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Abstract
Factors in physiological fluids that regulate the chemotactic activity of complement activation
peptides C5a and C5a des Arg are not well understood. The vitamin D binding protein (DBP) has
been shown to significantly enhance chemotaxis to C5a/C5a des Arg. More recently, platelet-
derived thrombospondin-1 (TSP-1) has been shown to facilitate the augmentation of C5a-induced
chemotaxis by DBP. The objective of this study was to better characterize these chemotactic
cofactors and investigate the role that cell surface TSP-1 receptors CD36 and CD47 may play in
this process. The chemotactic activity in C-activated normal serum, citrated plasma, DBP-depleted
serum or C5 depleted serum was determined for both normal human neutrophils and U937 cell
line transfected with the C5a receptor (U937-C5aR). In addition, levels of C5a des Arg, DBP and
TSP-1 in these fluids were measured by RIA or ELISA. Results show that there is a clear
hierarchy with C5a being the essential primary signal (DBP or TSP-1 will not function in the
absence of C5a), DBP the necessary cofactor and TSP-1 a dependent tertiary factor, since it cannot
function to enhance chemotaxis to C5a without DBP. Measurement of the C5a-induced
intracellular calcium flux confirmed the same hierarchy observed with chemotaxis. Moreover,
analysis of bronchoalveolar lavage fluid (BALF) from patients with the adult respiratory distress
syndrome (ARDS) demonstrated that C5a-dependent chemotactic activity is significantly
decreased after anti-DBP treatment. Finally, results show that TSP-1 utilizes cell surface receptors
CD36 and CD47 to augment chemotaxis, but DBP does not bind to TSP-1, CD36 or CD47. The
results clearly demonstrate that C5a/C5a des Arg needs both DBP and TSP-1 for maximal
chemotactic activity and suggest that the regulation of C5a chemotactic activity in physiological
fluids is more complex than previously thought.

Keywords
Complement; C5a; Chemotaxis; Inflammation; Neutrophils

© 2011 Elsevier Ltd. All rights reserved.
*Corresponding Author: Dr. Richard R. Kew, Department of Pathology, Stony Brook University, Stony Brook, NY 11794-8691, USA,
rkew@notes.cc.sunysb.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mol Immunol. Author manuscript; available in PMC 2012 December 1.

Published in final edited form as:
Mol Immunol. 2011 December ; 49(3): 495–503. doi:10.1016/j.molimm.2011.09.024.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. INTRODUCTION
Numerous leukocyte chemoattractants have been reported and extensively characterized.
However, the vast majority of these studies utilized purified in vitro systems and their
regulation in physiological fluids generally is not well understood. Complement (C)
activation peptides C5a and C5a des Arg (the stable serum form) are among the most potent
chemoattractants for a wide variety of cell types, particularly neutrophils, and the peptides
can be generated very rapidly in almost all body fluids (Guo and Ward, 2005; Klos et al.,
2009; Manthey et al., 2009). Accordingly, C activation with the consequent C5a-mediated
recruitment and activation of neutrophils is associated with the pathogenesis of numerous
inflammatory disorders, particularly diseases of the lung and kidney (Guo and Ward, 2005;
Klos et al., 2009; Manthey et al., 2009). Besides anaphylatoxin inactivators
(carboxypeptidases N and R) that convert C5a to the stable C5a des Arg form, factors that
regulate the chemotactic activity of C5a in physiological fluids have not been well
characterized nor widely appreciated. Previously, it has been demonstrated that the
chemotactic activity of the C5-derived peptides can be enhanced significantly by the vitamin
D binding protein (DBP), a plasma protein also known as Gc-globulin (Binder et al., 1999;
Kew and Webster, 1988; Metcalf et al., 1991; Perez et al., 1988; Petrini et al., 1991; Piquette
et al., 1994; Senior et al., 1988; Zwahlen and Roth, 1990). Several reports have shown in
vitro that this positive chemotactic cofactor function of DBP (i.e., co-chemotactic activity)
appears to be specific for C5a and cannot augment other C5a-mediated leukocyte functions
(oxidant generation and degranulation) (Binder et al., 1999; Kew and Webster, 1988;
Metcalf et al., 1991; Perez et al., 1988; Petrini et al., 1991; Piquette et al., 1994; Senior et
al., 1988; Zwahlen and Roth, 1990).

DBP is an abundant multifunctional 56 kDa plasma protein that is part of the albumin gene
family (White and Cooke, 2000). Although the protein by itself lacks chemotactic activity, it
associates with the plasma membrane of many cell types and appears to bind with low
avidity to multiple cell surface ligands such as chondroitin sulfate proteoglycans (DiMartino
and Kew, 1999), CD44 (McVoy and Kew, 2005) megalin (Nykjaer et al., 1999), and cubulin
(Nykjaer et al., 2001). A cell surface DBP binding site complex has been inferred by
functional, structural and kinetic cell binding studies and its interaction with DBP is
essential for chemotaxis enhancement of C5a (DiMartino and Kew, 1999), (DiMartino et al.,
2001), (Kew et al., 1995), (Trujillo and Kew, 2004), (McVoy and Kew, 2005), (DiMartino
et al., 2007). Formation of a DBP binding site complex in leukocytes is a dynamic, multi-
step and transient process requiring cell activation (DiMartino et al., 2007) and perhaps
several distinct macromolecules. This complex also appears to function independent of C5a
interacting with the C5a receptor (C5aR1/CD88) since DBP does not alter C5a receptor-
ligand interactions (Perez, 1994), and DBP does not bind to C5a or the C5a receptor
(DiMartino et al., 2001), (Zhang et al., 2010). Previously, we reported that C-activated
serum has significantly greater leukocyte chemotactic activity than C-activated plasma; this
difference was due to thrombospondin-1 (TSP-1) released into serum from activated
platelets (Trujillo and Kew, 2004). Therefore, the objective of this study was to further
characterize the cofactors that regulate chemotactic activity of C5a in physiological fluids
(serum, plasma and BALF) and investigate the role that cell surface TSP-1 receptors may
play in augmenting C5a-mediated leukocyte chemotaxis.

2. MATERIALS AND METHODS
2.1 Reagents

Purified recombinant human C5a was purchased from Sigma-Aldrich (St. Louis, MO).
Vitamin D binding protein (DBP) was purified from human plasma and purchased from
Athens Research and Technology (Athens, GA). BSA, goat IgG, and zymosan A (yeast cell
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walls from Saccharomyces cerevisiae) were obtained from Sigma-Aldrich. The affinity-
purified antibodies to CD36 (N-15 and L-17) and CD47 (S-19 and C-18), and their
corresponding peptide antigens (antigen blocking peptide), were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Polyclonal anti-DBP was purchased from DiaSorin
(Stillwater, MN) and then affinity-purified using immobilized DBP. Goat anti-gC1qR was
prepared as previously described (Ghebrehiwet and Peerschke, 2004). Fab preparation kit
was purchased from Pierce-Thermo Scientific (Rockford, IL). The TSP-1 agonist peptide
(4N1K) for CD47 and the CD36 TSP-1 binding peptides 93–110 and 139–155 were
purchased from Bachem (Torrence, CA). Radioimmunoassy for C5a/C5a des Arg was
purchased from Amersham-GE Healthcare (Piscataway, NJ), ELISA for TSP-1 was
obtained from Chemicon-Millipore (Temecula, CA). DBP ELISA was performed as
previously described (Trujillo and Kew, 2004). Sterile, pyrogen-free water, HBSS, PBS,
RPMI and 1 M HEPES solution were purchased from Mediatech (Herndon, VA).

2.2 Isolation of Human Samples and Blood Products
Neutrophils, serum, and plasma were isolated from the venous blood of healthy, medication-
free, paid volunteers who gave informed consent. The Institutional Review Board (IRB) of
Stony Brook University approved this procedure. These protocols have been described in
detail previously (Trujillo and Kew, 2004). DBP-depleted serum was prepared using an anti-
DBP as previously described (Trujillo and Kew, 2004). C5-depleted serum was purchased
from Sigma-Aldrich. Bronchoalveolar lavage fluid (BALF) was collected as part of an IRB-
approved study from patients with the adult respiratory distress syndrome (ARDS) and
generously provided by Dr. George Matuschak, Pulmonary and Critical Care Division, St.
Louis University School of Medicine (St. Louis, MO). All ARDS patient samples were
provided de-identified of any individual information and randomly numbered.

2.3 In Vitro Culture of U937 Cells
U937 cells were originally obtained from the ATCC (Rockville, MD) and transfected with
either the human C5a receptor (C5aR1/CD88) or the empty plasmid vector as detailed
previously (Kew et al., 1997). U937 cells were cultured at 37°C, 5% CO2 in RPMI-1640
containing 10% FBS (Hyclone, Logan, UT) and 400 µg/ml of active G418 (Invitrogen,
Carlsbad, CA) and maintained at a density between 2 × 105 and 1.5 × 106/ml. The cell
surface expression of the C5a receptor was routinely verified by flow cytometry using PE-
labeled mouse anti-human CD88 (clone S5/1) obtained from Biolegend (San Diego, CA).

2.4 Preparation of Complement-Activated Serum and Plasma
Serum and citrated plasma (1 ml each) were incubated for 45 min at 37°C with 10 mg of
washed zymosan. Particulate matter was removed by centrifugation (15,000 × g) for 5 min
at 4°C using a microfuge. Samples were then aliquoted and frozen at −80°C.

2.5 Flow Cytometry
U937-C5aR cells or neutrophils were resuspended at 5 × 106 in 1 ml PBS + 1% BSA and
blocked with 4 µg of rat IgG for 15 min at room temperature. Cells were washed once in
PBS-BSA then 0.1 ml of cells (5 × 105) were stained with 32 ng of either PE-labeled mouse
anti-human CD36 (clone 5–271), PE-labeled mouse IgG2a isotype control, FITC-labeled
mouse anti-human CD47 (clone CC2C6), or FITC-labeled mouse IgG1 isotype control, all
purchased from BioLegend (San Diego, CA). After incubating for 15 min at room
temperature in the dark, cells were washed twice in PBS-BSA and resuspended in 2%
paraformaldehyde in PBS and stored at 4°C until analyzed using a BD FACScan analyzer.
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2.6 Chemotaxis Assay
Cell movement was quantitated using a 48 well microchemotaxis chamber (Neuroprobe,
Cabin John, MD) and 5.0 µm pore size cellulose nitrate filters (purchased from Neuroprobe)
as previously described (Kew et al., 1995). In each assay, the migration of 200,000
neutrophils (50 µl of 4×106/ml) or 300,000 U937-C5aR cells (50 µl of 6×106/ml) was
evaluated. Cell movement was quantitated microscopically by measuring the distance in
microns (µm) that the leading front of cells had migrated into the filter according to the
method described by Zigmond and Hirsch (Zigmond and Hirsch, 1973). In each experiment,
five fields per duplicate filter were measured at 400 × magnification. The value of the
background controls for random cell movement (cells responding to buffer) has been
subtracted in all cases so that the data are presented as net movement in µm.

2.7 Measurement of Changes in Intracellular Calcium Concentrations
Changes in intracellular calcium concentrations in U937-C5aR cells (107 cells/ml) were
measured using Fluo-3 AM (Invitrogen-Molecular Probes, Carlsbad, CA). Cells were
resuspended in HBSS-1% BSA containing 2 µM Fluo-3 AM and incubated at 37°C for 40
minutes. Cells incubated without the dye were used as a control to measure autofluorescence
(Fmin). Following dye uptake, cells were washed twice then suspended at 5 × 106 cells/ml in
HBSS-1% BSA. In selected experiments cells were pretreated with either 50 nM DBP or 0.5
nM TSP-1 for 20 min at 22°C before they were stimulated with either 0.1 nM C5a, C5a + 50
nM DBP or C5a + 0.5 nM TSP-1, and the increase in intracellular calcium monitored by
fluorescence. The concentrations of DBP and TSP-1 represent the approximate amount of
those proteins in 1–2% serum, a DBP/TSP-1 molar ratio of 100:1. Immediately after cells
were stimulated with C5a fluorescence was measured at 505 nm excitation, 526 nm
emission. Calcium concentrations were calculated using the following formula: [Ca2+] = Kd
(F − Fmin)/(Fmax − F), where Kd = 325 nM for Fluo-3 according to manufacturer. The
Fmax value was obtained by treating labeled cells with 60 µM digitonin. Controls included
untreated cells not stimulated (negative control), stimulated with 1 nM C5a (positive
control).

2.8 Surface Plasmon resonance (SPR) measurement of DBP-cell binding
The interactions between cells and DBP were evaluated using a BIAcore 2000 (BIAcore
AB, Upsala, Sweden). Purified DBP was covalently coupled to a CM5 sensor chip using N-
ethyl-N-(dimethylaminopropyl) carbodiimide / N-hydroxysuccinimide (EDC/NHS)
according to the manufacturer’s instructions. The surface of the CM5 sensor chip was
activated with EDC/NHS for 20 min before adding either DBP (5 µM) in 10 mM sodium
carbonate buffer, pH 5.0. Excess NHS was deactivated for 20 min using 1 M ethanolamine,
pH 8.5. The efficiency of DBP coupling was determined by injecting 5 µg/ml affinity-
purified goat anti-human DBP into the flow cell at 10 µl/min at 22°C. Cell-DBP binding
interactions were determined by injecting cell suspensions at a flow rate of 5 µl/min at 22°C
in Hanks’ balanced salt solution, pH 7.4 (HBSS) containing 0.005% Tween 20. The sensor
chip was stripped and regenerated using 0.8 M glycine (pH 2.0) containing 0.6 M NaCl. The
regeneration conditions were adjusted to achieve a subsequent binding response that was
within 10% of the initial (first injection) binding value. A blank sensor chip that was EDC/
NHS-activated and ethanolamine blocked was used as a background reference in all
experiments. Net resonance response units (RU) were determined by subtracting of the
background values using BIAevaluation software version 4.1. Each figure in the Results
section shows a representative sensorgram of response units versus time, however, all
experiments were repeated (minimum n ≥ 3) to verify results.
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2.9 Data Analysis and Statistics
A minimum of 3 experiments was performed for each assay. Results of several experiments
were analyzed for significant differences among group means using analysis of variance
(ANOVA) followed by a multiple comparisons posttest utilizing the statistical software
program InStat (GraphPad Software, San Diego, CA).

3. RESULTS
3.1 Cofactor Regulation of C5a Chemotactic Activity in Physiological Fluids

Figure 1 and Table I show that at least two cofactor proteins, DBP and TSP-1, are required
for maximal C5a chemotactic activity in C-activated serum. The leukocyte chemotactic
activity in serum, plasma, DBP-depleted serum and C5-depleted serum was determined
using U937-C5aR cells and peripheral blood neutrophils from healthy donors. The U937-
C5aR cell line was utilized because these cells migrate only to a C5a stimulus and will not
respond to other chemotactic factors that may be present in serum and plasma (this contrasts
with neutrophils that will respond to multiple factors in these samples). Figure 1
demonstrates the chemotactic activity in C-activated (using zymosan) normal serum, citrated
plasma, DBP-depleted serum and C5-depleted serum. Table I shows the concentrations of
C5a des Arg, DBP and TSP-1 (determined by RIA or ELISA) in these C-activated fluids.
The C5 depleted serum, as expected, had no chemotactic activity for U937-C5aR cells (Fig.
1A) or significantly reduced activity for neutrophils (Fig. 1B), the residual activity is due to
other non-C5a chemoattractants present in serum. There was no detectable C5a by RIA in
C5-depleted serum but the sample contained the same amount of DBP and TSP-1 as control
serum (Table I). The chemotactic activity of DBP-depleted serum is significantly reduced
for U937-C5aR cells (70% reduction, Fig. 1A) and neutrophils (65% reduction, Fig. 1B) but
the levels of C5a and TSP-1 are essentially the same as control C-activated serum (Table I).
C-activated plasma had very little TSP-1 but had the same concentration of C5a and DBP as
C-activated serum (Table I). The chemotactic activity for U937-C5aR cells in C-activated
plasma is reduced by 30% for U937-C5aR cells (Fig. 1A) but less than 10% for neutrophils
(Fig. 1B), most likely because neutrophils possess TSP-1 both on the cell surface and in
rapidly mobilized intracellular granules (Kries et al., 1989; Suchard et al., 1991). To extend
these observations further bronchoalveolar lavage fluid (BALF) from patients with the adult
respiratory distress syndrome (ARDS) were analyzed for C5a-dependent chemotactic
activity ex vivo using U937-C5aR cells. Figure 2 demonstrates that all five ARDS BALF
samples had robust C5a-dependent chemotactic activity (mean migration of 65 ± 4.2 µm/120
min), equivalent to or exceeding the positive control 1 nM purified C5a. Moreover,
pretreatment of BALF with polyclonal anti-DBP significantly reduced (p < 0.01)
chemotactic activity in each specimen (mean migration of 27 ± 2.3 µm/120 min), a
comparable percent reduction as the DBP-depleted serum in figure 1. These results show
that C5a is the essential primary chemotactic signal in C-activated fluids but it also requires
DBP to manifest full chemotactic activity.

The effect of DBP and TSP-1 on rapid signaling activity was determined by measuring
changes in intracellular calcium levels in U937-C5aR cells. Figure 3A shows that, as
expected, C-activated serum and plasma (both at 1%) induce a greater C5a-dependent
increase in intracellular calcium than their corresponding sham-activated controls. However,
C-activated serum induces a significantly greater calcium influx than C-activated plasma,
and both induce a significantly greater flux than 1% DBP-depleted serum (Fig. 3A).
Treatment of U937-C5aR cells with C-activated C5-depleted serum generated almost no
calcium response, essentially background levels (data not shown). These results support the
chemotaxis data presented in figure 1A. To more precisely dissect the C5a cofactor effect of
DBP and TSP-1 on the rapid calcium influx, purified proteins were utilized. Figure 3B
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demonstrates that DBP, TSP-1 or both together are not able to increase the C5a-mediated
calcium signal when the proteins are added to cells simultaneously with C5a. The
concentrations of DBP and TSP-1 represent the approximate amount of those proteins in 1–
2% serum, a DBP/TSP-1 molar ratio of 100:1. However, a different picture emerges when
cells are pretreated for 20 minutes with either purified DBP or TSP-1 and then stimulated
with C5a (Fig. 3C). TSP-1 pretreatment does not alter the C5a-induced calcium signal, but
in contrast, DBP pretreatment significantly increases calcium levels (Fig. 3C). Most
interesting, TSP-1 pretreatment permits DBP to enhance the C5a signal immediately when
cells were stimulated with C5a + DBP (Fig. 3C), possibly suggesting that TSP-1 facilitates
the assembly of a DBP binding/signaling complex that allows DBP to augment the C5a-
mediated calcium signal. Neither DBP nor TSP-1 can signal by itself in the absence of C5a
as evidenced by the complete lack of a calcium signal in cells stimulated with DBP or TSP-1
alone (data not shown). These results demonstrate that pretreatment of cells with DBP alone
or TSP-1 + DBP significantly augments a C5a-induced increase in intracellular calcium,
further supporting the chemotaxis results in Figure 1 that DBP is the essential cofactor and
TSP-1 a DBP-dependent tertiary cofactor.

Previously, we demonstrated that the C5a chemotactic cofactor function of DBP is mediated
in part by cell surface CD44 and annexin A2 (McVoy and Kew, 2005). Since TSP-1 is
needed for maximal chemotactic activity in C-activated fluids, the role of TSP-1 receptors
CD36 and CD47 were investigated to determine if they mediate the cofactor effect of this
protein. Cell surface expression of CD36 and CD47 by flow cytometry (data not shown)
confirmed previous reports that CD47 is constitutively expressed but the CD36 staining
pattern is weakly positive on both cell types (Alessio et al., 1996); (Prieto et al., 1994);
(Yamauchi et al., 2002). The potential interaction of DBP with CD36, CD47 and TSP-1 was
next determined by binding assays using Biacore surface plasmon resonance (SPR). Figure 4
shows the results of either U937-C5aR cells (Figs. 4A and 4B) or purified proteins (Fig. 4C)
interacting with DBP immobilized to an SPR chip. Figure 4, panel A demonstrates that
U937-C5aR cells bind to immobilized DBP (Fig. 4A, Control) but binding is completely
abolished if cells are first pretreated with soluble DBP (Fig. 4A, DBP), confirming our
previous report (Zhang et al., 2010). Treatment of cells with anti-CD44 reduces cell binding
to DBP by about 50%, this is almost the exact percent inhibition of binding we reported
previously using a different binding assay (McVoy and Kew, 2005). However, pretreatment
of cells with either anti-CD36 or anti-CD47 essentially had no effect on U937-C5aR cell
binding to immobilized DBP. Treatment of cells with intact IgG molecules may cause
receptor clustering and/or stearic inhibition and so produce a false negative result. Thus, Fab
fragments of anti-CD36 and anti-CD47 were used to minimize these effects, and results also
show that the Fab treatment did not diminish cell binding to DBP (Fig. 4B). Finally, purified
human platelet derived TSP-1, as well as recombinant human C5a, did not bind to
immobilized DBP (Fig. 4C). These results indicate that TSP-1, and its receptors CD36 and
CD47, do not bind directly to DBP suggesting that DBP and TSP-1 may enhance C5a-
mediated chemotaxis via two independent mechanisms.

The effect of pretreating cells with anti-CD36 or anti-CD47 on chemotaxis to C-activated
serum (DBP and TSP-1 dependent) versus purified C5a (DBP and TSP-1 independent) was
investigated next. Figure 5 shows the effect of pretreating U937-C5aR cells (Fig. 5A) and
neutrophils (Fig. 5B) with the indicated affinity-purified goat polyclonal antibodies on
movement to either purified C5a or C-activated serum. None of the antibody treatments had
any effect on either U937-C5aR (Fig. 5A) or neutrophil (Fig. 5B) chemotaxis to 1 nM
purified C5a, a DBP and TSP-1 independent stimulus. Moreover, treating cells with a
species matched (goat) antibody to the receptor for the globular head region of C1q
(gC1qR), which is expressed on both neutrophils and U937 cells (Eggleton et al., 1995), also
had no effect on chemotaxis to C-activated serum. In addition, an irrelevant purified goat
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IgG had no effect on chemotaxis to either C5a or C-activated serum (data not shown).
However, either anti-CD36 or anti-CD47 alone significantly inhibited chemotaxis to C-
activated serum to a similar extent for both U937-C5aR (Fig. 5A) and neutrophils (Fig. 5B).
Combining the two antibodies did not result in a further inhibition of chemotaxis (Figs. 5A
and 5B). As additional controls for the specificity of this effect, the anti CD36 (N-15) and
anti-CD47 (S-19) utilized in Figure 5 were pretreated with their corresponding blocking
antigenic peptides prior to cell treatment. Figure 6 demonstrates that pretreatment with the
antigenic peptides completely reversed the inhibitory effect of each antibody. In contrast,
treatment of cells with either the antigenic peptides alone had no effect on chemotaxis (data
not shown). Both CD36 and CD47 are large cell surface receptors that bind multiple ligands
and the two antibodies utilized (N-15 and S-19) were directed against extracellular epitopes
near the N-terminus of each molecule. Different affinity-purified goat polyclonal antibodies
to either an internal CD36 epitope in a heavily glycosylated region (L-17), or an antibody to
the C-terminal cytoplasmic domain of CD47 (C-18), had no effect on chemotaxis of U937-
C5aR cells to C-activated serum (Fig. 6). Finally, none of the treatments altered chemotaxis
to 1 nM purified C5a (data not shown). These results demonstrate that antibody binding to
N-terminal epitopes in the primary TSP-1 receptors CD36 or CD47 significantly reduces
chemotaxis to C-activated serum but not to purified C5a.

The results shown in Figures 5 and 6 suggest that blocking TSP-1 cell surface binding may
explain the inhibitory effect of anti-CD36 and anti-CD47. Accordingly, to address this
question directly, the differential chemotactic response of U937-C5aR cells to C-activated
serum versus C-activated plasma (see Fig. 1) and (McVoy and Kew, 2005) was employed.
In addition, Fab fragments of anti-CD36 and anti-CD47 were used to determine if univalent
ligation of the cell surface antigens could mimic the inhibitory effect of intact bivalent
antibodies. Figure 7A demonstrates that none of the antibody preparations altered U937-
C5aR chemotaxis to C-activated plasma, which has almost undetectable levels of TSP-1
(Table I). Chemotaxis of U937-C5aR cells to C-activated serum was significantly reduced (p
< 0.01) to the same level as C-activated plasma by either anti-CD36 or anti-CD47. However,
only the Fab fragment of anti-CD47 significantly inhibited chemotaxis (p < 0.05) whereas
the anti-CD36 Fab showed a slight but not significant diminution of cell movement to C-
activated serum (Fig. 7A). These results show that the antibodies inhibit chemotaxis only
when TSP-1 is present, presumably by preventing protein from binding to cell surface CD36
or CD47. In addition, univalent ligation of CD36 with Fab fragments is not as effective in
inhibiting chemotaxis to C-activated serum as is the intact IgG antibody most likely because
TSP-1 requires two distinct sites to bind CD36 but only one to bind CD47.

Inhibition of TSP-1 binding to either CD36 or CD47 using peptide mimics of the binding
sites was investigated next. The TSP-1 binds to two sequences on CD36, amino acids 93–
110 and 139–155. Synthetic peptide mimics of these regions can inhibit binding of TSP-1 to
CD36 (Leung et al., 1992). The sequence in TSP-1 (amino acids 1016–1023) that binds to
CD47 functions as an agonist peptide that can mimic binding of native TSP-1 and has been
designated 4N1K (Kosfeld and Frazier, 1992). U937-C5aR cells were treated with these
peptides and the chemotactic response to C-activated serum and C-activated plasma was
evaluated. Figure 7B demonstrates that individual CD36 peptides 93–110 or 139–155 alone
were effective at significantly reducing (p<0.05) the chemotactic response to C-activated
serum but, as expected, had no effect on C-activated plasma. In contrast, treatment of cells
with the CD47 agonist peptide 4N1K had no significant effect on U937-C5aR cell
chemotaxis to either C-activated serum or plasma (Fig. 7B). These results indicate that that
TSP-1 cell surface binding to CD36 and CD47 is essential for chemotaxis enhancement, and
suggest that CD36 may be the more important of the TSP-1 receptors for enhancing
chemotaxis to C5a.
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4. DISCUSSION
This report demonstrates that the chemotactic activity of C5a in physiological fluids
analyzed ex vivo requires both DBP and TSP-1 for maximal induction of cell migration.
This is the first comprehensive analysis using depleted versus normal serum (and plasma)
and correlating chemotactic activity (Fig. 1) with antigenic levels (Table I) of C5a des Arg,
DBP and TSP-1 in these fluids. Results also show for the first time that DBP plays an
essential role in the C-dependent chemotactic activity in BALF obtained from ARDS
patients (Fig. 2), a severe inflammatory disorder where C5a generation has been linked to
disease pathogenesis (Guo and Ward, 2005; Klos et al., 2009; Manthey et al., 2009). This
study extends the findings of our previous paper that reported TSP-1 functions with DBP as
a C5a chemotactic cofactor (Trujillo and Kew, 2004). Results herein (Figs. 1 to 3 and Table
I) show that there is a clear hierarchy with C5a being the essential primary signal (DBP or
TSP-1 will not function in the absence of C5a), DBP the necessary cofactor and TSP-1 a
dependent tertiary factor, since it cannot function to enhance chemotaxis to C5a without
DBP. Furthermore, this paper also reveals that DBP does not bind to TSP-1, CD36 or CD47
(Fig. 4) and that TSP-1 utilizes these cell surface receptors to augment chemotaxis to C5a
(Figs. 5–7). Thus, C5a, DBP and TSP-1 all appear to bind to their cell surface receptors
independently of one another. However, DBP and TSP-1 may have overlapping functions as
cell surface proteins that facilitate assembly of multi-molecular complexes involved in cell
movement to C5a. Alternatively, DBP and/or TSP-1 may neutralize an inhibitor of C5a or
the C5a signal. However, either of these potential mechanisms requires further investigation.

This paper provides evidence that DBP enhances a C5a-induced parameter (calcium signal)
other than chemotaxis (Fig. 3). The advantage of measuring changes in intracellular calcium
levels is that it provides a very rapid assessment of the effect of cell treatment on a C5a
signal. DBP, TSP-1 or both proteins are not able to increase the C5a-mediated calcium
signal when the proteins are added to cells simultaneously with C5a. DBP, but not TSP-1,
pretreatment significantly augments the C5a-induced calcium influx (Fig. 3C). Moreover,
TSP-1 pretreatment permits DBP to enhance the C5a signal immediately when cells were
stimulated with C5a + DBP. These experiments demonstrate the clear hierarchy of signals,
reinforce the chemotaxis data (Fig. 1) and may indicate that TSP-1 facilitates the assembly
of a DBP binding/signaling complex on the cell surface that allows DBP to augment the
C5a-mediated calcium signal. Furthermore, since purified proteins were used (Fig. 3C) the
results most likely indicate that DBP (and perhaps TSP-1) enhances a C5a signal directly
rather than neutralizing an inhibitor as was speculated above.

Another novel aspect of this paper is the evidence that TSP-1 receptors CD36 and CD47
may mediate the C5a chemotactic cofactor function of this protein. Both neutrophils and
U937 cells express several TSP-1 receptors including CD36, CD47, β1 and β3 integrins and
cell surface proteoglycans (Yamauchi et al., 2002); (Febbraio et al., 2001); (Brown and
Frazier, 2001). We chose to focus on CD36 and CD47 since previous work in our lab
revealed that anti-CD29 (β1 integrin) had no effect on cell migration to C-activated serum
(unpublished observations). The functions of TSP-1 are numerous and depend on the
concentration of the protein, the interacting cell type and its expression profile of TSP-1
receptors (Adams and Lawler, 2004). TSP-1 is a 450 kDa homotrimer that is abundant in
platelet α-granules and released during the clotting process, hence its concentration is very
low in plasma but significantly elevated in serum (Table I). The differential chemotactic
response to C-activated serum and plasma is due to the presence of platelet-derived TSP-1 in
serum that facilitates the co-chemotactic activity of DBP (Trujillo and Kew, 2004).
Neutrophils have been shown to express TSP-1 on their cell surface (Kries et al., 1989;
Suchard et al., 1991) and thus migrate almost as well to C-activated plasma (Fig. 1).
However, the neutrophil response to C-activated plasma is more variable (depending on the
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individual blood donor) while chemotaxis to C-activated serum produces very consistent
results (unpublished observations).

Results presented in figures 5 to 7 demonstrate that treatment of cells with either anti-CD36
or anti-CD47 effectively eliminates the TSP-1 cofactor function, i.e., reduces migration of
C-activated serum to the level of C-activated plasma. This raises several interesting
questions concerning a potential mechanism of how TSP-1 assists DBP in enhancing
chemotaxis to C5a in physiological fluids. Blocking TSP-1 cell surface binding by either
anti-CD36 or anti-CD47 treatment of cells inhibits chemotaxis to C-activated serum
essentially to the same extent, and dual antibody treatment has no additional effect (Fig. 5)
perhaps indicating that both receptors are required. Indeed, TSP-1 can bind both to CD36
and CD47 simultaneously since the binding sequences for each receptor are distinct and in
separate regions of TSP-1 (Adams and Lawler, 2004). Studies have also shown that ligation
of CD36 and CD47 with TSP-1 often induces opposite effects (Yamauchi et al., 2002).
However, it is not clear if this inhibition is due to blocking TSP-1 signaling through these
receptors and/or preventing TSP-1 from assembling a multi-receptor complex needed for
optimal chemotaxis. Although this latter concept would appear to be better supported by our
data since, in the absence of DBP, purified TSP-1 does not enhance a C5a calcium signal
(Fig. 3) or C5a-induced chemotaxis (Fig. 1). We believe that TSP-1 bridges cell surface
receptors and facilitates (i.e., accelerates) formation of the DBP binding site complex, but
there is no evidence that TSP-1 directly interacts with either CD44 or annexin A2, two
molecules that we have previously shown are part of the DBP binding site (McVoy and
Kew, 2005). However, there are indirect associations between CD44 and TSP-1 that may be
relevant to understanding how TSP-1 assists DBP in enhancing chemotaxis to C5a. First,
leukocytes from TSP-1 null mice have a significant reduction in cell surface CD44
compared to their wild-type counterparts (Kuznetsova et al., 2005). Second, CD44 is
required for vascular smooth muscle cell migration to TSP-1 (Maier et al., 2009). These
studies indicate a clear connection between the two molecules, and since both CD44 and
TSP-1 bind multiple ligands there is a distinct possibility that one or more of these ligands
could bridge TSP-1 with CD44, thus, facilitating the DBP binding site complex.

The results using Fab fragments and peptide mimics (Fig. 7) were very clear and consistent
but on first impression are somewhat confusing. These results may be explained by the fact
that TSP-1 requires two distinct sequences to bind CD36 (Leung et al., 1992) whereas there
is one TSP-1 site in CD47 (Kosfeld and Frazier, 1992). In addition, TSP-1 induces
dimerization of CD36 on the plasma membrane (Daviet et al., 1997). Consequently, a
univalent ligation of CD36 (anti-CD36 Fab) may not completely block TSP-1 binding. The
Fab fragment of anti-CD47 significantly inhibits chemotaxis to C-activated serum but the
41NK peptide, which is an effective agonist mimic of full-length TSP-1 for signaling via
CD47 (Kosfeld and Frazier, 1992), has no effect on chemotaxis to C-activated serum
suggesting that the role of CD47 is to localize TSP-1 on the membrane rather than induce
signaling. Either of the CD36 peptide mimics (93–110 or 139–155) can inhibit chemotaxis
to C-activated serum since both sequences are required for TSP-1 binding (Leung et al.,
1992). This data would suggest that CD36 is the more important of the TSP-1 receptors
since in the presence of 93–110 or 139–155 peptides, TSP-1 in C-activated serum will still
bind to CD47 but yet chemotaxis is inhibited. Interestingly, a functional association between
DBP and CD36 has been reported previously. A deglycosylated form of DBP, known as
DBP-MAF that has macrophage activating function, reportedly also has anti-angiogenic
properties that may be mediated via CD36 since treatment of endothelial cells with anti-
CD36 blocks this activity (Kanda et al., 2002).

In conclusion, this paper clearly demonstrates that the chemotactic function of C5a in
physiological fluids is more complex than previously thought and may involve an intricate
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balance between yet unrecognized inhibitory and enhancing cofactor signals. This
information may have implications for current therapeutic approaches to block C5a using
receptor antagonists or antibodies (Monk et al., 2007).

Highlights

• DBP and TSP-1 regulate chemotactic activity of C5a in physiological fluids

• DBP is an essential chemotactic cofactor that can function without TSP-1

• TSP-1 is a tertiary cofactor that is dependent on DBP

• TSP-1 mediates it cofactor function via cell surface CD36 and CD47
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Figure 1.
Chemotactic activity of C-activated fluids. Pooled human serum, citrated plasma, DBP-
depleted serum, C5-depleted serum were treated with zymosan A for 45 min at 37°C to
activate complement, and the activated fluid was centrifuged to remove zymosan particles.
Panel A: U937-C5aR cells (3×105) were allowed to migrate toward 2.5% dilution of each
fluid for 120 min at 37°C. Panel B: Neutrophils (2×105) were allowed to migrate toward
2.5% dilution of each fluid for 25 min at 37°C. Numbers represent mean migration distance
± SEM, n = 3–7. Statistical significance is indicated.
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Figure 2.
Effect of DBP depletion on the C5a dependent chemotactic activity in ARDS BALF. The
indicated ARDS BALF samples (normalized for total protein content), as well as 1 nM
purified human C5a, were treated for 30 min at 22°C with 40 µg/ml of goat anti-DBP or an
irrelevant goat IgG (sham control). U937-C5aR cells (3×105) were then allowed to migrate
towards either C5a or a 20% dilution of BALF in chemotaxis buffer for 120 min at 37°C.
Numbers represent mean migration distance ± SEM, n = 3. Asterisks denote that cell
movement was significantly less (p < 0.01) than the sham control.
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Figure 3.
Effect of DBP and TSP-1 on C5a-induced intracellular calcium mobilization in U937-C5aR
cells. Panel A: Cells treated with 1% (diluted in HBSS) C-activated or sham activated
serum, citrated plasma or DBP-depleted serum. Panel B: Cells were treated with purified
C5a, DBP and TSP-1 with no preincubation. Panel C: Cells were preincubated with either
DBP or TSP-1 before stimulation with C5a. Cells (5×106 cells/ml) loaded Fluo-3 AM were
washed and then suspended in HBSS containing 1% BSA. Cells were pretreated for 20 min
at 22°C with either 0.5 nM TSP-1 or 50 nM DBP. For each measurement, 0.4 ml of cells
was added to a cuvette and stimulated with either 1% serum or plasma (panel A) or 0.1 nM
purified C5a, C5a + 0.5 nM TSP-1 or C5a + 50 nM DBP (panels B and C) at 22°C.
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Fluorescence was measured immediately at 505 nm excitation, 526 nm emmission for
Fluo-3 AM. Fmax was measured by treating labeled cells with 60 µM digitonin. Data are
presented as mean ± SEM (n = 4–6) of the peak increase in intracellular calcium
concentration. Significance is indicated in panel A, double asterisks (panel C) indicates
value is significantly higher (p < 0.01) than C5a alone.
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Figure 4.
Ligand binding to DBP immobilized on a Biacore SPR sensor chip. Panel A: 106 cells/ml in
HBSS were not treated (control), pretreated with 50 nM DBP, or with 25 µg/ml of the
indicated goat polyclonal antibody. Panel B: Cells were treated with 50 µg/ml of either anti-
CD36 or anti-CD47 Fabs. Panel C: binding to immobilized DBP by soluble goat anti-DBP
(5 µg/ml), purified TSP-1 (50 nM) or purified C5a (0.5 µM). U937-C5aR cells at 106 cells/
ml (panels A and B), or the indicated purified proteins (panel C), were allowed to interact
with DBP immobilized on a Biacore sensor chip at a flow rate of 5 µl/min at 22°C in HBSS.
Data is expressed as response units of the molecular interaction on the sensor chip.

Trujillo et al. Page 17

Mol Immunol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Effect of anti-CD36 and anti-CD47 on chemotaxis to C-activated serum. Panel A: U937-
C5aR cells, Panel B: neutrophils. U937-C5aR cells (3×105) or neutrophils (2×105) in
chemotaxis buffer were either not treated (control) or treated for 15 min at 22°C with 25 µg/
ml of goat anti-CD36, anti-CD47 or anti-gC1qR. Cells were then allowed to respond to
either 2.5% C-activated serum or 1 nM purified C5a for either 25 min (neutrophils) or 120
min (U937 cells) at 37°C. Numbers represent mean migration distance ± SEM, n = 4–6.
Double asterisks denote that cell movement was significantly less (p < 0.01) than to the
untreated control.
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Figure 6.
Effect of different anti-CD36 and anti-CD47 on chemotaxis to C-activated serum. U937-
C5aR cells (3×105) in chemotaxis buffer were either not treated (control) or treated for 15
min at 22°C with 25 µg/ml of the indicated goat anti-CD36 and anti-CD47 antibodies.
Antibody + peptide samples, aliquots of anti-CD36 and CD47 (25 µg/ml) were treated with
40-fold molar excess of antigenic blocking peptide for 15 min at 22°C before they were
added to cells. Cells were then allowed to respond to 2.5% C-activated serum for 120 min at
37°C. Numbers represent mean migration distance ± SEM, n = 3. Double asterisks denotes
that cell movement was significantly less (p < 0.01) than the control.
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Figure 7.
Role of CD36 and CD47 in U937-C5aR chemotaxis to C-activated serum versus C-activated
plasma. Panel A: Effect of univalent receptor ligation using Fab fragments, Panel B: Effect
of peptides to the TSP-1 binding sites. U937-C5aR cells (3×105) in chemotaxis buffer were
either not treated (control) or treated for 15 min at 22°C with 25 µg/ml of intact IgG to
CD36 or CD47 or 50 µg/ml of the corresponding Fab fragments (panel A) or 100 µg/ml of
the CD36 peptides (93–110, 139–155) or the TSP-1 peptide agonist for CD47 (4N1K). Cells
were then allowed to respond to either 2.5% C-activated serum or 2.5% C-activated plasma
for 120 min at 37°C. Numbers represent mean migration distance ± SEM, n = 4–5. Asterisks
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denote that cell movement was significantly less (**p < 0.01 or *p < 0.05) compared to the
untreated control.
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Table I

Protein Concentration (µg/ml)

C-activated Fluid C5a des Arg DBP TSP-1

Serum 1.8 ± 0.2 385 ± 16 42 ± 7

Citrated Plasma 1.9 ± 0.3 390 ± 22 < 1

DBP-depleted Serum 1.8 ± 0.4 not detected 39 ± 6

C5-depleted Serum not detected 365 ± 24 36 ± 8
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