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Abstract 19 

The majority of depleting monoclonal antibody (mAb) drugs elicit responses via Fc-FcγR and Fc-C1q 20 

interactions. Optimal C1q interaction is achieved through hexameric Fc:Fc interactions at the target 21 

cell surface. Herein is described a novel approach exploiting the tailpiece of the naturally multimeric 22 

IgM to augment hexamerisation of IgG. Fusion of the C-terminal tailpiece of IgM promoted 23 

spontaneous hIgG hexamer formation, resulting in enhanced C1q recruitment and complement-24 

dependent cytotoxicity (CDC) but with off-target complement activation and reduced in-vivo 25 

efficacy. Mutation of the penultimate tailpiece cysteine to serine (C575S) ablated spontaneous 26 

hexamer formation, but facilitated reversible hexamer formation after concentration in solution.  27 

C575S mutant tailpiece antibodies displayed increased complement activity only after target binding, 28 

in-line with the concept of ‘on-target hexamerisation’, whilst retaining efficient in-vivo efficacy and 29 

augmented target cell killing in the lymph node. Hence, C575S-tailpiece technology represents a 30 

novel format for promoting on-target hexamerisation and enhanced CDC.  31 



Introduction 32 

Monoclonal antibodies (mAb) display utility in the treatment of several cancer indications. The first 33 

mAb approved for the treatment of haematologic cancer was the anti-CD20 chimeric human (h)IgG1 34 

rituximab (Rituxan, Mabthera). Rituximab and next-generation anti-CD20 antibodies, such as 35 

obinutuzumab, are used front-line in the treatment of CD20+ B cell lymphomas and leukaemias (1), 36 

employing multiple effector mechanisms to eliminate cancer cells.  They can induce cell death 37 

directly through Fab-mediated antigen binding (direct cell death (DCD)) (2, 3) or Fc-mediated 38 

effector functions. The Fc-domain of hIgG1 interacts with Fc gamma receptors (FcγR), where 39 

engagement and signalling on immune effector cells elicits antibody-dependent cellular cytotoxicity 40 

(ADCC) (4, 5) and/or antibody-dependent cellular phagocytosis (ADCP) (6). Conversely, mAb can 41 

induce cytotoxicity through the recruitment of C1q and subsequent activation of the classical 42 

complement cascade. This proteolytic cascade can ultimately result in the insertion of the 43 

membrane attack complex and cellular lysis, evoking complement-dependent cytotoxicity (CDC) (7, 44 

8).  45 

Although the clinical approval of new antibodies is continually increasing, many patients remain 46 

unresponsive or become resistant to treatment; therefore, developing new therapies that are more 47 

efficacious or overcome these resistance mechanisms is key. Emerging antibody therapies are 48 

attempting to overcome these problems by expanding the number of immunologically relevant 49 

targets and developing alternative means of tumor destruction, such as through checkpoint 50 

blockade (9) and immune stimulation (10). Nevertheless, these modalities rarely treat >25% of 51 

patients successfully (11), with primary and secondary resistance common and immune toxicities 52 

frequently treatment-limiting (12). An alternative approach to overt immune modulation is to 53 

augment existing tumor targeting therapeutics, such as through the use of Fc multimerization 54 

technologies. 55 

In this respect, hexameric hIgG1 reagents have been shown to increase mAb efficacy, predominantly 56 

as potent CDC-inducing agents (13-16). The concept of antibody hexamers began with Smith et al 57 

fusing either the C-terminal tailpiece (tp) peptides of IgA or IgM onto the C-terminus of IgG (13, 14). 58 

These C-terminal tp peptides consist of 18 amino-acids with conserved cysteines at the penultimate 59 

residue (17, 18) which have been proposed to form disulphide bonds between adjacent tp molecules 60 

(19, 20) The IgG tp fusion therefore results in the spontaneous covalent multimerisation of the 61 

hIgG1. These IgG hexamers exhibited high complement activity in vitro (13, 14). A similar 62 

enhancement of CDC can be produced using hIgG1 containing hexamerisation enhancing Fc 63 

mutations. These mAb are monomeric in solution but cluster at the cell surface after antigen binding 64 



to form ordered, but non-covalent hexamers (21). This increase in complement activity has been 65 

attributed to elevated avidity of the IgG hexamer for the six-headed globular protein, C1q (22) as 66 

exemplified by the E430G and E345R mutations (15, 16). Elegant structural data supports the 67 

association of each head group of C1q with a single Fc molecule of both hexameric IgM (23) and 68 

hexameric IgG (24). Alternatively, complement activities can be improved by selectively enhancing 69 

the affinity for C1q, resulting in highly potent CDC-evoking mAb (25, 26), or through IgG1/IgG3 70 

chimerisation (27).  71 

CDC-enhanced mAb have the potential to improve future therapeutics. Herein, we created a novel 72 

on-target hexamerisation approach through the fusion of a mutated form of the IgM tp (μtp) at the 73 

C-terminus of hIgG Fc. Mutagenesis of the penultimate cysteine of the μtp to a serine, ablated 74 

covalent hexamerisation in favour of hIgG1 monomers in solution, but with enhanced propensity for 75 

non-covalent Fc-Fc interactions, leading to non-covalent and reversible multimerisation. The 76 

engineered hIgG μtp C575S offers enhanced complement activity whilst maintaining FcγR-effector 77 

mediated mechanisms and whole blood B cell depletion in vitro comparable to that of wild-type 78 

(WT) hIgG1. Additionally, in vivo efficacy, safety and half-life were at least equivalent to WT hIgG1, 79 

demonstrating hIgG1 μtp C575S as a potential format of interest for enhanced CDC. 80 

Results 81 

Engineering of hexamerisation-enhanced anti-CD20 hIgG1  82 

In order to generate and evaluate hIgG1 hexamer antibodies we fused the μtp of IgM to the C-83 

terminus of the hIgG1 heavy chain (hIgG μtp; Figure 1a and b) in Rituximab (RTX) constructs. hIgG1 is 84 

arranged as a hexamer in the crystal packing of IgG1-b12 (Protein Data Bank entry 1HZH)(28), with 85 

interactions observed at the CH2:CH3 interface (Figure 1c), indicating this tail-to-tail arrangement 86 

may be naturally favoured. To examine the importance of the penultimate cysteine residue (denoted 87 

herein as C575) of the μtp for stable hexamerisation, we mutated it to serine by site-directed 88 

mutagenesis (hIgG μtp C575S; Figure 1a). Serine was selected because it has similar physio-chemical 89 

properties to cysteine (polar and isosteric). Hence serine may be considered the most conservative 90 

alternative to cysteine from both production science and perceived in vivo immunogenicity 91 

perspectives.  These molecules were expressed in CHO-SXE cells, providing an average yield of 398.4 92 

± 8.8 (± SD) mg/L for the RTX hIgG1 μtp C575S and 414.3 ± 114.9 (± SD) mg/L for the RTX hIgG1 μtp 93 

pre-formed hexamer, compared to 315.5 ± 81.0 (± SD) mg/L for the native hIgG1, demonstrating 94 

that the addition of the μtp C575S or hIgG μtp does not affect protein yield (Table 1). Protein A 95 

purification followed by SE-UPLC analysis showed that the hIgG1 μtp constructs yielded two species 96 

representing monomers and hexamers, as judged by molecular weight controls. Size exclusion 97 



chromatography was therefore used to produce a pure hexamer product (Figure 1d). Similar analysis 98 

of the hIgG1 μtp C575S construct demonstrated a single species and profile identical to native 99 

monomeric hIgG1, indicating that the C575 was critical for spontaneous hexamerisation (Figure 1d). 100 

Final purification involved a buffer exchange or size exclusion step and was identical to native hIgG1. 101 

The average yield for the purified hIgG1 μtp C575S molecule was 211.3 ± 95.4 (± SD) mg/L, 102 

compared with 245.8 ± 73.5 (± SD) mg/L for RTX hIgG1 WT and 40.8 ± 20.7 (± SD) mg/L for the hIgG1 103 

μtp pre-formed hexamer. The lower recovery of pre-formed hexamer is largely a reflection of the 104 

use of SEC to remove non-hexamer species (Table 1). To indicate the broad applicability of this 105 

approach, the same three mAb formats were produced in the context of four different V-regions (SI 106 

Table 1) with the results showing the μtp C575S and μtp peptide additions do not overtly impact 107 

protein expression. Nevertheless, the removal of non-hexamers from the μtp constructs consistently 108 

resulted in a lower final yield, illustrating one of the challenges of using such molecules clinically. 109 

Together, these data demonstrate that mAb production is reproducible and robust across μtp 110 

formats and amenable to multiple mAb V-regions.  111 

Analysis by SDS-PAGE indicated a monomeric species with the hIgG μtp C575S molecule, comparable 112 

to hIgG1 WT (Figure 1e). Under non-reducing SDS-PAGE conditions the hIgG1 μtp exhibited a ladder 113 

of various sizes up to a predicted hexamer (Figure 1e), which was not observed under solution 114 

analysis with SEC. The laddering observed is consistent with that seen previously with Fc-hIgG µtp 115 

(29) and incomplete disulphide bond formation between tailpieces. Both hIgG μtp C575S and hIgG1 116 

μtp molecules were subsequently analysed by SEC-MALS to determine absolute molecular weights. 117 

These were calculated to be 154 kDa and 871 kDa, respectively compared to 149 kDa for hIgG1 WT. 118 

The molecular weight of 871 kDa corresponded to six hIgG1 μtp monomers. Further to SEC-MALS, 119 

negative stain EM demonstrated that the purified hIgG1 μtp construct was arranged as a hexamer 120 

(Figure 1f). Subsequently, we used a solution-based concentration assay to assess if the hIgG1 μtp 121 

C575S molecule exhibited an increased propensity to undergo concentration-dependent 122 

hexamerisation, observed as a shift from monomer to higher molecular weight species (multimer) by 123 

SEC. At 20 mg/ml the hIgG1 μtp C575S exhibited 13% multimer species which rose to 35% at 70 124 

mg/ml (Figure 2a). In comparison, the hIgG1 WT demonstrated no change in multimerisation at 125 

either concentration.  The multimeric peak aligned with the retention time for the hIgG1 μtp 126 

hexamer. This indicates the μtp C575S has the propensity to self-associate in solution in a 127 

concentration-dependent manner. Moreover, this association was reversible, disappearing after 128 

dilution to 1 mg/ml (Figure 2a). Comparable results were observed with trastuzumab hIgG1 μtp 129 

C575S, demonstrating this propensity to self-associate at high concentrations was independent of 130 

the V-region (SI Figure 1). Subsequently, the anti-CD20 hIgG1 μtp constructs were assessed for 131 



target binding. All anti-CD20 constructs were shown to bind CD20+ cells demonstrating that μtp and 132 

μtp C575S fusions do not prevent F(ab)-mediated binding (Figure 2b and c). Nevertheless, the level 133 

of detection of the μtp construct was significantly lower than the WT hIgG1 or μtp C575S molecules, 134 

likely due to the higher target-binding capacity of the hexamer (e.g. one hexamer able to bind 6 135 

CD20 molecules).  136 

 137 

Analysis of complement activation 138 

To determine if the propensity to hexamerise conferred increased C1q binding we performed ELISA 139 

with plate-coated hIgG1 constructs. Only the hIgG1 μtp hexamer exhibited increased C1q binding 140 

above WT hIgG1 (Figure 3a, SI Figure 2a), presumably due to enhanced avidity for C1q. The hIgG1 141 

μtp C575S had comparable binding to hIgG1 WT (Figure 3a). Next, we assessed the capacity to elicit 142 

spontaneous complement activation, measuring the production of C4d in fresh human serum (in the 143 

absence of target cells) over 1 hour at 37oC (Figure 3b). Addition of the hIgG1 μtp C575S and WT 144 

hIgG1 did not elicit elevated C4d. However, the hIgG1 μtp hexamer caused a significant increase in 145 

C4d compared with hIgG1 WT and hIgG1 μtp C575S. These results suggest that only the pre-formed 146 

hIgG1 μtp hexamer has increased avidity for C1q, resulting in spontaneous solution phase initiation 147 

of the complement cascade, independent of target binding.  148 

A cell-based C1q recruitment assay was next used to determine C1q binding differences between the 149 

constructs after antigen binding on a target cell. Ramos cells were opsonised with different mAb 150 

variants and then incubated with purified human C1q, before detection with anti-C1q-FITC (Figure 151 

3c). The hIgG1 μtp C575S and hIgG1 μtp both exhibited increased C1q recruitment to the target cell 152 

surface compared with WT hIgG1, in a dose-dependent manner (Figure 3d). Subsequently, we 153 

evaluated whether these differences translated to preferential CDC in two different cell-lines with 154 

differing complement sensitivity (Figure 3e-g). Increases in CDC were seen with both the μtp C575S 155 

and pre-formed hIgG1 μtp hexamer over the WT hIgG1, with the effects most impressive on the 156 

more CDC-resistant Raji cell line which expresses physiologically relevant levels of the complement 157 

defence molecules CD55 and CD59(30) (Figure 3f and g). These results demonstrate a direct 158 

association between cell surface C1q recruitment and CDC activity, and are in-line with the concept 159 

of on-target hexamerisation for the μtp C575S construct. 160 

In addition to demonstrating that the μtp and μtp C575S formats could augment cell surface C1q 161 

binding and CDC with RTX hIgG1, we also investigated whether they could overcome low affinity C1q 162 

interactions. The P331S mutation is known to abrogate C1q binding in hIgG1 (31). Incorporation of 163 



the P331S mutation into RTX hIgG1 μtp constructs reduced the C1q binding of WT hIgG1, hIgG1 μtp 164 

and hIgG1 μtp C575S in ELISA, most notably for the μtp hexamer (SI Figure 3 and 2b-d). It also 165 

completely abolished the C1q cell surface binding and CDC activity for hIgG1 WT, whereas the μtp 166 

C575S P331S and μtp P331S retained some, albeit reduced, C1q recruitment and CDC killing, 167 

exhibiting 53% and 29% reductions, respectively (Figure 3h and i). These data indicate that the μtp 168 

and μtp C575S formats can overcome low affinity C1q interactions by increasing C1q avidity and that 169 

this accounts for their enhanced CDC.  170 

Having established these enhanced properties for hIgG1, we next explored whether other isotypes 171 

could be similarly augmented and assessed RTX hIgG2 and hIgG4 μtp molecules. All molecules were 172 

successfully produced, despite the purified yield for all RTX hIgG2 and IgG4 reagents being low (SI 173 

Table 2). These were then assessed for their ability to bind C1q and capture it at the cell surface, 174 

secondary to evoking CDC.  Both hIgG2 and especially IgG4 are defined by a paucity of binding to C1q 175 

(32). This was confirmed in our C1q ELISA with WT hIgG4 showing no appreciable binding and hIgG2 176 

exhibiting lower levels than hIgG1 (Figure 4a and b and SI Figure 2e and f). Although neither hIgG2 177 

μtp C575S nor μtp demonstrated enhanced C1q binding by ELISA, the hIgG2 μtp molecule recruited 178 

significantly higher levels of C1q to the cell surface, and both formats displayed augmented CDC 179 

activity against Ramos cells, in particular the hIgG2 μtp pre-formed hexamer which lysed 100% of 180 

targets at 10 µg/ml, compared to no increase above base-line for WT hIgG2 (Figure 4a). The hIgG4 181 

μtp C575S antibody demonstrated negligible binding of C1q, similar to hIgG4 WT, but the hIgG4 μtp 182 

pre-formed hexamer exhibited enhanced binding (Figure 4b, SI Figure 2f). This enhanced binding 183 

correlated with efficient recruitment of C1q at the cell surface and robust CDC. Interestingly, the 184 

hIgG4 μtp C575S displayed a loss of CDC activity compared to hIgG4 WT (Figure 4b), perhaps 185 

associated with a small decrease in C1q binding observed by ELISA.  186 

Rituximab is a so-called type I anti-CD20 mAb and as such, known to redistribute and cluster CD20 187 

within the plasma membrane to evoke efficient CDC (30, 33). Therefore, to assess the broader 188 

applicability of our findings we generated a second series of anti-CD20 μtp mAbs based upon the 189 

type II mAb BHH2. BHH2 is related to the glycomodified mAb obinutuzumab which evokes low levels 190 

of CDC (34)  and which we have previously shown to exhibit classical type II behaviour, lacking 191 

clustering of CD20 and internalisation (35). BHH2 hIgG1 μtp C575S demonstrated a slight increase in 192 

C1q binding over the hIgG1 WT, but the μtp pre-formed hexamer had much greater binding as 193 

observed for RTX (Figure 4c, SI Figure 2g). The μtp C575S also evoked a modest increase in C1q 194 

recruitment and CDC activity when targeting Ramos cells, whereas the μtp pre-formed hexamer 195 

demonstrated a significant increase in both C1q recruitment and CDC activity (Figure 4c), 196 

comparable to that seen with RTX.  197 



These results clearly demonstrated that the hIgG µtp and µtp C575S technology could augment anti-198 

CD20 mAb-mediated CDC against haematological cell targets. To assess the capacity of the hIgG µtp 199 

and µtp C575S technology to augment CDC against other targets, the V regions of the anti-CD38 200 

mAb Daratumumab were incorporated into the hIgG1 μtp and μtp C575S backbones. These mAb 201 

were efficiently produced as before with retained cell surface binding, albeit with lower detection of 202 

the μtp molecule as seen with anti-CD20 mAb (Figure 4d,e). In both cases, we postulate that this 203 

reduced detection at the cell surface reflects the higher target-binding capacity of the hexamer 204 

coupled to either steric hindrance of the detecting anti-hIgG-FITC gaining access to the Fc molecules 205 

in the hexamer, or its orientation at the cell surface. The functionality of this binding was 206 

demonstrated in the following CDC assays, which showed highly effective lysis of the target Ramos 207 

cells with the μtp hexamer compared to the hIgG1 WT antibody. Lower, but still highly effective, lysis 208 

was also shown with the μtp C575S format (Figure 4f). These results clearly demonstrate that the 209 

hIgG µtp and µtp C575S technology can augment mAb-mediated CDC against multiple 210 

haematological cell targets. To assess the utility of this approach for solid tumour targets, the μtp 211 

technology was applied to the anti-HER-2 antibody trastuzumab using SK-BR-3 cells as a solid tumor 212 

target. SK-BR-3 were resistant to WT hIgG1 trastuzumab. Nevertheless, the μtp pre-formed hexamer 213 

format was able to overcome this, producing appreciable levels of CDC at the top concentrations (SI 214 

Figure 4).  215 

Analysis of FcγR-mediated interactions and effector functions 216 

Having established the ability of the μtp technology to augment complement activity, we assessed 217 

interactions with FcγR, first exploring whether FcγR binding affinity and/or avidity was affected using 218 

SPR. The various mAb constructs were immobilised to a Biacore sensor chip and recombinant hFcγR 219 

passed over at various concentrations. Binding affinities to hFcγR were largely unaffected by 220 

addition of the μtp C575S or μtp (SI Figure 5). The binding of the μtp constructs to FcγR was also 221 

assessed using CHO cells stably expressing human FcγR (36) (SI Figure 6). Binding to FcγRI was similar 222 

for all antibody formats. In contrast to the SPR analysis, the hIgG1 μtp pre-formed hexamer 223 

displayed a higher level of binding to all low affinity FcγR when compared to the monomeric hIgG1 224 

WT and μtp C575S, most likely due to higher avidity interaction with FcγR in this ‘receptor down’ 225 

assay orientation. However, the hIgG1 μtp pre-formed hexamer did demonstrate some evidence of 226 

non-specific binding to CHO cells not expressing FcγR, and not all CHO cell lines expressed high levels 227 

of FcγR. 228 

We next assessed their ability to initiate FcγR-mediated effector functions. ADCP assays with human 229 

monocyte-derived macrophages (MDM) and human CLL target cells were used to determine the 230 



phagocytic potential of RTX hIgG1 μtp fusion mAb, by observing double positive CFSE target cells and 231 

FcγRIII+ macrophages (SI Figure 7a). Both hIgG1 μtp pre-formed hexamer and hIgG1 μtp C575S 232 

constructs retained activity equivalent to WT hIgG1, irrespective of macrophage polarisation status 233 

(Figure 5a). Next, NK-mediated ADCC was assessed using hPBMC as effector cells and Ramos cells as 234 

targets. The RTX hIgG1 μtp pre-formed hexamer and hIgG1 μtp C575S retained efficient ADCC 235 

activity when compared to their hIgG1 WT counterpart (Figure 5b).  These results were mirrored 236 

with BHH2 constructs (SI Figure 7b and c). These results demonstrate that FcγR-mediated effector 237 

function is not impacted after fusion of the μtp at the C-terminus.  238 

Anti-CD20 mAb also possess the ability to elicit DCD with differing mechanisms of action, being 239 

either more apoptotic (RTX) or lysosomal (BHH2) (2, 37). To investigate the impact of the hIgG1 μtp 240 

pre-formed hexamer and hIgG1 μtp C575S on DCD for these two antibody types, Raji cells were 241 

incubated with mAb at various concentrations for 24 hours and cell death assessed by flow 242 

cytometry (SI Figure 8a). RTX hIgG1 WT displayed an inherently low ability to induce DCD, which was 243 

not enhanced with addition of the μtp C575S, however the hIgG1 μtp pre-formed hexamer caused a 244 

significant increase in DCD (Figure 5c). Conversely, the BHH2 hIgG1 WT had an efficient induction of 245 

DCD in its non-modified form which was decreased with the μtp C575S and further decreased with 246 

the μtp pre-formed hexamer (Figure 5d). The results therefore indicate that μtp modifications can 247 

modulate DCD according to the nature of the associated mAb; for type I CD20 mAb increasing it but 248 

for type II CD20 mAb reducing it, presumably through receptor re-orientation/hexamerisation in 249 

both cases. 250 

Next, we assessed the impact of our μtp fusion in whole blood B cell depletion assays. These assays 251 

provide a more complete set of physiological effectors, as well as being able to evaluate an overall 252 

impact from multiple contributors (38). B cell depletion in whole blood was calculated using the ratio 253 

of CD3+ T cells to CD19+ B cells after incubation with anti-CD20 mAb (SI Figure 8b). Surprisingly, 254 

given its powerful CDC activity, the RTX hIgG1 μtp pre-formed hexamer displayed a significant 255 

decrease in B cell depleting efficacy compared to the hIgG1 μtp C575S (58% decrease) and hIgG1 WT 256 

(62% decrease) formats (Figure 5e), which were not statistically different. A similar trend was 257 

observed with BHH2 reagents (Figure 5f), which demonstrated higher B cell cytotoxicity than RTX 258 

reagents overall, and a 31% and 37% decrease for BHH2 hIgG1 μtp pre-formed hexamer compared 259 

with BHH2 hIgG1 μtp C575S and BHH2 hIgG1 WT, respectively. These data indicate that hIgG1 μtp 260 

C575S-mediated on-target hexamerisation does not improve or hinder effector functionality but that 261 

pre-formed hexamers reduce killing activity in the context of multiple potential effector 262 

mechanisms, with a larger impact with more complement-active mAb such as RTX. To address 263 

whether the μtp formats exhibited differential activity for the high (158V) or low (158F) FcγRIIIa 264 



polymorphisms (39, 40), we genotyped the same samples. We observed no unexpected effects, with 265 

the μtp pre-formed hexamer being least effective in FcγRIIIa V/V, V/F and F/F donors and μtp C575S 266 

exhibiting the same efficacy as WT IgG1 across the allotypes (SI Figure 8c). 267 

Analysis of in vivo B cell depletion analysis 268 

Finally, we assessed the activity of these various μtp constructs in mice. Antibody clearance was 269 

investigated in WT mice lacking human CD20, to remove confounding issues relating to target 270 

binding. The RTX hIgG1 μtp C575S mAb displayed a similar rate of antibody persistence compared to 271 

the RTX hIgG1 WT, being readily measurable past 2 weeks. Conversely, the μtp pre-formed hexamer 272 

was far more rapidly cleared from the serum, with >90% lost within 2 days (Figure 6a). To probe 273 

whether this was related to inadequate binding to FcRn, we measured the binding to FcRn using 274 

affinity chromatography. The hIgG1 μtp C575S mAb displayed comparable FcRn retention compared 275 

to WT hIgG1, whereas the μtp demonstrated stronger retention to FcRn potentially due to its higher 276 

avidity (Figure 6b). 277 

Next we assessed B cell depletion, initially using a previously described adoptive transfer assay (41). 278 

A 1:1 ratio of CFSE-high hCD20Tg B cells and CFSE-low WT B cells were transferred into recipient WT 279 

mice and depletion induced by anti-CD20 μtp mAb monitored in the spleen (Figure 6c). The RTX 280 

hIgG1 μtp pre-formed hexamer demonstrated a small but significant decrease in efficacy compared 281 

to RTX hIgG1 WT and μtp C575S, which had comparable depletion (Figure 6d). These results were 282 

confirmed with the type II BHH2 hIgG1 μtp pre-formed hexamer. BHH2 demonstrated the highest 283 

efficacy in adoptive transfer assays as expected (41), but further emphasised the reduction in B cell 284 

depletion with the μtp pre-formed hexamer (SI Figure 9). To further evaluate in vivo potency, we 285 

assessed systemic B cell depletion over time in hCD20Tg Balb/C mice. RTX hIgG1 μtp C575S displayed 286 

similar B cell depleting activity to RTX hIgG1 WT and suppressed circulating B cells for 7 days 287 

following a single 100 µg dose (Figure 6e and f). In contrast, whereas initially the RTX hIgG1 μtp pre-288 

formed hexamer displayed a high capacity to deplete peripheral B cells, B cell numbers recovered 289 

more quickly from 24 hours post administration (Figure 6f). On day 15, the animals were sacrificed 290 

and organs analysed by flow cytometry to ascertain the extent of B cell depletion. In the spleen, B 291 

cell depletion was highest with the RTX hIgG1 μtp C575S mutant, although not significantly different 292 

than WT hIgG1, whereas the RTX hIgG1 μtp pre-formed hexamer was significantly less effective 293 

(Figure 6). In the lymph node this trend was more pronounced with both WT and μtp pre-formed 294 

hexamer treated groups displaying significantly (~5 fold) less B cell depletion than the μtp C575S 295 

treated groups (Figure 6g). The concentration of mAb was also measured in the serum, which 296 

demonstrated comparable rates of IgG clearance for the WT and µtp mAb. However, the µtp pre-297 



formed hexamer exhibited lower concentrations compared with the monomeric hIgG during the 298 

experiment (Figure 6h). 299 

Discussion 300 

There is clear evidence that hexamerisation-enhanced hIgG1 formats can augment complement 301 

activation above the natural IgG molecule and that enhanced complement activation remains a goal 302 

for certain therapeutic mAb (15, 16, 26). One example where complement activation is considered 303 

beneficial is with the anti-CD20 mAb, ofatumumab. Ofatumumab offers enhanced complement 304 

activation above that seen with RTX, likely due to its unique and more surface proximal binding 305 

epitope and/or low off-rate (42-44) and has been observed to increase tumor cell elimination in vivo 306 

(45) and achieve clinical responses in patient’s refractory to RTX monotherapy (46). Additionally, 307 

there are benefits to enhancing the complement activity of mAb targeting bacterial cells, where 308 

studies have demonstrated that bacterial infections can be controlled by complement- but not FcγR-309 

mediated effector mechanisms (47, 48). 310 

When designing strategies to enhance CDC there are two conventional routes; enhancing affinity for 311 

C1q (25, 49) or avidity (15). The latter can be accomplished by pre-formed antibody hexamerisation 312 

or on-target antibody hexamerisation. On-target hexamerisation presumably involves non-covalent 313 

Fc-Fc interactions initiated after cell surface antigen binding (15). High avidity Fc-interactions are 314 

now considered critical for efficient recruitment of C1q (21, 24, 50), and by extension induction of 315 

CDC. This has been exploited with the use of a single E430G mutation (16) which has demonstrated 316 

broad applicability against a range of cellular targets (15, 47, 51). A recent study has further 317 

demonstrated that superior CDC can also be induced through the formation of hetero-hexamers 318 

(mixed specificity hexameric antibody complexes) that act synergistically, and that these activities 319 

are further enhanced by hexamerisation-enhanced mutations, such as E430G (52). Here we explored 320 

alternative means to elicit on-target hexamerisation using μtp formats. 321 

The resulting hIgG1 μtp pre-formed hexamer molecules exhibited a large (130-fold) enhancement in 322 

CDC activity above WT hIgG1, with the μtp C575S format providing more modest enhancements. The 323 

μtp C575S CDC enhancement required cell surface binding and was not an inherent property of the 324 

molecule, unlike the pre-formed hIgG1 μtp hexamer, which exhibited increased C1q binding in ELISA. 325 

These activities correlated with the propensity to hexamerise in solution, presumably through non-326 

covalent hydrophobic interactions between µtp’s, similar to those proposed in multimeric IgM 327 

structures (20, 53). In solution, self-association was restricted to high concentration for μtp C575S 328 

formats (e.g. >20mg/ml), and was fully-reversible with no aggregates, similar to results reported for 329 

E430G mutations (16). The μtp C575S monomer exhibited WT binding to C1q and failed to evoke 330 



spontaneous activation of serum complement, in contrast to the μtp pre-formed hexamer, which 331 

liberated C4d. When bound to target antigen at the cell surface the μtp C575S demonstrated 332 

increased C1q recruitment, indicating enhanced avidity, in-line with the concept of on-target 333 

hexamerisation.  334 

The same enhancement in complement activation was also observed with hIgG1 μtp molecules 335 

containing P331S, hIgG4 μtp and to a lesser extent hIgG2 μtp, demonstrating that hIgG molecules 336 

which have low-to-no native affinity for C1q (31, 32) can recruit C1q and activate complement when 337 

in a favourable multimeric conformation, i.e. a pre-formed hexamer. This observation is broadly in-338 

line with CDC activity of hIgG2 and hIgG4 µtp hexamers shown by Smith et al (14), although here we 339 

fully purified the µtp pre-formed hexamer from the monomeric fraction. The presence of fully 340 

purified hIgG µtp pre-formed hexamers highlights the benefit gained from higher avidity interactions 341 

with C1q provided by a hexameric format, in the absence of high C1q affinity. However, this 342 

augmentation was less obvious when the C575S mutation was introduced into hIgG2 and hIgG4 343 

constructs, indicating that this format cannot overcome the inherent isotype disadvantages with 344 

regard to C1q binding (32). The lack of detected C1q recruitment with hIgG2/4 monomeric 345 

constructs, but observed Ramos cell killing highlights the highly sensitive nature of this cell line to 346 

complement. Unexpectedly, addition of the μtp C575S to hIgG4 resulted in a loss in complement 347 

efficiency, the cause for which has not been fully elucidated.  348 

Accordingly, the effectiveness of the hIgG1 μtp C575S in augmenting CDC was partly dictated by the 349 

nature of the target and specific mAb employed as exemplified by the differences in the magnitude 350 

of CDC enhancement between type I and type II anti-CD20 mAb. Type I anti-CD20 reagents trigger 351 

reorganisation of CD20 into lipid raft microdomains (33), facilitating mAb clustering and higher levels 352 

of CDC due to a more favourable Fc distribution (30). Conversely, type II anti-CD20 mAb do not elicit 353 

CD20 redistribution, leading to lower CDC activity (30). The pre-formed hIgG1 μtp hexamer was 354 

highly effective in engaging C1q and evoking CDC, indicating that by adopting the hexameric format, 355 

previously CDC-inert reagents can be engineered to exhibit potent complement activity (similar to 356 

the results with sub-optimal hIgG isotypes detailed above). Interestingly, the μtp hIgG1 C575S fusion 357 

was to some extent able to overcome type II characteristics. In this hIgG1 context, the C1q affinity is 358 

measurable and so subsequent ‘on-target’ hexamerisation is able to elicit increased C1q binding and 359 

CDC.  360 

We also showed that the hIgG1 μtp C575S could elicit a CDC enhancement against a second clinically 361 

relevant haematological cell target. The anti-CD38 antibody Daratumumab, approved for use against 362 

multiple myeloma, was augmented after fusion to either the μtp C575S or μtp, demonstrating that 363 



this technology can be applied to a wider range of targets beyond CD20. In addition to 364 

haematological cancer cell targets, the killing of HER-2+ SK-BR-3 solid tumor cells with the 365 

trastuzumab hIgG1 μtp hexamer indicated that this technology could provoke increased CDC 366 

towards targets outside CD20 and CD38 and malignancies outside of lymphoma. The lack of 367 

enhanced CDC activity for the trastuzumab hIgG1 μtp C575S over the hIgG1 likely reflects the greater 368 

complement resistance of these target cells and is possibly a result of the high expression of  369 

complement regulatory proteins CD46, CD55, and CD59 (54).  370 

This differential effect of the μtp fusions on alternative mAb frameworks was also seen with type I 371 

versus II anti-CD20 mAb with regards DCD, where hIgG1 hexamers evoked increased DCD with RTX 372 

but reduced DCD with BHH2. The redistribution of CD20 into lipid rafts by type-I mAb enables its 373 

engagement with a host of BCR signalling proteins, followed by apoptosis (55). The enhanced DCD 374 

observed with the RTX μtp construct is consistent with studies showing receptor clustering and 375 

apoptosis are enhanced through hyper-cross-linking IgG (56).  In contrast, type II anti-CD20 mAb 376 

elicit high levels of DCD without the requirement for CD20 clustering or increased IgG cross-linking, 377 

by evoking a non-apoptotic, non-autophagic cell death involving actin cytoskeleton remodelling (2, 378 

37). This activity was reduced upon IgG hexamerisation, indicating that the optimal bivalent binding 379 

geometry of type II anti-CD20 mAb is disrupted when hexameric. Such differences likely relate 380 

directly to their alternate binding geometries (57) and recently defined differing F(ab):receptor 381 

complexes (58). 382 

Importantly, addition of the μtp or μtp C575S did not have any impact on ADCC and ADCP. Although 383 

the binding avidity of hIgG1 μtp hexamers for FcγR at the cell surface appeared to be enhanced, 384 

especially for FcγRIIa and FcγRIIb, the lack of improvement in FcγR effector functionality suggests 385 

that these multimeric Fc formats do not augment FcγR engagement or activation, which is not 386 

unexpected given the 1:1 stoichiometry of Fc:FcγR binding (59-62) and supported by the lack of 387 

enhanced binding affinity when measured by SPR.  388 

Although the pre-formed hexameric μtp reagents exhibited significantly enhanced CDC activities in 389 

vitro, they displayed reduced efficacy in whole blood deletion assays ex vivo and in B cell depletion 390 

assays in vivo. The loss of activity in vivo is likely explained by the rapid clearance of the µtp hIgG1 391 

from the serum. Although not directly studied, this rapid clearance presumably relates to its size 392 

(~870 KDa) and/or hexameric conformation which would be expected to be removed either through 393 

filtration (63, 64), or via enhanced binding with FcγR (65). In addition to this potential impairment of 394 

deletion, the high avidity interaction with C1q may outcompete FcγR binding, therefore favouring 395 

CDC and excluding ADCC, which may be less efficient in killing in the whole blood assay. This is 396 



further evidenced by the larger decrease in B cell depletion with the RTX hIgG1 µtp pre-formed 397 

hexamers compared with the BHH2 µtp hIgG1 hexamers (58% and 31%, respectively, compared to 398 

their μtp C575S counterparts). Alternatively, it can be postulated that an over-activation of CDC may 399 

be detrimental to the efficacy of B cell depletion in blood by impairing other effector mechanisms. 400 

This has been previously shown for NK-mediated ADCC through a C3b-dependent down-regulation 401 

of NK cell binding to IgG immune complexes, resulting in decreased cytotoxicity(66). Although not 402 

previously demonstrated this same mechanism may impair other FcγR-mediated effector functions 403 

such as ADCP.  404 

In contrast to the hIgG1 µtp pre-formed hexamers, the hIgG1 µtp C575S on-target hexamer 405 

exhibited modestly increased CDC, coupled to WT hIgG1 clearance in the serum and B cell deletion 406 

activity in whole blood assays. Depletion of peripheral blood B cells in vivo was equivalent between 407 

hIgG1 and hIgG1 C575S µtp formats in terms of magnitude and duration. Intriguingly, there was a 408 

trend towards increased deletion in the spleen and a highly significant (~5 fold) augmentation of B 409 

cell depletion in the lymph node with RTX hIgG1 μtp C575S. It has previously been shown that 410 

complement components are produced in the lymph nodes (67) and that local complement 411 

activation can occur at this site (68). These data suggest that B cell depletion in the lymph node may 412 

have a higher dependence on complement as opposed to FcγR-mediated mechanisms. In support of 413 

this, macrophages and NK cells in lymph nodes express lower levels of activating FcγRs compared to 414 

the spleen and blood (69), and the overall proportion of macrophages in the lymph nodes is far 415 

lower than in the spleen and so it may be that CDC plays a greater role in deleting target cells at this 416 

site.   417 

Clearly, there are several important aspects to consider when engineering IgG for increased 418 

complement activation. The greatest bioavailability of complement is in the circulation, therefore it 419 

could be perceived that complement-engineered mAb will have the highest impact in 420 

haematological malignancies and in environments that are well-vascularised. However, a recent 421 

report has indicated that such hexamerisation-enhanced mAb even have efficient CDC activity under 422 

conditions of limiting complement availability(70). In addition to the potential question of 423 

complement bioavailability, there are limitations in the use of mouse models to study complement-424 

enhanced mAb. For example, in our previous studies we demonstrated that complement plays a 425 

limited role in RTX-mediated B cell depletion in vivo for canonical IgG mAb (71).  426 

In conclusion, here we report a novel antibody engineering strategy focussed on antibody 427 

hexamerisation delivered through the addition of a small 18 amino-acid peptide of human antibody 428 

origin. Choice of such a ‘natural’ sequence may limit immunogenicity. The hIgG1 μtp pre-formed 429 



hexamers and hIgG1 μtp C575S ‘on-target’ hexamers show enhanced complement effects, through 430 

increased C1q avidity. Whereas the hIgG1 μtp pre-formed hexamer is more active in the absence of 431 

target binding, the hIgG1 μtp C575S on-target hexamer mAb was only more active after target 432 

binding. These mAb exhibit enhanced CDC activity in vitro whilst maintaining other mechanisms of 433 

target deletion, such as ADCC and ADCP. Ablating covalent hexamerisation with the C575S mutation 434 

reduced the potency of CDC activation but also obviated the negative impacts associated with 435 

covalent IgG hexamers; notably purification challenges, spontaneous complement off-target 436 

activation, increased IgG serum clearance, and FcγR related safety risks when administered 437 

systemically, as previously highlighted with hIgG1 Fc hexamers (29). The results described here 438 

indicate that such a technology could be applied as a generic CDC-enhancing tool for existing direct 439 

targeting mAb with a range of cell surface targets, such as CD20 or EGFR to augment their efficacy 440 

and improve anti-cancer therapy. 441 

Methods 442 

Cell lines and animals 443 

Ramos and Raji cells were obtained from ATCC. CHO cells stably transfected with human FcγR were 444 

produced in-house. All cells were cultured in complete RPMI (Thermo Fisher Scientific) 445 

supplemented with 2 mM L-glutamine, 1 mM pyruvate, and 10% FCS, unless otherwise stated. CHO-446 

SXE cells (UCB proprietary cell line)(72) were maintained in CD-CHO media (Thermo Fisher Scientific) 447 

supplemented with 6mM L-Glutamine. Mice were bred and maintained in local facilities and 448 

experiments approved by the local ethical committee under Home Office license PPL30/2964, 449 

reporting to the Home Office Animal Welfare Ethical Review Board (AWERB) at the University of 450 

Southampton. Experiments conformed to the Animal Scientific Procedure Act (UK). 451 

Antibody production and quality control 452 

Human IgGs were each directly fused at their C-terminal lysine residues to the 18 amino-acid wild-453 

type (PTLYNVSLVMSDTAGTCY) or mutant (PTLYNVSLVMSDTAGTSY) human IgM µtp. DNA constructs 454 

were ordered from ATUM and C575S mutagenesis carried out using Quikchange Lightning Site-455 

directed mutagenesis (Agilent). Constructs were transfected into CHO-SXE cells using ExpiFectamine 456 

CHO transfection kit (Thermo Fisher Scientific) according to the manufacturer’s High Titre protocol. 457 

Transfected CHO cells were cultured for 10 days. Supernatant was harvested by centrifugation at 458 

4000 g for 40 minutes and clarified by filtration through a 0.22 μm stericup filter. hIgG monomers 459 

and hexamers were purified by MabSelectSure Protein A affinity chromatography column (GE 460 

Healthcare), followed by size exclusion chromatography (SEC) using a HiLOad Superdex 200 16/60 GL 461 



column (GE Healthcare). Purified antibodies were analysed for purity, endotoxin, MW, and epitope 462 

binding.  463 

Analysis of antibody yield by protein G chromatography 464 

In order to estimate the protein yield for each mAb construct, 100 μl of expression supernatant was 465 

loaded onto a 1 ml HiTrap Protein G column (GE Healthcare) attached to a HPLC Infinity System 466 

(Agilent). Bound antibody was washed with 20mM NaPO4, 50mM NaCl pH 7.4, and eluted with 50 467 

mM Glycine pH 2.7. The eluted protein absorbance at 280 nm was measured and area under the 468 

peak calculated. Protein yield was calculated using a standard curve calculated from the elution 469 

profile of an IgG standard. 470 

Purity analysis 471 

To determine the purity of each mAb construct, SEC was used. For SE-HPLC 20 μg of protein was 472 

loaded onto a TSKgel G3000SWxl gel filtration column (Tosoh Bioscience) attached to the HPLC 473 

Infinity System. Protein was eluted over 17 minutes with a 0.2 M Phosphate buffer pH 7.0 at a flow 474 

rate of 1 ml/min. The absorbance at 280 nm was analysed and protein purity calculated by peak 475 

integration and measurement of the area under each peak. For SE-UPLC, 1 µg purified protein 476 

sample was injected onto an ACQUITY BEH200 column (Waters) and developed with an isocratic 477 

gradient of 200 mM phosphate, pH 7.0 at 0.35 mL/min. Signal detection was by absorbance at 280 478 

nm and multi-channel fluorescence. For quality control purposes all hIgG µtp C575S monomeric mAb 479 

was required to have a purity >98% and hIgG µtp pre-formed hexameric mAb a purity >95%. 480 

Endotoxin analysis 481 

Endotoxin was measured using the Endosafe® Portable Test System (Charles River) or the Limulus 482 

Amebocyte Lysate (LAL) chromogenic endotoxin quantification kit (Pierce), according to the 483 

manufacturer’s instructions to ensure endotoxin levels of all antibodies were <1.5 EU/mg.  484 

Size Exclusion Chromatography-Multi Angle Light Scattering (SEC-MALS) 485 

To determine the absolute molecular weight of the expressed constructs SEC-MALS was used. 50 μg 486 

of protein was loaded onto a pre-equilibrated Superdex 200 increase 10/300 column (GE Healthcare), 487 

and eluted isocratically using PBS pH 7.4 at 0.5 mL/minute over 60 minutes. The column was attached 488 

to an Agilent 1100 HPLC system, connected in series to a Viscotek MALS 20 multi-angle light scattering 489 

detector and refractive index (RI) detector.  The RI detector was calibrated using bovine serum 490 

albumin (BSA) and the molecular weight of the proteins of interest calculated using OmniSEC software 491 

(Malvern).  492 



SDS-PAGE 493 

SDS-PAGE analysis was used to assess protein purity of hIgG monomers and hexamers. NuPAGE 3-494 

8% Tris-Acetate gels used to analyse hIgG μtp hexamers. 2 ug of protein was prepared with Novex 495 

Tris-Acetate SDS running buffer and either 10 nm N-ethylmaleimide (Thermo Fisher Scientific) or 496 

10% NuPAGE sample reducing agent (Thermo Fisher Scientific) and denatured at 95oC for 10 497 

minutes. NativeMark molecular weight marker (Thermo Fisher Scientific) for Tris-Acetate were used. 498 

Gels were stained with InstantBlue protein stain according to the manufacturer’s instructions 499 

(Expedeon).  500 

Negative stain electron microscopy 501 

Antibody was applied to electron microscopy grids with 2% uranyl acetate solution and allowed to 502 

dry. Electron microscope images were acquired using a Hitachi HT7700 Transmission Electron 503 

Microscope at 80,000x magnification. Images were processed using Adobe Photoshop.  504 

ELISA 505 

96-well MaxiSorp plates (NUNC) were coated with the appropriate protein at the required 506 

concentration, serially diluted across and coated at 4oC overnight. Unbound protein was removed 507 

and plates were blocked with PBS 1% BSA before addition of protein or serum, and incubated at 508 

37oC for 90 minutes, followed by detection using an HRP-conjugated detection antibody. After 509 

washing, o-phenylnediamine dihydrochloride was added and the reaction ended with H2SO4 after an 510 

appropriate color change. Absorbance was measured at 450nm on an Epoch plate reader (Biotek). 511 

To assess the binding affinity of C1q to mAb, plates were coated with the appropriate mAb at serial 512 

dilutions from 10 μg/ml. Following coating and blocking, 2 μg/ml of human purified C1q was added 513 

and incubated for 2 hours at room temperature. In the case of the C1q ELISA a primary rabbit anti-514 

C1q antibody (Abcam) was added next and incubated, followed by the HRP-conjugated donkey anti-515 

rabbit IgG (Sigma) detection antibody. 516 

In order to determine the concentration of hIgG1 in the peripheral blood of mice after 517 

administration, plates were coated with goat anti-human antibody (gamma chain specific) (Sigma-518 

Aldrich) at serial dilutions from 100 μg/ml. Following coating and blocking, serum samples were 519 

added to the plate at an initial dilution of 1:100 or matched controls at a starting concentration of 1 520 

μg/ml and serially diluted across the plate, and incubated at 37oC for 90 minutes. Following 521 

incubation the HRP-conjugated F(ab’)2 goat anti-human (Fc specific) (JacksonImmunoresearch) 522 

detection antibody was added. 523 



Fluid-phase C4 activation 524 

Complement C4 activation in human serum was determined by measuring the concentration of C4d. 525 

hIgG1 constructs (100 μg/ml) were incubated in normal human serum (NHS) for 1 hour at 37oC. C4d 526 

concentration was then measured by ELISA (MicroVue EIA C4d, Quidel) according to the 527 

manufacturer’s protocol.  528 

C1q recruitment analysis 529 

To determine C1q recruitment to the cell surface, 1 x 105 CD20+ Ramos target were opsonised with 530 

hIgG µtp constructs at concentrations between 10 – 0.15 µg/ml for 15 minutes at room 531 

temperature. Purified human C1q (Abcam) was then added to a final concentration of 2 μg/ml and 532 

incubated at 37 oC for 10 minutes. The cell mixture was washed with FACS wash before staining for 533 

bound C1q with anti-C1q-FITC (Abcam) and incubated for 30 minutes at 4oC before analysis by flow 534 

cytometry (BD FACS Calibre).    535 

CDC assay 536 

NHS was prepared from the blood of healthy volunteers with appropriate consent. Venous blood 537 

was taken into glass vials to clot. Clotted blood was centrifuged at 900 g for 20 minutes and 538 

collected serum stored in glass vials at -80oC. For the CDC assay, CD20+ Ramos or Raji cells were 539 

opsonised with mAb at the desired concentrations for 30 minutes at 4oC. NHS was then added at 540 

20% V/V and incubated for 30 minutes at 37 oC. Cell death was measured as propidium iodide 541 

positive cells (%) by flow cytometry (BD FACS Calibre).   542 

Surface plasmon resonance analysis 543 

Surface plasmon resonance (SPR) was carried out to assess the binding affinities of mAb to FcγR 544 

using a Biacore T100 system (GE Healthcare). A Series S Sensor CM5 chip (GE healthcare) was primed 545 

and normalised with BIA Normalising solution (GE Healthcare). The normalised chip dextran was 546 

activated with a 1:1 mixture of EDC (0.4 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) and 547 

NHS (0.1 M N-hydroxysuccinimide) (Amine Coupling kit; GE Healthcare) for 10 minutes. The mAb 548 

ligand was diluted to 25 μg/ml in Acetate pH5 (GE Healthcare) and approximately 2000 response 549 

units (RU) were immobilised to the CM5 sensor chip flow cells via amine chemistry. Ethanolamine 550 

(Amine Coupling kit; GE Healthcare) was used to deactivate excess dextran groups on the chip flow 551 

cells. Recombinantly produced FcγR (I, IIA, IIB, IIIA, IIIB) (R&D Systems) were prepared in HBS-EP (GE 552 

Healthcare) at 0.16 - 100 nM (FcγRI) or 1.6 - 1000 nM (FcγRIIa, IIb, IIIa, IIIb). Kinetic analysis was 553 

performed according to the following parameters: sample on/off times 300 seconds at a flow rate of 554 

30 μl/min with 30 seconds regeneration of 30 μl/min 10 mM Glycine pH2.0. FcγR were flowed 555 



through all cells simultaneously. A blank reference cell was used to be subtracted from antibody 556 

containing flow cells. Kinetic analysis and steady state affinity calculation were performed using 557 

Biacore Evaluation software (GE Healthcare).  558 

Flow Cytometry 559 

For direct detection of cell surface proteins, cells were incubated with fluorescently labelled 560 

antibodies for 30 minutes at 4oC or 15 minutes at room temperature. Labelled cells were washed 561 

twice with FACS wash (PBS, 1% w/v BSA (Europa Bioproducts), 0.01% v/v sodium azide (Sigma-562 

Aldrich) and centrifuged at 300 g for 5 minutes. For indirect detection of hIgG bound to the cell 563 

surface, target cells were opsonised with mAb for 30 minutes at 4oC or 15 minutes at room 564 

temperature, washed twice with FACS wash, 0.01% sodium azide (Sigma-Aldrich) at 300 g for 5 565 

minutes, and labelled with mouse anti-human IgG Fc-APC (clone M1310G05) for 30 minutes at 4oC 566 

or 15 minutes at room temperature. Labelled cells were washed twice with FACS wash at 300 g for 5 567 

minutes. Samples were analysed using a FACS Calibre or Canto (Becton Dickinson) and data analysis 568 

performed using FlowJo (Becton Dickson).  569 

FcγR binding 570 

mAb were incubated with 1 x 105 CHO cells stably expressing different human FcγR(36) for 30 571 

minutes at 4oC, followed by washing with FACs wash and detection with PE-anti-human IgG F(ab’)2 572 

(Jackson ImmunoResearch). Binding of mAb was assessed by flow cytometry. 573 

FcRn binding 574 

mAb were buffer exchanged into 20 mM MES-HCl pH 5.5, 140 mM NaCl and adjusted to 1 mg/ml 575 

before loading onto an FcRn affinity column (Roche Custom Biotech) equilibrated with 80% 20 mM 576 

MES-HCl pH 5.5, 140 mM NaCl and 20% 20 mM Tris-HCl pH 8.8, 140 mM NaCl. Bound antibody was 577 

eluted over 30 column volumes using a pH gradient by increasing the percentage of 20 mM Tris-HCl 578 

pH 8.8, 140 mM NaCl, and measured by absorbance at 280 nm. 579 

PBMC isolation  580 

Human peripheral blood mononuclear cells (PBMC) were isolated from blood leukocyte cones 581 

(acquired from Southampton General Hospital NHS Blood Service) diluted in PBS, EDTA (2mM). 582 

Diluted blood was layered onto Lymphoprep (Axis Shield) and centrifuged at 800 g for 10 minutes. 583 

The interphase layer containing the PBMCs was collected and washed with PBS, EDTA 3 times before 584 

resuspension in appropriate media at an appropriate concentration.  585 

ADCC assay 586 



Ramos cells at 1x107 cells/ml in PBS were labelled with 10 µM Calcein AM (Life Technologies) for 30 587 

minutes at 37oC and washed. Cells were then opsonised with antibody for 30 minutes at 4oC. Human 588 

peripheral blood mononuclear cells (PBMCs). PBMCs in complete RPMI were co-cultured with 589 

labelled target cells at a ratio of 50:1 effectors to targets for 4 hours at 37oC. Lysis buffer (Triton X-590 

100) was used to assess maximum lysis, and untreated Ramos cells incubated with PBMCs as 591 

background. Cell death was measured as Calcein release using a Varioskan (ThermoScientific) at 455 592 

nm. The percentage of cell cytotoxicity was measured as follows: ((test RFU – background RFU)/Max 593 

lysis RFU – background RFU)) x 100 (RFU = relative fluorescent unit). 594 

ADCP assay 595 

PBMCs in RPMI supplemented with 1% human AB serum were differentiated into MDMs as 596 

previously described (41). Briefly, PBMCs were added to 6-well plates for no less than 2 hours at 597 

37oC to allow monocytes to adhere and non-adherent cells removed by washing.  Human M-CSF 598 

(Peprotech) was added at 50 ng/ml on alternate days and the resulting macrophages used 7 days 599 

later. CLL target cells were labelled with 5 μM CFSE for 10 minutes at room temperature before 600 

washing and resuspending to the appropriate concentration. Phagocytosis assay was performed as 601 

previously described (73). MDMs were plated at 1 x 106 cells/ml and co-cultured with antibody 602 

opsonised CFSE-labelled target cells for 1 hour at 37oC at a 5:1 effector to target ratio. MDMs were 603 

labelled with FcγRIII-APC (3G8) and scrapped off the plate to be transferred into FACs tubes. 604 

Phagocytosis was assessed by measuring the proportion of FcγRIII+ MDMs that stained positive for 605 

CFSE via flow cytometry using FACs Calibur. To polarise macrophages, 200 ng PAM3CSK4 (M1) or 80 606 

ng IL4 and 16 ng IL13 (M2) was added at 24 hour intervals for 48 hours prior to use. 607 

DCD assay 608 

Target cells at 1 x 106 cells/ml were incubated with antibody at 37oC for 24 hours in cRPMI. Direct 609 

cell death was measured by the percentage of double positive PI and Annexin-V-FITC (produced in-610 

house) cells by flow cytometry (FACS Calibur).  611 

Whole blood B cell depletion assay 612 

Blood from healthy human volunteers was drawn into lithium heparin vacutainers (BD Biosciences) 613 

and used within 3 hours of collection. 237.5 μl of blood was added to 12.5 μl mAb to give a final 614 

concentration of 1 μg/ml, and incubated at 37oC for 24 hours. Blood was stained with anti-CD45, 615 

anti-CD19, and anti-CD3 before lysing with FACsLysis Solution (BD Biosciences) and analysed by flow 616 

cytometry (FACS Canto). B cell depletion was calculated by analysing the ratio of B cells to T-cells to 617 

derive a cytotoxicity index (CTI):  100 – ([100/(%CD19+/%CD3+)] x [%CD19 control/%CD3 control]). 618 



In vivo Adoptive Transfer B cell depletion assay 619 

In vivo B cell depletion was assessed using an adoptive transfer model as previously described (41). 620 

In brief, whole splenocyte suspensions from hCD20 Tg C57 BL/6 and WT C57 BL/6 mice labelled with 621 

5mM and 0.5mM CFSE, respectively, were mixed in a 1:1 ratio and 5 x 106 cells injected 622 

intravenously into recipient WT C57 BL/6 mice. Mice received 25 μg mAb 24 hours later 623 

intraperitoneally, and spleens were harvested 18 hours later. Spleen suspensions were labelled with 624 

APC-anti-CD45R and analysed by flow cytometry (FACS Calibur) to determine the ratio of target (T) 625 

to non-target (NT) cells. 626 

In vivo B cell depletion 627 

Female human CD20 transgenic (Tg) Balb/C mice (aged 3-6 months) were treated with 100 μg mAb 628 

i.v. on day 0. The number of B cells remaining in blood or organs was then assessed by flow 629 

cytometry (FACS Calibur) for CD19-PE and CD45R-ACP positive B cells. Residual B cell numbers in 630 

treated mice were calculated as a percentage of baseline B cells, recorded one day prior to mAb 631 

administration.   632 

Statistics and reproducibility 633 

Data were processed using GraphPad Prism and one-way and two-way ANOVA statistical test used 634 

to analyse two or more independent, continuous data groups.  635 
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Figures 665 

 666 

Figure 1: Generation and characterization of hIgG1 μtp fusion mAb. a) Schematic of the hIgG μtp 667 
hexamer and hIgG1 μtp C575S monomer mAb. b) Structure of IgG-b12 hexamer (PDB: 1HZH), glycan 668 
sugars are colored orange. The C-terminal residue is highlighted in the insert and colored green. c)  669 
Hexameric IgG structure observed in the crystal packing arrangement of IgG-b12 (PDB: 1HZH). d) 670 
CHO produced hIgG1 μtp fusion mAb were purified using protein A chromatography (representative 671 
SE-UPLC chromatograms top) followed by size exclusion chromatography (representative SE-UPLC 672 
chromatograms bottom), shown for RTX hIgG1 WT (grey), RTX hIgG1 µtp pre-formed hexamer (red), 673 
and RTX hIgG1 µtp C575S on-target hexamer (blue). e) 3-8% Tris-Acetate SDS PAGE analysis to assess 674 



the size of the purified hIgG1 μtp fusion mAb in non-reduced and reduced forms. f) Negative stain 675 
electron microscopy mAb applied to glow discharged electron microscopy grids were stained with 676 
2% uranyl acetate solution. Images were collected using a Hitachi HT7700 Transmission Electron 677 
microscope at 80,000 magnification, single images were processed using Adobe Photoshop. Images 678 
shown depict RTX hIgG1 WT (top) RTX hIgG1 µtp pre-formed hexamer (middle) and RTX hIgG1 µtp 679 
performed hexamer with Fab pairs highlighted as separate colors (bottom). 680 

  681 



 682 

Figure 2: Assessment of hexamerisation enhancement and antigen binding of IgG1 μtp constructs. 683 
a) RTX mAb constructs were concentrated up to 70 mg/ml and diluted to the required 684 
concentrations and analysed by SE-HPLC for the percentage of monomeric and multimeric species. 685 
The left column shows hIgG1 WT (top) and hIgG1 μtp C575S (bottom) overlaid with purified hIgG1 686 
μtp pre-formed hexamer trace prior to concentration. The middle two traces represent 687 
concentration to 20 mg/ml and 70 mg/ml, respectively and the right trace is post dilution back to 1 688 
mg/ml of hIgG1 WT (top) and hIgG1 μtp C575S (bottom). b) Ramos cells were opsonised with RTX 689 
hIgG1 μtp mAb at 10 μg/ml and binding measured by secondary anti-human IgG Fc-APC labelled 690 
antibody. Solid grey histograms indicate matched Herceptin hIgG WT and hIgG μtp isotype control 691 
mAb. c) Antibody binding (MFI) over a concentration range of RTX hIgG μtp and isotype control hIgG 692 
μtp mAb binding Ramos cells (representative data shown).  693 



 694 

Figure 3: CDC enhancement of anti-CD20 hIgG1 μtp C575S and μtp pre-formed hexamer. a) ELISA 695 
plates were coated with RTX hIgG1 μtp constructs at various concentrations and purified human C1q 696 
(2 μg/ml) added. Bound C1q was detected with a goat-anti-C1q, followed by an anti-goat-HRP 697 
conjugated antibody. Data shows absorbance at 405 nm (n=3). b) Fluid-phase C4d was measured in 698 
human serum after 1 hour incubation with various RTX hIgG1 constructs at 100 μg/ml. Data shows 699 
C4d concentration of individual donors (n=3). c) Ramos cells were opsonised with RTX hIgG1 700 
constructs at 10 μg/ml, followed by incubation with 2 μg/ml human C1q. Deposition of C1q was 701 
analysed using an anti-C1q-FITC antibody. d) C1q deposition on Ramos cells opsonized with 10 – 0.15 702 
µg/ml RTX hIgG1 constructs (n=3). e) Raji cells were opsonised with RTX hIgG1 μtp constructs at a 703 
range of concentrations and incubated with NHS (20 % V/V). Cell death was examined as the 704 
percentage of PI positive cells by flow cytometry. Data shows cell death at 10 μg/ml. f/g) 705 
Complement mediated cell death was assessed on Raji (f; n=3) or Ramos (g; n=3). h) C1q recruitment 706 
to Ramos cells investigated using RTX hIgG1 µtp P331S constructs (n=3). i) CDC activity induced by 707 
RTX hIgG1 µtp P331S constructs (n=3). All Data shown is mean and SD from independent 708 
experiments. Statistical analysis was carried out by one-way ANOVA; **** P ≤ 0.0001. 709 

  710 



 711 

Figure 4: CDC enhancement is also observed with different hIgG isotypes and other targets. C1q 712 
binding was measured by ELISA (left). ELISA plates were coated with hIgG µtp constructs at various 713 
concentrations and purified human C1q (2 μg/ml) added. Bound C1q was detected with a goat-anti-714 
C1q, followed by an anti-goat-HRP conjugated antibody. Data shows absorbance at 405 nm. C1q cell 715 
recruitment (middle) was assessed by opsonising Ramos cells with hIgG µtp constructs, followed by 716 
incubation with 2 μg/ml human C1q. Deposition of C1q was analysed with an anti-C1q-FITC antibody. 717 
CDC-induced cell death (right) was assessed by opsonising Ramos cell with 10 – 0.15 µg/ml hIgG µtp 718 
constructs and incubated with NHS (20 % V/V). Cell death was examined as the percentage of PI 719 



positive cells by flow cytometry. Results are shown for a) RTX hIgG2, b) RTX hIgG4, and c) BHH2 720 
hIgG1 µtp constructs. d) Ramos cells were opsonised with Daratumumab (anti-CD38) hIgG1 μtp mAb 721 
at 10 μg/ml and binding measured by secondary anti-human IgG Fc-APC labelled antibody. Solid grey 722 
histograms indicate matched Herceptin hIgG isotype control mAb. e) Antibody binding (MFI) over a 723 
concentration range (n=1). f) CDC-induced cell death was assessed for Daratumumab μtp antibodies 724 
after opsonisation of Ramos cells. All data shown is mean and SD from independent experiments 725 
(n=3). 726 
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 728 

Figure 5: FcγR-mediated effector functions in vitro and B cell depletion in human whole blood of 729 
RTX IgG1 μtp fusion mAb. a) CFSE labelled CLL PBMCs were opsonised with 0.5 μg/ml IgG1 μtp 730 
constructs and co-cultured with human MDMs. Phagocytosis was measured by flow cytometry 731 
assessing double positive CFSE and FcγRIII macrophages. Phagocytosis was examined in 732 
macrophages skewed in vitro to M0, M1 (Pam3SK4 stimulation), and M2 (IL4/IL13 stimulation) 733 
polarisation states. Data shows the phagocytic index mean and SD from independent experiments 734 
(n=3). Statistical analysis calculated using one-way ANOVA. b) Calcein labelled Ramos cells were 735 
opsonised with RTX hIgG1 μtp constructs and incubated with freshly purified PBMCs. The calcein 736 
release from cells was used to calculate the % of cell cytotoxicity. Data plotted is mean and SD of 737 
independent experiments (n=3). c/d) Raji target cells were incubated with either c) RTX hIgG1 μtp 738 
fusion mAb or d) BHH2 hIgG1 μtp fusion mAb for 24 hours at 37oC. DCD was assessed for double 739 
positive annexin V and PI by flow cytometry. Results show mean and SD of independent experiments 740 
(n=3). Statistics calculated using two-way ANOVA with Repeated Measures; * P ≤ 0.05, ** P ≤ 0.01. 741 
Fresh peripheral human blood was incubated with IgG1 μtp fusion mAb (1 µg/ml) for 24 hours at 742 
37oC. B cell depletion (Cytotoxicity index [CTI]) was calculated by the ratio of B cells to T cells using 743 
flow cytometry. Results show CTI for e) RTX IgG1 μtp fusion mAb and f) BHH2 IgG1 μtp fusion mAb. 744 
Data are plotted as mean and SD, individual points represent independent donors (n=12). Statistical 745 
analysis was carried out by one-way ANOVA; ** P ≤ 0.01, *** P ≤ 0.001. 746 
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Figure 6: In-vivo B cell depletion using the RTX IgG1 μtp fusion mAb. a) Balb/C mice were 749 
administered 100 μg RTX hIgG1 μtp constructs i.v. and peripheral serum was collected at 2hr and 750 
days 1, 2, 6, 14, and 21. The concentration of mAb in the serum was calculated by ELISA (n=3). b) 751 
FcRn binding was analysed by loading hIgG1 μtp constructs onto an FcRn affinity column at 1 mg/ml 752 
pH 5.5, and eluting using a pH gradient up to pH 8.8. c) A 1:1 ratio of CFSE labelled hCD20Tg 753 
splenocytes (high) and wt splenocytes (low) were adoptively transferred into C57 BL/6 mice i.v. 754 
followed 24 hours later by 25 μg RTX hIgG1 mAb constructs i.p. After 24 hours mice were sacrificed 755 
and splenocytes stained with B220 to analyse the depletion of hCD20Tg B cells. d) B cell depletion 756 
was calculated using a T:NT ratio of CFSE high (T) to CFSE low (NT) B cells in the spleen of treated 757 
mice (n=5). e) hCD20Tg Balb/C mice were administered 100 μg RTX hIgG1 mAb constructs i.v. on day 758 
0. Circulating B cell levels were monitored on days 1, 2, and 7 by peripheral blood collection using 759 
CD19/B220 flow cytometry staining. f) B cell depletion is expressed as a % of B cells compared to 760 
pre-mAb administration (n=5). g) Spleen and inguinal lymph nodes were harvested on day 15, and B 761 
cell depletion assessed using CD19/B220 flow cytometry staining (n=5). h) Serum samples collected 762 
at each time point were used to determine circulating IgG concentration by ELISA (n=5). All data are 763 
plotted as mean and SD.  Statistical analysis was carried out by one-way ANOVA; * = P<0.05, ** = 764 
P<0.01, **** = P<0.0001.   765 



Tables: 766 

Table 1: Estimated expression yield and calculated purified yield for RTX IgG1 μtp constructs. 767 

*Expression yield (mg/L) was calculated post expression by protein G HPLC. +Purified yield (mg/L) was calculated post size 768 
exclusion chromatography.  Data shown is mean ± SD of expression and purifications of the three different mAb formats 769 
(n=3 different preparations). 770 
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