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ABSTRACT: IgG antibodies play a central role in protection
against pathogens by their ability to alert and activate the
innate immune system. Here, we show that IgGs assemble
into oligomers on antigenic surfaces through an ordered, Fc
domain-mediated process that can be modulated by protein
engineering. Using high-speed atomic force microscopy, we
unraveled the molecular events of IgG oligomer formation on
surfaces. IgG molecules were recruited from solution although
assembly of monovalently binding molecules also occurred
through lateral diffusion. Monomers were observed to
assemble into hexamers with all intermediates detected, but
in which only hexamers bound C1. Functional character-
ization of oligomers on cells also demonstrated that C1
binding to IgG hexamers was a prerequisite for maximal activation, whereas tetramers, trimers, and dimers were mostly inactive.
We present a dynamic IgG oligomerization model, which provides a framework for exploiting the macromolecular assembly of
IgGs on surfaces for tool, immunotherapy, and vaccine design.

KEYWORDS: IgG hexamers, IgG oligomerization, classical complement pathway, C1, immune complex formation,
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Elimination of antibody-opsonized cells is mediated by
different branches of the innate immune system

powerful natural defense mediators that are increasingly
utilized in immunotherapy to eliminate infectious agents,
regulatory immune cells, or cancer cells. These mediators
include the classical complement pathway, composed of an
amplifiable cascade of soluble zymogens that is present in
blood and other biological fluids and immune effector cells
such as NK cells, monocytes, and neutrophils. Activation of
complement is an important step in alerting and triggering
immune protection since it occurs almost instantaneously
upon contact with antibody−antigen complexes thereby
producing an abundance of chemoattractants and opsonins
that serve to attract and activate immune effector cells.
Uncontrolled or exaggerated complement activation further-
more plays a role in the pathogenicity of certain autoimmune

or inflammatory diseases and may result in (first dose) toxicity
observed after therapeutic antibody treatment. The ability and
potency of monoclonal antibodies (mAbs) to induce comple-
ment activation are dependent on various factors, such as IgG
isotype and the physiochemical properties of antigen and
epitope recognized.1−7 The classical pathway of complement is
initiated by the interaction of multimerized IgG with
complement factor C1, consisting of one (hexameric) C1q
subunit and a heterotetramer consisting of a doublet of the
zymogens C1r and C1s. Although C1 has been structurally
characterized in complex with IgG, it is currently still uncertain
what signals trigger its initial activation.8,9
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Multiple IgG molecules are required for C1 activation, since
the binding affinity of C1 for monomeric IgG is very low
(∼10−4 M). Whereas early studies suggested IgG dimers to be
sufficient, others demonstrated that C1 binding strength and
activation increased with IgG aggregate size and antigen
density, indicating that higher-order multimers are re-
quired.10−17 Recent studies have shown that C1 is strongly
activated by ordered IgG hexamers consisting of six IgG
molecules that interact through a relatively large interface of
noncovalent Fc−Fc interactions.18 The fraction of IgG
molecules existing in hexamers at the cell surface or in
solution and the potency of complement activation could be
increased or decreased by specific point mutations at the Fc−
Fc interface.18,19 Despite all progress, the mechanism of
assembly of IgG into oligomers and IgG−C1 complexes, the
dynamics and kinetics of these interactions, as well as the
ability of intermediates to productively interact and activate
complement remain largely unknown. Here, we set out to
describe the biophysical and structural characteristics of C1
immune complex formation in detail from (i) the initial
recognition of antigenic membranes by IgG molecules to (ii)
the stepwise assembly of antibody oligomer intermediates into
hexamers and (iii) the macromolecular requirements of C1
binding and activation. Recent developments in high-speed
atomic force microscopy20 (HS-AFM) that lead to the
dynamic visualization of motor proteins,21,22 membrane
proteins,23−26 and cells27−29 enabled us to visualize these
processes at submolecular resolution and in real time.
Functional experiments complemented by native mass
spectrometry were performed to characterize the stereo-
chemical requirements of multivalent C1q binding sites within
IgG oligomers that lead to C1 activation on tumor cells.
Fc Mutations Modulate IgG Oligomerization. As a

model for an antigenic membrane, we used a supported lipid
bilayer (SLB)containing dinitrophenyl (DNP)-labeled lipids,
generated on a mica surface by vesicle fusion (DNP-SLBs;
Supporting Information, Figure S1a). Incubation of this
membrane with wild-type chimeric human IgG1 anti-DNP

mAb (IgG1-DNP-WT; Supporting Information, Figure S1b)
resulted in a sparse distribution of mainly isolated bivalently
bound IgGs with heights of ∼6−7 nm30 as observed by HS-
AFM (Figure 1a, red arrows; Supporting Information, Figure
S1c, Movie S1). Only a minor fraction of higher-order
antibody assemblies (∼12 nm in size, Figure 1b) were
observed under these conditions. The single point mutant
IgG1-DNP-E430G (E430G), which was previously shown to
display enhanced complement-dependent cytotoxicity (CDC)
of cells,19,31 was demonstrated to exist in increased populations
of higher-order IgG1-E430G antibody assemblies on DNP-
SLB membranes (Figure 1c, blue arrows; Supporting
Information, Figure S1d, Movie S2; height distribution, Figure
1d).
The triple mutant IgG1-DNP-RGY (IgG1-E345R, E430G,

and S440Y), which was shown to efficiently associate into
IgG1 hexamers in solution,18,31 exhibited the largest fraction
(approximately 50%) of such larger IgG assemblies (Figure
1e,f; Supporting Information, Figure S1e, Movie S3). The
binding and oligomerization of IgG1-DNP-WT, IgG1-E430G,
and IgG1-RGY on DNP-SLBs were specific, as incubation of
the irrelevant isotype control antibody IgG1-b12 resulted in
flat, featureless membranes (Supporting Information, Figure
S1f). We then developed a special HS-AFM imaging protocol
to determine the oligomeric state of the antibody assemblies,
i.e., the number of IgG monomers per oligomer. HS-AFM
imaging at set-point amplitudes close to the free amplitude of
the cantilever oscillation (90−95%) keeps the imaging forces
low enough to obtain images of individual IgG oligomers
(Figure 2a). Intentionally decreasing the set-point amplitude
(thus increasing the effective imaging force) induced the
dissociation of IgG oligomers in a controlled manner and could
thus be used to identify objects as monomers, dimers, trimers,
tetramers, pentamers, and hexamers on the basis of their
dissociation pattern (Figure 2b; Movies S4 and S5). This
allowed us to unequivocally classify the observed assemblies
with respect to their dimension and shape as oligomers
containing different multiples of IgGs as shown. Notably, no

Figure 1. HS-AFM imaging of wild-type IgG1 and hexamerization-enhanced mutants bound to DNP antigen-containing supported lipid bilayers
(SLBs). First frame of HS-AFM overview scans of IgG1-DNP-WT (a), IgG1-DNP-E430G (c), and IgG1-DNP-RGY (e) bound to DNP-SLBs.
More frames of the same movies (Movies S1−S3) are displayed in the Supporting Information, Figure S1c−e, respectively. Arrows indicate IgG
monomers (red) or hexamers (blue). Height distributions presented as probability density functions (PDFs, left) with corresponding histograms
(Counts, right) of IgG1-DNP-WT (b; n = 1096), IgG1-DNP-E430G (d; n = 1221), and IgG1-DNP-RGY (f; n = 481) compiled from the respective
overview scans.
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oligomers larger than hexamers were observed. Even though
being very flexible and only punctually (through six Fab
fragments) attached to the membrane surface, we were able to
resolve the hexamer’s Fc platform9,18,32 including the most
prominent central hole (Figure 2c taken from Movie S6;
average image, Figure 2d). The topographical variation within
the images provides evidence for the overall flexibility of the
structure (Figure 2e) that is largely caused by the loose linkage
between the Fc platform and the surface-bound Fabs through
the flexible IgG hinge regions (Figure 2e, arrows) as well as
through a diffuse halo constituting the flexible, surface-
unbound Fab arms. We deduced histograms of the oligomer
distributions for each IgG variant from the HS-AFM
recordings (Figure 2f). The distributions were shifted toward
higher-order oligomers for both the IgG1-E430G and IgG1-

RGY mutant when compared to wild-type (WT), with as
expected IgG1-RGY showing the highest hexamer abundance.
The increased distribution of the E430G and RGY mutants
into higher-order oligomers is consistent with their increased
potency in complement activation (Supporting Information,
Figure S2).

Two Distinct Pathways Contribute to IgG Oligome-
rization. IgG oligomerization on antigenic membranes may
proceed via two possible pathways. First, IgG molecules may
bind to mobile DNP antigens, collide, and oligomerize through
Fc−Fc interactions. We termed this process of 2D diffusion-
based oligomerization the “lateral pathway”. Alternatively,
antigen-bound IgG may recruit additional IgG molecules into
the oligomer from solution via Fc−Fc interactions. We
describe this process as the “vertical pathway”. The HS-AFM

Figure 2. IgG oligomers on DNP antigen-containing supported SLBs. (a) High-resolution images of observed IgG oligomer classes. (b) Force-
induced dissociation of IgG oligomers. Ia: intact IgG1-DNP-RGY hexamer. IIa: increasing the scanning force first results in loss of internal
coherence; i.e., one or more Fc−Fc bonds are broken but still might reform. IIIa: the six IgGs are still connected and have congregated once more.
IVa: a small object (likely a monomer) breaks off from the main complex (but remains bound to the DNP-SLB). Va: dissociation continues. Four
subcomplexes have formed, likely three monomers and a trimer. Full sequence: Movie S4. Ib: intact IgG1-DNP-RGY hexamer. IIb: the hexamer is
deformed upon application of an increased force. IIIb−IVb: the hexamer splits into two trimeric halves. Vb: eventually they dissociate. Full
sequence: Movie S5. (c) High-resolution images of an IgG hexamer exhibiting internal structural features selected from Movie S6. (d) The average
of the images depicted in part c reveals a platform resembling the Fc arrangement including the central hole. (e) Model of the antigenic membrane-
bound IgG hexamer18 based on the IgG1-b12 crystal structure.32 The arrows depict the parts of the IgG heavy chains within the flexible hinge
regions that connects the Fc platform with the membrane-bound Fab fragments. (f) Comparison of oligomer abundance for IgG1-DNP-WT (WT,
pink), IgG1-DNP-E430G (E430G, blue), and IgG1-DNP-RGY (RGY, green). The histogram displays the fraction of IgGs constituting the
respective oligomer species.
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data presented thus far were recorded in IgG-free buffer.
Bivalent IgG molecules bound to DNP-labeled lipids were
found to display moderate mobility resulting in occasional
lateral collisions, which however did not result in oligomer
formation (Figure 3a,b; Movie S7). For both IgG1-WT and
IgG1-E430G, bivalent attachment to membrane epitopes
therefore appeared to sterically suppress Fc−Fc interactions
between colliding IgGs, essentially excluding the lateral
pathway as a means to generate the IgG distributions observed
in Figure 2f. Oligomerization through the vertical pathway, on
the other hand, became apparent once IgG was added to the
surrounding solution (Figure 3c,d; Movie S8). In real-time
measurements, we first observed individual IgG molecules
decorating the membrane, after which small oligomers
appeared that finally grew into hexamers (within ∼100/140 s
for E430G and WT). The vertical pathway thus enables the
formation of the observed oligomer populations, and the
E430G mutation directly impacts the efficiency of this pathway
(Figure 2f). Interestingly, oligomerization through the lateral
pathway was observed for IgG1 molecules that can only bind

the DNP antigen monovalently. To obtain (functionally)
monovalent IgG1 molecules, we generated bispecific (bs)IgGs
in which one of the DNP-binding Fab arms was exchanged
with a Fab arm (b12) against an irrelevant control antigen.
Both bsIgG1-DNP/b12 and bsIgG1-DNP/b12-E430G as-
sembled into oligomers through lateral collision (in the
absence of any solution-phase IgG) during imaging (Figure
3e,f; Movie S9). Therefore, monovalent bsIgGs are capable of
oligomerizing through either the vertical (Figure 3g,h; Movie
S10) or the lateral (Figure 3e,f; Movie S9) pathway.
We then investigated the interplay between IgG molecules

with monovalent and bivalent binding capabilities. Bivalent
IgGs are able to bind at higher density (Supporting
Information, Figure S3a,b) and create greater absolute
oligomer abundance (Figure 2f versus Supporting Information,
Figure S3c) than monovalent bsIgGs. Complement activation
assays on DNP-labeled liposomes followed a similar trend with
a 10−100 fold higher potency of bivalent IgGs compared to
the equivalent monovalent bsIgG (Supporting Informa-
tion, Figure S2). To assess the role of the nucleating

Figure 3. Mechanism of IgG oligomerization. (a), (b) Time series of IgG1-DNP-WT (a) and IgG1-DNP-E430G (b; Movie S7) bound to DNP-
SLB incubated in the absence of the respective solution-phase antibody. Oligomerization of colliding IgGs was not observed. (c), (d) Time series as
in panels a and b, but in the presence of solution-phase IgG1-DNP-WT (c) or IgG1-DNP-E430G (d; Movie S8). The formation of IgG oligomers
through recruitment from solution can be observed as indicated by blue arrows. (e), (f) Time series of the functionally monovalent bsIgG1-DNP/
b12 (e) and bsIgG1-DNP/b12-E430G (f; Movie S9) bound to a DNP-SLB in the absence of the respective solution-phase antibody. In contrast to
bivalent IgGs, oligomerization via lateral collisions is observed. (g), (h) Time series as in panels e and f, but in the presence of solution-phase
monovalent bsIgG1-DNP/b12 (g) or bsIgG1-DNP/b12-E430G (h; Movie S10). (i) bsIgG1-DNP/b12 recruitment to DNP-SLBs decorated with
defined IgG1-DNP-WT densities. The dashed blue line represents the bsIgG1-DNP/b12 density obtained on bare DNP-SLBs. (j) Comparison of
oligomer abundances before and after addition of bsIgG1-DNP/b12 to 519 IgG1-DNP-WTs/μm2. (k) Dynamic model of IgG oligomerization at
high epitope density (single IgGs predominantly exist in the bivalently bound state). An IgG initially binds monovalently to a surface epitope (y1*)
from solution, immediately followed by bivalent attachment. Bivalently attached IgGs (y1) may serve as nucleation sites for oligomerization through
recruitment from solution (y2 to y3*, vertical pathway), whereas lateral collisions (lateral pathway) between IgGs do not significantly contribute (y1*
to y3). (l) Monovalently bound IgGs have access to an additional pathway. After initial attachment (y1), oligomerization continues either via
recruitment from solution (y2) or via lateral collisions (y1 × y1) leading to dimers (y3) and through repetition of either pathway to higher-order
oligomers.
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(bivalently bound) IgG in oligomerization through the vertical
pathway, we prepared four different IgG1-DNP-WT densities
(ranging from 103 to 519/μm2) on DNP-SLBs and exposed
them to monovalent bsIgG1-DNP/b12 under conditions that
generated ∼50 bsIgG1-DNP/b12 molecules/μm2 on bare
DNP-SLBs (Supporting Information, Figure S3c). Figure 3i
shows that, at low IgG1-DNP-WT densities, the additional

binding was negligible; however, at the higher densities,
bsIgG1-DNP/b12 was more efficiently recruited (7.4-fold at
519 IgG1-DNP-WT/μm2), and the resulting IgG distribution
was shifted toward higher-order oligomers (Figure 3j).
Notably, the remaining fraction of monomers was significantly
lowered, suggesting that IgG1-DNP-WT served as an effective
nucleation site for IgG oligomerization.

Figure 4. Complement activation by IgG oligomers of different sizes. (a) HP-SEC chromatograms of IgG1-005 variants and a 1:1 mixture of RGY-
K439E+RGI-S440 K, staggered at 0.3 AU per trace along the y-axis (absorption; arbitrary units). x-axis: elution time (min). (b) Native MS spectra
of IgG1 variants described under part a. x-axis, m/z ratio; y-axis, signal intensity. Signal intensity in the high-m/z section of spectra was amplified 5-
fold for RGY-K439E and RGI-S440 K relative to the 1:1 mixture thereof. (c) Native MS spectra as under part b of IgG1 hexamers assembled in 1:1
mixtures of RGY-K439E and RGI-S440 K, composed of glycosylated (g) and/or deglycosylated (d) components to allow identification of the
component by their molecular weight. Numbers indicated at the top of the spectra indicate charge states. Signal intensities were normalized to the
highest peak per section (monomer, trimer, hexamer) to facilitate visualization. (d−h) CDC of Daudi cells opsonized with a concentration range
(x-axis) of different IgG1-005 variants, detailed in the Supporting Information, Table S1, and mixtures thereof. Cell lysis was assessed with flow
cytometry by using propidium iodide staining. Note that mutant C in panel e is strongly reduced in CDC but not fully inhibited, potentially
resulting in C/C-mediated dimers in panels f and g. Wild-type IgG-005 is used as a positive and the irrelevant IgG1-b12 as a negative control.
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Mechanism of IgG1 Oligomerization. On the basis of
our data, we can discriminate two potential oligomerization
scenarios. First, on surfaces with high antigen density (Figure
3k), an IgG initially binds monovalently to a surface epitope
from solution, followed by bivalent attachment. Additional
IgGs are recruited through Fc−Fc interactions to the vicinity
of the membrane enabling the formation of an additional
epitope−paratope bond, resulting in a “tripod” arrangement.
After the release of one epitope−paratope bond, an IgG dimer
amenable to recruit additional IgGs is realized. Then,
oligomerization continues through the Fc-mediated binding
of additional IgGs out of solution that may bind to any of the
two unoccupied Fc domains in the respective oligomer.
Oligomerization through lateral collisions is unlikely, as high
epitope densities virtually preclude single IgGs from being
monovalently bound for a sufficiently long time, and bivalently
bound IgGs do not follow this pathway (Figure 3a,b). Second,
on surfaces with low antigen density or, alternatively, in the
presence of high IgG concentrations in solution, IgGs are
predominantly monovalently bound (Figure 3l), and therefore
oligomerization may occur via both pathways, i.e., recruitment
from solution (vertical pathway) and 2D collisions (lateral
pathway).
IgG Dimers and Trimers Fail To Induce Efficient CDC

Activation. We observed a distribution of IgG oligomers of
different sizes on DNP-labeled lipid bilayers (Figures 2 and 3),
which raised the question of which intermediates might be
active in complement activation. To test which IgG oligomer
sizes can activate C1 on cells, we set out to assemble oligomers
of defined sizes on cell surfaces. We therefore created IgG
molecules with Fc domains that were mutated to inhibit
intermolecular Fc−Fc interactions using previously identified
complementary mutations (e.g., of opposite charge).18,33

These mutations are in close proximity in the Fc−Fc interface

and therefore prevent homologous Fc−Fc pairing, whereas
oligomerization of (alternating) heterologous Fcs is unaffected
(Supporting Information, Figure S4). Several mutants were
produced containing either complementary mutations A
(K439E) and B (S440 K) or complementary mutations C
(C-terminal-PGE) and D (C-terminal-PGKKP). We have
previously shown that mutant A can only form a stable Fc−Fc
interface with B and similarly C with D, but not with itself.18,33

Antibodies with asymmetric Fc domains combining different
mutations in their two heavy chains were prepared by
generating bispecific IgGs in a procedure which allows the
controlled exchange of a heavy chain−light chain pair between
IgG antibodies.34 The availability of these distinct “building
blocks” allowed us to generate IgG monomers, dimers, trimers,
and hexamers on cells (Supporting Information, Figure S4).
To biophysically verify our molecular design, we assessed

the effect of introducing mutations K439E or S440 K into two
IgG1 triple mutants that showed spontaneous oligomerization
in solution and therefore were amenable to size exclusion (HP-
SEC) and native mass spectrometry (MS) analysis. We
included the RGY mutation discussed above and used a
second triple mutant termed RGI (E345R-E430G-Y436I).31

HP-SEC and MS analyses demonstrated that both RGY-
K439E (i.e., containing mutation A) and RGI-S440 K (i.e.,
containing mutation B) indeed were self-inhibited and retained
their monomericity. Upon mixing, however, heterohexameric
complexes were formed (Figure 4a,b). To allow (increased)
discrimination of the two antibodies in the various assemblies,
deglycosylated IgGs were generated (Figure 4c) enabling us to
mass resolve the subunits present in the higher-order
oligomers. The native MS data revealed that dimeric
complexes exclusively contained one K439E- and one S440
K-derived variant (“gd”) and never two of the same mutants,
demonstrating strict alternating assembly. Trimeric complexes

Figure 5. Valency of the C1q binding site in IgG required for complement activation. (a) Lysis observed at saturating antigen binding during CDC
of Daudi cells opsonized with IgG1-005-K322A, IgG1-005, and different mixtures thereof. (b) Maximal lysis values observed under part a
normalized relative to maximal lysis induced by IgG1-005 (100%) and IgG1-005-K322A (0%), fitted to stochastic probability distributions of
different numbers of wild-type C1q binding sites per IgG hexamer as a function of the IgG1-005-K322A:IgG1-005 ratio. (c, d) CDC of Daudi cells.
Lysis was assessed with flow cytometry by using propidium iodide staining. Daudi cells were either opsonized with IgG variants with regular C1q
binding sites or with IgG hexamers in which C1q binding sites were knocked out using K322A mutations either in alternating fashion (c) or at two
opposing sites (d).
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were always in a two plus one configuration (“dgd” or “gdg”),
while tetrameric and hexameric variants always contained equal
amounts of both the A and B mutant. We concluded that these
two mutations direct the assembly of heterohexameric rings in
strictly alternating order, consistent with our molecular design.
We then studied the ability of the original mutant panel (i.e.,

only containing various combinations of mutations A, B, C,
and D) to induce complement activation as assessed by their
ability to induce CDC of Daudi tumor cells. All oligomeriza-
tion-inhibited mutants were unable to induce CDC, with the
exception of mutant C which was strongly reduced, but
displayed some residual activity. However, a 1:1 mixture of
complementary variants restored CDC activity comparable to
the wild-type control antibody (Figure 4d,e; Supporting
Information, Table S1, lists all mutants). Mutant mixtures
that allowed the generation of dimers were unable to induce
CDC, whereas mixtures resulting in trimers were strongly
(>1.5 logs) reduced in potency (Figure 4f,g). Finally, further
control mixtures of mutants allowing hexamer formation again
demonstrated similar CDC compared to the control (Figure
4h). Additional controls and mirror-image mixtures were
performed and showed similar results (Supporting Informa-
tion, Figure S5a−g).
CDC Activation Requires at Least Four C1q Binding

Sites per IgG Hexamer. The studies above indicated that
IgG monomers, dimers, and trimers do not appreciably induce
CDC. To address this question using a different approach and
to extend the analysis to higher-order oligomers, we varied the
valency of binding sites in randomly assembled IgG oligomers
using mutation K322A, which is known to abrogate C1q
binding and CDC activity.35−37 When the ratio of IgG1-
K322A to wild-type IgG1 was titrated, CDC efficacy was
proportional to the wild-type IgG1 content (Figure 5a).
Interestingly, when the observed CDC levels were normalized
from 0% to 100% to fit stochastic probability functions, CDC
levels were proportional to the stochastic abundance of
hexamers containing four or more subunits with unmutated
C1q binding sites (Figure 5b; Supporting Information, Table
S2). K322A mutations were also introduced into antibodies
that form defined heterohexameric arrangements (Figure 5c).
Mutants containing the autoinhibitory mutation A or B, but
also mixtures containing at least one mutant with an additional
K322A C1q-binding knockout mutation, failed to induce cell
lysis. Only heterohexamers containing wild-type C1q binding

sites in all of the six subunits showed efficient CDC
(Supporting Information, Figure S5h). Surprisingly, different
heterohexameric assemblies containing wild-type C1q binding
sites in three or four of the six subunits still failed to show
appreciable CDC activity (Figure 5c,d). This suggests that up
to four C1 binding sites in a hexamer are insufficient for
complement activation and indicate that complement
activation requires the binding of more than four C1q
headpieces.

Real-Time Binding of C1q to IgG Oligomers
Assembled at DNP-Labeled Lipid Bilayers. Having
confirmed the dependency of complement activation on
higher-order oligomers assembled on cells, we next attempted
to directly visualize the binding of complement factor C1q to
heterogeneous IgG oligomer distributions at SLBs by HS-
AFM. We studied binding to the IgG1-DNP-E430G, as it
generates a higher number of hexamers on the antigenic
surface than the wild-type variant (Figure 6a), but it remains
monomeric in solution. We also previously showed that the
IgG1-E430 mutant, similar to wild-type, does not form any
solution-phase hexamers in the presence of C1q, in stark
contrast to the IgG1-RGY variant.31 After higher oligomers/
hexamers were identified (red circles), C1q (structural
assessment on mica: Figure 6b,c, Movie S11) was injected
into the HS-AFM’s liquid chamber. C1q binding was visible
through a ∼10 nm increase in height (Figure 6a, blue circles).
Recording the same sample area repeatedly every 5 min
revealed that C1q bound specifically and remarkably stably to
higher oligomers, likely hexamers, but not to smaller oligomers
or single IgGs, consistent with our measurements of CDC
activity on tumor cells (Figure 4) and the activation
stoichiometry studied in Figure 5.

Discussion. Upon surface-antigen binding of a single IgG,
oligomerization may proceed via two different pathways:
recruitment from solution and diffusion-driven lateral
collisions. For preoligomerized or high-density antigens, the
latter may be less important, but for low-density epitopes that
exhibit limited or no self-oligomerization/clustering, oligome-
rization through lateral collision may contribute substantially.
The lateral pathway requires monovalent antigen binding of
IgG to the membranea configuration that can be artificially
prepared and exploited in therapy by the use of functionally
monovalent or bispecific IgGs. Whether both mechanisms may
be employed during polyclonal IgG responses of modest

Figure 6. C1q exclusively binds to higher-order IgG oligomers. (a) HS-AFM time series demonstrating direct C1q binding to IgG1-DNP-E430G
hexamers. After localization of potential hexamers, C1q was added to the sample, and binding was followed over time (some of the individual
hexamers/complexes are labeled (1−5) throughout the image sequence to follow them over time). (b) HS-AFM image of a single C1q molecule
recorded on bare mica (taken from Movie S11). Six flexible globular gC1q units surround a central stalk exhibiting a height of 10.6 ± 1.9 nm. (c)
Same C1q molecule as in part b flipped sideways.
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affinity or by IgG4 antibodies which are naturally bispecific in
vivo38 is presently unclear.
When we assessed the CDC potency of different

intermediates along the IgG hexamerization pathway, mono-
meric, dimeric, and trimeric IgG assemblies did not
substantially contribute to CDC potency. The apparent
inconsistency with historical data may be partly explained by
the use of cells with exaggerated complement sensitivity due to
a lack of proper complement defense due to deficiencies in
complement-regulatory factors or the use of heterologous
complement. The poor CDC activity of smaller IgG oligomers
is also consistent with our observation by native mass
spectrometry of undetectable C1q binding to small IgG
oligomers (i.e., monomers, dimers, trimers, and tetramers)
assembled in solution.31 Modulation of C1q binding site
valency in hexamers suggested that the presence of four C1q
binding sites in a hexamer also is insufficient for complement
activation. However, an alternative explanation that we cannot
exclude from our studies is that activation of C1 requires four
C1q headpieces to be bound in close proximity to adjacent
subunits in IgG hexamers. Both possibilities are consistent with
recent cryo-EM images of C1-IgG complexes assembled in
solution, which showed a distribution of complexes with four,
five, or six headpieces adjacently bound to IgG hexamers9 as
well as cryo-EM on liposomes which showed the strongest
resolution for four adjacent headpieces.18 From this
perspective, it can be hypothesized that the binding of only
two or three adjacent hexameric Fc binding sites by C1 does
not result in sufficient compaction of its C1q arms to induce
the conformational arrangements that allow C1r to activate
C1s.9 Interestingly, IgM hexamers without J-chain and IgM
pentamers with one J-chain adopted surprisingly similar
structures, in which the J-chain replaced one “missing” subunit
but preserved the otherwise hexagonal symmetry of the IgM
subunits.39 This suggests that IgG hexamers assembled on
surfaces, IgM pentamers, and IgM hexamers may present
similar stereochemical danger patterns recognized by C1q.
Antibodies and antibody constructs are widely used in

biotechnology and nanotechnology; however, their ability to
self-assemble into ordered oligomers on antigenic surfaces has
not yet been much exploited. An application of Fc-dependent
hexamer formation on cells is found in the targeting of (low-
density) antigens, such as members of the tumor necrosis
factor receptor superfamily which may be activated by receptor
clustering. Thus, Zhang et al. demonstrated that mutations that
increased Fc−Fc interactions led to increased clustering and
agonism of the target antigen OX40.40,41 Similarly, a mixture of
two noncompeting antibodies against DR5 containing
mutations which enhanced hexamer formation, currently in
clinical development (NCT03576131), induced increased
cytotoxicity of multiple myeloma tumor cells.42 Finally, a
mixture of two hexamerization-enhanced mutants targeting
two distinct B cell lymphoma targets, CD20 and CD37, were
recently shown to form heterohexamers that increased their
colocalization and CDC.43 Our data in combination with these
examples suggest that molecules containing Fc domains that
self-assemble into homo- or hetero-oligomers upon or during
cell binding provide novel opportunities for guiding cell surface
receptors into functional clusters. In oligomers assembled from
bispecific antibody molecules, it is imaginable that the
unbound binding arm could serve as specific binding sites
for toxins, drugs, or nanoparticles which could thus be locally
enriched on a target surface.44,45 Notably, as assembly is

mediated by Fc−Fc contacts, one or both antibody Fab arms
in these macromolecular assemblies could be replaced by other
functional (binding) moieties, such as a cytokine or receptor
extracellular domain.46 Our study therefore provides novel
mechanistic insights in the dynamics of (immune) complex
formation on antigenic surfaces and offers novel opportunities
for antibody engineering and tool development, for optimizing
monoclonal and polyclonal antibody-based therapeutics as well
as vaccine design.
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