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C4a: An Anaphylatoxin in Name Only
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Abstract
Activation of complement leads to generation of the 3 ana-
phylatoxins C3a, C4a, and C5a. Although all 3 peptides are
structurally similar, only C3a and C5a share a similar func-
tional profile that includes the classic inflammatory activities
and, more recently, developmental homing and regenera-
tive properties among others. In contrast, the functional pro-
file of C4ais questionable in most cases owing to contamina-
tion of C4a preparations with physiologically relevant levels
of C3a and/or C5a. Combined with the absence of an identi-
fied C4a receptor and the inability of C4a to signal through
the C3a and C5a receptors, it is clear that C4a should not be
included in the family of complement anaphylatoxins.

©2015 S. Karger AG, Basel

The complement system is composed of over 40 solu-
ble proteins and membrane receptors and is well known
for its role in initiating and modulating innate and adap-
tive immune responses to a wide variety of pathogens. In
the last 10-20 years it has become clear that complement
also contributes to many facets of biology well beyond
pathogen elimination. For example, it is now established
that several complement components are critical in tis-
sue turnover, the development of bone and cartilage, liv-
er regeneration, and homing of hematopoietic stem cells

and neural progenitor cells [reviewed in 1-4]. Further-
more, recent studies have demonstrated that 2 central
components of the complement system, i.e. C3 and C5,
are important in limb and eye regeneration after injury
[5], while C1, C3, and the complement receptor type 3
contribute to synaptic pruning in development and dis-
ease [6]. Complement even exerts psychopharmacologi-
cal control on eating and drinking behavior based on
studies in rodents [7-12]. C3a and C5a, 2 polypeptides
derived from proteolytic cleavage of C3 and C5, respec-
tively, mediate a significant number of the biological ac-
tivities listed above. Collectively, C3a and C5a, along
with C4a, a third polypeptide derived from cleavage of
C4, are known as anaphylatoxins because of their ability
to induce a variety of inflammatory responses which can
be as severe as type I hypersensitivity allergic responses
[3, 13]. Although all 3 proteins are labeled anaphylatox-
ins, there is remarkably little evidence to support a role
for C4a in this capacity. In this review, the case for re-
moving C4a from the list of complement anaphylatoxins
is made based on its limited range of biological activities
and the absence of a specific C4a receptor to mediate
these functions.

The Anaphylatoxins

Structure

The complement anaphylatoxins are derived from
cleavage of the a-chain of C3, C4, or C5 on activation of
complement through the classic, lectin, alternative, or
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Table 1. Complement anaphylatoxin functions

Function C3a C4a Cb5a Reference
Defined receptor + - + 3,4,29-31
Chemotaxis + ? + 3,4,13,32,33
Smooth-muscle contraction + ? 3,4,13,34
Vascular permeability + ? + 34, 35
Myeloid cell activation + - + 3,4,13,36
Platelet activation + - + 3,4,13,37,38
CD4/CD8 and y8 T cell modulation + - + 39-44
Induction of acute phase response (cytokine production) + - + 3,4,13,45
Developmental homing + - + 46-49
Regeneration + - + 1, 2,50, 51
Antimicrobial + - 27,52-54
Cross-desensitization ? 55, 56
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Fig. 1. Schematic of the polypeptide structure of human C3, C4,
and C5.a C3 and C5 are composed of an a- and a f-chain that have
inter- and intrachain disulfide bridges. C3a and C5a are derived by
cleavage of the amino-terminal end of the a-chain by C3/C5 con-
vertases, activated coagulation proteases including thrombin, plas-
min, and factors IX through XI, and by bacterial enzymes. b C4 is
composed of 3 polypeptide chains (a, B, and y) which also have
inter- and intrachain disulfide bridges. C4a is derived by cleavage
of the amino-terminal end of the a-chain by activated C1 on acti-
vation of the classical, or by activated mannose binding protein on
activation of the lectin pathway. The triangle indicates the relative
position of the thioester bond found in the a-chain of C3 and C4.

extrinsic protease pathways or by one of several bacte-
rial enzymes [reviewed in 3] (fig. 1). The 3 proteins have
a molecular weight of approximately 9 kD and range in
size from 74 to 77 amino acids. C5a is posttranslation-
ally modified with a single complex carbohydrate chain
attached through an N-linked glycosidic bond to aspar-
agine residue 64 [14], while C3a and C4a have no car-

334 J Innate Immun 2015;7:333-339

DOI: 10.1159/000371423

Color version available online

bohydrate side chains and lack the classic Asn-X-Ser/
Thr glycosylation site motif. Despite similar biological
functions, particularly for C3a and C5a (discussed be-
low), there is limited sequence homology between the
human anaphylatoxins. All 3 proteins have 6 invariant
cysteine residues that give rise to a 4-helix core gener-
ated by 3 disulfide linkages [15-17], a limited number
of conserved residue substitutions, and a carboxy-ter-
minal arginine residue [14, 18, 19]. The sequence ho-
mology of the anaphylatoxins is high between species
(as much as 70%) [3, 20-22], but it is considerably low-
er between the human proteins. For example, human
C3a shares only 29 and 34% identity with C4a and C5a,
respectively, a level of homology comparable to that be-
tween the entire coding sequence of C3, C4, and C5
[23]. The proteins share higher-order structural fea-
tures, including backbone architecture, 4 antiparallel
helices, and an overall compact globular shape, while
the amino- and carboxy-terminal regions have no or-
dered conformation [24-28].

Function

Despite the structural similarity between the comple-
ment anaphylatoxins, the functional profile of these pro-
teins is dramatically different with respect to C4a. As out-
lined in table 1, C3a and C5a share an amazing array of
diverse functional properties that includes modulation of
the innate and adaptive immune response, cell homing,
and tissue regeneration. In contrast, C4a mediates almost
none of these functions and, in those cases where a func-
tional overlap is reported, closer inspection of the data
suggests a significant weakness in the studies. The funda-
mental problem in most cases is the purity of the C4a
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preparations. For example, the initial studies identifying
C4a as an anaphylatoxin were performed using human
C4a in a guinea pig ileum contraction assay. C4a could
induce ileum smooth muscle contraction but at concen-
trations ~100-fold higher than those used for C3a [34].
Furthermore, C4a induced erythema and wheal forma-
tion upon injection into the skin of human volunteers,
but again concentrations several orders of magnitude
higher were required to elicit the same response via injec-
tion of C3a and C5a. The C4a preparations used in these
studies were contaminated with physiologically relevant
levels of C3a (0.002%) and C5a (0.006%), suggesting that
the biological activity attributed to C4a was in fact due
almost entirely to C3a/Cb5a [34]. Given that C3a and C5a
are functional in the nanogram range, this level of con-
tamination (due most likely to the biochemical prepara-
tory methods employed) would be sufficient to induce the
reported biological responses. A subsequent study exam-
ining the ability of the anaphylatoxins to cross-desensi-
tize guinea pig platelets revealed that C4a had only 3% of
the activity of C3a on a molar basis [38]. Given that the
C4 used in the study was prepared in exactly the same way
as in the study of Gorski et al. [34], it is clear that C3a and
C5a contamination complicates the interpretation of the
reported results. More recently it was reported that C4a
induced Ca** mobilization in guinea pig macrophages
and that these cells were still sensitive to C3a-mediated
Ca** mobilization, suggesting that C4a has its own recep-
tor [56]. The authors did not, however, assess for trace
amounts of C3a and C5a in the C4a used in the study,
which had been prepared using a method similar to that
of Gorski et al. [34], raising concerns about the purity of
C4a and the validity of the data. In a study using recom-
binant C4a and C5a (thus overcoming the contamination
issue), the ability of C4a to inhibit C5a-mediated neointi-
ma injury was assessed [55]. Coinfusion of C4a and C5a
resulted in reduced neointima formation relative to infu-
sion of C5a alone. However, interpretation of the data is
complicated by the fact that dose-response experiments
were not performed and the amount of both anaphylatox-
ins administered to mice was exceedingly high (0.1 mM)
relative to physiological levels. Finally, in a study propos-
ing a new function for C4a, the ability to inhibit blood
monocyte chemotaxis, possible C3a/C5a contamination,
and the ill-defined components of zymosan-activated se-
rum significantly weakened the interpretation of the re-
sults [32].

For many of the biological activities listed in table 1,
such as developmental homing or tissue regeneration,
C4a has yet to be assessed relative to C3a and C5a. Thus

C4a Anaphylatoxin

it cannot be ruled out that C4a shares no functional over-
lap with the other anaphylatoxins. In fact, C4a and C3a
both share antimicrobial activity toward Gram-negative
and Gram-positive bacteria based on studies using puri-
fied proteins and 20-mer peptides derived from the se-
quence of various regions of both peptides [27, 53]. It
should be noted however, that C3a/C4a antimicrobial ac-
tivity is receptor independent, relying instead on the
overall net charge, percentage of hydrophobic amino ac-
ids, and degree of amphipathicity of the peptides [57].
Nevertheless, it is striking that the C4a biological activity
is so limited relative to that of C3a and C5a. Although it
is possible that C4a contributes to C3a/C5a-mediated im-
mune functions, until more rigorous studies are per-
formed, the in vitro and in vivo data to date fails to sup-
port its moniker as an anaphylatoxin.

The Anaphylatoxin Receptors

Perhaps the most compelling argument that C4a is not
an anaphylatoxin is the absence of an identified C4a-spe-
cific receptor and the inability of C4a to effectively signal
through any known human receptor. To date, a single
C3aR and 2 C5aR (C5aR1 and C5aR2) have been charac-
terized in humans and many other species (fig. 2) [30, 31,
58-60], all of which are members of the large G-protein-
coupled receptor family (GPCR) [61, 62]. The C3a and
C5a receptors are part of a subgroup of receptors that in-
cludes the N-formyl-methionyl receptors and several re-
lated orphan receptors. There is no indication that any of
the orphan GPCR serves as a C4a receptor. In fact, the
branching pattern and evolutionary distance argues
against C4a as aligand for these receptors [62]. Could C4a
bind and signal through other GPCR family members
outside the complement anaphylatoxin and FMLP sub-
group, particularly within the peptide receptor subgroup-
ings? It seems unlikely since many of these receptors bind
small molecules such as nucleotides, lipids, biogenic
amines, cyclic peptides, and glutamate. Of the remaining
peptide receptor subgroups, most of the members bind
smaller peptides with conformational features markedly
different from that of C4a [62].

The complement anaphylatoxin receptors bind their
respective ligands with a low nanomolar affinity [30, 31,
58], with the exception of no binding between C3adesArg
and the C3aR [63, 64] and a low affinity binding between
C5a-desArg and C5aR1 (see fig. 2). Neither C3a nor C5a
serves as an effective agonist in cross-desensitization as-
says, a finding supported by studies mapping distinct
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Ligand | Affinity
C3a ++++
C3a desArg -
C4a +/—
C5a -
C5a desArg -

C4aR

Ligand | Affinity
C3a -
C3a desArg -
C4da ?
C5a ++++ *
C5a desArg |++++/+ **

Fig. 2. Schematic of the human complement anaphylatoxin recep-
tor structure. A schematic structure of the human C3a and C5 re-
ceptors is shown. Both receptors are G protein-coupled, 7-mem-
brane-spanning family members. Each transmembrane domain is
numbered. The C3aR is unique among GPCRs due to the unusu-
ally large extracellular loop between transmembrane domains 4

ligand:receptor binding sites for both peptides [65-70].
C4a weakly binds the human C3aR when present in mi-
cromolar amounts but does not induce calcium mobili-
zation, indicating that a functional C4aR must be dis-
tinct from the C3aR [29, 71]. Interestingly, human C4a
binds the guinea pig C3aR and induces calcium mobili-
zation in in vitro assays when used in micromolar
amounts [71]. This latter finding raises evolutionary
questions regarding C4a. Does C4a in lower species pref-
erentially signal through the C3a or C5a receptors? Per-
haps signaling through the C4aR was functionally re-
dundant and the receptor was selected against over time.
Studies designed to address these and other questions
are feasible and may shed light on evolutionary diver-
gence of the anaphylatoxin receptors and their ligand
interactions.

Conclusions and Perspectives

The anaphylactic activity of complement was initially
postulated over 100 years ago [72], and subsequent stud-
ies in passive cutaneous anaphylaxis directly demonstrat-
ed a role for complement but did not implicate the com-
plement anaphylatoxins as we know them today [73, 74,
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and 5. The as yet unidentified C4a receptor is shown as partially
transparent in the center panel. Shown below the C3aR and C5aR
are the relative binding affinities for their known ligands. * The af-
finity of C5a for both C5aR is in the low nanomolar range. ** The
affinity for C5a desArg for C5aR1 is in the low nanomolar range,
while the affinity for C5aR2 is in the micromolar range.

75]. In the late sixties, multiple groups independently
documented the isolation and functional activity of C3a
and Cba using purified complement proteins [76-78].
Since that time, C3a and C5a have been shown to contrib-
ute to a broad array of biological functions well beyond
that of their classical role as anaphylatoxins inducing
smooth muscle contraction, wheal and flare reactions, or
platelet activation. Expression of the receptors for C3a
and C5a on nearly all cells types provides broad support
for these newly described biological activities [reviewed
in 4]. From an evolutionary point of view, the C3a and
C5a receptors have integrated anaphylatoxin-mediated
control of adaptive immune responses at the level of the
bony fishes since these receptors have been conserved in
teleost fish for over 300 million years [79, 80]. The control
of other biological functions by C3a and C5a in organ-
isms phylogenetically simpler than the teleost fish re-
mains to be established. In contrast, C4a appears to be the
dunsel of the complement anaphylatoxin family. It fails
to meet the minimum expectations for a classic comple-
ment anaphylatoxin and has yet to be shown to contrib-
ute to adaptive immune responses or any of the more re-
cently described developmental or regenerative activities
of C3a and C5a. The absence of a C4a receptor, coupled
with the inability to bind and signal effectively through

Barnum

Color version available online


http://dx.doi.org/10.1159%2F000371423

the C3aR and C5aR, suggests that the primary function of
C4a is to serve as the ‘pro’ portion of C4, stabilizing C4
and its thioester bond until the classical or lectin path-
ways are activated. Until C4a is shown to contribute to

immune responses, it should not be considered an ana-

phylatoxin and, as suggested by Klos et al. [4] it may make

more sense to eliminate the term anaphylatoxin altogeth-
er given their broad functional array.
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