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ABSTRACT
Cell migration depends on the ability of leukocytes to

sense an external gradient of chemotactic proteins pro-

duced during inflammation. These proteins include che-

mokines, complement factors, and some acute phase

proteins, such as serum amyloid A. Serum amyloid A

chemoattracts neutrophils, monocytes, and

T lymphocytes via its G protein-coupled receptor formyl

peptide receptor 2. We demonstrate that serum amyloid

A1a more potently chemoattracts neutrophils in vivo than

in vitro. In contrast to CD14+ monocytes, no rapid (within

2 h) induction of interleukin-8/CXC chemokine ligand 8 or

macrophage-inflammatory protein-1a/CC chemokine

ligand 3 was observed in purified human neutrophils after

stimulation of the cells with serum amyloid A1a or

lipopolysaccharide. Moreover, interleukin-8/CXC chemo-

kine ligand 8 induction in monocytes by serum amyloid

A1a wasmediated by toll-like receptor 2 andwas inhibited

by association of serum amyloid A1a with high density

lipoprotein. This indicates that the potent chemotactic

response of neutrophils toward intraperitoneally injected

serum amyloid A1a is indirectly enhanced by rapid in-

duction of chemokines in peritoneal cells, synergizing in

a paracrine manner with serum amyloid A1a. We ob-

served direct synergy between IL-8/CXC chemokine

ligand 8 and serum amyloid A1a, but not lipopolysaccha-

ride, in chemotaxis and shape change assays with

neutrophils. Furthermore, the selective CXC chemokine

receptor 2 and formyl peptide receptor 2 antagonists,

SB225002 and WRW4, respectively, blocked the synergy

between IL-8/CXC chemokine ligand 8 and serumamyloid

A1a in neutrophil chemotaxis in vitro, indicating that for

synergy their corresponding G protein-coupled receptors

are required. Additionally, SB225002 significantly

inhibited serum amyloid A1a-mediated peritoneal

neutrophil influx. Taken together, endogenous (e.g.,

IL-1b) and exogenous (e.g., lipopolysaccharide) inflam-

matory mediators induce primary chemoattractants

such as serum amyloid A that synergize in an autocrine

(monocyte) or a paracrine (neutrophil) fashion with

secondary chemokines induced in stromal cells.

J. Leukoc. Biol. 98: 1049–1060; 2015.

Introduction
The acute phase protein SAA is an apolipoprotein associated with
HDL in the blood circulation [1]. The family consists of the
inducible SAA1 and SAA2, the locally expressed (in mammary
glands) SAA3, and the constitutively produced SAA4 [2–4]. SAA1
(-a, -b, and -g) and SAA2 (-a and -b) are mainly produced in the
liver on stimulation with IL-1b, IL-6, and TNF-a when in-
flammation, infection, or injury occurs [5]. Because its primary
structure is highly conserved during evolution [6], one might
expect that SAA plays an important role in life. However, the
exact role of SAA has, until now, not been fully understood,
although several functions have been ascribed to SAA. First, SAA
is involved in transport of cholesterol to the liver, where it is
excreted into the bile [2, 7–9]. Second, SAA has anti-
inflammatory properties by inhibiting platelet aggregation [10]
and by reducing the oxidative burst in neutrophils [11, 12].
However, SAA also has proinflammatory effects, such as
induction of extracellular matrix degrading enzymes, allowing
the repair of tissue damage [13–15]. Furthermore, SAA mediates
an increase in local inflammation by chemoattracting neutro-
phils, monocytes, immature dendritic cells, mast cells, and T cells
to sites of inflammation [16–19]. SAA also stimulates the
induction of cytokines, including chemokines (e.g., IL-8/CXCL8,
MCP-1/CCL2), in leukocytes [20–25]. Chemokines are small
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(7–12 kDa) cytokines, attracting specific leukocyte subsets via
interaction with their GPCR. According to the position of the first
2 highly conserved cysteine residues in their primary structure,
they are classified mainly into 2 groups: CC chemokines, in which
the cysteine residues are adjacent, and CXC chemokines, in
which the residues are separated by 1 amino acid. This
nomenclature has also been applied for their corresponding
receptors (CCR and CXCR) [26–29].
The chemotactic activity of SAA is mediated by the GPCR FPR2

[30–32], a low affinity receptor for the bacterial tripeptide fMLP
[33]. For SAA-induced production of cytokines, the implication
of different receptors has been suggested. Although most
investigators have evidenced the use of FPR2, alternative
receptors have also been proposed, including TLR2, CD36,
CLA-1 (CD36 and LIMP II analogous-1, which is the human
ortholog of the murine scavenger receptor class B type I) and the
receptor for advanced glycation end products [22, 23, 30, 34–41].
In particular, TLR2 has recently gained interest as a receptor
for cytokine induction by SAA. TLRs recognize a wide range of
pathogen-associated molecular patterns and, therefore, play an
important role in the clearance of pathogens from living
organisms [42]. LPS is also a potent cytokine inducer through
binding to TLR4 (just as SAA is via TLR2) [43–46].
Gouwy et al. [47] showed that LPS-induced IL-8/CXCL8 can

synergize with the CC chemokine MCP-1/CCL2 to attract
monocytes. Likewise, we have recently shown that SAA1a-
induced chemokines in monocytes and immature dendritic
cells synergize with each other and possibly also with SAA1a to
attract these cells in an autocrine way [17]. In neutrophil
chemotaxis assays, synergy has also been demonstrated between
inflammatory IL-8/CXCL8 and other inducible (MCP1/CCL2,
MCP-2/CCL8, and MCP-3/CCL7) or constitutive chemokines
(regakine-1 and stromal cell-derived factor-1a/CXCL12) [48].
IL-8/CXCL8 is a major chemoattractant for neutrophils [49]
and signals through CXCR1 and CXCR2 [50]. Synergy between
chemoattractants occurs when combining these at suboptimal
concentrations, which might be lower than the concentrations
required for being chemotactic on their own. This cooperation
between chemotactic GPCR ligands increases the recruitment
of leukocytes to sites of inflammation and hence strengthens
the inflammatory response [51].
We provide evidence that SAA1a is a more potent neutrophil

chemoattractant in vivo than in vitro, because it synergizes in
a paracrine way with chemokines induced in peritoneal cells by
SAA1a. For chemotaxis in vitro, a direct and rapid synergistic
interaction occurs between SAA1a and IL-8/CXCL8, which is
mediated via their corresponding receptors FPR2 and CXCR2.
Furthermore, owing to the synergy between SAA1a-induced
chemokines in peritoneal cells, the inflammatory response can
be prolonged.

MATERIALS AND METHODS

Cell cultures
Neutrophils were isolated from fresh whole blood samples from healthy
donors. After density gradient centrifugation on Ficoll-sodium diatrizoate
(Lymphoprep, Axis-Shield PoC AS, Oslo, Norway), the pellet, consisting of
RBCs and granulocytes, was incubated (37°C, 30 min) with equal volumes of

PBS and 6% dextran (Sigma-Aldrich, St. Louis, MO, USA) in PBS. The
supernatant was collected and centrifuged (250g, 15°C, 10 min). After washing
the cell pellet with PBS, a hypotonic shock was performed. After
centrifugation and another 2 washing steps, the granulocytes were suspended
in DPBS (Lonza, Verviers, Belgium) and differentially counted (.95%
neutrophils).

Human CD14+ monocytes were isolated from 1-d-old buffy coats, derived
from healthy donors (Blood Transfusion Center, Leuven, Belgium) via density
gradient centrifugation on Ficoll-sodium diatrizoate and MACS (Miltenyi
Biotec, Bergisch Gladbach, Germany), as previously described by De Buck
et al. [52].

Bone marrow cells from NMRI mice were isolated from both femurs and
tibias after excision and debridement of soft tissue attachments. The bone
marrow was flushed with PBS supplemented with 1 mg/ml HSA (Belgian Red
Cross, Brussels, Belgium). Bone marrow neutrophils were isolated by density
gradient centrifugation on Nycodenz, a tri-iodinated derivative of benzoic acid
(Nycoprep; Axis-Shield PoC AS, Dundee, United Kingdom). After centrifu-
gation (250g, 4°C, 10 min), the erythrocytes were hypotonically lysed and then
washed in PBS and counted.

The HEK293 cell line transfected with FPR2 was kindly provided by Dr. J. M.
Wang (National Cancer Institute, National Institutes of Health, Frederick,
MD, USA) and cultured in DMEM (Lonza) enriched with 10%, Sigma-
Aldrich), 1 mM glutamine, and 800 mg/ml G418 (Life Technologies, Paisley,
United Kingdom).

Reagents
Recombinant human apo-SAA1 (SAA1a; catalog no. 300-53; endotoxin level
,30 pg/mg SAA1a), IL-8/CXCL8 (6-77; catalog no. 200-08M), and IL-1b
(catalog no. 200-01B) were purchased from PeproTech (Rocky Hill, NJ, USA).
LPS from Escherichia coli (0111:B4) and the bacterial tripeptide fMLP were
obtained from Sigma-Aldrich. The selective CXCR2 antagonist SB225002 and
the selective FPR2 antagonist WRW4 [33, 53] were from Calbiochem (San
Diego, CA, USA). Purified human HDL was obtained from EMD Millipore
Corporation (Temecula, CA, USA). Anti-human/mouse TLR2 was purchased
from Affimetrix eBioscience (San Diego, CA, USA). Recombinant murine
GCP-2/CXCL6 (9-78) was expressed in E. coli and purified by subsequent
heparin-Sepharose (Sigma-Aldrich) affinity chromatography, cation-exchange
chromatography, and RP-HPLC [54].

Chemotaxis assays
Neutrophil migration was assessed in 48-well Boyden microchambers (Neuro
Probe, Gaithersburg, MD, USA), as previously described by De Buck et al. [52].
In brief, SAA1a, IL-8/CXCL8, LPS, or a combination of SAA1a or LPS with
IL-8/CXCL8 were added at different concentrations in triplicate to the lower
wells of the microchamber (30 ml/well). Neutrophils (13 106 cells/ml; 50 ml/well)
were added to the upper compartment, which was separated from the lower
compartment by a polyvinylpyrrolidone-free polycarbonate membrane (5-mm
pore size; GE Water & Process Technologies, Manchester, United Kingdom).
After an incubation period of 45 min, the polycarbonate membrane was
stained using Hemacolor solutions (Merck, Darmstadt, Germany), and the
migrated cells, adhering to the lower surface of the membrane, were counted
microscopically (magnification 3500) in 10 high power fields/well. The CI
was calculated by dividing the average number of cells that had migrated to
the chemotactic factor by the average number of cells that had migrated to the
chemotaxis control buffer, HBSS (Life Technologies), containing 1 mg/ml
HSA. Synergy was obtained when the net CI (CI 2 1) of the 2 chemotactic
substances together was superior to the sum of the net CI of the chemotactic
substances added separately to the microchamber. For the antagonizing
experiments, the upper wells of the Boyden microchamber were loaded with
neutrophils in the presence of the selective CXCR2 antagonist SB225002 (3.5
mg/ml) or the selective FPR2 antagonist WRW4 (10 mg/ml).

Shape change assays
Shape change assays were performed to verify the morphologic shape changes
that neutrophils undergo rapidly after stimulation with chemotactic agents.
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Therefore, 50 ml of SAA1a or IL-8/CXCL8 alone, a combination of SAA1a
and IL-8/CXCL8, or control buffer was added to a 96-well plate with a flat
bottom. All dilutions and cell suspensions were made in shape change buffer
(HBSS without calcium and magnesium, supplemented with 10 mM HEPES; Life
Technologies) at 37°C, that was also used as a negative control. After adding 3 3

104 cells/50 ml, the neutrophils were fixed with 100 ml 4% formaldehyde in
buffer at time points 0 and 2.5 min. For each condition, 100 cells, divided in
round, blebbed, and elongated cells, were counted microscopically (magnifica-
tion 3200) independently by 2 individuals in a blinded manner. For the
assessment of synergy, the net percentages of the neutrophils undergoing shape
change were used (i.e., the percentage of round, blebbed, and elongated
neutrophils after stimulation with SAA1a or IL-8/CXCL8 minus the percentage
of round, blebbed, and elongated cells after stimulation with buffer).

Induction experiments
Freshly isolated human neutrophils (3 3 106 cells/ml in RPMI 1640 medium
[Lonza] supplemented with 1 mg/ml HSAs), human CD14+ monocytes (2 3

106 cells/ml in chemotaxis control buffer), or FPR2-transfected HEK293 cells
were seeded in 24-well (1 ml/well) or 48-well (500 ml/well) plates,
respectively. The cells were stimulated with different doses of SAA1a, LPS, or
IL-1b or were left untreated, and the plates were incubated at 37°C in 5%
carbon dioxide. To test the effect of HDL on SAA1a-induced chemokine
production in CD14+ monocytes, SAA1a at 100 and 1000 ng/ml was
preincubated (1 h at 37°C) with HDL at a concentration of 0.2 and 2 mg/ml,
respectively. To test whether TLR2 and/or FPR2 are involved in SAA1a-
induced production of chemokines, CD14+ monocytes were preincubated (1 h
at 37°C) with the anti-human/mouse TLR2 antibody (5 mg/ml) or the FPR2
antagonist WRW4 (10 mg/ml). Supernatant samples were taken 1 h, 2 h
(neutrophils), 3 h (monocytes), and 24 h after induction. After centrifugation
(250 g, 5 min), cell supernatants were stored at 220°C until determination of
IL-8/CXCL8 (sensitivity of the ELISA: 0.03 ng/ml) and MIP-1a/CCL3
(sensitivity of the ELISA: 1 ng/ml) concentrations via specific ELISAs
developed in our laboratory [55].

In vivo mobilization of neutrophils
The local animal ethics committee (University of Leuven) approved the in vivo
experiments in mice, which were conducted in conformity with animal use for
scientific purposes. Female NMRI mice (7–8 wk old; 3 mice per group per
experiment), kept in a specific pathogen-free environment (Elevage Janvier,
Le Genest Saint Isle, France), were injected intraperitoneally with PBS, SAA1a,
GCP-2/CXCL6, SB225002, or a combination of SAA1a or GCP-2/CXCL6 with
SB225002. After 2 h, the mice were killed by a subcutaneous injection of 30 mg of
sodium pentobarbital (Nembutal; CEVA, Libourne, France), and the peritoneal
cavity was washed for 1 min with 5 ml DPBS, supplemented with 2% FCS and 20
U/ml heparin (LEO Pharma A/S, Ballerup, Denmark). The amount of mouse
GCP-2/CXCL6 in the peritoneal washes was measured by ELISA [56]. The cells
were diluted 2-fold in Türk’s solution (Merck), and the cell concentrations were
determined using a hemocytometer. Cytospins were prepared for differential
leukocyte counting by diluting 5 3 104 cells in 500 ml of peritoneal lavage buffer.
After staining with Hemacolor solutions (Merck), 5 times 100 cells were counted
microscopically (magnification 3500) by 2 persons independently in a blinded
manner. The infiltration of neutrophils into the peritoneal cavity was represented
as the average percentage of neutrophils and the average number of
neutrophils/ml present in the peritoneal lavages. In the antagonizing experi-
ments, the percentage of inhibition was calculated from the average percentage
of neutrophils or the average neutrophil count minus the neutrophil influx
caused by SB225002 alone (equals net count). For the ex vivo chemokine
induction experiments, freshly isolated peritoneal cells from healthy untreated
mice were stimulated with SAA1a or LPS for 24 h.

Statistical analysis
Statistical data analysis was performed using the Mann-Whitney U test
(Statistica, version 12, software; StatSoft, Dell, Aliso Viejo, CA, USA).
Statistically significant values are indicated by an asterisk for P # 0.05, 2
asterisks for P # 0.01, and three asterisks for P # 0.001; by a dollar sign for

synergy, with 1 dollar sign indicating P # 0.05 and 2 indicating P # 0.01; and
by dagger for inhibition of the effects of agonists or synergy by receptor
antagonists, with one dagger indicating P # 0.05.

RESULTS

SAA1a is a more potent chemoattractant for
neutrophils in vivo than in vitro
We investigated the chemotactic activity of SAA1a on neutrophils,
as previously observed for SAA (a hybrid of SAA1a and SAA2b) by
Badolato et al. [16]. In a direct comparison, SAA and SAA1a
behaved similarly in chemotaxis assays with human neutrophils
(i.e., CI = 2.9 6 0.8 for SAA1a and CI = 2.1 6 0.6 for SAA at 1000
ng/ml). In a different set of experiments, SAA1a significantly
stimulated the migration of neutrophils from a concentration of
1000 ng/ml onward. In contrast, IL-8/CXCL8 was already
chemotactic at 0.2 ng/ml (Fig. 1A). For SAA1a, a statistically
significant higher number of migrated neutrophils was reached at
1000 ng/ml (47.36 7.9 cells/10 fields; n = 28, P = 0.04) compared
with the number of spontaneously migrating cells to the buffer
control (24.1 6 3.8 cells/10 fields). In contrast, for IL-8/CXCL8,
a maximal number of migrated cells had already been obtained at
3 ng/ml (501.3 6 36.7 cells/10 fields; n = 22). Moreover, fMLP at
1029 M significantly chemoattracted human neutrophils (153.8 6
55.3 cells/10 fields; n = 6). In the shape change assay, neutrophils
(stimulated for 2.5 min) were significantly activated by SAA1a at
a concentration of 3000 ng/ml (456 7% blebbed cells, P = 0.0041;
4 6 1% elongated cells, P = 0.0002; n = 10). In contrast, compared
with the chemotaxis results, a substantially higher concentration
(25 ng/ml) of IL-8/CXCL8 (n = 6) was needed to obtain a similar
effect as that with SAA1a on shape change (Fig. 1B). For in vivo
migration, a relatively high (100 ng) i.p. dose of a most potent
N-terminally truncated form of mouse GCP-2/CXCL6, which is
the murine counterpart of IL-8/CXCL8 recognizing CXCR1 and
CXCR2 [57], was needed to acquire an optimal effect after 2 h
(Fig. 1C). The peritoneal lavages (5 ml) of GCP-2/CXCL6-treated
NMRI mice contained 14.66 1.8% neutrophils, equivalent to 24.06
3.13 104 neutrophils/ml (n = 9, P = 0.0006). Injection of 1000 ng
of SAA1a into mice caused a significant increase in the number
of neutrophils in the peritoneal lavages (from 3.0 6 0.4% or 3.9 6
0.8 3 104 neutrophils/ml in the control mice to 23.2 6 2.9% or
42.56 5.93 104 neutrophils/ml in the SAA1a-treated mice; n = 9,
P = 0.0006; Fig. 1C). The effects on the neutrophil count by
injection of GCP-2/CXCL6 were significantly lower than those
obtained by i.p. injection of mice with SAA1a (P = 0.0341 and P =
0.0171, respectively).

SAA1a is neither a rapid nor a potent inducer of IL-8/
CXCL8 and MIP-1a/CCL3 in human neutrophils but is
a potent chemokine inducer in monocytes via TLR2 and
is inhibited by HDL
The experiments detailed in the previous section showed that
a similar amount of SAA1a provoked chemotaxis or activation of
neutrophils in vitro that was more pronounced in vivo. In
contrast, the chemokine (IL-8/CXCL8 or mouse GCP-2/CXCL6)
concentration had to be increased in vivo to reach a significant
effect. This observation could have resulted from the rapid
production of chemokines by peritoneal cells in the in vivo
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experimental setting on stimulation with SAA1a, as was pre-
viously shown in vitro in monocytes and immature monocyte-
derived dendritic cells [17]. To verify a similar autocrine

mechanism, induction experiments on human neutrophils were
performed, and the amounts of IL-8/CXCL8 and MIP-1a/
CCL3 in the cell supernatants were measured by specific
ELISAs (Figs. 2 and 3). However, after 1 or 2 h, no induction of
IL-8/CXCL8 (#0.1 ng/ml) could be observed in SAA1a-
stimulated neutrophils (Fig. 2A and B). In contrast, the maximal
duration needed for in vitro and in vivo cell migration was 45
min and 2 h, respectively. LPS and IL-1b also failed to rapidly
induce IL-8/CXCL8 in neutrophils. After stimulation for 24 h,
only weak induction of IL-8/CXCL8 was observed, with
a maximal concentration of 1.6 6 1.2 ng/ml (n = 4, P = 0.4705)
and 1.1 6 0.5 ng/ml IL-8/CXCL8 produced on stimulation of
neutrophils with 100 ng/ml SAA1a or LPS, respectively (Fig. 2B).
In monocytes, however, 100 ng/ml SAA1a was able to induce
significant production of IL-8/CXCL8, yielding 1.2 6 0.5 ng/ml
(n = 4, P = 0.0606) and 16.96 10.4 ng/ml (n = 4, P = 0.0304) after
1 and 3 h, respectively (Fig. 2C and D). After 24 h (Fig. 2D),
monocytes produced .400 ng/ml IL-8/CXCL8 on stimulation
with SAA1a (100 ng/ml) or LPS (50 ng/ml), which is $100-fold
more than neutrophils. In line with these results, no induction of
MIP-1a/CCL3 (#1.0 ng/ml) was detectable in neutrophils
stimulated with SAA1a (1000 ng/ml), LPS (1000 ng/ml), or IL-1b
(100 ng/ml) from 1 h onward to 24 h after induction (Fig. 3A and
B). In contrast, from 1 h onward, monocytes had produced already
a detectable amount of MIP-1a/CCL3 on stimulation with LPS or
SAA1a (Fig. 3C and D). These results suggest that the improved
chemotactic response of neutrophils to SAA1a in vivo (Fig. 1A and
C) is not mediated by the induction of IL-8/CXCL8 or MIP-1a/
CCL3 in neutrophils but might indirectly be affected by rapid
induction of chemokines in peritoneal macrophages.
Because HDL can inhibit SAA-induced chemotaxis [16, 19, 58],

we studied the effect of HDL on SAA1a-induced production of
IL-8/CXCL8 in CD14+ monocytes. SAA1a at 100 and 1000 ng/ml
was preincubated (1 h at 37°C) with HDL at a concentration of
0.2 and 2 mg/ml, respectively. Cell supernatant samples were
taken at 24 h after induction, and the IL-8/CXCL8 concentrations
were determined by ELISA. The results shown in Fig. 4A confirm
that after stimulation of CD14+ monocytes with 100 and 1000
ng/ml SAA1a for 24 h, a significant induction of IL-8/CXCL8
in monocytes was observed (52.3 6 10.0 and 461.1 6 28.8 ng/ml,
respectively; n = 4). In addition, HDL (2 mg/ml) was able to
inhibit (96.1 6 3.2%) the production of IL-8/CXCL8 in CD14+

monocytes stimulated with 1000 ng/ml SAA1a (19.2 6
9.4 ng/ml; n = 3, P = 0.049). In parallel, the effect of anti-human
TLR2 antibody (5 mg/ml) and the FPR2 antagonist WRW4
(10 mg/ml) on the SAA1a-induced production of IL-8/CXCL8
in CD14+ monocytes was determined (Fig. 4A). Although WRW4
could inhibit SAA1a-induced chemotaxis of neutrophils (see
“Synergy between SAA1a and IL-8/CXCL8 in neutrophil chemo-
taxis in vitro can be blocked by antagonizing their corresponding
receptors FPR2 and CXCR2”), this FPR2 antagonist failed to
inhibit SAA1a-induced IL-8/CXCL8 production. In contrast, the
TLR2 antibody significantly reduced the SAA1a-induced IL-8/
CXCL8 production (61.7 6 6.1% inhibition; P = 0.03; Fig. 4A). As
a control, HDL (2 mg/ml), anti-human TLR2 antibody (5 mg/ml),
and WRW4 (10 mg/ml) did not inhibit the constitutive production
of IL-8/CXCL8 after treatment of CD14+ monocytes with medium.
Furthermore, FPR2-transfected human embryonic kidney 293 cells

Figure 1. SAA1a chemoattracts and activates neutrophils in vitro and in vivo.
A) The chemotactic activity of IL-8/CXCL8 (0.2–10 ng/ml), SAA1a
(100–3000 ng/ml), and fMLP (1028 and 1029 M) was evaluated on human
neutrophils in the Boyden microchamber assay. Data represent the mean
number of migrated cells 6 SEM/10 high power fields from 5–20
independent experiments. B) Activation of neutrophils by IL-8/CXCL8 (3
and 25 ng/ml) and SAA1a (30–3000 ng/ml) was assessed after 2.5 min in
the shape change assay. The mean percentages of blebbed (hatched bars)
and elongated (black bars) cells 6 SEM from 4–10 independent experiments
are shown. C) In vivo migration of neutrophils into the peritoneal cavity was
tested by intraperitoneal injection of GCP-2/CXCL6 (100 ng), SAA1a (1000
ng), or PBS in female NMRI mice (9 mice/group). Peritoneal lavages (5 ml)
were obtained 2 h after injection. Cells were counted using a hemocytom-
eter, and differential cell counts were performed microscopically. The mean
percentage of neutrophils 6 SEM (black bars) and the mean number of
neutrophils 6 SEM 3 104/ml (hatched bars) in the peritoneal lavages are
shown. A–C) Statistically significant differences compared with controls (Co),
determined by the Mann-Whitney U test, are indicated by asterisks (*P #

0.05; **P # 0.01; ***P # 0.001).
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(HEK293/FPR2) did not produce IL-8/CXCL8 after stimulation
with SAA1a (3–3000 ng/ml) for 24 h. However, as a positive
control, IL-1b (0.1–100 ng/ml) induced IL-8/CXCL8 production
in HEK293/FPR2 cells (Fig. 4B). In addition, SAA1a and SAA
induced a similar increase in the intracellular calcium concentra-
tion in HEK293/FPR2 cells, indicating that both SAA and SAA1a
activate the FPR2-signaling pathway (data not shown).

SAA1a but not LPS directly synergizes with
IL-8/CXCL8 in in vitro neutrophil migration
We investigated whether the SAA1a-induced IL-8/CXCL8 from
monocytes could take part in the migration of neutrophils toward
SAA1a. Therefore, SAA1a and IL-8/CXCL8 were combined at
different concentrations in the lower compartment of the
Boyden microchamber (for 45 min), using highly purified
human neutrophils (.95%). Figure 5A shows that suboptimal
concentrations of SAA1a (300 ng/ml) and IL-8/CXCL8 (0.2
ng/ml) synergized with each other in neutrophil chemotaxis. A
significantly higher CI (8.2 6 0.3; n = 7, P = 0.0298) was reached
when combining these 2 molecules compared with the sum of
the chemotactic responses to SAA1a (300 ng/ml; CI = 1.1 6 0.1)
and IL-8/CXCL8 (0.2 ng/ml; CI = 6.3 6 0.6) tested separately. In
addition, we were able to confirm the synergistic effect between

SAA1a at 300 ng/ml and IL-8/CXCL8 at 3 ng/ml in a different set
of experiments (CI = 44.8 6 12.0; n = 5, P = 0.0122 vs. CI = 1.2 6
0.1 and 22.2 6 1.1 for SAA1a and IL-8/CXCL8, respectively,
added separately to the lower compartment of the Boyden
microchamber). Furthermore, the chemotactic activity of SAA1a
on murine bone marrow neutrophils was tested by adding 300
ng/ml SAA1a to the lower compartment of the chemotaxis assay.
SAA1a weakly chemoattracted murine bone marrow neutrophils
(CI = 1.4 6 0.5 at a concentration of 300 ng/ml; n = 7). For
comparison, murine GCP-2/CXCL6 (9–78) chemoattracted bone
marrow neutrophils to reach a CI of 2.1 6 0.2 at 1 ng/ml (n = 6).
Furthermore, SAA1a (300 ng/ml) enhanced the chemotactic
activity of murine bone marrow neutrophils toward murine GCP-2/
CXCL6 (9–78) at 1 ng/ml (CI = 4.2 6 0.5; n = 6, P = 0.04). We can
conclude that the responsiveness of murine bone marrow
neutrophils toward SAA1a is similar to that of human peripheral
blood neutrophils (i.e., SAA1a is a weak chemoattractant for
murine and human neutrophils in vitro and synergizes with
murine GCP-2/CXCL6 or IL-8/CXCL8 to chemoattract murine
or human neutrophils, respectively).
Such synergy was confirmed in human neutrophil shape

change assays (stimulation for 2.5 min; Fig. 5B). In these
experiments, a concentration of 3000 ng/ml SAA1a was required

Figure 2. SAA1a rapidly induces the production of
IL-8/CXCL8 in monocytes but not in neutrophils.
Purified neutrophils (A and B) and CD14+ mono-
cytes (C and D) were stimulated with different
concentrations of LPS (0.5–5000 ng/ml), SAA1a
(1–1000 ng/ml), IL-1b (1–100 ng/ml), or control
buffer (Co). Cell supernatants were taken 1 h
(black bars), 2 h (neutrophils; hatched bars), 3 h
(monocytes; hatched bars), and 24 h (gray bars)
after stimulation, and the amount of IL-8/CXCL8
in the supernatants was measured by ELISA. Data
represent the mean concentration 6 SEM from 3 or
4 independent experiments. Averages below the
lowest detection limit are shown without SEM.
Statistically significant differences compared with
controls, determined by the Mann-Whitney U test,
are indicated by asterisks (*P # 0.05).
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to synergize with 3 ng/ml IL-8/CXCL8 (58 6 4 net blebbed
neutrophils; n = 10, P = 0.0028 vs. 29 6 5 and 5 6 2 net blebbed
neutrophils for SAA1a and IL-8/CXCL8, respectively, when
added separately). Because the TLR4 agonist LPS has previously
been shown to be chemotactic for monocytes through autocrine
induction of chemokines [47], we also tested its capacity to
synergize with IL-8/CXCL8 on neutrophils in the Boyden
microchamber. However, as expected, no synergy between LPS
and IL-8/CXCL8 was observed in neutrophil chemotaxis (Fig.
5C). This indicates that the GPCR (FPR2) ligand SAA1a, but not
the TLR4 ligand LPS, can directly synergize with paracrine IL-8/
CXCL8 in neutrophil chemotaxis. However, in monocyte
chemotaxis, synergy also occurs via rapid autocrine chemokine
induction by SAA1a [17].

Synergy between SAA1a and IL-8/CXCL8 in neutrophil
chemotaxis in vitro can be blocked by antagonizing their
corresponding receptors FPR2 and CXCR2
To evaluate whether the synergy between the GPCR ligands
SAA1a and IL-8/CXCL8 in neutrophil chemotaxis is mediated
through their main receptors (i.e., the formyl peptide receptor
FPR2 and CXCR2, respectively), receptor antagonizing experi-
ments were performed. Therefore, neutrophils were added to

the upper compartment of the Boyden microchamber in the
presence of the selective FPR2 and CXCR2 antagonists WRW4
(10 mg/ml) and SB225002 (3.5 mg/ml), respectively (Fig. 6).
SAA1a (300 ng/ml) and IL-8/CXCL8 (5 ng/ml) again syner-
gized significantly with each other (CI = 51.0 6 6.2 vs. 1.2 6 0.1
for SAA1a and 29.3 6 2.3 for IL-8/CXCL8 when added
separately; n = 4, P = 0.03), confirming the data shown in
Figure 5A. This synergistic effect was inhibited for 93.9 6 1.2%
(n = 4, P = 0.03) on treatment of neutrophils with the CXCR2
antagonist SB225002 (Fig. 6A). The synergistic effect between
SAA1a and IL-8/CXCL8 was totally lost in that the chemotactic
response (CI = 51.0 6 6.2) was reduced to a CI of 3.9 6 0.4 in
the presence of the CXCR2 antagonist. As a positive control,
the chemotactic activity of the CXCR1/2 agonist IL-8/CXCL8
(5 ng/ml) was inhibited for 76.0 6 9.3% (n = 4, P = 0.03) by
SB225002. In contrast, the neutrophil response to SAA1a and
the FPR1 ligand fMLP (1028 M) remained unaltered (Fig. 6A).
The CXCR1/2 agonist IL-8/CXCL8 had some remaining
activity after the treatment of neutrophils with SB225002, for
which its CXCR1 signaling capacity might be responsible.
Because SAA1a was only very weakly chemoattracting neutro-
phils at 300 ng/ml (CI = 1.4 6 0.2), the FPR2 antagonist WRW4
could not significantly inhibit its activity. As a control, WRW4

Figure 3. SAA1a induces MIP-1a/CCL3 in
monocytes but not in neutrophils. Purified neu-
trophils (A and B) and CD14+ monocytes (C and
D) were incubated with different concentrations of
LPS (0.05–5000 ng/ml), SAA1a (0.1–1000 ng/ml),
IL-1b (1–100 ng/ml) or control buffer (Co). Cell
supernatants were taken 1 h (black bars), 2 h
(neutrophils; hatched bars), 3 h (monocytes;
hatched bars), and 24 h (gray bars) after
stimulation, and the amount of MIP-1a/CCL3 in
the supernatants was measured by ELISA. Data
represent the mean concentration 6 SEM from
2–6 independent experiments. Averages below
the lowest detection limit are shown without SEM.
Statistically significant differences compared with
controls, determined by the Mann-Whitney U test,
are indicated by asterisks (*P # 0.05).
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could not influence the spontaneous migration of neutrophils
to control buffer (data not shown). However, the treatment of
neutrophils with WRW4 significantly inhibited the synergistic
effect between SAA1a (300 ng/ml) and IL-8/CXCL8 (5 ng/ml)
for 50.3 6 12.7% (n = 5, P = 0.012; Fig. 6B). The weak FPR2
agonist fMLP (1029 M) was inhibited for 40.5 6 13.3% (n = 5,
P = 0.2). Furthermore, the CI of the already weak chemoattractant
SAA1a (300 ng/ml) had diminished from 1.4 6 0.2 to 1.1 6 0.1.
As expected, WRW4 did not influence the chemotactic activity of
IL-8/CXCL8 (Fig. 6B). These data indicate that both the
FPR2 ligand SAA1a and the CXCR2 ligand IL-8/CXCL8 are
synergizing via use of their proper GPCR.

In vivo neutrophil recruitment by SAA1a is
counteracted by blocking the receptor of induced
paracrine chemokines
First, we investigated whether SAA1a and exogenous GCP-2/
CXCL6 could synergize in vivo by intraperitoneal coinjection of
these GPCR ligands in mice. The number of neutrophils recruited

Figure 4. HDL and TLR2 antibody inhibit SAA1a-induced IL-8/CXCL8
production in monocytes. A) SAA1a (100 and 1000 ng/ml) was preincubated
(1 h at 37°C) with 0.2 and 2 mg/ml HDL, respectively. CD14+ monocytes
were preincubated (1 h at 37°C) with TLR2 antibody (5 mg/ml) or WRW4
(10 mg/ml) before stimulation with SAA1a (100 and 1000 ng/ml). Cell
supernatants were taken 24 h after stimulation, and the amount of IL-8/
CXCL8 in the supernatants was measured by ELISA. Data represent the mean
concentration 6 SEM from 3 or 4 independent experiments. Statistically
significant inhibition of IL-8/CXCL8 production, determined by the Mann-
Whitney U test, is indicated by daggers (†P # 0.05). B) FPR2-transfected
HEK293 cells were stimulated with different concentrations of SAA1a
(3–3000 ng/ml), IL-1b (0.1–100 ng/ml), or control buffer (Co). Cell
supernatants were taken 24 h after stimulation, and the amount of IL-8/
CXCL8 in the supernatants was measured by ELISA. Data represent the mean
concentration 6 SEM from 2–4 independent experiments. Statistically
significant differences compared with controls, determined by the Mann-
Whitney U test, are indicated by asterisks (*P # 0.05).

Figure 5. SAA1a but not LPS synergizes with IL-8/CXCL8 in neutrophil
migration in vitro. A) The chemotactic potency of IL-8/CXCL8 (0.2 and
1 ng/ml), SAA1a (30–3000 ng/ml), and a combination of IL-8/CXCL8
and SAA1a was evaluated on neutrophils in the Boyden microchamber assay.
In a similar, but separate, set of experiments (right from the vertical line),
IL-8/CXCL8 (3 ng/ml) and SAA1a (300 ng/ml) were added individually
or together to the lower compartment of the Boyden chamber. Data represent
the mean CI 6 SEM from 7 (left) or 3–5 (right) independent experiments.
B) Shape change of neutrophils was determined after 2.5 min of
stimulation of the cells with IL-8/CXCL8 (3 and 25 ng/ml), SAA1a (300
and 3000 ng/ml), or a combination of IL-8/CXCL8 and SAA1a. Data (5–10
independent experiments) are expressed as the net percentage of blebbed
(hatched bars) and elongated (black bars) neutrophils 6 SEM. C) Migration
of neutrophils to IL-8/CXCL8 (0.2–5 ng/ml), LPS (50–5000 ng/ml), or
a combination of IL-8/CXCL8 and LPS was measured using Boyden
microchamber assays. Data are shown as mean CI6 SEM from 8 independent
experiments. A–C) Statistically significant differences compared with
controls, determined by the Mann-Whitney U test, are indicated by asterisks
(*P # 0.05; **P # 0.01; ***P # 0.001). Dollar signs indicate statistically
significant synergistic interactions (compared with the sum of the effect of
both individual agonists; $P # 0.05; $$P # 0.01).
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into the peritoneal cavity was lower than that of the additive effect
when SAA1a (1000 ng) and GCP-2/CXCL6 (100 ng) were
coinjected compared with the effect of SAA1a and GCP-2/CXCL6
alone (data not shown). To determine whether the strong influx
of neutrophils into the peritoneal cavity in SAA1a-treated mice was

obtained via synergistic interactions between SAA1a and endog-
enously SAA1a-induced CXCR2 ligands, CXCR2 was blocked in
the experimental setting in vivo. In addition to intraperitoneal
injection of GCP-2/CXCL6 (100 ng) or SAA1a (1000 ng) alone,
the mice were injected with chemoattractant in the presence of
the CXCR2 antagonist SB225002 (25 mg). Figure 7 shows that,
compared with PBS-treated mice, again (compare with the data
shown in Fig. 1), a significant increase in neutrophil influx into
the peritoneal cavity occurred after injection of mice with GCP-2/

Figure 6. Synergy between SAA1a and IL-8/CXCL8 in neutrophil
chemotaxis is mediated by their corresponding receptors, FPR2 and
CXCR2. Neutrophils were treated with the CXCR2 antagonist SB225002
(3.5 mg/ml; A) or the FPR2 antagonist WRW4 (10 mg/ml; B) or were left
untreated before loading the cells into the upper compartment of the
Boyden microchamber. The migration of the cells to IL-8/CXCL8
(5 ng/ml), SAA1a (300 ng/ml), or a combination of both chemo-
attractants is shown as the mean CI 6 SEM, obtained from 4 (A) or 5 (B)
independent experiments. For comparison, the chemotactic potency6 SEM

of neutrophils toward fMLP [1028 M (A) or 1029 M (B)] is shown. A and B)
Statistically significant synergistic interactions (compared with the sum of
the net migration indexes obtained by adding SAA1a and IL-8/CXCL8
separately to the lower compartment of the Boyden microchamber) and
statistically significant inhibition of migration by antagonists (compared
with the migration indexes of the individual or combined agonists),
determined by the Mann-Whitney U test, are indicated by dollar signs
($P # 0.05) and daggers (†P # 0.05), respectively.

Figure 7. Inhibition of SAA1a-induced intraperitoneal neutrophil influx
by antagonization of CXCR2. Female NMRI mice (9 mice per group)
were injected intraperitoneally with PBS (200 ml), 1000 ng of SAA1a (100
ml + 100 ml PBS), 100 ng of murine GCP-2/CXCL6 (100 ml + 100 ml PBS),
25 mg of the CXCR2 antagonist SB225002 (100 ml + 100 ml PBS), or
a combination of 1000 ng of SAA1a (100 ml) or 100 ng of GCP-2/CXCL6
(100 ml) and 25 mg of SB225002 (100 ml). Peritoneal lavages (5 ml) were
obtained at 2 h after injection. Cells were counted using a hemocytom-
eter, and differential cell counts were performed microscopically. The
mean percentage of neutrophils 6 SEM (A) and the mean number of
neutrophils 6 SEM 3 104/ml (B) with (hatched histograms) and without
(black bars) coinjection of SB225002 in the peritoneal lavages are shown.
Statistically significant differences from control mice, not treated with
SB225002, and statistically significant differences from mice treated with
chemoattractant alone, determined by the Mann-Whitney U test, are
indicated by asterisks (*P # 0.05; **P # 0.01; ***P # 0.001) and daggers
(†P # 0.05), respectively.
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CXCL6 (9.46 1.9% neutrophils; 16.86 2.63 104 neutrophils/ml
vs. 3.86 0.5% neutrophils; 6.36 1.13 104 neutrophils/ml in PBS-
treated mice; n = 11, P = 0.0269 and P = 0.0033, respectively) or
SAA1a (25.9 6 2.6% neutrophils; 47.6 6 7.3 3 104 neutrophils/
ml vs. PBS-treated mice; n = 11, P = 0.0006) alone. SB225002
inhibited the neutrophil influx elicited by injection of SAA1a,
because the net number of neutrophils in the peritoneal lavages
from the mice treated with a combination of SAA1a and SB225002
diminished to 34.5 6 4.3 3 104 neutrophils/ml (n = 11, P =
0.0661), equal to a 27.6% reduction in cell number. As
a control, the GCP-2/CXCL6-mediated neutrophil influx was
also affected by coinjection of the chemokine with SB225002
(from 16.8 6 2.6 3 104 neutrophils/ml to 11.6 6 1.9 3 104

neutrophils/ml; n = 12, P = 0.0485). The intraperitoneal injection
of mice with SB225002 alone did not significantly affect neutrophil
recruitment. Moreover, significantly greater amounts of mouse
GCP-2/CXCL6 (mean OD 6 SEM 0.141 6 0.019; P = 0.002) were
measured in the peritoneal washes after injection of SAA1a
(1 mg) than in the PBS-treated mice (OD 6 SEM 0.062 6 0.002; 9
mice/group). In the GCP-2/CXCL6-treated mice (100 ng/mouse),
no GCP-2/CXCL6 (mean OD 6 SEM of 0.064 6 0.003) was
recovered in the peritoneal washes 2 h after injection,
demonstrating that the intraperitoneal injected GCP-2/CXCL6
is probably firmly bound to the proteoglycans of the peritoneal
cavity. These results indicate that the CXCR2 ligand GCP-2/
CXCL6 is induced in peritoneal cells after intraperitoneal
injection of mice with SAA1a. Moreover, significant mouse
GCP-2/CXCL6 production (61.0 6 22.0 pg/ml; P = 0.013; and
20.0 6 3.0 pg/ml; n = 6–8, P = 0.005) was also measured ex vivo
after stimulation of peritoneal lavage cells with SAA1a (1 mg) or
LPS (500 ng/ml), respectively, compared with the nonstimu-
lated cells.

DISCUSSION

The exact role of SAA in cell migration has until now not been
fully elucidated. Other research groups have proved that SAA is
directly chemotactic for neutrophils, monocytes, mast cells, and
T cells [16, 18, 19]. However, for our investigations, we used
a recombinant human SAA1 isoform (SAA1a), which is
identical to natural SAA1a, except for an N-terminal methio-
nine. In contrast, a non-natural hybrid between human SAA1a
and SAA2b was mostly used in other studies. In a previous study,
we showed that SAA1a is chemotactic in vitro for monocytes
and also for immature dendritic cells, predominantly in an
indirect manner via induction of chemokines [17]. We found
that SAA1a-stimulated monocytes rapidly (within 3 h) produced
MIP-1a/CCL3 and IL-8/CXCL8, which cooperated in an
autocrine manner with each other and possibly with SAA1a to
chemoattract monocytes. In neutrophil chemotaxis, SAA1a-
induced CXCR2 ligands synergize with SAA1a in a paracrine
way. Thus, the neutrophil chemotactic potency of the weak
chemoattractant SAA1a, compared with IL-8/CXCL8, was
increased significantly in vivo (Fig. 1). For our in vivo experi-
ments, mouse GCP-2/CXCL6 was used as a murine counterpart
for human IL-8/CXCL8, because GCP-2/CXCL6 is the only
murine chemokine that signals through both CXCR1 and

CXCR2, just as human IL-8/CXCL8 does [57, 59]. A 1000-fold
higher concentration of SAA1a, compared with IL-8/CXCL8,
was needed to acquire an equivalent chemotactic effect in the
Boyden microchamber (1000 ng/ml for SAA1a vs. 0.2 ng/ml
for IL-8/CXCL8). In contrast, only a 10-fold higher dose of
SAA1a (1000 ng) than GCP-2/CXCL6 (100 ng) was required to
reach an even more pronounced influx of neutrophils into the
peritoneal cavity of SAA1a-treated mice. To explain this
apparent discrepancy, we investigated whether neutrophils
(like monocytes) could rapidly produce CXC or CC chemo-
kines, such as IL-8/CXCL8 and MIP-1a/CCL3, which could in
turn synergize with each other and with SAA1a in neutrophil
chemotaxis. However, no induction (by SAA1a or LPS) of
these chemokines was observed in neutrophils within the time
period to reach maximal neutrophil chemotaxis in vitro and in
vivo (2 h; Figs. 2A and B and 3A and B). In contrast,
a significant amount of IL-8/CXCL8 (.15 ng/ml) was
produced by SAA1a-stimulated monocytes within 3 h (Fig. 2C
and D). As reported in published studies, we have confirmed
that SAA-induced production of cytokines is TLR2 mediated
(Fig. 4A) [30, 36, 38, 40, 41]. It is known that neutrophils have
less potential than other leukocytes to produce cytokines
[60–62], and IL-8/CXCL8 is the most abundantly produced
chemokine by these cells [63]. Because several leukocyte types
responsive to SAA1a [40] are present in the peritoneal cavity
and because induction of IL-8/CXCL8 by monocytes occurred
within the time limit (2 h) of the in vivo experimental setting,
we assumed that mouse peritoneal macrophages, stimulated by
the intraperitoneal injection of SAA1a, would quickly produce
GCP-2/CXCL6, which synergizes in a paracrine manner with
SAA1a to enhance neutrophil influx in the peritoneal cavity.
We demonstrated that the CXCR2 ligand GCP-2/CXCL6 is
rapidly (within 2 h) induced in the mouse peritoneal cavity
after i.p. injection of mice with SAA1a.
This led us to further study the direct synergistic effect between

SAA1a and IL-8/CXCL8 on purified neutrophils in vitro (Fig. 5).
Synergy was obtained by combining suboptimal concentrations of
SAA1a (300 ng/ml) and IL-8/CXCL8 (0.2 ng/ml) in the Boyden
chemotaxis microchamber (Fig. 5A). In the neutrophil shape
change assays, a higher SAA1a concentration (3000 ng/ml) was
necessary to obtain synergy with IL-8/CXCL8 (3 ng/ml). This
probably resulted from the relatively lower sensitivity of this assay,
compared with that of the Boyden chemotaxis assays, because
$10-fold higher concentrations of IL-8/CXCL8 were required
for a significant effect on shape change.
We speculated that in the Boyden chemotaxis assay, the

chemokine-inducing TLR4 agonist LPS [47] could also synergize
with IL-8/CXCL8 in neutrophil chemotaxis, although LPS did
not induce chemokines in neutrophils during the assay period
(Figs. 2A and B and 3A and B). In contrast to SAA1a, LPS did not
synergize with IL-8/CXCL8 in the Boyden microchamber (Fig.
5C), indicating that LPS contamination could not be responsible
for the observed direct synergy between SAA1a and IL-8/CXCL8
on neutrophils. Furthermore, this allowed us to speculate that, in
chemotaxis, direct synergy is not likely to occur between a GPCR
agonist (IL-8/CXCL8) and a TLR agonist (LPS) that cannot bind
GPCR. This suggests that SAA1a synergized with IL-8/CXCL8 in
neutrophil chemotaxis through its GPCR (i.e., FPR2) but not via
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TLR2. This was supported by the significant inhibition of synergy
between SAA1a and IL-8/CXCL8 in neutrophil chemotaxis by
the FPR2 antagonist WRW4 (Fig. 6B). Moreover, the CXCR2
antagonist SB225002 completely inhibited the synergy between
SAA1a and IL-8/CXCL8 (Fig. 6A). Finally, i.p. injection of the
CXCR2 antagonist together with SAA1a significantly reduced the
i.p. neutrophil influx in mice (Fig. 7), indicating that the in vivo
chemotactic effect of SAA1a is in part mediated through synergy
with CXCR2 ligands induced in peritoneal cells (e.g., macrophages).
The remaining neutrophil chemotactic effect of GCP-2/CXCL6 in
mice coinjected with the chemokine and SB225002 could have been
a result of interaction with CXCR1, which also binds GCP-2/CXCL6
[57]. In addition, SB225002 can inhibit other CXCR2 ligands,
induced by SAA1a, which synergize with SAA1a and possibly also
with induced CC chemokines such as MIP-1a/CCL3.
Taken together, no rapid induction of chemokines in SAA1a-

stimulated neutrophils occurred; thus, fast synergy between
SAA1a and autocrine-induced chemotactic ligands was not likely
to increase neutrophil migration in vitro and in vivo. In contrast,
human monocytes were able to rapidly produce IL-8/CXCL8
(and other chemokines) after stimulation with SAA1a within the
time limit of a chemotaxis assay, as shown by Gouwy et al. [17].
Thus, these rapidly induced chemokines desensitized chemo-
kines exogenously added to the assay, blocking further synergy
between SAA1a and these exogenously added chemokines.
These findings show that, in vitro, synergy was already present in
monocyte chemotaxis between SAA1a and the induced IL-8/
CXCL8 and MIP-1a/CCL3 in an autocrine way, such that no
further synergy could be obtained between SAA1a and the
exogenously added chemokine.
The receptor usage of SAA has mostly been investigated in

relation to the induction of cytokines. In particular, FPR2 and TLR2
are often reported as signaling receptors, inducing the production
of cytokines, including chemokines, such as IL-8/CXCL8 and
MCP-1/CCL2 [22, 23, 30, 34, 38–41]. However, only FPR2 has been
described as the SAA receptor mediating chemotaxis [30–32]. This
corresponds with our finding that synergy between SAA1a and
IL-8/CXCL8 in neutrophil chemotaxis is probably not mediated
by TLR2, because it was blocked by an FPR2 antagonist. Nonetheless,
because multiple receptors are involved in cytokine induction,
additional studies should be conducted to elucidate the potential
use of other receptors by SAA for chemotaxis.
In summary, with the development of inflammation, several

chemokines are coproduced by leukocytes, fibroblasts, and
endothelial cells, which cooperate or synergize with each other to
enhance recruitment of circulating leukocytes. Such synergy on
monocytes can be obtained in an autocrine [47] or, as we
observed in the present study for neutrophils, in a paracrine way.
Moreover, chemokines can synergize with other GPCR ligands
that are generated on stimulation of the immune system by
microbial agents [51]. For instance, we have shown direct synergy
between IL-8/CXCL8 and the acute phase protein and chemo-
kine inducer SAA1a in neutrophil chemotaxis. The synergy
observed in the present study is clinically relevant. Shen et al. [64]
demonstrated increased SAA serum levels in patients with
rheumatoid arthritis. Moreover, SAA is also significantly increased
in the serum of osteoarthritis patients compared with that in
healthy volunteers [65]. In rheumatoid arthritis, macrophage-

derived cytokines such as IL-1, TNF, IL-6, and IL-8/CXCL8 are all
present in the synovial cavity and in the blood circulation and
play a key role in amplifying inflammation. IL-8/CXCL8 recruits
inflammatory cells into the joint. IL-1 and TNF are important
mediators of the acute phase response in that they directly induce
acute phase proteins and potently induce IL-6, itself a major
mediator of hepatic synthesis of acute phase proteins. This acute
phase response implies a rapid elevation of SAA in the blood
[66]. Moreover, Urbanowska et al. [67] described IL-1b, IL-6, IL-
8/CXCL8, MCP-1/CCL2, and SAA as potential markers of disease
progression of rheumatoid arthritis. Hence, in inflammation, the
induction of the acute phase protein SAA1a in the systemic
circulation could be viewed as a general alarm bell. Once SAA1a
enters peripheral inflammatory sites, it exerts the short-term local
induction of chemokines, which synergize with each other and
with SAA1a in neutrophil chemotaxis through GPCRs when the
chemokine levels are still very low. SAA1a thus plays a critical role
in innate immunity, both systemically and locally.
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