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Prokineticin 1 induces CCL4, CXCL1 and CXCLS in human
monocytes but not in macrophages and dendritic cells
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ABSTRACT. Prokineticin 1 and 2 (PROK1 and PROK?2) are two small proteins largely expressed in inflamma-
tory tissues and involved in monocyte activation and differentiation. The focus of this study was to evaluate
whether PROK1 was able to induce chemokine secretion in human monocytes, in monocyte-derived macro-
phages and in monocyte-derived dendritic cells, an aspect not addressed thus far. Here, we show for the first
time, using flow cytometry, that PROK receptors 1 and 2 are present on the surface of human monocytes. Sub-
sequently, monocytes were selected to investigate the chemokine response after stimulation by PROK1. Our
results show that only three chemokines (CCL4, CXCL1 and CXCLS8) were significantly induced at both the
transcript and protein level, and that PROK1 induces most potently CXCLS8, in a dose-dependent manner.
From a mechanistic point of view, by blocking independently Gai protein or intracellular calcium, monocytes
lose the ability to secrete CXCLS in response to PROKI1. Finally, we observed that CCL4, CXCL1 and CXCLS8
secretion, following PROKI induction, is only observed in monocytes and not in monocyte-derived macrophages
and dendritic cells. Our results demonstrate that, in vitro, the differentiation status of monocytes influences che-
mokine production after stimulation by PROKI, and that this chemokine production is geared toward a pro-
inflammatory response. This could represent a novel amplification loop of leukocyte recruitment, extravasation

and tissue invasion.
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Endocrine gland-VEGF (EG-VEGF) and BvS, also
referred as prokineticin 1 (PROK1) and prokineticin 2
(PROK?2) respectively, are two, small, secreted peptides
of 8kDa that belong to a larger class of peptides called
the AVIT protein family [1]. PROK1 and PROK2 have
been reported to be involved in a variety of biological
mechanisms such as endothelial cell proliferation [2],
neuron survival [3], gastrointestinal motility [4], circa-
dian rhythm [5], pain sensation [6, 7], hematopoiesis
[8] and macrophage differentiation [9]. Interestingly,
both prokineticins bind non-selectively and with similar
affinity to their two, known, G protein-coupled receptors,
prokineticin receptor 1 and 2 (PROKR1 and PROKR?2).
Binding of prokineticin ligand to its receptor induced
mobilization of calcium, activation of mitogen-activated
protein kinase (MAPK) signaling pathways, phosphoino-
sitol turn-over, and Akt kinase activation [3, 10-13].

Prokineticins are expressed in inflamed tissues and are
involved in many aspects of the immune response. It
seems that their cellular source within the immune system
is specific to cells from the monocyte-granulocyte lineage
[8,9, 14, 15]. This was observed in a screening of a panel
of leukocytes where innate immune cells such as mono-

cytes and neutrophils expressed high transcript levels of
both PROK2 and PROKR2, suggesting autocrine and
paracrine regulation [8]. Furthermore, infiltrating neutro-
phils in tonsillitis and appendicitis samples expressed
high levels of PROK2 [8], macrophages of bovine corpus
luteum regression and follicular atresia were positive for
both PROK1 and PROKRI protein [14]. We recently
showed that in human liver PROK2 and its receptors
were expressed specifically by Kuppfer cells, the liver’s
resident macrophages [16].

Based on the literature, it seems that the prokineticin
activities within immunity are highly conserved across
evolution, and are specific to the innate immune and
hematopoietic systems [17]. In invertebrates, a
prokineticin-like cytokine (astakine), induced a strong
hematopoietic response both in vitro and in vivo in fresh-
water crayfish [18], and in vertebrates, mice systemically
exposed to either PROK1 or PROK2 showed an increase
in the number of circulating neutrophils and monocytes
[8]. Furthermore, in vitro assays showed that PROK2
induced chemoattraction and migration of human mono-
cytes [8], and PROK1 promoted human monocyte differ-
entiation into macrophage-like cells [9]. Interestingly, no

8€10°800T°U29/¥891°01 :1op



Prokineticin 1 induces CCL4, CXCL1 and CXCL8 in human monocytes 167

report has shown a direct production of cytokines in
response to prokineticins in monocyte/macrophage cells.
However, when macrophages are primed by PROKI,
LPS is able to induce production of pro-inflammatory
cytokines geared towards a THI1 response, such as
tumor necrosis factor a (TNF-a), interleukin 12 (IL-12),
and by suppressing interleukin 10 (IL-10) [9]. Further-
more, in murine macrophages, PROK2 stimulates
lipopolysaccharide-induced production of the pro-
inflammatory cytokines, interleukin-1 (IL-1) and IL-12,
and reduced the production of IL-10 [19].

Thus, taken altogether, these data support the idea that
PROK2 and PROKI are involved in leukocyte produc-
tion, monocyte recruitment towards normal or inflamma-
tory tissue, monocyte differentiation, and release of pro-
inflammatory cytokines. Here we investigate for the first
time, whether prokineticins are able to induce the produc-
tion of chemokines in cells from the monocyte/macro-
phage lineage, and if there is a differential response
according to the differentiation state of the monocyte.
The trafficking of leukocytes in development, homeosta-
sis and inflammation is considered to be dependent upon
the chemokine protein family. The chemokine protein
superfamily, which includes more than 40 members, is
organized into four different sub-families on the basis
of the relative position of the cysteine residues in the
mature protein (CC, CXC, CXXXC and XC). They
exert their biological function through interaction with
7-transmembrane G-protein-coupled receptors that are
differentially expressed on sub-groups of leukocytes
[20]. In this study, we identified the chemokines respon-
sive to PROK1 by measuring all presently known che-
mokines (n = 44) using real time PCR. Subsequently, for
selected chemokines, protein production was validated by
ELISA. Finally, intracellular pathways involved in
CXCLS8 protein production by PROKI1 were studied
using inhibitors of Gai, and calcium signaling.

METHODS AND MATERIALS

Reagents

Endotoxin-free recombinant human endocrine gland-
vascular endothelial growth factor/prokineticin 1
(PROK1) produced in the mouse myeloma cell line
NSO, was obtained from R&D systems (Minneapolis,
MN, USA). Polyclonal rabbit antibodies against
PROKRI1 and PROKR2 were generously provided by
Dr. Feige, INSERM U878, Grenoble [21]. Granulocyte
macrophage-colony stimulating factor (GM-CSF) and
interleukin 4 (IL-4) were obtained from Cellgenix (Cell-
genix, Antioch, IL, USA). Lipopolysaccharide (LPS)
from Salmonella typhimurium, intracellular calcium che-
lator 1, 2-bis (2-aminophenoxy) ethane-N, N, N’, N’-
tetraacetic acid (BAPTA), and Pertussis toxin (PTX, a
Gai inhibitor) were all obtained from Sigma (Sigma
Aldrich, Saint-Quentin Fallavier, France).

Cell isolation and culture

Leukocytes were harvested as a secondary product from
informed donors undergoing platelet apheresis on a

COBE Spectra Leucoreduction System LRS (Gambro
BCT). At the end of the collection, the LRS chamber
was disconnected from the system and mononuclear
cells were isolated by density gradient centrifugation.
Monocytes were then purified by elutriation in PBS
(Lonza, France), supplemented with 0.8% human serum
albumin (Vialebex, France), using a Beckman J6-MC
centrifuge in a 40 mL elutriation chamber, at a constant
speed of 2 500 rpm at 4°C. The initial buffer flow was set
to 40 mL/min, and mononuclear cells were loaded into
the elutriation chamber. The flow of elutriation medium
was then increased step by step and cells were washed
out of the chamber depending on cell size and cell den-
sity (65, 70, 77, 85, 90 and 95 mL/min — each step for
4 min). To collect the monocyte-enriched fraction from
the elutriation chamber (“rotor off fraction”), the centri-
fuge was stopped and the cells were pushed out from the
chamber. Monocyte purity after elutriation was monitored
by flow cytometry using CD14 monoclonal antibody
(BD biosciences, Franklin Lakes, NJ, USA), and cells
were, on average, 95% CD14 positive. Monocytes were
cultured the same day they underwent platelet apheresis
at 3 x 10° cells/mL, at a density of 300 000 cells/cm? in
RPMI 1640 GlutaMAX™-] (Gibco, Paisley, Scotland),
supplemented with 10% complement-inactivated fetal
calf serum (FCS) and streptomycin antibiotic.
Monocyte-derived macrophages were differentiated for
six days by adding GM-CSF at 400 UI/mL. Monocyte-
derived dendritic cells were produced by incubating
monocytes with 200 UI/mL IL-4 and 1 000 U/mL GM-
CSF for six days. Cells were incubated at 37°C and 5%
CO..

Flow cytometry

Prokineticin receptor 1 and 2 expression on the surface of
freshly isolated monocytes, macrophages and dendritic
cells was evaluated by flow cytometry using rabbit poly-
clonal antibodies against PROKR1 and PROKR2, and
rabbit pre-immune sera were used as a negative control.
Cell labeling for flow cytometry was performed in 2%
PBS/BSA at 4°C using 1 million cells. Cells were incu-
bated for 45 min at 4°C with primary antibodies at an
IgG concentration of 100 ng/mL for anti-PROKR1 and
its corresponding pre-immune serum, and at 200 ng/mL
for PROKR?2 and its appropriate control serum. Follow-
ing washing, cells were incubated with phycoerythrin-
conjugated goat anti rabbit IgG (5 ug/mL, Jackson Immu-
notech, Suffolk, England) for 45 min at 4°C in 2%
PBS/BSA. After a final washing step, cells were analyzed
by flow cytometry using FACScalibur (Becton Dickin-
son, Grenoble, France). Alternatively, the blocking Fc
receptor step was achieved by a pre-incubation with
human IgG at 50 pg/mL.

Quantification of chemokine gene expression
by real-time quantitative PCR

After 8 h of cell stimulation of monocytes by PROK1
(1 pg/mL or 125 nM) and/or LPS (1 000 ng/mL), total
RNA was extracted using the SV Total RNA isolation
Kit® (Promega, Charbonniéres-les-Bains, France), and
lug of total extracted RNA was subjected to a reverse
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transcription reaction using a high capacity cDNA archive
Kit® (Applied Biosystem, Foster City, CA, USA). Primers
having the same melting temperature (Tm) were designed
on two different exons using Primer3 software (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer38www.cgi).
PCR amplification reactions were carried out in duplicate
with iQ-SYBR Green Supermix (Bio-Rad) in a 15 pL
reaction volume containing 200 nM primer and 5 ng
cDNA, and using a Chromo4™ System (Bio-Rad). Ther-
mal cycling was initiated with 3 min incubation at 95°C
followed by 40 cycles of 95°C for 10's, 55 °C for 15 s and
72°C for 15 s. The ACt method was retained for quantifi-
cation and GAPDH, HPRT1 and HSPCB housekeeping
genes used for multiple normalization as described previ-
ously [22].

Chemokine protein measurement by ELISA

After 24 h stimulation of monocytes, macrophages and
dendritic cells with variable concentrations, of PROKI1
(0.5 pg/mL and 1 pg/mL) and/or LPS (0.05, 0.5, 5, 50
and 1 000 ng/mL) depending on the experiment, superna-
tants were collected. Treatment of monocytes with selective
inhibitors (PTX, or BAPTA) required a 2hr pre-incubation
period to allow target saturation. Following a washing step,
fresh medium with inhibitors was added to the cells in the
presence or absence of PROKI (1 pg/mL or 125 nM).
After a 24 h incubation, the supernatant was collected
free of cells for measurement of secreted chemokines.
Chemokine concentrations were measured using a sand-
wich ELISA for human CCL3/MIP-1a, CCL4/MIP-1B,
CCLI8/PARC, CCL20/MIP-30, CXCL&/IL-8 (R&D sys-
tems) and for human CXCLI1/GROa (PeproTech, Rocky
Hill, NJ, USA).

STATISTICAL ANALYSES

Significance between groups was calculated using a non-
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ANOVA, to exclude that difference between groups was
due to random sampling, and subsequently exact group to
group difference was calculated with Wilcoxon’s non-
parametric test for paired samples. A level of p < 0.5
was considered significant. Calculations were made
with the commercially available software Statistica (Stat-
Soft, Maisons-Alfort, France).

RESULTS

PROK receptor expression on surface of human
monocytes, macrophages and dendritic cells

Before studying the chemokine secretion in response to
PROKI1, we evaluated, using flow cytometry, the pres-
ence of PROKR1 and PROKR2 receptors on the surface
of human monocytes, in vitro-differentiated macrophages
and dendritic cells. Monocytes, obtained from human
donors undergoing platelet apheresis, were highly puri-
fied by elutriation, reaching 95% purity as assessed by
CD14 labeling. Macrophages and dendritic cells were
differentiated from such monocytes by growing them
for six days in the presence of GM-CSF and respectively
in the presence or absence of IL-4. Using rabbit poly-
clonal anti-PROKR1 and anti-PROKR2, our results
revealed that PROKR1 and PROKR2 are present on the
surface of fresh human monocytes, since means for peak
fluorescence of monocytes were 1.90 =0.20 (n=4) and
2.85+0.95 (n=4) higher with anti-PROKRI1 and anti-
PROKR?2 respectively, than the IgG control (figure 1).
When monocytes were differentiated into macrophages
and dendritic cells, no difference between peak fluores-
cence means was observed (data not shown). Fc receptor
interaction with anti-PROKR has been ruled out by
appropriated pre-incubation step (data not shown).
Thus, monocytes were selected as the model to study

parametric test for matched samples, Friedman’s the chemokine response after PROK1 induction.
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Figure 1
Flow cytometry analysis of PROKR1 and PROKR2 expression in human monocytes. Scatter plot of monocyte population. Histogram
representing monocyte-gated population labeled with anti-PROKR1 (no fill) or pre-immune serum (black fill), or labeled with anti-

PROKR?2 (no fill) or pre-immune serum (black fill).
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Global chemokine expression profile induced by PROK1
in human monocytes

Based on the facts that PROK1 and PROK2 activate,
with a similar range of affinity, both receptors [11, 13]
and that only human recombinant PROK1 from a non-
bacterial expression system was commercially available
when this study was begun, we used PROK1 as an acti-
vator of prokineticin receptors. The chemokine profile
obtained in human monocytes after PROKI1 induction
was analyzed using real time PCR. Primers were
designed for amplification of all known human chemo-
kines (n=44). Figure 24 shows chemokine induction
levels by PROK1 (1 pg/mL) after 8 h in purified mono-
cytes from three healthy donors. By way of comparison,
monocytes were also stimulated with LPS (1 pg/mL), a
pro-inflammatory activation signal for mononuclear pha-
gocytes, and by combining LPS (1 pg/mL) with PROK1
(1 pg/mL) for 8 h, respectively shown in figure 2B and C.

Although donor to donor variation was observed, mono-
cyte exposure to PROK1 resulted in the regulation of a
restricted subset of chemokines. Only chemokines with
induction levels greater than four in at least two of the
three donors were considered significant, hence out of the
44 measured, only 20 chemokines were induced at signif-
icant levels, (CCL1-3, CCL3L1, CCL4, CCLA4LI,
CCL7-8, CCL15, CCL18-20, CCL23, CXCL1-3,
CXCL5-6, CXCLS8-9, and CXCL12, CXCL14), 13 were
not significantly induced by a PROKI stimulus (CCL5,
CCL22, CCL24, CCL26, MEC, CXCL4, CXCL7,
CXCL10-11, CXCL13, CXCL16, and XCL1-2) and
nine were undetectable (CCLI11, CCL13, CCLI16,
CCL17, CCL21, CCL25, CCL27, PPBPLI1, and
CX3CL1). No chemokines were observed to be signifi-
cantly down-regulated by PROK1. Concerning induction
by LPS alone, 27 chemokines (CCL1-3, CCL3L1, CCLA4,
CCLA4L1, CCLS5, CCL7-8, CCL15, CCL18-20, CCL23,
CXCLI1-3, and CXCL5-14) were induced, eight chemo-
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Figure 2

Expression profile of chemokines induced by PROK1 alone, LPS alone and LPS plus PROKI1. Logarithmic plot representing chemokine
mRNA induction by monocytes from three different donors stimulated for 8 h with (A) PROKI1 (1 pg/mL) versus medium, (B) LPS (1
png/mL) versus medium, and (C) PROKI1+LPS (1 pg/mL each) versus LPS (1 pg/mL). Induction of mRNA of all 44 chemokines was mea-
sured by real time PCR. Each point was performed in duplicate. Chemokine induction levels were calculated using the ACt method for
quantification and GAPDH, HPRT1 and HSPCB housekeeping genes were used for multiple normalization. Full lines represent the 4 and
0.25 boundary values of activated/control ratio. The bottom panel shows the box plot representing mRNA induction measured by real time
PCR of chemokines with an induction factor greater than 4 in at least two out of the three donors after PROK1 stimulation; these chemo-
kines were further selected through a classification based on their basal cycle threshold (Ct) expression level; (D) very weak Ct> 35, (E)
weak Ct [30-35], (F) moderate Ct [30-25], and (G) strong Ct <25. The y-axis values represent the induction of each gene relative to con-
trol after multiple normalization using GAPDH, HPRT1 and HSPCB housekeeping genes.
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kines did not respond significantly to LPS (CCL22,
CCL24, CCL26, MEC, XCL1-2, CXCL4, CXCL16),
and nine were undetectable (CCL11, CCL13, CCLI16,
CCL17, CCL21, CCL25, CCL27, PPBPL1, CX3CL1).
The LPS-induced chemokine expression profile obtained
was in agreement with previous, similar studies [23, 24].
No chemokines were observed to be significantly down-
regulated by LPS. When comparing the expression pro-
file induced by LPS alone, the combination of PROK1
with LPS did not stimulate differentially any chemokines

(figure 2C).

Chemokine transcript induction and protein secretion
in PROKI-induced human monocytes

In order to select among the 20 chemokines significantly
induced by PROK1 and susceptible to being detected at
the protein level, we classified chemokines into four
groups according to their basal level, very weak
Ct> 35, weak Ct [30-35], moderate Ct [30-25], and
strong Ct <25 (figure 2D-G). Thus, chemokines which
displayed moderate (CCL3, CCL4 and CXCLI1), or
high (CXCLS8) basal expression and that were most
strongly induced, were extensively studied (figure 2F,
G). Moreover, to support and validate these chemokine
expression profiles, we enrolled more donors (n > 6), and
analyzed both transcript and protein expression. For vali-
dation of our classification system, we also selected che-
mokines that exhibited the highest induction level among
the groups that showed very weak (CCL18) or weak
(CCL20) basal expression (figure 2D, E).

As illustrated in figure 3, induction of both mRNA and
protein were compared in monocytes incubated with
PROKI1 versus medium, and with LPS + PROK1 versus
LPS alone. All treatments were relative to medium alone;
however the graphics were separated into PROK1 versus
medium and PROKI+LPS versus LPS because of the
overwhelming induction-fold of chemokines by LPS,
which would have overshadowed induction by PROK1
alone. Our results show that transcript induction by
PROKI1 was significant for CCL20, CCL3, CCLA4,
CXCLI and CXCLS (figure 34), while protein secretion
in supernatant was significant for only CCL4, CXCLI1
and CXCLS (figure 3C). These results confirm our clas-
sification system where only chemokines with moderate
to high basal expression were detectable by ELISA. It is
worth noting that because CXCL1, CXCL2 and CXCL3
share such high sequence homology, the ELISA kit does
not distinguish between the three proteins. Since our PCR
data show that CXCL1 is most strongly induced by
PROKI, we speculate that CXCLI is the most abundant
immunoreactive chemokine in the supernatant. Neverthe-
less, we cannot exclude the possible participation of
CXCL2 and CXCL3.

Monocytes stimulated by LPS alone or LPS + PROKI1
showed no significant difference in chemokine mRNA
induction, however, the overall induction-fold was far
superior to PROKI alone (figure 3B). Incubation of
monocytes with LPS resulted in a very strong induction
of protein secretion for CCL3, CCL4, CXCL1 and
CXCLS (figure 3D). In contrast, although CCL18 and
CCL20 protein was undetectable in both the supernatant
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of monocytes treated with medium and PROK 1, addition
of PROK1 to LPS consistently resulted in synergistic
production of CCL18 and CCL20 compared to those
induced by LPS alone (figure 3D).

Dose-dependent analysis of the synergistic effect
of PROK1 with LPS on monocyte stimulation

LPS is such a potent inducer of chemokine secretion that
it might have overshadowed the input of PROK1 during
co-stimulation between LPS and PROK1, on secretion of
CCL3, CCL4, CXCLI and CXCLS. Therefore, protein
secretion was measured after gradually decreasing the
concentration of LPS from 1 000 ng/mL to 0.05 ng/mL,
while keeping the concentration of PROKI1 constant at 1
pg/mL. Our results showed that all chemokines measured
(CCL18, CCL20, CCL3, CCL4, CXCL1 and CXCLS) are
LPS-dose dependent (figure 44-F). However, addition of
PROK1 with LPS, significantly increased CCL18 and
CCL20 secretion (figure 44, B), but did not affect produc-
tion of CCL3, CCL4, CXCL1 and CXCLS (figure 4C-F).
This synergistic effect of PROK1 on CCL18 and CCL20
production is observed for every concentration of LPS.

Pathways involved in CXCLS production by PROK1

Out of all the chemokines measured in monocyte super-
natant, CXCL8 was the chemokine most strongly
induced by PROK1, and in a clear dose-dependent man-
ner (figure 54). We further investigated the functionality
of the receptor, by blocking independently different path-
ways involved in prokineticin receptor signaling events.
Firstly, PTX specifically blocks G protein Gai down-
stream signaling of G protein couple receptors, which
include PROKR1 and PROKR?2 [8, 11]. Here, monocytes
pretreated with PTX, lose completely, in a dose-
dependent manner, the ability to induce CXCL8 protein
secretion when stimulated by PROK1 (figure 5B1, B2).
Secondly, intra-cellular calcium, which has also been
shown to play an important role in prokineticin signaling
[11-13, 25], can be buffered using a calcium chelator,
BAPTA. Figure 5C1 and C2 show that PROKI-
mediated CXCLS8 protein production is blocked in a
dose-dependent manner by BAPTA.

Chemokines CXCLI and CXCLS are specifically
produced in monocytes after PROK]I induction,
but not in macrophages or dendritic cells

Finally, based on our flow cytometry results which
showed a decrease of receptor expression on the surface
of macrophages and dendritic cells, we hypothesized that
this decrease might have an impact on the ability of
PROKI1 to induce chemokine production in these cells.
Monocytes, as well as macrophages and dendritic cells
differentiated from the same monocytes, were stimulated
by PROKI for 24 hours. CXCL1 and CXCLS, the che-
mokines most strongly induced by PROKI1, were mea-
sured by ELISA in the conditioned media collected.
Our results show that induction of CXCL1 and CXCLS8
by PROKI1 is significant only in human monocytes, and
no differential induction is observed in macrophages or
dendritic cells (figure 64, B).
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Figure 3

Transcript versus protein induction of chemokines. Box plot representing mRNA induction measured by real time PCR of chemokines;
CCLI18, CCL20, CCL3, CCL4, CXCL1, CXCLS, after 8h of stimulation with (A) medium alone versus PROK1 (1 pg/mL),and (B) LPS
(1 pg/mL) versus LPS plus PROKI1 (1 pg/mL each). The y-axis values represent the induction of each gene relative to control after multi-
ple normalization using GAPDH, HPRT1 and HSPCB housekeeping genes. Experiments were performed using monocytes from six differ-
ent donors and each point was performed in duplicate. Box plot represents protein secretion measured by ELISA of chemokines; CCL18,
CCL20, CCL3, CCL4, CXCL1, CXCL38 after 24 h stimulation with (C) medium alone versus PROK1 (1 pg/mL), (D) LPS (1 pg/mL) ver-
sus LPS plus PROK1 (1 pg/mL each). The y-axis values represent the concentration of each protein expressed in pg/ml. Experiments was
performed using monocytes from seven different donors and each point was performed in duplicate. The bars of the box plot correspond
to the atypical variations, the boxes to the values between 25% and 75%, and the small square to the median. Significant difference of

expression was noted: p <0.05 = *.

DISCUSSION

Before studying chemokine induction by PROK1 in cells
from the monocyte/macrophage lineage, we ensured that
prokineticin receptors were present on the surface of
human monocytes, monocyte-derived macrophages and
monocyte-derived dendritic cells; even though transcript
expression had already been reported in all these cells [8,
19]. Using flow cytometry analysis, we confirmed for the
first time the presence of both receptors on the surface of
monocytes, however, we observed a strong decrease in
receptor expression in macrophages and dendritic cells,
suggesting monocytes were the cells most inducible by

the PROK1 ligand. The loss of PROKR1 and PROKR2
receptors on the surface of macrophages and dendritic
cells may be caused by either the cytokines added to
the monocytes (GM-CSF or IL-4) or to the differentiation
state of the cells.

Subsequently, we evaluated the chemokine response in
monocytes after exposure to PROK1 for 8h, by measur-
ing all 44, known chemokines using real time PCR, and
then validating protein induction using ELISA. Our data
show that induction at both the mRNA and protein level
is only observed for chemokines, CCL4, CXCLI and
CXCLS8, and in addition, CXCL8 is the chemokine
most potently induced responding to PROKI dose-
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Figure 4

Synergistic effect of PROK1 on LPS dose-dependent induction of chemokine in monocytes. CCL18 (A), CCL20 (B), CCL3 (C), CCL4
(D), CXCLI (E) and CXCLS8 (F) protein concentrations were measured by ELISA in culture supernatant of monocytes stimulated for 24 h
with decreasing concentrations of LPS; 1 000 ng/mL, 50 ng/mL, 5 ng/mL, 0.5 ng/mL, 0.05 ng/mL, in the presence (squares) or absence
(diamonds) of PROK1 (1 pg/mL). The y-axis values represent the concentration of each protein in the supernatant, expressed in pg/ml for
CCL18 and CCL20 and in ng/mL for CCL3, CCL4, CXCL1 and CXCLS. Results shown are representative of three independent experi-

ments and each point was performed in duplicate. Significant difference of expression was noted: p <0.05 = *.

dependently. The fact that we observed, for the first time,
a direct expression of cytokines in response to PROK1
alone, it allowed us to investigate the pathways involved
in PROK1 receptor activation. This was studied by using
selective inhibitors for different intracellular signals
involved in prokineticin receptor activation. Receptors

for prokineticins are G-coupled 7-domain transmembrane
receptors and according to the literature, PROK receptors
couple to Gi, Gq and even Go, thus activating distinct
pathways [26]. Our results support the fact that Gi and
Gq pathways are implicated in PROK1 signalling, since
PTX, and BAPTA (a calcium chelator), which inhibit
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Figure S

PROKI1 dose-dependent induction of CXCLS8 in human monocytes and its inhibition by BAPTA or PTX. (A) Box plot represents CXCL8
protein concentration (pg/mL) measured by ELISA in monocyte culture supernatants after 24 h stimulation with medium alone, or with
0.5 pg/mL PROKI1 and 1 pg/mL PROKI. Experiments were performed using monocytes from five different donors, and each point was
performed in duplicate. The bars of the box plot correspond to the atypical variations, the boxes to the values between 25% and 75%, and
the small square to the median. Significant difference of expression was noted: p < 0.05 = *. CXCLS protein production was measured by
ELISA in supernatants of monocytes pre-incubated for two hours with either (B) intra-cellular calcium chelator (BAPTA) or (C) Gai pro-
tein inhibitor, PTX, followed by stimulation for 24h with PROK1 (1 pg/mL) in the presence of each inhibitor. The /)/-axis values represent
the induction of CXCLS8 protein over the basal control level. (B1) and (C1) are typical dose response experiments. (B2) and (C2) present
mean results for two doses of inhibitors from six independent experiments, each point was performed in duplicate. Significant difference
of expression was noted: p < 0.05 = *.
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Figure 6
Comparison of CXCL1 and CXCLS induction by PROK1 in human monocytes, macrophages and dendritic cells. CXCL1 and CXCL8 pro-
tein production was measured by ELISA in culture supernatants of monocytes, macrophages or dendritic cells after 24 h stimulation with
PROKI1 (1 pg/mL). Results are presented as induction of CXCL8 (A) or CXCL1 (B) over the basal control level. Mean values are from
five independent experiments, each point was performed in duplicate. Significant difference of expression was noted: p < 0.05 = *.

respectively Gi and Gq pathways, abolish CXCLS8 pro-
duction by PROK1 in a dose-dependent manner.

Several studies evaluating the role of prokineticins in the
immune system and in inflammatory processes, have
demonstrated that prokineticins function as pro-
inflammatory mediators [8, 9, 19]. Our results are consis-
tent with these previous reports since we have demon-
strated PROK alone can induce secretion of the power-
ful pro-inflammatory chemokines CCL4, CXCL1 and
CXCLS. Indeed, CCL4, is primarily chemotactic for
monocytes and T cells [27-30], whereas CXCL8 and
CXCL1 are primarily chemotactic for neutrophils [27-
29]. In the context of an inflammatory environment, we
show that combination of PROK1 with LPS consistently
resulted in a synergy only for CCL18 and CCL20 protein
secretion, even at LPS concentrations as low as 50 pg/
mL. Both CCL18 and CCL20 are characterized by their
ability to attract immature dendritic cells and naive lym-
phocytes [31, 32], suggesting that PROK1 might partici-
pate further in activation and recruitment of leukocytes
involved in specific immunity.

Furthermore, other studies evaluating the cytokines
induced by prokineticins in the monocyte/macrophage
lineage, mainly used macrophages as their cellular
model and cytokine induction was never observed by
PROKI alone but in combination with a cofactor (LPS
or IFNy) [9, 19]. Here, we studied the direct response of
monocytes, monocyte-derived  macrophages  and
monocyte-derived dendritic cells to PROK1, by measur-
ing chemokine secretion in conditioned media. Our
results show that induction of pro-inflammatory chemo-
kines CXCL1 and CXCLS8 by PROKI1 is only detected in
monocytes, most likely due to the down-regulation of
surface receptors during the differentiation process.
Thus, our data in combination with other reports, suggest
that the differentiation status of monocytes leads to a dif-
ferential response to PROK1.

Recently it was shown that in myeloid-cell-dependent
tumors, CD11b+GR1+ cells (consisting primarily of neu-
trophils and cells from the macrophage lineage) had an
important role in tumor angiogenesis which was mediated
in part by secretion of PROK2 in the tumor stroma [15].
However, the molecular mechanisms underlying the
angiogenic activity of PROK2 is not entirely clear.
When considering that CXCL1 and CXCL8 are also
highly potent angiogenic factors by signalling through
their common receptor CXCR2 on endothelial cells
[33], we speculate that PROK2 might influence angio-
genesis by inducing CXCL1 and CXCL8 in mononuclear
phagocytes expressing PROK receptors.

In conclusion, this study demonstrates that, in vitro,
PROKI1 alone preferentially activates monocytes com-
pared to macrophages and dendritic cells, and could par-
ticipate in an amplification loop of leukocyte recruitment,
extravasation and tissue invasion by inducing in mono-
cytes a restricted set of pro-inflammatory chemokines.
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