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Materials and methods 

Animals 

Specific Pathogen Free Albino-Hartley strain male guinea pigs (400-550 g body weight) were purchased from Kyudo 

Corp. (Kumamoto, Japan). They were kept in the Center for Animal Resources and Development of Kumamoto 

University. The animal experiments were performed under regulations established by the Ethical Committee for 

Animal Experiments of Kumamoto University School of Medicine. 

Measurement of plasma extravasation 

Plasma extravasation was measured using the dye-extraction method. In brief, at 15 min after the intravenous injection 

of Evans blue dye solution (2.5% in 0.6% saline), each sample (0.1 ml) was intradermally injected into two guinea 

pigs at three different experiments. At 30 min after the injection, the guinea pigs were killed by exsanguination under 

ether anesthesia, and 14-mm diameter skin lesions were punched out. The extravasated Evans blue dye in each lesion 

was extracted in 3 ml formamide for 72 h at 60C, and the absorbance of the extract was measured at 620 nm using a 

spectrophotometer (U-2000A, Hitachi). Each measured value was converted into the amount of extravasated dye 

(g/site). In inhibition experiments, the amount of dye was further converted to a relative permeability to 10-7 M 

C5a-induced one (100%).  

Separation of resident mast cells from guinea pig abdomens 

Resident cells (2 x 107 cells/body) were recovered from guinea pig abdomens in 40 ml of PBS. After centrifugation at 

1,200 rpm for 5 min at room temperature, resident cells were re-suspended in 1 ml of Dulbecco’s Modified Eagle 

Medium containing 10% fetal bovine serum (Gibco BRC, Paisley, Scotland) and put on 4 ml of Ficall paque gradient. 

After centrifugation at 1,200 rpm for 20 min at 4C, about 2% resident mast cells (4 x 105 cells/body) were separated 

into the 80% layer and were adjusted to 5 x 105 cells/ml for chemotaxis chamber assay. The purity of mast cells in the 

80% layer was over 98% in the pathological finding with Giemsa solution. 

Separation of CD14+ cells from human venous blood 

Monocytes and neutrophils were isolated from heparinized human venous blood of at least three different healthy 

donors. CD14+ cells were separated as monocytes/macrophages from monocytes by using MACS column (Miltenyi 

Biotec K.K., Tokyo, Japan) according to an instruction manual. In brief, after washing cells in the monocyte layer of 

Ficoll-Paque™ PLUS (GE healthcare, Uppsala, Sweden) two times in 10 ml of a cold Ca2+ buffer [Hanks’ balanced 

salt solution containing 20 mM HEPES and 3% BSA, pH. 7.4], 1 x 108 monocytes were resuspended in 500 µl of the 

same cold Ca2+ buffer containing 80 µl of CD14 micro-beads. 15 min later, 500µl of monocytes were applied to 

MACS LS column on magnetic MACS MULTI-STAND. After washing three times in 3 ml of the cold Ca2+ buffer, 

MACS LS column was separated and CD14+ cells were eluted in 5 ml of Dulbecco’s Modified Eagle Medium 

containing 10% fetal bovine serum. We usually got about 20% positive cells from monocytes. The purity of CD14+ 

cells and neutrophils were observed over 98% by fluorescence-activated cell sorting. 
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Abstract  

We have demonstrated that an alternative C5a receptor (C5aR) ligand, the homodimer of ribosomal 
protein S19 (RP S19), contains a unique C-terminus (I134-H145) that is distinct from the moieties 
involved in the C5a-C5aR interaction. To examine the role of I134-H145 in the ligand-C5aR interaction, 
we connected this peptide to the C-terminus of C5a (C5a/RP S19) and found that it endowed the 
second binding moiety of RP S19 (L131DR) with a relatively higher binding affinity to the C5aR on a 
human mast cell line, HMC-1. In contrast to the C5aR, the second C5aR C5L2 worked as a decoy 
receptor. As a result, the mitogen-activated protein kinase (MAPK) downstream of the Gi protein 
exchanged extracellular-signal regulated kinase for p38MAPK. This alternative p38MAPK activation 
could be pharmacologically suppressed not only by the downregulation of phosphoinositide 3-kinase 
(PI3K) by LY294002, but also by the over-activation of protein kinase C by phorbol 12-myristate 13-
acetate. The activation was reproduced upon C5a-C5aR interaction by a simultaneous suppression of 
PI3K and phospholipase C with LY294002 and U73122 at low concentrations. Moreover, p38MAPK 
phosphorylation upstream of the pertussis toxin-dependent extracellular Ca2+ entry was also 
suppressed by high concentrations of MgCl2, which blocks melastatin-type transient receptor potential 
Ca2+ channels (TRPMs). The active conformation of C5aR upon the ligation by C5a, at least on HMC-
1 cells, is changed by the additional interaction of the I134-H145 peptide, which seems to guide the 
alternative activation of p38MAPK. This activation is then amplified by a novel positive feedback loop 
between p38MAPK and TRPM. 
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Introduction  

The structure of the C5a receptor (C5aR) gene is well-characterized and known not to generate any 
alternative splice variants [1]. The active form of C5aR catalyzes the activation of the trimeric Gαi2βγ 
protein that in turn, activates phosphoinositide 3-kinase (PI3K), which directly activates the leukocyte 
chemotaxis and secretion [2, 3]. The active conformation of C5aR is changed by the complementary C5-
derived anaphylatoxin C5a, which classically has been considered to be the universal C5aR agonist. The 
interaction between C5a and C5aR is accomplished by a two-step binding sequence: the basic cluster of C5a 
initially attaches to the extracellular NH2-terminal acidic domain of C5aR, and then the C-terminus of C5a 
(L72GR74) interacts with the second binding site of C5aR within the transmembrane core [4]. The second 
binding event simultaneously amplifies the canonical phospholipase Cβ2 (PLCβ2)-PI3K pathway through 
the positive feedback loop between the inositol 1,4,5-trisphosphate receptor (IP3R) and the Ca2+ release-
activated Ca2+ channel (CRAC). This positive feedback loop for the mobilization of 
intracellular/extracellular Ca2+ contributes to the full leukocyte response [2].  

We have demonstrated that the ribosomal protein S19 (RP S19) homodimer is an alternative ligand for 
C5aR [5-7]. The RP S19 dimer has an intermolecular cross-linkage between Lys122 and Gln137 that is 
formed by a transglutaminase-catalyzed reaction in cells undergoing apoptosis [8-11]. Although there is no 
shared ancestry between RP S19 and C5a, we found similar first and second binding moieties in RP S19 and 
C5a [7, 12]. The first receptor-binding moiety is a basic cluster (K38LAKHK43). The second is L131DR133, 
where the β-carboxyl residue of Asp132 in RP S19 is functionally equivalent to the α-carboxyl residue of the 
C-terminal Arg74 in C5a [12, 13]. Therefore, we hypothesized that the C5aR on phagocytic leukocytes 
bound by the RP S19 dimer would select the same intracellular signal transduction pathway as the common 
pathway involved in the C5a-C5aR interaction. However, the alternative ligand elicits different effects on 
chemotaxis and secretion in a cell-type specific manner; i.e., it behaves as a C5aR agonist and antagonist on 
monocytes and neutrophils, respectively [14, 15]. A unique moiety is present at the C-terminus of RP S19 
(I134-H145). When I134-H145

 was deleted from the RP S19 dimer, the dimer lost its antagonist-induced effect on 
neutrophil chemotaxis [13]. These data suggested that there might be a modulator near the C5aR on 
neutrophils that interacts with I134-H145 to turn off the common switch. 

To examine the role of I134-H145 in C5aR function, we prepared several tools to substitute for the RP S19 
dimer (unpublished data of Nishiura et al.). We recently prepared a recombinant C5a chimera protein 
(C5a/RP S19) with I134-H145 connected to the C-terminus of C5a. The guinea pig is relatively well-recognized 
as a useful experimental model for studies of the behavior of human C5a in vivo [16]. We also have 
demonstrated that this animal is the best experimental model to examine the role of the RP S19 dimer in vivo 
[17]. The amino acid sequence of guinea pig RP S19 is identical to that of the human. Therefore, C5a/RP S19 
protein, containing the human amino acid sequence, results in monocyte-predominant infiltration when 
injected intradermally. This response occurs even when human C5a and the RP S19 dimer are present 
simultaneously [15, 18]. From these in vivo results, we propose that the combined use of C5a and C5a/RP 
S19 will allow the analysis of the role of I134-H145 in C5aR function for any cell-type or cell-state. 

C5aR gene expression has been demonstrated in various non-myeloid cells, including microvascular 
endothelial cells, articular chondrocytes, and stimulated hepatocytes [2]. However, the role of C5aR in non-
myeloid cells is largely unknown. We have reported the de novo synthesis of C5aR in apoptosis-initiated 
mouse NIH3T3 cells that do not constantly express the C5aR gene [19]. In this case, both the RP S19 dimer 
and C5a behaved as C5aR agonists. However, they produced opposite outcomes; while the RP S19 dimer-
C5aR interaction accelerated apoptosis in an autocrine/paracrine fashion, the C5a-C5aR interaction bypassed 
apoptosis when C5a was present. We recently confirmed this result in human cancer cell lines using C5a and 
C5a/RP S19 in combination and observed the suppression of extracellular-signal regulated kinase (ERK) 
phosphorylation [20]. Moreover, we did not observe any difference in binding affinities between C5a and the 
RP S19 dimer to the C5aR on neutrophils [8]. However, when using synthetic peptides that mimic the second 
binding moieties of C5a, with or without the RP S19 C-terminus, we found that the C5a/RP S19 peptide 
(YSFKDMQLDRIAGQVAAANKKH) had a relatively higher binding affinity for the C5aR on neutrophils 
at high concentrations than did the C5a peptide (YSFKDMQLGR). 

These data and published literature lead us to hypothesize that the relatively greater binding affinity of 
the RP S19 dimer to the C5aR (on any cell type), stimulated by an additional interaction of I134-H145, would 
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activate an alternative intracellular signal transduction pathway distinct from the trimeric Gαi2βγ protein-
dependent amplification of the canonical PLCβ2-PI3K pathway (i.e., the positive feedback loop between 
IP3R and CRAC) [2, 3]. We hypothesized that a trimeric Gαi2βγ protein-dependent amplification of an 
alternative PI3K pathway creates a novel positive feedback loop. To test this hypothesis, we first examined 
whether the C5aR agonist-induced effects of C5a/RP S19 on histamine release and chemotaxis were 
reproduced in guinea pig cutaneous and abdomen mast cells, respectively (Supplemental Fig. 1-2). We then 
examined the alternate pathway in a long-term human mast cell line, HMC-1 [21]. 

Materials and methods 

Chemicals and antibodies 

Dulbecco’s Modified Eagle Medium (DMEM), Minimum Essential Medium (MEM), and fetal bovine serum 
(FBS) were products of Gibco BRC (Paisley, Scotland). Hanks’ balanced salt solution (HBSS) was a product 
of Nissui Pharmaceutical Co. (Tokyo, Japan). Fura2-AM and HEPES buffer were products of Dojindo 
Laboratories (Kumamoto, Japan). ECL Plus Western Blotting Detection System was obtained from 
Amersham Biosciences KK (Tokyo, Japan). Bovine serum albumin (BSA), α-thioglycerol, human 
fibronectin, phorbol-12 myristate 13-acetate  (PMA) formyl-Met-Leu-Phe (fMLP), pertussis toxin (PTX, 
catalyst of the ADP-rybosylation of Gαi and Gαo proteins), inhibitors against PLC (U73122), PI3K 
(LY294002), ERK (PD98059), p38 mitogen-activated protein kinase (p38MAPK) (SB203580), 
phospholipase A2 (PLA2) as well as PLA2-dependent transient receptor potential channel (TRP) [ACA; N-(p-
amylcinnamoyl)anthranilic acid] [22], another TRP (Ruthenium Red), and CRAC (2-APB; 2-aminorthyl 
dephenylborinate) were purchased from Sigma Chemical (ST. Louis, MI). A multiwell chamber for 
chemotaxis assay was a product of Neuro Probe (Bethesda, MD). Nucleopore filters were purchased from 
Nucleopore (Pleasant, CA). Immobilor Transfer Membrane™ was a product of Millipore (Billerica, MA). 
Anti-C5aR, anti-Akt, anti-phosphorylated (p)-Akt, anti-ERK, anti-p-ERK rabbit IgGs, phycoerythrin (PE)-
conjugated anti-C5aR mouse IgG, and anti-C5aR, anti-C5L2, horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG goat IgGs were products of Santa Cruz Biotechnology (Santa Cruz, CA). Anti-stress-activated 
protein kinase/c-Jun N-terminus kinase (JNK), anti-p-JNK, anti- p38MAPK, and anti-p-p38MAPK rabbit 
IgGs were products of Cell Signaling Technology® (Boston, USA). Block Ace™ was purchased from 
Dainippon Pharmaceutical (Suita, Japan). All other chemicals were obtained from Nacalai Tesque (Kyoto, 
Japan) or from Wako Pure Chemicals (Osaka, Japan) unless otherwise specified.  

N-[(4-Dimethylaminophenyl)methyl]-N-(4-isopropylphenyl)-7-methoxy-1,2,3,4-tetrahydronaphthalen-
1-carboxamide, HCl  [23] and N2-[(2,2-Diphenylethoxy)acetyl]-L-arginine, TFA [24] were purchased as a 
C5aR antagonist (W-54011) and a C3aR antagonist/partial agonist (SB-290157) from Merck KGaA 
(Darmstadt, FRG), respectively. NMePhe-Lys-Pro-dCha-dCha-dArg [25] and Ac-Phe-[Orn-Pro-dCha-Trp-
Arg] [26] were respectively prepared as a C5aR antagonistic/partial agonistic peptide (C5aRA) and a C5aR 
antagonist (PMX-53). The antagonistic effects of C5aRA at 10-6 M and of PMX-53 at 10-7 M were confirmed 
in a C5a-induced leukocyte chemotaxis assay (data not shown). The recombinant C5a and C5a/RP S19 were 
prepared as described previously [18]. These proteins possessed the S-tag at the N-terminus. In the 
recombinant C5a and C5a/RP S19, Cys27 was substituted by Arg, and Gly73 of C5a/RP S19 was substituted 
by Asp. These recombinant proteins demonstrated single bands in polyacrylamide gel electrophoresis in the 
presence of sodium dodecyl sulfate (SDS-PAGE) and in western blotting (data not shown). 

Cell line 

HMC-1 cells were kindly gifted by Dr. Joseph H. Butterfield of Mayo Clinic, USA. 

Binding competition assay with radio-labeled C5aR ligands 

Aliquots of the YSFKDMQLGR peptide and the recombinant C5a and C5a/RP S19 were radio-labeled with 
125I using Iodobeads (Pierce, Rockford, USA) according to the manufacturer’s instruction manual. In binding 
competition assays to estimate the receptor binding affinity, one of the radio-labeled peptide fragment and 
recombinant proteins was mixed with HMC-1 cells (2 × 106 cells/ml) in HBSS containing 20 mM HEPES 
and 0.5% BSA (pH 7.4) at a putative final concentration of 10-7 M and 10-8 M, respectively, in the absence or 
presence of various concentrations of unlabeled C5aR ligands [14]. In binding inhibition assays to identify 
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the receptor, HMC-1 cells were pretreated with either 2 μg/ml anti-C5aR rabbit IgG, 2 μg/ml control rabbit 
IgG, 2 μg/ml anti-C5L2 goat IgG, 2 μg/ml control goat IgG, one of 10-7 M C5aR antagonists (PMX-53 and 
W54011), or 2 × 10-7 M C3aR antagonist/partial agonist peptide (SB-290157) at 4°C for 30 min, and the 
cells were then mixed with either of the 125I-recombinant proteins (C5a and C5a/RP S19). The mixtures of 
HMC-1 cells and a radio-labeled ligand were then incubated on ice for 60 min, and unbound radio-labeled 
molecules were separated from the cells by centrifugation at 500 x g for 2 min at 4°C. After washing the 
cells 3 times in the fresh medium, radioactivity on the cells was measured for 2 min in a gamma counter 
(PerkinElmer, Yokohama, Japan). 

Fluorescence-activated cell sorting (FACS) analyses 

For analysis of C5aR internalization, HMC-1 cells (2 × 106 cells/ml) in HBSS containing 20 mM HEPES 
and 0.5% BSA (pH 7.4) were stimulated with 10-8 M C5a, 10-7 M C5a/RP S19, and the mixture at 37°C for 
10 min and 30 min, respectively. After washing in 1 ml of cold phosphate-buffered saline (PBS) containing 
5% FBS (FACS medium) at 3 times, cells were incubated with PE-conjugated anti-C5aR monoclonal 
antibody for 30 min at 4°C. The mean intensity of PE on cells was analyzed as the number of cell surface 
expressing C5aR using a FACS Caliber flow cytometer (BD, Tokyo, Japan). 

Calcium imaging 

HMC-1 cells (2 × 106 cells/ml) were loaded with the calcium-sensitive Fura 2-AM (1 µM) in the Ca2+ buffer 
(HBSS containing 20 mM HEPES and 3% BSA, pH. 7.4) for 30 min at 37°C according to the instruction 
manual (Dojindo Laboratories). After washing with the Ca2+ buffer or the Ca2+ free buffer (MEM medium 
containing 20 mM HEPES, 3% BSA, and 2 mM EGTA, pH. 7.4), the cells were respectively re-suspended in 
the same buffer used for the cell washing. Samples were placed directly into the cell suspension in cuvette 
after a 5-min baseline recording. Recordings were made with an F-2500 calcium imaging system with FL 
Solutions (Hitachi, Tokyo, Japan) that calculated the ratio of fluorescent signals obtained at 37°C with 
excitation wavelengths at 340 and at 380 nm and with an emission wavelength at 510 nm. In some inhibition 
experiments, the recording charts are expressed as percent fluorescent activity to the maximum observed 
without the inhibitor. 

Western blotting analysis 

Electrophoresis was performed on a vertical slab gel of 12% polyacrylamide according to the method of 
Laemmli [27]. Transference of proteins from the SDS-PAGE to a membrane was performed 
electrophoretically according to the method of Kyhse-Anderson with some modifications using a Semi Dry 
Electroblotter (Sartorious) for 90 min with an electric current of 15 V [28]. The membrane was treated with 
Block Ace™ (4%) for 30 min at 22C. The first reaction was performed with one of rabbit IgG against whole 
protein or against phosphorylated protein of Akt, ERK, p38MAPK, or JNK at 100 ng/ml in PBS containing 
0.03% Tween 20 for 1 h at 22C. After washing in the same buffer, the sec reaction was performed with 
HRP-conjugated anti-rabbit IgG goat IgG (20 ng/ml) for 30 min at 22C. After washing, the enhanced 
chemiluminescence (ECL) reaction was performed on the membrane with ECL Plus Western Blotting 
Detection System™. The ratio of phosphorylated protein was determined using NIH Image 1.63 image 
analysis software; relative rate of the phosphorylated protein to the total protein = (density of phosphorylated 
band / density of total band) x 100%. 

Histamine release assay 

HMC-1 cells (2 × 106 cells/ml) in a mast cell medium (150 mM NaCl, 3.7 mM KCl, 3 mM Na2HPO4, 3.5 
mM KH2PO4, 5.6 mM glucose, 0.1% gelatin, 0.1% BSA, and 1 mM CaCl2, pH 6.8) were stimulated with 10-

8 M C5a for 10 min at 37°C in the absence or presence of various concentrations of C5a/RP S19 according to 
Shore’s method [29]. After centrifugation at 10,000 g for 1 min at 22C, the supernatant was separated and 
the precipitated cells were lysed in the mast cell medium but containing 1 % Triton X-100 (1 ml) for 15 min 
at 4C. Histamine concentrations in the supernatant and in the cell lysate were measured as the fluorescent 
signal using an F-2500 quantification system with FL Solutions (Hitachi, Tokyo, Japan) that calculated the 
fluorescent signal to the histamine concentration at 22°C with excitation and emission wavelengths at 360 
nm and at 450 nm, respectively. Results are shown as the percent ratio of released histamine in the 
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supernatant to the total cellular histamine content; = concentration of histamine in the supernatant / 
(concentration of histamine in the supernatant and in the cells) X 100. Some results were also converted into 
percent activity to the maximum. 

Chemotaxis assay 

HMC-1 cells (2 × 106 cells/ml) in DMEM medium containing 10% FBS were prepared for the multiwell 
chamber assay. The multiwell chamber assay was performed according to the method of Falk et al. using a 
Nucleopore filter with a pore size of 8 µm [21, 30, 31]. Before the chemotaxis assay, the upper wells of 48-
well chemotaxis chamber were coated with 10 µg/ml human fibronectin for 30 min. After incubation for 180 
min, the membrane was separated, fixed with methanol, and stained with Giemsa solution. The total number 
of cells that migrated beyond the lower surface of the membrane was counted in five microscopic high-
power fields. The results are expressed as the number of migrated cells. Sometimes results were converted 
into percent activity to the maximum. 

Effects of signal pathway inhibitors 

When the effects of signal pathway inhibitors on the cellular responses were examined with 100 ng/ml PTX, 
2 μM U73122, 2 μM LY294002, 50 μM PD98059, 10 μM SB203580, 10 μM ACA, 10 μM Ruthenium Red, 
50 μM 2-APB or their negative control PBS, HMC-1 cells (2 × 106 cells/ml) were pretreated for 60 min at 
37C and were stimulated with 10-8 M C5a, 10-7 M C5a/RP S19 and 10-8 M RP S19 dimer, respectively. 

Statistical analysis 

The results of representative examinations were confirmed by multiple experiments with triplicate samples. 
Statistical significance was calculated by the non-parametric or parametric tests offered in the two way 
analysis of variance (ANOVA) window, respectively. Values are expressed as mean ± SD. A p-value <0.05 
was considered statistically significant and shown as P<0.05: * and P<0.01: **. 

Results 

C5aR agonist-induced histamine release and chemotaxis of HMC-1 cells 

To examine the agonist-induced effects of C5a/RP S19 as a substitute for the RP S19 dimer on the C5aR of 
guinea pig cutaneous mast cells, various concentrations of C5a/RP S19, C5a, or mixtures of both were 
injected intradermally. Evans blue dye was used to measure vascular permeability enhancement (VPE) for 30 
min (Supplemental Fig. 1) [32]. C5a/RP S19 exhibited the C5aR agonist-induced VPE at relatively high 
concentrations in comparison with C5a. The difference between C5a/RP S19 and C5a was also detected in 
chemotaxis assays with resident guinea pig abdomen mast cells (Supplemental Fig. 2). These data indicated 
that the C5aR agonist-induced effects of C5a/RP S19 on histamine release and chemotaxis could be 
reproduced in human mast cells. 

To examine the specific role of the C-terminus of RP S19 (I134-H145), we confirmed the agonist-induced 
effects of both C5a/RP S19 and C5a in HMC-1 cells, which constantly express C5aR. As shown in Fig. 1A, 
C5a induced histamine release in a dose-dependent manner at concentrations ranging from 10-9 M to 10-7 M. 
C5a/RP S19 also induced a significant histamine release at relatively higher concentrations than C5a. As in 
the case of C5a-induced reaction, the C5a/RP S19-induced histamine release was modified neither by a 
blockade of C3aR, SB-290157, nor by that of C5L2, anti-C5L2 goat IgG, whereas it was suppressed by any 
one of C5aR blockades such as C5aRA, PMX-53, W-54011, and anti-C5aR rabbit IgG (Fig. 1B). 

The apparent C5aR antagonist-induced effects of C5a/RP S19 at lower concentrations, such as 10-9 M 
and 10-8 M, was obvious; the activity induced by 10-8 M C5a was reduced to about 75% and 33%, 
respectively (Fig. 1C). This indicates that 10-9 M and 10-8 M C5a/RP S19 have competitive potencies of 25% 
and 66% compared to 10-8 M C5a-C5aR interaction. The histamine release from HMC-1 cells induced by 10-

8 M C5a was apparently not changed in the presence of 10-7 M C5a/RP S19. This potency seemed to be a sum 
of the competitive potency of C5a/RP S19 against C5a at the receptor level and the agonistic potency of 
C5a/RP S19. These results indicate that C5a/RP S19 could trigger an alternative PI3K pathway, distinct from 
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the canonical PLCβ2-PI3K pathway that is activated by the C5a-C5aR interaction. 

Similar results were also observed in the chemotaxis chamber assay. C5a attracted HMC-1 cells, 
resulting in a sharp bell-shaped dose-response curve with an optimal dose of 10-8 M (Fig. 1D). Although 
C5a/RP S19 also attracted HMC-1 cells, the intensity was low, with an optimal concentration of 10-7 M. As in 
the case of the C5a-induced reaction, the C5a/RP S19-induced chemotaxis was not modified neither by the 
C3aR blockade nor by the C5L2 blockade, whereas it was suppressed by any one of the C5aR blockade (Fig. 
1E). These data confirmed that the HMC-1 cell migration against C5a/RP S19 was a C5aR-mediated reaction. 
In the case of the chemotactic response induced by 10-8 M C5a, the apparent antagonist-induced effect of 
C5a/RP S19 was obvious at concentrations as high as 10-7 M and 10-6 M (Fig. 1F). These results suggest that 
10-6 M C5a/RP S19 may almost completely dissociate 10-8 M C5a from the C5aR on HMC-1 cells. 

Comparison of C5a and C5a/RP S19 binding to C5aR 

We re-examined the binding affinity of C5a/RP S19 for C5aR on HMC-1 cells that had been previously 
shown in neutrophils [19]. We prepared synthetic peptides with C-terminal additions (YSFKDMQLGR and 
YSFKDMQLDRIAGQVAAANKKH) in order to mimic the second binding motifs of C5a and C5a/RP S19, 
respectively [14]. As shown in Fig. 2A, while these peptides competed almost equally with the 125I-labeled 
C5a peptide in the binding assay at lower concentrations, the C5a/RP S19 peptide demonstrated a stronger 
competition capacity than did the C5a peptide at higher concentrations, such as 10-5 M. The difference was 
small but significant and reproducible. We re-plotted these competition curves in a logarithmic-logarithmic 
manner and calculated the apparent binding affinities of C5a and C5a/RP S19 for C5aR from their slopes at 
high concentrations. The apparent binding affinity of the C5a/RP S19 peptide [y=-3055.6Ln(x)+10308, 
R2=0.9923] was 1.6 times higher than that of the C5a peptide [y=-1891.5Ln(x)+8834.1, R2=0.9853] (Fig. 
2C), as had been previously shown in neutrophils [20]. Our results indicated that, at higher concentrations, 
the binding affinity of the IAGQVAAANKKH peptide is 60% higher for C5aR than the baseline affinity. 

 We confirmed the better binding affinity of C5a/RP S19 than C5a to C5aR using the recombinant 
proteins. In this experiment, the amount of binding of 125I-labeled C5a protein to HMC-1 cells was quantified 
under the presence of either unlabeled C5a or unlabeled C5a/RP S19 at various concentrations (Fig. 2D). We 
then obtained the concentration of each unlabeled protein to inhibit the radio-labeled C5a down to 50 percent 
as IC50; IC50=10^log (the unlabeled ligand concentration to express the higher inhibition than 50%/the 
unlabeled ligand concentration to express the lower inhibition than 50%)*(50%-the lower inhibition than 
50%)/(the higher inhibition than 50%-the lower inhibition than 50%)+log(the unlabeled ligand concentration 
to express the lower inhibition than 50%)]. The apparent IC50 of C5a/RP S19 to the C5a-C5aR interaction 
(2.2 × 10-8 M) was 2.5 times less than that of C5a (5.4 × 10-8 M). Importantly, the binding of 125I-labeled C5a 
to HMC-1 cells was not modified by the C3aR blockade, SB-290157, whereas it was suppressed either by 
the C5aR blockades such as PMX-53, W-54011, and anti-C5aR rabbit IgG or by the C5L2 blockade, anti-
C5L2 goat IgG, respectively (Fig. 2E). 

 The blocking with anti-C5L2 goat IgG was more efficiently observed in the C5a/RP S19 binding than in 
the C5a binding. These data indicate that C5a/RP S19 binds not only to the C5aR but also to the C5L2 at 
least on HMC-1 cells. To purely compare the binding affinity to C5aR between C5a and C5a/RP S19, we 
initially treated HMC-1 cells with anti-C5L2 goat IgG to block C5L2, then mixed the cells either with the 
125I-labeled C5a protein or with the 125I-labeled C5a/RP S19 protein in the presence of various concentrations 
of PMX-53, the most effective C5aR antagonist, and finally obtained IC50 concentrations of PMX-53 (Fig. 
2F). The apparent IC50 of PMX-53 to the C5a/RP S19-C5aR interaction (7.2 × 10-8 M) was 1.8 times higher 
than that to the C5a-C5aR interaction (4.0 × 10-8 M). These data confirmed that the binding affinity of 
C5a/RP S19 to the C5aR was significantly higher than that of C5a. 

Different C5aR agonist-induced effects on cytoplasmic Ca2+ influx observed with C5a and C5a/RP S19 

The fact that C5a/RP S19 has stronger binding affinity for C5aR than C5a suggests that these proteins may 
each trigger Ca2+ mobilization through different Gi protein-dependent pathways. We compared cytoplasmic 
Ca2+ influx upon the binding of C5aR to C5a or with C5a/RP S19 in HMC-1 cells. C5a induced a 
cytoplasmic Ca2+ influx at concentrations from 10-9 M and upward, showing a plateau at 10-8 M (Fig. 3A). In 
contrast, C5a/RP S19 also induced an influx, but only at concentrations of 10-7 M or higher (Fig. 3A). These 
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data reflect the different responses stimulated by C5a and C5a/RP S19 (Fig. 1A, 1D). An interesting 
observation is that the increase in cytoplasmic Ca2+ lasted longer during the C5a/RP S19 stimulation. This 
result suggests that the desensitization pathway and/or the calcium channels induced by C5aR may be 
different for C5a and C5a/RP S19. 

It is commonly thought that, upon Gi protein-dependent signaling, Ca2+ enters the cytoplasm from 
intracellular pools, such as those found in the endoplasmic reticulum (ER) and the extracellular space [2]. 
Considering the low Ca2+ response to C5a/RP S19, we hypothesized that one of these modes of Ca2+ influx 
might be impaired when this ligand is bound. To clarify this, we examined the effect of extracellular Ca2+ 
removal on the cytoplasmic Ca2+ influx observed upon the binding of C5a/RP S19 or C5a to the C5aR. As 
shown in Fig. 3A-B, 10-7 M C5a/RP S19-induced cytoplasmic Ca2+ influx almost completely disappeared 
when Ca2+-free, 2 mM EGTA-containing medium was used during the stimulation of HMC-1 cells. In the 
case of 10-8 M C5a-induced cytoplasmic Ca2+ influx, about one third of the total influx remained, even in the 
absence of extracellular Ca2+. The remaining influx, observed upon stimulation with 10-8 M C5a, was 
completely abrogated by the simultaneous addition of 10-7 M C5a/RP S19 (Fig. 3C). These data indicate that 
receptor competition may occur, at least in part, due to an antagonistic mechanism. The C5aR competition-
induced effect of 10-8 M C5a/RP S19 was observed again when C5a and C5a/RP S19 were used in 
combination at equal concentrations (Fig. 3D). 

Based on these results and the published literature [33], one could predict that PLCβ2 activation may be, 
at least in part, blocked upon the ligation of C5a/RP S19 to the C5aR in HMC-1 cells, resulting in the 
inhibition of intracellular Ca2+ release from the ER via IP3R and the ryanodine receptor (RyR). In this case, a 
Ca2+ channel other than CRAC on the plasma membrane may allow the entry of extracellular Ca2+.  

Lack of C5aR desensitization upon ligation with C5a/RP S19 

It has been previously determined that C5aR is internalized upon ligation with C5a and that this inhibits Ca2+ 
influx. For ligand-induced internalization of C5aR, the phosphorylation of serine residues at the C-terminal 
intracellular region and subsequent binding by arrestin are essential. Phosphorylation of these serine residues 
is sequentially catalyzed by protein kinase C (PKC) and G protein-coupled receptor kinase 2 (GRK2) 
downstream of PLCβ2 [33-35]. We predicted that C5aR internalization would not occur if the PLCβ2 
pathway was negligibly involved in the intracellular signal transduction mediated by the agonist-induced 
effect of C5a/RP S19, as described above. We tested this prediction experimentally with FACS analysis. As 
shown in Fig. 4A, while the number of HMC-1 cells expressing C5aR on their surface was significantly 
decreased by 10 min after the treatment with 10-8 M C5a, C5aR remained on the cell surface for at least 30 
min after treatment with 10-7 M C5a/RP S19. Furthermore, C5aR internalization induced by 10-8 M C5a was 
significantly inhibited by the simultaneous presence of 10-7 M C5a/RP S19, as shown in our chemotaxis 
assay (Fig. 1E). The incomplete C5aR internalization is consistent with the long-lasting cytoplasmic Ca2+ 
increase that we observed as an agonist-induced effect of C5a/RP S19 (Fig. 3A). 

Different intracellular signal transduction pathways are regulated by C5a and C5a/RP S19 

It is known that C5aR preferentially interacts with the Gαi2 subunit of the Gα subunit family and that both 
the Gαi2 and Gβγ subunits phosphorylate PKB (Akt) downstream of PI3K and ERK1/2 downstream of 
PLCβ2 with similar activities [2, 36]. We examined Akt and ERK1/2 phosphorylation by western blot. As 
shown in Fig. 4B and Supplemental Fig. 3, when HMC-1 cells were stimulated with 10-8 M C5a, 
phosphorylation of both Akt and ERK1/2 were observed for a relatively long period of time (30 min). When 
the cells were stimulated with 10-7 M C5a/RP S19, phosphorylation of both proteins was observed, but was 
significantly weaker and lasted for only 10 min. When the cells were stimulated with a mixture of 10-8 M 
C5a and 10-7 M C5a/RP S19, only the C5a/RP S19-induced pattern was observed. These results suggest that 
the usual Gi protein-dependent signal pathway modulated by the C5a/RP S19-C5aR interaction were 
different from the canonical pathway regulated by the C5a-C5aR interaction. 

Consequently, this result indicated that there could be an alternative activation of a MAPK module(s) 
other than ERK1/2 upon C5a/RP S19-C5aR interaction. Among the other two MAPK subgroups, p38MAPK 
is well documented to have a pro-apoptotic function [37, 38]. Considering the pro-apoptotic effect of the 
C5a/RP S19-C5aR interaction on apoptosis-initiated cells as a result of decreased ERK1/2 phosphorylation 
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[20], we thought that p38MAPK might be involved in the C5a/RP S19-induced response of HMC-1 cells, 
although the coupling between Gi protein-coupled receptors (GiPCRs) and p38MAPK has not been well 
described [39]. Interestingly, p38MAPK was reported to be inhibited by GRK2 due to phosphorylation at 
Thr123 on the docking groove of p38MAPK. This groove is essential for interactions with the activator 
MAPK-kinase 6 and with substrates of p38MAPK [40]. The incomplete C5aR internalization upon ligation 
to C5a/RP S19 described above strongly suggested that GRK2 was incompletely activated, which in turn 
suggested that p38MAPK was activated. We examined the activation-specific phosphorylation state of 
p38MAPK using anti-Thr180/Tyr182 dual phospho-p38MAPK rabbit IgG before and after stimulation with 
10-7 M C5a/RP S19. As shown in Fig. 4C, phosphorylation of p38MAPK was clearly caused by C5a/RP S19 
stimulation. It is well known that the activation of p38MAPK is often associated with JNK activation [39]. 
As might be expected, JNK phosphorylation was observed, in addition to weak ERK1/2 phosphorylation.  

All of the above data lead us to speculate that the binding of the C-terminus of RP S19 (I134-H145) to 
C5aR could activate p38MAPK, as well as simultaneously suppress direct PI3K activation upstream of Akt 
and indirect PI3K activation driven from PLCβ2 upstream of ERK1/2. Because we have not observed a 
direct interaction between the RP S19 dimer or C5a/RP S19 and the Gi protein, a modulator for inhibiting the 
dissociation of the trimeric Gi protein must be discussed. We assume that some Gi protein-dependent 
pathways are activated by the RP S19 dimer, and are responsible for the weak direct activation of PI3K and 
the indirect activation of PI3K driven from PLCβ2. 

Pharmacological regulation of the alternative p38MAPK pathway 

If our above speculation was correct, we should be able to artificially induce the pathway initiated by the 
C5a/RP S19-C5aR interaction with C5a by pharmacologically blocking the activation of both PI3K and PLC. 
To this end, HMC-1 cells pre-treated with specific inhibitors for PLC (U73122) and/or PI3K (LY294002) 
were stimulated with 10-8 M C5a, and p38MAPK phosphorylation was analyzed by western blot. As shown 
in Fig. 5A, neither U73122 nor LY294002 alone could convert the C5a-induced signal pathway to the 
C5a/RP S19-induced pathway. However, the combined use of U73122 and LY294002 resulted in p38MAPK 
phosphorylation upon C5a-C5aR interaction, although it was not as strong as that observed upon the C5a/RP 
S19-C5aR interaction. Conversely, the alternative p38MAPK phosphorylation pattern derived from C5a/RP 
S19-C5aR interaction was lost upon the over-stimulation of PKC with 10-8 M PMA (Fig. 5A). 

If this p38MAPK phosphorylation occurred due to the alternation of the PLCβ2 pathway, we should 
observe long lasting intra-cytoplasmic Ca2+ influx due to a lack of C5aR internalization. As shown in Fig. 
5B-C, in the presence of both U73122 and LY294002, Ca2+ influx became weaker but lasted longer and 
C5aR internalization was reduced, although the alternation of the signaling pathway was incomplete. To 
confirm whether the RP S19 dimer activated the same signal transduction pathway in HMC-1 cells as did 
C5a/RP S19, the phosphorylation states of Akt and p38MAPK were evaluated by western blotting after 
stimulation with 10-8 M RP S19 dimer (Fig. 5D). Importantly, the RP S19 dimer predominantly stimulated 
the alternative p38MAPK pathway at the same concentration of C5a. 

Different calcium mobilization loops are stimulated by C5a versus C5a/RP S19 binding to C5aR 

To identify a calcium channel within the plasma membrane that could be involved in the alternative C5a/RP 
S19-C5aR-PLCβ2-p38MAPK-PI3K pathway, we used a variety of pharmacological agents to modify the 
Ca2+ signals sent by C5a and by C5a/RP S19. We used an inhibitor of Gαi/o proteins (PTX), an ERK 
inhibitor (PD98059), a p38MAPK inhibitor (SB203580), phospholipase A2 (PLA2), a PLA2-dependent 
transient receptor potential (TRP) inhibitor (ACA), another TRP inhibitor (Ruthenium Red), and a CRAC 
inhibitor (2-APB). HMC-1 cells were pretreated with one inhibitor for 60 min before stimulation with 10-8 M 
C5a or 10-7 M C5a/RP S19. The resulting cytoplasmic Ca2+ influx was measured in the usual Ca2+-containing 
medium. Results are shown in Fig. 6A. Both of the cytoplasmic Ca2+ influxes were completely inhibited by 
PTX, indicating that the C5aR-Gαi2βγ interaction could initiate signaling upon the interaction of C5a/RP 
S19 and C5aR. Differences in the patterns of inhibition of cytoplasmic Ca2+ influx caused by C5a and by 
C5a/RP S19 were obvious when we used 2-APB, ACA, or SB20358. The higher sensitivity of C5a to 2-APB 
reflects the participation of intracellular Ca2+ from the ER, and the higher sensitivity of C5a/RP S19 to ACA 
and SB20358 reflects that its source of Ca2+ is only from the extracellular space. In both cases, calcium 
mobilization was also completely blocked by PD98059, indicating that the complete loss of GRK2-induced 
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desensitization of C5aR did not affect downstream signal transduction pathways. Consistent with these 
results, not only ERK but also p38MAPK phosphorylation was suppressed by PD98059 (Fig. 6B). 
Importantly, although an upregulation of p38MAPK phosphorylation by a low concentration of specific 
inhibitors for PLC (U73122) and PI3K (LY294002) was observed upon C5a-C5aR interaction (Fig. 5A), the 
same concentration of LY294002 specifically blocked p38MAPK phosphorylation upon C5a/RP S19-C5aR 
interaction without affecting the ERK phosphorylation (Fig. 6B). This confirms the requirement of weak 
PLCβ2 and PI3K activation upstream of the extracellular Ca2+ entry (Fig. 5B). 

The data indicated that the main extracellular Ca2+ gate is an ACA-sensitive TRP. TRP subfamilies, 
including members of the melastatin (TRPM), vanilloid, and canonical families, have been implicated in 
Ca2+ signaling [39]. Recently, TRPM2 and TRPM8, which are sensitive to PLA2 and ACA, were reported to 
be inhibited by Mg2+ [41]. Thus, we examined the sensitivity of C5a/RP S19-C5aR interaction-induced 
extracellular Ca2+ entry to extracellular Mg2+ concentration. As shown in Fig. 6C, the cytoplasmic Ca2+ 
influx caused by C5a/RP S19, but not by C5a, was greatly reduced by the presence of MgCl2 in a 
concentration-dependent manner. This strongly suggests that the PM calcium channel downstream of the 
C5a/RP S19-C5aR-PLCβ2/PI3K-p38MAPK pathway is a PLA2-sensitive TRPM. 

A positive feedback loop between p38MAPK and TRPM in the C5a/RP S19-C5aR signaling pathway 

The PLCβ2-dependent pathway contains a system for the amplification of cytoplasmic Ca2+ influx; i.e., a 
positive feedback loop exists between PKC and intracellular/extracellular Ca2+ mobilization via IP3R on the 
ER and CRAC on the plasma membrane [33]. In contrast, a negative feedback system is also present to 
prevent excessive biological response. C5aR internalization is ubiquitously induced in all cell types. 
Therefore, the C5a-C5aR interaction promotes fast and strong Gi protein-dependent signaling (Fig. 4A, 5C). 
In the current study, we found another positive feedback loop for cytoplasmic Ca2+ influx. As described 
above, the inhibition of p38MAPK with SB203580 significantly reduced the cytoplasmic Ca2+ influx (Fig. 
6A). As shown in Fig. 6D, the blockade of cytoplasmic Ca2+ entry via TRAM in the presence of 2.5 mM 
MgCl2 greatly attenuated the phosphorylation of both p38MAPK and JNK in the context of C5aR activation 
by 10-7 M C5a/RP S19, and vice versa. We suspected that the prolonged activation of another positive 
feedback loop induced by the delay of C5aR internalization would support the accumulation of extracellular 
Ca2+ in the cytoplasm of HMC-1 cells. 

Ca2+ signaling, chemotaxis, and histamine release 

We confirmed that the feedback loop involving p38MAPK, PLA2, and TRAM that causes cytoplasmic Ca2+ 
influx was also responsible for C5a/RP S19-induced chemotaxis and histamine release using the inhibitors 
described above (Fig. 7). Almost complete agreement was observed between cytoplasmic Ca2+ influx and 
chemotaxis induced by C5a/RP S19 or by C5a, whereas the inhibition patterns were different in C5a/RP S19 
and C5a (Fig. 7A-C). As shown in Fig. 7D-F, the histamine release reaction caused by either C5a or by 
C5a/RP S19 had a tendency to resist the Ca2+ channel blocker and removal of extracellular Ca2+. These 
results indicate that the upstream signal for activating the TRPM is enough to induce almost the full index of 
histamine release, while the downstream Ca2+ signal is required for the full index of chemotaxis. 

From the above data, we conclude that when the C5aR on HMC-1 cells is engaged by the additional 
binding of the C-terminus of RP S19 (I134-H145), PLCβ2 and PI3K are weakly activated by the Gi protein (Fig. 
8B). However, this weak activation of PI3K is not enough to directly induce chemotaxis and histamine 
release; the indirect activation of PI3K driven from PLCβ2 and PI3K is required for the initiation of 
biological responses. Incomplete C5aR sensitization and the positive feedback loop between p38MAPK and 
TRPM are involved in the alternative PI3K pathway. 

Discussion 

Here, we propose a possible mechanism for initiation of a trimeric Gαi2βγ protein-dependent alternative 
PI3K pathway via C5aR. Although the Gi protein-dependent p38MAPK pathway activated by C5a/RP S19 is 
usually blocked not only by the activation of PKB but also the inhibition of adenylate cyclase [3], we found 
that when this pathway was partially blocked by the combinatory use of the inhibitors U73122 and 
LY294002 at relatively low concentrations (2 μM), C5aR stimulates an alternative p38MAPK pathway (Fig. 
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5A). In contrast, the trimeric Gi protein-dependent alternative activation of p38MAPK triggered by C5a/RP 
S19 was blocked by the use of the PI3K inhibitor LY294002 at relatively low concentrations (2 μM) (Fig. 
6B). In addition to this, p38MAPK activation was also regulated by the over-stimulation of PKC and the 
inhibition of ERK activation downstream of the Gi protein (Fig. 5A and 6B). In the context of the previously 
published literature [42], our results indicate that this p38MAPK activation is regulated by both the Gi 
protein and incomplete C5aR desensitization (Fig. 8B). 

We have demonstrated that the RP S19 dimer derived from apoptotic cells supports the phagocytic 
clearance of apoptotic bodies by attracting macrophages [5]. Interestingly, although the C5aR on both 
macrophages and neutrophils is accepted by the RP S19 dimer, neutrophils are not responsible for the 
clearance, and it is very important to determine why only macrophages find apoptotic bodies. We have found 
a novel PI3K pathway that is activated via the C5aR on HMC-1 cells that involves a positive feedback loop 
between p38MAPK and TRPM to accumulate cytoplasmic Ca2+ in order to promote remodeling of the actin 
cytoskeleton [43]. We believe that the alternative pathway is, at least in part, common not only in mast cells 
(Supplemental Fig. 1-2), but also in macrophages (Supplemental Fig. 4). It is worth examining whether the 
canonical and alternative signal pathways stimulated by C5aR in HMC-1 cells are used to achieve opposing 
outcomes in macrophages and neutrophils. 

Since we demonstrated the presence of the apoptotic cell-derived RP S19 dimer, at least three kinds of 
chemoattractants have been reported [44-46]. However, the real contribution of their receptors to apoptosis in 
vivo is not well understood. It is particularly interesting that three of the four receptors described in these 
papers are G protein-coupled. In addition to the RP S19 dimer, thrombospondin-1 (TSP-1) also binds to 
GiPCR. In this case, the pertussis toxin (PTX)-sensitive Gi protein-dependent intracellular signal 
transduction pathway was strongly inhibited by a PKC activator, PMA, and activated by a PKC inhibitor, 
calphostin C. This report indicates the presence of the weakly activated PMA-induced pathway, as shown in 
Figure 5A. 

The precise molecular mechanism underlying the inhibition of canonical signal pathways by the C-
terminus of RP S19 (I134-H145) is still obscure, although it is clear that the 12 additional residues contribute to 
its inhibitory function. One possibility is that the inhibition depends on a direct binding of I134-H145 to Gi 
protein or both PLC and PI3K. However, we have not found direct evidence for these interactions (data not 
shown). Therefore, we are now very interested in identifying modulators that may suppress the Gi protein or 
both PLC and PI3K activation after interacting with I134-H145. Another possibility is that the inhibition 
depends on different conformational changes of the C5aR on HMC-1 cells than those stimulated by C5a [2]. 
We have observed that deletion of two amino acid residues (Lys144His145) at the C-terminus of a RP S19-
mimicking peptide resulted in a loss of the C5aR competition-induced function [13], suggesting that the 
interaction of the Lys residue with a part of C5aR, or with a molecule other than C5aR, may be causing the 
real inhibition. 

One of the most interesting aspects of the alternative PI3K pathway is its sole use of extracellular Ca2+ 
via TRPM (Fig. 3A, 5B, 6A, and 6C). The cytoplasmic Ca2+ influx was blocked by the PLA2 inhibitor ACA 
(Fig. 6A). These results indicate that TRPM in this pathway is activated by arachidonic acid-derived 
eicosanoids, as reported previously [47]. It has also been reported that TRPM2, 5, 7, and 8 were activated by 
arachidonic acid [48-51]. Therefore, TRPM2 and M7 would be good candidate gatekeepers for extracellular 
Ca2+ entry into mast cells. This pathway is strikingly different from the PLCβ2-dependent signal transduction 
pathway that is activated upon the C5a-C5aR interaction (Fig. 8). We confirmed the influx of extracellular 
Ca2+ via CRAC on the PM in addition to the ER-derived Ca2+ (Fig. 6A) [33]. The activation of p38MAPK 
caused a cytoplasmic Ca2+ influx via TRPM, and the Ca2+ signal, in turn, augmented p38MAPK 
phosphorylation (Fig. 6D). This pathway does not stimulate complete C5aR internalization, which results in 
receptor desensitization (Fig. 4A and 5C). The alternative activation of a positive feedback loop with 
incomplete receptor internalization resulted in a weak but prolonged cytoplasmic Ca2+ influx (Fig. 3A, 5B) 
and subsequent induction of histamine release and chemotaxis (Fig. 7) [52]. The activation of TRPM by 
cytoplasmic Ca2+ was also reported for a TRPM member, TRPM5 [50]. This positive feedback loop causes 
cytoplasmic Ca2+ accumulation for a long period and eventually triggers final cellular events, such as taste 
sensing. 

G protein-uncoupled C5L2 is coexpressed with the C5aR at least on monocytes and granulocytes [2, 53]. 
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Although C5L2 is known to accept not only C5a and desarginated C5a but also C3a and desarginated C3a 
[54], C5L2-mediated effect is not known [55]. In contrast to C5aR, C5L2 lacks the serine residues at the C-
terminal region important for binding to arrestin and for selection of ERK1/2 in MAPK modules. Therefore, 
an active form of C5L2 remains on the cell surface. HMC-1 cells are already known to express high levels of 
both C5L2 and C5aR [56]. C5a/RP S19 binds not only to the C5aR but also to C5L2 (Fig. 2E). However, the 
histamine release and chemotaxis of HMC-1 induced by either C5a or C5a/RP S19 were not modified by the 
anti-C5L2 goat IgG (Fig. 1B and 1E). We separately examined a possibility that the C5a/RP S19-C5L2 
interaction might be involved in the exchange of MAPK module from ERK1/2 to p38MAPK downstream of 
the C5aR on HMC-1 cells (Fig. 4B and 5A). However, the C5a/RP S19-guided selection of p38MAPK was 
not cancelled by the anti-C5L2 goat IgG (data not shown). These data suggest that the C5L2 on HMC-1 cells 
works as a decoy receptor.  

We have elucidated a common mechanism underlying the opposing C5aR agonist-induced functions in 
apoptosis-initiated cells. Pro-apoptotic processes are mediated by the C5a/RP S19-C5aR interaction, and 
anti-apoptotic processes are mediated by the C5a-C5aR interaction [19]. In the former pro-apoptotic effect, 
enhanced gene expression of regulator of G protein signaling 3 is essential [20]. We observed the suppression 
of ERK phosphorylation and C5aR desensitization upon C5a/RP S19-C5aR interaction, even in HMC-1 cells 
(Fig. 4, 5C-D). Although the apoptosis-related effect is long term and different from other effects, such as 
chemotaxis and granule release, it will be worth examining whether the canonical and alternative C5aR 
signal pathways that have been revealed in HMC-1 apoptosis-initiated cells are used to produce opposing 
apoptotic outcomes [57].  
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Figure legends 

Fig. 1. C5aR agonist-induced effects of C5a/RP S19 on histamine release and chemotaxis of HMC-1 cells. 
(A, D) In comparison with C5a (white columns and circles), agonistic effects of C5a/RP S19 (black columns 
and circles) were observed in histamine release and chemotaxis assays. (B, E) For the inhibition assay, 
indicator HMC-1 cells were pretreated with anti-C5aR rabbit IgG, anti-C5L2 goat IgG, SB-290157, C5aR 
antagonistic/partial agonistic peptide (C5aRA), PMX-53, or W-54011, respectively. (C, F) In the competition 
experiment, HMC-1 cells were stimulated with C5a (white columns) in the presence (hatched columns) or 
absence (black columns) of various concentrations of C5a/RP S19. Results were expressed in the percent 
ratio of released histamine and the number of migrated HMC-1 cells. Data is expressed as mean ± SD (n=4). 
P values of less than 0.05 between C5a and C5a/RP S19 were considered to indicate statistical significance 
(P<0.05: *, P<0.01: **). 

Fig. 2. Effect of the C-terminus of RP S19 on the binding of C5a to C5aR on HMC-1 cells. C5aR on HMC-1 
cells was competitively bound by 10-7 M 125I-labeled peptide mimicking the second binding motif of C5a 
(YSFKDMQLGR) in the presence of various concentrations of the unlabeled C5a-mimicking peptide (the 
dotted line with open circles) or an unlabeled peptide mimicking a binding motif containing the C-terminus 
of C5a/RP S19 (YSFKDMQLDRIAGVAAANKKH) (the plain line with closed circles). The X-axis ranges 
up to 10-5 M (A), under 10-7 M (B), and over 10-7 M (C), respectively. (D) C5aR was competitively bound by 
10-8 M 125I-labeled C5a protein in the presence of various concentrations of the unlabeled C5a protein (the 
dotted line with open circles) or the unlabeled C5a/RP S19 protein (the plain line with closed circles). (E) 
For the inhibition assay, indicator HMC-1 cells were pretreated with anti-C5aR rabbit IgG, anti-C5L2 goat 
IgG, SB-290157, PMX-53, and W-54011, respectively. (F) C5aR was competitively bound by 10-8 M 125I-
labeled C5a protein (the dotted line with open circles) or C5a/RP S19 protein (the plain line with closed 
circles) in the presence of anti-C5L2 goat IgG and various concentrations of PMX-53, respectively. After 
incubation for 60 min on ice, the radioactivity the cells was measured for 2 min in a gamma counter. Data is 
expressed as mean ± SD (n=3).  

Fig. 3. Extracellular Ca2+ entry into the cytoplasm of HMC-1 cells. HMC-1 cells preloaded with Fura2-AM 
in Ca2+ medium (A) or in Ca2+-free medium (B) were activated by C5a and C5a/RP S19. (C) For the 
competition experiment in Ca2+-free medium, HMC-1 cells were activated by C5a in the presence of C5a/RP 
S19. The fluorescent intensity is represented as a percent ratio of that observed upon stimulation with C5a. 
(D) HMC-1 cells were activated by C5a in the presence (hatched columns) or absence (white columns) of 
C5a/RP S19 at various concentrations. The results were expressed as the fluorescent intensity of cytoplasmic 
Ca2+-Fura2-AM at 10 sec after the stimulation. Data is expressed as mean ± SD (n=4).  

Fig. 4. Alternative activation of MAPK in HMC-1 cells. (A), HMC-1 cells were collected at 10 min (white 
columns) or 30 min (black columns) after stimulation with C5a, C5a/RP S19, or a mixture of both. The 
intensity of PE was measured as the number of C5aR counted by FACS analysis (secondary graph). (B) 
HMC-1 cells were collected at various time points after stimulation with C5a, C5a/RP S19, or a mixture. Akt 
and ERK phosphorylation were detected by western blot. (C) HMC-1 cells were collected at 0 (white 
columns), 5 (black columns), 10 (hatched columns), and 20 min (dotted columns) after stimulation with C5a 
or C5a/RP S19. MAPK phosphorylation was detected by western blot. The percent phosphorylated protein 
was determined using NIH Image 1.63 software (secondary graph). Data are expressed as mean ± SD (n=4).  

Fig. 5. Inhibitory profiles of the Gi protein-dependent p38MAPK pathway in HMC-1 cells. (A) HMC-1 cells 
pre-incubated with U73122, LY294002, or a mixture was stimulated by C5a. HMC-1 cells were stimulated 
with C5a/RP S19 and PMA. The p38MAPK phosphorylation was detected by western blot. (B) HMC-1 cells 
preloaded with Fura2-AM were incubated with PBS, U73122, LY294002, or a mixture and were activated by 
C5a. (C) HMC-1 cells pre-incubated with PBS, U73122, LY294002, or a mixture were collected at 0 min 
(white columns) and 10 min after stimulation with C5a (black columns) and C5a/RP S19 (hatched columns), 
respectively. The intensity of PE was measured as the number of C5aR counted by FACS analysis. Data is 
expressed as mean ± SD (n=4). (D) HMC-1 cells were stimulated by the RP S19 dimer and Akt and 
p38MAPK phosphorylation was detected by western blot. 

Fig. 6. An alternative positive feedback loop involving p38MAPK and extracellular Ca2+ entry in HMC-1 
cells. (A) HMC-1 cells preloaded with Fura2-AM were incubated with several kinds of inhibitors. The cells 
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were activated by C5a or C5a/RP S19. The fluorescent intensity is expressed as a percent ratio of that 
observed without the inhibitor (n=4). (B) HMC-1 cells pre-incubated with inhibitor were collected at several 
time points after stimulation with C5a/RP S19. ERK and p38MAPK phosphorylation was detected by 
western blot. (C) HMC-1 cells preloaded with Fura2-AM were activated by C5a, C5a/RP S19, or fMLP in 
the presence of various concentrations of MgCl2. (D) HMC-1 cells were stimulated with C5a/RP S19 in the 
presence or absence of 2.5 mM MgCl2. Akt and MAPK phosphorylation was detected by western blot (n=4). 
The relative rate of phosphorylated protein to the total protein is expressed in percent.  

Fig. 7. Effect of extracellular Ca2+ entry via TRP. (A, D) HMC-1 cells pre-treated with several kinds of 
inhibitors were activated by 10-8 M C5a (white columns) or 10-7 M C5a/RP S19 (black columns) in the 
chemotaxis chamber or 1.5 ml tubes, respectively. (B, E) HMC-1 cells in Ca2+ medium or in Ca2+-free 
medium were activated by various concentrations of C5a (white columns) or C5a/RP S19 (black columns). 
(C, F) HMC-1 cells were activated by C5a (white columns), C5a/RP S19 (black columns), or fMLP (hatched 
columns) in the presence of various concentrations of MgCl2. Results were expressed as the percent ratio of 
the number of migrated HMC-1 cells and or the amount of histamine released compared to untreated cells. 
Data is expressed as mean ± SD (n=4). 

Fig. 8. Schematic representation of different C5aR-mediated Gi protein-dependent PI3K pathways in HMC-1 
cells. (A) The Gi protein-dependent canonical PI3K pathway in C5a-C5aR interaction. The PI3K activation 
is amplified by the positive feedback loop between PI3R and CRAC. (B) The Gi protein-dependent 
alternative PI3K pathway in the RP S19 dimer-C5aR interaction. The PI3K activation is amplified by the 
positive feedback loop between p38MAPK and TRPM. 
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Supplemental Fig. 2. C5aR agonist-induced effect of C5a/RP S19 on guinea pig abdomen mast cells. (A),
In addition to C5a (white circles), an agonistic effect of C5a/RP S19 (black circles) was observed in 
chemotaxis assays. (B), In the competitive experiment, resident mast cells were stimulated with C5a in the 
simultaneous presence (black columns) or absence (white columns) of various concentrations of C5a/RP 
S19. Results were expressed the number of migrated cells. Data is expressed as mean ± SD (n=4). P
values of less than 0.05 between C5a with and without C5a/RPS19 were considered to indicate statistical 
significance (P<0.05: *, P<0.01: **) 
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Supplemental Fig. 3. HMC-1 cells were collected at various time points after stimulation with C5a (white 
columns), C5a/RP S19 (black columns), or a mixture (hatched columns) (see Fig. 3B). Akt and ERK 
phosphorylation were detected by western blot. Data is expressed as mean ± SD (n=4). P values less than 
0.05 were considered to indicate statistical significance (P<0.01: **). 
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Figure 6
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Figure 7

P
er

ce
n

t 
of

 c
h

em
ot

ax
is

 (
%

)

0

20

40

60

80

100
C

on
t

2-
APB

A
C

A
PD

98
05

9
SB

20
35

80 PTX

R
ut

he
ni

um
 R

ed

A C

Concentrations ( 10X M)
C5a/RP S19 fMLPC5a

-9 -8 -7

100

80

60

40

20

0 -9 -8 -7 -9 -8 -7

P
er

ce
n

t 
of

 c
h

em
ot

ax
is

 (
%

)

P
er

ce
n

t 
of

 c
h

em
ot

ax
is

 (
%

)

0

20

40

60

80

100

Concentrations (10X M)

C5a C5a/RP S19
-9 -8 -7 -9 -8 -7

B
P

er
ce

n
t 

of
 h

is
ta

m
in

e 
re

le
as

e 
(%

)

0

20

40

60

80

100

C
on

t

2-
APB

A
C

A
PD

98
05

9
SB

20
35

80
PTX

R
ut

he
ni

um
 R

ed

D
P

er
ce

n
t 

of
 h

is
ta

m
in

e 
re

le
as

e 
(%

)

0

100

E

Concentrations (10X M)

C5a C5a/RP S19
-9 -8 -7 -9 -8 -7

F

Concentrations ( 10X M)

C5a/RP S19 fMLPC5a
-9 -8 -7

P
er

ce
n

t 
of

 h
is

ta
m

in
e 

re
le

as
e 

(%
)

-9 -8 -7 -9 -8 -7

C5a: 10-8 M
C5a/RP S19: 10-7 M Concentration of MgCl2 (mM)

0 mM
1 mM
2.5 mM

Ca2+ free medium
Ca2+ medium

C5a: 10-8 M
C5a/RP S19: 10-7 M Concentration of MgCl2 (mM)

0 mM
1 mM
2.5 mM

Ca2+ free medium
Ca2+ medium

20

40

60

80

0

100

20

40

60

80

>**
<**

**

**
**

**

**

**

**

**
**

>**

<**

<**

<**



Figure 8
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