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Complement is an important effector mechanism for antibody-
mediated clearance of infections and tumor cells. Upon binding
to target cells, the antibody’s constant (Fc) domain recruits com-
plement component C1 to initiate a proteolytic cascade that gen-
erates lytic pores and stimulates phagocytosis. The C1 complex
(C1qr2s2) consists of the large recognition protein C1q and a het-
erotetramer of proteases C1r and C1s (C1r2s2). While interactions
between C1 and IgG-Fc are believed to be mediated by the glob-
ular heads of C1q, we here find that C1r2s2 proteases affect the
capacity of C1q to form an avid complex with surface-bound IgG
molecules (on various 2,4-dinitrophenol [DNP]-coated surfaces and
pathogenic Staphylococcus aureus). The extent to which C1r2s2
contributes to C1q–IgG stability strongly differs between human
IgG subclasses. Using antibody engineering of monoclonal IgG, we
reveal that hexamer-enhancing mutations improve C1q–IgG stabil-
ity, both in the absence and presence of C1r2s2. In addition,
hexamer-enhanced IgGs targeting S. aureus mediate improved
complement-dependent phagocytosis by human neutrophils. Alto-
gether, these molecular insights into complement binding to
surface-bound IgGs could be important for optimal design of
antibody therapies.

complement | C1 | IgG subclasses | IgG hexamerization | Staphylococcus
aureus

Antibodies are important mediators of the human comple-
ment response, which offers critical protection against mi-

crobial infections and damaged host cells (1). In order to initiate
a complement response, an antibody molecule first needs to bind
antigens on the target cell via its antigen-binding (Fab) domains
(2–5). Subsequently, the antibody’s constant (Fc) domain re-
cruits the first complement protein complex, C1, to the cell
surface (SI Appendix, Fig. S1A). The large C1 complex (also
denoted as C1qr2s2, 766 kDa) consists of the recognition protein
C1q (410 kDa) and a heterotetramer of serine proteases C1r and
C1s (denoted C1r2s2, 356 kDa) (SI Appendix, Fig. S1B). While
C1q is responsible for antibody recognition, its attached prote-
ases C1r2s2 induce the activation of downstream enzymatic
complexes (i.e., C3 convertases [C4b2b (6)]) that catalyze the
covalent deposition of C3-derived molecules (e.g., C3b and its
degradation product iC3b) onto the target cell surface (SI Ap-
pendix, Fig. S1A) (7, 8). C3b opsonizes the target cell surface and
can induce formation of lytic pores (membrane attack complex
[MAC]) in the target cell membrane (9–11). In contrast to hu-
man cells and gram-negative bacteria, gram-positive bacteria are
not susceptible to the MAC due to their thick cell wall (12). On
these bacteria, efficient decoration with C3b and iC3b is essential
for triggering effective phagocytic uptake of target cells via
complement receptors (CR) expressed on phagocytes of which

the integrin CR3 (also denoted CD11b/CD18) is considered
most important (13, 14).
In recent years, our insights into IgG-dependent complement

activation have increased significantly. A combination of struc-
tural, biophysical, and functional studies revealed that surface-
bound IgG molecules (after Fab-mediated antigen binding) re-
quire organization into higher-ordered structures, namely hex-
amers, to induce complement activation most effectively (15–19).
Hexamerized IgGs are being held together by noncovalent Fc–Fc
interactions and form an optimal platform for C1q docking (SI
Appendix, Fig. S1A). C1q has a “bunch of tulips–” like structure,
consisting of six collagen arms that each end in a globular (gC1q)
domain (SI Appendix, Fig. S1B) that binds the Fc region of an IgG.
As the affinity of C1q for a single IgG is very weak (20, 21), avidity
achieved through simultaneous binding of its globular domains to
six oligomerized IgGmolecules is paramount for a strong response
(15, 17–19). Furthermore, it was found that IgG hexamerization
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could be manipulated by specific point mutations in the Fc–Fc
contact region that enhance such oligomerization (15, 18, 22).
While these hexamer-enhancing mutations in IgG potentiate the
efficacy of MAC-dependent cytotoxicity on tumor cells and gram-
negative bacteria (15, 23), their effect on complement-dependent
phagocytosis is not known.
Because complement is an important effector mechanism to kill

bacteria and tumor cells, development of complement-enhancing
antibodies represents an attractive strategy for immune therapies
(1, 24). Immunotherapy based on human monoclonal antibodies is
not yet available for bacterial infections (25–28). Such develop-
ments are mainly hampered by the fact that little is known about
the basic mechanisms of complement activation on bacterial cells.
For instance, we do not understand why certain antibodies induce
complement activation on bacteria and others do not. In this study,
we set out to investigate how antibacterial IgGs induce an effective
complement response. By surprise, we noticed that C1q–IgG sta-
bility differs between human IgG subclasses. More detailed mo-
lecular investigations revealed that C1r2s2 proteases are important
for generating stable C1q–IgG complexes on various target sur-
faces. Furthermore, we demonstrate that C1q–IgG stability is
influenced by antibody oligomerization. These molecular insights
into C1q binding to surface-bound IgGs may pave the way for
optimal design of antibody therapies.

Results
IgG-Mediated Complement Activation Does Not Always Correlate
with Detection of C1q. To enhance our understanding of com-
plement activation by antibacterial IgGs, we studied complement
activation by monoclonal antibodies against Staphylococcus au-
reus, an important gram-positive pathogen and the leading cause
of hospital-acquired infections. We generated IgGs against wall
teichoic acid (WTA), a highly abundant and immunogenic cell
wall glycopolymer that comprises 40% of the staphylococcal cell
wall (29–31). The variable domains of anti-WTA IgG1 4,497 (31)
were cloned into HEK expression vectors encoding IgG1, IgG2,
IgG3, and IgG4 Fc backbones. We included all IgG subclasses to
obtain a better understanding of their variable complement ef-
fector functions (1, 32). After confirming that all IgG subclasses
bound similarly to the bacterial surface (SI Appendix, Fig. S2), we
examined complement activation by anti-WTA IgGs by incu-
bating S. aureus with human serum as a complement source. To
exclude involvement of naturally occurring anti-staphylococcal
IgGs, we used serum that is depleted of natural IgG and IgM
(ΔIgGΔIgM serum) (33). Complement activation was first quan-
tified by measuring deposition of C3 cleavage products on the
surface of S. aureus using flow cytometry (Fig. 1A). In line with
recent results, IgG1 and IgG3 antibodies against WTA elicit ef-
fective C3b deposition on S. aureus (Fig. 1A) (34). Furthermore,
IgG4 did not activate complement on S. aureus (Fig. 1A), which
was expected because IgG4 has a reduced capability to interact
with C1q (35–37), (38–41).
Our particular interest was in IgG2, which is the predominant

IgG subclass against WTA in a natural human immune response
(30, 42). Although IgG2 is often described as a poor complement
activator, we here observed that anti-WTA IgG2 effectively in-
duced C3b deposition on S. aureus to a level that was comparable
to anti-WTA IgG1 and IgG3 (Fig. 1A). These data support
previous studies suggesting that IgG2 can activate complement
when reacting with highly dense epitopes (42–45).
When we took a closer look at different complement activa-

tion steps, we noticed an unexpected disparity between surface
detection of C3b and C1q for IgG2. While recruitment of C1q is
a prerequisite to initiate antibody-dependent complement acti-
vation, we observed that detection of C1q molecules on IgG2-
coated bacteria was low compared to IgG1 and IgG3 (Fig. 1B).
This was surprising because C3b deposition via these subclasses
was similar (Fig. 1A). Using a monoclonal antibody that prevents

C1q–IgG interactions (46), we showed that C3b deposition via
IgG2 was driven by C1 (SI Appendix, Fig. S3). Also, inhibition of
C1 via a bacterial protein that blocks C1r [BBK32 (47–49)]
confirmed that C1 is required to deposit C3b onto IgG2-coated
bacteria (SI Appendix, Fig. S3). Furthermore, we showed that C3b
molecules deposited by anti-WTA IgG2 antibodies are functional.
We studied phagocytosis of bacteria by human neutrophils, the
primary mechanism for elimination of S. aureus (50). Although
anti-WTA IgG2 did not potently induce Fc receptor–mediated
phagocytosis of S. aureus [as expected from the predicted low
affinity of IgG2 for FcγR (32)], we found that addition of com-
plement strongly promoted the phagocytic uptake of IgG2-labeled
S. aureus (Fig. 1C).
We wondered whether these findings could be translated to

IgGs recognizing a different antigenic surface. To study this, we
used an assay system in which beads are coupled with the model
antigen 2,4-dinitrophenol (DNP) (51) and coated with human
IgGs specific for DNP (SI Appendix, Fig. S4) (52). To mimic the
highly abundant nature of WTA, beads were coated with satu-
rating levels of DNP (quantified by measuring IgG binding using
flow cytometry) (SI Appendix, Fig. S4B). In accordance with our
findings on S. aureus, we found that anti-DNP antibodies of the
IgG1, IgG2, and IgG3 subclasses all potently induced a com-
plement response and deposit C3b molecules onto the surface of
DNP-beads (Fig. 1D). Again, whereas C3b opsonization could be
correlated with the presence of C1q on beads coated with IgG1
and IgG3, almost no C1q could be detected on the IgG2-coated
surface (Fig. 1E).
In conclusion, on two independent surfaces, we showed that

IgG1, IgG2, and IgG3 can all potently elicit C1-dependent de-
position of C3b molecules. However, for IgG2, our data revealed
an unexpected disparity between the detection of C1q and
downstream deposition of C3b molecules.

C1r2s2 Proteases Enhance the Binding of C1q to Target-Bound IgG. To
better understand the above findings, we more closely examined
the molecular interactions between C1q and target-bound IgGs
by using purified C1 complexes. We included two forms of C1q
in our analyses: 1) C1q in complex with C1r2s2 proteases (denoted
C1), which is representative for circulating C1 complexes in hu-
man blood (53, 54) or 2) recognition molecule C1q without pro-
teases (denoted C1q) (Fig. 2A); the absence of C1r and C1s in the
C1q preparation was confirmed by mass spectrometry (SI Ap-
pendix, Fig. S5A). When we studied binding of different forms of
C1q to anti-DNP antibodies on DNP-beads, we noticed a dis-
crepancy between the binding of noncomplexed C1q molecules
versus C1 (Fig. 2B and SI Appendix, Fig. S5B). Particularly in the
case of IgG2, we observed that binding of C1 was more efficient
than binding of noncomplexed C1q, as quantified by flow cyto-
metric detection of surface-bound C1q (Fig. 2B). Western blotting
was used to confirm that the different levels of C1q detected in
flow cytometry actually represent different quantities of surface-
bound C1q (SI Appendix, Fig. S5C). When C1 complexes were
dissociated by ethylenediaminetetraacetic acid (EDTA), which
disrupts the calcium-dependent attachment of C1r2s2 to C1q (55,
56), binding was similar to C1q alone (Fig. 2B). Reversely, re-
constitution of noncomplexed C1q with purified C1r and C1s
resulted in C1q binding similar as for purified C1 complex (SI
Appendix, Fig. S5D). On IgG1-coated beads, we observed that
C1r2s2 proteases had subtle effect on binding of C1q (Fig. 2B and
SI Appendix, Fig. S5D). Furthermore, C1r2s2 proteases had a very
limited effect on the binding of C1q to IgG3 (Fig. 2B and SI
Appendix, Fig. S5D). Similar to these results on beads, we ob-
served that EDTA reduced binding of purified C1 to S. aureus
labeled with IgG1 and IgG2, while binding to IgG3 was much less
affected (SI Appendix, Fig. S6). Altogether, these studies suggest
that attached C1r2s2 proteases affect C1q–IgG interactions in a
subclass-dependent manner. This finding is unexpected when

2 of 12 | PNAS Zwarthoff et al.
https://doi.org/10.1073/pnas.2102787118 C1q binding to surface-bound IgG is stabilized by C1r2s2 proteases

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
L

E
ID

S 
U

N
IV

E
R

S 
M

E
D

IS
C

H
 C

E
N

T
R

U
M

, W
A

L
A

E
U

S 
L

IB
R

A
R

Y
" 

on
 J

un
e 

30
, 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
2.

22
9.

25
0.

59
.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102787118/-/DCSupplemental
https://doi.org/10.1073/pnas.2102787118


considering that the direct interactions between C1 and IgG were
shown to solely depend on the gC1q domains (16).
Since the surface density of antigens was earlier proposed to

be a critical parameter for IgG-mediated complement activation
(57–59), we wondered whether C1r2s2 proteases also affect
C1q–IgG interactions at lower antigen concentrations. In the
bead system, we lowered the DNP concentration by ∼300-fold.
At this lower DNP concentration, we found that IgG3 was the
most potent subclass triggering complement activation in human
serum (SI Appendix, Fig. S7) and that C3b deposition by IgG1
and IgG2 was inefficient. This corresponds with the idea that
IgG3 more potently drives complement activation on low abun-
dant antigens [presumably because it has a longer hinge region
(21, 57, 58, 60)]. Upon studying binding of purified C1 complexes,
we observed that C1r2s2 proteases can also affect C1q binding to
IgG3 on beads with a lower DNP concentration. First, we ob-
served that C1 bound more efficiently to IgG3 than noncomplexed
C1q (Fig. 2C). Also, disruption of C1 with EDTA caused an al-
most complete reduction of C1q binding to IgG3 (Fig. 2C).
Altogether this suggests that C1r2s2 proteases can enhance

binding of C1q to all IgG subclasses. However, the extent to
which C1r2s2 proteases contribute to C1q binding depends both
on the IgG subclass and antigen concentration.

C1r2s2 Proteases Enhance the Stability of Surface-Bound C1q–IgG
Complexes. To corroborate these results, we employed surface
plasmon resonance (SPR) as an orthogonal technique to confirm
the binding profiles and obtain dynamic information about the
formation and stability of C1q–IgG complexes (Fig. 3A and SI

Appendix, Fig. S8). Using a flat DNP-labeled surface, prepared
by coupling DNP-PEG-NHS to an activated carboxyl sensor chip
(SI Appendix, Fig. S8A), monoclonal anti-DNP antibodies could
be captured at high density and stability (SI Appendix, Fig. S8B).
No binding was observed on a MeO-PEG-NHS surface that was
used as a reference (SI Appendix, Fig. S8C). By injecting either
C1q or C1 for 60 s, the assembly (during injection) and stability
of C1q–IgG/C1–IgG complexes (during the dissociation period)
could be monitored over time (SI Appendix, Fig. S8D). SPR
analysis indeed confirmed that C1r2s2 proteases affect the sta-
bility of C1q–IgG complexes, especially for IgG1 and IgG2 (Fig.
3A). Whereas both C1q and C1 bound to the IgG1- and IgG2-
coated sensor chips during protein injection, C1 dissociated much
slower than C1q after the injection was stopped, which suggests
that C1 forms more stable interactions with the antibody-coated
surface. Additionally, we observed a weaker association of C1q in
absence of C1r2s2 to IgG2-coated chips during the injection
(Fig. 3A). In line with our studies on IgG3-labeled beads, C1r2s2
proteases did not notably affect C1q binding to IgG3-coated chips.
However, SPR experiments showed that C1r2s2 proteases had a
more-pronounced impact on binding of C1q when the IgG3 cap-
turing concentration was lowered fivefold (SI Appendix, Fig. S8E).
As expected, neither C1q nor C1 showed detectable binding
to IgG4.
To directly visualize C1q–IgG complexes, we performed high-

speed atomic force microscopy (HS-AFM) experiments. To en-
able reliable identification of C1q–IgG complexes in HS-AFM,
we employed the anti-DNP triple mutant (IgG1-E345R, E430G,
and S440Y, denoted IgG1-RGY), which was shown to efficiently
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percentage of GFP-positive neutrophils. The data represent mean ± SD of three independent experiments. (D and E) C3b deposition (D) and detection of C1q
(E) on beads coated with 1 μg/mL DNP upon incubation with ΔIgGΔIgM serum and human monoclonal anti-DNP IgG (20 nM). Deposition of C3b and C1q
molecules on the beads was determined by flow cytometry. The data represent geometric mean ± SD of three independent experiments.
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associate into IgG1 hexamers in solution (15, 19). DNP-labeled
supported lipid bilayers (SLBs) were therefore preincubated with
anti-DNP IgG1-RGY (17). Then, C1q or C1 was added and the
resulting complexes were visualized via HS-AFM (Fig. 3B and
Movies S1 and S2). While the complexes of C1 that bound to the
IgG1-RGY hexamers were not significantly disturbed by the
minimal forces exerted by the HS-AFM tip, C1q alone was fre-
quently removed from the IgG1-RGY hexamers as a result of the
tip–sample interaction under the same experimental settings.
Altogether, the above data suggest that attached C1r2s2 pro-

teases improve the stability of C1q–IgG complexes on target
surfaces. We propose that C1r2s2 proteases affect the confor-
mation of C1q in a way that facilitates stable docking to surface-
bound IgGs. Earlier studies reported that the solution structure

of C1q shows a high degree of flexibility (61–63). While the six
collagen arms firmly bundle via disulphide bonds in the upper
stalk, such interactions are lacking below the stalk and enable a
rather flexible arrangement of the gC1q domains (Fig. 3C). A
recent in situ three-dimensional structure of C1qr2s2, bound to
surface-antigen–bound IgM, showed that the C1r2s2 proteases
are packed inside the C1q molecule as two antiparallel C1rs
heterodimers (64). Each C1rs dimer binds three of the six C1q
collagen helices, which limits the flexibility of the collagen arms
and results in a near-hexagonal arrangement of the six gC1q
domains. Based on recent observations that IgG hexamers are
the ideal docking platform for C1q (15, 17), we propose that this
hexagon-like arrangement of the six gC1q domains induced by
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Fig. 2. C1r2s2 proteases enhance the binding of C1q to target-bound IgG. (A) Schematic presentation of C1 consisting of the recognition molecule C1q in
complex with a tetramer of proteases C1r and C1s (C1r2s2). C1q consists of six polypeptide chains that come together in an N-terminal stalk. At their C
terminus, all six chains end in a globular domain (gC1q) that recognizes Fc domains of IgM and clustered IgGs. The C1r2s2 tetramer associates to the collagen
arms of C1q via Ca2+-dependent interactions (56). The proteases dissociate from C1q in the presence of EDTA, a calcium chelator. (B) Binding of different
forms of purified C1 to DNP beads (1 μg/mL DNP) coated with 20 nM anti-DNP IgG1-4. “C1” indicates the fully assembled C1 complex (= C1qr2s2), “C1q” is the
recognition molecule C1q only, “C1-EDTA” sample consists of C1q, C1r, and C1s, but the proteases are not attached to C1q (because 10 mM EDTA disrupts the
Ca2+-dependent association between proteases and C1q). (C) Binding of different forms of purified C1 to IgG3-labeled beads coated with 0.003 μg/mL (∼300-
fold lower than in B). The dotted lines show aspecific binding of the C1q molecules in absence of IgG3. (B and C) Bound C1q was detected by polyclonal anti-
C1q antibodies and flow cytometry. The data represent mean ± SD of three independent experiments.
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the attachment of C1r2s2 to C1q favors multivalent, high-avidity
binding of C1q with clustered IgG (Fig. 3C).

Removal of C1r2s2 Proteases from Surface-Bound C1–IgG Complexes
can Result in C1q Dissociation. Next, we wondered how the ob-
served differences in stability between C1–IgG and C1q–IgG
could explain why we observed a discrepancy between C1q and
C3b detection on IgG2-coated surfaces in serum (Fig. 1). Be-
cause C1q in human serum circulates as a complex with C1r2s2
proteases, we assume that IgG2-coated S. aureus and DNP-beads
(1 μg/mL DNP) can recruit C1 and activate complement. How-
ever, since human serum contains an inhibitor that removes
C1r2s2 proteases from C1q, we hypothesized that subsequent
removal of proteases results in dissociation of C1q–IgG com-
plexes. To test this, we incubated IgG-covered beads with puri-
fied C1 and, after washing, incubated the C1-bound beads with
human C1-esterase inhibitor (C1-INH) (65). C1-INH is a human

serpin that inactivates the proteases by forming a covalent bond
with the catalytic site of both C1r and C1s. As expected, incu-
bation of C1–IgG complexes on beads with C1-INH led to re-
moval of C1r2s2 proteases from C1q on IgG1-, IgG2-, and IgG3-
covered beads as evidenced by the detection of C1-INH−C1r
and C1-INH−C1s complexes in the sample supernatant using
Western blotting (SI Appendix, Fig. S9). In line with our hy-
pothesis, we found that the dissociation of C1r2s2 by C1-INH had
differential effects on the stability of the bead-bound C1q–IgG
complexes (Fig. 4A). Whereas dissociation of C1r2s2 proteases by
C1-INH did not affect C1q–IgG3 complexes, it caused a strong
(80%) reduction of C1q binding to IgG2 beads and a 10% re-
duction on IgG1 beads (Fig. 4A). Similar results were obtained
when C1r2s2 proteases were removed from C1–IgG complexes
using EDTA (Fig. 4A).
Altogether, these data demonstrate that C1-INH can dislodge C1q

from IgG-coated surfaces by removing C1r2s2 from surface-bound
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Fig. 3. C1r2s2 proteases enhance the stability of surface-bound C1q–IgG complexes. (A) SPR experiment showing binding of purified C1 or C1q to sensor chips
with immobilized DNP coated with 20 nM anti-DNP IgG. C1 or C1q was injected for 60 s to allow association, after which the injection was stopped and
dissociation was monitored. Representative of two independent experiments. SPR responses were normalized to account for the molecular weight difference
between C1 (766 kDa) and C1q (410 kDa). RU, response units. (B) HS-AFM image sequence of anti-DNP IgG1-RGY in complex with C1q in the presence of C1q in
solution (Upper; taken from Movie S1) and C1 in the absence of C1 in solution (Lower; taken from Movie S2). The depicted height scale is relative to the
membrane surface. The heights of the respective complexes were 12.2 ± 0.6 (anti-DNP IgG1-RGY) (17), 20.2 ± 1.5 (anti-DNP IgG1-RGY + C1q), and 18.5 ±
1.7 nm (anti-DNP IgG1-RGY + C1). (C) gC1q domains mediate binding to IgG. In C1q, the gC1q domains are flexible. We hypothesize that in C1 the associated
C1r2s2 proteases fix the collagen arms and thereby orient the gC1q domains in a hexagon-like platform that favors binding to (hexameric) IgG clusters.
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C1–IgG complexes. While C1-INH binds and removes C1r2s2
regardless of the IgG subclass, subsequent C1q dissociation de-
pends on the stability of C1q–IgG complexes (Fig. 4B). It seems
likely that the dislodgement of C1q as result of C1r2s2 dissociation
explains why we could not detect C1q on IgG2 beads in a serum
environment (Fig. 1E). The observed deposition of C3b molecules
on IgG2 beads in serum (Fig. 1D) furthermore suggests that C1
inhibitory mechanisms lag behind on C1-mediated cleavage of
complement proteins.

Enhanced IgG Oligomerization Stabilizes C1q–IgG Interactions. Fi-
nally, we determined how C1q–IgG interactions are influenced
by IgG oligomerization. Recent studies demonstrated that olig-
omerization of target-bound IgG into hexamers can be enhanced
by specific point mutations that strengthen Fc–Fc contacts (15,
18). In contrast to the RGY mutation used above, these so-called
HexaBody mutations do not enhance hexamer formation in so-
lution but specifically enhance hexamerization on target surfaces.
Here, we modified anti-DNP IgGs using hexabody mutations
E430G or E345K (18) and verified that these mutations did not
affect IgG binding to beads (SI Appendix, Fig. S10 A and B). Upon
studying interactions with purified forms of C1/C1q, we observed
that both Fc mutations strongly improved binding of non-
complexed C1q (i.e., C1q or C1-EDTA) to IgG1 and IgG2 on
DNP beads (Fig. 5A and SI Appendix, Fig. S10C). For IgG3,
hexabody mutations did not affect binding of noncomplexed C1q
(Fig. 5A and SI Appendix, Fig. S10C). SPR experiments corrobo-
rated the results in the bead assay, showing that both the E430G
and E345K mutation increase complex stability of IgG1 and IgG2
with C1q and have little effect on the association of C1q with IgG3
(SI Appendix, Fig. S11). Similar results were obtained for S. aureus,
where introduction of E430G into anti-WTA IgG strongly en-
hanced binding of noncomplexed C1q to IgG1 and IgG2 while not
affecting IgG3 (SI Appendix, Fig. S12 A and B). Interestingly, we
observed that hexabody mutations did not have a strong impact on
the binding of fully assembled C1 to IgG1 and IgG2 on DNP-
coated beads (Fig. 5B) or SPR chips (SI Appendix, Fig. S11). On
S. aureus, we observed that the E430G mutation induced a subtle
improvement of C1 binding (SI Appendix, Fig. S12C). These data
suggest that unstable C1q–IgG interactions between non-
complexed C1q and IgG can be overcome by promoting formation
of high-avidity multimeric IgG platforms on the surface. In situ-
ations where C1q–IgG complexes are already stable (e.g., for C1
binding to IgG1, IgG2, or IgG3 or C1q binding to IgG3), hexabody
mutations do not or only slightly improve C1q–IgG binding. The
observation that Fc mutation E430G enhances C1q binding to
IgG1 and IgG2 in human ΔIgGΔIgM serum [both on beads (Fig.
5C) and S. aureus (SI Appendix, Fig. S13)] suggests that hexabody
mutations also improve the ability of IgGs to retain C1q on target
surfaces in a serum environment.
We also examined whether enhanced hexamerization could

affect complement binding and activation via IgG4, the IgG
subclass that is considered incapable of reacting with C1q (39).
Previous studies showed that the Ser at position 331 in the heavy
chain of IgG4 is critical for determining its inability to bind C1q
(38, 66). Structural modeling has furthermore shown that the two
Fab arms of IgG4 obstruct its C1q binding site and that the short
IgG4 hinge region allows only limited flexibility (35–37). As the
IgG4 used in our study also contains the essential Ser331 residue,
we expected no binding to C1q or C1. However, when we in-
troduced the E430G or E345K mutation in anti-DNP IgG4, we
observed dose-dependent binding of fully assembled C1 but not
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Fig. 4. Removal of C1r2s2 proteases from surface-bound C1–IgG complexes
can result in C1q dissociation. (A) Detection of C1q on IgG-coated DNP beads
that were first labeled with purified C1 and subsequently incubated with
10 mM EDTA or 200 nM C1-INH to remove C1r and C1s proteases. The data
represent geometric mean ± SD of three independent experiments. Unpaired
Student’s t test (buffer versus EDTA; buffer versus C1-INH); *P < 0.05, all other
conditions not significant. (B) Schematic cartoon of our hypothesis that C1r2s2
dissociation by C1-INH can result in C1q dislodgement depending on the sta-
bility of the C1q–IgG complex. Our data suggest that removal of the C1r and
C1s proteases from surface-bound C1 by C1-INH can result in two situations: 1)

C1q dissociates from the surface-bound IgGs in the case the remaining C1q–
IgG complexes are unstable (e.g., for C1q–IgG2 complexes) or 2) C1q remains
bound since it has formed a stable interaction with the surface-bound IgGs.
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C1q (Fig. 5 A and B and SI Appendix, Fig. S10C). Also on S.
aureus (SI Appendix, Fig. S12) and in SPR assays (SI Appendix,
Fig. S11), we observed that enhancing Fc–Fc interactions in
IgG4 enabled binding to the fully assembled C1 and negligible
binding to noncomplexed C1q. On S. aureus in human serum, we
could detect only low levels of C1q when introducing the hexa-
body mutation E430G in IgG4 (SI Appendix, Fig. S13B). This

observation is not unexpected considering our earlier hypothesis
that C1r2s2 removal by C1-INH results in dislodgement of C1q
when C1q–IgG interactions are unstable. Taken together, these
data suggest that the poor interaction of surface-bound IgG4
with C1q can be overcome in the presence of both hexabody
mutations and C1r2s2 proteases, which confirms a role for the
proteases in C1q binding.
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Fig. 5. Enhanced IgG oligomerization stabilizes C1q–IgG interactions. (A and B) Binding of purified C1q (A) or C1 (B) to DNP beads (1 μg/mL DNP) labeled with
20 nM anti-DNP IgG, either wild-type or containing hexamer-enhancing mutations E430G or E345K. (C) Detection of C1q on DNP-beads (1 μg/mL DNP) after
incubation with 1% ΔIgGΔIgM serum supplemented with wild-type or mutated (E430G) anti-DNP IgG. (A–C) C1q was detected by flow cytometry. The data
represent geometric mean ± SD of three independent experiments.
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Introduction of Hexamer-Enhancing Mutation E430G in anti-WTA
Enhance Complement-Dependent Phagocytosis of S. aureus. Having
demonstrated that enhanced IgG hexamerization improves the
stability of C1q–IgG complexes on S. aureus, we wondered
whether hexabody mutations also have an impact on the down-
stream complement effector mechanisms. In previous studies, we
and others have shown that phagocytosis of S. aureus, which is
eminent for human immune defense against these bacteria (67),
critically depends on the labeling of S. aureus with complement-
derived opsonins (68–70). While antibacterial IgGs may trigger
phagocytosis of S. aureus via Fc receptors, additional opsoniza-
tion of the bacterial surface with C3b and iC3b enhances the
efficacy of particle uptake via engagement of CR. To study the
effect of hexamer-enhancing mutations on phagocytosis, we first
determined the efficiency by which anti-WTA mutant IgGs trig-
gered covalent deposition of opsonic C3b on S. aureus (Fig. 6A).
Upon incubation of S. aureus with anti-WTA IgGs and ΔIgGΔIgM
serum, we observed that the E430G mutation enhanced C3b de-
position mediated by IgG1 and IgG2 but not IgG3 (Fig. 6A). Next,
we determined whether enhanced IgG oligomerization on S. au-
reus improved the phagocytosis of bacteria by human neutrophils
in serum (Fig. 6B). In full correspondence with the observed im-
provements at the level of C1q (SI Appendix, Fig. S13B) and C3b
(Fig. 6A), we observed that introduction of the E430G mutation in
anti-WTA IgG1 and IgG2 but not IgG3 enhanced the phagocytic
uptake of fluorescent S. aureus in human serum. Consistent with
the finding that anti-WTA IgG4-E430G antibodies can induce C3b
deposition, we observed that this antibody could induce phagocy-
tosis of S. aureus (Fig. 6B). As expected, the E430G mutation did
not affect the IgG-dependent phagocytosis via Fc receptors in the
absence of complement (SI Appendix, Fig. S14). Altogether these
data demonstrate that Fc engineering of anti–S. aureus IgGs can be
a useful strategy to improve a complement response against this
important pathogen and subsequent uptake by phagocytes.

Discussion
The classical pathway of complement activation is a major con-
tributor to pathophysiological processes in our body, including
infection, inflammation, autoimmunity, and transplant rejection.
Here, we demonstrate in great detail how the initiating step of
this pathway, namely the binding of the large C1 complex to the
surface of IgG-labeled target cells, is influenced by its attached
proteases C1r2s2 and antibody oligomerization.
When compared to the growing body of structural information

on C1q and its associated proteases, our knowledge about the
dynamic interactions between C1q and surface-bound IgGs is
still limited. In this study, we combined biophysical approaches
with recombinant antibody engineering to study C1q–IgG in-
teractions on target surfaces. Our findings reveal that C1r2s2
proteases affect the capacity of C1q to form an avid complex with
clustered surface-bound IgG molecules in a subclass-dependent
manner. The C1q molecule contains six collagen arms that each
can bind an Ig-Fc domain. Although the six C1q arms are kept
together by disulphide bonds between the collagen-like regions
in the upper stalk, the collagen arms below the stalk are not held
together and thus create a flexible structure in solution (61–63).
Although a modifying effect of C1r2s2 proteases on the flexibility
of C1q was previously indicated by biophysical studies (61–63), it
was not known how this would affect C1q binding to surface-
bound IgG. Okada et al. (1985) proposed a potential role for
C1r2s2 proteases in C1q binding to polyclonal rabbit IgG, but the
mechanism and relevance for human IgG remained unclear (71).
Since our data now show that C1r2s2 are important for gener-
ating stable C1q–IgG complexes on surfaces, we propose that the
associated proteases limit the conformational flexibility of the
C1q arms. The recently published structure of C1 bound to IgM
identified the contact points of C1rC1s within the collagen he-
lices of C1q (64). It is conceivable that these C1rC1s–collagen

contacts reduce the flexibility of the collagen arms and stabilize a
conformation that facilitates multivalent binding of C1q to an-
tibody clusters on the surface (Fig. 3C). At the same time, the
formation of IgG hexamers on target surfaces has been shown to
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Fig. 6. Introduction of hexamer-enhancing mutation E430G in anti-WTA
can enhance complement-dependent phagocytosis of S. aureus. (A) C3b
deposition on S. aureus Wood46 after incubation of bacteria in 5%
ΔIgGΔIgM serum supplemented with anti-WTA IgG (wild-type or E430G
mutant). The data represent mean ± SD of three independent experiments.
(B) Phagocytosis in the absence and presence of complement. Phagocytosis
of fluorescently labeled S. aureus Wood46 in either RPMI buffer or 1%
ΔIgGΔIgM serum supplemented with anti-WTA IgG (wild-type or E430G
mutant) and human neutrophils. Bacterial uptake was quantified by flow
cytometry and displayed as the number of GFP-positive neutrophils relative
to IgG1 wild type. The data represent relative mean ± SD of three inde-
pendent experiments. Phagocytosis data shown for wild-type IgG2 (buffer
and serum condition) are identical to the data shown in Fig. 1C.
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greatly stabilize the interaction with C1q. In our assays, muta-
tions that enhance IgG oligomerization on a surface overcome
the need for proteases to establish stable C1q–IgG complexes,
likely because six antibodies can also form a stable, high-avidity
complex with six C1q arms. This idea corroborates the finding
that formation of hexamers in solution (e.g., of IgGs combining
several hexamer-enhancing mutations) can enhance C1q–IgG
binding in the absence of C1r2s2 (19). Hexamer-enhancing mu-
tations in IgG2 and IgG1 also increased C1 binding to S. aureus,
indicating that even when C1r2s2 is associated, efficient IgG
oligomerization further stabilizes C1–IgG complexes. Interest-
ingly, the finding that IgG4-E430G enabled binding to fully as-
sembled C1 but less strongly to noncomplexed C1q could suggest
that IgG4-E430G does not efficiently form hexamers. In all, we
hypothesize that differences between human IgG subclasses to
bind C1q (in the absence of proteases) could be linked to their
ability to form hexameric platforms. However, the binding af-
finity of IgG subclasses for gC1q may also play a role. It remains
to be determined whether our experiments on beads and gram-
positive bacteria (both rigid surfaces) can be translated to highly
fluidic eukaryotic or gram-negative membranes. Overall, our
findings suggest that interactions between C1q and IgGs are
influenced both by the C1r2s2 proteases and the inherent ca-
pacity of IgGs to form oligomers.
Our study also highlights that IgG subclasses differ in their

capacity to form stable complexes with “empty” C1q molecules.
While the in vivo relevance may not be immediately apparent
since fully assembled C1qr2s2 complexes act as initiators of com-
plement activation, plasma regulators such as C1-INH are able to
remove C1r/C1s proteases and generate “empty” C1q. Particularly
in the case of IgG1 and IgG2, we observed a marked reduction of
complex stability with free C1q when compared to assembled C1.
Whether C1q may dissociate or remain bound to an antigenic
surface upon protease removal may therefore be context specific
and depend on IgG subclass. Differences in the ability to bind
empty C1q between subclasses may have several implications for
immunity. Firstly, the biological functions of C1q reach beyond its
traditional role in complement activation (72), as C1q is a known
ligand of cell surface receptors on innate and adaptive immune
cells. These receptors either recognize the globular [e.g., DC-
SIGN (72, 73)] or collagenous domains of C1q [e.g., calreticulin/
CD91 (74)] and induce various immunologic functions, including
phagocytosis and apoptotic cell clearance. We hypothesize that
antibodies with the capacity to retain “empty” C1q can promote
such receptor interactions more efficiently. Secondly, stable
binding of C1q to IgGs may interfere with alternative immuno-
globulin functions such as the interaction with Fc receptors. In-
deed, there is evidence from literature that C1q blocks IgG–FcγR
interactions on viruses, both in vitro and in vivo. When studying
mechanisms of antibody-dependent enhancement (ADE) of viral
infection, Mehlhop et al., for example, showed that ADE of fla-
vivirus infection is impaired by C1q in a complement-independent
manner (75, 76). They demonstrated that C1q but not C3 in hu-
man serum blocked viral uptake in FcγR-expressing cells. In-
triguingly, while IgG1, IgG2, and IgG3 against West Nile Virus all
induced ADE in vitro, C1q-dependent inhibition was only ob-
served for IgG3 and IgG1 but not IgG2. This finding is consistent
with our observation that IgG2 is a poor partner for empty C1q.
Our findings are also relevant for the correct interpretation of

functional antibodies in in vitro assays frequently used in research
and diagnostics. C1q binding is often used as an important param-
eter to determine the presence of complement-fixing antibodies. For
instance, in transplantation, the serum of organ recipients is tested
for the presence of donor-specific complement-binding anti-HLA
antibodies (DSA) (which could induce antibody-mediated rejection)
by measuring binding of purified C1q (77–82). Based on our find-
ings, direct C1q binding is an unreliable measure for downstream
complement activation, as complement-binding IgGs that bind fully

assembled C1 but not noncomplexed C1q are not detected. In-
deed, there are various studies in which patients with C1q-negative
DSA still showed downstream complement activation (i.e., C4d or
C3d deposition) and/or developed antibody-mediated rejection
(78, 80, 82–84). Moreover, it should be noted that detection of
IgG-bound C1q may be an unreliable readout for complement
activation, especially when C1q binding is analyzed in a serum
environment. In our study, this was most evident for wild-type
IgG2 and IgG4-E430G antibodies, which could potently trigger
C1-mediated complement activation (and phagocytosis), while we
could hardly detect C1q on the surface. Other groups have also
demonstrated an apparent “paradox” between C1q binding and
downstream complement activation. For example, Bindon et al.
studied complement activation on antibody-coated erythrocytes
and observed that a direct correlation between C1q binding and
cell lysis could only be shown for some Ig subclasses (85, 86). We
have now pinpointed a differential instability of IgG–C1q com-
plexes in human serum as a likely cause of this discrepancy. Our
systematic investigation of C1q versus C1 binding to all IgG sub-
classes in well-defined, purified systems and in human serum was
key in obtaining this insight.
Our data also shed light on the mechanisms by which C1-INH

inactivates C1, which are not yet fully defined. In 1998, Chen and
Boackle already showed that purified C1-INH, besides removing
C1r2s2, can dislodge C1q molecules from an IgG-coated surface.
Although they used pooled human IgG in their C1-INH studies,
they suggested that the IgG subclasses might be differentially
affected by C1-INH (87, 88). Our data now provide a better in-
sight into the subclass-specific effects of C1-INH. They show that
C1-INH inhibits the C1r2s2 proteases in surface-bound C1–IgG
independent of the IgG subclass, but that it mediates C1q disso-
ciation only in conditions where C1q–IgG complexes are not
stable. This suggests that protease dissociation by C1-INH can
result in either 1) complete removal of both C1q and C1r2s2 from
the IgG-coated surface or 2) removal of only C1r2s2 while C1q
remains stably bound to the IgG platform (Fig. 4B). Although C1-
INH can inactivate C1r and C1s in solution too, it is important to
note that we here only investigated the effect of C1-INH on C1
that is activated on an IgG-labeled surface.
Finally, understanding how C1q molecules form a stable in-

teraction with surface-bound IgGs is crucial for future design of
therapeutic antibodies. Antibodies against bacteria and tumor
cells cannot directly neutralize an infection but require activation
of the immune system. For gram-positive bacteria, the func-
tionality of antibodies in human immune protection critically
depends on the antibody’s capacity to induce phagocytic killing
(67, 89), either directly or via complement. Here, we show that
Fc engineering could be a useful strategy to combat gram-positive
bacteria, as both enhancement of C1q and C1 binding to S. aureus
can improve the opsonization and phagocytosis of these bacteria
in human serum. Recent studies on tumor cells and Neisseria
gonorrhoeae have already shown that enhanced hexamerization of
IgG by Fc engineering can potentiate the capacity of monoclonal
antibodies to induce complement-mediated lysis via MAC pores
(15, 18, 19, 23). Here, we demonstrate that the same mutations
can be used to improve complement-dependent phagocytosis.
Furthermore, since complement activation also appears crucial to
induce protective antibodies against viral infections such as HIV
or SARS-CoV-2 (90, 91), designing effective complement-
triggering antibodies may also be valuable for therapeutic devel-
opment of antiviral antibodies (24). In addition to its role in
complement activation, increasing evidence suggests that C1q also
enhances the efficacy of antibodies in the absence of other com-
plement proteins. For instance, C1q may enhance the neutralizing
activity of certain antiviral antibodies (75). Furthermore, it was
shown that C1q can act as a structural component in potentiating
the efficacy of antitumor antibodies by inducing outside-in sig-
naling of death receptors on tumor cells (92).
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Materials and Methods
More details on the materials and methods used in this study are provided in
SI Appendix, Materials and Methods.

IgG and Complement Binding to DNP-Coated Beads. Magnetic Dynabeads M-
270 Streptavidin (Invitrogen) (∼6 to 7 × 105 beads per sample) were washed
in PBS-TH (phosphate-buffered saline [PBS], pH 7.4, 0.05% (vol/vol) Tween,
0.5% human serum albumin [HSA]) and incubated with 0.003 or 1 μg/mL
biotinylated 2,4-dinitrophenol (DNP-PEG2-GSGSGSGK(Biotin)-NH2; 1,186 Da;
synthesized by Pepscan Therapeutics B.V.) in 0.1 mL/sample PBS-TH for
30 min at 4 °C, shaking (±700 rpm). Next, DNP-coated beads were washed
once in PBS-TH and incubated in 0.05 mL/sample PBS-TH with 20 nM anti-
DNP IgG or a threefold serial dilution of anti-DNP IgG (starting from 90 nM)
for 30 min at 4 °C, shaking (±700 rpm). Subsequent incubations mentioned
below were performed in 0.025 mL/sample PBS-TH for 30 min at 4 °C,
shaking (±700 rpm), unless otherwise stated. After each incubation, beads
were washed three times with PBS-TH or VBS-TH ([veronal buffered saline]
pH 7.4, 0.25 mM MgCl2, 0.5 mM CaCl2, 0.05% (vol/vol) Tween, 0.5% HSA)
dependent on the buffer used in the subsequent incubation step.

For detection of IgG binding, beads were incubated with 1 μg/mL goat
anti-human kappa-AlexaFluor647 (Southern Biotech, 2060-31). Next, beads
were washed and fixed in 0.15 mL/sample 1% paraformaldehyde in PBS-TH.

For C1q binding experiments, beads were incubated in 0.025 mL/sample
VBS-TH with a threefold serial dilution (starting at 10 nM) of C1 or C1q for
30 min at 37 °C, shaking (±700 rpm). To determine binding of “C1-EDTA,” C1
was incubated in VBS-THE (VBS-TH, 10 mM EDTA) instead. To study the ef-
fect of C1-INH and EDTA on C1q binding, beads were first incubated with
0.025 mL/sample 3 nM C1 and then with 0.025 mL/sample VBS-THE or
0.025 mL/sample 200 nM C1-INH in VBS-TH for 30 min at 37 °C, shaking (±700
rpm). For C1q detection, beads were incubated with 5 μg/mL fluorescein
isothiocyanate (FITC)-conjugated rabbit anti-human C1q (Dako, F0254).

To determine IgG, C1q, and C3b deposition to beads in human serum, DNP-
coated beads (∼6 to 7 × 105 beads per sample) were incubated in 0.05 mL/
sample VBS-TH with 20 nM anti-DNP IgG and a threefold serial dilution of
ΔIgGΔIgM serum (starting from 10%) for 30 min at 37 °C, shaking (±700
rpm). Otherwise, DNP-coated beads were incubated in VBS-TH with a
threefold serial dilution of anti-DNP IgG (starting from 90 nM) and 1%
ΔIgGΔIgM serum for 30 min at 37 °C, shaking (±700 rpm).

For IgG, C1q, and C3b detection, beads were washed and incubated in
0.025 mL/sample PBS-TH with a detection antibody for either IgG, C1q, or
C3b (1:300 FITC-conjugated goat anti-C3 IgG, De Beer Medicals, 1,100). After
incubation with detection antibodies, bead samples were washed and fixed
in 0.15 mL/sample 1% paraformaldehyde in PBS-TH and binding of IgG, C1q,
or C3b to the beads was determined by flow cytometry (BD FACSVerse). Data
were analyzed based on single-bead population using FlowJo software and
presented as fluorescence intensity (FI) means ± SD or geometric means ± SD
of at least three independent experiments.

IgG and Complement Binding to S. aureus. Depending on the experiment,
S. aureus Wood46 (with low expression of staphylococcal protein A [Spa])
or S. aureus Newman Δspa/sbi (knock-out of Protein A and the second
immunoglobulin-binding protein [Sbi]) (93) was or was not fluorescently
labeled by transformation with a green fluorescent protein (GFP)-expressing
plasmid (94). Bacteria were grown until log phase in Todd Hewitt Broth
medium, washed, and frozen at −20 °C until use. To prepare samples, bac-
teria were thawed and diluted to optical density (OD) = 0.1 in RPMI-H
(Roswell Park Memorial Institute medium [RPMI], 0.05% HSA). All subse-
quent incubations mentioned below were performed in RPMI-H at 4 °C,
shaking (±700 rpm), unless stated otherwise. After each incubation, bacteria
were washed once in RPMI-H by centrifugation.

For detection of IgG binding, 0.025 mL bacteria was incubated with
0.025 mL threefold serial dilution anti-WTA IgG (starting from 90 nM, final
concentration). Next, bacteria were incubated in 0.025 mL/sample RPMI-H
with 1 μg/mL goat anti-human kappa-AlexaFluor647.

For C1q binding experiments, 0.025 mL bacteria was incubated with
0.025 mL 50 nM anti-WTA IgG (final concentration). Bacteria were next in-
cubated in 0.025 mL/sample RPMI-H with a threefold serial dilution of C1 or
C1q (starting at 30 nM) for 30 min at 37 °C, shaking (±700 rpm). To deter-
mine binding of “C1-EDTA,” C1 was incubated in RPMI-HE (RPMI-H, 10 mM
EDTA) instead. For C1q detection, bacteria were incubated with 5 μg/mL
FITC-conjugated rabbit anti-human C1q.

To determine IgG, C1q, and C3b binding to bacteria in serum, 0.050 mL
bacteria were mixed with 0.025 mL threefold serial dilution anti-WTA IgG
(starting from 90 nM, final concentration) and 0.025 mL 1% (IgG or C1q
detection) or 5% (C3b detection) ΔIgGΔIgM serum (final concentration) and

incubated 30 min at 37 °C, shaking (±700 rpm). For IgG, C1q, or C3b de-
tection, bacteria were next incubated with detection antibody for IgG, C1q,
or C3b (1:300 FITC-conjugated goat anti-C3 IgG).

To determine C3b deposition on bacteria in serum in the presence of C1-
blocking molecules, 0.020 mL bacteria were mixed with 0.030 mL RPMI-H
with a threefold serial dilution anti-WTA IgG (starting from 67 nM, final
concentration), 1% ΔIgGΔIgM serum (final concentration), and either mono-
clonal anti-C1q antibody [HB8327 a4b11 (46), ATCC, 10 μg/mL final concen-
tration] or BBK32 (kindly provided by Brandon Garcia, Greenville, NC, 10 μg/mL
final concentration). Bacteria were incubated 20 min at 37 °C, shaking (±700
rpm). For C3b detection, bacteria were next incubated with FITC-conjugated
goat anti-C3 IgG (1:300).

After incubation with detection antibodies, bacteria were washed and
fixed in 0.15 mL/sample 1% paraformaldehyde in RPMI-H and analyzed using
flow cytometry (BD FACSVerse). Data were analyzed by FlowJo software and
presented as FI means ± SD or geometric means ± SD of at least three
independent experiments.

Phagocytosis.Human neutrophils were isolated from blood of healthy donors
by the Ficoll-Histopaque gradient method (95). Donor samples were de-
identified prior to use. Phagocytosis was performed in a round-bottom
96-well plate. GFP-labeled Wood46 bacteria (20 μL 3.75 × 107 cells/mL) were
mixed with twofold serial dilutions of anti-WTA IgG in RPMI-H or 1%
ΔIgGΔIgM serum (20 μL volume) for 15 min at 37 °C for opsonization. Sub-
sequently, neutrophils (10 μL 7.5 × 106 cells/mL) were added, giving a 10:1
bacteria-to-cell ratio and incubated for 15 min at 37 °C on a shaker (750 rpm)
in a final volume of 50 μL. The reaction was stopped with 1% ice-cold para-
formaldehyde, and neutrophil-associated fluorescent bacteria were analyzed
by flow cytometry by scatter gating on neutrophils. Phagocytosis was defined
by the percentage of cells with a positive fluorescent signal (% GFP-positive
cells) of all neutrophils representing the overall phagocytosis efficacy.

SPR Studies. All SPR experiments were performed at 25 °C using a Biacore
T200 instrument (Cytiva, GE Healthcare) equipped with a flat carbox-
ymethyldextran sensor chip (Xantec). For DNP surface preparations, flow cells
were activated for 7 min with a 1:1 mixture of 0.1 M N-hydroxysuccinimide and
0.1 M (3-(N,N-dimethylamino)propyl-N-ethylcarbodiimide) at a flow rate of
10 μL/min, followed by a 7-min injection of 0.1 M ethylenediamine in 0.1 M
sodium borate pH 8.5. DNP-NH-PEG (4)-NHS (Iris Biotech) was reacted at a
concentration of 5 mM in PBS-T with the aminated surface to reach a coupling
density of 250 response units (RU). As a reference surface, MeO-PEG (4)-NHS
(20 mM) was coupled to a density of 200 RU as described for the DNP surface.
Binding analyses were performed in HBST++ (10 mM Hepes, 150 mM NaCl,
0.5 mM CaCl2, 0.25 mM MgCl2, 0.005% Tween 20, pH 7.4) at a flow rate of
10 μL/min if not stated otherwise. Anti-DNP antibodies at concentrations of 4
and 20 nM were prepared in HBST++ and injected for 120 s over the DNP and
control surfaces. Subsequently, C1 or C1q (20 nM) were injected for 60 s to as-
sociate on top of the antibodies and dissociation was observed for 300 s. The
surfaces were regenerated with a 60-s injection of 10 mM glycine pH 2.0 at a flow
rate of 20 μL/min. Data were collected at a rate of 1 Hz and analyzed with
Scrubber (version 2.0c; BioLogic). Reference signals from the control surface (MeO)
were subtracted from the DNP surface signals. The responses were normalized for
analyte size contribution by dividing the data points of each analyte by the mo-
lecular weight of C1 (766 kDa) or C1q (410 kDa), respectively, and multiplying
them by 100. The data were exported to Prism (version 8.1.2.; Graphpad).

DNP-Labeled Liposomes. DNP-labeled liposomes consisting of 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine (DPPE), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[6-
[(2,4-dinitrophenyl)amino]hexanoyl] (DNP-cap-DPPE) were used to gener-
ate SLBs on mica and SiO2 substrates. The lipids were purchased from Avanti
Polar Lipids, mixed at a ratio of DPPC:DPPE:DNP-cap-DPPE = 90:5:5 (molar
ratio) and dissolved in a 2:1 mixture of chloroform and methanol. After the
solvents were rotary evaporated for 30 min, the lipids were again dissolved in
chloroform, which was then rotary evaporated for 30 min. Drying was com-
pleted at a high vacuum pump for 2 h. The lipids were dissolved in 500 μL Milli-
Q H2O while immersed in a water bath at 60 °C, flooded with argon, and
sonicated for 3 min at 60 °C to create small unilamellar vesicles. These were
diluted to 2 mg/mL in buffer No. 1 (10 mM Hepes, 150 mM NaCl, 2 mM CaCl2,
pH 7.4) and frozen for storage using liquid N2.

HS-AFM. HS-AFM (96, 97) (RIBM) was conducted in tapping mode at room
temperature (RT) in buffer, with free amplitudes of 1.5 to 2.5 nm and am-
plitude set points larger than 90%. Silicon nitride cantilevers with elec-
tron beam–deposited tips (USC-F1.2-k0.15, Nanoworld AG), nominal spring
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constants of 0.15 N m−1, resonance frequencies around 500 kHz, and a quality
factor of approximately 2 in liquids were used. Imaging was performed in
buffer No. 1. All IgGs were diluted and incubated in the same buffer.

DNP-labeled SLBs for HS-AFM were prepared on muscovite mica. The li-
posomes were incubated on the freshly cleaved surface (500 μg/mL in buffer
No. 1), placed in a humidity chamber to prevent evaporation, and heated to
60 °C for 30 min. Then, the temperature was gradually cooled down to RT
within 30 min, followed by exchanging the solution with buffer No. 1. After
10 min of equilibration at RT and 15 more buffer exchanges, the SLB was
ready for imaging. In order to passivate any exposed mica, SLBs were incu-
bated with 333 nM IgG1-b12 (irrelevant human IgG1 control antibody
against HIV-1 gp120) (98) for 10 min before the molecules of interest were
added. Anti-DNP IgG1-RGY (20 μg/mL) was incubated for 5 min followed by
several buffer exchanges to remove unbound IgGs from solution. After that,
C1q (20 μg/mL) or C1 (15 μg/mL) was added for 10 min, followed by another
buffer exchange. In case of C1q, imaging was performed in the presence of
C1q in solution to enable rebinding during the experiment.

Statistical Analysis. Statistical analysis was performed with Prism software
(version 8.0.1; GraphPad). All data are presented as means ± SD or geometric
means ± SD from three independent experiments unless otherwise stated.

Data Availability. All study data are included in the article and/or supporting
information.
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