM to induce CXCR4 down-
regulation was defective in SLE, most likely due to the pre-
existing over-activation of BCR, although co-stimulation with
IL-21 restored CXCR4 downregulation. Because the results of
western blotting showed that total CXCR4 protein was
increased in SLE patients, mechanisms other than disturbed
CXCR4 internalization should exist in SLE. Given the increase
in IL-21R expression and intact ability of IL-21 to down-
regulate CXCR4, IL-21 is probably not responsible for
enhanced CXCR4 in SLE. Therefore, we further explored
possible signaling pathways.

In our previous study and in the literature, excessive Akt
phosphorylation has been confirmed in SLE patients and
lupus-prone mice.28,36,37 In addition, the association of JAK
kinase activation with CXCR4-CXCL2 conjugation has been
reported.38 By selectively blocking the PI3K/Akt pathway with
Ly294002 or blocking the JAK/STAT pathway with AG490, we
found CXCR4 expression was markedly downregulated in SLE
B cells, independent of IL-21 and/or BCR stimulation. These
results suggest that the abnormally increased CXCR4 levels in
SLE may be at least partly due to aberrant over-activation of the
PI3K/Akt pathway and the JAK2/STAT3 pathway.

CD63 is a ubiquitously expressed tetraspanin that has been
identified as a negative regulator of CXCR4 exocytosis in
murine CD4 T cells and B cells.21,39,40 CD63 interacts with
CXCR4, and the CD63-CXCR4 complex induces CXCR4
trafficking toward endosomes instead of the plasma membrane.
BCL6 negatively regulates CD63 mRNA expression in activated
B cells, and the level of BCL6 mRNA is inversely correlated
with that of CD63mRNA.21 In this study, we found that B cells
from SLE patients expressed higher levels of BCL6 mRNA
while producing less CD63 mRNA, which may in turn have led
to the dysregulation of CXCR4 on the SLE B cells. Notably, the
PI3K/Akt pathway had been reported to participate in BCL6

regulation41,42 and to contribute to CD63 downregulation.16

Our previous study demonstrated decreased expression of
PTEN (a negative regulator of the PI3K/Akt pathway) in
SLE, which may contribute to the overactivation of the PI3K/
Akt pathway in lupus B cells.28 In the present study, blocking
the PI3K/Akt pathway with Ly294002 significantly directly
reduced CXCR4 expression as well as indirectly via CD63
upregulation.

In conclusion, CXCR4 was overexpressed on SLE B cells,
correlating positively with disease activity and kidney involve-
ment. Overactivation of the PI3K/Akt and JAK/STAT
pathways may at least partially contribute to CXCR4 dysregula-
tion in SLE patients. Imbalanced synthesis of CD63 and
BCL6 might contribute as well. All these events in turn
promote the differentiation of short-lived PCs and the produc-
tion of anti-dsDNA and are thus involved in the pathogenesis
of lupus.
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