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CXC chemokine ligand 4 (CXCL4)
down-regulates CC chemokine receptor
expression on human monocytes

Franziska Schwartzkopff', Frank Petersen', Tobias Alexander
Grimm?* and Ernst Brandt'

Abstract

During acute inflammation, monocytes are essential in abolishing invading micro-organisms and encouraging wound
healing. Recruitment by CC chemokines is an important step in targeting monocytes to the inflamed tissue. However,
cell surface expression of the corresponding chemokine receptors is subject to regulation by various endogenous stimuli
which so far have not been comprehensively identified. We report that the platelet-derived CXC chemokine ligand
4 (CXCL4), a known activator of human monocytes, induces down-regulation of CC chemokine receptors (CCR) I, —2,
and —5, resulting in drastic impairment of monocyte chemotactic migration towards cognate CC chemokine ligands
(CCL) for these receptors. Interestingly, CXCL4-mediated down-regulation of CCRI, CCR2 and CCR5 was strongly
dependent on the chemokine’s ability to stimulate autocrine/paracrine release of TNF-o. In turn, TNF-o induced the
secretion CCL3 and CCL4, two chemokines selective for CCRI and CCR5, while the secretion of CCR2-ligand CCL2
was TNF-o-independent. Culture supernatants of CXCL4-stimulated monocytes as well as chemokine-enriched prep-
arations thereof reproduced CXCL4-induced CCR down-regulation. In conclusion, CXCL4 may act as a selective
regulator of monocyte migration by stimulating the release of autocrine, receptor-desensitizing chemokine ligands.
Our results stress a co-ordinating role for CXCL4 in the cross-talk between platelets and monocytes during early
inflammation.
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monocytes, and T-cells.**”® Instead, CXCL4 partici-

Introduction .
pates in the control of acute cellular defence mecha-

In addition to their roles in haemostasis, thrombosis
and tissue repair, platelets have important functions
in initiating an inflammatory response.' Activated
human platelets release a variety of mediators that
have the capacity to induce the primary steps of inflam-
mation, e.g. to recruit blood leukocytes to sites of vas-
cular tissue damage.>® Prominent platelet-secreted
mediators involved are several chemokines, such as
CXC chemokine ligand 7 (CXCL7), which have been
shown to attract neutrophil granulocytes (neutrophils)
selectively, while others such as CCL3 and CCLS are
potent monocyte attracting chemokines.*® A very
complex role has been assigned to CXCL4, also
referred to as platelet factor 4 (PF-4), which is a
very unusual chemokine in that it lacks chemo-
attractant activity for leukocytes, including neutrophils,

nisms as well as in long-term regulation of various
immune and other cells. This is supported by findings
describing CXCL4-mediated induction of histamine
release in basophils, activation of secondary granule
exocytosis and cell adhesion to endothelium in neutro-
phils, suppression of IL-2 production in human T-cells
and concomitant inhibition of T-cell proliferation, as
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well as control of endothelial cell (EC) and fibroblast
proliferation.”? !> An especially sophisticated array of
consecutive functions is subject to CXCL4 control in
monocytes. These cells, that act as first-line mediators
in inflammation and at the same time are major players
in mounting an adaptive immune response, react to
CXCL4 not only by short-term antimicrobial responses
such as oxygen radical formation and phagocytosis or
by rapid production of TNF-a, but thereafter undergo a
cellular programme resulting in prevention of spontane-
ous apoptosis and in the differentiation of these cells
into a specific subtype of macrophages with enhanced
innate immune function.®'* Interestingly, we found
monocyte responses to CXCL4 to be independent of
G;-proteins or elevation of intracellular free calcium,
which is surprising since chemokines typically act on
cells through binding to 7-transmembrane-domain G
protein-coupled receptors (GPCR).® In fact, binding
sites for CXCL4 are less well defined. While in a
recent report Lasagni e al.'> described an alternatively
spliced variant of CXCR3, also referred to as CXCR3-
B, as a functional receptor for CXCL4 on endothelial
cells; our own investigations revealed that CXCR3-B is
not expressed on monocytes or neutrophils, and that
CXCL4-binding to the latter cells is mediated by a dis-
tinct receptor, recently identified as a chondroitin sul-
phate proteoglycan.®!*!®17 While interaction of
CXCL4 with such types of receptor may be responsible
for its inability to act as an chemo-attractant for leuko-
cytes, the chemokine nevertheless has a regulatory
impact on cell migration through modulating upstream
events. Nesmelova et al.'® described enhancement of
CXCLS8-dependent chemotaxis following heterodimeri-
zation of the chemokine with CXCL4. According to our
own results, CXCL4 promotes adhesion of neutrophils
to unstimulated endothelium and at substimulatory
concentrations drastically enhances CXCL7-induced
adhesion."” Furthermore, CXCL4 enhances the arrest
of CCL5-stimulated monocytes on activated endothe-
lium under flow conditions, which is likely also related
to direct molecular interaction of the chemokines.?
However, a more common target in the regulation of
cell migration are chemokine receptors themselves,
especially the regulation of their cell surface expression
and functionality. Specifically for monocytes, it is
known that migration to distinct tissues/organs, deter-
mining their functional maturation, crucially depends
on chemokine receptor expression.”'*> Regarding the
importance of CXCL4 as a monocyte-directed media-
tor, we therefore were interested in its ability to modu-
late chemokine receptor expression on these cells and to
concomitantly alter their chemotactic response.

As the aim of our present study was to elucidate
further CXCL4’s role during an acute inflammatory
situation, we specifically investigated its impact on
receptors CCR1, CCR2, and CCRS, which all bind
CC-chemokines involved in the recruitment of

monocytes to inflammatory sites.”> As our results dem-
onstrate, CXCL4 effectively down-modulates cell sur-
face expression of all three receptors on monocytes,
resulting in reduced chemotactic activity of the cells
towards receptor-specific ligands CCL2 (CCR2),
CCL3 and CCL5 (CCRI1, CCR-5). Interestingly,
CXCL4 appears to down-modulate receptor expres-
sion via indirect mechanisms, involving the autocrine
induction and secretion of CCR ligands CCL2,
CCL3, and CCL4 as well as of TNF-a in monocytes,
while CCLS5 is not involved. Thus a role for CXCL4 in
vascular inflammation may be to retain recruited
monocytes at sites of vascular inflammation and
at the same time to promote a second wave of leuko-
cyte recruitment through chemokine induction in the
former cells.

Materials and methods
Cytokines

Human CXCL4 was purified to homogeneity from
release supernatants of thrombin-stimulated platelets
in a three-step procedure as previously described.”'®
The preparations contained <0.125ng LPS/mg
CXCL4 (i.e. below 4pg/ml at 4 M CXCL4) as deter-
mined by the Limulus amoebocyte lysate assay. Adding
4pg/ml LPS (Salmonella enterica sv. Minnesota) to
monocyte cultures did not result in CCR down-regula-
tion after 18 h, ruling out potential side effects caused
by contaminating LPS. As determined by ELISA, the
CXCLA4 preparation at 4 uM was negative for contam-
inating CCL2 and CCL3 and contained CCL4 at
0.08 ng/ml, a concentration unable to effect CCRS5
down-regulation in our assays. Lyophilized CXCL4
was reconstituted to stock solutions of 2mg/ml in
0.1% trifluoroacetic acid and stored at —20°C.
Human CXCLS8 (72-residue isoform) was produced
recombinantly in Escherichia coli at the Research
Center Borstel.”* The recombinant human chemokines
CCL2, CCL3, CCL4, CCL5, CXCL12, and cytokines
IL-1a, IL-1p and TNF-a were purchased from Pepro
Tech (London, UK).

Cell preparation, culture, and stimulation

Mononuclear cells (MNCs) were isolated from periph-
eral blood of single healthy donors by Ficoll-Paque
(Pharmacia LKB, Freiburg, Germany) gradient centri-
fugation. Monocytes and lymphocytes were separated
by counter flow centrifugation as described previ-
ously.>> The prepared monocyte fraction consisted of
more than 95% CD14 positive cells in all events as
determined by flow cytometry analysis with anti-
CD14-specific monoclonal antibody (mAb; clone
TiK4, IgG,a, directly PE-labelled; Dako, Glostrup,
Denmark). Monocyte culture was routinely performed
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in RPMI-1640 supplemented with 100 U/ml penicillin
G, 100 pg/ml streptomycin, 2 mmol/l L-glutamine and
10% heat-inactivated fetal calf serum (all from
Biochrom, Berlin, Germany). Monocytes (0.5 x 10°
cells/500 ul) were cultured in Nunclon polystyrene
24-well plates (Nunc, Roskilde, Denmark) at 37°C in
a humidified atmosphere with 5% CO, in the presence
or absence of 4 uM CXCL4. In some experiments, cells
were also cultured with 10nM CCL5, CCL2, or
CXCL12, 10ng/ml TNF-a, IL-1a or IL-1f (IL-1: at
1, 10 and 100 U/ml). Some cultures were run in the
presence of 3 ug/ml inhibitory murine mAb to human
TNF-a (clone 195, IgG;; Chemicon, Temecula, USA)
or an IgGgs-isotype control (clone MIB 13; kind gift of
Dr J. Gerdes, Research Center Borstel, Germany).
Cultures in the presence of ILI-receptor antagonist
(IL-1-ra; R&D Systems, Wiesbaden-Nordenstadt,
Germany) were performed with increasing concentra-
tions of the protein (0.7, 2, and 6 pg/ml) dissolved in up
to 3 ul PBS/0.1% BSA or with corresponding volumes
of PBS/0.1% BSA alone. To terminate cultures, mono-
cytes were kept on ice for 1 h and culture plates were
subsequently washed with ice-cold PBS to detach
the adherent cells. Approval for these studies was
obtained from the Institutional Review Board at the
University of Liibeck (Liibeck, Germany), and
informed consent was provided according to the
Declaration of Helsinki.

Immunofluorescence labelling and flow cytometry

Unconjugated murine mAbs directed against the fol-
lowing human antigens were used for indirect immuno-
fluorescence labelling of human monocytes: CCRI
(clone 53504.111, IgG,p), CCR2 (clone 48607.121,
1gGyp), CCRS (clone 45531.111, IgG,p), CXCR4
(clone 44716.111, 1gG,p), all from R&D Systems, and
IgG,g control antibody (clone DK-G09; Dako,
Glostrup, Denmark). Against human CCR3 a rat
unconjugated mAb (clone 61828.111, IgG,4) and rat
IgG,a control antibody (clone 54447.1), both from
R&D Systems, were used, while a unconjugated goat
antiserum (Invitrogen, Karlsruhe, Germany) served to
detect human CCR4 in comparison to a normal goat
control-serum (kind gift from Dr J. Gerdes, Research
Center Borstel, Germany).

In experiments where cells had been pre-incubated
with neutralizing anti-TNF antibodies, murine mAbs
directly conjugated to PE (all from R&D Systems)
were used to detect CCRs (CCRI; clone 53504.111,
1gGrp), (CCR2; clone 48607.121, IgG,p), (CCRS;
clone 45531.111, IgGyg), (IgG 2B control antibody;
clone 20116), to circumvent the use of secondary anti-
bodies and their potential cross-reactivity with the
neutralizing antibodies. For direct immunofluores-
cence labelling, monocytes were incubated with the
respective PE-conjugated antibodies at concentrations

recommended by the manufacturer for 30 min on ice in
PBS/0.1% BSA, washed with PBS/0.1% BSA, and
finally resuspended in PBS/0.1% BSA. For indirect
immunofluorescence labelling, cells were correspond-
ingly incubated with the unconjugated antibodies
and washed, followed by incubation with
dichlorotriazinylaminofluorescein (DTAF)-conjugated
goat anti-mouse, mouse anti-rat, or mouse anti-goat
antibody (all from Dianova, Hamburg, Germany).
After 30min of incubation, the monocytes were
washed again and finally resuspended in PBS/0.1%
BSA. Flow cytometry analyses were performed on a
FACSCalibur  (Becton  Dickinson,  Heidelberg,
Germany). Monocytes cultured over several days,
showed a donor-dependent increase in autofluores-
cence. To compare analyses from different donors,
data in some experiments are given as the ratio in
median fluorescence intensity (rMFI), calculated by
dividing the median fluorescence intensity (MFI) of
cells labelled with specific antibody by the MFI of
cells labelled with irrelevant (isotype) antibody.

Measurement of chemokine release by ELISA

Cell-free supernatants of monocytes stimulated with
CXCL4 or TNF-a for 2-72h were harvested and
stored at —20°C until analysis. Concentrations of
CCL5, CCL2, CCL3 and CCL4 were determined
using specific quantitative enzyme-linked immunosor-
bent assays (ELISAs), all purchased from R&D
Systems, according to the manufacturer’s advice. For
the measurement of CXCLS8, an ELISA, developed in
our laboratory, was used as described.?*

Immunodepletion of monocyte culture
supernatants with specific chemokine antibodies

Cell-free supernatants of monocytes stimulated with
CXCL4 or left unstimulated for 10h were harvested
and divided into 5-ml aliquots. Aliquots received
either a combination of neutralizing monoclonal anti-
bodies to CCL2 (5ug/ml of clone 24822), CCL3
(3ug/ml of clone 93321) and CCL4 (2.5ug/ml of
clone 24006), all from R&D systems, or the same
amounts of control antibodies of the corresponding
isotype. After incubation for 45min at room temper-
ature, samples were diluted 1:2 with buffer (0.1M
phosphate/3M NaCl, pH 8.5), incubated for 30 min
with a suspension of 1ml Protein A—Sepharose (GE
Healthcare, Munich, Germany) and recovered after
centrifugation. Following filtration through a 0.2-um
filter unit (Sarstedt, Hamburg, Germany) supernatant
was concentrated by centrifugation (2000 rpm, 25h,
4°C) on a Sorvall RC 5C plus using Centriplus 3K
concentrators (3kDa cut-off; Amicon, Beverly, MA,
USA) and transferred into PBS/0.1% BSA before
further use.
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Monocyte chemotaxis

Monocyte migration in response to chemokines was
assayed using 24-well Transwell plates (Costar,
Bodenheim, Germany) with a polycarbonate mem-
brane (6.5mm diameter, pore size 5.0 um) at the
bottom of the inserts. Briefly, the lower compartment
was filled with 600 pul chemokines diluted in RPMI-
1640/10% FCS and equilibrated for 20 min (5% CO,,
37°C). Subsequently, inserts received 100 pl cell suspen-
sion (8 x 10° monocytes/ml RPMI-1640/10% FCS).
After 2h, Transwell plates were placed on ice, cells
left in the inserts were removed, and 100 pl ice-cold
PBS was added to the inserts for 45 min. After washing
with ice-cold PBS, inserts received 100 pl of cell disso-
ciation solution (non-enzymatic; Sigma, Munich,
Germany) for 30 min at 37°C to detach transmigrated
monocytes still adherent to the lower side of the mem-
brane. After centrifuging Transwell plates for 10 min at
300 g, inserts were removed and cells in the lower com-
partment were lysed with Triton X-100 (0.1% final).
According to cell numbers counted after May-
Gruenwald-staining of membranes, <1% of cell input
remained attached to the lower side of the membranes.
Endogenous B-glucuronidase enzymatic activity was
measured using p-nitrophenyl-B-glucuronide (Sigma)
as a substrate as described.'” The number of migrated
cells was calculated by means of a standard of lysed
cells run in parallel. In some experiments, we attempted
to neutralize the chemotactic activity contained in
supernatants from CXCL4-stimulated monocytes by
adding 3 pg/ml of inhibitory murine mAbs to human
chemokines, i.e. anti-CCL5 (IgGy; clone 21418.221),

anti-CCL2 (IgGy; clone 24822.111), anti-CCL3 (IgGy;
clone 93321), anti-CCL4 (IgG»p; clone 24006), anti-
CXCLS8 (IgGy; clone 6217), all purchased from R&D
Systems. Isotype controls were mouse IgG; (clone
BO7:*® Research Center Borstel, Germany) and
mouse IgG,p (clone DK-GO9; Dako).

Quantitative RT-PCR

Monocytes (10°/ml) were stimulated with CXCL4 or
TNF-a or left unexposed. Subsequently, total mRNA
was isolated using mRNA Direct MicroKit (Dylan,
Hamburg, Germany) and reverse transcribed into
cDNA (Superscript II; Invitrogen) according to the
manufacturer’s protocols. Quantitative PCR was then
performed in a LightCycler instrument (Roche,
Mannheim, Germany), using 2ul ¢cDNA and 8pul
PCR master reaction (FastStart DNA Master SYBR
Green I; Roche) for the primer combinations and
PCR parameters listed in Table 1. For quantification,
several dilutions of LPS-stimulated human MNC
cDNA were used as an internal standard, and calcula-
tion was performed using LightCycler software v.3.5.3
and the second derivative maximum algorithm. Values
were normalized to GAPDH expression, and expres-
sion of examined mRNAs in unstimulated cells was
set as one. Data are given as x-fold expression.

Statistical analysis

Data are presented as mean=+SD for the number
of experiments indicated. Statistically significant

Table I. Primers used in quantitative RT-PCR to detect chemokine mRNA expression

Gene Sense 5 —3’
Antisense 3'—5'
GAPDH ACCACAGTCCATGCCATCAC
TCCACCACCCTGTTGCTGTA
CXCL8 GCTTTCTGATGGAAGAGAGCT
CTTGGATACCACAGAGAATGA
CCL2 CCAATAGGAAGATCTCAGTGC
GTGGTTCAAGAGGAAAAGC
CCL4 CAATACCATGAAGCTCTGC
GGAGTCCTGAGTATGGAGG
CCL3 CCTTGCTGTCCTCCTCTGCAC
CACTCAGCTCCAGGTCGCTGA
CCL5 TCATTGCTACTGCCCTCTGCG
CTCATCTCCAAAGAGTTGATG
TNF-o GGCTCCAGGCGGTGCTTGTTC
AGACGGCGATGCGGCTGATG

Annealing temperature (°C) Quantification (°C)

58 88
62-52 8l
64-54 85
64-54 86
68-58 87
68-58 72
72-62 72

Quantitative RT-PCR was performed in a LightCycler instrument (Roche, Mannheim, Germany), using 2 il cDNA and 8 ul PCR master reaction
(FastStart DNA Master SYBR Green |, Roche) for the primer combinations and PCR parameters listed. Calculation was performed using LightCycler

software v.3.5.3 and the second derivative maximum algorithm.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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(P <0.05) differences among treatment groups were
calculated using Friedman test.

Results

CXCL4 induces CC-chemokine receptor
down-regulation on human monocytes

Monocytes constitutively express several receptors for
inducible CC chemokines which are produced in
inflammatory conditions. Thus, to investigate a poten-
tial impact of CXCL4 on CC chemokine-mediated
monocyte activation, we examined whether CXCL4
has the capacity to modulate surface expression of
CC chemokine receptors on these cells. For this, freshly
elutriated human monocytes were stimulated with
CXCL4 or left untreated, and surface expression of
CCRI1, CCR2, CCR3, CCR4, and CCRS5 was assessed
by flow cytometry at the beginning (time point 0) and
after Smin, 30 min, 2h and 18 h of culture. For a com-
parison, the expression of CXCR4, a chemokine recep-
tor having a role in steady-state turnover of leukocytes
rather than affecting their traffic to inflammatory sites,
was monitored in parallel. A constant concentration
of 4uM CXCL4 was chosen for these experiments,
because this dosage has been shown previously to

induce optimal functional responses in human
monocytes.g’14

As expected, untreated monocytes at time point 0
clearly exhibited surface expression of CCRI

(rMFI=38.1+3.2), CCR2 (rMFI=10.5+3.9), CCR5
(rMFI=5.6+1.6), and CXCR4 (rMFI=14.5+4.),
whereas CCR3 and CCR4 were not significantly
expressed (Fig. 1A). The latter two receptors remained
undetectable throughout the entire culture period on
untreated as well as on CXCL4-stimulated monocytes,
indicating that CXCL4 is unable to induce CCR3 and
CCR4 surface expression. Unstimulated monocytes
underwent no significant changes in CCRI1, CCR2,
CCRS5 and CXCR4 expression during the first 2 h of cul-
ture, whereas after 18 h there was a 1.4-fold increase in
CCRI1 (rMFI=11.54+3.3), a 2.1-fold increase in CCRS
(rMFI=11.6+3.0), a 1.7-fold increase in CXCR4
(rMFI=25.84+12.8), and no change (1.05-fold) in
CCR2 (rMFI=11.0+5.0; Fig. 1A). The CXCL4-sti-
mulated monocytes likewise exhibited no significant
changes within the first 2h, showing the same degree
of receptor expression as unstimulated monocytes,
whereas after 18h all chemokine receptors except
CXCR4 had undergone drastic down-regulation, as
compared to the unstimulated monocytes cultured for
the same time period. Thus, surface expression of
CCRI1 appeared reduced by 65+ 12%, that of CCR2
by 63+ 14%, and that of CCRS5 by 62 +28%, while
CXCR4 remained unaffected. For better comparison,
histograms of the latter results (one representative
experiment) are given in Figure 1B. While these data

demonstrate a negative regulatory impact of CXCL4
on CCR expression, they also show that CXCL4
did not simply prevent culture-associated receptor
up-regulation, since expression of all CC chemokine
receptors after 18 h was also significantly lower than
at time point 0. To verify the functionality of mono-
cyte-expressed CCR1, CCR2, CCR5, and CXCRA4, cells
in parallel were incubated with cognate chemokine
ligands for these receptors, i.e. CCL5, CCL2, and
CXCL12 (Fig. 1A). Exposure to CCLS led to rapid
and drastic down-regulation of CCR1 after 2h and of
CCRS after 30 min already, while exposure to CCL2
and CXCL12 induced down-regulation to comparable
degrees after 2h of CCR2 and CXCR4, respectively.
Interestingly, surface expression of these receptors
(almost) completely recovered after 18 h of incubation
to the levels seen in untreated cells after that time.
Thus, apart from demonstrating the responsivity of
the receptors to their ligands, these results also revealed
a striking difference in the time kinetics of chemokine
ligand and CXCL4-induced receptor regulation.

In a second approach, we determined the concentra-
tion dependency for CXCL4-mediated CCR1, CCR2,
and CCRS5 down-modulation by performing dose-
response experiments using 0.1-8 uM CXCL4 for 18h
of monocyte culture (Fig. 2). Concentrations of up to
1 uMm CXCL4 did not change CC-chemokine receptor
surface expression, as compared to that of unstimulated
cells. A further increase in CXCL4 dosage to 2 uM led
to only a slight reduction in surface expression for all
three receptors, while from 4 yM CXCL4 on down-reg-
ulation of all three receptors was drastic and already
maximal. In fact, upon treatment with 4 um CXCL4,
CCRI1 expression decreased to 35.0+10.5%, that of
CCR2 to 37.5+£13.8% and that of CCRS5 to
41.3+20.6%. These data demonstrate that CXCL4
optimally effects CC-chemokine receptor down-regula-
tion at concentrations that can be expected to occur
during platelet activation at vascular tissue sites
in vivo. >’

Effect of CXCL4 on CCRI-, CCR2- and
CCR5-ligand-induced chemotaxis of
human monocytes

Having seen CXCL4-induced down-regulation of
CCRI1, CCR2 and CCR5 on monocytes, we next exam-
ined whether the decrease in surface expression of these
receptors would coincide with a change in the cells’
chemotactic responsiveness to their known activating
ligands. To verify this, monocytes, incubated with
4uM CXCL4 or left unexposed for 18 h, were subse-
quently analyzed for their ability to migrate towards
increasing concentrations of CCL3 or CCL5 both rep-
resenting high affinity ligands for CCR1 and for CCRS,
as well as towards CCL2, a high affinity ligand for
CCR2. While CXCL4 itself (40-4000nM) had no
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Figure 1. Impact of CXCL4 on CC chemokine receptor surface expression in monocytes. (A) Monocytes (10/ml) were cultured
for up to 18h in the absence (empty bars) or presence (solid bars) of 4 uM CXCL4, or with 10 nM of chemokines (grey bars) CCLS5,
CCL2, and CXCLI2. After 5min, 30 min, 2h, and 18h cells from parallel samples were washed and incubated with unconjugated
monoclonal antibodies against CCRI, CCR2, CCR5 and CXCR4 on ice. Cell-bound antibodies were detected with DTAF-conjugated
goat anti-mouse antibody and analyzed by flow cytometry. To compare analyses from different donors, data are given as rMFl, i.e. the
ratio of median fluorescence intensity (MFI) of cells labelled with specific antibody to the MFI of cells labelled with irrelevant (isotype)
antibody. Mean 4 SD of data from four independent experiments with cells from different donors are shown. *P < 0.05; chemokine-
treated samples versus cells untreated for the same time period. *P < 0.05; cells treated with CXCL4 for 18h versus unstimulated
cells at timepoint zero. (B) Histograms demonstrating the extent of antibody binding to chemokine receptors on monocytes cultured
for 18h in the presence and absence of CXCL4. Results are from one representative experiment out of four.
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*P < 0.05; cells treated with increasing concentration of CXCL4
versus cells left untreated for the same time period.

effect on monocyte chemotaxis (data not shown), each
of the chemokines mediated a concentration-dependent
biphasic chemotactic response in untreated control
monocytes, with maximum migration observed at
10nM (Fig. 3A-C). Interestingly, cells pre-incubated
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Figure 3. Impact of CXCL4 on monocyte chemotaxis induced
by CCRI, CCR2, CCR5 and CXCR4 ligands. Monocytes (10%/ml)
were cultured for 18 h in the presence (circles) or absence
(squares) of 4 uM CXCL4 and subsequently assayed for their
chemotactic migration towards increasing concentrations of
CCL5 (A), CCL3 (B), CCL2 (C), and CXCLI2 (D) using a
Transwell system chemotaxis assay. Results are expressed as
number of cells that migrated into the lower compartment of the
chambers. Mean 4= SD of data from four independent experi-
ments with cells from different donors are shown. *Significant
differences (P < 0.05) between number of migrated cells in
CXCL4-treated and untreated samples.
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with 4 uM CXCL4 exhibited drastically impaired migra-
tion towards CCL5, and even total abrogation of their
chemotactic response towards CCL3 and CCL2, corre-
lating with the observed down-regulation of their spe-
cific receptors from the cell surface (compare Figs 1 and
2). To explore the possibility that CXCL4-mediated
inhibition of cell migration might be due to mechanisms
independent of receptor down-regulation, we also
tested its impact on cell migration towards CXCL12,
a chemokine monospecific for CXCR4. As shown in
Figure 3D, CXCL4-treated and untreated control
monocytes did not differ in their chemotactic response
towards CXCLI12, which is in good accordance with
our observation that CXCR4 surface expression is
not subject to down-regulation by CXCL4 (compare
Fig. 1). In a further approach, we examined whether
CXCL4 would also have an impact on chemotaxis
towards CCR1, CCR2, and CCRS5 ligands after short-
term exposure (20min) of monocytes, i.e. at a time
point where the chemokine not yet affected surface
expression of these receptors. In these experiments,
cell migration towards CCL2 or CCLS5 was identical
in CXCL4-incubated and untreated control cells (data
not shown). Taken together, these results demonstrate
that CXCL4-mediated CCR1, CCR2, and CCRS
down-regulation is associated with a decrease in
monocyte chemotactic activity towards ligands
specific for these receptors. Furthermore, lacking
impact of CXCL4 on cell migration mediated via
receptors that are not subject to down-regulation
indicates that CXCL4 does not represent an inhibitor
of monocyte chemotaxis in general, but rather
acts through selective chemotactic receptor down-
modulation.

Involvement of TNF-o but not IL-1 in
CXCl4-induced CCRI, CCR2 and CCR5 modulation

Down-regulation of chemokine receptors by their spe-
cific, homologous ligands (homologous desensitiza-
tion) has been described as a rapid process limiting
pro-inflammatory responses of the target cell.*®?* By
contrast, receptor down-regulation by CXCL4 in our
experiments, occurring only after 18h, proceeded
rather slowly and suggested that CXCL4 might
down-regulate receptor expression and desensitize
monocyte chemotaxis via indirect mechanisms, e.g.
by stimulating the release of secondary mediators
acting in an autocrine manner. It has been shown
that CXCL4 can induce TNF-o release in monocytes
and, moreover, that exogenous TNF-o may decrease
CCRS expression in monocytes and peripheral macro-
phages.'*3° In fact, we found that monocytes stimu-
lated with 4 uM CXCL4 started to secrete TNF-ao from
2h of culture on, and reached maximum levels after 4
h (data not shown). We thus hypothesized that
CXCL4 could indirectly mediate CCR1, CCR2 and

CCRS5 down-regulation in monocytes through induc-
tion of autocrine TNF-a. In a first approach, we exam-
ined whether besides that of CCRS5, TNF-o would also
affect the expression of CCR1 and CCR2. For this,
monocytes were directly stimulated with exogenous
TNF-o or left unstimulated and receptor expression
was assessed after 18h of culture. As shown in
Figure 4, exposure to 10ng/ml of TNF-o markedly
reduced the surface expression of all three receptors,
i.e. by 47.7+27.2% (CCR1), 45.1+31.2% (CCR2),
and 38.9+34.5% (CCRS) as compared to levels in
unstimulated cells. In the presence of neutralizing
anti-TNF-o antibody, down-regulation was completely
prevented, demonstrating the specificity of the reac-
tion. To further strengthen our hypothesis, we exam-
ined whether neutralizing anti-TNF-o antibody would
have an impact also on CXCL4-mediated receptor
down-regulation. For this, CXCL4-stimulated and
unstimulated cells were co-exposed for 18 h to the neu-
tralizing antibody or to the same dosage of irrelevant
control antibody of the same isotype and subsequently
monitored for their receptor expression. Co-culture of
untreated cells with anti-TNF-o antibody did not sig-
nificantly change expression of CCRI, CCR2, and
CCRS5 (Fig. 4), as was the case upon incubation with
the irrelevant antibody. Comparison of receptor
expression on untreated and CXCL4-treated -cells
(co-cultured with anti-TNF-o antibody and irrelevant
antibody, respectively) revealed CC chemokine recep-
tor down-regulation by CXCL4 to degrees seen before,
i.e. by 63.24+19.7%, 69.1£17.8%, and 50.2+30.0%
for CCR1, CCR2, and CCRS, respectively (compare
to Fig. 1). Co-incubation of CXCL4-stimulated cells
with neutralizing anti-TNF-o antibody significantly
counteracted CXCL4-dependent down-regulation,
resulting in much weaker reduction of expression
levels, ie. by 52.8+27.6% (CCR1), 45.24+37.9%
(CCR2), and 44.1+£16.9% (CCRS). These results
demonstrate the involvement of autocrine TNF-o
in CXCL4-mediated receptor down-regulation.
However, the merely partial abrogation of the
CXCL4 effect by 3pug/ml anti-TNF-o, an antibody
dosage known to completely neutralize 10ng/ml
TNF-o, which is the maximum amount found to be
produced by CXCL4-stimulated cells suggested that
TNF-o might not be the only endogenous cytokine
involved in CXCL4-mediated CC chemokine receptor
down-regulation.'"® Since induction of mRNA for
IL-1o and IL-B is known to take place upon treatment
of monocytes with CXCL4, we also tested, whether
these cytokines could participate in receptor regula-
tion.”! According to our results, neither exposure of
monocytes to exogenous IL-la or IL-1B (1, 10, and
100 U/ml), nor co-incubation of CXCL4-stimulated
cells with up to 6 pug/ml of IL-1-receptor antagonist
for 18 h had any impact on CC chemokine receptor
expression (data not shown).
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Figure 4. Modulation of monocyte CC-chemokine receptor
expression by exogenous TNF-o and effect of neutralizing anti-
TNF-o antibody on CXCL4-induced CCRI, CCR2 and CCR5
down-regulation. Monocytes (10%/ml) were incubated for 18h in
the absence or presence of 4 uM CXCL4 or 10 ng/ml TNF-o.

In parallel samples unstimulated, CXCL4-stimulated as well as
TNF-o stimulated cells received 3 pg/ml neutralizing anti-TNF-o
antibody or the same amount of irrelevant control IgG;.
Subsequently, cells were washed and incubated with PE-labeled
monoclonal antibody against CCR1 (top), CCR2 (middle) and
CCR5 (bottom), or an PE-labeled isotype control and were
analyzed by flow cytometry. The data from five independent
experiments with cells from individual donors are given. No
significant differences exist between unstimulated cells receiving
buffer and unstimulated cells receiving control antibody or anti-
TNF-o antibody. *P < 0.05; significant differences between unsti-
mulated cells and cells receiving cytokine (CXCL4 or TNF-a) or
cytokine plus control antibody. **P < 0.05; significant differences
between cells receiving a combination of cytokine plus control
antibody and cells receiving a combination of cytokine plus anti-
TNF-o antibody.

Involvement of TNF-ox in CXCL4-induced CC and
CXC chemokine release in human monocytes

Having seen that TNF-o is involved in
CXCL4-mediated CC-receptor down-regulation, and
taking into account that TNF-o is known to induce a
variety of chemokines in monocytes, we asked the ques-
tion, whether TNF-a-stimulated release of correspond-
ing CC chemokine ligands could be responsible for
receptor down-regulation.*®¥73® To investigate this,
monocytes were cultured in the presence or absence
of CXCL4 (Fig. 5SA-D.I) or with TNF-a (Fig. 5SE-I)
for increasing periods of time, and cell-free culture
supernatants were tested for the presence of released
chemokines representing ligands for CCR1 (CCL3),
CCR2 (CCL2), and CCR5 (CCL3, -4, -5) by ELISA.
For a control, the secretion of CXCL8 was also mon-
itored. As expected, CXCL4 as well as TNF-a-chal-
lenged monocytes not only released high amounts of
CXCLS but, in addition, also secreted CCL2, CCL3,
and CCL4. Although release of the individual chemo-
kines followed more or less different time Kkinetics,
CXCL4-induced maximal or near maximal levels in
supernatants were reached after 10h (CCL2, CCL3)
or 6h (CCL4) and persisted (CCL2, CCL3) or moder-
ately decreased (CCL4) at least until 18 h post stimula-
tion. Interestingly, CXCL4 stimulation did not induce
detectable CCLS5 release for up to 72 h, while TNF-a, as
described by others, induced CCLS5 release starting rel-
atively late at about 18 h with a maximum release after
36h of stimulation.’**? Taken together, these results
clearly show, that CXCL4 as well as TNF-a are able
to induce CCR1, CCR2 and CCRS5 ligand secretion in
human monocytes within a time frame allowing recep-
tor down-regulation.

To analyze to what degree TNF-o might be involved
in CXCL4-induced chemokine release, CXCL4-chal-
lenged monocytes were co-cultured with inhibitory
anti-TNF-o antibody or irrelevant antibody of the
same isotype (control IgG;) for increasing periods of
time and subsequently monitored for their chemokine
release during stimulation (Fig. SA-D). For a control,
TNF-a-stimulated cells were co-cultured with the same
amounts of inhibitory anti-TNF-o antibody or irrele-
vant antibody for 24 h (Fig. SE-H). As expected, expo-
sure of TNF-a-stimulated cells to neutralizing
anti-TNF-o drastically reduced the release of all che-
mokines tested. Thus, in comparison to cells having
received irrelevant antibody, CCL3, CCL4, and CCL2
release was almost completely inhibited (by about
98.5+1.8%, 99.0+1.0%, and 97.5+3.1%, respec-
tively) while CXCL8 release appeared reduced by
about 76.6 +£23.9% (Fig. SE-H). In CXCL4-stimulated
cells, release of CCL3, CCL4 and CXCLS was strongly
inhibited over the entire time-course (2-24 h) of culture.
Interestingly, CCL2 release remained completely unaf-
fected by the presence of inhibitory anti-TNF-o
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Figure 5. Involvement of TNF-o in CXCL4-induced chemokine release by monocytes. Monocytes (10%/ml) were stimulated with
4 uM CXCL4 (A-D)) or 10ng/ml TNF-a (E-I) or were left unstimulated (A-l) for increasing periods of time. Parallel cultures of
stimulated and unstimulated cells were run in the presence or absence of 3 pig/ml anti-TNF-o antibody or 3 ig/ml irrelevant antibody
of the same isotype (A-D, and E-H). After the time periods indicated, cell-free culture supernatants were collected and concen-
trations of chemokines CCL3 (AE), CCL4 (B,F), CCL2 (C,G), CXCL8 (D,H) and CCL5 (l) were determined by ELISA. Data are
derived from four (A-H) or three (I) independent experiments with cells from different donors and are presented as mean =+ SD.
Significant differences (*P < 0.05) between CXCL4 or TNF-a stimulated cells cultured in the presence of anti-TNF-o antibody and

CXCL4 or TNF-a stimulated cells cultured in the presence of irrelevant antibody for the same time period are indicated.
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antibody at all time points tested. Briefly, these
data indicate that autocrine TNF-o is involved in
CXCL4-mediated release of chemokines CCL3, CCL4
and CXCLS but not in the release of CCL2. This sug-
gests either direct induction of CCL2 by CXCL4 or by
a CXCL4-induced mediator other than TNF-a.

Corresponding results were obtained when examin-
ing the involvement of TNF-a in CXCL4-induced
mRNA-expression for these chemokines. Following
stimulation of monocytes with 4 uM CXCL4, mRNA
expression for chemokines CCL2, CCL3, CCL4, and
CXCLS acquired maximal levels (10-20-fold of unsti-
mulated cells) after 10 h, while CCL5 mRNA remained
low (<5-fold of unstimulated cells) for up to 18 h (data
not shown). In a subsequent set of experiments, where
monocytes were stimulated with CXCL4 for 10 h in the
presence of anti-TNF-a antibody or control-IgGs,
mRNA expression ratios for CCL3, CCL4, and
CXCLS8 became drastically reduced by anti-TNF-o
antibody down to 44 +8%, 33+7%, and 29+ 17%,
respectively, whereas CCL2 mRNA remained comple-
tely wunaffected (112+14%). Moreover, TNF-a
mRNA, induced in CXCL4-stimulated cells, also
became down-regulated in the presence TNF-o anti-
body (down to 39+11%), indicating that CXCL4-
induced TNF-o augmented its own production in an
autocrine manner.

Relevance of CXCL4-induced chemokines for
CCR down-regulation and monocyte
chemotactic migration

Next we investigated whether the quantities of chemo-
kines CCL3, CCL4, and CCL2 found in supernatants
of CXCL4-stimulated monocytes would be sufficient to
down-regulate expression of their specific receptors
and/or to stimulate monocytes for chemotaxis. For
this, freshly isolated monocytes were exposed to cell-
free supernatants harvested from CXCL4-stimulated
or unstimulated monocytes and analyzed for expression
of CCR1, CCR2, and CCRS after 2h. Additionally,
monocytes were tested for chemotactic migration
towards serial dilutions of the supernatants in a
Transwell migration assay. As shown in Figure 6A,
supernatants from CXCL4-stimulated monocytes sig-
nificantly reduced CCR1, CCR2, and CCRS5 expression
as compared to supernatants from cells cultured for the
same time period (10h) in medium alone. Even more
drastic reduction of receptor expression by their ligands
CCL2 and CCL5 demonstrated unimpaired functional-
ity of the cells. Corresponding results were obtained
when monocyte-derived supernatants were tested for
chemotactic activity (Fig. 6B). While serial dilutions
of supernatants from CXCL4-stimulated cells stimu-
lated significant concentration-dependent chemotactic
migration in freshly isolated monocytes, no migration
was obtained in response to supernatants from
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Figure 6. Impact of CXCL4-induced culture supernatants on
CCR expression and chemotactic activity in monocytes.
Monocytes (10%/ml) were cultured for 10h in the presence or
absence of 4 uM CXCL4 and cell-free culture supernatants (SN)
were collected. Thereafter, freshly isolated monocytes (10%/ml)
were exposed to undiluted SN for 2 h and CCR expression was
determined using CCRI, CCR2, and CCRS5 specific monoclonal
antibodies as described in the caption to Figure |. For a positive
control, cells were exposed to 10nM CCL2 (expression of
CCR?2) or to 10nM of CCL5 (expression of CCRI and CCR5).
To compare analyses from different donors, data are given as
rMFl (compare Fig. ) (A) Alternatively, freshly isolated mono-
cytes were exposed to serial dilutions of SN from CXCL4-
stimulated and unstimulated monocytes, as well as to controls
containing medium alone or 4 uM CXCL4 or 10 ng/ml TNF-o in
medium and chemotactic migration of cells was determined in a
Transwell system chemotaxis assay (B). Furthermore, chemo-
tactic migration of freshly isolated monocytes was assayed fol-
lowing exposure to undiluted SN from CXCL4-stimulated and
unstimulated monocytes in the absence and in the presence of
3 pg/ml neutralizing anti-chemokine antibodies (anti-CCL3, anti-
CCL4, anti-CCL2, anti-CCL5 or anti-CXCL8) or a combination
of all anti-chemokine antibodies. The same dosages of irrelevant
antibodies (IgG, and IgG,g) served as controls (C). Results are
expressed as number of cells that migrated into the lower
compartment of the chambers (B,C). Mean =+ SD of data from
four independent experiments with cells from different donors
are shown. *P < 0.05 (A,B); monocytes exposed to SN from
CXCL4-treated cells or exposed to CCL2 or CCLS5 versus
monocytes exposed to SN of untreated cells. *P < 0.05 (C);
monocytes exposed to neutralizing antibody-supplemented SN
from CXCL4-treated cells versus monocytes exposed to control
antibody-supplemented SN from CXCL4-treated cells.
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unstimulated cells. Taken together, these results clearly
show that supernatants from CXCL4-stimulated
monocytes contain sufficient amounts of chemokines/
chemotactic factors to affect monocyte biological
function. Attempts to estimate the contribution of
chemokines CCL2, CCL3, and CCL4 to receptor
down-regulation by adding neutralizing anti-chemo-
kine antibodies to monocytes during CXCL4 stimula-
tion were unsuccessful, because cells exposed to these
antibodies produced high unspecific background sig-
nals during subsequent flow cytometry analysis of
receptor expression. This occurred although normal
mouse serum (diluted 1/100) to block unspecific anti-
body binding was added to cells before the staining
procedure (data not shown). Alternatively, we exam-
ined whether neutralizing antibodies to the chemokines
would affect monocyte migration to CXCL4-induced
supernatants. As shown in Figure 6C, addition of
anti-CCL2 as well as of anti-CCL3 antibodies signifi-
cantly reduced chemotactic migration in comparison to
an isotype control, while no effect was seen with anti-
bodies to CCL4, and with antibodies to CCL5 and
CXCLS used for control. However, supplementation
of supernatant with a combination of all neutralizing
antibodies mentioned above lead to somewhat stronger
reduction of chemotactic activity, as compared to sam-
ples receiving anti-CCL2 or anti-CCL3 alone. These
results indicate that CXCL4-induced chemokines
CCL2 and CCL3 are involved in stimulating monocyte
chemotactic migration and thus probably also in down-
regulation of their monocyte-expressed specific recep-
tors. However, because neutralizing these chemokines
resulted in only partial inhibition of supernatant-
induced chemotaxis, it appeared that additional
chemokines/chemotactic factors contributed to mono-
cyte migration and, consequently, receptor down-
regulation.

In a final attempt to estimate the importance of
CCL2, CCL3, and CCL4 for CCR down-regulation,
we used monoclonal antibodies specific for these chemo-
kines to immunodeplete CXCL4-induced monocyte
supernatants. For this, we incubated CXCL4-induced
monocyte supernatants as well as supernatants from
cells left unstimulated for 10 h with a mixture of antibo-
dies to CCL2, CCL3, and CCL4 and with control anti-
bodies of the corresponding isotypes in parallel. As
shown in Figure 7 by a representative experiment out
of four, incubation of freshly isolated monocytes
with CXCL4-induced supernatant reduced CCR expres-
sion (CCRI1 from tMFI=15.6+5.1to 5.4+2.4; CCR2
from rMFI=13.94+10.8 to 5.94+2.6, and CCR5 from
rMFI=3.4+0.9to 1.740.3). Incubation with CXCL4-
induced supernatant having been treated with control
isotype antibodies resulted in down-regulation to prac-
tically identical degrees (CCR1 to rMFI=6.1+2.8,
CCR2 to TrMFI=7.7+46, and CCRS5 to
rMFI=1.7£0.3), while pretreatment of supernatant
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Figure 7. Immunodepletion of CXCL4-induced monocyte cul-
ture supernatants with anti-CCL2, CCL3, and CCLS5 antibodies
prevents down-regulation of CCR expression. Cell-free super-
natants (SN) of CXCL4-stimulated and unstimulated monocytes
were harvested after 10h of culture and either supplemented
with a mixture of antibodies to CCL2, CCL3 and CCL4 or a
mixture of the same amount of antibodies of the corresponding
isotypes for 45 min. Following absorption with Protein A-
Sepharose for 30 min and clearance by centrifugation, concen-
tration and reconstitution in PBS/0.1% BSA to volumes corre-
sponding to those of the original supernatant, supernatants or
buffer were added for 2 h to freshly isolated monocytes.
Subsequently cells were washed and incubated with PE-labeled
monoclonal antibodies against CCR1 (top), CCR2 (middle) and
CCR5 (bottom) or corresponding isotype controls on ice and
analyzed for receptor expression by flow cytometry. Data are
derived from one representative out of four independent
experiments.

with specific chemokine antibodies partially prevented
CCR1 down-regulation (rtMFI=11.2+6.4) and abro-
gated down-regulation of CCR2 (tMFI=154+10.4)
and CCRS (rMFI=3.140.2). These results clearly
show that chemokines CCL3, CCL4, and CCLS5 are
responsible for, or at least contribute to, CXCL4-
mediated CCR1, CCR2 and CCRS5 down-regulation.
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Discussion

The platelet-derived chemokine CXCL4 has been
shown to represent a powerful activator of monocyte
antimicrobial effector functions such as oxygen radical
formation and phagocytosis, whereas it lacks the ability
to chemotactically activate and recruit these cells to
sites of inflammation.®?' As has been described by
others previously, CXCL4’s contribution to monocyte
recruitment may rather be indirect, e.g. by inducing the
secretion of various monocyte-directed chemokines or
by enhancing CCL5-induced monocyte arrest to endo-
thelium through heterophilic interaction with the latter
chemokine.?**"3” In the present study, we show for the
first time that CXCL4 may also interfere with mono-
cyte chemotactic migration by down-regulating the sur-
face expression of several chemokine receptors in these
cells. As a consequence, exposure of monocytes to
CXCL4 resulted in drastically reduced chemotactic
responsiveness to CCR ligands CCL2, CCL3 and
CCLS, whereas migration in response to the sole
CXCR4 ligand CXCL12 remained completely intact.
CXCL4-mediated CCR down-regulation was concen-
tration-dependent, starting upon incubation with 2 uM
CXCL4, and was optimal at 4 M CXCL4. Although
there are no data in literature concerning CXCL4 con-
centrations at sites of platelet activation in vivo, these
dosages may be considered physiological, because
serum concentrations have been reported to range
between 0.4-1.9uM and are likely much higher at
sites of platelet activation.®*”-3*

As a remarkable dynamic characteristic, CCR down-
regulation in response to CXCL4 occurred after a con-
siderably longer time-period of pre-incubation (18 h) as
compared to that (30 min to 2h) observed in response
to their cognate chemokine ligands (CCL2, CCLA4,
CCLY). This phenomenon indicated that CXCLA4,
which is not a ligand for CCR1, CCR2, or CCRS5,
exhibited its effect in a way different from direct
ligand-induced receptor desensitization/internalization.
So far, only few examples of heterologous cross-regula-
tion among chemokines have been described, e.g. for
CXCLS8 which was found to cross-desensitize receptors
CCRS5 and CXCR4 on monocytes, resulting in reduced
responsiveness toward their specific ligands CCL5 and
CXCL12.** Similarly, others reported that ligands of
CXCR4 and CCR5 mutually desensitized adhesive and
chemotactic responses in human T-cells.*' However, in
either case, the authors reported that desensitization
occurred within minutes and was accompanied by
rapid intracellular phosphorylation events, while
CXCL4-mediated CCR down-regulation in our setting
was dependent on the induction and secretion of cyto-
kines and chemokines as second mediators, thus requir-
ing much more time to become established.

One reason for this might be that monocytes do not
express a GPCR for CXCL4 as these cells do for most

other chemokines, but that signals in response to
CXCL4 appear to be transmitted upon binding to a
cell-surface chondroitin sulphate proteoglycan, as has
already been shown for neutrophils.'®!” In fact, there
are many reports describing the modulation of chemo-
kine receptor expression on monocytes/macrophages
via non-GPCR ligands, including many cytokines and
growth factors.*” For example, IFN-y has been shown
to inhibit CCR2 expression on human monocytes and
IL-13 and GM-CSF to decrease CCRS expression in
human macrophages.** ** As a cytokine with pleiotro-
pic functions, also TNF-a has the capacity to modulate
chemokine receptors in monocytes/macrophages, as
exemplified by its ability to reduce the expression of
CCRS5 and CCR2, correlating with decreased HIV rep-
lication and CCL2-mediated monocyte endothelial
transmigration, respectively.’** Because TNF-o is
one of the cytokines that are induced by stimulation
with CXCL4 in monocytes, we hypothesized that it
could represent one of the secondary mediators respon-
sible for CCR down-regulation in these cells.'* In
agreement with the authors cited above, we found
that externally applied TNF-a reduced expression of
CCR2 and CCRS5 in monocytes, and in addition also
down-regulated CCR1 to a similar extent. The involve-
ment of autocrine TNF-o in CXCL4-induction became
clear by our findings that neutralizing anti-TNF-o anti-
body strongly prevented down-regulation of all three
CCRs. However, the fact that even saturating dosages
of anti-TNF-a only partially abrogated this effect
strongly suggested the participation of other secondary
mediators.

Interestingly, much, if not all, of the effect by auto-
crine TNF-o on CCR down-regulation was also indi-
rect, being due to the cytokine’s capacity to induce the
synthesis of various chemokines in monocytes. Thus,
neutralizing antibody to TNF-ao not only inhibited the
secretion of CXCLS but also that of CCRI1/CCRS5
ligands CCL3 and CCL4 by CXCL4-stimulated mono-
cytes, suggesting that these chemokines were not
directly induced by CXCL4 but required TNF-ao as a
secondary mediator. Surprisingly, anti-TNF-o anti-
body was without effect on the CXCL4-induced secre-
tion of CCR2 ligand CCL2, although TNF-a as a
primary stimulus was able to induce CCL2 secretion.
This indicates that there may exist different ways of
CCL2-induction in CXCL4-stimulated monocytes
with TNF-o having only a minor contribution.
Irrespective of these considerations it appears, however,
clear that CXCL4/TNF-a-induced and secreted chemo-
kines contribute to CCR down-regulation, as treatment
of culture supernatants from stimulated cells with neu-
tralizing antibodies to CCL2 or CCL3 significantly
reduced monocyte chemotactic migration towards
these supernatants. These results are very similar to
those reported previously for the down-regulation of
CCR1, CCR2, and CCRS5 by C-reactive protein
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(CRP) on human adherent monocytes which was a
result of chemokine production, namely of CCL2,
CCL3, and CCL4 by these cells.*® Although, in our
experiments, a combination of various anti-chemokine
antibodies was somewhat more effective in reducing
monocyte chemotaxis as compared to every antibody
alone, their effect was far from being complete (see
Fig. 6C). This suggests that still other chemokines or
chemotactic substances participate in CCR down-
regulation. Nevertheless, by specifically immunodeplet-
ing CCL2, CCL3 and CCL4 from monocyte culture
supernatants, we got evidence that the latter three che-
mokines play major roles in CXCL4-mediated CCR
down-regulation. Although immunodepletion consis-
tently abrogated the down-regulatory capacity in
CXCL4-induced supernatants, as seen by strong reduc-
tion of CCR1 down-regulation and complete preven-
tion of CCR2 and CCRS5 down-regulation, it would,
however, be premature to conclude that the above che-
mokines are necessarily the only ones responsible for
CCR down-regulation. Because synergistic actions
between different chemokines are a common phenom-
enon, one could imagine that, in addition to CCL2,
CCL3, and CCL4, other chemokines interacting with
CCRI1, CCR2, and CCRS participate in down-regulat-
ing these receptors. Potential candidates could be
CCL7, a ligand for CCR1 and CCR2, as well as
CCLS8, a ligand for CCR2 and CCRS5. Most interest-
ingly, it was found that monocytes also secrete hetero-
dimers of CCL3/CCL4 that could impact CCRS5 and
possibly other CCR functions.*’

Changes in CCR expression have also been found to
represent a characteristic feature during the differenti-
ation of monocytes into macrophages. In previous
studies, we could demonstrate that CXCL4 represents
a survival and differentiation factor for monocytes,
generating a special type of macrophage with decreased
expression of HLA-DR and enhanced capacity for
unspecific phagocytosis.®!'* Interestingly, as a result of
in vitro differentiation for 6 d, CXCL4-exposed macro-
phages expressed considerably less surface CCRS5 as
compared to M-CSF-exposed cells.* By contrast, dif-
ferentiation of monocytes in response to other agents
such as autologous serum was shown to result in the
up-regulation of CCR1 and CCRS, while CCR2 under-
went down-regulation.®

Thus, it appears that CXCL4 generates a special
type of macrophage characterized by loss of reactivity
to inflammatory CC chemokines due to CCR down-
regulation. The fact that this process becomes effective
relatively early during monocyte differentiation (after
18h) may be an adaptation to conditions found
at sites of platelet activation. At such inflammatory
sites, recruitment of monocytes is likely to be initiated
by platelet-released CC chemokines (predominantly
CCLY5), while simultaneous stimulation of these mono-
cytes by CXCL4 leading to production of inflammatory

chemokines CCL2, CCL3, CCL4, and still others may
serve to induce a retarded second wave of monocyte
recruitment. Down-regulation of CCR as a conse-
quence of the receptors interaction with their chemo-
kine ligands additionally may be instrumental in
retaining the cells at the inflammatory site.
Conditions within a thrombus are likely to facilitate
these kinds of interaction. Enclosed in such sites
where platelets and leukocytes are found in close
physical association, monocytes will be exposed to pla-
telet-released CXCL4 as well as endogenously pro-
duced chemokines for longer time-periods, while
binding of chemokines to tissue-expressed glycosami-
noglycans will result in high local concentrations of
these mediators. These mechanisms are likely to con-
tribute to defence against infection and at the same time
might promote wound healing.
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