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Abstract

Introduction: The chemokine CXCL12 and its receptors CXCR4 and 7 play crucial
roles in the immune system. In the present study, regulation of this pathway was
further examined using the in-vitro model of undifferentiated human THP-1
monocytes (u-THP-1) and phorbol 12-myristate 13-acetate (PMA)-differentiated
THP-1 macrophages (d-THP-1), to assess the effects of differentiation and the
TLR4 ligand lipopolysaccharide (LPS) on the pathway.
Methods/Results: Differentiation did not affect the CXCR4, 7 mRNA levels.
Interestingly, the CXCL12 and CXCR7 proteins but not CXCR4 were found to be
up-regulated during differentiation. LPS, through CD14-dependent pathway,
induced CXCL12 and CXCR4, 7 mRNA levels to a greater magnitude in d- than
u-THP-1. The induction effect on CXCL12 stimulated by LPS was confirmed using
ELISA. Increased migration of u-THP-1 was observed using conditioned medium
from LPS-treated d-THP-1. Additionally, d-THP-1, although expressed higher
CXCR7 protein levels, failed to migrate toward CXCL12. In contrast, LPS did not
affect CXCR4, 7 protein levels.
Conclusion: Hence, this study indicated that CXCL12, CXCR4, and CXCR7 were
differentially expressed and regulated in u-THP-1 and d-THP-1 cells in response to
external stimuli. Importantly, we reported here a novel observation that
uncoupling exists between transcriptional and translational regulation of
CXCR4, 7 expressions by differentiation and TLR stimuli.

Introduction

Monocytes and macrophages respond to pathogens and
provide a primary defense that ultimately lead to pathogen
clearance [1, 2]. During the pathogenic clearance process,
differentiation of monocytes to macrophages is essential [3].
Moreover, mounting immune responses in these cells often
involve cross talk between cellular signaling pathways such as
the pattern recognition and chemokine receptors-mediated
pathways [4]. These cross-talks are critical for the immune
system to efficiently rid the body of pathogen, yet remain to
be fully delineated. Chemokines are important signaling
regulators of monocytes and macrophages trafficking,
migration and thus, play an important role during immune

responses [5]. Chemokines are classified into four subgroups
including CC, CXC, C, and CX3C, based on the position of
cysteine residues [6]. The chemokine CXC motif ligand 12
(CXCL12, or also known as stromal derived factor-1, SDF-1)
is a member of CXC subgroup. CXCL12 not only modulates
immune cell migration but may also be a critical contributor
in tumor metastasis, organ development, wound healing,
and angiogenesis [7, 8]. CXCL12 is widely distributed in
many types of tissues, organs and is continuously secreted by
primary blood monocytes [7–9]. CXCL12 acts via its two
guanine nucleotide-binding protein coupled CXC motif
receptor (CXCR) 4 and 7 [10]. Binding of CXCL12 to
CXCR4 is known to trigger the activation of CXCR4-
mediated downstream events that include, activation of

106 © 2017 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution

and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0001-7901-8390
http://creativecommons.org/licenses/by/4.0/


matrix metalloproteinase-9 enzyme, ERK signaling and the
regulation of lymphocyte and phagocyte migration [11].
CXCR7, on the other hand, is a newly discovered receptor for
CXCL12 and was reported to serve as a decoy receptor for
CXCL12 in some systems [12]. The bio-function and
regulation of CXCR7 inmonocytes andmacrophages are not
as well defined compared to those of CXCR4. Hence, further
elucidation of the regulation and function of CXCR7 in
monocytes and macrophages are warranted.

Recent studies have reported that exposure to lip-
opolysaccharides (LPS), a major outer membrane compo-
nent of Gram-negative bacteria and a Toll-like receptor
(TLR) ligand, can induce CXCL12 expression in THP-1
monocytes (u-THP-1) at a pharmacological concentration
(0.2mg/mL) [13, 14]. The Toll-like receptors (TLRs) are a
family of well-known pattern recognition receptors in both
monocytes and macrophages [15]. The TLRs are known to
induce inflammatory responses that converge at NF-kB to
stimulate the release of cytokines such as interleukin-1 (IL-1)
and interleukin-6 (IL-6) [16, 17]. Also, CXCR7 but not
CXCR4 has been reported to be induced by LPS at high
concentration (1mg/mL) in combination with IFN-g, M-
CSF, or GM-CSF [18]. It is not known whether LPS alone, at
physiological concentration (<100 ng/mL), can also elicit
similar responses [14]. However, these results suggest that a
cross talk between TLR4 and the CXCL12/CXCR4, 7
pathway might exist. Moreover, LPS stimulation of
inflammation through TLR4 involves interaction with two
other proteins, CD14 and MD-2 [19, 20]. LPS can act
through both CD14-dependent and independent path-
ways [21]. The role of CD14 in the LPS-mediated regulation
of the CXCL12/CXCR4, 7 pathways has not been reported.

In addition to the inflammatory stimuli, monocyte
differentiation has also been reported to regulate CXCL12/
CXCR4, 7 pathways. Gupta et al. [22] observed up-
regulation of CXCR4 mRNA level within one hour of
PMA induction of HL-60 cell differentiation, but the mRNA
levels declined to baseline level after three hours. Although
mRNA expression of CXCR4 has been compared among
human myeloid leukemia cell lines at different differentia-
tion states in HL-60, U-937, THP-1, and K-562 cells, the
expression of CXCL12 or CXCR7 was not reported in the
study [22]. Moreover, inconsistency in CXCR4 and 7
regulation exists in the literature. Contrary to Gupta et al.,
Ma et al. reported that, in differentiated THP-1 (d-THP-1),
CXCR7 but not CXCR4 was up-regulated at mRNA and
protein levels [18, 22]. Hence, it is unclear whether
coordinated changes in the CXCL12/CXCR4, 7 axis occurred
during differentiation.

The critical nature of the CXCL12/CXCR4, 7 axis in
immune responses, carcinogenesis, as well as a lack of full
understanding of regulatory mechanism(s) for this pathway,
prompted us to ask the following questions: (1) how do

CXCL12/4, 7 respond to external stimuli such as LPS,
differentiation, and whether CXCL12/CXCR4, 7 pathway in
monocyte/macrophage is regulated in a coordinated
manner; (2) at what concentration can LPS elicit a response
in this pathway; and (3) what is the role of CD14 in LPS
stimulated CXCL12/CXCR4, 7 response in monocyte/
macrophage. We hypothesized that inflammatory and
differentiation stimuli elicit coordinated regulation of
CXCL12, CXCR4, and CXCR7 in monocyte and macro-
phage. The current study used the human THP-1 cell
monocyte/macrophage culture model to elucidate the effects
of LPS and differentiation on the CXCL12/CXCR4, 7
pathways [23]. Importantly, we reported here a novel
observation that an uncoupling of transcriptional and
translational responses of the CXCL12/CXCR4, 7 pathway
occurred in monocyte and macrophage exposed to different
stimuli.

Results

Comparison of CXCL12, CXCR4, 7 expression
pattern in u-THP-1 and d-THP-1 cells

CXCL12 mRNA expressions in THP-1 were significantly
induced (1.68-fold) after PMA-induced differentiation
(Fig. 1). In contrast, there was no difference in CXCR4 or
CXCR7 mRNA levels between u-THP-1 and d-THP-1. In
comparison, the differentiation marker CD14, cytokines IL-
1b and IL-6 mRNA were up-regulated in d-THP-1 by 62.48-
fold, 149.44-fold, and 174.56-fold, respectively (Fig. 1). LPS
treatment of u-THP-1 or d-THP-1 significantly elevated
CXCL12, IL-1b, and IL-6 mRNA levels (Fig. 1Sa-c, Supple-
ments). The magnitude of inductions on CXCL12 and IL-6
mRNA expressions by LPS (10 ng/mL) was much greater in
d-THP-1 than those in u-THP-1. In u-THP-1, CXCL12 and
IL-6 were increased by 2.97-fold and 48.32-fold, respectively.
In d-THP-1, CXCL12 and IL-6 were up-regulated by 11.71-
fold and 150.91-fold, respectively. Additionally, LPS induced
CXCR7 mRNA level in both u-THP-1 and d-THP-1 cells by
1.81-fold and 15.06-fold, respectively. However, we only
detected an increase in CXCR4 mRNA level in d-THP-1 but
not in u-THP-1 upon LPS induction (Fig. 2Sa-b,
Supplements).

Characterization of LPS-induced CXCL12/CXCR4, 7
and related gene expression in d-THP-1 cells

Given that LPS elicits a more robust response in d-THP-1,
the time and concentration-dependent effects of LPS on
CXCL12, and CXCR4, 7 mRNAs were further characterized
in d-THP-1 cells. LPS induced CXCL12mRNA expression in
a dose- and time-dependent manner. CXCL12 mRNA level
peaked at 4, 4, 10, and 12 hours with 1, 10, 25, and 100 ng/mL
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of LPS, respectively (Fig 4Sa, Supplements). CXCL12mRNA
declined almost to the baseline 24 hours after addition of
LPS. Interestingly, CXCL12 showed distinct LPS induction
patterns compared to CXCR4, 7 (Fig. 3Sb-c, Supplements).
CXCR4, 7 mRNA levels both peaked at two hours after LPS
induction, and the magnitude of CXCR7 induction was
much higher compared to CXCR4. CXCR7mRNA increased
by as much as 12.4-fold following two hours of LPS
induction (25 ng/mL), while CXCR4mRNA only elevated by
2.6-fold in the same condition. Additionally, unlike
CXCL12, the expression of CXCR4, 7 mRNA leveled off at
25 ng/mL LPS.
As a comparison, LPS significantly up-regulated relative

mRNA levels of IL-1b and IL-6, two well documented LPS-
responsive cytokines in d-THP-1 [24]. The expressions peaked
at 4 h (Fig. 4Sa-b, Supplements). Both IL-1b and IL-6 showed
time- and concentration-dependent up-regulation by LPS.

Blocking antibody against CD14 inhibited CXCL12-
related gene expression in LPS induced d-THP-1

LPS acts through both CD14-dependent and CD14-indepen-
dent pathways [21]. The role of CD14 in response to LPS in the
regulation of CXCL12 and its receptors were tested. After one
hour pre-treatment using human CD14 blocking antibody,
LPS induction of CXCL12mRNA level was effectively reduced
by 78.7% when compared to the IgG control (Fig. 2a). In
contrast, the effect of CD14 blocking antibody on CXCR7
inhibition was relatively lower than that on CXCL12. LPS
induction of CXCR7 was inhibited by 26.4%, compared to the
IgG control (Fig. 2b and c). CD14-independent gene, TNF-a,

was not affected by CD14 blocking antibody (Fig. 2d). At two
hours treatment of LPS (10 ng/mL), TLR4 mRNA level was
reduced by 49.8% compared to IgG control (Fig. 2e).
Consistently, mRNA expressions of the known downstream
genes of TLR4 including IL-1b, IL-6, and CCL2 were all
attenuated by CD14 blocking antibody. IL-1b mRNA was
reduced by 47.0% while IL-6 and CCL2 mRNA reduced by
97.5% and 97.0% respectively as compared to the IgG control
(Fig. 2f–h).

LPS induced CXCL12 protein secretion in THP-1
cells

Human CXCL12 protein level was determined by ELISA
using media collected from d-THP-1 treated with LPS
(10 ng/mL) for 24 hours. CXCL12 levels remained low in
media for the first 12 hours, but its secretion significantly
increased (6.73-fold, p< 0.001) following 24 hours of LPS
treatment (Fig. 5Sa, Supplements). Comparing u-THP-1
and d-THP-1, significantly elevated CXCL12 protein level
was observed in media from d-THP-1 (p< 0.001) after 24
hours exposure to LPS, but not from u-THP-1 (Fig. 5Sb,
Supplements).

Effect of differentiation and LPS on CXCR4, 7
protein levels in THP-1 cells

Effect of differentiation and LPS on CXCR4, 7 proteins were
examined using Western blot. Differentiation significantly
increased CXCR7 protein (Fig. 3a) level, but not CXCR4
protein (Fig. 3b) level. On the other hand, unlike the results at
the mRNA level, no difference was observed in CXCR4, 7
protein levels when cells were treatedwith LPS (Fig. 3a and b).

CXCL12 neutralizing antibody blocked u-THP-1
migration toward d-THP-1-conditioned media

Migration of u-THP-1 toward d-THP-1-conditioned media
in the presence or absence of a neutralizing antibody to
CXCL12 was used as a functional assay to validate the
presence of CXCL12 (Fig. 4). The media collected from two
hours LPS (10 ng/mL) treated d-THP-1 without CXCL12
antibody accelerated u-THP-1 cell migration by 11.3 to 12.9-
fold compared to that without LPS treatment. Treatment of
conditioned media with CXCL12 neutralizing antibody but
not IgG control significant inhibited LPS-induced migratory
effect (Fig. 4).

Comparison of migration of u-and d-THP-1
towards CXCL12

The ability of cells to migrate toward CXCL12 was compared
between u-THP-1 and d-THP-1. In the absence of CXCL12,

Figure 1. Comparison of CXCL12, CXCR4, CXCR7, CD14, IL-1b, and IL-
6 mRNA levels in u-THP-1 and d-THP-1 without LPS induction.
Undifferentiated (u-THP-1) and differentiated (d-THP-1) were cultured,
total RNA isolated and gene expression of CXCL12, CXCR4, CXCR7,
CD14, IL-1b, and IL-6 were determined using RT-PCR as described in
Materials and Methods. Results were normalized to u-THP-1 and
expressed as relative mRNA levels (mean� SD, n¼ 3). p values� 0.05
were considered significant. � indicates significantly different from u-
THP-1. Black bar, u-THP-1; White bar, d-THP-1.
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Figure 2. (a–g) Effects of anti-CD14 antibody on LPS induction of gene expression in d-THP-1 cells. d-THP-1were treatedwithmouse IgG isotype control
or anti-CD14 antibody (10mg/mL) for one hour then medium w`as replaced with fresh medium with or without 10 ng/mL of LPS for an additional four
hours. After LPS treatment, cells were harvested, total RNA isolated and mRNA levels of CXCL12, CXCR4, CXCR7, TNF-a, TLR4, IL-1b, IL-6, and CCL2
were determined using RT-PCR as described inMaterials andMethods. Results were normalized to vehicle control and expressed as relative mRNA levels
(mean� SD, n¼ 3). p values� 0.05 were considered significant and � indicates significantly different from control. (a) CXCR12. (b) CXCR4. (c) CXCR7.
(d) TNF-a. (e) TLR4 (f) IL-1b. (g) IL-6. (h) CCL2.
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a chemoattractant, the percentage of d-THP-1 cells migrated
to the bottom well was about half of that of u-THP-1
(Fig. 6S, Supplements). In the presence of CXCL12 (10 ng/
mL), the percentage of u-THP-1migrated to the bottomwell
was significantly increased (2.05-fold, p< 0.001). In con-
trast, no difference in migration was detected in d-THP-1
with or without CXCL12 treatment (Fig. 6S, Supplements).

Discussion

The current study addresses several deficiencies in the
literature regarding the regulation of CXCL12 and its
receptors in monocyte/macrophages. We provide mecha-
nistic insights into the regulation of the CXCL12/CXCR4, 7-
pathway through detailed analyses of responses of the
CXCL12/CXCR4, 7 pathway toward differentiation and a
TLR4 stimulus, LPS. We also provide data supporting the
role of CD14 in LPS-induced response through the pathway.
More importantly, as summarized in Table 1, we report here
a novel observation that an uncoupling between transcrip-
tional and translational machinery exists in the regulation of
CXCL12/CXCR4, 7 pathway by different stimuli.

In this study, we found differentiation of monocyte to
macrophage had no effect on CXCR4 and CXCR7 at mRNA
level (Fig. 1). In contrast, the cytokines CXCL12, IL-1b, and
IL-6 mRNA (Fig. 1) were significantly increased upon
differentiation. Interestingly, despite the lack of difference in
CXCR7 mRNA level, at the protein level, both CXCL12
(Fig. 5S, Supplements) and CXCR7 proteins (Fig. 4) were
significantly increased in d-THP-1 compared to u-THP-1.
Protein levels sometimes might not be correlated with
mRNA levels, especially in higher organisms [25, 26]. Post-
transcriptional regulation of gene expression, mRNA decay,
translation, protein half-lives and protein degradation play
crucial roles in the determination of steady state protein
concentrations [25, 27]. The observation of this study
supports that, during differentiation, uncoupling exists
betweenmRNA and protein expressions of CXCR7. The lack
of CXCR4 response to PMA at the mRNA level, observed in
this study, is different from a previous report in which Gupta
et al. reported an increase of CXCR4 mRNA expression
during HL-60 monocyte differentiation within one hour
after the stimulation of GM-CSF [22]. This may be partially
explained by the different cell types, inducing agent, and
length of treatment used in the two studies, which warrant
further elucidation.

The transcriptional and translational uncoupling was also
observed in the responses of THP-1 cells to the TLR4
stimulus, LPS. At mRNA level, induction with LPS for four
hours significantly increased both CXCR4, 7 in d-THP-1
when compared to that in u-THP-1. However, neither
CXCR4 nor 7 proteins changed upon exposure to LPS
(Fig. 3). In contrast, CXCL12 mRNA, as well as protein, was
induced by LPS, which is consistent with a recent report [13],
supporting inflammatory effect elicited by bacteria is in part
mediated through regulation of CXCL12 but not CXCR4, 7.
Moreover, we observed that LPS at a physiologically relevant
20-fold lower concentration (10 ng/mL) [13, 14] than that
reported byHung et al., elicited a response through CXCL12.
These data further support a physiological role for CXCL12
in immune response towards bacteria in monocytes/

Figure 3. (a–b) Effects of LPS on CXCR4, 7 protein levels in u-THP-1 and
d-THP-1. Cells were cultured and treated with or without LPS. Cells were
harvested for protein determination and western blot as described in
Materials and Methods. Immunoreactive bands were quantitated using
ODYSSEY1 CLx Infrared Imaging System as described in Materials and
Methods. Results were normalized to vehicle control and expressed as
relative protein levels (mean� SD, n¼ 3). p values� 0.05 were consid-
ered significant and � indicates significantly different from control. The
panel represents (a) b-actin and CXCR7. (b) b-actin and CXCR4.
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macrophages. The responses of the CXCL12/CXCR4, 7
pathway toward inflammatory stimuli also differ between
monocytes and macrophages. Treatment with LPS elicits
stronger responses in d-THP-1 cells than those in u-THP-1
cells for CXCL12, CXCR4, 7 at mRNA level, similar to the
effect of LPS on other well documented LPS-responsive
genes, such as IL-1b and IL-6. Our results show that LPS
induction of CXCL12 and CXCR4, 7 mRNAs is CD14
dependent, as pre-treatment of CD14 blocking antibody

inhibited LPS induced increase of CXCL12, CXCR7 mRNA
expressions (Fig. 2). Also, CD14 was up-regulated during
differentiation (Fig. 1). Hence, this enhanced transcriptional
response may be in part due to the increase in CD14 [27].
Interestingly, CD14 blocking antibody appeared to differen-
tially block LPS induction of downstream genes. CXCL12,
IL-6, and CCL2 expressions appeared to be inhibited to a
greater extent than those of CXCR4, 7, or IL-1b. These
results suggest that CXCR4, 7, and IL-1bmRNAmay be also
regulated by CD14 independent pathway. Additional studies
are warranted to dissect these differences.
Conditioned media from the LPS induction of d-THP-1

significantly increased the migratory effect of u-THP-1
(Fig. 4), which is consistent with a previous observation by
Gouwy et al. [28]. However, in our study the protein level of
CXCL12 after LPS stimulation reached around 0.1 ng/mL in
the media, this concentration is much lower than 1 ng/mL
reported by Gouwy et al. It was also observed in this study
that neutralizing CXCL12 in conditioned media using
CXCL12 antibody partially inhibited u-THP-1 migration by
31.0% when compared to the IgG control (Fig. 4). This is
consistent with LPS induction of other cytokines such as
CCL5, CCL3, and CCL8 that synergize with CXCL12 to
affect monocyte migration but support the fact that CXCL12
also plays a crucial role in promoting monocyte
migration [28].
CXCL12 is a relatively ubiquitously expressed chemo-

kine [29]. As shown in our conditioned media migration
assay, production of CXCL12 by macrophage will further
attract monocytes. Monocyte, which has lower expression
level of CXCR7, will migrate to the inflamed site and
enhance the immune response. Given the proposed role of
CXCR7 as a decoy receptor [12], the higher CXCR7 protein
levels in combination with no change in CXCR4 protein
levels in differentiated macrophage may help the macro-
phage reside at the inflamed local site instead of migrating
toward CXCL12 produced by other tissues. Our comparison
of u-THP-1 and d-THP-1 migration supported this notion.
We observed that u-THP-1 and not d-THP-1 migrated
toward CXCL12 (Fig. 6S, Supplements). Hence, we consider
that CXCR7 serves as a decoy receptor in the macrophage
which binds to CXCL12 and short circuit the CXCL12/
CXCR4 interaction.
Activation of CXCL12/CXCR4 not only is involved in the

migration of monocyte but also the migration of T cell [30],
dendritic cell [31], neuronal cell as well as cancer cell [32].
For example, migration of prostate cancer cell could be
induced by CXCL12/CXCR4 activation through Akt-1 and
MMP-9 signaling pathway and migration of pancreatic
cancer cells is modulated through MMP-2 and MMP-9
pathway [33, 34]. The chemotactic effect on multiple cell
lines by CXCL12 and its receptors might indicate the global
importance of CXCL12/CXCR4, 7 chemokine axis in the

Figure 4. Effect of LPS and anti-CXCL12 antibody on u-THP-1 migration
towards conditionedmedia. THP-1migration towards conditionedmedia
harvested from d-THP-1 treated with or without LPS (10 ng/mL) was
conducted as described in Materials and Methods. Cells migrated to the
bottom wells were stained with Trypan Blue and counted under the
microscope. For experiment using the anti-CXCL12 antibody, the
conditioned media were pre-treated with IgG isotype control or anti-
CXCL12 antibody for one hour prior to initiation of migration. Results
were normalized to vehicle control and expressed asmean� SD (n¼ 3). p
values� 0.05 were considered significant and � indicates significantly
different from control.

Table 1. The effects of (1) THP-1 differentiation and (2) LPS stimulation
on expressions of CXCL12 and CXCR4, 7 in THP-1 cells at mRNA and
protein level.

Genes

Expressions CXCL12 CXCR4 CXCR7

1. Effect of differentiation on gene expressions
mRNA " – –

Protein " – "
2. Effect of LPS on gene expressions

a. u-THP-1
mRNA " – "
Protein – – –

b. d-THP-1
mRNA " " "
Protein " – –
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© 2017 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 111



modulation of cell migration and mediates cross-talk as well
as the interaction between immune and cancer cells. More
importantly, the role of CXCR7 needs to be further defined.
Based on our results as well as others’, we reason that CXCR7
serves as a decoy to CXCR4 and can potentially nullify
CXCL12’s biological effects including migration. Human
peripheral blood monocytes are known to contain multiple
cell sub-types [35, 36] and differentiation signal such as
those induced by PMA also can lead to generation of
multiple cell types [37, 38]. It remains unclear how the
CXCL12/CXCR4,7 pathways are regulated among the cells.
Understanding the precise role of CXCR7 in other cell types
would be critical in future studies.
In summary, the CXCL12/CXCR4, 7-axis in THP-1 cells is

subject to multiple regulations including differentiation and
TLR4 ligand. The CXCL12/CXCR4, 7 chemokine axis is
differentially regulated when exposed to differentiation
agent and TLR-mediated inflammatory stimuli. Addition-
ally, we observed the uncoupling of CXCR4, 7 expressions at
the transcriptional and translational level. Regulation at
post-transcriptional level appeared to contribute to changes
in CXCR7. Also, CXCL12 appeared to work in concert with
other chemokines in the regulation of monocyte migration.
Finally, our results also support a decoy role for CXCR7 in
monocyte/macrophage. Overall these changes may facilitate
and direct cell migration, localization during inflammation.

Materials and Methods

Ethical statement

An ethical statement is not required as there were no human
subjects involved in this study.

Materials and reagents

Human monocytic leukemia cell line THP-1 was purchased
from American Type Culture Collection (Manassas, VA).
Phorbol 12-myristate 13-acetate (PMA) and lipopolysac-
charides from Escherichia coli 0111:B4 were obtained from
Sigma–Aldrich (St Louis, MO). Penicillin and streptomycin
(pen-strep), RPMI medium with phenol red, fetal bovine
serum, TRIzol reagent, TaqMan Fast Universal PCR master
mix, primers for Tbp (Hs00427620_m1), CXCL12
(Hs00171022_m1), CXCR4 (Hs00237052_m1), CXCR7
(Hs00604567_m1), TLR4 (Hs00152939_m1), TNF-a
(Hs00174128_m1), CCL2 (Hs00234140_m1), IL-1b
(Hs01555410_m1), IL-6 (Hs00985639_m1), NuPAGE anti-
oxidant, NuPAGE LDS sample buffer, NuPAGE reducing
agent, iBlot gel transfer stacks, and NuPAGE MES SDS
running buffer were all purchased from Life Technologies
(Grand Island, NY). The 8mm pore polycarbonate mem-
brane inserts 24-well plates, Pierce RIPA buffer, Halt

protease inhibitor cocktail, 20X TBS buffer, 20X TBS
tween-20 buffer were from Thermo Fisher Scientific
(Waltham, MA). Mouse IgG1 isotype control, human
CD14 blocking antibody (Cat #MAB3832), human
CXCL12 neutralizing antibody (Cat #AF-310-NA) and
human CXCL12/SDF-1a Immunoassay ELISA kit (Cat
#DSA00) were purchased from R&D Systems Inc (Minne-
apolis, MN). Mouse monoclonal b-actin antibody (Cat #sc-
47778) and rabbit polyclonal anti-CXCR4 antibody (Cat
#sc-9046) were from Santa Cruz Biotechnology (Dallas, TX).
Rabbit monoclonal anti-GPCR RDC1 (CXCR7) (Cat
#ab138509) antibody was purchased from Abcam (Cam-
bridge, MA). IRDye 800 CW goat anti-mouse (Cat #925-
32210) and goat anti-rabbit (Cat #925-32211) secondary
antibody were obtained from LI-COR Biosciences (Lincoln,
NE).

Cell culture

Human u-THP-1 monocytes were maintained in RPMI
medium (RPMI 1640 with glutamine and phenol red, 10%
FBS, 1% pen-strep). The d-THP-1 were obtained after 48
hours exposure in the presence of the differentiation agent
PMA (25 ng/mL) in RPMI medium.

Effect of LPS and differentiation on gene
expression

To compare CXCL12, CXCR4, and CXCR7 mRNA levels in
u-THP-1, cells were plated in RPMI medium at the density
of 2.5� 105 cells/mL in six-well plates at 378C in 5% CO2.
Treatment initiated after 24 hours. For d-THP-1, 5� 105

cells/mL of human u-THP-1 were seeded in six-well plate in
RPMI medium in the presence of differentiation agent PMA
(25 ng/mL). After 48 hours-treatment with PMA, cells
attached to the bottom of the plate and treatments were
initiated. For u-THP-1 and d-THP-1 comparison studies,
LPS treatment was for four hours at 10 ng/mL then the cells
were collected for RNA isolation and gene expression
determination. For concentration and time course experi-
ment with d-THP-1, LPS at 0, 1, 10, 25, 100 ng/mL were
added to the cells after 48 h incubation in PMA. Concen-
trations of LPS were chosen based on effective ranges
described in previous work [14]. D-THP-1 cells were
harvested at 0, 2, 4, 8, 10, 12, 16, 20, 24 hours respectively
for RNA isolation and gene expression determination.

Effect of CD14 blocking antibody on d-THP-1 cell's
responses to LPS

The effects of CD14 blocking antibody on CXCL12
expression was studied using the anti-human CD14 mAb
(Clone # 134620). D-THP-1 cells on six-well plate were
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obtained as described above. Mouse IgG control and CD14
antibody (10mg/mL) were added to the cells for one hour.
The medium was then replaced with or without 10 ng/mL of
LPS and incubated for four hours before the cells were
collected for RNA isolation and gene expression analysis.

RNA isolation, cDNA synthesis and Real-time PCR
analysis of gene expression

RNA isolation, cDNA synthesis, and Real-time PCR analysis
of gene expression were performed as described previously
[39]. Briefly, total RNA were isolated using the TRIzol
reagent (Life Technologies, Carlsbad, CA) and Affinity
Script Multiple Temperature cDNA Synthesis kit (Agilent
Technologies, Santa Clara, CA) was used to reverse
transcribe mRNA to cDNA. Real-time PCR was performed
on ViiA7 Real-Time PCR Detection System using the
TaqMan Universal Fast Master Mix and TaqMan gene
expression assay (Life Technologies, Carlsbad, CA) to
quantify gene expression levels of human CXCL12,
CXCR4, 7, IL-1b, and IL-6, and CCL2. Human TATA box
binding protein (TBP) was used as a housekeeping gene for
calculation of relative expression levels using the ddCt
method as previously described [39].

Determination of CXCL12 production using ELISA

The d-THP-1 were obtained by culturing in RPMI medium
in the presence of PMA for 48 hours in six-well plates as
described above. LPS (10 ng/mL) was added and media
(100mL) were collected every four hours during the 24 hours
treatment. For u-THP-1 and d-THP-1 comparison study,
cells were cultured in six-well plate as described above and
media (100mL) were collected from both u-THP-1 and d-
THP-1 treated with/without 10 ng/mL of LPS for 24 hours.
CXCL12 protein levels in the media were determined using a
commercially available human CXCL12/SDF-1a ELISA kit
according to the manufacturer’s instructions (R&D Systems,
Minneapolis, MN).

Western blot analysis of CXCR4, 7 protein levels

The protein levels of CXCR4 and CXCR7 in u-THP-1 and d-
THP-1 with/without LPS treatments were assessed using
Western blot analysis. The u-THP-1 and d-THP-1 cells
(5� 105 cells/mL) were treated with/without 10 ng/mL of
LPS for 2, 4, and 24 hours in T-175 cm2 flasks and were
harvested. For u-THP-1, cells were washed once with 15mL
of phosphate-buffered saline (PBS) and centrifuged at
1500 rpm for 5 minutes. After centrifugation, PBS was
removed and cells were lysed in 200mL RIPA buffer
containing EDTA and protease inhibitors. The lysates
were homogenized on ice three times (10 s each) using a

Branson digital sonifier (Branson, CT), samples were then
centrifuged at 10,000 rpm for 15min at 48C. The superna-
tant was collected and protein concentrations were tested
using BCA assay following manufacturer’s protocol
(Thermo Scientific, Rockford, IL). For d-THP-1, cells
were washed with 15mL of PBS and scrapped off using
cell Falcon scraper (Corning Life Sciences, Acton, MA). The
harvested cells were then centrifuged at 1500 rpm for 5
minutes and 200mL RIPA lysis buffer containing EDTA and
protease inhibitors was added to cells after PBS removal. The
lysates were homogenized three times on ice (10 s each),
using a Branson digital sonifier (Branson, CT), samples were
then centrifuged at 10,000 rpm for 15min at 48C. The
supernatant was collected and protein concentration was
determined using the Pierce BCA assay following manu-
facturer’s protocol (Thermo Scientific, Rockford, IL).
Routinely, 5mg per sample was used for electrophoresis
separation on SDS–PAGE using 10% Bis-Tris gel following
manufacturer’s protocol (NUPAGE, Invitrogen, Carlsbad,
CA). After electrophoresis, the protein was transferred from
the gel onto a nitrocellulose membrane using iBlot apparatus
according to manufacturer’s procedure (Invitrogen, Carls-
bad, CA). After the transfer, nitrocellulose membrane was
then blocked in 1� TBS buffer with 5%milk for one hour at
room temperature while shaking, followed by washing with
SuperBlock T20 (TBS) blocking buffer (three times, 5min
each). After washing, themembrane was then incubated with
loading control mouse monoclonal b-actin antibody
(1:1000), primary antibody rabbit polyclonal anti-CXCR4
(1:2000) or rabbit monoclonal anti-GPCR RDC1/CXCR7
(1:10000) in blocking solution overnight at 48C. After
overnight incubation, the membrane was washed with 1X
TBS Tween 20 buffer (three times, 5min each) and
incubated with IRDye 800 CW goat anti-mouse secondary
antibody (1:20000 for b-actin), and IRDye 800 CW goat
anti-rabbit secondary antibody (1:10000 for CXCR4 and
1:20000 for CXCR7) in SuperBlock T20 for two hours, in the
dark, at room temperature. After secondary antibody
incubation, the membrane was washed using 1X TBS Tween
20 buffer and preserved in 1X TBS buffer before imaging and
quantitation. Specific CXCR4 and CXCR7 proteins were
detected and quantitated using the LICOR ODYSSEY1 CLx
Infrared Imager according to manufacturer’s procedure
(LiCOR, Lincoln, NE).

Cell migration assay

The migration of THP-1 cells toward CXCL12 as a
functional assay was assessed according to a published
method [40]. An 8mm pore polycarbonate membrane insert
(Thermo Fisher Scientific Inc, Pittsburgh, PA) in 24-well
plates was used for the chemotaxis assay. For conditioned
media experiment, d-THP-1 cell medium collected after 24
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hours treatment of LPS induction (10 ng/mL) was used as
conditioned medium. Conditioned media (400mL) were
added to the bottom wells of the 24-well chemotaxis
chambers. The u-THP–1 (200mL, 1� 106 cells/mL) were
added to the upper chamber and incubated at 378C in 5%
CO2. After five hours, the insert was removed, stained with
Trypan Blue and the cells migrated to the bottom wells were
counted under microscopy (10� magnification) using
hemocytometer. Experiments where CXCL12 neutralizing
antibody was used to assess the specific effect of CXCL12 on
migration [40], conditioned media collected were treated
with/without a neutralizing CXCL12 antibody for one hour
before being added to the lower bottom wells, and numbers
of cells migrated after five hours were counted as described
above. To compare u-THP-1 and d-THP-1 migration
ability, u-THP-1 (200mL, 1� 106 cells/mL) were added to
the upper chamber, CXCL12 containing media (10 ng/mL)
was placed at the bottom well and incubated at 378C/5%
CO2. After five hours, the insert was removed, stained with
Trypan Blue and the cells migrated to the bottom wells were
counted under the microscope (10� magnification) using
hemocytometer. For d-THP-1 cell migration/chemotaxis
assay, 24-well plates with 8mm pore polycarbonate
membrane inserts (Thermo Fisher Scientific Inc, Pittsburgh,
PA) were used. THP-1 monocytes (200mL of 1� 106 cells/
mL) with 25 ng/mL PMA in RPMI medium were added to
the upper inserts and 400mL of RPMI medium were added
to the bottom wells of the 24-well chemotaxis chambers.
After 48 hours differentiation at 378C/5% CO2, media in the
upper inserts were changed to fresh media and media at the
bottom were replaced with CXCL12 containing media
(10 ng/mL). After five hours, cells in the upper inserts were
removed using cotton swabs for the counting of migrated
cells. For the total cell number, cells in upper inserts were not
removed by swabbing. Cells were stained with crystal violet
(0.2% in 20% ethanol). After 20 minutes of staining, inserts
were rinsed three times using DI water, and then plates were
placed in the hood to be air dried. Finally, crystal violet was
dissolved in 10% acetic acid (500mL) and the absorbance of
the solution was read at 560 nm using the Molecular Devices
SPECTRAMAX 384Plus (Sunnyvale, CA).

Statistical analysis

All experiments were performed in triplicate, and data
were reported as the mean� standard deviation (SD).
GraphPad Prism for Windows (Prism 4, GraphPad
Software Inc., La Jolla, CA) was used for statistical
analysis. Depending on the experimental design, multiple
group experiments were analyzed using one- or two-way
ANOVA followed by post-hoc test. p values� 0.05 were
considered significant.
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Ramoń, M. Vega, and P. S�anchez-Mateos. 2011. The

chemokine CXCL12 regulates monocyte-macrophage differ-

entiation and RUNX3 expression. Blood 117:88–97.

10. Duda, D. G., S. V. Kozin, N. D. Kirkpatrick, L. Xu, D.

Fukumura, and R. K. Jain. 2011. CXCL12 (SDF1a)-CXCR4/

CXCR7 pathway inhibition: an emerging sensitizer for

anticancer therapies? Clin. Cancer Res. 17:2074–2080.

11. Ghosh, S., A. Preet, J. E. Groopman, and R. K. Ganju. 2006.

Cannabinoid receptor CB2 modulates the CXCL12/

Regulation of CXCL12 and CXCR4, 7 in THP-1 L. Yu et al.

114 © 2017 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



CXCR4-mediated chemotaxis of T lymphocytes. Mol.

Immunol. 43:2169–2179.

12. Naumann, U., E. Cameroni, M. Pruenster, H.Mahabaleshwar,

E. Raz, H. G. Zerwes, A. Rot, and M. Thelen 2010. CXCR7

functions as a scavenger for CXCL12 and CXCL11. PLoS ONE

5:e9175.

13. Hung, C. H., Y. J. Jong, Y. M. Hua, C. Y. Li, Y. S. Lai, K. D.

Yang, and H. C. Chang. 2007. Regulation of stromal cell-

derived factor-1 and exhaled nitric oxide in asthmatic

children following montelukast and ketotifen treatment.

Pulm. Pharmacol. Ther. 20:233–239.

14. Huang, H. Q., A. Fletcher, Y. G. Niu, T. T. Y. Wang, and L. L.

Yu. 2012. Characterization of lipopolysaccharide-stimulated

cytokine expression in macrophages and monocytes. In-

flamm. Res. 61:1329–1338.

15. Paul-Clark, M. J., S. K.M.Master, E. Belcher, R. Sorrentino, J.

Anandarajah,M. Fleet, S. Sriskandan, and J. A.Mitchell. 2006.

Differential effects of Gram-positive versus Gram-negative

bacteria on NOSII and TNFa in macrophages: role of TLRs in

synergy between the two. Brit. J. Pharmacol. 148:1067–1075.

16. Acosta-Rodriguez, E. V., G. Napolitani, A. Lanzavecchia, and F.

Sallusto. 2007. Interleukins 1b and 6 but not transforming

growth factor-b are essential for thedifferentiationof interleukin

17–producinghumanThelper cells.Nat. Immunol. 8:942––949.

17. Mege, J. L., N. Dilsen, V. Sanguedolce, A. Gul, P. Bongrand,

H. Roux, L. Ocal, M. InanSc, and C. Capo. 1993.

Overproduction of monocyte derived tumor necrosis factor

alpha, interleukin (IL) 6, IL-8 and increased neutrophil

superoxide generation in Behcet’s disease. A comparative

study with familial Mediterranean fever and healthy subjects.

J. Rheumatol. 20:1544–1549.

18. Ma, W. S., Y. W. Liu, N. Ellison, and J. Z. Shen. 2013.

Induction of C-X-C chemokine receptor type 7 (CXCR7)

switches stromal cell-derived factor-1 (SDF-1) signaling and

phagocytic activity in macrophages linked to atherosclerosis.

J Bio Chem 288:15481–15494.

19. Gioannini, T. L., and J. P. Weiss. 2007. Regulation of

interactions of Gram-negative bacterial endotoxins with

mammalian cells. Immunol. Res. 39:249–260.

20. Miyake, K. 2007. Innate immune sensing of pathogens and

danger signals by cell surface Toll-like receptors. Semin.

Immunol. 19:3–10.

21. Lu, Y. C., W. C. Yeh, and P. S. Ohashi. 2008. LPS/TLR4 signal

transduction pathway. Cytokine 42:145–151.

22. Gupta, S. K., K. Pillarisetti, and P. G. Lysko. 1999.Modulation

of CXCR4 expression and SDF-1a functional activity during

differentiation of human monocytes and macrophages. J.

Leukoc. Biol. 66:135–143.

23. Auwex, J. 1991. The human leukemia cell line, THP-1: a

multifacetted model for the study of monocyte-macrophage

differentiation. Experientia 47:22–31.

24. Mullen, A., C. E. Loscher, and H. M. Roche. 2010. Anti-

inflammatory effects of EPA and DHA are dependent upon

time and dose-response elements associated with LPS

stimulation in THP-1-derived macrophages. J. Nutr. Bio-

chem. 21:444–450.

25. Anderson, L., and J. Seilhamer. 1997. A comparison of

selected mRNA and protein abundances in human liver.

Electrophoresis 18:533–537.

26. Tian, Q., S. B. Stepaniants, M. Mao, L. Weng, M. C. Feetham,

M. J. Doyle, E. C. Yi, H. Dai, V. Thorsson, J. Eng, et al. 2004.

Integrated genomic and proteomic analyses of gene expres-

sion in Mammalian cells. Mol. Cell. Proteomics 3:960–969.

27. Greenbaum, D., C. Colangelo, K. Williams, and M. Gerstein.

2003. Comparing protein abundance and mRNA expression

levels on a genomic scale. Genome Biol. 4:117.

28. Schwende, H., E. Fitzke, P. Ambs, and P. Dieter. 1996.

Differences in the state of differentiation of THP-1 cells

induced by phorbol ester and 1, 25-dihydroxyvitamin D3. J.

Leukoc. Biol. 59:555–561.

29. Gouwy, M., S. Struyf, N. Berghmans, C. Vanormelingen, D.

Schols, and J. V. Damme. 2011. CXCR4 and CCR5 ligands

cooperate in monocyte and lymphocyte migration and in

inhibition of dual-tropic (R5/X4) HIV-1 infection. Eur. J.

Immunol. 41:963–973.

30. Moyer, R. A., M. K.Wendt, P. A. Johanesen, J. R. Turner, and

M. B. Dwinell. 2007. Rho activation regulates CXCL12

chemokine stimulated actin rearrangement and restitution in

model intestinal epithelia. Lab. Invest. 87:807–817.

31. Zou, L., B. Barnett, H. Safah, V. F. LaRussa, M. Evdemon-

Hogan, P. Mottram, S. Wei, O. David, T. J. Curiel, and W.

Zou. 2004. Bone marrow is a reservoir for CD4þCD25þ

regulatory t cells that traffic through CXCL12/CXCR4 signals.

Cancer Res. 64:8451–8455.

32. Kabashima, K., N. Shiraishi, K. Sugita, T. Mori, A. Onoue, M.

Kobayashi, J. Sakabe, R. Yoshiki, H. Tamamura, and N. Fujii.

2007. CXCL12-CXCR4 engagement is required for migration

of cutaneous dendritic cells. Am. J. Pathol. 171:1249–1257.

33. Tiveron, M. C., and H. Cremer. 2008. CXCL12/CXCR4

signalling in neuronal cell migration. Curr. Opin. Neurobiol.

18:237–244.

34. Chinni, S. R., S. Sivalogan, Z. Dong, J. T. Filho, X. Y. Deng,

R. D. Bonfil, andM. L. Cher. 2006. CXCL12/CXCR4 signaling

activates Akt-1 and MMP-9 expression in prostate cancer

cells: the role of bonemicroenvironment-associated CXCL12.

Prostate 66:32–48.

35. Shen, B., M. Q. Zheng, J. W. Lu, Q. Jiang, T. H. Wang, and

X. E. Huang. 2013. CXCL12-CXCR4 promotes proliferation

and invasion of pancreatic cancer cells. Asian Pac. J. Cancer

Prev. 14:5403–5408.

36. Ziegler-Heitbrock, L., P. Ancuta, S. Crowe, M. Dalod, V.

Grau, D. N. Hart, P. J. Leenen, Y. J. Liu, G. MacPherson, G. J.

Randolph, et al. 2010. Nomenclature of monocytes and

dendritic cells in blood. Blood 116:e74–e80.

37. Hofer, T. P., A. M. Zawada, M. Frankenberger, K. Skokann,

A. A. Satzl, W. Gesierich, M. Schuberth, J. Levin, A. Danek, B.

L. Yu et al. Regulation of CXCL12 and CXCR4, 7 in THP-1

© 2017 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 115



Rotter, et al. 2015. Characterization of subsets of the CD16-

positive monocytes: impact of granulomatous inflammation

and M-CSF-receptor mutation. Blood 126:2601–2610.

38. Zhao, Y., D. Glesne, and E. Huberman. 2003. A human

peripheral blood monocyte-derived subset act as pluripotent

stem cells. PNAS 100(5):2426–2431.

39. Hudson, T. S., S. N. Perkins, S. D.Hursting, H. A. Young, Y. S.

Kim, T. C. Wang, and T. T. Y. Wang. 2012. Inhibition of

androgen-responsive LNCaP prostate cancer cell tumor

xenograft growth by dietary phenethyl isothiocyanate

correlates with decreased angiogenesis and inhibition of cell

attachment. Int. J. Oncol. 40:1113–1121.

40. Wong, B., W. C. Lumma, A. M. Smith, J. T. Sisko, S. D.

Wright, and T. Q. Cai. 2001. Statins suppress THP-1 cell

migration and secretion of matrix metalloproteinase 9 by

inhibiting geranylgeranylation. J. Leukoc. Biol. 69:959–962.

SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s web-site.

Figure 1Sa-c. Comparison of LPS induced CXCL12, IL-1b
and IL-6 expression in u-THP-1 and d-THP-1.
Figure 2Sa-b. Comparison of LPS induction of CXCR4, 7
expression in u-THP-1 and d-THP-1.
Figure 3Sa-c. Concentration- and time-dependent effects of
LPS on CXCL12/CXCR4, 7 expression in d-THP-1 cells.
Figure 4Sa-b. Effects of LPS on IL-1b and IL-6 expression in
d-THP-1 cells.
Figure 5Sa-b. Effects of LPS on CXCL12 protein in THP-1
cells
Figure 6S. Migration of u-THP-1 and d-THP-1 towards
CXCL12 (10 ng/mL).
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