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C3 is the central component of the complement system. Upon activation, C3 sequentially
generates various proteolytic fragments, C3a, C3b, iC3b, C3dg, each of them exposing
novel surfaces, which are sites of interaction with other proteins. C3 and its fragments are
therapeutic targets and markers of complement activation. We report the structural and
functional characterization of four monoclonal antibodies (mAbs) generated by immuniz-
ing C3-deficient mice with a mixture of human C3b, iC3b and C3dg fragments, and discuss
their potential applications. This collection includes three mAbs interacting with native
C3 and inhibiting AP complement activation; two of them by blocking the cleavage of C3 by
the AP C3-converase and one by impeding formation of the AP C3-convertase. The inter-
action sites of these mAbs in the target molecules were determined by resolving the struc-
tures of Fab fragments bound to C3b and/or iC3b using electron microscopy. A fourth mAb
specifically recognizes the iC3b, C3dg, and C3d fragments. It binds to an evolutionary-
conserved neoepitope generated after C3b cleavage by FI, detecting iC3b/C3dg deposition
over opsonized surfaces by flow cytometry and immunohistochemistry in human and
other species. Because well-characterized anti-complement mAbs are uncommon, the
mAbs reported here may offer interesting therapeutic and diagnostic opportunities.
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Introduction

Complement is an essential component of innate immunity and
one of the major triggers of inflammatory responses. It plays a
crucial role in microbial killing, apoptotic cell clearance, immune
complex handling, and modulation of adaptive immune responses
[1, 2]. Complement is initiated by three activation pathways, the
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classical pathway (CP), the lectin pathway (LP), and the alterna-
tive pathway (AP). The critical step in these activation pathways is
the formation of labile protease complexes, termed C3-convertases
(C3bBb in the AP; C4b2a in the CP/LP) that cleave C3 to gener-
ate the active fragment, C3b. When C3b is generated, a reactive
thioester is exposed which permits covalent binding of C3b to
hydroxyl or primary amine groups on the activating surface. C3b
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Table 1. Characterization of the anti-C3 mAbs

mAbs Isotype Fragment
recognition

Domain
recognition

KD(M) Ka (M−1*s−1) Kd(s−1) Functional impact on C3

C3-16.4 IgG1 C3b, iC3b, C3c MG2, MG6 1.2 nM 3.7*10+4 4.4*10−5 Blocks AP C3-convertase
formation

C3-12.17 IgG2a C3b, iC3b, C3c MG3, MG4 63 nM 7.8*10+4 5*10−5 Blocks C3 activation by AP
C3-convertase

C3-42.3 IgG2a C3b, iC3b, C3c MG4, MG5 0.73 nM – – Blocks C3 activation by AP
C3-convertase

C3-12.2 IgG1 iC3b, C3dg, C3d CUB-TED 95 nM 2.2*10+4 2*10−5 na

deposition targets for opsonophagocytosis or direct destruction
by initiating the lytic pathway, which triggers inflammation and
formation of the membrane attack complex (MAC) [3]. The effi-
ciency of complement activation relies on the AP amplification
loop in which the C3b generated by the C3-convertase forms more
AP C3-convertase and provides exponential amplification to the
initial activation. In host, complement activation is strictly reg-
ulated and limited to the activator surface by a set of comple-
ment regulatory proteins in plasma and in the cellular surfaces
[4].

C3 is the central protein in complement activation. It is involved
in the most critical events of complement activation, which are the
deposition of complement on activating surfaces and the ampli-
fication of the initial complement activation by the AP. Not sur-
prisingly, C3 and its activated fragments are preferred therapeu-
tic targets. Indeed, small molecules and monoclonal antibodies
(mAbs) that inhibit C3 activation or block formation of the AP C3-
convertase are considered the treatment of choice to prevent or
ameliorate a long list of diseases in which dysregulation of the AP
C3 convertase and C3 activation contributes to pathology by sus-
taining inflammation and perpetuating tissue damage [5–18]. In
addition, because the covalent binding of C3 to complement acti-
vating surfaces is very stable, the identification of tissue-bound C3
activated fragments is routinely used as biomarker to reveal sites
of complement activation.

Unfortunately, the repertoire of mAbs to C3 with potential ther-
apeutic and diagnostic potential is limited, especially those that
have been well characterized. Here we report the generation and
complete functional and structural characterization of three novel
mAbs that bind to C3 and block AP activation either by prevent-
ing C3 cleavage or inhibiting the assembly of the AP C3 conver-
tase. These mAbs may offer novel therapeutic opportunities. We
also describe one additional mAb that specifically recognizes iC3b,
C3dg, and C3d. This last mAb reveals sites of on-going comple-
ment activation and thus could be used for targeted therapeutics
or diagnostic purposes.

Results

Generation of mAbs targeting human C3, C3b, iC3b,
and C3dg in mice

To generate monoclonal antibodies (mAbs) recognizing function-
ally relevant domains in C3 or its activated derivatives, we immu-

nized C3-deficient female C57Bl/6 mice with a mixture of human
C3b, iC3b, and C3dg fragments following standard procedures.
The rationale behind the use of C3-deficient mice was to avoid
tolerance towards the functionally relevant regions of human C3
fragments, which are likely those most evolutionary conserved.
Hybridomas producing anti C3 mAbs were selected first based
on their reactivity for C3 in ELISA, using a collection of purified
proteins (C3, C3b, iC3b, C3c, and C3dg), and their capacity to
inhibit AP-mediated lysis in a hemolysis assay using rabbit ery-
throcytes. Four clones (C3-16.4, C3-12.17, C3-42.3, and C3-12.2)
were selected by these criteria (Table 1). C3-16.4, C3-12.17, and
C3-42.3 recognize C3b, iC3b, and C3c and inhibit the lysis of
rabbit erytrocytes in a dose-dependent way (Fig. 1A). They also
completely block opsonization of the rabbit erythrocytes (Fig. 2).
Importantly, the AP inhibitory mAbs achieved a 50% inhibition at
approximately equimolar concentration with C3, thus strengthen-
ing the potential relevance of these mAbs as therapeutic agents. A
fourth mAb C3-12.2 was selected because it specifically recognises
iC3b, C3dg, and C3d.

The binding constants (KD) for C3 (C3-16.4, C3-12.17, and
C3-42.3) and for iC3b (C3-12.2) were determined using Surface
Plasmon Resonance (SPR; Biacore). All four mAbs showed KDs in
the nM range (Table 1). We also tested the reactivity of these four
mAbs in Western Blot (WB) and found that only C3-12.17 and C3-
12.2 bind their targets (both, under reducing and non-reducing
conditions) in this assay. C3-12.17 recognizes an epitope in the β

chain (Fig. 1B and 1C) and C3-12.2 an epitope contained within
C3d (see next section).

C3-12.2 specifically recognizes a neoepitope in iC3b
that is preserved in C3d

C3-12.2 is the only of our four mAbs that does not recognise C3b
in the ELISA assays. It binds to the α´65 chain of iC3b and the
fragments resulting from iC3b cleavage, C3dg and C3d (Table 1).
C3-12.2 does not bind to C3c, confirming that it does not recognise
any region within the MG ring (Fig. 1C). We also observed that
C3-12.2 also binds to C3d (Fig. 3A), which narrowed down the
epitope recognized by the antibody to the C-terminal region of the
C3d fragment, which is exposed only after C3b is cleaved by FI to
generate iC3b. To confirm this result, we incubated either iC3b or
C3d with the Fab fragment generated from C3-12.2 and analyzed
the complex using single-molecule electron microscopy (EM) (Fig.
3B and C). Data generated were compared with those images
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Figure 1. Screening and biochemical characterization of monoclonal
antibodies. (A) Hemolytic assay using rabbit erythrocytes in the pres-
ence of NHS to determine the ability of C3-12.17, C3-42.3, and C3-16.4 to
inhibit complement-mediated lysis. Data points represent mean ± SD
of triplicate samples from one representative experiment out of three.
(B) Detection of C3 fragments in western blot (WB) by the mAb C3-12.17
under reducing (R) and non-reducing conditions (NR). (C) Detection of
C3 fragments in WB by C3-12.2 under reducing conditions (R). (B, C) Data
shown are from a single experiment representative of four experiments
performed.

obtained with the individual proteins. These analyses demonstrate
the formation of C3d-Fab and iC3b-Fab complexes, confirming the
location of interaction site of C3-12.2 in the TED domain of iC3b
(Fig. 3B and C). The conclusion reached by single-molecule EM
is also consistent with our results showing that C3-12.2 does not
interfere with the inactivation of iC3b to C3dg by FI in the presence
of Complement Receptor 1 (CR1) (Fig. 3D).

C3-12.2 demonstrated strong binding to SDS-denatured iC3b,
C3dg, and C3d by WB analysis, but no detectable binding to SDS-
denatured C3 or C3b (Fig. 1C). In addition, WB analysis using
purified C3dg protein and activated plasma from human, mouse
and rat also illustrated that the epitope recognized by mAb C3-
12.2 is evolutionarily-conserved (Fig. 3E).

C3-12.17 and C3-42.3 inhibit the AP by blocking the
interaction of C3 with the AP C3-convertase

C3-12.17 and C3-42.3 efficiently block AP-mediated opsonization
and hemolysis of rabbit erythrocytes in the presence of normal
human serum (Figs. 1A and 2). To determine at which level these
mAbs inhibit the activation of the AP we performed in vitro exper-
iments using purified C3, C3b, FB, and FD. In these experiments,
C3, C3b and an equimolar mixture of C3 and C3b were incubated
with FB and FD at 37°C for 15 min and the resulting activated frag-
ments analyzed by SDS-PAGE under reducing conditions (Fig. 4).
In the absence of inhibitory antibodies both, C3 and FB, are com-
pletely consumed, which is illustrated by the disappearance of the
C3 α-chain and FB 90kDa bands and the generation of the C3
α‘-chain and the Bb 60 kDa (Fig. 4). As expected, in the pres-
ence of C3-12.17 and C3-42.3 there was no activation of C3.
However, FB was completely consumed, indicating that these two
mAbs block activation of C3 but do not interfere the formation
of the AP C3-convertase (Fig. 4). Thus, in the presence of C3-
12.17 and C3-42.3, FB can bind C3b (or C3H2O) and FB is then
efficiently cleaved by FD to the Bb and Ba fragments. Our inter-
pretation was that C3-12.17 and C3-42.3 bind to the same region
(or to two separate regions) in C3 and C3b that do not affect
the binding of FB, but impair the interaction of the C3 with the
AP C3-convertase, blocking the cleavage of the C3. Alternatively,
these mAbs could block accessibility to the cleavage site in C3
by the catalytic site of the AP C3-convertase located in the Bb
fragment.

Structural basis of the AP inhibition by C3-12.17 and
C3-42.3

To understand the molecular basis of the inhibition of C3 acti-
vation by C3-12.17 and C3-42.3, we mapped the interaction site
of C3-12.17 and C3-42.3 in C3 by resolving the 3D structure of
the corresponding C3b-Fab complexes using single-molecule EM
(Fig. 5). The Fab fragments from each of the two mAbs were gen-
erated following standard procedures and a molar excess of each
Fab was then incubated with C3b. The C3b–Fab complexes were
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Figure 2. The mAbs C3-12.17, C3-16.4 and C3-42.3 inhibit C3 opsonization of rabbit erythrocytes. Rabbit erythrocytes were incubated with NHS
and excess of the three different mAbs (C3-12.17, C3-16.4, and C3-42.3) and Eculizumab. NHS with EDTA was used as a negative control. Flow
cytometry analysis using a rabbit polyclonal anti-C3 Ab was performed to detect the presence of C3 fragments. This experiment was performed
in triplicate with identical results.

separated from the single components by size exclusion chro-
matography. Elution fractions from these gel filtration experi-
ments were analyzed by SDS-PAGE to confirm the presence of
the C3b–Fab complexes (Fig. 5A). The peak fraction containing
the C3b–Fab complexes for each mAb was then analyzed using
single-molecule EM. To this end, several thousand images of sin-

gle molecules of the immune-complexes were extracted from the
micrographs. 2D classification and image processing was used to
calculate 2D averages with improved signal to noise ratio corre-
sponding to several views of the complex, depending on the orien-
tation of the molecules on the support film used for EM. Averages
clearly revealed the presence of a Fab fragment bound to the MG

Figure 3. C3-12.2 recognizes an epitope in C3d
exposed after cleavage of C3b to iC3b. (A) WB
performed using purified proteins showing that
C3-12.2 binds to the C3d epitope. (B) Electron
microscopy average image of a Fab generated
from C3-12.2 and its immune complex with C3d.
The figure shows a representative 2D average
of the Fab/C3d complex obtained after image
processing of images obtained in the electron
microscope. (C) Representative 2D average of the
immune complex between C3-12.2 and iC3b. The
position of the distinct domains was determined
by comparison with previous EM structures from
our group, and they are indicated. (D) C312.2 does
not affect iC3b inactivation to C3dg in presence
of CR1 and FI. Coomassie Blue staining of an in
vitro reaction where iC3b was previously incu-
bated with the C3-12.2 for 10´ at 37°C, and then,
the CR1 and FI were added for another 60´ of
incubation. The inactivation of iC3b is illustrated
by the disappearance of the α´65 band and the
generation of the C3dg band. (E) C3-12.2 recog-
nizes the C3dg fragment in the activated plasma
of human, mouse and rat, indicating that this
mAb binds an evolutionary-conserved epitope in
the C3dg molecule. Data shown are from a single
experiment representative of three independent
experiments.
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Figure 4. Functional effects of C3-12.17, C3-
42.3, and C3-16.4 in C3 activation in vitro. In
the presence of C3-12.17 and C3-42.3 there
is no activation of C3, but FB is completely
consumed. C3-16.4 blocks the activation of
C3b and FB remains intact, suggesting that
the mAb interferes with the assembly of
the AP C3-convertase. All reactions were
analyzed by Coomassie Blue staining. C3b
was previously incubated with the different
mAbs for 10´ at 37°C, and then, the FB and
FD were added for another 45´of incubation.
Data shown are form a single experiment
representative of three independent exper-
iments.

ring of C3b, but the positioning of the Fab was different for the
C3-12.17 and C3-42.3 mAbs (Fig. 5B).

The precise location of the Fab in the each of the C3b–Fab com-
plexes was defined more precisely by resolving the 3D structure of

the complexes at 30 Å resolution using the single molecule images
of the immune complexes as input for 3D refinement (Fig. 5C).
The 3D structures were interpreted after fitting and combining
the atomic structures of the MG ring from C3b, and a structure

Figure 5. Purification and structure of immune-complexes for C3-42.3 and C3-12.17. (A) Fabs for each of these mAbs were incubated in molar
excess with C3b or iC3b and the mixture was resolved by size-exclusion chromatography (SEC) (left panel). Figure shows only the chromatogram
for the incubation of iC3b and Fab (C3-12.17) as a representative example. As control, each protein and Fab was also subjected to a SEC experiment
before mixing. The immune complexes eluted first in the gel filtration column (continuous line) compared to C3b/iC3b (dashed line) and the Fab
(dotted line). Fractions were analyzed by SDS-PAGE (right panel), and the peak fraction for the mixture containing both C3b/ic3b and the Fab
was selected for structural analysis by electron microscopy (EM). This fraction is labeled in gray color in the chromatogram. (B) Representative
2D averages obtained after averaging several hundreds of images of complexes containing C3b and C3-42.3 (i) or C3-12.17 (ii), obtained in the
electron microscope. The location of the Fab is indicated with a dashed white circle. (C) Two different views of the medium-resolution structure
of the C3b/Fab complexes shown as a white transparent density. The structures were interpreted after fitting the crystal structures of C3b (PDB
2I07) [37] and a representative structure of a Fab. The MG ring is coloured in blue, TED domain in green, C345C in orange, and the Fab in red. (D)
One representative average (top panel), and 3D structure (bottom panel) of Fab (C3-12.17) bound to iC3b. The location of the Fab is indicated within
a dashed circle. In the structure, iC3b appears as in the conformation described in Alcorlo et al [38], and only the atomic structure of the MG ring
and a Fab was fitted.
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Figure 6. Structure of immune-complexes for C3-16.4.
(A) Representative 2D averages obtained after averag-
ing several hundreds of electron microscope images
of complexes containing C3b and C3-16.4 (top). The
location of the Fab is indicated with a dashed white
circle. Two view of the medium-resolution structure
of the C3b/Fab complex shown as a white transpar-
ent density (bottom). The structures were interpreted
after fitting the crystal structures of C3b (PDB 2I07) [37]
and a representative structure of a Fab. Color-coding
as in Fig. 6. (B) One representative average (top), and 3D
structure (bottom) of Fab (C3-16.4) bound to iC3b. The
location of the Fab is indicated within a dashed circle.
In the structure of iC3b, the TED domain is displaced
in several positions on the EM images, and thus, its
density is not observable after 2D and 3D averaging, as
described before [39].

of a representative Fab, into the EM density, following standard
methods used previously in our laboratory. As anticipated, the
3D structures revealed that C3-12.17 and C3-42.3 recognized two
distinct positions of the MG ring. In both cases, the Fab fragment
of the mAb projected from the MG outwards. Our models indi-
cated that C3-12.17 recognizes a region around domains MG3
and MG4, whereas C3-42.3 binds to a region in the proximity
of domains MG4 and MG5. These interaction sites are consis-
tent with the binding specificity of C3-12.17 and C3-42.3 for C3b,
iC3b, and C3c fragment, since all of these fragments contain the
targeted epitopes in the MG ring (Table 1). Using similar meth-
ods, we analyzed the interaction of C3-12.17 with iC3b, finding,
as expected, that C3-12.17 recognizes the same region in iC3b
previously identified using C3b (Fig. 5D). As a whole, the resolu-
tion of the 3D structures of these C3b-Fab complexes explains how
C3-12.17 and C3-42.3 block activation of C3 without affecting the
assembly of the AP C3-convertase. These regions are distant from
both the interaction site of FB and the cleavage site by the AP
C3-convertase, demonstrating that C3-12.17 and C3-42.3 inhibit
C3 activation by binding to a region of C3 and C3b that has been
postulated to be involved in the recognition of the C3 substrate by
the C3bBb AP C3-convertase [19–21].

C3-16.4 inhibits the AP by preventing the formation of
the C3bBb C3-convertase

In contrast to C3-12.17 and C3-42.3 that inhibit C3 activation,
but not the formation of the AP C3 convertase, C3-16.4 blocks
the formation of the AP C3-convertase. In vitro experiments using
purified C3, C3b, FB, and FD show that when these proteins are
incubated together in the presence of C3-16.4 neither C3 and FB
are consumed (Fig. 4). The inhibition of FB cleavage into Bb and
Ba is particularly illustrative when C3b, FB, and FD are incubated
together, as this indicates that C3-16.4 blocks formation of the AP
C3-convertase (Fig. 4). Our conclusion from these data was that
C3-16.4 inhibits AP activation by blocking the interaction of FB
with C3b (or C3H20) and, therefore, the formation of the AP C3
convertase.

Structural basis of the AP inhibition by C3-16.4

Using a similar approach to that described before to map the
binding site of C3-12.17 and C3-42.3 in C3, we have solved the
3D structure of the complexes formed between C3b (or iC3b)

Figure 7. The C3-16.4 Fab fragment blocks
the AP C3-convertase formation and pre-
vents the complement mediated lysis of rab-
bit erythrocytes in presence of NHS. (A) Rab-
bit erythrocytes were incubated with NHS
and increasing concentration of the C3-16.4
Ab or its Fab fragment. Data points represent
mean ± SD of triplicate samples from one
representative experiment out of three. (B)
Coomassie-gel blue staining using purified
proteins shows that the presence of either
full C3-16.4 mAb or its Fab fragment pre-
vent the cleavage of C3 or FB by the AP C3-
convertase. Data shown are from a single
experiment representative of three indepen-
dent experiments.
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Figure 8. The C3-16.4 inhibits complement mediated lysis of rabbit
erythrocytes in presence of mouse serum. Rabbit erythrocytes were
incubated with 20% mouse serum and increasing concentration of the
C3-16.4 mAb. Data points represent mean ± SD of triplicate samples
from one representative experiment out of two.

with the Fab fragment of C3-16.4 (Fig. 6A and B). These data
demonstrate that the C3-16.4 Fab recognizes a region around MG2
and MG6, and projects outward the C3b molecule. The region of
C3 mapped by C3-16.4 is proximal, although not identical, to that
mapped by H17, a humanized antibody that blocks FB binding to
C3 and convertase formation [22]. C3-16.4 Fab sits proximal but
not overlapping to regions in C3b involved in binding FB according
to the structure of C3bB [23] (PDB 2XWJ). Thus, the effect of C3-
16.4 on convertase formation must be indirect. A possibility could
be that C3-16.4 alters the conformation of C3b in features essential
for the binding to FB.

We were intrigued to know whether the inhibitory capacity
of C3-16.4 is maintained in its Fab fragment or it is just a con-
sequence of the large steric obstruction caused by the binding
to C3b of the full antibody. Figure 7A illustrates that both full
C3-16.4 and its Fab fragment efficiently inhibit the lysis of rab-
bit erythrocytes; the observed differences in the hemolytic assay
likely being a consequence of the avidity effects on the surface of
the rabbit erythrocytes. Using purified complement components

we also show that both full C3-16.4 and its Fab fragment inhibit
formation of the AP C3-convertase, blocking activation of FB and
C3 (Fig. 7B).

C3-16.4 recognizes mouse C3 and efficiently blocks AP
activation in mouse serum

Elisa assays using mouse serum demonstrated that C3-16.4, but
not C3-12.17 and C3-42.3, recognizes mouse C3 and prevents the
lysis of rabbit erytrocytes by mouse serum in a dose-dependent
manner, achieving 50% blockage at equimolar C3:mAb concen-
trations (IC50: 0.23 μM; [C3]: 0.3 μM) (Fig. 8). Binding constant
(KD) of C3-16.4 for mouse C3 was calculated using SPR as KD =
6.8−8 (M), with Ka = 4.7+4 (1/Ms) and Kd = 3.2−4 (1/s) (Fig. 9).
The KD value for mouse C3 is significantly different from
that observed for human C3, which is basically due to
the fact that C3-16.4 dissociates from mouse C3 very
fast.

C3-12.17, C3-42.3, and C3-16.4 block
complement-mediated lysis of sheep erythrocytes in
in vitro

Atypical haemolytic uremic syndrome (aHUS) is characterized
by impaired protection of endothelial cells from complement-
mediated damage. In a significant numbers of aHUS patients, this
impaired protection is a consequence of pathogenic variants in
the complement factor H protein [24]. Complement dysregula-
tion in aHUS sera can be demonstrated with a hemolytic assay
using sheep erythrocytes [25] .Using an aHUS-like positive sera,
consisting in a normal human serum depleted of 75% of its FH, we
demonstrated that in this in vitro aHUS model the mAbs C3-12.17,
C3-42.3 and C3-16.4 inhibit the lysis of the sheep erythrocytes in a
concentration dependent fashion. Total inhibition of the lysis was
achieved in all cases at concentration of the mAb that was essen-
tially equimolar with that of serum C3 ([mAb]: 0.7 μM; [C3]:
0.83 μM) (Fig. 10).

Figure 9. SPR analysis of binding of C3-16.4 mAb to
mouse C3. The C3-16.4 mAb was captured using an
anti-mouse IgG Ab surface and five increasing concen-
trations of mouse C3 were flowed over it. Data were fit-
ted using 1:1 binding model. The resultant constants
are shown at the right part of the panel. Data are from
a single experiment with five samples.
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Figure 10. C3-12.17, C3-42.3 and C3-16.4 block the lysis of sheep ery-
throcytes in an in vitro aHUS model. Sheep erythrocytes were incubated
in presence of 15% aHUS-like serum and increasing concentration of the
mAbs (from 0.05 to 1 μM). An unrelated mAb was used as control. Data
points represent mean ± SD of triplicate samples from one representa-
tive experiment out of three.

Figure 11. C3-12.17 and C3-42.3 efficiently prevent the lysis of PNH
erythrocytes in acidified serum. Ham test with PNH erythrocytes was
performed in the presence of increasing concentrations of the three
mAbs. An unrelated mAb was used as a control. Data points represent
mean ± SD triplicate samples from one representative experiment out
of three.

C3-12.17 and C3-42.3 prevents lysis of PNH
erythrocytes in acidified human serum

Paroxysmal nocturnal hemoglobinuria (PNH) is a rare
complement-mediated hemolytic anemia characterized by the
generation of erythrocytes lacking all GPI-anchored proteins,
including the complement regulators CD55 and CD59, which are
consequently susceptible to complement-mediate lysis [26]. The

Ham test, a classical PNH assay [27], involves exposing the PNH
erythrocytes to NHS acidified to pH 6.4 to initiate activation of the
AP. We have performed the Ham test with PNH erythrocytes from
an eculizumab-treated patient that are heavily opsonised with C3
fragments and demonstrate that addition of C3-12.17 and C3-42.3
efficiently block their lysis in a concentration-dependent fashion
(Fig. 11). Total inhibition of the lysis in both cases was achieved
at concentration of the mAbs that was essentially equimolar with
that of C3 ([mAbs]: 0.92 μM; [C3]: 0.92 μM). Notably, the C3-
16.4 fails to protect the lysis of C3-opsonized PNH erythrocytes,
suggesting that this mAb does not prevent the formation of the
AP C3-convertase when C3b is deposited on the cell surface. To
test this possibility, we performed a haemolytic assay using rabbit
erythrocytes that were heavy opsonized by incubating them with
human serum in the presence of eculizumab.

The data replicate the results with the opsonized PNH ery-
throcytes showing that the mAb C3-16.4 does not protect the
opsonized erythrocytes from lysis, whereas the mAb C3-12.17
does. These results support our conclusion that the mAb C3-
16.4 does not block the AP C3-convertasa formation when C3b
is deposited on the cell surfaces.

Discussion

Monoclonal antibodies (mAbs) against C3 and its activated frag-
ments have many biomedical applications. They can be used to
modulate the biological functions of C3, to target activated C3
fragments as in vivo delivery vehicles for new therapeutics or can
be used as diagnostic agents to reveal sites of on-going comple-
ment activation [28]. These reagents are, however, scarce. We
report here a detailed functional and structural characterization
of four monoclonal antibodies (mAbs), generated by immunizing
C3-deficient mice with a mixture of human C3b, iC3b, and C3dg
fragments, which have these diagnostic and therapeutic potential-
ities. Three of these mAbs very efficiently inhibit activation of the
AP. mAbs C3-12.17 and C3-42.3 bind to C3 and C3b with KDs
in nM range (Table 1 and Figs. 1 and 2, and 4), which result in
an almost irreversible binding to the target molecule at equimo-
lar concentrations. WB analysis (Fig. 1) and 3D modeling using
EM (Fig. 6) demonstrated that they recognize two distinct epi-
topes, both conserved in the C3/C3b/iC3b molecules, located close
to each other within a region that have been postulated critical
for the recognition of the C3 substrate by the AP C3 convertase
(C3bBb) [19–21]. Binding of these mAbs to C3, or to C3b in the
C3bBb convertase, efficiently blocks C3 activation (Figs. 1 and 2)
and inhibits completely AP activation (Fig. 4). Our data also show
that these mAbs do not interfere with the assembly of a C3bBb con-
vertase (Fig. 4). In contrast, C3-16.4 and its Fab fragment bind to
an epitope in a region of C3 around MG2-MG6 and impede the
formation of the AP C3 proconvertase (C3bB) (Figs. 4 and 6).

C3-12.17, C3-42.3, and C3-16.4 are, therefore, new mAbs
that can be added to the list of molecules able to block for-
mation and/or activity of the AP C3-convertase and that, upon
humanization could be used to down-modulate the AP in the long
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list of diseases in which AP activation contributes to pathology.
To provide proof of concept of the usefulness of the mAbs to
prevent or ameliorate the consequences of complement activa-
tion in diseases characterized by AP complement dysregulation,
we have used them successfully in an in vitro aHUS model with
sheep erythrocytes (Fig. 10) and an ex vivo model using erythro-
cytes from PNH patients who are treated with eculizumab (Fig.
11). Eculizumab treatment has improved significantly the qual-
ity of life of PNH patients. However, because eculizumab does not
block the activity of the AP C3 convertase, C3 opsonization of PNH
erythrocytes persists, resulting in variable percentages of eythro-
cytes covered by C3 fragments, which are susceptible to extracel-
lular hemolysis [29–31]. Using PNH erythrocytes obtained from
patients treated with eculizumab, we were able to show that C3-
12.17 and C3-42.3 efficiently prevented their lysis in the presence
of acidified human serum (Fig. 11).

C3-12.17, C3-42.3, and C3-16.4 are distinct mAbs, targeting
different epitopes in C3. Although these mAbs very efficiently
inhibit the AP activity in human serum, the potential advantages
of one of these mAbs over the others will require direct compar-
isons using in vivo models of disease, which we have not been able
to address. C3-16.4 is the only of the three mAbs that recognizes
both human and mouse C3. However, whilst binding of C3-16.4 to
human C3 results in an almost irreversible binding, the binding of
C3-16.4 to mouse C3 present a very high dissociation constant (Kd
= 3.2−4 (1/s)). This has prevented us from exploring the capacity
of C3-16.4 to inhibit mouse complement in vivo in disease models
generated in this species.

The structure/function correlations generated with the mAbs
C3-12.17, C3-42.3 and C3-16.4 are also important because they
provide additional support to the currently accepted 3D models
that explain the assembly of the C3bBb convertase and the recog-
nition of C3 by the C3bBb convertase. The attachment between
two MG rings revealed by crystal structures of a dimeric conver-
tase complex [21] and the crystal structure of cobra venom factor
in complex with C5 [19] have been used to hypothesize how a
convertase recognizes its substrate, C3. A mutation proximal to
the proposed point of attachment between the convertase and
C3 blocks substrate recognition by the convertase, supporting this
model [20]. Our structural and functional analysis of mAbs C3-
12.17 and C3-42.3 further strengthens this model. Both antibodies
bind to the MG ring at a region that would prevent the formation
of C3/C3b heterodimers, and as predicted by the current model,
both mAbs do not block convertase formation but C3 cleavage to
C3b is affected. On the other hand, C3-16.4 maps a region adja-
cent to that recognized by H17, a humanized antibody that blocks
FB binding to C3b [22]. C3-16.4 interferes with the assembly of a
convertase and the structural analysis suggests that these effects
must be indirect, since the antibody does not bind to a region
involved in the interaction with FB. A possibility could be that C3-
16.4 modifies the conformation of C3b in aspects that are essential
for the binding to FB.

In addition to the three antibodies that inhibit the AP activa-
tion, we report the generation and characterization of a fourth
mAb C3-12.2 that specifically recognizes iC3b, C3dg, and C3d in

human and several other species. This mAb can be used to tar-
get these activated C3 fragments in fluid phase or tissue-bound,
which has both diagnostic and therapeutic importance. mAbs that
recognize efficiently iC3b from different species are scarce and
highly valuable because of their potential applications in clin-
ical and basic research. C3-12.2, for example, was probed to
be useful in detecting human and mouse iC3b/C3dg deposition
over opsonized surfaces by flow cytometry and immunohisto-
chemistry (data not shown), extending the small repertoire of
mAbs that can be used to monitor complement activation [28].
Furthermore, C3-12.2 has also been successfully used in our
laboratory to develop a specific ELISA to measure iC3b and to
purify mouse C3dg to homogeneity from activated whole mouse
serum using a single affinity chromatography step (data not
shown).

In conclusion, mAbs targeting complement proteins are a con-
tinuous source of valuable reagents for the developing of therapeu-
tic and diagnostic tools. They also provide insightful information to
study structural functional relationships in complement activation
and regulation. Despite the existence of other anti-complement
mAbs, those that are well characterized in their functional and
structural properties are not that common. In this respect, our four
novel mAbs against human C3, added to those previously reported
by Thurman et al. [28], offer a repertoire of novel reagents binding
to functional regions or unique neo-epitopes in C3, with relevant
diagnostic and therapeutic potentialities.

Materials and methods

Generation of monoclonal antibodies

C3-deficient mice were immunized with 20 μg of a mixture of the
human activated C3 fragments, C3b, iC3b, and C3dg, emulsified
in complete Freund’s adjuvant. Subsequently, mice were boosted
three times at 2-week intervals with the same amount of C3 frag-
ments in incomplete adjuvant. The mice were screened for the
development of antibodies to C3 by testing their sera in an ELISA
using plates coated with equimolar amounts of the human C3
activated fragments. Positive mice were given an additional boost.
Three days later spleen cells from a mouse having a robust immune
response toward C3 were fused to the X63AG8 myeloma cell
line. Candidate hybridomas were cloned by limiting dilution, and
clones recognizing human activated C3 fragments were selected
for further growing. mAbs from these hybridoma clones were puri-
fied from the supernatants by affinity chromatography using a
protein-G sepharose column (Pharmacia, Uppsala, Sweden). The
purity of the mAbs was then analyzed by 10 % SDS-PAGE and
their immunoglobulin isotype determined with the IsoStrip Mouse
Monoclonal Antibody Isotyping Kit (Roche Applied Science). All
animal experimentation has been reviewed and approved by the
CSIC Institutional Review Board (SAF2015-66287-R).
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Isolation of complement components

C3 was purified from plasma EDTA using an established protocol
[32]. C3b was generated by C3-convertase cleavage. iC3b was
produced by incubation of C3b in presence of FH and FI in Hepes
10 mM, NaCl 150 mM, whereas C3dg was produced by incubation
of C3b with FH and FI at low ionic strength. iC3b and C3dg were
purified by anion exchange and size exclusion chromatography.
FD was purchased from Calbiochem. Concentrations of pure C3
and C3 activated fragments were assessed using absorbance at
A280 and a extinction coefficients of 0.98 cm−1 (mg/mL)−1.

ELISAs

To characterize the reactivity of the antibodies against the differ-
ent C3 fragments we performed a direct ELISA coating the plates
with purified human C3, C3b, iC3b and C3dg or mouse C3 at
1 μg/ml ON at 4°C in PBS pH 7.4. After blocking with BSA, increas-
ing amounts of the antibodies were added (0.5 to 2 μg/mL) and
detected with a HRP-conjugated anti-mouse IgG (1:1000).

Inhibition of C3 cleavage assay

To test the ability of the mAbs to inhibit C3 cleavage we used
an in vitro assay using purified C3 (1 μg), FB (1 μg) and FD
(5 ng) components in 25 uL of AP buffer (2.9 mM barbital, 1.7
mM sodium barbital, 144 mM NaCl, 7 mM MgCl2, 10 mM EGTA,
pH 7.4). The C3 was first incubated in presence of 2 μg and 4 μg
of each mAb for 10 min at 37 °C in a water bath. Then, the FB
was added and 10 min later FD, allowing the reaction to proceed
for 40 min longer. Cleavage of C3 was assessed in 10% SDS-PAGE
under reducing conditions and Coomassie blue staining.

Hemolytic assays

The capacity of the mAbs to prevent the activation of AP on cellular
surfaces was assessed with the classical AP hemolytic assay using
rabbit erythrocytes as previously described [33], and the hemolytic
assay using sheep erythrocytes to test sera from atypical uremic
syndrome(aHUS) patients [25]. For this assay, we used an aHUS-
like serum consisting of a normal human serum that has been
depleted of 75% of the FH. For the haemolytic assay using mouse
serum, the mouse serum concentration was 20%.

Rabbit erythrocytes were also used to test the capacity of the
mAbs to prevent C3 deposition on cell surfaces. Briefly, 100 μL
of rabbit erythrocytes (1 × 108/mL) in AP buffer were incubated
with 5 % NHS in presence of either Eculizumab (Soliris R©, Alexion
Pharmaceuticals) or the different mAbs against C3 at 37°C for 30
min. C3 deposition was evaluated by flow cytometry using a rabbit
polyclonal anti human C3 antibody (in house; 1 μg/mL in PBS).

To test the capacity of the mAbs to inhibit acidified lysis of
PNH erythrocytes (the Ham test) [27], we incubated at 37°C for

1h PNH erythrocytes (4 % v:v final) with 25 % NHS in AP buffer
acidified by addition of 9 % of HCl 0.2 M, in the presence of
increasing amounts of the mAbs. Hemolysis in supernatants was
read at 540 nm and the percentage of lysis calculated using zero
and 100 % lysis controls.

Generation of Fabs from purified mAbs

Fabs were produced using Pierce
R©

Mouse IgG1 Fab and F(ab’)2

Preparation Kit (Thermo Scientific) according to the instructions
provided by the manufacturer. The Fabs were purified using size-
exclusion chromatography and a Superdex 200 (GE Healthcare) in
20 mM Tris, 60 mM, 1% EDTA-free protease inhibitor (Roche). The
peak fractions were concentrated using Amicon R© Ultra-4 Centrifu-
gal Filter Units (Millipore) and analyzed by SDS-PAGE to verify
the presence of the Fab.

Determination of binding constants (KD) by surface
plasmon resonance (SPR)

All SPR analyses were carried out on a Biacore X100 (GE Health-
care). For the determination of binding constants (KD) of the
mAbs we used a single-cycle-kinetics method. This approach con-
sisted of five consecutive injections of C3b or mouse C3 (analyte)
at increasing concentrations, over a surface in which the mAbs
were captured using an anti-mouse antibody as described previ-
ously [33]. Each injection lasted for 150 s separated by a dissoci-
ation period of 180 s, during which C3-free buffer was injected.
The cycle was completed with an extended dissociation period of
3900 s and a regeneration step to release both the anti-C3 mAbs
and C3.

Electron microscopy and 3D reconstruction of
immune complexes

Immune complexes were prepared by mixing a 1.5 to 3.0 molar
excess of Fab with C3b or iC3b, incubated for 30 min at 37°C
and then diluted and adsorbed on carbon-coated grids for nega-
tive staining with 1% uranyl formate. Imaging was performed in a
JEOL-1230 100 kV and data automatically acquired with a TVIPS
F416 CMOS at 54926 of final magnification. Automated parti-
cle selection as implemented in EMAN2 [34] was used to select
>15 000 particles per experiment and then classified and aver-
aged in XMIPP [34]. Initial models were generated in EMAN2 or
created directly from a C3b atomic structure (PDB 2I07). 3D struc-
tures were refined in XMIPP [35] reaching an estimated resolution
of 29–30 Å in all cases following the FSC 0.5 criteria. Fitting of
atomic structures was performed using UCSF Chimera [36]. In the
case of the complexes between C3-12.2 and iC3b a similar strategy
was followed, but the heterogeneity of the C3d domain location
limited the analysis to 2D classification and averaging.
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