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The complement system is a tightly controlled proteolytic
cascade in the innate immune system, which tags intruding
pathogens and dying host cells for clearance. An essential pro-
tein in this process is complement component C3. Uncontrolled
complement activation has been implicated in several human
diseases and disorders and has spurred the development of ther-
apeutic approaches that modulate the complement system.
Here, using purified proteins and several biochemical assays
and surface plasmon resonance, we report that our nanobody,
hC3Nb2, inhibits C3 deposition by all complement pathways.
We observe that the hC3Nb2 nanobody binds human native C3
and its degradation products with low nanomolar affinity and
does not interfere with the endogenous regulation of C3b depo-
sition mediated by Factors H and I. Using negative stain EM
analysis and functional assays, we demonstrate that hC3Nb2
inhibits the substrate—convertase interaction by binding to the
MG3 and MG4 domains of C3 and C3b. Furthermore, we notice
that hC3Nb2 is cross-reactive and inhibits the lectin and alter-
native pathway in murine serum. We conclude that hC3Nb2 is a
potent, general, and versatile inhibitor of the human and mu-
rine complement cascades. Its cross-reactivity suggests that this
nanobody may be valuable for analysis of complement activa-
tion within animal models of both acute and chronic diseases.

The complement system is a prominent part of our innate
immune system and serves as a first line of defense through op-
sonization and lysis of intruding pathogens. Likewise, comple-
ment contributes to the clearance of dying host cells, which is
crucial in homeostasis and minimizes the development of auto-
immune diseases (1). The system also plays a role in develop-
ment and aids the sculpting of the early developing brain by
promoting the pruning of excess synapses (2). Complement is
activated through three pathways, the classical pathway (CP),
the lectin pathway (LP), and the alternative pathway (AP). The
complement cascade may be triggered upon binding of pat-
tern-recognizing molecules (PRMs) to pathogen-associated
molecular patterns and danger-associated molecular patterns
presented on the activating surface. In the CP, the PRM Clq
detects antibody-antigen complexes and multiple other pat-
terns (3), whereas five different PRMs of the LP recognize spe-
cific carbohydrate structures or patterns of acetyl groups (4).
Serine proteases associated with the PRMs cleave complement
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factor C4 (C4) and C2, leading to the appearance of the classical
pathway C3 convertase C4b2a formed by C4b and the active
serine protease C2a on the activator surface (5) (see Fig. 1A).
This C3 convertase cleaves C3 into C3b and the anaphylatoxin
C3a. The C3b deposited on the activator associates with Factor
B (FB) to form the AP proconvertase C3bB that, upon activa-
tion by Factor D (ED), gives rise to the active AP C3 convertase,
C3bBb (Fig. 1A). The alternative pathway strongly amplifies the
outcome of the CP and LP (6, 7), but the AP may also initiate in-
dependently through the tick-over of C3. Here, the thioester of
C3 hydrolyzes, which induces structural rearrangements in C3
giving rise to C3(H,O), a functional homologue of C3b. This
allows for the association with FB and ultimately the formation
of a fluid-phase AP C3 convertase, C3(H,O)BDb (8).

If left uncontrolled, complement activation proceeds to the
terminal pathway. Once C3b reaches a threshold surface den-
sity on the activator, the C3 convertases switch substrate speci-
ficity to C5. The appearance of these C5 convertases, which
cleave C5 into C5b and the potent anaphylatoxin C5a, demar-
cates the initiation of the terminal pathway. C5b nucleates the
assembly of the membrane attack complex that perforates and
lyses pathogens (9). On healthy host cells, the terminal pathway
is not activated because deposited C3b is rapidly degraded to
iC3b by Factor I (FI) with the help of the co-factors factor H
(FH), membrane cofactor protein (MCP/CD46), and comple-
ment receptor 1 (CR1). The resulting iC3b is incapable of form-
ing a C3 convertase with FB. Additionally, decay acceleration
factor (DAF/CD55), CR1, and FH irreversibly dissociate the AP
C3 convertase (5). In contrast, properdin, also known as Factor
P, is the only positive regulator of the AP C3 and C5 conver-
tases and acts by stimulating AP proconvertase assembly, in-
hibiting AP convertase dissociation, and competing with FI for
binding to C3b (10, 11).

Mutations in AP components are associated with the devel-
opment of a number of diseases, including the chronic renal
diseases C3 glomerulopathies (C3G) and atypical hemolytic
uraemic syndrome (12, 13) as well as age-related macular
degeneration, which leads to loss of vision (14). In the chronic
disease paroxysmal nocturnal hemoglobinuria (PNH), dysregu-
lation of the terminal pathway due to mutations in genes
required for glycosylphosphatidylinositol anchor synthesis
leads to erythrocyte lysis (15). Furthermore, complement acti-
vation has also been linked to multiple neurological diseases,
including schizophrenia (16) and early stages of Alzheimer’s
disease (17). In addition to these chronic diseases, the
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Figure 1. The hC3Nb2 nanobody inhibits all complement activation pathways in human and mouse serum. A, the activation pathways of complement.
PRMs of the CP and LP bind the activating surface. This binding activates the PRM-associated serine proteases (PRM-SP) that cleave C4 and the C2 in the pro-
convertase C4b2. This results in generation of the CP C3 convertase, C4b2a. This convertase cleaves C3 into C3a and C3b, and C3b may then associate with FB.
FD cleaves the C3b-bound FB, resulting in the formation of the AP C3 convertase, C3bBb. C3 can spontaneously hydrolyze, and the resulting hydrolysis prod-
uct C3(H,0) is a functional homolog of C3b and can associate with FB to, upon activation by FD, form the fluid-phase AP C3 convertase, C3(H,0)Bb. Dashed
lines, proteolytic activation. Solid lines, conversions. B, hC3Nb2 is a potent classical pathway inhibitor of C3 fragment deposition onto a surface of heat-aggre-
gated IgGin 0.2% NHS. C, as in B but on a mannan surface, showing that hC3Nb2 also inhibits C3 fragment deposition through the lectin pathway in 5% NHS.
D, hC3Nb2 likewise suppresses C3 fragment deposition by the alternative pathway onto a surface of zymosan in 11% NHS. E, inhibition by nanobodies of the
alternative pathway in 5% mouse serum (i.e. C3 fragment deposition onto zymosan-coated surfaces). F, inhibition of the LP (i.e. deposition onto a mannan sur-
face) in 0.3% mouse serum. B-F display the C3 deposition at the indicated nanobody concentrations. The C3 deposition was normalized to the C3 deposition
obtained without added nanobodies (100% deposition). The effect of hC3Nb2 (black) was compared with the strong alternative pathway inhibitor hC3Nb1
(light gray) and the inactive hC3Nb1 (W102A) mutant (dark gray). The data for hC3Nb1 and hC3Nb1 (W102A) in C and E were published previously (20). Dashed
lines, final C3 concentration at the given serum dilution, assuming a C3 concentration of 5.3 pum in undiluted human serum (55) and 4.2 um in undiluted mouse
serum (56). Average and S.D. (error bars) are shown for n = 3 experiments in Band D and n = 2 experiments in G, E, and F.

complement system plays a cardinal role in the progression of both the AP and CP C3 convertase in human serum without
various acute diseases, such as ischemia-reperfusion injury interfering with the degradation of C3b to iC3b and is also
(18). cross-reactive with mouse C3 and is functional in murine se-
With the aim of controlling such dysregulated complement  rum. Through a combination of biochemical assays and nega-
in patients, a plethora of different molecules, targeting recep- tive stain EM (nsEM), we rationalize that hC3Nb2 exerts its
tors, proteases, and their substrates, have been developed (19).  function through inhibition of substrate binding to C3 conver-
We have recently described the first nanobody (Nb)-based tases. We thus present a potent complement-specific nano-
complement modulator, called hC3Nb1, that inhibits the AP in  body, suitable for studies of the complement pathway in human
both human and murine serum (20). Nbs originate from the diseases and murine models that may develop into a candidate
VHH domain of the heavy chain-only antibodies present in  for therapeutic control of complement-driven pathogenesis.
camelids. However, hC3Nb1 only exerts subtle effects on C3
cleavage by the CP C3 convertase, thus limiting the use of the
Nb in the assessment of CP- and LP-driven diseases. Further-
more, hC3Nb1 prevents FI degradation of C3b, which may be
undesirable for i vivo applications. We previously described the generation of a phage library
We thus set out to develop a C3-specific Nb that broadly presenting C3-specific nanobodies after immunization of a
inhibits complement through complete shutdown of the cas- llama with human C3b. From this library, we selected nanobod-
cade, while still allowing negative regulation of C3b on host ies against immobilized human C3b. Using this approach, we
cells. Here we describe hC3Nb2, which binds C3, C3b,andaC3  not only selected the AP inhibitor, hC3Nb1 (20), but also the
(H20) mimic with low nanomolar affinity. The Nb inhibits hC3Nb2 nanobody presented here. First, we tested the effect of

Results
hC3Nb2 inhibits all complement pathways
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hC3Nb2 in classical and lectin pathway assays conducted in
ELISA plates coated with either aggregated IgG or mannan. We
compared the hC3Nb2 nanobody with our AP inhibitor
hC3Nb1 and quantified the inhibition of the pathways by meas-
uring the C3 fragments deposited on the surface. In our CP
assay, we observed that, in contrast to the AP-specific hC3Nb1,
the hC3Nb2 nanobody inhibits the C3 fragment deposition
upon activation of the classical pathway when present in molar
excess compared with C3 (Fig. 1B). Similarly, the nanobody
inhibits C3 fragment deposition through the lectin pathway,
indicating that hC3Nb2 inhibits C3 cleavage by the C4bC2a C3
convertase generated through the CP and the LP (Fig. 1C). In
contrast, the AP-specific hC3Nb1 nanobody has only a very
modest effect on this convertase. We proceeded to test the
effect of the nanobody in an assay in which zymosan drives acti-
vation of the AP at conditions where the CP and LP are non-
functional. This assay revealed that the nanobody also inhibits
the alternative pathway in both human and mouse serum (Fig.
1, D and E). To confirm the cross-reactivity of the nanobody,
we tested the effect of the nanobody in the lectin pathway in
murine serum (Fig. 1F). Similar to the lectin pathway in human
serum, hC3Nb2 inhibited the progression of the murine lectin
pathway. Overall, these assays showed that hC3Nb2 is a broad
inhibitor of the complement system capable of inhibiting C3
cleavage in all three pathways.

hC3Nb2 inhibits classical pathway-induced hemolysis

Next, we tested whether the inhibitory effect of the nano-
body extends to hemolysis of sheep erythrocytes onto which
classical pathway activity was induced with rabbit anti-sheep
erythrocyte antibodies. We incubated the antibody-decorated
cells in normal human serum (NHS) in the presence or absence
of hC3Nb2. Again, we compared the effect to hC3Nb1 to con-
firm that the effect of hC3Nb2 was due to inhibition of the clas-
sical pathway, because hC3NDb1 effectively inhibits generation
of C3b through the AP. In accordance with the observation
that hC3Nb2 inhibits the classical pathway—mediated deposi-
tion of C3, the nanobody also inhibited the lysis of the sheep
erythrocytes at concentrations exceeding that of C3 in the assay
(Fig. 2A). The nanobody inhibited the hemolysis to ~15% at a
concentration of 1 puMm in these assay conditions where C3 was
present at 0.4 um. When hC3Nb2 was replaced by the AP-spe-
cific inhibitor hC3Nbl or its inactive derivative hC3Nbl
W102A, no inhibition of lysis was observed, indicating that AP
amplification played an insignificant role in this hemolysis
assay. To confirm that the CP was the dominating driver of he-
molysis in this assay, we also conducted the hemolysis assay in
FB-depleted serum in which AP amplification is absent (Fig.
2B). Again, hC3Nb2 inhibited the hemolysis when present in
molar excess to C3, and the remaining lysis plateaued at ~15%.
These lysis experiments demonstrated that in addition to pre-
venting C3 deposition, hC3Nb2 is a potent inhibitor of the pro-
gression of the complement cascade from the classical pathway
to the terminal pathway.
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Figure 2. The hC3Nb2 inhibits classical pathway-mediated hemolysis.
The classical pathway was activated on sheep erythrocytes by anti-sheep
erythrocyte antibodies. The activated sheep erythrocytes were incubated in
7.5% NHS (A) or FB-depleted serum (B). The effects of hC3Nb2 (black) were
compared with those of the alternative pathway inhibitor hC3Nb1 (light
gray) and its inactive hC3Nb1 (W102A) mutant (dark gray). Lysis, as measured
as absorption at 405 nm in the supernatants, was normalized to lysis by H,O
(100%), whereas erythrocytes incubated in PBS were defined as 0% lysis.
Dashed lines, putative C3 concentration in 7.5% serum. Average and S.D.
(error bars) are shown for n = 3 experiments in Aand n = 2 experiments in B.

hC3Nb2 binds C3, C3b, and C3MA with high affinity

The C3b deposition and hemolysis assays in Figs. 1 and 2
indicate that a 1:1 molar ratio between hC3Nb2 and the C3 is
needed for efficient inhibition of complement. However, the
equilibrium dissociation constant (Kp) as well as the rate con-
stants for binding and dissociation are other key parameters for
evaluating the potential of an inhibitory antibody. We assessed
these constants by surface plasmon resonance (SPR). Here,
hC3Nb2 was immobilized as ligand, utilizing a biotinylated C-
terminal AviTag for binding to a streptavidin-coated chip.
Increasing concentrations in the range of 5-60 nm of C3, C3b,
and the C3(H,0) analog C3MA were injected as analytes over
the chip. The rate and dissociation constants for complex for-
mation with hC3Nb2 were determined by fitting the binding
curves to a 1:1 binding mode (Fig. 3, A-D). The nanobody binds
the three functional states of C3 with similar dissociation con-
stants in the low nanomolar range (Fig. 3D). The off-rates were
likewise similar between the three states and were on the order
of 107* s !, These SPR data showed that the nanobody binds
with high affinity to a structurally conserved epitope present in
C3, C3b, and the C3 tick-over mimic C3MA. We next analyzed
the binding of hC3Nb2 to murine C3b. To this end, we coated
bio-layer interferometry (BLI) sensors with biotinylated hC3Nb2

SASBMB



A universal nanobody-based inhibitor of complement

A 257 c3
20-
S 154
S
3 104
2
5-
0 T T L] 1
0 200 400 600 800
B 20- C3b
154 ——
3
& 104
=)
(i 54
0 L] L] T 1
0 200 400 600 800
C 30- C3MA
— 204
35
S
Z 10-
0 L] L T 1
0 200 400( ) 600 800
Ime (s
D 1 -1 1
Kp(nM)  k,(M"-s™) ka(s™)
SPR c3 10.20.9 5.9i0.1-1oj 6.0¢0.3-1o':
C3b 47:08  62$06.10, 29+0.2-10"
C3MA 31:02  81+02.10° 25:+01.10°
BLI Murine C3b 0.56+0.04 7.9+0.1-10°  4.4%0.3.10"
Human C3b 0.46:002 32+02.10°  1.4+0.1.10°

Figure 3. The hC3Nb2 binds multiple functional states of C3 with nano-
molar affinity. hC3Nb2 was immobilized through a biotinylated C-terminal
AviTag on a streptavidin-coated surface plasmon resonance flow sensor. The
analyte was injected over the hC3Nb2-coated sensor at concentrations of 5,
10, 20, 30, or 60 nm C3 (A), C3b (B), or C3MA (C). D, summary of the SPR and
BLI binding and rate constants. Binding and rate constants from SPR were
determined using the BiaCore T200 evaluation software; n = 3 for C3 and
C3b, n =2 for C3MA. BLI binding curves are presented in Fig. S1. Binding and
rate constants from BLI-based experiments were determined as described
under “Experimental procedures”; n = 2 for murine C3b, n = 2 for human C3b.
RU, response units. a.u., arbitrary units.

and transferred the sensors to wells containing murine C3b at
concentrations ranging from 0.2 to 6.25 nm. Similar to the SPR
data, we fitted the sensorgrams to a 1:1 binding mode (Fig. S1A4).
These data revealed that hC3Nb2 binds murine C3b with sub-
nanomolar affinity (Fig. 3D). To allow direct comparison with
binding to human C3b, we performed a parallel BLI experiment
with human C3b and similarly fitted the data in a 1:1 model (Fig.
S1B). Collectively, these data confirmed that the hC3Nb2 binds
with similar affinity to murine and human C3b (Fig. 3D). Based
on the similarity of dissociation constants for hC3Nb2 interaction
with human C3 degradation fragments, we predict that the
hC3Nb2 exhibits comparable affinities toward degradation prod-
ucts of murine C3.

hC3Nb2 inhibits C3 cleavage on the substrate level

The hC3Nb2 nanobody was selected against human C3b and
inhibits both CP mediated C3 deposition and hemolysis (Figs. 1
and 2). Together with the strong binding to native C3 observed
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by SPR, these data prompted the hypothesis that hC3Nb2
inhibits the C3 cleavage on the C3 substrate level rather than
on the product level, because C3b has no function in the CP C3
convertase. To challenge this model, we tested whether the
nanobody inhibits C3 cleavage by the alternative pathway ana-
log, Cobra venom factor Bb (CVEBb). We assembled and acti-
vated CVFB with Factor D prior to mixing with C3 in the pres-
ence or absence of a 2-fold excess of hC3Nb2. Here, we
observed that the nanobody potently inhibits the C3 cleavage,
which was completed within the first 30 min in the absence of
the nanobody but barely detectable after 24 h in the presence of
hC3Nb2 (Fig. 4A4). To preclude the possibility that this effect
was due to hC3Nb2 interaction with CVF, we investigated their
interaction by SPR. Again, hC3Nb2 was immobilized as ligand
on the chip while CVF was applied as analyte. Sensorgrams
obtained in the presence of CVF were indistinguishable from
buffer control sensorgrams, indicating that the nanobody does
not interact with CVF (Fig. S2). In summary, the data obtained
with CVF confirmed the model that hC3Nb2 inhibits the C3
cleavage on the substrate level.

hC3Nb2 allows AP proconvertase formation

Prompted by the observation that the hC3Nb2 inhibits the
C3 cleavage on substrate level by the C3 convertases, we turned
to analyze its effect on the alternative pathway convertase. This
is more difficult, because C3 is the substrate of the convertase
and C3b is the noncatalytic subunit of the AP C3 convertase.
We first tested whether the nanobody inhibits the assembly of
the AP convertase because our hC3Nb1 has this effect (20). For
the assembly of the AP C3 proconvertase, we used FB compris-
ing the S699A and the D279G mutations; whereas the S699A
renders the FB proteolytically inactive, the D279G mutation
extends the £, of the convertase (21). We incubated the FB
S699A/D279G with C3b in the absence or presence of a 2-fold
molar excess of hC3Nb2. A subsequent size-exclusion chroma-
tography (SEC) analysis (Fig. 4B) indicated that the nanobody
allows the assembly of the proconvertase, as indicated by a
slightly earlier elution of the proconvertase in the presence of
hC3Nb2. SDS-PAGE analysis confirmed the presence of a ter-
nary complex of C3b, FB, and hC3Nb2 in the SEC peak frac-
tions (Fig. 4C). To validate the SEC results in an orthogonal
approach, we performed a BLI-based assessment of the effect
of hC3Nb2 on proconvertase assembly. To this end, we immo-
bilized hC3Nb2 on BLI sensors and loaded C3b from the well.
Next, we applied FB (D279G) to the nanobody-bound C3b,
which resulted in a marked increase in the signal compared
with C3b alone (Fig. 4D). This confirms that the FB- and
hC3Nb2-binding sites do not compete and underscores that
the nanobody does not prevent the AP C3 convertase assembly.

The hC3Nb2 nanobody allows FH-assisted Fl degradation of
Cc3b

The data presented thus far show that hC3Nb2 is a potent in-
hibitor of C3 cleavage through the three activation pathways.
However, a potential inhibition of the endogenous regulatory
function undertaken by FI could result in an accumulation of
C3b on activating surfaces. In an in vivo setting, such an
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Figure 4. The hC3Nb2 nanobody inhibits C3 cleavage but allows endogenous regulation by Fl degradation. A, time course experiment where C3 degra-
dation by CVFBb at 37 °C was monitored by SDS-PAGE in the presence or absence of hC3Nb2. Nanobody binding to C3 completely prevents cleavage reveal-
ing inhibition at the substrate level. B and C, proconvertase assembly assay. C3b was mixed with a 1.5-fold molar excess of the inactive, stabilized FB (D279G/
S699A) and subjected to size-exclusion chromatography in either the presence or absence of a 2-fold molar excess of hC3Nb2. Nonreduced SDS-PAGE analysis
of the fractions from B marked by bars reveals that FB and hC3Nb2 do not compete for binding to C3b. D, competition assay where immobilized hC3Nb2 on
BLI sensors was dipped in 50 nm C3b. The sensors were subsequently transferred to FB (D279G) or FH. In addition, the binding of FB (D279G) and FH alone
were analyzed for nonspecific background binding. Sensorgrams for FB (D279G) and FH are indistinguishable. £, a FH-mediated Fl cleavage assay reveals that
hC3Nb2 does not interfere with C3b degradation. The C3b was incubated with 0.2% (w/w) FH and 1% (w/w) FI for the indicated time at 37 °C in either the pres-

ence or absence of a 1.2-fold molar excess of hC3Nb2.

accumulation may result in a burst of AP activation under con-
ditions where the hC3Nb2 concentration becomes too low and
the activity of the endogenous complement regulators is insuf-
ficient for FI degradation of host cell bound C3b to iC3b. Our
AP-specific hC3Nb1 potently inhibits FI degradation (20) and
may for this reason be a nonideal complement regulator in
vivo. Maximal inhibition of complement at the C3 level would
occur if the C3 cleavage was inhibited while the degradation of
C3b to iC3b could still proceed. To test whether hC3Nb2
allows such C3b degradation, we mixed C3b with Factor H and
Factor I and monitored the C3b cleavage in a time course
experiment by SDS-PAGE. This showed that hC3Nb2 allows
the FH-assisted cleavage by FI (Fig. 4E), as evident by the simi-
lar progress of C3b degradation in the absence and presence of
hC3Nb2. However, if FI cleavage itself is the rate-limiting step
in this assay, this approach may not be sufficiently sensitive to
detect a partial interference by hC3Nb2 with FH binding to
C3b that may have undesirable consequences in vivo. To inves-
tigate in an Fl-independent manner whether the nanobody
interferes with the FH-C3b interaction, we used a BLI competi-
tion assay to evaluate whether hC3Nb2 and FH can bind simul-
taneously to C3b. Similar to our BLI-based FB competition
assay, we immobilized hC3Nb2 on BLI sensors, dipped the sen-
sors in C3b, and transferred the sensors to FH. The BLI binding
curves displayed in Fig. 4D document that hC3Nb2 and FH do
not compete for binding to C3b. This indicates that hC3Nb2
does not interfere with the function of FH with respect to FI
degradation.
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The hC3Nb2 nanobody binds the MG3-MG4 interface

To gain further insight into the inhibitory mechanism of
hC3Nb2, we performed nsEM. To this end, we first isolated the
hC3Nb2:C3c complex by SEC and obtained the complex from
the early peak fractions. We applied the complex to EM grids
and stained with uranyl formate. The 2D class averages
obtained from micrographs recorded from these grids dis-
played recognizable features of C3c, including the C345c do-
main and the macroglobulin (MG) ring (Fig. 5A4). Furthermore,
hC3Nb2 could clearly be recognized as a density protruding
from the MG ring on the “back” of the C3c MG ring opposite
the C345c¢ domain (Fig. 54). To determine the domains
involved in the interaction, stochastic gradient descent was
used to generate an initial reference model, which was used for
3D classification and subsequent refinement. This gave rise to a
high-quality 3D reconstruction with a good distribution of
views (Fig. S3, A and B). Similar to the 2D class averages, the 3D
reconstruction revealed clear density for the C345¢ domain
and the MG ring (Fig. 5B). After rigid-body fitting of the crystal
structure of C3c (22) into the 3D reconstruction, a clear density
remained that was not occupied by C3c but matches the
dimension of a nanobody (Fig. 5C). The density was present on
the back of the MG ring, in agreement with the 2D class aver-
ages. The 3D reconstruction further revealed that hC3Nb2
binds at the interface between MG3 and MG4, with the major
part of the epitope being present in the MG3 domain (Fig. 5C).
To assess whether the hC3Nb2 epitope is conserved between
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Figure 5. Mapping of the hC3Nb2 binding site on C3c. A, negative stain
EM 2D class averages of the hC3Nb2:C3c complex. *, extra density, which
was ascribed to the hC3Nb2 in the 2D class averages. In the expanded view of
one 2D class to the right, the MG ring and the C-terminal C345c domain are
marked by arrows, whereas the likely location of hC3Nb2 is marked Nb. The
scale bar in the top left 2D class is 100 A. B, a 3D EM reconstruction based on
the hC3Nb2:C3c particles. C, fitting of the C3c (PDB entry 2A74) and the
hC3Nb1 (PDB entry 6EHG) into the 3D reconstruction. The locations of the
MG3 and MG4 domains are marked.

different C3 fragments, the nsEM experiment was repeated
using C3b instead of C3c. The data gave rise to 2D class aver-
ages where the MG ring, C345¢, TE domain, and hC3Nb2 could
easily be recognized (Fig. S44). However, the 2D class averages
also show that the hC3Nb2:C3b complex has a high tendency
toward preferred orientations on the carbon-coated grid. This
is also evident in the resulting 3D reconstruction, which
severely limits the final resolution (Fig. S4, B—E). C3b can still
be reliably rigid body—fitted into the 3D reconstruction, and
comparison with the hC3Nb2:C3c complex reveals that
hC3NDb2 binds the same epitope in both C3 fragments (Fig. S4,
Fand G).

hC3Nb2 blocks the C3:C3 convertase association through
steric hindrance

We next investigated whether an hC3Nb2 epitope on the
back of C3b with contributions from the MG3 and MG4
domains could explain our functional data. A comparison with
the structure of the C3bB complex (23) rationalized why
hC3Nb2 allows C3bB proconvertase assembly (Fig. 4, B and C),
because FB interacts with C3b through the C345c and the CUB
domains on the opposite side of C3b compared with the Nb
(Fig. 6A). In the same manner, the suggested epitope agrees
with the observation that the hC3Nb2 does not interfere with
FH association and FI degradation (Fig. 4, D and E). A superpo-
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sition of C3b:FH:FI structure (24) with the hC3Nb2:C3c model
reveals that hC3Nb2 binds somewhat distant from the FH- and
FI-binding sites (Fig. 6B). Similarly, the suggested epitope pla-
ces hC3Nb2 distant from the binding site of hC3Nb1, which
interacts with MG6 and MG7 domains of C3b (Fig. S54) (20).
To test this experimentally, we coated BLI sensors with
hC3Nb2 and transferred the sensors to C3b or C3b with a 10-
fold molar excess of either hC3Nb1 or hC3Nb2. The binding
curves revealed no competition between the two nanobodies
for binding to C3b (Fig. S5B). Importantly, the suggested
hC3Nb2 epitope also offers a straightforward explanation for
how the nanobody inhibits C3 cleavage by preventing the asso-
ciation between the substrate C3 and the C3 convertases. We
earlier proposed a general model for the convertase-substrate
complexes stating that the noncatalytic subunit of a convertase,
C4b in CP convertases and C3b in AP convertases, contacts the
substrates C3 and C5 through a two-point interface (25, 26).
One component of this interface involves recognition of the
substrate MG7 domain by the MG6 and MG7 domains in the
noncatalytic convertase subunit, whereas at the second part of
the convertase-substrate interface, the MG4 and MG5 domains
in both the substrate and the noncatalytic subunit convertase
form contacts. A comparison of known structures of C3, C3b,
and C3c (10, 20, 22, 27, 28) shows that the proposed epitope of
hC3Nb2 is structurally conserved in these three functional
states of C3 (Fig. 6C). Based on this structural conservation and
on the finding that the dissociation constants for C3b and C3
are almost identical (Fig. 3D), we suggest that hC3Nb2 binds to
native C3 in the same manner as to C3b and C3c (Fig. 6D). We
may now compare our model of substrate—convertase com-
plexes with a model of the C3 substrate from which hC3Nb2
protrudes out from the MG3 domain (Fig. 6E). This compari-
son argues that the nanobody sterically hinders association
between substrate and C3 convertase at the MG4-MG5 inter-
face. This agrees with the inhibition of C3 cleavage by CVFBb
and C4b2a (Figs. 1, B and C and 4A), where the effect of
hC3Nb2 cannot be due to its strong binding to C3b. Hence, our
mapping of the hC3Nb2 to the MG3 and MG4 domains of C3
and C3b corroborates the functional data. In summary, our
data demonstrate that the ability of hC3Nb2 to efficiently block
all three activation pathways is due to its binding to the sub-
strate C3. When it comes to the AP C3 convertase, hC3Nb2
will bind to both the C3 substrate and the convertase C3b in
agreement with its strong inhibition of the alternative pathway
(Fig. 1, Dand E).

Discussion

Here we describe the hC3Nb2 nanobody, which binds C3
with high affinity and efficiently inhibits the activation of com-
plement activation through both the alternative and the classi-
cal pathway C3 convertases. The nanobody is cross-species—re-
active, as it inhibits the complement progression in both
human and murine serum. Using a combination of biochemis-
try, biophysics, and structural information, we have unraveled
the mechanism of inhibition and shown that hC3Nb2 blocks all
three activation pathways by preventing the binding of sub-
strate by the C3 convertases.

J. Biol. Chem. (2020) 295(26) 8746-8758 8751


https://www.jbc.org/cgi/content/full/RA119.012339/DC1
https://www.jbc.org/cgi/content/full/RA119.012339/DC1
https://www.jbc.org/cgi/content/full/RA119.012339/DC1
https://www.jbc.org/cgi/content/full/RA119.012339/DC1
https://www.jbc.org/cgi/content/full/RA119.012339/DC1
https://www.jbc.org/cgi/content/full/RA119.012339/DC1

A universal nanobody-based inhibitor of complement

Figure 6. A structure-based model for the inhibitory mechanism. A docking of hC3Nb2 onto the structures of C3bB (PDB entry 2XWJ) (A) and C3b:miniFH:
FI (PDB entry 5032) (B) using the hC3Nb2:C3c envelope is consistent with the interpretation that hC3Nb2 does not compete with either FB or FH. C, a superpo-
sition of the known structures at the MG3-MG4 interface suggests that the epitope of hC3Nb2 is conserved in C3 (PDB entries 2A73 and 2B39), C3b (PDB entry
5F07), C3c (PDB entry 2A74), hC3Nb1:C3 (PDB entry 6RU5), and hC3Nb1:C3b (PDB entry 6EHG). D, mapping of hC3Nb2 onto native C3 (PDB entry 2A73) by
comparison with C3c. E, a comparison between the model of the hC3Nb2:C3 complex in D and the general model of the convertase-substrate complexes
implies that hC3Nb2 inhibits C3 cleavage by all convertases by preventing substrate recognition.

Several complement regulators surveil the complement sys-
tem to prevent activation on host cells, and C3b constitutes a
central regulation target recognized by a number of such regu-
lators. One of the most appealing properties of hC3Nb2 is that
it does not interfere with the cofactor function of FH, the most
important fluid-phase complement regulator of C3b. In con-
trast to the cofactor function of FH, the effect of hC3Nb2 on
the decay-accelerating activity of FH has not been directly
addressed. However, both functions rely on the binding of FH
to C3b, and, given the absence of interference with the cofactor
activity, we expect that hC3Nb2 does not interfere with the
decay-accelerating activity. Related to decay is the influence of
hC3Nb2 on the 1, of C3bBb. The epitope is located far from
the C-terminal C345c domain of C3b that holds the catalytic
Bb; hence, we predict that the nanobody does not change the
rate of Bb dissociation from C3b. Other negative regulators of
C3b are membrane cofactor protein (MCP/CD46), comple-
ment receptor 1 (CR1/CD35), and decay-accelerating factor
(DAF/CD55). MCP is ubiquitously expressed and serves as a
cofactor for FI in the cleavage of C3b (29). CR1 expressed on
peripheral blood cells has a dual function. It acts as an FI cofac-
tor and on the erythrocyte surface; it serves as a carrier of C3b-
and C4b-opsonized objects to the spleen and liver (30). Finally,
DAF promotes the decay of the C3bBb complex (5). All of these
regulators comprise a number of complement control protein
domains that interact with C3b in a mode similar to FH. The
main interaction surface of these regulators lies in an L-shaped
binding site on C3b in the region from the MG7 domain to the
MG1-TE domain interface, crossing MG2 (27). The binding
site of hC3Nb2 is in the MG3-MG4 region of C3b and hence
lies far from this general regulator surface, and we expect there-
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fore that hC3Nb2 does not interfere with any of the C3b regula-
tors DAF, CR1, or MCP.

Another aspect worth considering is the influence of
hC3Nb2 on the function of complement receptors supporting
phagocytosis of C3b-opsonized objects and mediating cross-
talk with the adaptive immune system. By presentation of
iC3b/C3dg-opsonized antigens, complement receptor 2 (CR2)
stimulates B cell receptor signaling on B cells (31). Complement
receptor 3 (CR3) and complement receptor 4 (CR4) are
expressed on subsets of myeloid cells and some activated
lymphoid cells and mediate binding and phagocytosis of iC3b-
opsonized pathogens and immune complexes (32). A compari-
son of the C3b:hC3Nb2 complex with X-ray structures of CR2
and CR3 fragments bound to the thioester domain of the iC3b
ligand (33, 34) suggests that hC3Nb2 will not interfere with the
CR2 and CR3 recognition of C3-opsonized objects. In contrast,
nsEM data indicate that CR4 may also interact with the MG3-
MG4 domains of iC3b (35), and we cannot exclude the possibil-
ity that the hC3Nb2- and CR4-binding sites on iC3b overlap.
hC3Nb2 likewise appears to overlap with the binding site of the
complement receptor, CRIg, which contacts the MG3, MG4,
MG5, and MG6 domains and the LNK region of C3b (36). CRIg
is expressed on tissue-residing macrophages and plays a role in
pathogen clearance (37). Studies in knockout mice show that,
although the liver readily clears bacteria from circulation in a
complement-independent manner, CRIg participates in the
clearance of complement-opsonized bacteria that are bound on
platelets (38). The potential interference with the function of
CR4 and CRIg in phagocytosis should hence be kept in mind if
hC3bNb2 is to be used in an in vivo setting.
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Uncontrolled complement activation constitutes a corner-
stone in multiple diseases, and taming this cascade is hence of
the utmost interest. Mutations, especially in the regulators of
the alternative pathway can lead to uncontrolled complement
activation and disease progression. The dysregulation often
results in tissue damage in the kidney. To date, the only com-
plement-specific inhibitor approved for therapy is eculizumab,
which binds C5 and inhibits the cleavage of C5 to C5b and C5a
by the C5 convertase (39). Eculizumab is used to treat PNH, in
which the lack of complement regulators CD59 and DAF allows
for the formation of membrane attack complex on erythrocytes
and thus lysis (15). The use of eculizumab has provided proof of
evidence for the safety and efficacy of therapeutic control of the
terminal pathway in the complement system. Similar to eculi-
zumab, hC3Nb2 inhibits the progression of the complement
system, unaffected by the route of initiation. However, the
nanobody targets complement early in the cascade, thereby
avoiding the build-up of C3b on a dysregulated complement ac-
tivator as exemplified with PNH, where C3b opsonization of
erythrocytes may lead to extravascular hemolysis (40).

In many ways, hC3Nb2 has functional properties resembling
those of the well-established complement inhibitor compstatin,
a cyclic peptide that prevents the cleavage of C3 both at the
substrate and the convertase level (18). Compstatin binds in
the MG4-MG?5 interface of C3c (41) and is likely to bind to the
same site in native C3. Based on our nsEM data, the binding
sites of compstatin and hC3Nb2 do not directly overlap.
Although compstatin is a promising drug, it does not inhibit
murine C3 (18, 42), thus limiting its value in murine models of
complement-associated disease. Like compstatin, hC3Nb2
binds native C3 and therefore requires high concentrations to
saturate the circulating C3, which is present in the 1 mg/ml re-
gime in plasma. However, local administration may benefit
from broad inhibitors of complement, like hC3Nb2. Addition-
ally, complete shutdown of the complement system is not only
of therapeutic interest but may also allow the exploration of the
complement diseases in disease models.

Numerous inhibitors of the complement system have em-
erged in recent years. Among alternative pathway inhibitors,
the small molecule danicopan (Achillon) that targets FD is in
phase II trials for the treatment of both C3G and PNH. Another
small molecule targeting the alternative pathway is LNP023
from Novartis, which blocks the active site of FB and is cur-
rently in phase II evaluation targeting C3G, PNH, and IgA ne-
phropathy. Whereas C3-targeting drugs are largely dominated
by compstatin derivatives, mirococept, which is based on the
C3 convertase—inhibiting properties of CR1, is currently in
phase II testing of the effects on ischemia-reperfusion injury.
For the development of C5 inhibitors, the pharmacokinetic
properties of eculizumab have been improved with ravalizu-
mab, but in addition, the peptide zilucoplan (RaPharma), the
RNAIi cemdisiran (Alnylam Pharmaceuticals Inc.), and the pro-
tein nomacopan (Akari) all target C5 and are in phase II clinical
trials. Concerning the classical pathway and the lectin pathway,
the antibodies sutimlimab and narsoplimab target Cls and
mannose-binding lectin—associated serine protease (MASP)-2,
respectively, and hence inhibit complement activation through
these molecules (18). With the introduction of the hC3Nb2
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nanobody, we expand the arsenal of complement inhibitors
with a versatile reagent that can be easily prepared by recombi-
nant protein expression in bacteria and mammalian cell
culture.

hC3Nb?2 offers broad inhibition of the complement cascade,
whereas it allows the endogenous degradation mediated by the
prime regulators of the system. Whereas hC3Nb2 allows inves-
tigations of whether the complement contributes to a given dis-
ease, it does not allow the pinpointing of which pathway drives
the disease. Similar to hC3Nb2, our previously described nano-
body hC3Nb1 binds C3 species with high affinity and shows
reactivity with both human and murine C3. The hC3Nb1, how-
ever, primarily acts on C3b and inhibits the assembly of the AP
C3 proconvertase, whereas it only exhibits modest effects on
the CP C3 convertase—mediated cleavage. The introduction of
hC3Nb2 hence supplements the hC3Nb1 nanobody. Together,
these nanobodies allow for both the assessment of the involve-
ment of complement and the identification of the driving path-
ways in disease development. The humanized nanobody capla-
cizumab was recently approved for treatment of acquired
thrombotic thrombocytopenic purura (43). This represents a
proof of principle for the application of nanobodies in the treat-
ment of human diseases, and nanobody humanization strat-
egies are well-established (44). Nanobodies may offer new ther-
apeutic modalities as compared with conventional antibodies.
Their small size offers high penetrance in tissue but also high
clearance rates, but the latter problem can be addressed by, for
example, fusion to IgG Fc and by coupling to serum albumin
binders (45).

In conclusion, we have presented here the hC3Nb2 nano-
body, which inhibits all complement pathways and additionally
shows potent inhibition of the both the alternative and lectin
pathways in murine serum. The nanobody inhibits the progres-
sion of the complement cascade by preventing the substrate—
convertase interaction of the C3 convertases and binds both
the substrate C3 and C3b in the AP convertase with low nano-
molar affinity. Importantly, the nanobody does not interfere
with endogenous regulation of C3b. We have thereby expanded
the nanobody toolbox for studies of the complement system in
vitro and murine in vivo models.

Experimental procedures
Purification of proteins and proconvertase assembly assay

The hC3Nb2 nanobody was selected as described (20).
Briefly, a llama (Lama glama) was immunized with human
C3b. RNA was purified from peripheral blood lymphocytes,
and cDNA was generated. The Nbs were cloned into a phage-
mid vector, allowing a phage-display—based selection strategy.
Nanobodies were selected against C3b by coating a microtiter
plate with 1 pg of C3b in PBS for 12 h. PBS supplemented with
BSA was added to the plate to block excess binding sites, and
next 3 X 10'? nanobody-presenting M13 phages in PBS were
added. Upon incubation for 1 h at room temperature, unbound
phages were removed by 15 washes in PBS, 0.1% Tween 20 fol-
lowed by 15 washes in PBS. The C3b-binding phages were
eluted by incubation for 15 min in 0.2 m glycine (pH 2.2). The
phages were subjected to a second round of selection, albeit
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with only 0.1 pg of C3b coated in each well. C3b-binding nano-
bodies were identified by ELISA as described (20). To this end,
an ELISA plate was coated with 0.1 pg of C3b per well and sub-
sequently blocked in PBS with 0.1% Tween and 2% BSA. Single
phage-infected Escherichia coli colonies were picked and grown
at 37°C in lysogeny broth, and Nb expression was induced in
0.8 mm isopropyl B-p-1-thiogalactopyranoside in a 96-well
plate setup. The cells were grown for 16 h at 30°C, and the su-
pernatant was applied to the C3b-coated ELISA plate. The
plates were incubated for 1 h, washed six times in PBS-Tween
20, and then incubated in 1:10,000 diluted anti-E-tag-horserad-
ish peroxidase antibody (Bethyl) for 1 h. The plates were
washed, developed using 3,3',5,5'-tetramethylbenzidine, and
quenched in 1 M HCl, and the A450 was measured. Positive
nanobodies were sequenced and cloned into pET22b (+) for
bacterial expression.

To prepare recombinant hC3Nb2, nanobody encoding
pET22b (+) plasmid was transformed into chemically compe-
tent E. coli low-background strain (LOBSTR) cells (46). A single
colony was inoculated in 2xYT + 100 pg/ml ampicillin and
grown for 16 h at 37 °C. Large cultures of 2xYT with 100 pg/ml
ampicillin were inoculated with 1.25% of the culture. The cul-
ture was grown to an Aggp of 0.6-0.8, induced by 1 mm isopropyl
B-p-1-thiogalactopyranoside, and grown overnight at 18°C.
Then cells were harvested by centrifugation at 7,800 X g for 20
min at 4 °C, and the hC3Nb2 was purified from the pelleted cells
as described (20). In short, pelleted cells were resuspended and
sonicated, and debris was pelleted by centrifugation. The
cleared lysate was loaded onto a HisTrap Crude FF (GE Health-
care), and the nanobody was eluted using 400 mwm imidazole.
The nanobody was dialyzed against 20 mm sodium acetate, 50
mwm NaCl and then applied to a Source S column (GE Health-
care) equilibrated in the dialysis buffer. hC3Nb2 was eluted by a
linear gradient from 20 to 500 mm NaCl over 35 ml. The nano-
body was finally purified on a Superdex 75 (GE Healthcare) col-
umn equilibrated in 20 mm HEPES (pH 7.5), 150 mm NaCl.
Complement FB was purchased from Complement Technol-
ogy, and CVF was purified as described (47). Active FD was
purified from HEK293 F-cells by co-transfection of FD and
MASP-3. To this end, plasmids encoding FD and MASP-3 were
mixed and incubated with a 2-fold excess of polyethyleneimine
prior to transfection. 5 days after the transfection, the condi-
tioned medium was harvested, and the FD was captured on a 5-
ml His-Trap Excel (GE Healthcare) column equilibrated in 20
mMm HEPES (pH 7.5), 500 mMm NaCl, 30 mm imidazole. FD was
eluted by application of 300 mm imidazole and subsequently
dialyzed against 20 mm MES (pH 6.0). The dialyzed protein was
applied to a 1-ml Mono S (GE Healthcare) column equilibrated
in 20 mm MES (pH 6.0) to separate pro-FD from activated FD.
The protein was eluted by a linear gradient from 0 to 500 mm
NaCl over 10 ml. Human native C3 was purified from outdated
plasma as described (20). To generate C3b, C3 was mixed with
1% (w/w) trypsin, and the mix was incubated for 4 min at 37 °C.
Cleavage progression was stopped by the addition of 1 mm
phenylmethylsulfonyl fluoride and a 10-fold (w/w) excess of
pancreatic trypsin inhibitor relative to trypsin. To separate C3
from the C3b, the mix was diluted 3-fold and applied to a
Source 15S (GE Healthcare) column equilibrated in 20 mm
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MES (pH 6.0), 20 mm NaCl. The protein was eluted by a linear
gradient from 20 to 250 mm NaCl over 60 ml. C3b-containing
fractions were added 100 mm Tris (pH 8.5), 10 mm iodoacet-
amide. The C3b was applied to a 24-ml Superdex 200 Increase
(GE Healthcare) equilibrated in 20 mm HEPES (pH 7.5), 150
mM NaCl. To generate C3MA, C3 was incubated for 2 h at
room temperature in 100 mm Tris (pH 8.5), 100 mm methyla-
mine (pH 8.7), and 10 mm iodoacetamide and then dialyzed
against 20 mMm MES (pH 6.0), 250 mm NaCl for 3 h at 4°C. The
dialysate was incubated at 37 °C for 16 h and then diluted 3-fold
in 20 mm MES (pH 6.0). The diluted protein was applied to a 9-
ml Source 15S column equilibrated in 20 mm MES (pH 6.0), 20
mm NaCl and subsequently eluted by a linear gradient from 200
to 500 mm NaCl over 80 ml. C3c was prepared from C3b, and
to this end, C3b was incubated with 0.2% (w/w) Factor I (Com-
plement Technologies) and 1% (w/w) Factor H (Complement
Technologies) for 24 h at 37°C. The cleaved product was
diluted 2-fold in 20 mm HEPES (pH 7.5) and applied to a 1-ml
Mono Q (GE Healthcare) column equilibrated in 20 mm HEPES
(pH 7.5), 130 mm NaCl. The C3c was eluted by a 25-ml linear
gradient from 130 to 320 mm NaCl. The FB (D279G/S699A)
was purified from HEK293F cell supernatants as described (11).
The alternative pathway C3 proconvertase was assembled by
mixing C3b with a 1.5-fold molar excess of inactive FB
(D279G/S699A) in Running Buffer (20 mm HEPES (pH 7.5),
150 mm NaCl, 2 mm MgCl,). The proconvertase was incubated
in either the presence or absence of a 2-fold molar excess of
hC3Nb2 for 15 min on ice. Next, the mix was loaded on a 24-ml
Superdex 200 increase column equilibrated in Running Buffer
and operated at 4 °C.

C3 deposition assays

For the human classical pathway assay, each well in a 96-well
Maxisorp plate (Thermo, catalog no. 446612) was coated with
100 pl of 15 pg/ml heat-aggregated IgG diluted in 50 mm so-
dium carbonate (pH 9.6) (AMPLIQON Laboratory Reagents)
and incubated overnight. Residual binding sites in the wells
were blocked by TBS (10 mm Tris (pH 7.4), 140 mm NaCl) sup-
plemented with 5 mm CaCl, and 1 mg/ml HSA for 1 h at room
temperature and then washed three times with TBS-T (TBS,
0.05% (v/v) Tween 20). Nanobodies were diluted in veronal
buffer (5 mm barbital (pH 7.4), 145 mm NaCl, 0.25 mm CaCl,,
0.8 mm MgCl,) (LONZA, catalog no. 12-624E) supplemented
with 0.2% NHS, and 100 ul was added to each well. The wells
were incubated for 1 h at 37°C in a humidity box and then
washed three times with TBS-T. Deposited C3 was detected
using 100 pl of biotinylated rabbit anti-C3d antibody (Dako,
catalog no. A006302-2) diluted to 0.5 pg/ml in TBS-T and incu-
bation for 2 h at room temperature followed by three washes in
TBS-T. Wells were then supplemented with 100 pl of 1 pg/ml
europium-labeled streptavidin (PerkinElmer Life Sciences, cat-
alog no. 1244-360) diluted in TBS-T supplemented with 25 um
EDTA and incubated for 1 h at room temperature. The
wells were washed three times in TBS-T, and then 200 pl of
enhancement buffer (Ampliqon laboratory reagent, catalog no.
Q99800) was added to each well. The fluorescence signal, read
as time-resolved fluorometry, was measured using a VICTOR3
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multilabel plate counter (PerkinElmer Life Sciences). A test for
the influence of the nanobodies on the lectin pathway assay was
performed in a similar manner; in this case, the surface was
coated with mannan instead of IgG, as described (20).

For the alternative pathway assay, a 96-well Maxisorp plate
was coated overnight with 100 pl of 20 pg/ml zymosan (Sigma,
catalog no. Z4250) in 50 mm sodium carbonate (pH 9.6)
(AMPLIQON Laboratory Reagents) per well. Next, the wells
were blocked for 1 h at room temperature in 200 pl of TBS
buffer containing 1 mg/ml human serum albumin. The wells
were washed three times in 300 pl TBS-T. 100 pl of nanobody
was diluted in VBS/EGTA/Mg>" buffer (veronal buffer, 10 mm
EGTA, 4.2 mm MgCl,) containing 11% (v/v) serum. We further
included wells containing only buffer and wells containing se-
rum without nanobody. The plate was incubated in a humidity
box at 37 °C for 1.5 h. The effect of nanobodies on the murine
AP was tested in murine serum diluted to 5%. The serum was
from male C57Bl6 mice, and the deposited C3 was quantified
using a rat anti-mouse C3 antibody (Cederlane, catalog no.
CL7503NA) as described (20).

Hemolysis assays

Classical pathway assay was essentially performed as de-
scribed (48). Sheep red blood cells (RBCs) from sheep blood in
Alsevers solution (SSI Diagnostics) were washed three times
and then resuspended to 6% in BI buffer (Veronal buffer sup-
plemented with 2 mm CaCl,) supplemented with 1 mg/ml gela-
tin. The erythrocytes were mixed at 1:1 (v/v) with anti-sheep
RBC antibodies (Sigma, catalog no. S1389-1VL) diluted 1:200
in BI buffer supplemented with 1 mg/ml gelatin. The mix was
incubated for 30 min at room temperature followed by harvest-
ing of RBCs at 1,000 X g for 6 min. Half of the supernatant was
decanted, and the RBCs were resuspended. 15 pl of NHS was
mixed with 65 pl of PBS containing the indicated concentration
of nanobody. Next, 120 pl of BI buffer was added, and the mix
was incubated for 2 h at 37 °C. Next, 60 pl of the mix was trans-
ferred to each well (in at least duplicates) in a conical C-bottom
96-well microplate, and 30 pl of the RBCs was added. The plate
was incubated for 2 h at 37 °C, and the lysis was stopped by the
addition of 100 pl of cold stop solution containing 0.9% (w/v)
NaCl, 5 mm EDTA. The plate was centrifuged at 2,000 rpm for
10 min at 4°C to pellet surviving cells. The supernatant was
transferred to a 96-well microplate (Costar, catalog no. 3897),
and the absorbance at 405 nm was measured using a VICTOR3
multilabel plate counter. The experiment was performed three
times. Experiments with FB-depleted serum (Complement
Technologies) were performed similarly, but this experiment
was only repeated twice.

Surface plasmon resonance

Nanobodies with a C-terminal AviTag were mixed in a 20-
fold excess (w/w) with BirA-ligase in 20 mm HEPES (pH 7.5),
150 mm NaCl, 5 mm MgCl,, 2 mm ATP, 0.15 mm D-biotin. The
mix was incubated overnight at room temperature and then
applied to a 1-ml Source 15S (GE Healthcare) column equili-
brated in 20 mm sodium acetate (pH 5.5), 20 mm NaCl. The
protein was eluted by a linear gradient from 20 to 500 mm
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NaCl. All SPR experiments were performed on a BiaCore
Instrument T200 operated at 25°C. The biotinylated Avi-
tagged nanobody was immobilized via streptavidin immobi-
lized on CMD500M chips (XanTec Bioanalytics) sensor chips.
A reference flow cell, without immobilized nanobody, was used
for background subtraction. All experiments were performed
with a flow rate of 30 pl/min in a running buffer (150 mm NaCl,
20 mm HEPES (pH 7.5), 0.05% Tween 20, 3 mm MgCl,) unless
otherwise stated. In the beginning of each experiment, 30 pg/
ml biotinylated hC3Nb2 was applied to the flow cell for 10 s
before sample was applied. C3, C3b, and C3MA were applied to
the flow cells in concentrations of 60, 30, 20, 10, and 5 nm. Sam-
ple association lasted 400 s and was immediately followed by a
500-s dissociation period. Following each sample application,
three 10-s pulses of 100 mum glycine (pH 2.7) followed by a 120-
s stabilization period, were used to regenerate the surface. The
CVF-binding assay was performed similarly. Buffer or 50 nm
CVF was applied to the flow cells for 200 s, followed by a 600-s
dissociation period on the flow cells equilibrated in 150 mm
NaCl, 20 mm HEPES, pH 7.5, 3 mm MgCl,. The assay was per-
formed in duplicates.

Bio-layer interferometry

All bio-layer interferometry experiments were performed on
an Octet Red96 (ForteBio) at 30 °C and shaking at 1,000 rpm,
using the buffer 20 mm HEPES, pH 7.5, 150 mm NaCl, 0.05%
Tween 20 unless otherwise stated. The streptavidin biosensors
(ForteBio) were washed for 12 min in buffer before 5 pg/ml bio-
tinylated hC3Nb2-avi was loaded on the sensors for 10 min.
The sensors were then washed for 2 min before starting any
assay. In the binding kinetics assays, the sensors were first base-
lined for 2 min before being dipped in a well containing either
human C3b (5, 2.5, 1.25, 0.625, 0.31, 0.16, and 0 nm) or mouse
C3b (6.25, 3.13, 1.56, 0.78, 0.39, 0.20, and 0 nm), and association
was followed for 5 min. Thereafter, the sensors were dipped in
the same well that was used for baselining, and the dissociation
was followed for 5 min. The 0 nM measurements were sub-
tracted from all experiments before fitting the curves to a 1:1
Langmuir binding model, where the association is modeled as

R(t) =Req(1 — exp(—kops - 2)),
Kobs = kon - [C?’b] + koffa
Req = Runax([C3b]/([C3b] + Kp),

I<D = koff/kon;

and the dissociation is modeled as a first-order exponential
decay.

R(t)=R(300) - exp(—kog(t — 300s))

For assessing the ability of the hC3Nb2:C3b complex to bind
FH or FB (D279G), the sensors were first baselined for 2 min
before being dipped in a well containing 50 nm C3b. The sen-
sors were then washed for 1 min in 20 mm HEPES, pH 7.5, 150
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mwm NaCl, 0.05% Tween 20, 2 mm MgCl,, before assessing com-
plex formation with 100 nm FB (D279G) or FH for 300 s. For
the nanobody competition assay, the sensors were first base-
lined for 2 min before being dipped in 20 nm C3b or 20 nm C3b
pre-incubated for 30 min with either 200 nm hC3Nb1 or 200
nM hC3Nb2. The complex formation was assessed for 5 min, af-
ter which the dissociation rate was assessed for 5 min.

CVFBb cleavage of C3 and Fl cleavage of C3b

The CVFBb was assembled by mixing FB (D279A) with a 2-
fold molar excess of CVF and 10% (w/w) FD in 150 mm NadCl,
20 mm HEPES (pH 7.5), 2 mm MgCl,. The mix was incubated
for 15 min at room temperature to allow convertase assembly
and activation, followed by a 10-min incubation on ice. Mean-
while, C3 was mixed with a 2-fold excess of hC3Nb2. Nb-
treated or -untreated C3, in a 10-fold excess to FB, was added
to the CVFBDb, and the reaction was incubated at 37 °C. Samples
were obtained after 0.5, 1, 2, 4, 8, and 24 h, mixed with reducing
SDS-loading dye, and boiled for 30 s. C3b, in 20 mm HEPES
(pH 7.5), 150 mm NaCl, was incubated for 5 min on ice in the
presence or absence of a 1.2-fold molar excess of hC3Nb2, fol-
lowed by the addition of FI and FH (Complement Technology)
at 1% (w/w) and 0.2% (w/w), respectively. The reaction mix was
incubated at 37 °C. Samples were obtained after 1, 2, 4, and 8 h,
mixed with reducing SDS-PAGE loading dye, and boiled for
30s.

Negative stain EM

For negative stain EM, hC3Nb2 was added in a 2-fold molar
excess to C3c or C3b, followed by 5-min incubation on ice. The
complex was purified using a 24-ml Superdex 200 Increase (GE
Healthcare) column equilibrated in 20 mm HEPES (pH 7.5),
150 mMm NaCl. A sample of 3 pl at ~20 pg/ml complex taken
from the early peak fractions was applied to a carbon-coated
copper grid (Gilder 400-C3) glow-discharged at 25 mA for 45 s
on an easiGlow glow-discharge system (PELCO). After the
sample was blotted away, it was washed in 3 pl of 2% (w/v) ura-
nyl formate, followed by a staining step where a new 3-ul drop
of 2% (w/v) uranyl formate was incubated on the grid for 45 s.
Image acquisition was performed on FEI Technai G2 Spirit
transmission electron microscope operated at 120 kV with a
magnification of X67,000 and a defocus range from —0.7 to
—1.7 pM. Images were acquired using Leginon (49). For the
hC3Nb2:C3b complex, particles were picked from the collected
micrograph images by the automated particle picker (DoG
picker) in the Appion Framework (50, 51), whereas cisTEM
(52) was used for the hC3Nb2:C3c complex . 2D and 3D classi-
fication was performed using RELION (53). An initial input
model for 3D classification was generated by stochastic gradi-
ent descent in RELION for the hC3Nb2:C3c complex, whereas
the initial model used for the hC3Nb2:C3b complex was C3b
(PDB entry 5FO7) filtered to 80 A using EMAN (54).
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Data availability

The EM 3D reconstructions presented here are available
upon request from Gregers Rom Andersen (gra@mbg.au.dk).
All other data are contained within the article.
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