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C4a is a small protein released from complement component C4
upon activation of the complement system’s classical and lectin
pathways, which are important constituents of innate immune surveillance. Despite the structural similarity between C4a and welldescribed anaphylatoxins C3a and C5a, the binding partner and
biological function of C4a have remained elusive. Using a cell-based
reporter assay, we screened C4a against a panel of both known and
orphan G protein-coupled receptors and now provide evidence that
C4a is a ligand for protease-activated receptor (PAR)1 and PAR4.
Whereas C4a showed no activity toward known anaphylatoxin receptors, it acted as an agonist for both PAR1 and PAR4 with nanomolar activity. In human endothelial cells, ERK activation by C4a was
mediated through both PAR1 and PAR4 in a Gαi-independent signaling pathway. Like other PAR1 activators, C4a induced calcium mobilization through the PAR1/Gαq/PLCβ signaling axis. Moreover, C4a
increased stress fiber formation and enhanced endothelial permeability, both of which were reduced by PAR1 antagonists. In sum,
our study identifies C4a as an untethered agonist for PAR1 and
PAR4 with effects on cellular activation and endothelial permeability,
thereby revealing another instance of cross-talk between the complement system and other host defense pathways.
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he host defense relies on a tight interplay and extensive crosstalk between innate immune pathways such as the complement system, the contact and coagulation cascades, and cellular
components, including platelets and endothelial cells (ECs).
Although typically conferring protection from microbial intruders and accumulating debris, host defense systems can
contribute to various thromboinflammatory, acute-phase, and agerelated disorders if inappropriately triggered (1). Complement
plays a key role in these processes by sensing pathogen- and
damage-associated molecular patterns and initiating a cascade
that facilitates the elimination of invading cells via phagocytosis
and lytic damage and releasing inflammatory mediators to propagate danger signaling (1, 2). The anaphylatoxins C3a and C5a,
which are released upon activation of complement components
C3 and C5, respectively, are among the most potent complementderived effectors that exert a number of well-described functions
through binding to the anaphylatoxin receptors C3aR, C5aR1,
and/or C5aR2 (3).
Although complement activation through the classical and
lectin pathways leads to the release of an ∼10-kDa protein from
component C4, termed C4a, that shares high homology with the
anaphylatoxins, the receptor and biological functions of this activation fragment have thus far remained elusive (4). Previously,
C4a had been reported to inhibit C3a-induced O2·− generation in
guinea pig macrophages, induce contraction of guinea pig ileum,
and produce immediate erythema/edema when injected into
human skin (5, 6). Whereas its ability to desensitize the action of
C3a-induced contraction of guinea pig ileum suggested a function for C4a closely related to C3a (5), it was later shown that
human C4a may act as a potent agonist of the guinea pig C3aR
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but not the human receptor (7). It has to be noted that these early
studies were typically performed with plasma-purified C4a, which
may have contained small but physiologically relevant amounts of
other anaphylatoxins. Recent studies using recombinant human
C4a have shown that the protein can inhibit C3a- or C5a-mediated
chemoattractant and secretagogue functions in mast cells, impair
C5a-induced neointima formation, and protect against hyperoxic
lung injury via a macrophage-dependent signaling pathway (8–10).
Whereas these results may indicate a potential competition of C4a
for the anaphylatoxin receptors, direct binding could not be confirmed to any of the receptors. Several studies have suggested that
the receptor for C4a is distinct from C3aR, C5aR1, or C5aR2 (6, 7,
11) but no suitable candidate has been identified.
Nevertheless, the strong homology of C4a to C3a and C5a,
which both bind G protein (C3aR, C5aR1)- or β-arrestin (C5aR2)coupled seven transmembrane receptors (11, 12), renders this class
of receptors a likely target for C4a. Indeed, a recent study has
demonstrated that C4a can decrease intracellular cAMP levels by
acting on Gi protein-coupled pathways (9). Thus, we hypothesized
that the biological function of C4a is not mediated through anaphylatoxin receptors, but instead through a hitherto-unidentified G
protein-coupled receptor (GPCR). To test this hypothesis, we used
a GPCR reporter assay, which revealed that C4a is a specific ligand
for protease-activated receptors 1 and 4 (PAR1 and PAR4, respectively). These receptors exert various functions on platelets and
ECs, among others, and are traditionally activated by cleavage of a
tethered ligand by proteases such as thrombin (13). In the case of
C4a, however, PAR1/PAR4 activation appeared to be mediated by
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Fig. 1. C4a is a putative agonist for protease-activated receptors (PAR)1 and
PAR4. Screening of the gpcrMAX panel in agonist mode reveals that
PAR1 and PAR4 meet the selective criteria as putative targets for C4a. Dash line
represents 30% of activation. The data represent the mean ± SD of duplicate
samples.
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Fig. 2. C4a acts as an agonist for PAR1 and PAR4. CHO-K1 cells expressing
either PAR1 or PAR4 were seeded in a 96-well plate and stimulated with
PAR1 agonist TFLLR-NH2, PAR4 agonist AY-NH2, human C4a, C3a, or C5a. After
stimulation, the chemiluminescent signal was detected. Culture medium alone
was used as a control. (A) C4a and PAR1 agonist TFLLR-NH2 dose-dependently
activate PAR1. (B) PAR1 antagonist RWJ56110 dose-dependently inhibits C4ainduced PAR1 activation. (C) C4a and PAR4 agonist AY-NH2 dose-dependently
activate PAR4. (D) PAR4 antagonist tcY-NH2 has no effect on C4a-induced
PAR4 activation. The data are expressed as fold change compared with control
or relative light unit (RLU) and represent the mean ± SE of three independent
experiments.

PAR1 and that it may bind to a region in PAR1 distinct from
that of TFLLR-NH2.
In the PAR4 assay, both C4a and the PAR4-active peptide AYNH2 dose-dependently activated PAR4-expressing CHO-K1 cells,
whereas neither C3a or C5a nor the PAR1 activator TFLLR-NH2
generated an elevated signal compared with the vehicle control.
With an EC50 of 0.6 μM, C4a showed a PAR4-activating potential
10 times stronger than that of AY-NH2 (EC50 = 6.5 μM) (Fig. 2C).
In contrast to the PAR1 results, the signal intensity of C4a in the
PAR4 assay reached levels comparable to those of the control
agonist, thereby indicating purely agonistic activity of C4a for
PAR4. Interestingly, the PAR4 antagonist tcY-NH2 did not inhibit
C4a-triggered PAR4 activation (Fig. 2D), suggesting that the
binding areas or activation modes of C4a and AY-NH2 are distinct.
Taken together, our results provide the evidence that C4a is a
nontraditional, complement-derived agonist for PAR1 and PAR4.
In the case of C3a and C5a, a C-terminal region comprising some
20 amino acid residues has been reported to be essential for the
activation of C3aR and C5aR1, respectively (15, 16). To determine
whether the C terminus of C4a is similarly relevant for the activation
of PAR1 or PAR4, we synthesized the corresponding 20-amino
acid C-terminal peptide of C4a (C4a-CT20) and tested its agonistic
activity. Even at extended concentration ranges (100–300 μM),
C4a-CT20 did not elicit any significant PAR1 or PAR4 activation,
indicating that the C terminus of C4a does not contain the major
area of activity (Fig. S2). Moreover, C4a-desArg (missing the
C-terminal arginine) dose-dependently activated both PAR1 and
PAR4 (Fig. S2), but with less efficacy than did C4a. When
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suggested that human C4a transduces signaling through a hitherto
unknown receptor, likely of the GPCR superfamily, to exert its
proposed biological functions (6, 7, 9, 11). In an attempt to identify potential C4a-reactive GPCR proteins, we screened plasmaderived human C4a in a cell-based assay comprising a panel of
168 known (gpcrMAX) and 73 orphan (orphanMAX) human
GPCRs. This assay employs engineered GPCR-expressing cell lines
and a reporter system based on β-arrestin recruitment and enzyme
fragment complementation to monitor agonistic or antagonistic
activities (14) (Fig. S1A). In agonist mode, screening of the
gpcrMAX panel revealed two GPCRs that met the selectivity
criteria as putative targets for C4a (Fig. 1 and Table S1): PAR1
(F2R) and PAR4 (F2RL3). We chose a screening concentration of 600 nM C4a, which corresponds to an activation of
∼20% of the total plasma pool of complement component C4.
At this concentration, C4a was able to induce 53% and 97% of
the maximal control ligand response for PAR1 and PAR4, respectively. Importantly, C4a did not elicit any activation of the
anaphylatoxin receptors (C3aR, C5aR1, and C5aR2) or other
members of the PAR family (PAR2 and PAR3), confirming
that it is a specific ligand for PAR1 and PAR4. No antagonistic
activity (Fig. S1B and Table S2) or orphan GPCR activation
(Fig. S1C and Table S3) for C4a was detected.
To confirm and quantitate the agonist activity of C4a, we subjected CHO-K1 cells expressing either human PAR1 or PAR4 to a
concentration series of C4a and other anaphylatoxins, using the
same β-arrestin reporter function as used for our screening. In the
PAR1 assay, C4a dose-dependently activated cells with an EC50 of
0.8 μM, well below the analogous value for the known PAR1activating peptide TFLLR-NH2 (EC50 = 5 μM). Neither human
C3a or C5a nor the PAR4 activator AY-NH2 had an effect on
PAR1 activation (Fig. 2A). Interestingly, the signal intensity of
PAR1 activation induced by C4a became saturated at significantly
lower levels than those induced by PAR1-activating TFLLR-NH2,
suggesting that C4a may act as a partial agonist for PAR1. Furthermore, the potent PAR1 antagonist RWJ56110 dose-dependently
decreased C4a-induced PAR1 activation, showing a noncompetitive
pattern (Fig. 2B). These results confirm that C4a can activate
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Fig. 3. On CHO-K1 cells expressing either PAR1 or PAR4, recombinant human
C4a colocalizes with the corresponding receptor. His6-C4a (red, anti-6His Ab)
colocalizes with PAR1 (A; green, anti-PAR1 Ab) or PAR4 (B; green, anti-PAR4 Ab)
on CHO-K1 cells expressing PAR1 or PAR4, respectively, but does not bind to
wild-type CHO-K1 cells (Fig. S4A). The experiment was performed three times
with similar results, and one representative experiment is shown.

compared to the critical role of the C-terminal arginine in anaphylatoxin activity (17, 18), the C terminus of C4a appeared to be
involved in, but not essential to, C4a’s effects on PAR1 and PAR4.
C4a Colocalizes with PAR1 and PAR4 in CHO-K1 Cells Expressing PAR1 or
PAR4. To confirm receptor binding on cells, we looked for colocali-

zation of C4a with PAR1 and PAR4 on CHO-K1 cells that express
either receptor (Fig. S3 A and B). For this purpose, we expressed
recombinant human C4a carrying a 6His-tag at its N terminus (Fig.
S3 C and D). Colocalization experiments were performed using
confocal microscopy to monitor the association of C4a-6His with
PAR1 or PAR4 at the plasma membrane in either PAR1- or PAR4expressing CHO-K1 cells. After incubating 300 nM 6His-C4a (red)
with each cell line for 10 min, we observed colocalization of C4a with
PAR1 or PAR4 (green) at the plasma membrane (Fig. 3). No
binding of 6His-C4a was detected on wild-type CHO-K1 cells (Fig.
S4A). A similar colocalization pattern was observed in the human
EC line HMEC-1 (Fig. S4 B and C). Although not a proof of direct
binding, our combined results strongly indicate that C4a binds to
PAR1 and PAR4 and exerts partial (PAR1) or full (PAR4) agonistic activity. In contrast to traditional activators such as thrombin
that cleave a tethered ligand at the PAR’s N terminus (13), C4a
appears to bind directly to the active sites of the two receptors.
C4a Induces ERK1/2 Activation in Human Endothelial Cells Through
Gαi-Independent Signaling. We then asked whether the nontypical

receptor interaction of C4a invokes the same intracellular signaling
pathways as do the tethered ligands. Upon their proteolytic
cleavage by an activator such as thrombin and induction of G
protein-mediated signaling, the activated extracellular signal-regulated kinase 1/2 (ERK1/2) translocates to the nucleus and activates
nuclear transcription factors that participate in gene transcription,
cell proliferation, and differentiation (19, 20). We used human
EC-type cell lines to examine whether C4a-mediated stimulation of
10950 | www.pnas.org/cgi/doi/10.1073/pnas.1707364114

PAR1 or PAR4 would similarly trigger ERK1/2 activation. Indeed,
C4a dose- and time-dependently increased ERK1/2 phosphorylation
in HMEC-1 (Fig. 4A and Fig. S5A). Pretreatment of ECs with the
specific PAR1 antagonist RWJ56110 (10 μM, 30 min) significantly
decreased C4a-induced ERK1/2 phosphorylation, whereas no significant effect was observed after pretreatment with pertussis toxin
(PTX, 300 ng/mL for 10 h), which is known to inhibit Gαi proteininduced signaling (21) (Fig. 4B). A comparable result was obtained
in the hybrid cell line EA.hy926 (i.e., a fusion of HUVEC and
A549 lung adenocarcinoma cells), which is commonly used as an
EC-related model (Fig. S5B).
Controversy exists as to whether functionally active PAR4 is
expressed on ECs (22–25). To address this question, we used
the selective PAR4 agonist AY-NH2 to treat HMEC-1 and
EA.hy926 cells, then analyzed phosphorylated ERK to determine
whether functional PAR4 was expressed. We observed that AYNH2 caused significant ERK activation (Figs. S5C and S6A), suggesting that functional PAR4 was expressed on the EA.hy926 and
HMEC-1 cell lines. Pretreatment with the PAR4 antagonist
tcY-NH2 (300 μM, 30 min) did not inhibit either C4a-induced
PAR4 activation in CHO-K1–PAR4 cells or ERK phosphorylation (Figs. 2D and 4B), suggesting that C4a binds to a motif in
PAR4 distinct from that for tcY-NH2. To confirm this hypothesis, we
pretreated HMEC-1 cells with a blocking PAR4 antibody (26)
and examined C4a-induced ERK phosphorylation. In contrast to
tcY-NH2, anti-PAR4 significantly decreased C4a-induced ERK
phosphorylation, indicating that C4a also mediates ERK activation
via PAR4 through a mode distinct from known ligands (Fig. S6B).
To further elucidate the role of PAR1 or PAR4 in C4a-induced
ERK activation, HMEC-1 cells were pretreated with the PAR1
antagonist RWJ56110, anti-PAR4, or a combination of both. The
results revealed that inhibition of both PAR1 and PAR4 could
completely inhibit the effects of C4a, suggesting that PAR1 and
PAR4 are both involved in C4a-mediated ERK activation in ECs
(Fig. S6C). Taken together, our data reveal that C4a activity on
PAR1 and PAR4 induces ERK phosphorylation in human ECs
through a Gαi-independent signaling pathway.
C4a Triggers Calcium Mobilization Through a Gαq-Coupled, PLCβ-Dependent
Signaling Pathway. PAR1 has been reported to be activated by

thrombin or the PAR1 agonist TFLLR-NH2 through Gαq activation,
which increases the concentration of intracellular calcium {i.e.,
[Ca2+]i} (27–29). Given the ability of C4a to act as a PAR1 agonist,
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C4a Increases Endothelial Permeability Through the PAR1 Signaling
Pathway. Increased endothelial permeability is the hallmark of

inflammatory vascular edema, and PAR1 has been identified as
a major mediator in this context (30). GPCR stimulation by
inflammatory mediators affects endothelial permeability via
an increase of [Ca2+]i, which activates signaling pathways that
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Fig. 5. C4a increases [Ca ]i and endothelial permeability via PAR1 activation.
(A) C4a dose-dependently increases [Ca2+]i in HMEC-1 cells. The data are
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mediate cytoskeletal reorganization through myosin light chaindependent contraction and disassembly of VE-cadherin at adherent junctions (31). Given our observation that C4a-mediated
activation of PAR1 caused an elevation in [Ca2+]i, we hypothesized that C4a might increase endothelial permeability by activating PAR1. Using EA.hy926 and HMEC-1 cell lines, which are
frequently used for assessing endothelial permeability (32, 33),
we found that C4a dose-dependently increased permeability.
Pretreatment of either cell line with the PAR1 antagonist
RWJ56110 significantly inhibited this effect (Fig. 5D and Fig.
S7A), indicating that PAR1 activation is indeed involved in C4ainduced endothelial permeability. Since permeability changes are
linked to alterations in the endothelial actin cytoskeleton (34),
we examined actin organization in EA.hy926 and HMEC-1 cells
after C4a treatment (300 nM). Under basal conditions, actin
was arranged in a fine reticular pattern, with some localized at
the cell periphery. C4a treatment caused a significantly higher
formation of actin stress fibers in human ECs, which could
be significantly inhibited by pretreatment with the PAR1 antagonist RWJ56110 (10 μM, 30 min) (Fig. 5E and Fig. S7B).
Taken together, our data indicate that C4a increases endothelial permeability via PAR1-mediated signaling affecting
the actin cytoskeleton.
Discussion
In this study, we deorphanize the complement effector protein
C4a by providing direct evidence that this C4 activation fragment
acts as an untethered ligand for PAR1 and PAR4. Our findings
thereby resolve long-standing questions as to whether and how
C4a transduces signaling and generates biological functions. The
connection we have observed between C4a, PAR1/4 activation,
and EC permeability adds important insights to our rapidly
emerging knowledge concerning the interplay between the
complement, coagulation, and endothelial barrier systems in host
defense and inflammation (35).
Although it has long been speculated that C4a possesses
GPCR activity, by analogy to the orthologous anaphylatoxins
C3a and C5a, such an effector pathway can now be corroborated.
Based on the hypothesis that C4a acts on a hitherto-unidentified
GPCR, we screened C4a against 168 known and 73 orphan human GPCR in a uniform cell-based reporter assay. Despite
earlier yet unconfirmed or disputed claims that C4a acts on
C3aR or C5aR2 (5–7, 11, 36), our assays did not reveal any
significant agonistic or antagonistic activity for these GPCRs, nor
for the remaining anaphylatoxin receptor C5aR1, at a concentration of 600 nM. This therefore supports previous conclusions
that C4a should not be regarded as an anaphylatoxin in the classical
sense (3, 4). Importantly, however, the assay results suggest that C4a
may nevertheless display effector activity, since they identified the
two related receptors PAR1 and PAR4, but not the other members
of the PAR family (i.e., PAR2 and PAR3), as putative targets for
C4a (Fig. 1). Detailed PAR1 or PAR4 activation assays confirmed
that C4a dose-dependently activates PAR1 or PAR4 (Fig. 2 A and
C). Neither C3a nor C5a was able to induce any agonistic activity in
these receptors in the concentration range tested, suggesting that
C4a follows a distinct effector pathway among the orthologous
activation fragments.
While showing an increase in efficacy of >6-fold in the
PAR1 activation assay compared with the known PAR1 agonist
TFLLR-NH2 (EC50 ∼ 0.8 and 5 μM, respectively), the saturation of the C4a signal at ∼50% of the control suggests that C4a
potentially acts as a partial agonist of PAR1 (Fig. 2A). Moreover,
the PAR1 antagonist RWJ56110 inhibited C4a-induced PAR1
activation in a noncompetitive manner, indicating that RWJ56110
influences, but does not block, the binding region for C4a on
PAR1 (Fig. 2B). In contrast, results of our comparison of C4a with
the established agonist AY-NH2 in the PAR4 activation assay
pointed to full agonistic activity of C4a, with a 10-fold stronger
PNAS | October 10, 2017 | vol. 114 | no. 41 | 10951
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we used HMEC-1 cells to measure the change in [Ca2+]i in response
to increasing concentrations of C4a. The assay revealed that C4amediated stimulation induced a significant, concentration-dependent
increase in [Ca2+]i (Fig. 5A). Pretreatment with the PAR1 antagonist
RWJ56110 (10 μM, 30 min) significantly inhibited C4a-induced
[Ca2+]i, indicating an involvement of PAR1 activation in C4amediated calcium mobilization (Fig. 5B). To determine whether this
increase in [Ca2+] i is mediated through Gαq -phospholipase
Cβ (PLCβ)-dependent signaling, we pretreated HMEC-1 cells
with the PLC inhibitor U73122 or its inactive analog U73343. As
expected, only U73122, and not U73343, significantly inhibited the
C4a-mediated [Ca2+]i increase in these cells (Fig. 5C). In sum,
these results indicate that C4a triggers an increase in [Ca2+]i in
human ECs through the PAR1/Gαq/PLCβ signaling axis.

efficacy than that of AY-NH2 (EC50 ∼ 0.6 and 6.5 μM, respectively). Interestingly, C4a-triggered PAR4 activation could not
be inhibited by the PAR4 antagonist tcY-NH2, indicating that
there are distinct binding sites for C4a and AY-NH2 on PAR4
(Fig. 2D). Whereas the key residues defining the C4a-mediated
activities remain to be determined, the protein again appears
to deviate from classical anaphylatoxin behavior, since the
C-terminal region of C4a did not seem to be dominant in defining
signaling activity, in contrast to the case for both C3a and C5a (17,
18). A desarginated form of C4a exerted significant activity,
whereas no stimulation of PAR1 or PAR4 could be achieved with
a synthetic peptide comprising the C terminus of C4a. In summary, our assay data support the finding that C4a acts as a ligand
for PAR1 and PAR4, although they indicate distinct signaling
patterns for the two receptors and a binding mode deviating from
known PAR agonists.
The PAR family of receptors typically follows a unique activation mechanism distinct from that of other GPCRs. Their effectors,
such as thrombin and other proteases, act through cleavage of an
N-terminal fragment of the respective receptor that allows the
shortened terminus to bind the active site as a tethered ligand (37).
Although synthetic peptides derived from the truncated N terminus
can directly activate PAR1 or PAR4 without cleavage of the receptors (13, 38), proteolytic activation of PARs with in situ generation of a tethered ligand is the best-described physiological
route of PAR activation. Since C4a has no known proteolytic activity, C4a-induced activation of both PAR1 and PAR4 appears to
be mediated by direct binding to the GPCR, rather than by formation of a tethered ligand. Indeed, our immunofluorescence
study showed that C4a colocalizes with PAR1 or PAR4 on engineered CHO-K1 cells and on human ECs (Fig. 3 and Fig. S4 B and
C), supporting the hypothesis that C4a acts as an untethered ligand
to activate PAR1 or PAR4.
Despite its different proposed mode of activation, C4a stimulates ERK1/2 phosphorylation in human ECs, as do proteaseactivated, tethered ligands. The PAR1 antagonist RWJ56110,
but not the general Gαi inhibitor PTX, was able to inhibit C4amediated ERK1/2 activation, suggesting that the activation was
strongly mediated by PAR1 through Gαi-independent signaling
(Fig. 4B). Consistent with the observation that C4a-induced
PAR4 activation could not be inhibited by the PAR4 antagonist
tcY-NH2 in the reporter cell assay, tcY-NH2 had no significant
effect on C4a-induced ERK phosphorylation (Fig. 4B and Fig. S5B).
However, a previously described antibody blocking PAR4 activity
was able to impair C4a-mediated ERK activation in ECs, suggesting
that both PAR1 and PAR4 are involved in the C4a-mediated
stimulation of ECs.
As expected, C4a-induced activation of ECs has direct functional consequences, as illustrated by the results of both calcium
mobilization and endothelial permeability assays. We found that
C4a treatment caused a significant calcium influx that could be
substantially inhibited by pretreatment with a PAR1 antagonist
or the PLC inhibitor U73122 (Fig. 5 A–C), confirming that the
C4a-induced increase in [Ca2+]i is mediated through a PAR1/
Gαq/PLCβ signaling axis. Several studies have linked Ca2+
signaling and increased endothelial permeability, and PARs
have previously been found to influence EC permeability (39–41).
Along these lines, our findings revealed that C4a dosedependently increases permeability in ECs and provides mechanistic insights into this effect by showing that C4a induces stress
fiber formation. These effects could be significantly inhibited by
the PAR1 antagonist RWJ56110. Although we focused on the
established PAR1 model due to previous associations, a contribution of PAR4 in these effector functions cannot be excluded
and warrants further investigation.
Previous studies may have been influenced by small amounts
of C3a or C5a present in the plasma-purified C4a preparations
(11). We therefore used several approaches to exclude possible
10952 | www.pnas.org/cgi/doi/10.1073/pnas.1707364114

contaminants from the C4a samples used in this study to avoid
interference with PARs or other receptors: Plasma-purified C4a
used in this study was obtained from a commercial source and
had an attested purity of ≥97% (by SDS/PAGE). The identity of
the protein was confirmed by mass spectrometry, and the C4a
preparations were tested endotoxin-free. In our screening experiments, we found that C4a did not activate anaphylatoxin receptors (C3aR, C5aR1, or C5aR2), allowing us to exclude potential
contamination with C3a and/or C5a (Fig. 2 A and C). While the
presence of thrombin in the C4a preparation could theoretically
contribute to PAR activation, the fact that agonistic activity was
only observed for PAR1 and PAR4 but not for PAR2 and
PAR3 reveals an activity profile distinct from that of thrombin. To
further dismiss a poorly detectable yet functionally significant
contamination with thrombin, we used a thrombin-specific activity
assay based on cleavage of a chromogenic substrate. Whereas
purified thrombin activated the substrate at concentrations as low
as 0.1 nM, the C4a preparation did not show any notable activity
even at a concentration of 3,000 nM (Fig. S8). This assay essentially excludes thrombin contamination in the C4a preparation and
confirms that C4a by itself does not exert thrombin-like enzymatic
activity, but rather acts as a direct nontethered ligand.
Our study provides further evidence of extensive cross-talk
between the complement, coagulation, and endothelial barrier
systems. These systems are considered a first line of defense
against infection and injury (42), and interplay between them is
increasingly considered important (35, 43). For example, C5a has
been reported to induce tissue factor expression on human ECs
(44), and cross-reactivity between serine proteases from the
complement and coagulation systems, including thrombin, has
been described (45). Among these, the reported ability of mannose binding lectin-associated serine protease 1 (MASP-1) to
proteolytically activate PAR4 and modulate EC functions is most
relevant here (24). However, in contrast to C4a, MASP-1 appears to act as a “classical” PAR activator with a preference for
PAR4 (24). Like thrombin, MASP-1 has a relatively broad substrate specificity and can cleave several proteins of the complement and coagulation systems. Among its functions in the lectin
pathway of complement is the activation of MASP-2, which can
subsequently cleave C4 to release C4a (46). It will therefore be
interesting to see whether the MASP-1 and C4a-related mechanisms are independent or act in a coordinated manner.
Profound cross-talk among complement, coagulation, and ECs
is also involved in a variety of pathophysiological processes
contributing to disease (35). Transplantation and atypical hemolytic uremic syndrome are among the most prominent examples (1), but thrombosis occurs in other complement-related
diseases such as systemic lupus erythematosus or rheumatoid
arthritis (47). In many of these conditions, complement activation occurs close to the EC surface and can generate high local
concentrations of anaphylatoxins. Given the high plasma concentration of C4 (∼3 μM), the 0.6 μM C4a used for the initial
GPCR screening corresponds to an activation of 20% or less of
the C4 pool, and significant cell activation was observed at much
lower concentrations in the EC assays. It is therefore reasonable
to assume that PAR1 and/or PAR4 stimulation can occur at
physiologically or pathologically relevant concentrations of C4a,
especially in disorders driven by the classical and/or lectin pathways. It will be interesting to explore whether there is additional
cross-talk between C4a and the anaphylatoxins C3a and C5a, which
are typically liberated alongside C4a during complement activation
and exert functional effects in the low nanomolar range. Even
between the different assays used in this study, the C4a effector
concentrations varied notably, indicating that factors such as receptor density/distribution play a critical role and warrant further
investigation. In this context, it should be noted that PARs are not
only expressed on ECs but also on platelets and leukocytes, among
other cells (20, 48).
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Materials and Methods
GPCR activity was assessed using a PathHunter β-arrestin reporter assay.
Colocalization experiments were performed using recombinant 6His-C4a
and anti-PAR1/4 antibodies in CHO-K1 cells using confocal microscopy.
ERK activation and calcium mobilization in endothelial cells were measured by Western blots and fluorometry, respectively. Endothelial permeability was assessed using an established endothelial cell leakage
assay. Additional information on materials and methods can be found in
SI Materials and Methods.
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INFLAMMATION

Our findings provide important evidence that C4a should indeed be considered a complement-derived effector protein that
acts as an agonist for PAR1 and PAR4, thereby revealing another
important link between the complement, coagulation, and endothelial barrier systems. When compared to previously reported
PAR effectors, C4a appears to act in unique manner as it can
activate PARs in a nonproteolytic, untethered mode. Although
we have primarily focused on EC activation in this study, C4amediated PAR1/4 activation can also affect other cell types, with
implications for immune regulation and thromboinflammatory
disorders. Under what conditions this intriguing cross-talk
mechanism plays a role and whether targeting C4a pharmacologically can confer an advantage in certain diseases both remain to be explored.

