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 25 

Abstract  26 

C3 is the central component of the complement system. Upon activation, C3 27 

sequentially generates various proteolytic fragments, C3a, C3b, iC3b, C3dg, each of 28 

them exposing novel surfaces, which are sites of interaction with other proteins. C3 and 29 

its fragments are therapeutic targets and markers of complement activation. We report 30 

the structural and functional characterization of four monoclonal antibodies (mAbs) 31 

generated by immunizing C3-deficient mice with a mixture of human C3b, iC3b and 32 

C3dg fragments, and discuss their potential applications. This collection includes three 33 

mAbs interacting with native C3 and inhibiting AP complement activation; two of them 34 

by blocking the cleavage of C3 by the AP C3-converase and one by impeding formation 35 

of the AP C3-convertase. The interaction sites of these mAbs in the target molecules 36 

were determined by resolving the structures of Fab fragments bound to C3b and/or iC3b 37 

using electron microscopy. A fourth mAb specifically recognizes the iC3b, C3dg and 38 

C3d fragments. It binds to an evolutionary-conserved neoepitope generated after C3b 39 

cleavage by FI, detecting iC3b/C3dg deposition over opsonized surfaces by flow 40 

cytometry and immunohistochemistry in human and other species. Because well-41 

characterized anti-complement mAbs are uncommon, the mAbs reported here may offer 42 

interesting therapeutic and diagnostic opportunities. 43 

 44 

45 
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Introduction 46 

Complement is an essential component of innate immunity and one of the major 47 

triggers of inflammatory responses. It plays a crucial role in microbial killing, apoptotic 48 

cell clearance, immune complex handling and modulation of adaptive immune 49 

responses [1, 2]. Complement is initiated by three activation pathways, the classical 50 

pathway (CP), the lectin pathway (LP) and the alternative pathway (AP). The critical 51 

step in these activation pathways is the formation of labile protease complexes, termed 52 

C3-convertases (C3bBb in the AP; C4b2a in the CP/LP) that cleave C3 to generate the 53 

active fragment, C3b. When C3b is generated, a reactive thioester is exposed which 54 

permits covalent binding of C3b to hydroxyl or primary amine groups on the activating 55 

surface. C3b deposition targets for opsonophagocytosis or direct destruction by 56 

initiating the lytic pathway, which triggers inflammation and formation of the 57 

membrane attack complex (MAC) [3]. The efficiency of complement activation relies 58 

on the AP amplification loop in which the C3b generated by the C3-convertase forms 59 

more AP C3-convertase and provides exponential amplification to the initial activation. 60 

In host, complement activation is strictly regulated and limited to the activator surface 61 

by a set of complement regulatory proteins in plasma and in the cellular surfaces [4]. 62 

C3 is the central protein in complement activation. It is involved in the most critical 63 

events of complement activation, which are the deposition of complement on activating 64 

surfaces and the amplification of the initial complement activation by the AP. Not 65 

surprisingly, C3 and its activated fragments are preferred therapeutic targets. Indeed, 66 

small molecules and monoclonal antibodies (mAbs) that inhibit C3 activation or block 67 

formation of the AP C3-convertase are considered the treatment of choice to prevent or 68 

ameliorate a long list of diseases in which dysregulation of the AP C3 convertase and 69 
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C3 activation contributes to pathology by sustaining inflammation and perpetuating 70 

tissue damage [5-18]. In addition, because the covalent binding of C3 to complement 71 

activating surfaces is very stable, the identification of tissue-bound C3 activated 72 

fragments is routinely used as biomarker to reveal sites of complement activation. 73 

Unfortunately, the repertoire of mAbs to C3 with potential therapeutic and 74 

diagnostic potential is limited, especially those that have been well characterized. Here 75 

we report the generation and complete functional and structural characterization of three 76 

novel mAbs that bind to C3 and block AP activation either by preventing C3 cleavage 77 

or inhibiting the assembly of the AP C3 convertase. These mAbs may offer novel 78 

therapeutic opportunities. We also describe one additional mAb that specifically 79 

recognizes iC3b, C3dg and C3d.  This last mAb reveals sites of on-going complement 80 

activation and thus could be used for targeted therapeutics or diagnostic purposes. 81 

  82 
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Results 83 

Generation of mAbs targeting human C3, C3b, iC3b and C3dg in mice. 84 

To generate monoclonal antibodies (mAbs) recognising functionally relevant 85 

domains in C3 or its activated derivatives, we immunized C3-deficient female C57Bl/6 86 

mice with a mixture of human C3b, iC3b and C3dg fragments following standard 87 

procedures. The rationale behind the use of C3-deficient mice was to avoid tolerance 88 

towards the functionally relevant regions of human C3 fragments, which are likely 89 

those most evolutionary conserved. Hybridomas producing anti C3 mAbs were selected 90 

first based on their reactivity for C3 in ELISA, using a collection of purified proteins 91 

(C3, C3b, iC3b, C3c, and C3dg), and their capacity to inhibit AP-mediated lysis in a 92 

hemolysis assay using rabbit erythrocytes. Four clones (C3-16.4, C3-12.17, C3-42.3 and 93 

C3-12.2) were selected by these criteria (Table I).  C3-16.4, C3-12.17 and C3-42.3 94 

recognise C3b, iC3b and C3c and inhibit the lysis of rabbit erytrocytes in a dose-95 

dependent way (Fig. 1A). They also completely block opsonization of the rabbit 96 

erythrocytes (Fig. 2).  Importantly, the AP inhibitory mAbs achieved a 50% inhibition 97 

at approximately equimolar concentration with C3, thus strengthening the potential 98 

relevance of these mAbs as therapeutic agents. A fourth mAb C3-12.2 was selected 99 

because it specifically recognises iC3b, C3dg and C3d. 100 

The binding constants (KD) for C3 (C3-16.4, C3-12.17 and C3-42.3) and for iC3b 101 

(C3-12.2) were determined using Surface Plasmon Resonance (SPR; Biacore). All four 102 

mAbs showed KDs in the nM range (Table I). We also tested the reactivity of these 103 

four mAbs in Western Blot (WB) and found that only C3-12.17 and C3-12.2 bind their 104 

targets (both, under reducing and non-reducing conditions) in this assay. C3-12.17 105 
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recognizes an epitope in the  chain (Fig. 1B-1C) and C3-12.2 an epitope contained 106 

within C3d (see next section).  107 

 108 

C3-12.2 specifically recognises a neoepitope in iC3b that is preserved in C3d. 109 

C3-12.2 is the only of our four mAbs that does not recognise C3b in the ELISA 110 

assays. It binds to the α´65 chain of iC3b and the fragments resulting from iC3b 111 

cleavage, C3dg and C3d (Table I). C3-12.2 does not bind to C3c, confirming that it 112 

does not recognise any region within the MG ring (Fig. 1C). We also observed that C3-113 

12.2 also binds to C3d (Fig. 3A), which narrowed down the epitope recognised by the 114 

antibody to the C-terminal region of the C3d fragment, which is exposed only after C3b 115 

is cleaved by FI to generate iC3b. To confirm this result, we incubated either iC3b or 116 

C3d with the Fab fragment generated from C3-12.2 and analyzed the complex using 117 

single-molecule electron microscopy (EM) (Fig. 3B-3C). Data generated were 118 

compared with those images obtained with the individual proteins. These analyses 119 

demonstrate the formation of C3d-Fab and iC3b-Fab complexes, confirming the 120 

location of interaction site of C3-12.2 in the TED domain of iC3b (Fig. 3B-3C). The 121 

conclusion reached by single-molecule EM is also consistent with our results showing 122 

that C3-12.2 does not interfere with the inactivation of iC3b to C3dg by FI in the 123 

presence of Complement Receptor 1 (CR1) (Fig. 3D).  124 

C3-12.2 demonstrated strong binding to SDS-denatured iC3b, C3dg and C3d by 125 

WB analysis, but no detectable binding to SDS-denatured C3 or C3b (Fig. 1C). In 126 

addition, WB analysis using purified C3dg protein and activated plasma from human, 127 

mouse and rat also illustrated that the epitope recognized by mAb C3-12.2 is 128 

evolutionarily-conserved (Fig. 3E).  129 
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C3-12.17 and C3-42.3 inhibit the AP by blocking the interaction of C3 with the AP 130 

C3-convertase 131 

C3-12.17 and C3-42.3 efficiently block AP-mediated opsonization and hemolysis 132 

of rabbit erythrocytes in the presence of normal human serum (Figs. 1 and 2). To 133 

determine at which level these mAbs inhibit the activation of the AP we performed in 134 

vitro experiments using purified C3, C3b, FB and FD.  In these experiments, C3, C3b 135 

and an equimolar mixture of C3 and C3b were incubated with FB and FD at 37 ºC for 136 

15 minutes and the resulting activated fragments analyzed by SDS-PAGE under 137 

reducing conditions (Fig. 4). In the absence of inhibitory antibodies both, C3 and FB, 138 

are completely consumed, which is illustrated by the disappearance of the C3 -chain 139 

and FB 90kDa bands and the generation of the C3 ‘-chain and the Bb 60 kDa (Fig. 4). 140 

As expected, in the presence of C3-12.17 and C3-42.3 there was no activation of C3. 141 

However, FB was completely consumed, indicating that these two mAbs block 142 

activation of C3 but do not interfere the formation of the AP C3-convertase (Fig. 4). 143 

Thus, in the presence of C3-12.17 and C3-42.3, FB can bind C3b (or C3H2O) and FB is 144 

then efficiently cleaved by FD to the Bb and Ba fragments. Our interpretation was that 145 

C3-12.17 and C3-42.3 bind to the same region (or to two separate regions) in C3 and 146 

C3b that do not affect the binding of FB, but impair the interaction of the C3 with the 147 

AP C3-convertase, blocking the cleavage of the C3. Alternatively, these mAbs could 148 

block accessibility to the cleavage site in C3 by the catalytic site of the AP C3-149 

convertase located in the Bb fragment. 150 

 151 

Structural basis of the AP inhibition by C3-12.17 and C3-42.3. 152 
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To understand the molecular basis of the inhibition of C3 activation by C3-12.17 153 

and C3-42.3, we mapped the interaction site of C3-12.17 and C3-42.3 in C3 by 154 

resolving the 3D structure of the corresponding C3b-Fab complexes using single-155 

molecule EM (Fig. 5). The Fab fragments from each of the two mAbs were generated 156 

following standard procedures and a molar excess of each Fab was then incubated with 157 

C3b. The C3b-Fab complexes were separated from the single components by size 158 

exclusion chromatography. Elution fractions from these gel filtration experiments were 159 

analyzed by SDS-PAGE to confirm the presence of the C3b-Fab complexes (Fig. 5A). 160 

The peak fraction containing the C3b-Fab complexes for each mAb was then analyzed 161 

using single-molecule EM. To this end, several thousand images of single molecules of 162 

the immune-complexes were extracted from the micrographs. 2D classification and 163 

image processing was used to calculate 2D averages with improved signal to noise ratio 164 

corresponding to several views of the complex, depending on the orientation of the 165 

molecules on the support film used for EM. Averages clearly revealed the presence of a 166 

Fab fragment bound to the MG ring of C3b, but the positioning of the Fab was different 167 

for the C3-12.17 and C3-42.3 mAbs (Fig. 5B).  168 

The precise location of the Fab in the each of the C3b-Fab complexes was defined 169 

more precisely by resolving the 3D structure of the complexes at 30 Å resolution using 170 

the single molecule images of the immune complexes as input for 3D refinement (Fig. 171 

5C). The 3D structures were interpreted after fitting and combining the atomic 172 

structures of the MG ring from C3b, and a structure of a representative Fab, into the EM 173 

density, following standard methods used previously in our laboratory. As anticipated, 174 

the 3D structures revealed that C3-12.17 and C3-42.3 recognised two distinct positions 175 

of the MG ring. In both cases, the Fab fragment of the mAb projected from the MG 176 
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outwards. Our models indicated that C3-12.17 recognises a region around domains 177 

MG3 and MG4, whereas C3-42.3 binds to a region in the proximity of domains MG4 178 

and MG5. These interaction sites are consistent with the binding specificity of C3-12.17 179 

and C3-42.3 for C3b, iC3b and C3c fragment, since all of these fragments contain the 180 

targeted epitopes in the MG ring (Table I). Using similar methods, we analyzed the 181 

interaction of C3-12.17 with iC3b, finding, as expected, that C3-12.17 recognises the 182 

same region in iC3b previously identified using C3b (Fig. 5D). As a whole, the 183 

resolution of the 3D structures of these C3b-Fab complexes explain how C3-12.17 and 184 

C3-42.3 block activation of C3 without affecting the assembly of the AP C3-convertase. 185 

These regions are distant from both the interaction site of FB and the cleavage site by 186 

the AP C3-convertase, demonstrating that C3-12.17 and C3-42.3 inhibit C3 activation 187 

by binding to a region of C3 and C3b that has been postulated to be involved in the 188 

recognition of the C3 substrate by the C3bBb AP C3-convertase [19-21].  189 

 190 

C3-16.4 inhibits the AP by preventing the formation of the C3bBb C3-convertase 191 

In contrast to C3-12.17 and C3-42.3 that inhibit C3 activation, but not the 192 

formation of the AP C3 convertase, C3-16.4 blocks the formation of the AP C3-193 

convertase. In vitro experiments using purified C3, C3b, FB and FD show that when 194 

these proteins are incubated together in the presence of C3-16.4 neither C3 and FB are 195 

consumed (Fig. 4). The inhibition of FB cleavage into Bb and Ba is particularly 196 

illustrative when C3b, FB and FD are incubated together, as this indicates that C3-16.4 197 

blocks formation of the AP C3-convertase (Fig. 4). Our conclusion from these data was 198 

that C3-16.4 inhibits AP activation by blocking the interaction of FB with C3b (or 199 

C3H20) and, therefore, the formation of the AP C3 convertase. 200 
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Structural basis of the AP inhibition by C3-16.4. 201 

Using a similar approach to that described before to map the binding site of C3-202 

12.17 and C3-42.3 in C3, we have solved the 3D structure of the complexes formed 203 

between C3b (or iC3b) with the Fab fragment of C3-16.4 (Fig. 6A-6B). These data 204 

demonstrate that the C3-16.4 Fab recognizes a region around MG2 and MG6, and 205 

projects outwards the C3b molecule. The region of C3 mapped by C3-16.4 is proximal, 206 

although not identical, to that mapped by H17, a humanized antibody that blocks FB 207 

binding to C3 and convertase formation [22]. C3-16.4 Fab sits proximal but not 208 

overlapping to regions in C3b involved in binding FB according to the structure of 209 

C3bB [23] (PDB 2XWJ). Thus, the effect of C3-16.4 on convertase formation must be 210 

indirect. A possibility could be that C3-16.4 alters the conformation of C3b in features 211 

essential for the binding to FB. 212 

We were intrigued to know whether the inhibitory capacity of C3-16.4 is 213 

maintained in its Fab fragment or it is just a consequence of the large steric obstruction 214 

caused by the binding to C3b of the full antibody. Figure 7A illustrates that both full 215 

C3-16.4 and its Fab fragment efficiently inhibit the lysis of rabbit erythrocytes; the 216 

observed differences in the hemolytic assay likely being a consequence of the avidity 217 

effects on the surface of the rabbit erythrocytes. Using purified complement 218 

components we also show that both full C3-16.4 and its Fab fragment inhibit formation 219 

of the AP C3-convertase, blocking activation of FB and C3 (Fig. 7B). 220 

 221 

C3-16.4 recognizes mouse C3 and efficiently blocks AP activation in mouse serum. 222 

Elisa assays using mouse serum demonstrated that C3-16.4, but not C3-12.17 and 223 

C3-42.3, recognises mouse C3 and prevents the lysis of rabbit erytrocytes by mouse 224 
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serum in a doses-dependent manner, achieving 50% blockage at equimolar C3:mAb 225 

concentrations (IC50: 0.23 µM; [C3]: 0.3 µM) (Fig. 8). Binding constant (KD) of C3-226 

16.4 for mouse C3 was calculated using SPR as KD=6.8
-8

 (M), with Ka=4.7
+4

 (1/Ms) 227 

and Kd=3.2
-4

 (1/s) (Fig. 9). The KD value for mouse C3 is significantly different from 228 

that observed for human C3, which is basically due to the fact that C3-16.4 dissociates 229 

from mouse C3 very fast. 230 

 231 

C3-12.17, C3-42.3 and C3-16.4 block complement-mediated lysis of sheep 232 

erythrocytes in in vitro  233 

 Atypical haemolytic uremic syndrome (aHUS) is characterized by impaired 234 

protection of endothelial cells from complement-mediated damage. In a significant 235 

numbers of aHUS patients, this impaired protection is a consequence of pathogenic 236 

variants in the complement factor H protein [24]. Complement dysregulation in aHUS 237 

sera can be demonstrated with a hemolytic assay using sheep erythrocytes [25] .Using 238 

an aHUS-like positive sera, consisting in a normal human serum depleted of 75% of its 239 

FH, we demonstrated that in this in vitro aHUS model the mAbs C3-12.17, C3-42.3 and 240 

C3-16.4 inhibit the lysis of the sheep erythrocytes in a concentration dependent fashion. 241 

Total inhibition of the lysis was achieved in all cases at concentration of the mAb that 242 

was essentially equimolar with that of serum C3 ([mAb]: 0.7 μM; [C3]: 0.83 μM) (Fig. 243 

10). 244 

 245 

C3-12.17 and C3-42.3 prevents lysis of PNH erythrocytes in acidified human 246 

serum. 247 
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Paroxysmal nocturnal hemoglobinuria (PNH) is a rare complement-mediated 248 

hemolytic anemia characterized by the generation of erythrocytes lacking all GPI-249 

anchored proteins, including the complement regulators CD55 and CD59, which are 250 

consequently susceptible to complement-mediate lysis [26]. The Ham test, a classical 251 

PNH assay [27], involves exposing the PNH erythrocytes to NHS acidified to pH 6.4 to 252 

initiate activation of the AP. We have performed the Ham test with PNH erythrocytes 253 

from an eculizumab-treated patient that are heavily opsonised with C3 fragments and 254 

demonstrate that addition of C3-12.17 and C3-42.3 efficiently block their lysis in a 255 

concentration-dependent fashion (Fig. 11). Total inhibition of the lysis in both cases 256 

was achieved at concentration of the mAbs that was essentially equimolar with that of 257 

C3 ([mAbs]: 0.92 µM; [C3]: 0.92 µM). Notably, the C3-16.4 fails to protect the lysis of 258 

C3-opsonized PNH erythrocytes, suggesting that this mAb does not prevent the 259 

formation of the AP C3-convertase when C3b is deposited on the cell surface. To test 260 

this possibility, we performed a haemolytic assay using rabbit erythrocytes that were 261 

heavy opsonised by incubating them with human serum in the presence of eculizumab.  262 

The data replicate the results with the opsonised PNH erythrocytes showing that the 263 

mAb C3-16.4 does not protect the opsonised erythrocytes from lysis, whereas the mAb 264 

C3-12.17 does. These results support our conclusion that the mAb C3-16.4 does not 265 

block the AP C3-convertasa formation when C3b is deposited on the cell surfaces.  266 

 267 

 268 

 269 

 270 

  271 
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Discussion 272 

Monoclonal antibodies (mAbs) against C3 and its activated fragments have many 273 

biomedical applications. They can be used to modulate the biological functions of C3, 274 

to target activated C3 fragments as in vivo delivery vehicles for new therapeutics or can 275 

be used as diagnostic agents to reveal sites of on-going complement activation [28]. 276 

These reagents are, however, scarce. We report here a detailed functional and structural 277 

characterization of four monoclonal antibodies (mAbs), generated by immunizing C3-278 

deficient mice with a mixture of human C3b, iC3b and C3dg fragments, which have 279 

these diagnostic and therapeutic potentialities. Three of these mAbs very efficiently 280 

inhibit activation of the AP. mAbs C3-12.17 and C3-42.3 bind to C3 and C3b with KDs 281 

in nM range (Table 1 and Figs. 1, 2 and 4), which result in an almost irreversible 282 

binding to the target molecule at equimolar concentrations. WB analysis (Fig. 1) and 283 

3D modeling using EM (Fig. 6) demonstrated that they recognize two distinct epitopes, 284 

both conserved in the C3/C3b/iC3b molecules, located close to each other within a 285 

region that have been postulated critical for the recognition of the C3 substrate by the 286 

AP C3 convertase (C3bBb) [19-21]. Binding of these mAbs to C3, or to C3b in the 287 

C3bBb convertase, efficiently blocks C3 activation (Figs. 1 and 2) and inhibits 288 

completely AP activation (Fig. 4). Our data also show that these mAbs do not interfere 289 

with the assembly of a C3bBb convertase (Fig. 4). In contrast, C3-16.4 and its Fab 290 

fragment bind to an epitope in a region of C3 around MG2-MG6 and impede the 291 

formation of the AP C3 proconvertase (C3bB) (Fig. 4 and 6). 292 

C3-12.17, C3-42.3 and C3-16.4 are, therefore, new mAbs that can be added to the 293 

list of molecules able to block formation and/or activity of the AP C3-convertase and 294 

that, upon humanization could be use to down-modulate the AP in the long list of 295 
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diseases in which AP activation contributes to pathology. To provide proof of concept 296 

of the usefulness of the mAbs to prevent or ameliorate the consequences of complement 297 

activation in diseases characterized by AP complement dysregulation, we have used 298 

them successfully in an in vitro aHUS model with sheep erythrocytes (Fig. 10) and an 299 

ex vivo model using erythrocytes from PNH patients who are treated with eculizumab 300 

(Fig. 11). Eculizumab treatment has improved significantly the quality of life of PNH 301 

patients. However, because eculizumab does not block the activity of the AP C3 302 

convertase, C3 opsonization of PNH erythrocytes persists, resulting in variable 303 

percentages of eythrocytes covered by C3 fragments, which are susceptible to 304 

extracellular hemolysis [29-31]. Using PNH erythrocytes obtained from patients treated 305 

with eculizumab, we were able to show that C3-12.17 and C3-42.3 efficiently prevented 306 

their lysis in the presence of acidified human serum (Fig. 11).  307 

C3-12.17, C3-42.3 and C3-16.4 are distinct mAbs, targeting different epitopes in 308 

C3. Although these mAbs very efficiently inhibit the AP activity in human serum, the 309 

potential advantages of one of these mAbs over the others will require direct 310 

comparisons using in vivo models of disease, which we have not been able to address. 311 

C3-16.4 is the only of the three mAbs that recognizes both human and mouse C3. 312 

However, whilst binding of C3-16.4 to human C3 results in an almost irreversible 313 

binding, the binding of C3-16.4 to mouse C3 present a very high dissociation constant 314 

(Kd= 3.2
-4

 (1/s)). This has prevented us from exploring the capacity of C3-16.4 to 315 

inhibit mouse complement in vivo in disease models generated in this specie. 316 

The structure/function correlations generated with the mAbs C3-12.17, C3-42.3 and 317 

C3-16.4 are also important because they provide additional support to the currently 318 

accepted 3D models that explain the assembly of the C3bBb convertase and the 319 



Subias Hidalgo et al. 2016 

 

 15 

recognition of C3 by the C3bBb convertase. The attachment between two MG rings 320 

revealed by crystal structures of a dimeric convertase complex [21] and the crystal 321 

structure of cobra venom factor in complex with C5 [19] have been used to hypothesize 322 

how a convertase recognizes its substrate, C3. A mutation proximal to the proposed 323 

point of attachment between the convertase and C3 blocks substrate recognition by the 324 

convertase, supporting this model [20]. Our structural and functional analysis of mAbs 325 

C3-12.17 and C3-42.3 further strengthens this model. Both antibodies bind to the MG 326 

ring at a region that would prevent the formation of C3/C3b heterodimers, and as 327 

predicted by the current model, both mAbs do not block convertase formation but C3 328 

cleavage to C3b is affected. On the other hand, C3-16.4 maps a region adjacent to that 329 

recognized by H17, a humanized antibody that blocks FB binding to C3b [22]. C3-16.4 330 

interferes with the assembly of a convertase and the structural analysis suggests that 331 

these effects must be indirect, since the antibody does not bind to a region involved in 332 

the interaction with FB. A possibility could be that C3-16.4 modifies the conformation 333 

of C3b in aspects that are essential for the binding to FB. 334 

In addition to the three antibodies that inhibit the AP activation, we report the 335 

generation and characterization of a forth mAb C3-12.2 that specifically recognizes 336 

iC3b, C3dg and C3d in human and several other species. This mAb can be used to 337 

target these activated C3 fragments in fluid phase or tissue-bound, which has both 338 

diagnostic and therapeutic importance. mAbs that recognize efficiently iC3b from 339 

different species are scarce and highly valuable because of their potential applications in 340 

clinical and basic research. C3-12.2, for example, was probed to be useful in detecting 341 

human and mouse iC3b/C3dg deposition over opsonized surfaces by flow cytometry 342 

and immunohistochemistry (data not shown), extending the small repertoire of mAbs 343 
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that can be used to monitor complement activation [28].   Furthermore, C3-12.2 has also 344 

been successfully used in our laboratory to develop a specific ELISA to measure iC3b 345 

and to purify mouse C3dg to homogeneity from activated whole mouse serum using a 346 

single affinity chromatography step (data not shown).  347 

In conclusion, mAbs targeting complement proteins are a continuous source of 348 

valuable reagents for the developing of therapeutic and diagnostic tools. They also 349 

provide insightful information to study structural functional relationships in 350 

complement activation and regulation. Despite the existence of other anti-complement 351 

mAbs, those that are well characterized in their functional and structural properties are 352 

not that common. In this respect, our four novel mAbs against human C3, added to 353 

those previously reported by Thurman et al. [28], offer a repertoire of novel reagents 354 

binding to functional regions or unique neo-epitopes in C3, with relevant diagnostic and 355 

therapeutic potentialities.  356 

 357 

  358 
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Materials and methods 359 

Generation of monoclonal antibodies 360 

C3-deficient mice were immunized with 20 µg of a mixture of the human activated C3 361 

fragments, C3b, iC3b and C3dg, emulsified in complete Freund’s adjuvant. 362 

Subsequently, mice were boosted three times at 2-week intervals with the same amount 363 

of C3 fragments in incomplete adjuvant. The mice were screened for the development 364 

of antibodies to C3 by testing their sera in an ELISA using plates coated with equimolar 365 

amounts of the human C3 activated fragments. Positive mice were given an additional 366 

boost. Three days later spleen cells from a mouse having a robust immune response 367 

towards C3 were fused to the X63AG8 myeloma cell line. Candidate hybridomas were 368 

cloned by limiting dilution, and clones recognizing human activated C3 fragments were 369 

selected for further growing. mAbs from these hybridoma clones were purified from the 370 

supernatants by affinity chromatography using a protein-G sepharose column 371 

(Pharmacia, Uppsala, Sweden). The purity of the mAbs was then analyzed by 10 % 372 

SDS-PAGE and their immunoglobulin isotype determined with the IsoStrip Mouse 373 

Monoclonal Antibody Isotyping Kit (Roche Applied Science). All animal 374 

experimentation has been reviewed and approved by the CSIC Institutional Review 375 

Board. 376 

 377 

Isolation of complement components.  378 

C3 was purified from plasma EDTA using an established protocol [32]. C3b was 379 

generated by C3-convertase cleavage. iC3b was produced by incubation of C3b in 380 

presence of FH and FI in Hepes 10 mM, NaCl 150 mM, whereas C3dg was produced by 381 

incubation of C3b with FH and FI at low ionic strength. iC3b and C3dg were purified 382 
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by anion exchange and size exclusion chromatography. FD was purchased from 383 

Calbiochem. Concentrations of pure C3 and C3 activated fragments were assessed using 384 

absorbance at A280 and a extinction coefficients of 0.98 cm
-1

 (mg/mL)
-1

. 385 

 386 

ELISAs  387 

To characterize the reactivity of the antibodies against the different C3 fragments we 388 

performed a direct ELISA coating the plates with purified human C3, C3b, iC3b and 389 

C3dg or mouse C3 at 1 µg/ml ON at 4
o
C in PBS pH 7.4. After blocking with BSA, 390 

increasing amounts of the antibodies were added (0.5 to 2 µg/ml) and detected with a 391 

HRP-conjugated anti-mouse IgG (1:1000).  392 

 393 

Inhibition of C3 cleavage assay 394 

To test the ability of the mAbs to inhibit C3 cleavage we used an in vitro assay using 395 

purified C3 (1 µg), FB (1 µg) and FD (5 ng) components in 25 uL of AP buffer (2.9 396 

mM barbital, 1.7 mM sodium barbital, 144 mM NaCl, 7 mM MgCl2, 10 mM EGTA, pH 397 

7.4). The C3 was first incubated in presence of 2 µg and 4 µg of each mAb for 10 398 

minutes at 37 ºC in a water bath. Then, the FB was added and 10 minutes later FD, 399 

allowing the reaction to proceed for 40 minutes longer. Cleavage of C3 was assessed in 400 

10% SDS-PAGE under reducing conditions and Coomassie blue staining. 401 

 402 

Hemolytic assays  403 

The capacity of the mAbs to prevent the activation of AP on cellular surfaces was 404 

assessed with the classical AP hemolytic assay using rabbit erythrocytes as previously 405 

described [33], and the hemolytic assay using sheep erythrocytes to test sera from 406 
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atypical uremic syndrome(aHUS) patients [25]. For this assay, we used an aHUS-like 407 

serum consisting of a normal human serum that has been depleted of 75% of the FH. 408 

For the haemolytic assay using mouse serum, the mouse serum concentration was 20%. 409 

Rabbit erythrocytes were also used to test the capacity of the mAbs to prevent C3 410 

deposition on cell surfaces. Briefly, 100 µL of rabbit erythrocytes (1x10
8
/mL) in AP 411 

buffer were incubated with 5 % NHS in presence of either Eculizumab (Soliris®, 412 

Alexion Pharmaceuticals) or the different mAbs against C3 at 37ºC for 30 minutes. C3 413 

deposition was evaluated by flow cytometry using a rabbit polyclonal anti human C3 414 

antibody (in house; 1μg/mL in PBS).  415 

To test the capacity of the mAbs to inhibit acidified lysis of PNH erythrocytes (the 416 

Ham test) [27], we incubated at 37ºC for 1h  PNH erythrocytes (4 % v:v final) with 25 417 

% NHS in AP buffer acidified by addition of 9 % of HCl 0.2 M, in the presence of 418 

increasing amounts of the mAbs. Hemolysis in supernatants was read at 540 nm and the 419 

percentage of lysis calculated using zero and 100 % lysis controls. 420 

 421 

Generation of Fabs from purified mAbs. 422 

Fabs were produced using Pierce
®
 Mouse IgG1 Fab and F(ab’)2 Preparation Kit 423 

(Thermo Scientific) according to the instructions provided by the manufacturer. The 424 

Fabs were purified using size-exclusion chromatography and a Superdex 200 (GE 425 

Healthcare) in 20 mM Tris, 60 mM, 1% EDTA-free protease inhibitor (Roche). The 426 

peak fractions were concentrated using Amicon® Ultra-4 Centrifugal Filter Units 427 

(Millipore) and analyzed by SDS-PAGE to verify the presence of the Fab. 428 

 429 

Determination of binding constants (KD) by surface plasmon resonance (SPR). 430 
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All SPR analyses were carried out on a Biacore X100 (GE Healthcare). For the 431 

determination of binding constants (KD) of the mAbs we used a single-cycle-kinetics 432 

method. This approach consisted of five consecutive injections of C3b or mouse C3 433 

(analyte) at increasing concentrations, over a surface in which the mAbs were captured 434 

using an anti-mouse antibody as described previously [33]. Each injection lasted for 150 435 

seconds separated by a dissociation period of 180 seconds, during which C3-free buffer 436 

was injected. The cycle was completed with an extended dissociation period of 3900 437 

seconds and a regeneration step to release both the anti-C3 mAbs and C3.  438 

 439 

Electron Microscopy and 3D reconstruction of immune complexes 440 

Immune complexes were prepared by mixing a 1.5 to 3.0 molar excess of Fab with 441 

C3b or iC3b, incubated for 30 min at 37 °C and then diluted and adsorbed on carbon-442 

coated grids for negative staining with 1% uranyl formate. Imaging was performed in a 443 

JEOL-1230 100 kV and data automatically acquired with a TVIPS F416 CMOS at 444 

54926 of final magnification. Automated particle selection as implemented in EMAN2 445 

[34]was used to select >15000 particles per experiment and then classified and averaged 446 

in XMIPP [34]. Initial models were generated in EMAN2 or created directly from a 447 

C3b atomic structure (PDB 2I07). 3D structures were refined in XMIPP [35] reaching 448 

an estimated resolution of  29-30 Å  in all cases following the FSC 0.5 criteria. Fitting 449 

of atomic structures was performed using UCSF Chimera[36]. In the case of the 450 

complexes between C3-12.2 and iC3b a similar strategy was followed, but the 451 

heterogeneity of the C3d domain location limited the analysis to 2D classification and 452 

averaging. 453 

 454 
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Figure legends 623 

Figure 1. Screening and biochemical characterization of monoclonal antibodies. (A) 624 

Hemolytic assay using rabbit erythrocytes in the presence of NHS to determine the 625 

ability of C3-12.17, C3-42.3 and C3-16.4 to inhibit complement-mediated lysis. Data 626 

points represent mean ± SD of triplicate samples from one representative experiment 627 

out of three. (B) Detection of C3 fragments in western blot (WB) by the mAb C3-12.17 628 

under reducing (R) and non-reducing conditions (NR). (C) Detection of C3 fragments 629 

in WB by C3-12.2. C3-12.2 under reducing conditions (R). (B, C) Data shown are form 630 

a single experiment representative of four experiments performed.  631 

 632 

Figure 2. The mAbs C3-12.17, C3-16.4 and C3-42.3 inhibit C3 opsonization of rabbit 633 

erythrocytes. Rabbit erythrocytes were incubated with NHS and excess of the three 634 

different mAbs (C3-12.17, C3-16.4 and C3-42.3) and Eculizumab. NHS with EDTA 635 

was used as a negative control. Flow cytometry analysis using a rabbit polyclonal anti-636 

C3 Ab was performed to detect the presence of C3 fragments. This experiment was 637 

performed in triplicate with identical results. 638 

 639 

Figure 3. C3-12.2 recognizes an epitope in C3d exposed after cleavage of C3b to iC3b. 640 

(A) WB performed using purified proteins showing that C3-12.2 binds to the C3d 641 

epitope. (B) Electron microscopy average image of a Fab generated from C3-12.2 and 642 

its immune complex with C3d. The figure shows a representative 2D average of the 643 

Fab/C3d complex obtained after image processing of images obtained in the electron 644 

microscope. (C) Representative 2D average of the immune complex between C3-12.2 645 

and iC3b. The position of the distinct domains was determined by comparison with 646 
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previous EM structures from our group, and they are indicated. (D) C312.2 does not 647 

affect iC3b inactivation to C3dg in presence of CR1 and FI. Coomassie Blue staining of 648 

an in vitro reaction where iC3b was previously incubated with the C3-12.2 for 10´ at 649 

37
0
C, and then, the CR1 and FI were added for another 60´ of incubation. The 650 

inactivation of iC3b is illustrated by the disappearance of the α´65 band and the 651 

generation of the C3dg band. (E) C3-12.2 recognizes the C3dg fragment in the activated 652 

plasma of human, mouse and rat, indicating that this mAb binds an evolutionary-653 

conserved epitope in the C3dg molecule. Data shown are form a single experiment 654 

representative of three independent experiments  655 

 656 

Figure 4. Functional effects of C3-12.17, C3-42.3 and C3-16.4 in C3 activation in vitro. 657 

In the presence of C3-12.17 and C3-42.3 there is no activation of C3, but FB is 658 

completely consumed. C3-16.4 blocks the activation of C3b and FB remains intact, 659 

suggesting that the mAb interferes with the assembly of the AP C3-convertase. All 660 

reactions were analyzed by Coomassie Blue staining. C3b was previously incubated 661 

with the different mAbs for 10´ at 37
º
C, and then, the FB and FD were added for 662 

another 45´of incubation. Data shown are form a single experiment representative of 663 

three independent experiments.  664 

 665 

Figure 5. Purification and structure of immune-complexes for C3-42.3 and C3-12.17. 666 

(A) Fabs for each of these mAbs were incubated in molar excess with C3b or iC3b and 667 

the mixture was resolved by size-exclusion chromatography (SEC) (left panel). Figure 668 

shows only the chromatogram for the incubation of iC3b and Fab (C3-12.17) as a 669 

representative example. As control, each protein and Fab was also subjected to a SEC 670 
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experiment before mixing. The immune complexes eluted first in the gel filtration 671 

column (continuous line) compared to C3b/iC3b (dashed line) and the Fab (dotted line). 672 

Fractions were analysed by SDS-PAGE (right panel), and the peak fraction for the 673 

mixture containing both C3b/ic3b and the Fab was selected for structural analysis by 674 

electron microscopy (EM). This fraction is labelled in grey colour in the chromatogram. 675 

(B) Representative 2D averages obtained after averaging several hundreds of images of 676 

complexes containing C3b and C3-42.3 (i) or C3-12.17 (ii), obtained in the electron 677 

microscope. The location of the Fab is indicated with a dashed white circle. (C) Two 678 

different views of the medium-resolution structure of the C3b/Fab complexes shown as 679 

a white transparent density. The structures were interpreted after fitting the crystal 680 

structures of C3b (PDB 2I07) [37] and a representative structure of a Fab. The MG ring 681 

is coloured in blue, TED domain in green, C345C in orange, and the Fab in red. (D) 682 

One representative average (top panel), and 3D structure (bottom panel) of Fab (C3-683 

12.17) bound to iC3b. The location of the Fab is indicated within a dashed circle. In the 684 

structure, iC3b appears as in the conformation described in Alcorlo et al[38], and only 685 

the atomic structure of the MG ring and a Fab was fitted. 686 

 687 

Figure 6. Structure of immune-complexes for C3-16.4. (A) Representative 2D averages 688 

obtained after averaging several hundreds of electron microscope images of complexes 689 

containing C3b and C3-16.4 (top). The location of the Fab is indicated with a dashed 690 

white circle. Two view of the medium-resolution structure of the C3b/Fab complex 691 

shown as a white transparent density (bottom). The structures were interpreted after 692 

fitting the crystal structures of C3b (PDB 2I07) [37] and a representative structure of a 693 

Fab. Color-coding as in Fig. 6. (B) One representative average (top), and 3D structure 694 
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(bottom) of Fab (C3-16.4) bound to iC3b. The location of the Fab is indicated within a 695 

dashed circle. In the structure of iC3b, the TED domain is displaced in several positions 696 

on the EM images, and thus, its density is not observable after 2D and 3D averaging, as 697 

described before [39]. 698 

 699 

Figure 7. The C3-16.4 Fab fragment blocks the AP C3-convertase formation and 700 

prevents the complement mediated lysis of rabbit erythrocytes in presence of NHS. (A) 701 

Rabbit erythrocytes were incubated with NHS and increasing concentration of the C3-702 

16.4 Ab or its Fab fragment. Data points represent mean ± SD of triplicate samples from 703 

one representative experiment out of three. (B) Coomassie-gel blue staining using 704 

purified proteins shows that the presence of either full C3-16.4 mAb or its Fab fragment 705 

prevent the cleavage of C3 or FB by the AP C3-convertase. Data shown are form a 706 

single experiment representative of three independent experiments. 707 

 708 

Fig. 8. The C3-16.4 inhibits complement mediated lysis of rabbit erythrocytes in 709 

presence of mouse serum. Rabbit erythrocytes were incubated with 20% mouse serum 710 

and increasing concentration of the C3-16.4 mAb. Data points represent mean ± SD of 711 

triplicate samples from one representative experiment out of two. 712 

 713 

Fig. 9. SPR analysis of binding of C3-16.4 mAb to mouse C3. The C3-16.4 mAb was 714 

captured using an anti-mouse IgG Ab surface and five increasing concentrations of 715 

mouse C3 were flowed over it. Data were fitted using 1:1 binding model. The resultant 716 

constants are shown at the right part of the panel. Data are from a single experiment 717 

with five samples. 718 
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 719 

Figure 10. C3-12.17, C3-42.3 and C3-16.4 block the lysis of sheep erythrocytes in an in 720 

vitro aHUS model. Sheep erythrocytes were incubated in presence of 15% aHUS-like 721 

serum and increasing concentration of the mAbs (from 0.05μM to 1 μM). An unrelated 722 

mAb was used as control. Data points represent mean ± SD of triplicate samples from 723 

one representative experiment out of three. 724 

Figure 11. C3-12.17 and C3-42.3 efficiently prevent the lysis of PNH erythrocytes in 725 

acidified serum. Ham test with PNH erythrocytes was performed in the presence of 726 

increasing concentrations of the three mAbs. An unrelated mAb was used as a control. 727 

Data points represent mean ± SD triplicate samples from one representative experiment 728 

out of three. 729 
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