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Chapter 1

1. The human immune system

In the fight against pathogens, the human body is armed with several lines of defense 
(1). The first line of defense consists of several physical barriers, including the skin, tears, 
mucus layers and epithelial cells and prevents pathogens from entering the human 
body. When a physical barrier is breached, the innate immune system is activated 
within minutes to hours. Activation of the innate immune system initiates and helps 
the development of a pathogen specific response by the adaptive immune system, also 
known as the second line of defense. The adaptive immune response is at full strength 
after several days to weeks, tries to eliminate the infection if still present and develops 
memory to be able to respond more rapidly when the same pathogen is encountered in 
the future. In both the innate and adaptive immune system, a division in the cellular and 
humoral response can be made. The cellular response contains myeloid innate immune 
cells such as neutrophils, macrophages, and dendritic cells and lymphoid adaptive 
immune cells such as T-cells, B-cells, and NK-cells. The humoral response consists of 
circulating antimicrobial peptides, antibodies, and the complement system.

2. The complement system

The complement system, discovered by Jules Bordet in 1896, is an important part of the 
humoral innate immune system that offers rapid protection against invading pathogens 
(2). This system consists of more than 30 different proteins that circulate in plasma 
and other body fluids (2–6). Complement proteins are mainly synthesized in the liver 
but can also be produced locally by several types of immune cells, including immature 
dendritic cells, monocytes, and macrophages (7, 8). The three major effector functions 
of the complement system are [1] opsonization of (foreign) particles for phagocytosis, 
[2] attraction of immune cells to the site of activation and [3] direct lysis of (foreign) 
particles (2, 5, 9–11). In addition, the complement system bridges the innate and adaptive 
immune system by formation of opsonins and chemo attractive molecules. Although 
the elimination of pathogens is often described as the most important function of the 
complement system, it has become evident that complement also plays vital roles in 
maintaining homeostasis. It does so by recognizing and removing immune complexes, 
apoptotic, and tumorous cells. This homeostatic role of complement starts already 
during early embryogenesis, for example during the development of the neural crest 
(12, 13). Later in life complement is involved in many processes, including synapse 
maturation, lipid metabolism, angiogenesis, and tissue regeneration (14).
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Figure 1: Schematic representation of complement activation on the target cell surface in a 
stepwise manner.

1
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2.1. Activation of the complement system
The complement system can be activated via three different pathways: the classical 
pathway (CP), the lectin pathway (LP) and the alternative pathway (AP) (8). Figure 
1 depicts a schematic overview of the three pathways. The CP is initiated when 
complement component C1q recognizes the Fc-tails of surface-bound antibodies. 
It is most efficient when antibodies are arranged in hexamers, as this provides a 
docking place for the globular heads of C1q (15). When C1q is associated with proteases 
C1r, and C1s, it is referred to as the C1-complex. Upon binding of the C1-complex to 
surface-bound antibodies, C1r activates protease C1s, which then cleaves complement 
component C4 in C4a and C4b (8). Components C4a is released in the supernatant and 
C4b covalently binds the target surface. There complement component C2 can interact 
with C4b, which is then also cleaved in C2a and C2b by the C1-complex. C2a is released 
into the supernatant, while C2b stays bound to C4b, forming the C4b2b complex, also 
known as the C3 convertase. The LP recognizes carbohydrates specifically present on 
pathogens and dying cells, using proteins such as mannose binding lectin (MBL). MBL 
resembles the structure and function of C1q but interacts with mannose associated 
serine proteases (MASP-1 & MASP-2) instead of C1r and C1s. Similar as in the CP, MBL 
associated with MASP molecules cleave complement components C2 and C4, resulting 
in the formation of surface bound enzymatic complexes, called C3 convertases or C4b2b. 
Next, C3 convertases formed by the CP or LP cleave complement component C3 in C3a 
and C3b. C3a is an anaphylatoxin which is released in the supernatant and attracts 
immune cells to the site of complement activation. C3b is the activation product that 
is deposited on the target cell, where it functions as an opsonin for phagocytic cells. 
The AP gets activated when C3 is cleaved by the CP and LP C3 convertases and C3b is 
deposited on the target surface. This allows Factor B (FB) to bind C3b, forming the AP 
proconvertase C3bB. Next, complement component Factor D (FD) can interact, which 
cleaves FB in Ba and Bb. Ba is released in the supernatant, and Bb remains bound to 
C3b, resulting in the formation of the AP C3 convertase, C3bBb. Next, AP C3 convertases 
cleave native C3 molecules in C3a and C3b, which subsequently form the building blocks 
of more C3 convertases. Consequently, the AP is responsible for the largest amount of 
C3b deposition and is often referred to as the amplification loop of the complement 
system. Studies estimated that ~80% of the effector functions of the complement 
system are a result of AP complement activation (16, 17). Next to CP- and LP-mediated 
initiation of the AP, it is shown that in vitro the AP can be initiated by spontaneous 
hydrolysis of the C3 molecule (C3(H2O)). This initiates a huge conformational change in 
C3, which resembles the formation of C3b, without the release of C3a. Consequently, 
C3(H2O) either in solution or on a surface can interact with FB and form AP C3 (pro)
convertases (18). Although in vitro studies estimated that the spontaneous hydrolysis 
of C3 occurs at a constant rate of 0.2-0.4% per hour, it stays under debate whether this 
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tick-over mechanism of C3 really contributes to initiation of the alternative pathway 
in vivo (19, 20).

2.2. The terminal pathway
Upon formation of C3 convertases, the density of deposited C3b molecules rapidly 
increases on a target cell surface. When a critical density of C3b molecules is reached, 
C3 convertases switch substrate from C3 to C5, and are then called C5 convertases. 
C5 convertases cleave native C5 molecules in anaphylatoxin C5a and the activation 
product C5b. Even though the exact composition and conformational changes required 
to form these C5 cleaving enzymatic complexes are still poorly understood, the C5 
convertases are referred to as C4b2bC3b (CP & LP) and C3bBbC3b (AP). Complement’s 
terminal pathway (TP) is initiated when the different C5 convertases cleave native 
C5 molecules into C5a and C5b. The chemoattractant C5a is released in solution and 
recruits immune cells bearing a C5a receptor (C5aR) to the site of infection(9, 10). The 
highly instable C5b quickly interacts with complement component C6 to form the stable 
C5b6 complex (21). Next, C5b6 interacts with complement component C7, forming the 
C5b-7 complex. This exposes a hydrophobic domain in C7 which allows C5b-7 to stably 
bind to the cell surface. There it will interact with component C8, which allows the C5b-8 
complex to insert itself (partially) in the membrane. Finally, the C5b-8 complex will 
interact with ~18 C9 molecules, which results in the assembly of a porin-like structure, 
now called the Membrane Attack Complex (MAC). This pore-forming complex has an 
inner diameter of 10nm, disrupts membranes and thereby induces particle lysis (22, 23). 
Figure 1 schematically represents the different steps involved in complement activation 
and propagation of the terminal pathway.

2.3. Cleavage of central complement proteins C3 and C5
Complement activity is driven by a series of proteolytic events that induce large 
conformational changes in the different proteins. The cleavage of complement 
components C3 and C5 (by C3 and C5 convertases) are central steps because it triggers 
the three major effector functions of the complement system (Figure 2). Here we 
describe what is currently known about the molecular steps underlying C3 and C5 
activation.

1
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Figure 2: Schematic representation of the different effector functions of complement activation 
that occur upon cleavage of C3 and C5.

2.3.1. Conversion of C3 to C3b
Complement component C3 belongs to the C3/C4/C5 protein family (24–26). It is 
comprised of an alfa and beta chain. With a core of 8 macroglobulin (MG) domains, 
a C345c domain (also known as netrin module (NTR)), a linking (LNK) domain, a C1r/
C1s UEGF BMP1 (CUB) domain, an anaphylatoxin (ANA, or C3a) domain and a thioester 
domain (TED), C3 consists of 13 domains and has a total size of 186 kDa (Figure 3) (18, 
27). During C3 conversion, the ANA/C3a domain (9 kDa) is cleaved off and released in 
the supernatant. There it functions as a chemoattractant by recruiting immune cells 
expressing a C3a receptor (C3aR) to the site of complement activation (Figure 2). In C3, 
the ANA/C3a domain is located near the center of the C3 molecule and upon its release, 
the remaining C3b molecule (177 kDa) undergoes a major conformational rearrangement. 
The biggest rearrangements occur in the CUB and TED domains, which move down 
towards the bottom of the MG-ring (Figure 3). These movements reveal a thioester 
moiety in the TED domain that C3b uses to covalently attach to a surface. This exposes 
previously hidden interfaces that allow C3b to interact with various complement 
receptors, proteins, and regulators. First, deposited C3b can bind to phagocytic cells 
that express complement receptors, such as CR1 and CRIg, and thereby C3b induces 
phagocytosis of the target cell (28). Second, C3b can interact with FB (in a magnesium 
dependent manner) to form C3 (pro) convertases and subsequently C5 convertases. 
This further activates the complement cascade which eventually can lead to formation 
of the MAC and cell lysis (Figure 2). Last, C3b can interact with positive and negative 
regulators that either amplify or dampen the effector functions of C3b, which will be 
discussed in more detail below (regulation of the complement system).
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Figure 3: Schematic representation of the different domains present in complement components 
C3 and C3b and structural rearrangements that happen upon C3 cleavage. Figure adapted from 
Janssen et al. in Nature (18).

C3 activation explained by a metaphor

Janssen et al. described the conversion of C3 into C3b by a metaphor of a puppeteer 
(18). In its uncleaved form (C3), the body of the puppeteer stands up straight, with its 
puppet near its shoulder, while in the cleaved form (C3b), the puppeteer bends over with 
its right shoulder and brings the puppet down with its right arm. In this metaphor the 
head of the puppet is domain C345c, the body are domains MG1-6 and the LNK domain, 
the shoulders are domains MG7 & MG8, the neck is the anchor region, the arm is the 
CUB domain, and the puppet the TED (Figure 4).

Figure 4: Schematic representation of the “puppeteer-metaphor”, inspired by Janssen et al. (18) 
to understand the C3 structure and its rearrangements upon formation of C3b.

1
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2.3.2. Conversion of C5 to C5b and formation of the C5b6 complex
Complement component C5 (190 kDa) also belongs to the C3/C4/C5 protein family and 
structurally resembles complement component C3 (24–26). Like C3, it consists of two 
disulfide chains (alpha 115 kDa and beta 75 kDa) and has 13 different domains (Figure 5) 
(29). The CUB-, LNK-, C345C- and 8 MG domains are all annotated the same as in C3, while 
C5d (equivalent of TED) and ANA or C5a (equivalent of C3a) are annotated differently. 
The most prominent difference between C3 and C5 is that the reactive thioester (which 
C3(b) uses to covalently attach to target surfaces) is not present in C5. When C5 is 
cleaved by convertases, the C5a (8 kDa) domain is released and functions as a potent 
chemoattractant recruiting immune cells to the site of complement activation (Figure 
2). C5b (181 kDa) undergoes a large conformational rearrangement, which is similar 
to the rearrangement observed for C3 to C3b conversion and initiates the terminal 
pathway which eventually leads to MAC formation (Figure 2). Where the TED domain 
in C3 relocates completely to the bottom of the MG-ring, the C5d domain only moves 
halfway. This new conformation of C5b is metastable and reveals (neo-)epitopes that 
are recognized by the next complement component C6. C6 (103 kDa) is a protein that 
belongs to the MAC-perforin/cholesterol-dependent cytolysin (MACPF/CDC) protein 
superfamily (30–33). In its circulating form its shape is tall and flat, and the protein 
consists of a central MACPF domain and multiple factor I-MAC (FIM), complement control 
protein (CCP) and thrombospondin-like (TS) domains (Figure 5). Upon C5b formation, 
C6 folds in a hairpin shape around the C5d domain using an extensive interface. This 
interaction stabilizes C5b and forms the bimolecular C5b6 complex (282 kDa) (34, 35). 
The C5b6 complex has high structural homology with precursor proteins C5 and C6, but 
also contains many neo-epitopes which allow subsequent interaction with the next 
complement component, C7 (36).

Figure 5: Schematic representation of the structural orientation of the different domains present 
in complement components C5, C5b, and C6 and structural rearrangements that happen upon C5 
cleavage and C5b6 formation. Figure adapted from Fredslund et al. in Nature Immunology and 
Hadders et al. in Cell reports (29, 35)
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2.3.3. C3 and C5 convertase structures
With the help of many structural studies on C3, C3b, FB, and C3bBb the structure and 
function of the AP C3 convertase is very well understood (18, 21, 37–45). In contrast to 
the C3 convertases, the structure and molecular mechanism of C5 convertases have not 
yet been unraveled completely and it remains poorly understood what conformational 
changes and interactions are required for a C3 convertase to become a C5 convertase. 
Interestingly, the substrate molecules C3 and C5 are highly homologous, but they 
interact with the C3/C5 convertase in a slightly different manner (29). Both molecules 
most likely use domains MG4, MG5 and MG7 to interact with C3b molecules but the 
domain-to-domain orientation of MG4 and MG5 is slightly different in C5 compared to 
C3 (45). The monomeric C3bBb complex can interact with both C3 and C5 molecules 
but has a high preference for C3 molecules and is therefore called the C3 convertase 
(37, 38, 45). It was estimated that for every C5 molecule that is cleaved by C3bBb, 9.000 
C3 molecules are cleaved (37). The high preference for C3 molecules changes when 
C3b molecules cluster around the C3 convertase. It was estimated that C3b clustering 
increases the affinity for C5 with a 100-1000-fold (45). This suggests an important role 
for C3b in increasing the substrate affinity for C5 and therefore in the transformation 
from a C3 to a C5 convertase. SPR data confirmed this, by showing that the interaction 
of C5 with the convertase is independent of the catalytic domain (Bb) (46). Initially 
it was believed that a higher density of C3b molecules results in convertases with 
C3b-C3b dimers that are covalently attached, which increases the affinity for C5 (38). 
Later it was found that C3b-C3b dimers do not have to be covalently linked, but that 
a high surface density of C3b molecules in a correct orientation is enough to increase 
the affinity for C5 (21). The requirement of at least two C3b molecules for binding of 
C5 was supported by a study that revealed two C3b binding sites on one C5 molecule 
(37). Despite the huge effort that was taken in the last decades to understand how C3 
convertases change substrate specificity, the exact molecular details concerning the 
orientation and molecular interactions of one or multiple ‘extra’ C3b molecules with 
the C3bBb complex is a burning question in the field.

2.4. Regulation of the complement system
In the complement system, regulation and balance are crucial to maintain homeostasis. 
Examples of these regulatory mechanisms are that complement proteins and complexes 
are activated in a unidirectional manner and that some protein complexes have a short 
half-life (8). For example, convertases are only stable for 1-2 minutes on eukaryotic cell 
membranes without binding of regulators (47). Upon FB cleavage, the affinity of Bb for 
C3b drastically decreases, and is too low to bind C3b back when detached, resulting 
in irreversible dissociation. The half-life of convertases can be increased by a 6 to 
10-fold when positive regulatory protein properdin (Factor P, FP) associates with C3b 

1
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and stabilizes its interaction with Bb (48, 49). Most negative regulators act by binding 
to C3b molecules, to either prevent convertase formation or accelerate the decay of 
convertase activity. High levels of homology are observed between regulators, and they 
all map to the newly exposed binding interfaces that appear in C3b after C3 conversion 
(50). This common binding interface might make the regulators look redundant to 
each other. However, the subtle differences in where, how, and how much they are 
expressed, indicate that all regulators are important in this delicate system. Examples 
of negative regulators are factor H (FH), factor I (FI), decay accelerating factor (DAF, 
CD55), membrane cofactor protein (MCP), complement receptor 1 (CR1), and CD59 (8). 
FH (either soluble or surface-bound) is a regulator that prevents convertase formation, 
accelerates decay of already formed convertases and recruits other regulatory proteins, 
such as FI to inactivate C3b molecules by sequential cleavage steps. FI cleaves C3b twice 
in the CUB domain, releasing C3f and forming the inactive iC3b (6, 18, 51, 52). iC3b can 
no longer form (pro-)convertases since it cannot interact with FB, but it still has pro-
inflammatory effects as an opsonin that can interact with CRIg, CR1, CR2, complement 
receptor 3 (CR3) and complement receptor 4 (CR4) on neutrophils. To further regulate 
iC3b molecules, FI interacts with cofactor CR1 and cleaves iC3b a third time in the CUB 
domain, resulting in soluble C3c and surface bound C3dg. These fragments are no longer 
recognized by receptors on cells, and therefore mark the end of complement activation.

2.5. Complement in disease
The importance of complement regulation is proven by existence of many complement-
mediated diseases in which aberrant activation of complement is an underlying cause 
or a contributor to disease progression. The list of complement-mediated diseases is 
still growing and covers a wide variety of diseases, affecting almost all organs (53). In 
multiple blood-related diseases, such as paroxysmal nocturnal hemoglobinuria (PNH), 
atypical hemolytic uremic syndrome (aHUS), and C3 glomerulopathy (C3G), genetic 
mutations in complement components or regulators and autoantibodies directed to 
complement components or cellular targets induce overactivation of the complement 
system and are the root cause of the disease. PNH is caused by genetic mutations 
in surface-bound complement regulators CD55 and CD59, which normally inhibit 
convertase and MAC formation. aHUS and C3G are also caused by genetic mutations 
in AP complement proteins but can also be caused by autoantibodies directed to these 
proteins. Furthermore, uncontrolled complement activation can be a consequence of 
infection, for example in the case of sepsis or acute respiratory distress syndrome 
(ARDS). Because complement plays a role in a long list of diseases, a lot of research 
has been done in the last decades to identify and develop novel complement inhibitors.
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2.6. Complement inhibitors

2.6.1. Man-made inhibitors
In the 1950s the first study on complement intervention elucidated that antibody 
inhibition in rabbits suffering from intracapillary glomerulonephritis reduced 
complement activation and that these rabbits had less disease symptoms (54). In 
the 1990s multiple recombinant complement regulating proteins and small molecule 
complement inhibitors were investigated, but almost all showed either off-target 
effects and toxicity or failed to proceed into clinical development (55). Since the role 
of complement in health and disease became clearer in the last decade, the search 
for novel compounds that could either enhance or block the complement system has 
drastically increased (53, 55). Complement-targeting molecules that have been identified 
and are under investigation mostly include monoclonal antibodies, nanobodies, and 
peptides. Nonetheless, the general success rate for therapeutic use is rather low. It is 
believed that this is due to the lack of in-depth knowledge about disease mechanisms, 
incomplete understanding of the molecular interactions of the complement system and 
the absence of appropriate tools to study complement in vitro and in vivo (55).

Fortunately, a few very potent complement inhibitors have been successfully developed, 
were introduced in the clinic, and now improve the lives of many patients (53, 55, 56). 
In 2007, a humanized monoclonal antibody (mAb) that inhibits C5 cleavage, Eculizumab 
(Soliris®), has entered the clinic as the first complement inhibiting drug. It was first 
approved for the treatment of PNH and later also for aHUS, general myasthenia 
gravis (gMG) and neuromyelitis optica spectrum disorder (NMOSD) (57, 58). In 2019, 
Ravulizumab, a next-generation antibody of Eculizumab with a longer half-life was 
approved for the treatment of PNH and aHUS (59, 60). Although treatment with 
Eculizumab or Ravulizumab is highly beneficial for many patients, anaphylactic side 
effects and variations in response profiles are still problematic. Furthermore, a genetic 
polymorphism in C5 (C5 R885H) was identified in a group of poor responders, and 
it was found that Eculiuzmab and Ravulizumab can no longer bind and inhibit this 
genetic variant of C5 (61–63). In 2021, the first C3-targeting complement inhibitor, called 
Empaveli (or pegcetacoplan), has received FDA approval for the treatment of PNH (64). 
This drug is an analog of the cyclic peptide compstatin, which inhibits C3 cleavage by 
preventing convertase formation. The use of Empaveli in other complement-mediated 
diseases, such as C3G and AMD is currently under clinical investigation. With only three 
molecules available, the amount of treatment options is rather limited and due to 
excessive developmental costs, unfortunately also rather expensive (53, 55). Therefore, 
there is still a demand for novel, well characterized complement targeting molecules.

1

Eva_Binnenwerk_V3.indd   17Eva_Binnenwerk_V3.indd   17 18-10-2023   13:3218-10-2023   13:32



18

Chapter 1

2.6.2. Microbial complement inhibitors
To withstand complement attack, human pathogens have evolved mechanisms to evade 
the complement system at different levels. Several bacteria have evolved specific 
complement-inhibitory molecules that block the complement reaction at several stages. 
Examples include, the convertase targeting proteins SCIN, Efb, and Ecb, expressed 
by Staphylococcus aureus (S. aureus) and PaE and PaAP, expressed by Pseudomonas 
aeruginosa (65–67). S. aureus also expresses SSL7, a protein that binds C5 and prevents 
its cleavage (68). Furthermore, VCP, SPICE and IMP are proteins expressed by vaccina 
virus, variola virus, and cowpox virus, respectively, that all mimic C3b-binding regulators 
and thereby prevent convertase formation (69). Moreover, ticks (Ornithodoros moubata, 
Rhipeciphalus pulchellus and Rhipicephalus appendiculatus) contain OmCI, CirpT, and 
RaCI3 in their saliva, which are all C5 inhibiting proteins (44, 70, 71).

3. Llama-derived nanobodies

In 1986, 21 years before the FDA approval of Eculizumab, the first monoclonal antibody 
therapy was approved by the FDA. This antibody was targeted against CD3 and was given 
to prevent kidney transplant rejection (72). The high potential of antibody therapy was 
directly recognized and the search for novel therapeutic antibodies rapidly increased 
for all kind of fields and purposes in life sciences. It was seven years later when a new 
type of functional antibodies was discovered in serum derived from llamas (llama 
glama, family of camilidae) (73). Next to conventional antibodies (cAb), camelids produce 
antibodies that lack the CH1 domains and light chains (Figure 6). The antibodies exist 
in isotypes IgG2 and IgG3 and are called heavy chain-only antibodies (HCAb). Where 
cAbs recognize their antigen with a combination of the VH and VL domains, HCAbs 
recognize their antigen with a single variable domain, located on the N-terminus. This 
domain is designated as the variable heavy chain of heavy chain antibodies (VHH), 
and are also known as Nanobodies®, and single domain antibodies (sdAb) (Figure 6). 
Nanobodies recognize their antigens with three distinct complementarity-determining 
regions (CDR), which are prone to somatic mutations, can vary in length and flexibility, 
and bind a repertoire of antigens that is as diverse as the repertoire of cAbs (74, 75).
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Figure 6: Schematic representation of the different domains present in conventional IgG 
antibodies, heavy-chain-only antibodies (HCAb) derived from camelids and nanobodies (or VHH 
domains).

3.1. Why nanobodies?
As described above, complement activation is driven by conformational changes. 
In order to discriminate between complement activation products and precursor 
proteins, molecules that can recognize conformational epitopes are required. Multiple 
nanobodies, including the anti-von Willebrand factor (VWF) nanobody caplacizumab 
(or Cablivi®) and nanobodies binding G-protein coupled receptors have shown that 
nanobodies are specifically well equipped to recognize conformational epitopes and 
outperform cAbs in this aspect (76–79)). One of the reasons for this is that the nanobody 
paratope is shaped convex, while the cAb paratope is shaped concave (Figure 7) (80). 
Furthermore, the length of the CDR3 is longer in nanobodies than in cAbs, which allows 
it to adopt a larger variety of shapes and thereby increases the binding diversity and 
target specificity of nanobodies. Next to their unique shape, nanobodies possess many 
more properties that make them interesting molecules to use. For example, they often 
bind their target with high affinity, are easy to produce in bacterial or yeast expression 
systems and are easily labeled with (fluorescent) tags. Finally, since nanobodies are 
single domain molecules, they can be used in phage display systems, which enables 
screening and selection of nanobodies with different properties in a high-throughput 
way.

1
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Figure 7: Schematic representation of antigen-binding domains of a conventional antibody and 
a nanobody.

4. Aim of the thesis

The role of the complement system in health and disease is extensively being studied. 
Although huge progress is made in the last decades, there are still major fundamental 
and clinical questions that yet remained unanswered. Novel tools and therapeutics 
that can activate, inhibit, and/or discriminate complement precursor proteins from 
activation products are therefore still needed. In this thesis we aim to develop llama-
derived nanobodies directed towards different complement components. We focused 
on central complement component C5 and activation products C3b and C5b6. While the 
C5-targeting nanobodies identified in this study can interfere with complement activity, 
the C3b- and C5b6-targeting nanobodies uniquely discriminate complement activation 
products from their precursors. The here identified nanobodies can serve as tools to 
gain a better understanding of the molecular mechanisms of complement activation 
and hold promise for further development as diagnostic tools and therapeutics.
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Chapter 2

ABSTRACT

The human complement system is a protein network in blood that fights invading 
pathogens and is involved in maintaining homeostasis. Overactivation of the 
complement system is associated with a wide variety of inflammatory and autoimmune 
diseases. A central step in the complement reaction is the cleavage of complement 
protein C3 by C3 convertases. Upon C3 conversion, the anaphylatoxin C3a is released 
and the remaining C3b molecule undergoes a conformational change after which it 
mediates several important effector functions, such as opsonization and convertase 
formation. In this study we developed nanobodies that specifically target activated 
C3b but not precursor C3. Phage libraries were generated from llamas immunized with 
purified C3b. After phage display panning and screening of crude periplasmic extracts, 
we identified eight unique clones that bound better to C3b than to C3 in ELISA. After 
purification and characterization, we prioritized one nanobody (UNbC3b-1) that binds 
C3b with a high apparent affinity, recognized surface-bound C3b, and efficiently inhibits 
complement activity in the alternative pathway. Using flow cytometry and size exclusion 
chromatography, we showed that UNbC3b-1 specifically recognizes C3b but not C3. 
AlphaFold2 predictions indicate that UNbC3b-1 interacts with C3b via the MG8 and CUB 
domains. Functional studies revealed that UNbC3b-1 inhibits C3b and C5b-9 deposition 
in the alternative pathway, but not the classical pathway. Further mechanistic studies 
revealed that UNbC3b-1 acts at the level of the AP C3/C5 convertase. While UNbC3b-1 
prevents cleavage of C3 and C5 by purified convertases, it does not prevent formation 
of proconvertase C3bB or C3bBb. Altogether, we developed and characterized a novel 
nanobody that specifically binds to C3b and inhibits AP convertases.
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INTRODUCTION

The complement system is a large protein network in blood that is part of the human 
innate immune system. It is involved in maintaining homeostasis, by removal of 
apoptotic cells and immune complexes, and plays a crucial role in the fight against 
invading pathogens (1, 2). Activation of the complement system (via the classical (CP), 
lectin (LP) or alternative pathway (AP)) results in the formation of enzymatic complexes 
(C3 convertases) that cleave central complement component C3 into C3a and C3b (1, 
2). Cleavage of C3 initiates the formation of pro-inflammatory chemoattractants (C3a 
and C5a), opsonins (e.g. C3b and iC3b) and membrane attack complexes (MAC) that 
can directly lyse target cells. The complement system is tightly regulated to prevent 
uncontrolled activation, nevertheless unwanted overactivation is associated with a 
wide variety of inflammatory and autoimmune diseases, including paroxysmal nocturnal 
hemoglobinuria (PNH), C3 glomerulopathy (C3G), age-related macular degeneration 
(AMD), rheumatoid arthritis, and many other diseases (3–5).

Native C3 is a large protein (∼186 kDa) comprised of an alpha chain (∼120 kDa) and a 
beta chain (∼75 kDa) that are covalently bound to each other (6, 7). The protein consists 
of eight macroglobulin (MG) domains, a linker domain (LNK), an anaphylatoxin domain 
(ANA), a complement C1r/C1s, Uegf, Bmp1 (CUB) domain, a thioester-containing domain 
(TED), and a C-terminal domain (C345c or CTC) (8, 9). The ANA domain (C3a), which is 
cleaved off during C3 conversion, is located near the center of the molecule and has a 
size of 9 kDa. The remaining C3b molecule has a size of 177 kDa and undergoes major 
conformational rearrangements in which the CUB and TED domains make the largest 
movements, exposing the reactive thioester with which C3b attaches to a surface (Fig. 
1A).

Activation of the CP and LP, initiates a proteolytic cascade involving complement 
proteins C1, C2 and C4 on the target cell surface, which results in the formation of the 
CP/LP C3 convertase, C4b2b (1). The AP is initiated when C3b molecules are formed via 
the CP and LP, or when C3 is hydrolyzed into the conformationally C3b-like molecule, 
C3(H2O). Together with C3b, or C3(H2O), complement components Factor B (FB) and 
Factor D (FD) form the AP C3 convertase, C3bBb (1). Active AP C3 convertases interact 
with native C3 molecules via the MG4-5 domains in C3 and C3b (10). This interaction 
docks the scissile loop of C3 into the active site of the serine protease (SP) domain 
of Bb and allows C3 cleavage. The small anaphylatoxin domain, C3a is released in the 
fluid phase, where it functions as a chemoattractant and C3b deposits on the nearest 
surface by interacting with its newly exposed reactive thioester in the TED domain 
(11, 12). Deposited C3b functions as an opsonin, helping phagocytic cells to recognize 
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and engulf target cells (1, 2). Furthermore, newly deposited C3b molecules induce an 
amplification loop when they interact with FB and FD, forming new AP C3 convertases, 
that in turn convert many other C3 molecules. When the deposition of C3b molecules 
reaches a high density, C3 convertases switch substrate from C3 to C5, forming C5 
convertases (CP/LP: C4b2bC3b, AP: C3bBbC3b) (13–16). Newly formed C5 convertases 
cleave circulating complement component C5, in anaphylatoxin C5a and activation 
product C5b, which initiates the formation of the target cell lysing MAC.

To regulate the function of C3b, multiple complement molecules, such as Factor H (FH) 
and Factor I (FI) interact with the newly exposed interfaces in C3b that appear after 
the release of C3a and the major conformational rearrangements in the CUB and TED 
domains (17). In a stepwise manner, fragments or domains are removed from the alpha 
chain to eventually inactivate all functions of C3b (1). First, FH binds C3b, after which 
FI interacts and removes the small fragment C3f, transforming C3b into iC3b. iC3b 
can no longer bind the convertase, but still acts as an opsonin. Next, FI cleaves iC3b 
again, releasing the larger C3c part in the fluid phase and retaining the C3dg domain 
on the target cell surface. Finally, C3dg is cleaved by different plasma proteases into 
the inactive C3d fragment.

Next to different C3(b)-regulating proteins from within the complement system, many 
bacterial and viral pathogens have evolved proteins to evade complement activity at 
the level of C3(b) (18). For example, Staphylococcus aureus expresses SCIN, Efb and 
Ecb, three different proteins that bind C3b(Bb) and inhibit convertase functioning (19, 
20). Pseudomonas aeruginosa expresses PaE and PaAP, proteins that degrade C3 (21). 
Different poxvirus, including vaccina virus, variola virus, and cowpox virus express 
proteins (VCP, SPICE and IMP, respectively) that mimic C3b-binding regulators to prevent 
convertase formation (22). Next to pathogen-derived molecules, a wide variety of C3-
targeting molecules, including peptides, monoclonal antibodies and nanobodies have 
been developed in the last decades to inhibit complement activity (23). The compstatin 
family, consisting of multiple cyclic peptides that inhibit C3 conversion by binding C3 
and C3b, is investigated best (24). Pegcetacoplan (or Empaveli®), is a second-generation 
analog of compstatin, and was recently approved by the FDA as the first (and still only) 
C3-targeting molecule in the clinic (23, 25). It is now used for the treatment of the 
complement-mediated disease PNH and is under (pre-)clinical investigation for other 
diseases including C3G, AMD, periodontitis, transplantation, and respiratory distress 
syndrome in COVID-19 patients (24, 26, 27). Next to the compstatin family, multiple other 
C3/C3b-targeting compounds are described in literature. For example, multiple C3b 
binding monoclonal antibodies have been described, such as S77 (28, 29), 3E7 (30), 4C2 
(31) and anti-C3-9 (32) and C3/C3b-binding nanobodies hC3Nb-1-3 (33–35). By studying 
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their binding site and inhibitory profiles, these molecules have proven their use in 
further understanding the molecular mechanisms of complement activation.

In this study we describe the development and characterization of a novel llama derived 
anti-C3b nanobody that inhibits complement activity. We show that our high affinity 
nanobody specifically binds to C3b, and not to C3. It potently inhibits the alternative, 
but not the classical, complement pathway. Mechanistic studies indicate that this 
nanobody blocks substrate cleavage by AP convertases.

RESULTS

Immunization of two llamas with human C3b
To develop C3b-specific nanobodies, two llamas were first immunized with four 
injections of purified human C3b (Fig. 1B). Subsequently, llamas were boosted with 
two injections containing C3b-opsonized bacteria to steer the llama’s immune response 
towards C3b-epitopes that are available when C3b is in the surface-bound orientation. 
To monitor the immune response and create nanobody phage libraries, blood was 
drawn at day 0, 43, and 99 to collect serum and peripheral blood mononuclear cells 
(PBMCs). We confirmed that immunizations produced C3b-binding antibodies at day 43 
and 99, that were not present at day 0, by incubating C3b-coated microtiter plates with 
llama sera and detecting antibody binding to C3b (Fig. 1C). Next, phagemid libraries 
were produced with nanobody genes isolated from the PBMCs collected at day 99. This 
yielded two phagemid libraries, each with a size of 109 clones.

Beads coated with high densities of C3b were used as a bait during phage display (16). 
Briefly, C3b was biotinylated via its thioester moiety and incubated with magnetic 
streptavidin beads. This way, C3b is placed on the bead surface in its natural orientation. 
We performed different phage display panning strategies to obtain a diverse panel of 
nanobodies recognizing C3b but not precursor C3. For example, phages were incubated 
with high-density C3b-beads, in the presence of high concentrations C3 and C3b in 
solution. Next, unbound phages and phages bound to C3 and C3b in solution were 
removed by extensive washing of the beads (negative selection). Phages bound to high 
density C3b-beads were subsequently eluted using a high pH buffer (positive selection). 
Eluted phages were rescued by infection in E. coli TG1. This generated bacterial output 
libraries for each selection strategy, in which each bacterium carried a plasmid encoding 
for one nanobody gene. In total, we made nine combinations of positive and negative 
selections, with either one or two rounds of panning (Table 1). Selection strategy #6, 
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which only consisted of one round of panning, eventually yielded the nanobody that 
was characterized most extensively in this study.

Figure 1: Immunization of two llamas with human C3b. (A) Schematic presentation of 
structural rearrangements upon C3 cleavage into C3a (light blue) and C3b (beige and green), 
using the published structures of C3b (PDB 2i07) and C3 (PDB 2a73) and depicted in a space 
filling representation. The CUB (light green) and TED (dark green) domains are highlighted (B) 
Immunization scheme of the two llamas, immunized with purified human C3b and bacteria 
opsonized with high densities of C3b molecules (bac-C3bn). (C) Detection of anti-C3b antibodies in 
llama serum before immunizations (day 0), after immunizations with purified C3b in solution (day 
43) and after immunizations with C3b-opsonized bacteria (day 99). C3b-binding llama antibodies 
were detected in an ELISA setup using polyclonal rabbit-anti-nanobody QE19 antibodies and 
donkey-anti-rabbit-HRP antibodies, at an OD of 450 nm. Data represents mean ± SD of 2 individual 
experiments.
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Screening for C3b specific binders
Bacterial output libraries were cultured and plated to obtain single colonies. 92 
randomly picked clones (derived from different selection strategies) and 4 negative 
controls were cultured in single wells. Next, 76 individual clones were successfully 
sequenced, revealing 29 clusters with clonally related nanobodies (>80% amino acid 
sequence similarity in their complementarity determining region (CDR) H3 (CDR-H3)) 
(SFig. 1A). Most of the clones originated from the IGHV3-3*01 and IGHJ4*01 germline 
sequences, while a small number originated from IGHV3S53*01 and IGHJ6*06 (based on 
IMGT database (36, 37)). Half of the clusters (14/29) contained >1 clone per cluster. The 
largest cluster (#22) contained 20 clones, the second largest cluster (#1) contained 9 
clones, followed by a cluster (#15) with 5 clones (SFig. 1A & B). These numbers indicate 
that our phage display strategy enriched for specific CDR-H3 clusters, of which individual 
clones were assessed for binding to C3b.

To screen for C3b-specific nanobodies, nanobodies were expressed in the periplasm of 
E. coli BL21. Crude periplasmic extracts with unknown concentrations of the nanobodies 
(peri-Nbs), were obtained after a cycle of freeze-thawing. Next, peri-Nbs were used to 
identify C3b-binding nanobodies that do not bind to precursor C3. Briefly, C3b- and C3-
coated microtiter plates were incubated with peri-Nbs and nanobody binding to both 
proteins was measured. Next the ratio C3b:C3 binding was calculated and the clones 
with the highest ratio were considered interesting to follow-up. Interestingly, >70% of 
our clones had a C3b:C3-binding ratio >1 (Fig. 2A, left panel) and 25% had a ratio >1.5 
(Fig. 2A, right panel). Next, we compared the sequences of the top 25% and selected 
a panel of eight clones with diverse CDR1, CDR2 and CDR3 regions, and derived from 
different clusters, for follow up (Fig. 2B & SFig. 1A & C).
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Figure 2: Screening for C3b specific binders. (A) C3b vs C3 binding pattern in ELISA of 92 
unpurified periplasmic extracts containing an unknown concentration of nanobody. Negative 
controls were: #1 periplasmic extract of an irrelevant nanobody; #2 & #4 no bacteria present 
during culturing; #3 bacteria transformed with empty vector. Microtiter plates coated with C3b 
and C3 were incubated with periplasmic nanobody extracts (1:5 diluted in PBS), and binding of 
nanobodies was detected using polyclonal rabbit-anti-VHH QE19 antibodies and donkey-anti-
rabbit-HRP antibodies, at an OD of 450 nm. The ratio of C3b:C3 binding was calculated and plotted 
on the y-axis. Fractions with ratios >1.5 were highlighted in the right panel. Blue colored bars 
indicate clones that were selected to purify and characterize further. Data presented are of 1 
individual experiment. (B) Protein sequence alignment of the eight selected clones from (A). Amino 
acids annotation is according to the shapely color scheme. 
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Selection of UNbC3b-1 (clone B5) as specific and inhibitory anti-C3b nanobody
Next, the eight selected clones were expressed with a Myc- and 6×His-tag in E. coli and 
purified for further characterization. First, we assessed if the purified nanobodies could 
efficiently bind C3b in ELISA. To do so, C3b was randomly immobilized on microtiter 
plates and nanobodies were added in serial dilutions. Next, nanobodies were detected 
with polyclonal rabbit-anti-nanobody antibodies and EC50 values were calculated to 
determine the apparent binding affinities. Clones B5, C11, E11, E12 and G10 bound C3b 
with an apparent affinity in the low nanomolar range (∼0.2-9.0), while clones B8, C10 
and H10 bound C3b with apparent affinities of >40 nM (Fig. 3A). Next, we assessed 
if the nanobodies recognize C3b in a surface-bound orientation. To do so, nanobodies 
were incubated with C3b-beads as described above. Except for C10 and C11, all clones 
recognized surface-bound C3b, at least to some extent (Fig. 3B).

To confirm that the nanobodies specifically bound C3b but not precursor C3, we assessed 
nanobody binding to high density C3b-beads in the presence of C3 in solution. While 
soluble C3 decreased binding to C3b-beads of nanobodies E11, H10, and B8, the binding 
of clones B5, G10 and E12 was not affected by soluble C3 (Fig. 3C). Since this indicates 
that clones B5, G10 and E12 are most specific for C3b, we continued with these three 
clones.

To assess if clones B5, G10 and E12 inhibit complement activity we performed erythrocyte 
lysis assays for the AP and CP. Briefly, we incubated rabbit (AP) and antibody-opsonized-
sheep (CP) erythrocytes with human serum (10% (AP) and 2.5% (CP)) and different 
concentrations of the nanobodies. While none of the C3b-specific nanobodies could 
inhibit the CP, we found that clones B5 and E12 inhibited the AP in a dose-dependent 
manner (Fig. 3D & E). Results for other clones can be found in SFig. 2A & B.

Taken all data together, we selected clone B5 from the panel as the most C3b-specific 
nanobody that also efficiently inhibits the alternative pathway of complement. From 
now on, we will refer to this clone (B5) as UNbC3b-1. To facilitate further characterization 
of UNbC3b-1 and allow direct detection and coupling of this nanobody, we cloned the 
UNbC3b-1 gene in a vector that replaced the Myc- 6×His-tag for an LPETG- 6×His-tag. 
UNbC3b-1 could now be used directly (UNbC3b-1-LH), or when labeled after sortagging 
with biotin (UNbC3b-1-bio) or fluorophore Alexa fluor 488 (UNbC3b-1-a488) (38). We 
confirmed that a change in expression system and the introduction of these tags, did 
not affect the ability of UNbC3b-1 to bind C3b (SFig. 4A) or inhibit complement activity 
via the AP (SFig. 4B).
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Figure 3: Selection of UNbC3b-1 (clone B5) as specific and inhibitory anti-C3b nanobody. 
(A) Nanobody binding to C3b in ELISA. Microtiter plates coated with C3b were incubated with a 
concentrations range of purified nanobody (clones B5, B8, C10, C11, E11, E12, G10 and H10). To obtain 
EC50 values (or apparent affinities) binding curves were fitted in GraphPad using the formula 
“Asymmetric Sigmoidal, 5PL, X is concentration”. Data represent OD450 values of 1 individual 
experiment. (B) Nanobody binding to C3b molecules on a bead surface. C3b-beads were incubated 
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with buffer or 100 nM purified nanobody. Nanobody binding was detected using fluorescently 
labeled (Alexa 647) anti-VHH QE19 antibodies and measured by flow cytometry. The fold increase 
over the background (buffer sample) fluorescent signal was calculated and plotted on the y-axis. 
Data represent mean ± SD of two individual experiments. (C) Nanobody’s specificity towards 
C3b. C3b-beads were incubated with 100 nM nanobody and increasing concentrations of C3. 
Nanobody binding was detected using fluorescently labeled (Alexa 647) anti-VHH QE19 antibodies 
and flow cytometry. Data were normalized to the condition without C3, and relative levels of 
nanobody binding were plotted on the y-axis. Data presented are of one individual experiment. 
(D) AP-mediated hemolysis of 2% rabbit erythrocytes (raE) incubated with 10% human serum 
and nanobodies in different concentrations (E) CP-mediated hemolysis of 2% antibody-opsonized 
sheep erythrocytes (shEA) incubated with 2.5% human serum and nanobodies in different 
concentrations. (D-E) The OD450 of the supernatant was detected as a measure of erythrocyte 
lysis. MilliQ and buffer were taken along as controls for 100% and 0% lysis, respectively. Data 
present values of one individual experiment.

UNbC3b-1 specifically binds C3b with high affinity
Next, we wanted to confirm with multiple assays that UNbC3b-1 is a C3b-specific 
nanobody that does not bind to C3 and other complement proteins. First, we repeated 
the C3b-bead competition experiment from figure 3C. Next to adding C3 in solution, we 
also tested the effect of soluble C3b. We observed that UNbC3b-1 binding to C3b-beads 
is only decreased when C3b is added in high concentrations, but not when C3 is added 
(Fig. 4A). To further assess specificity, we performed an ELISA in which microtiter plates 
were coated with complement proteins Bb, C4, C4b, C5, C5a, C5b6, and C6 and nanobody 
binding was measured. UNbC3b-1 did not cross-react with any of the other complement 
proteins (SFig. 3), except for some binding to C4 and C4b in the highest concentration 
tested. When we coated microtiter plates with C3b and C3, UNbC3b-1 also bound to 
C3 in several repeats of the experiment, albeit with lower apparent affinities than 
measured for C3b (Fig. 4B). This could indicate that UNbC3b-1, in absence of competitive 
pressure from C3b, binds to precursor C3. However, since C3 is easily hydrolyzed when 
in contact with a surface (39), we hypothesized that the observed binding here could 
be because the nanobody binds to the hydrolyzed form of C3 (C3(H2O)), which is known 
to adopt a C3b-like conformation (40). To confirm this (and assess C3b-specificity with 
a different set-up) we performed size exclusion chromatography (SEC). We incubated 
UNbC3b-1-a488 with C3, C3b or C3 methylamine (C3-MA) in a 1:1 molar ratio. Treatment 
of C3 with the nucleophilic reagent methylamine allows C3 to adopt C3b-like properties 
(41). Samples were loaded on a Superose 6 Increase column and the OD280 and OD488 
(to detect UNbC3b-1) were measured. As controls C3b, C3, C3-MA and UNbC3b-1 were 
applied to the column alone and the obtained chromatograms indicated that C3, C3b, 
and C3-MA elute in fractions between 1.5-2.0 mL, while UNbC3b-1 elutes in fractions 
between 2.0-2.2 mL (SFig. 5A-D). When UNbC3b-1 was incubated with C3b, UNbC3b-1 
was eluted together with C3b in the fractions between 1.5-2.0 ml, indicating complex 
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formation in solution (Fig. 4C). When UNbC3b-1 was incubated with C3, UNbC3b-1 
eluted later than C3, indicating that UNbC3b-1 does not bind C3 in solution (Fig. 4D). 
Interestingly, when UNbC3b-1 was incubated with C3-MA, the nanobody was eluted 
both in the fractions of C3-MA and in the fractions of the nanobody, indicating that 
UNbC3b-1 binds to C3-MA to some extent (Fig. 4E). This might explain why we measured 
some binding to C3 (or C3(H2O)) in the ELISA set-up.

The kinetics of UNbC3b-1 binding to C3b was studied using surface plasmon resonance 
(SPR). Here, we captured UNbC3b-1-bio onto streptavidin-coupled probes and incubated 
those subsequently with C3b and buffer to measure association and dissociation rates. 
Fitting this with a 1:1 Langmuir model results in an on-rate (kon) of ∼4×105 M-1s-1, an 
off-rate (koff) of ∼1.3×10-4 s-1, and a calculated equilibrium binding affinity constant (KD) 
of ∼340 pM. However, as the obtained curves did not completely fit with 1:1 model, 
the affinity obtained from this experiment is merely a rough indication of its actual 
affinity (Fig. 4F). All this together confirms that UNbC3b-1 is a high affinity, C3b specific 
nanobody, that binds to C3b on a surface, C3b in solution and to some extent also to 
C3-MA, the C3(H2O)-like molecule.
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Figure 4: UNbC3b-1 specifically binds C3b with high affinity. (A) Binding of 100 nM UNbC3b-
1-a488 to C3b-beads in the presence of increasing concentrations of C3b and C3 in solution, as 
detected by flow cytometry. Data presented are of one individual experiment. (B) ELISA to measure 
UNbC3b-1 binding to C3b and C3 coated on microtiter plates. Nanobody binding was detected 
using polyclonal rabbit-anti-VHH QE19 antibodies and donkey-anti-rabbit-HRP antibodies, at an 
OD of 450 nm. Data were normalized to the condition in which 1000 nM UNbC3b-1 was added 
to C3b. Data represent mean ± SD of 3 individual experiments. (C-E) Chromatograms obtained 
with SEC, using a Superose 6 Increase column and measuring absorbance at an OD of 280 nm 
(indicating the presence of protein, black) and of 488 nm (indicating the presence of fluorescence, 
blue). UNbC3b-1-a488 was incubated with C3b (C), C3 (D) or C3-MA (E). Data present values of 1 
individual experiment. (F) Binding affinity curves of UNbC3b-1 obtained with a White Fox optic 
surface plasmon resonance (FO-SPR) sensor, using streptavidin FO-SPR probes, UNbC3b-1-biotin 
(330 nM) as an analyte and C3b (1.56 – 12.5 nM) as a ligand. Immobilization of UNbC3b-1-biotin 
was performed for 300 seconds, association was measured for 1800 seconds and dissociation for 
7200 seconds, all at 26°C, while shaking at 1000 rpm. Experimental data is shown in colors and 
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model fit in black dotted lines. Curves were fitted with TraceDrawer, using a 1:1 model with global 
Bmax (6.32), global kon (4.03×105 M-1s-1), global koff (1.37×10-4 s-1) and a constant BI (0.0 Signal). Data 
are representative for two individual experiments.

Binding of UNbC3b-1 to C3 fragments and competition with known C3/C3b 
inhibitors
Next, we tried to identify the binding site of UNbC3b-1 on C3b. First, we coated a 
microtiter plate with different C3 fragments and measured nanobody binding. UNbC3b-
1 bound to iC3b and C3c, the larger C3 fragments, but not to the smaller fragments 
C3dg, C3d, C3a and C3a-desArg (Fig. 5A). This allowed us to exclude the ANA and TED 
domains of C3b as potential binding sites. Next, we performed a competition ELISA 
with different C3b-binding molecules of which the binding sites on C3b are known. 
We coated a microtiter plate with C3b and then added a mixture of UNbC3b-1-bio and 
a concentration series of other C3b-binding molecules as competitors. As a positive 
control for competition, we took along unbiotinylated UNbC3b-1-LH. Interestingly, of 
the 17 tested molecules, only one molecule (hC3Nb2) could decrease the binding of 
UNbC3b-1 to C3b (Fig. 5B). This nanobody called hC3Nb2 is identified and described 
by Pedersen et al. (34). Of note, the absence of competition with all other molecules 
tested here does not necessarily indicate that UNbC3b-1 does not bind C3b on one of 
these epitopes. Any absence of competition could also be a consequence of the high 
affinity of UNbC3b-1, making it complicated to detect competition with low(er) affinity 
molecules. A different competition setup, with for example pre-incubation with an 
excess of competitors, might provide a better insight, but was not attempted here.
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Figure 5: Binding of UNbC3b-1 to C3 fragments and competition with known C3/C3b 
inhibitors. (A) ELISA with UNbC3b-1-bio binding to different C3 fragments coated on microtiter 
plates. Nanobody binding was detected using streptavidin-HRP. Curves of iC3b (purple) and C3c 
(blue) are colored to highlight that UNbC3b-1 binds to these fragments. Data represent mean ± 
SD of 2 individual experiments. (B) Competition ELISA with C3b coated on microtiter plates that 
were incubated with 10 nM UNbC3b-1-biotin and different concentrations of other C3b-binding 
molecules. UNbC3b-1-bio binding was measured using streptavidin-HRP. Unlabeled UNbC3b-1 
(blue) was taken along as a positive control for competition and a sample with no nanobody 
(purple) was taken along as measure of background binding. The curve of hC3Nb2 (orange) is 
highlighted in color since this curve indicates competition with UNbC3b-1-biotin. Data present 
values of one individual experiment.

UNbC3b-1 inhibits AP on the level of C3b and C5b-9 deposition
Next, we wanted to unravel the mechanism by which UNbC3b-1 blocks the AP. First, we 
performed complement deposition ELISAs to determine at what level the nanobody 
inhibits complement activity. As positive controls, we took along multiple known 
complement inhibitors, such as Eculizumab (C5 inhibitor, also known as Soliris®, (42)), 
compstatin derivative W4A9 (C3 inhibitor,(43)), SCIN (AP convertase inhibitor, (20)) 
and BBK32 (C1r inhibitor, (44)). As expected, UNbC3b-1 inhibited AP-mediated C5b-9 
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deposition (Fig. 6A), but here we also identified that UNbC3b-1 prevents AP-mediated 
C3b deposition (Fig. 6B). Like observed before, UNbC3b-1 does not interfere with CP-
mediated C3b (Fig. 6C) and C5b-9 (Fig. 6D) deposition. Thus, UNbC3b-1 is an AP specific 
inhibitor that blocks C3b deposition and prevents formation of MAC pores.

Figure 6: UNbC3b-1 inhibits the AP on the level of C3b and C5b6 deposition. (A-D) Complement 
deposition ELISAs with UNbC3b-1 as an inhibitor. (A-B) AP activation on an LPS-coated microtiter 
plate, incubated with 10% human serum and different concentrations of inhibitors. (C-D) CP 
activation on an IgM-coated microtiter plate, incubated with 2.5% human serum and different 
concentrations of inhibitors (A-D) Deposition of complement activation products C3b (A & C) 
and C5b-9 (B & D) on the plate was measured using specific anti-C3 and anti-C5b-9 antibodies 
and HRP-coupled secondary antibodies, at OD450. Data points were normalized to the condition 
without inhibitor and graphs represent mean ± SD of three individual experiments.

UNbC3b-1 does not block (pro)convertase formation
Since we observed that UNbC3b-1 binds to C3b and prevents C3b deposition, we 
hypothesized that its mechanism of action might be on the level of the C3 convertase. 
AP C3 convertases are formed when covalently deposited C3b molecules (from the AP, 
or from the CP/LP) are bound by FB and FD. This forms the initial proconvertases C3bB, 
and next the active C3 convertases C3bBb. This will cleave more C3 molecules and 
initiates an amplification loop. Here, we assessed if UNbC3b-1 inhibits complement 
activity by preventing C3bB and/or C3bBb formation. To study this, we used C3b-beads 
that allow us to functionally assess AP convertases in a purified manner (16). First, 
we studied whether UNbC3b-1 could prevent formation of proconvertases. To do so, 
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C3b-beads were incubated with UNbC3b-1 and fluorescently labeled FBWT or a double 
gain of function mutant of FB (FBDGF) that binds C3b more stably. FB binding to C3b-
beads was assessed using flow cytometry. Interestingly, UNbC3b-1 did not inhibit C3bB 
formation since FB (WT or DGF) binding to C3b was unaffected in the presence of the 
nanobody (Fig. 7A & B). Next, we also added FD to generate active convertases (C3bBb) 
from proconvertases (C3bB) and again measured Bb binding to C3b-beads. Also in this 
setup, UNbC3b-1 did not block Bb binding to C3b-beads (Fig. 7A & B). Then, we tested if 
FD could still cleave FB in Ba and Bb in the presence of UNbC3b-1. To test this, C3b (in 
solution (Fig. 7C) or on beads (Fig. 7D)) was incubated with FBDGF, FD and UNbC3b-1, in 
varying sequences/orders with 10-minute-incubation steps in between (indicated with 
an →). Next, supernatants were analyzed for Bb formation, using western blot. In all 
tested sequences in which FD was present, we observed that FB was cleaved into Bb 
(Fig. 7 C & D). The presence of UNbC3b-1 did not influence this, indicating that UNbC3b-1 
does not prevent formation of an active convertase enzyme.

Figure 7: UNbC3b-1 does not block (pro)convertase formation. (A-B) Interaction of fluorescently 
labeled FBWT (A) or FBDGF (B) with C3b beads in the presence of UNbC3b-1 and/or FD. Binding of 
FBWT-a488 to the beads was assessed using flow cytometry. Data represent mean ± SD of 2 
individual experiments. (C-D) Cleavage of FB by FD in the presence or absence of UNbC3b-1, using 
C3b in solution (C) or C3b-beads (D). Proteins were added in different orders (see lanes) and Bb 
formation as assessed by western blot using polyclonal anti-FB-HRP labeled antibodies. Bb can 
be distinguished from uncleaved FB based on the height of the band (corresponding to protein 
size). Data presented are of one individual experiment.

2
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UNbC3b-1 inhibits C3 and C5 cleavage by C3bBb
Here, we assessed if UNbC3b-1 inhibits substrate cleavage by the convertase. To do 
so, we incubated C3b-beads with UNbC3b-1, FBDGF, FD and substrate C3 and added the 
supernatants to C3aR-cell lines, to measure presence of C3a. Indeed, we observed that 
UNbC3b-1 inhibits C3 cleavage by C3bBb-beads (Fig. 8A, purple line). Interestingly, when 
we introduced a washing step (indicated with @) before adding C3, UNbC3b-1 could no 
longer prevent C3 cleavage (Fig. 8A, green line). Next, we wondered if UNbC3b-1 could 
also inhibit C5 cleavage by the convertase. To do so we repeated the experiment, but 
now used C5 as a substrate instead of C3 and added the supernatants to C5aR cells 
to detect C5a presence. Interestingly, UNbC3b-1 did also inhibit C5 conversion (Fig. 
8B, purple line). Next, we tested whether the inhibitory effect of UNbC3b-1 could be 
diminished by introducing a similar washing step as we did in the experiment with C3. 
Intriguingly, UNbC3b-1 could also no longer inhibit C5 cleavage in this experimental 
set-up (Figure 8B, green line).

Figure 8: UNbC3b-1 inhibits C3 and C5 cleavage by C3bBb. (A & B) Calcium flux assay to measure 
C3a (A) and C5a (B) formation using C3b-beads and convertase components. Components were 
sequentially added to C3b-beads with 10-minute-incubation steps at RT in between. Washing 
steps are indicated with an ‘@’. Components were added in the following concentrations 20 µg/
mL FBDGF, 5 µg/mL FD, 4.1 – 1000 nM UNbC3b-1, 20 µg/mL C3/C5. C3a and C5a levels were measured 
by adding the reaction supernatant to U937 C3aR and U937 C5aR cells, respectively, and cells 
were primed with fluo-3-AM ester, to measure calcium fluxes. Fluorescent signals were used as 
a measurement of ligand binding and thus C3a and C5a formation. Data are representative for 
two individual experiments. 
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AlphaFold2 prediction of UNbC3b-1 binding site on C3b
In a final attempt to clarify the exact mechanism of inhibition of UNbC3b-1, we tried 
to unravel the exact binding site of UNbC3b-1 on C3b. To do so, we made an in-silico 
prediction model of its potential binding site using AlphaFold2 (AF2) and superimposed 
this on published C3(b) and convertase structures. The software yielded 5 models that 
were ranked on confidence (Fig. 9A), with model 1 being most reliable (Fig. 9B). In rank 
1 (orange), UNbC3b-1 is predicted to bind C3b by interacting with the MG8 and CUB 
domain, while facing the CUB domain (Fig. 9B). In rank 2 (red) and 5 (blue), UNbC3b-
1 was predicted in a similar area as rank 1, but with slightly different orientations 
(Fig. 9A). In rank 4 (pink), UNbC3b-1 is predicted to bind the MG2 and CUB domains. 
In rank 3 (purple), UNbC3b-1 is predicted to bind to the MG7 and MG8 domains of C3b. 
Interestingly, in this prediction a clear clash between C3b and the nanobody can be 
observed (Fig. 9A, panel 3). Furthermore, the AF2 prediction of C3b was slightly different 
form the published structure of C3b (PDB 2i07). Since the rank 1 prediction was assigned 
the highest confidence value by AF2, we superimposed this prediction on the published 
structures of C3b (Fig. 9C, PDB 2i07), C3 (Fig. 9D, PDB 2a73) and C3bBb (Fig. 9E, PDB 
2WIN) and tried to interpret if the predicted model matches our biochemical data. 
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Figure 9: AlphaFold2 prediction of UNbC3b-1 binding site on C3b. (A) Docking of all five 
AlphaFold2 predictions (generated with ColabFold) of UNbC3b-1 binding to C3b (PDB 2i07) shown 
from different angles. Predictions were generated using the full length sequence of C3b and 
UNbC3b-1 (orange, including tag sequence) and docked into the crystal structure of C3b (beige, 
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CUB domain light green) using the TED domain (dark green) as a reference. C3b depicted in beige 
with the CUB domain in light green and the TED domain in dark green. Predictions are colored 
in orange (rank 1), red (rank 2), purple (rank 3), pink (rank 4) and blue (rank 5). (B) Docking of only 
the highest ranked AlphaFold v2.2 prediction (generated with ColabFold) of UNbC3b-1 binding 
to C3b (PDB 2i07). (C) In panel 1: AlphaFold2 predicted C3b (light blue) and UNbC3b-1 (orange). In 
panel 2: published C3b structure (beige) with the CUB (light green) and TED domains (dark green) 
colored (PDB 2i07). 

The overlay of UNbC3b-1:C3b with C3b (PDB 2i07) shows that the AF2 predicted C3b 
structure resembles the published C3b structure to a very high degree (Fig. 9C). The 
overlay of UNbC3b-1:C3b and C3 lines up with the observation that UNbC3b-1 specifically 
binds to C3b. Based on the AF2 predicted interaction site the ANA (C3a) domain would 
most likely sterically clash with the nanobody (Fig. 9D). Furthermore, the CUB to MG8 
orientation is different in C3 and C3b, which most likely prevents the nanobody from 
binding to C3. Next, we superimposed UNbC3b-1:C3b and C3bBb to see if this explains 
why UNbC3b-1 is a potent AP convertase inhibitor. The AF2 prediction lines up with 
the observation the UNbC3b-1 does not prevent (pro)convertase formation, since AF2 
predicted it on the opposite site of C3b, far away from Bb (Fig. 9E). However, it does not 
explain with what mechanism the nanobody inhibits C3 and C5 cleavage. The predicted 
binding domains (CUB and MG8) are, to date, not described as sites that are involved 
in the convertase-substrate interactions. Therefore, we conclude that, with the current 
data available, the AF2 predicted binding site of UNbC3b-1 does not inform us further 
on its mechanism of inhibition. Moreover, it emphasizes that the proposed binding site 
is only a prediction and that additional experiments should be performed to confirm 
the exact binding site of UNbC3b-1.

To summarize, UNbC3b-1 does not inhibit formation of C3bB or C3bBb, but specifically 
inhibits convertase-mediated substrate cleavage. Our data show that by binding to 
C3b, UNbC3b-1 inhibits cleavage of both C3 and C5. However, the exact mechanism of 

inhibition remains to be determined.
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DISCUSSION

With the identification of UNbC3b-1 as a C3b-specific nanobody, this study adds a 
novel complement-targeting molecule to the field of complement research. Conversion 
of C3 into C3b is an essential step in complement activation. Therefore, molecules 
that can distinguish the activated C3b product from precursor C3 are very helpful to 
detect and further understand the molecular mechanisms at play during complement 
activation. Next to UNbC3b-1, three other nanobodies that bind C3b have been described 
in literature, hC3Nb1 (33), hC3Nb2 (34), and hC3Nb3 (35). In our competition ELISA we 
identified that hC3Nb2 decreased the binding of UNbC3b-1 to C3b. This suggests that 
this molecule binds to C3b on a similar epitope as our nanobody UNbC3b-1. Alternatively, 
it could also indicate that hC3Nb2 affects the binding epitope of UNbC3b-1 on C3b (and 
vice versa), for example by inducing a conformational change. Interestingly, hC3Nb2 
differs from UNbC3b-1 based on target and pathway specificity. hC3Nb2 recognizes 
C3b, C3-MA, and precursor C3 by binding to the MG3 and MG4 domains and inhibits all 
three activation pathways of the complement system. In contrast, nanobody UNbC3b-
1 specifically inhibits the AP by selectively binding to C3b. This most likely indicates 
that the two molecules do not directly compete for binding to C3b, however more 
experimental data is required to conclude this. Similar as hC3Nb2, hC3Nb3 is not specific 
towards C3b since it also binds precursor C3 with high affinities. For hC3Nb1 it was 
initially described to bind both C3b and C3, however recent data indicate that this 
nanobody might be more specific for C3b (45). This nanobody inhibits the AP, but is 
distinct from UNbC3b-1, by binding C3b to the MG7 domain. The specific binding of 
UNbC3b-1 (and potentially hC3Nb1) to C3b is not unique for anti-C3b molecules. Similar 
as UNbC3b-1, monoclonal antibodies like S77, 3E7, H17, Anti-C3-9, and 4C2 specifically 
bind C3b and not C3, and inhibit the alternative pathway (29–32). Despite the overlap in 
target and pathway specificity, the mechanism of inhibition of UNbC3b-1 differs from 
the previously described monoclonal antibodies, since all these block binding of FB to 
C3b, while we show that UNbC3b-1 does not interfere with FB binding.

UNbC3b-1 inhibits activity of the AP and interferes with C3 and C5 convertase 
functioning. Although, the exact mechanism of inhibition of UNbC3b-1 remains elusive, 
we did show that UNbC3b-1 does not interfere with formation of the (pro)convertase, 
since FB binding to C3b and its cleavage by FD were unaffected. If future studies could 
confirm that the AF2 predicted binding site of UNbC3b-1 is correct, it would make sense 
that UNbC3b-1 does not interfere with FB binding to C3b, since their binding sites do 
not overlap. However, with the current structural models for convertase-substrate 
interactions, we cannot yet explain how binding to the MG8 and CUB domains would 
interfere with convertase activity (46, 47). At this point we can only speculate about the 

Eva_Binnenwerk_V3.indd   48Eva_Binnenwerk_V3.indd   48 18-10-2023   13:3218-10-2023   13:32



49

Identification of a C3b-specific nanobody that blocks alternative pathway convertases

potential mechanism of inhibition. Here we describe three, (yet) unverified, hypotheses: 
[1] UNbC3b-1 limits the flexibility of Bb, which is required to dock the C3 scissile loop 
near the SP domain in Bb (48). This hypothesis does not fit the current AF2 prediction, 
since UNbC3b-1 is predicted to bind C3b on the opposite site as Bb. [2] UNbC3b-1 inhibits 
the interaction between the convertases and its substrates, by binding to C3b. Current 
models show that C3b from the convertase interacts with C3 and C5 using the MG4, MG5 
and MG7 domains (46). If UNbC3b-1 prevents the interaction of convertases with their 
substrate, this could suggest that the actual binding interface of UNbC3b-1 is in or near 
the MG3 and MG4 domains. Alternatively, it could also hint to another, yet unidentified, 
binding interface between convertases and their substrates. In all our purified assays 
we used surfaces with high densities of C3b molecules. Consequently, we generated 
convertases containing the ‘extra’ C3b molecule. Potentially, UNbC3b-1 inhibits C3 and 
C5 cleavage by binding to this ‘extra’ C3b molecule. [3] UNbC3b-1 inhibits C3 and C5 
cleavage by direct interaction with C3 and C5. However, since we showed that UNbC3b-1 
does not bind C3 in solution and C5 in ELISA, this is unlikely. Possibly, UNbC3b-1 interacts 
with a specific conformation of C3(b) (and maybe even C5) that is only present when 
the convertase is in direct interaction with its substrate. A study using the C5 inhibitors 
Eculizumab, OmCI and RaCI proposed that endogenous (C5) convertases are not pre-
assembled complexes, and that C5 undergoes conformational changes upon binding to 
C3b and prior to its cleavage (49). This change in conformation is what they denoted as 
a “priming” event. Considering the high homology between C3(b) and C5, it might be 
that C3b in the convertase and C3 as a substrate likewise undergo such conformational 
changes during cleavage. Potentially, UNbC3b-1 binds C3b, C3 (or C5) in this “priming” 
conformation and then blocks cleavage, for example by steric hindrance. Interestingly, 
in our assays UNbC3b-1 only inhibited C3a and C5a formation when substrates C3 and 
C5 were added to the beads without a washing step in-between. This could suggest 
that UNbC3b-1 should be freely available in solution when C3 and C5 are interacting 
with the convertase. This hypothesis might match up with the AF2 predicted binding 
site, since UNbC3b-1 is predicted near the area where the ANA domain would be present 
in C3 but absent in C3b. Our observation that UNbC3b-1 binds to C3-MA might further 
strengthen this hypothesis, since this conformation of C3 is also described as C3b-like 
and might resemble this “priming” event. If this hypothesis holds true, our data suggest 
that the nanobody UNbC3b-1 can discriminate between these different convertase and/
or substrate conformations. Despite the fact that the exact molecular mechanism of 
UNbC3b-1 remains elusive, the observations in this study once again demonstrates 
how complex the processes of C3 and C5 convertase formation and functioning are, 
and emphasizes the need for tools, like UNbC3b-1, to study the complement system.
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Concluding, with our nanobody UNbC3b-1, this study adds a novel C3b binding molecule 
to the field that is distinct from previously described anti-C3b antibodies. With the 
increasing number of C3- and C3b-binding molecules, with different mechanisms of 
inhibition and pathway specificity, the incredible complex molecular mechanisms at 
play in C3 and C5 convertase formation and functioning become easier to unravel. 
Therefore, the exact determination of UNbC3b-1’s binding epitope would be a crucial 
next step to understand the mechanism of inhibition for this nanobody. Furthermore, 
this nanobody could be used as tool for specific detection of complement activation 
product C3b. Finally, since UNbC3b-1 efficiently inhibits the AP of the complement 
system, this molecule might generate new insights and ideas to develop novel 
therapeutic complement inhibitors.

EXPERIMENTAL PROCEDURES

Proteins, serum and bacterial strains
Normal human serum from ±20 healthy donors was pooled, as previously described 
(50). E. coli strains that were used are common laboratory strains MG1655, BL21, Rosetta 
2 (DE3) BL21 (Merck) and TG1 (Agilent). Complement components and inhibitors were 
obtained from different sources, see table II. Complement component Bb was produced 
by incubating C3b-PEG11-biotin with 6×His-tagged FB and 6×His-tagged FD for 1 hour 
at 37°C, in a molar ratio of 1:10:3. Next streptavidin-6×His was added in a 1.75:1 molar 
ratio compared to C3b-PEG11-biotin for 1 hour at 4°C to couple C3b-PEG11-biotin with a 
6×His-tag. Next, the sample was applied to a 1 mL HisTrap FF column (GE Healthcare) 
and the flowthrough containing Bb was captured, dialyzed to phosphate buffered saline 
(PBS) and stored at -80°C.

C3b-opsonized bacteria for immunizations
E. coli bacteria strains MG1655 and BL21 were covered with human C3b molecules, similar 
as described before (51). To this end, C3b was site-specifically labelled with a maleimide 
linker (16) containing a dibenzocyclooctyne (DBCO) group at its thioester domain as 
described by Boero et al. (51). To prepare the bacterial strains, a single colony from 
E. coli MG1655 and BL21 was grown in Luria-Bertani (LB) medium to stationary phase 
after which a subculture of 1/100 was grown overnight (O/N) in LB medium containing 2 
mM azide-modified keto-deoxy-octulosonate (KDO-N3) (kind gift from Tom Wennekes), 
a major component of lipopolysaccharides (LPS) (52), to allow metabolic incorporation 
of KDO-N3 in the LPS of these strains. Next, bacteria were washed twice with PBS to 
remove unincorporated KDO-N3, resuspended in PBS containing 17% glycerol and frozen 
at -20°C. Frozen bacteria were treated with γ-irradiation at a dose of 10.3-10.8 kGy for ±1.5 
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hours (Synergy health Ede B.V. a Steris company), to ensure that bacteria incorporated 
with KDO-N3 were no longer viable. To couple with C3b molecules, γ-irradiated bacteria 
were thawed, washed, and 2×109 bacteria/ml were incubated O/N, at 4°C with 2.66 µM 
C3b-PEG4-DBCO. The DBCO in C3b-PEG4-DBCO covalently couples with the azide (N3) 
from KDO-N3, via click-chemistry (52), resulting in the coupling of C3b molecules to the 
bacterial membrane (KDO-C3b). The next day, KDO-C3b bacteria were washed 3× with 
PBS to remove unbound C3b-PEG4-DBCO. To obtain bacteria with C3b deposition in high 
densities, KDO-C3b bacteria were diluted 5× in hepes buffer and three rounds of natural 
C3b amplification were performed. For each round we added FB (5 µg/ml), FD (0.5 µg/ml), 
and uncleaved C3 (100 µg/ml) and incubated the bacteria for 15 minutes at 37°C. After 
each round bacteria were spun down, supernatants were removed and new components 
were added. After the third round of amplification bacteria were washed 3× with hepes 
buffer and subsequently split in three equal parts. Next, bacteria were crosslinked 
with bis(sulfosuccinimidyl)suberate (BS3) (Thermo Scientific), paraformaldehyde (PFA) 
(VWR International) or not crosslinked at all, to present deposited C3b in different ways 
to the llamas. Crosslinking with BS3 (5 mM) was performed for 90 minutes at room 
temperature (RT), the reaction was quenched with 50 mM Tris, for 15 minutes at RT, 
after which bacteria were washed and resuspended in hepes buffer. Crosslinking with 
PFA (1%) was performed for 15 minutes at RT, bacteria were washed and resuspended 
in hepes buffer.

Immunizations
Two llamas (Lama glama), named Ines and Lotte, were immunized by administration 
of human C3b on day 0, 14, 28, 35, 57, and 71 by a trained veterinarian at Preclincs 
GmbH (Potsdam, Germany). All procedures were according to European animal welfare 
laws and regulations and all animals remained alive after immunization and blood 
collection. The first four injections each contained 12.5 µg purified C3b in solution. 
The last two injections contained E. coli bacteria opsonized with human C3b. Per 
injection, both llamas received ±1.5×109 γ-irradiated E. coli bacteria opsonized with a 
high density of C3b molecules. The llama named Ines received E. coli strain MG1655 and 
the llama named Lotte received E. coli strain BL21. The samples contained a mixture of 
the different crosslinking methods. All injections were combined with FAMA adjuvant 
(Gebru Biotechnic GmbH). To obtain llama serum and PBMCs, blood was drawn on day 
0, day 43 and day 99.

Phage library construction
A nanobody phage display library was generated for each llama. mRNA was isolated 
form PBMCs (day 43 and day 99), and cDNA was created using the SuperScript™ IV 
First-Strand Synthesis System kit (Thermo Scientific, 18091050). We amplified the 
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cDNA encoding for the heavy-chain only antibodies by PCR, using primers annealing to 
framework 1 (FR1) and constant heavy chain 2 (CH2) domains (53). Next, DNA fragments 
encoding for the nanobody genes were digested and ligated into phagemid pPQ81 vector 
(derived from pHEN1 (54)). This fused the nanobodies to a Myc- and 6×His-tag and to 
pIII coat protein of M13 bacteriophage. Next, phage display libraries were transformed 
into competent E. coli TG1 bacteria (Agilent), by electroporation with a MicroPulser and 
corresponding electroporation cuvettes (Bio-Rad). To estimate library sizes, a serial 
dilution of transformed bacteria was spotted on LB agar plates and colony forming 
units per mL (CFU/ml) were counted.

Phage production and purification
Phages were produced according to standardized protocols (55), using the original phage 
display libraries obtained after immunization (day 43 and day 99) as starting material 
for round 1, and the bacterial libraries obtained after the first round of phage display as 
starting material for round 2. Briefly, E. coli TG1 libraries were grown in 2× concentrated 
yeast extract tryptone (2YT) medium, supplemented with 2% glucose and 100 µg/mL 
ampicillin. Next, kanamycin resistant VCSM13 helper phage (Agilent) was added and 
phages were purified via two rounds of polyethylene glycol precipitation.

Phage display panning
We performed two rounds of phage display, following standardized procedures (56), 
with in total 9 different selection strategies (Table I), combining different methods of 
antigen presentation and negative selections. Wells presenting C3b (see details below) 
were blocked with 200 µL/well 4% skimmed milk (Marvel) in PBS, for 1 hour at RT, while 
shaking. Next, wells were incubated with phages at concentrations of ≈1010 CFU/well 
(round 1) and ≈109 CFU/well (round 2) in 2% Marvel in PBS, for 2 hours, while shaking. In 
case of negative selections with purified proteins (e.g. selection strategy #1), phages 
were preincubated for 30 minutes at RT on a spinning wheel with C3 (30 nM), C5 (30 
nM) and/or C3b (30 nM), before being added for 2 hours to the C3b presenting wells. 
In case of negative selections with beads (e.g. selection strategy #7), handling was 
the same except that low density C3b-beads (5.0 µL/sample, at 10 mg/mL), including 
all phages bound by them, were removed from the sample using a magnet, prior to 
adding them to C3b presenting wells. Next, wells were washed 20× with 200 µl PBS + 
0.05% tween-20 (PBS-T), with two 10-minute incubations (shaking) in-between washing 
steps. Finally, wells were washed 3 additional times using PBS. Next, phages bound to 
C3b were eluted using 100 µL triethanolamine solution (0.1 M, pH>10), for 15 minutes 
at RT, while shaking and elutions were neutralized using 50 µL Tris/HCl (1 M, pH=7.5). 
Phages were rescued by infecting them in E. coli strain TG1 bacteria at OD600 of 0.5, for 
30 minutes, at 37°C, without shaking. Next, bacteria were grown O/N at 37°C, while 
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shaking, in 2YT medium, supplemented with 2% glucose and 100 µg/mL ampicillin. The 
next day, bacterial libraries containing the genetic material of C3b-binding nanobodies 
were stored in 20% glycerol at -80°C. To estimate the number of phages used as starting 
material (input) and the number of phages in the eluate (output), phages were serially 
diluted, added to E. coli TG1 bacteria to allow infection and spotted on LB agar plates 
supplemented with 2% glucose and 100 µg/mL ampicillin. After an O/N incubation at 
37°C, CFU/mL were counted and estimated library sizes were calculated.

C3b presentation during phage display
When presenting C3b on plates (e.g. selection strategy #1, Table I), Nunc Maxisorp plates 
(VWR 735-0083, Thermo Fisher Scientific) were coated O/N, at 4°C, without shaking, 
with 100 µL/well C3b at a concentration of 0.1, 1.0 or 5.0 µg/mL. When presenting C3b in 
high densities on beads, magnetic streptavidin-coated beads (0.1, 0.2, 0.8, 2.0 or 4.0 µL/
sample, at 10 mg/mL, Dynabeads M-270 Streptavidin, Invitrogen) were diluted 50× and 
coupled O/N at 4°C with 1 µg/mL C3b-PEG11-biotin (C3b-bio) in veronal buffered saline + 
145 nM NaCl, pH 7.4 (VBS), supplemented with 2.5 mM MgCl2 and 0.05% Tween-20 (VBS/
MgCl2/Tween). After O/N coupling, unbound C3b-bio was washed away. To obtain beads 
with low densities of C3b, used for counter selections, protocols were the same, except 
beads were diluted 3.125× instead of 50× before adding C3b-bio.

Periplasmic nanobody production for screening
Bacterial output libraries (E. coli TG1) were plated on LB agar plates supplemented with 
2% glucose and 100 µg/mL ampicillin, incubated O/N at 37°C, to obtain single colonies. 
Next, single colonies were randomly picked and 92 wells containing 90 µL 2YT medium, 
supplemented with 2% glucose and 100 µg/mL ampicillin were inoculated with one 
colony/well. As negative controls, two wells were not inoculated (EM), and two wells 
were inoculated with a bacterium expressing a nanobody with an irrelevant target (IRR) 
or a bacterium containing an empty vector (PER). Bacteria were grown O/N at 37°C, 
without shaking. The next day, subcultures (1/100) were made in 900 µL 2YT medium 
with 0.1% glucose and 100 µg/mL ampicillin and grown until a clear growth difference 
was observed between negative controls (EM) and other wells (approximately 2.5-3 
h). Then, bacterial cultures were induced by adding 1 mM isopropylthio-β-galactoside 
(IPTG) and grown O/N, at RT, while shaking. The next day, cultures were spun down 
for 10 minutes at 6000 g, and pellets were resuspended in 120 µL PBS. Next, bacterial 
suspensions were frozen at least O/N at -20°C or >30 minutes at -80°C, before thawing. 
After thawing, samples were spun down 2× for 10 minutes at 6000 g and supernatants, 
containing the periplasmic extracts with nanobodies in unknown concentrations, were 
collected and stored at -20°C, until further use.

2
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Nanobody productions
Nanobodies containing a Myc- and 6×His-tag (further referred to as MH-clones) were 
produced in the periplasm of E. coli (57). For this, E. coli Rosetta 2 (DE3) BL21 cells (Merck) 
were transformed with pPQ81 vectors encoding the nanobody genes and C-terminal Myc- 
and 6×His-tags. Next, bacteria were grown O/N, at 37°C, while shaking, in 2YT medium, 
supplemented with 2% glucose and 100 µg/mL ampicillin. The next day, subcultures 
(1/20) were grown until they reached an OD600 of 0.6-0.9, in 2YT medium supplemented 
with 0.1% glucose and 100 µg/mL ampicillin. Next, nanobody expression was induced for 
four hours at 37°C, while shaking, by adding 1 mM IPTG. Next, cultures were spun down 
for 10 minutes at 6000 g, pellets were dissolved in PBS and frozen for >30 minutes at 
-80°C, or O/N at -20°C. Next, frozen pellets were thawed to release periplasmic extracts 
in the supernatant, which were collected after 15 minutes of centrifugation at 6000 
g. Nanobody UNbC3b-1 (clone B5) containing an LPETG-6×His-tag (further referred to 
as UNbC3b-1-LH) was cloned into a pcDNA 3.4 TOPO™ vector (Thermo Fisher Scientific) 
and expressed in EXPI293F cells (Thermo Fisher Scientific), similar as described for 
complement protein C5 in Struijf et al. (57), except that here we added 1 µg/ml DNA/ml 
cells for transfection.

Nanobody purifications
MH-clones were isolated using immobilized metal-affinity chromatography. For this, 
supernatants containing the nanobodies were incubated with ROTI Garose-His/Co beads 
(Roth) for 30 minutes, at RT, on a spinning wheel, to bind nanobodies via their 6×His-tag. 
After three washing steps with PBS-T, nanobodies were eluted with 150 mM imidazole. 
For purification of UNbC3b-1-LH, EXPI293F supernatant was buffer exchanged to 50 
mM Tris, 500 mM NaCl, pH8.0 via dialysis and 30 mM imidazole was added before 
application to a HiTrap Chelating column (GE Healthcare). The column was washed 
with 30 mM imidazole, before UNbC3b-1-LH was eluted with a 30 to 250 mM imidazole 
gradient, using the Äkta Pure protein chromatography system (GE Healthcare). Finally, 
all nanobodies were dialyzed to PBS, concentrations were measured at A280 using a 
Nanodrop One (Thermo Fisher Scientific) and nanobody size, purity and concentrations 
were verified using SDS-PAGE, stained with InstantBlue Safe Coomassie stain (Sigma 
Aldrich).

Nanobody labeling with biotin and fluorophores
We labeled UNbC3b-1-LH with biotin (further referred to as UNbC3b-1-bio) and 
fluorophore Alexa488 (further referred to as UNbC3b-1-a488) via sortagging (38). First, 
UNbC3b-1-LH was dialyzed against 50 mM Tris, 150 mM NaCl, pH8.0 (sortase buffer). 
Next, UNbC3b-1-LH was incubated with His-tagged Sortase A7 (His-TEVG-SrtA7, (38)) 
and GGG-azide (Genscript) in a 7:1:70 molar ratio, in sortase buffer supplemented with 
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10 mM CaCl2, for 2 hours, at 4°C, while shaking. Next, 20mM imidazole was added and 
samples were applied to a HIS-Trap FF column (GE Healthcare), to remove UNbC3b-1-LH 
that did not get sortagged with GGG-azide, and flow-through, containing UNbC3b-1-
GGG-azide was collected. Next, UNbC3b-1-GGG-azide was incubated for 2 hours, at RT, 
while shaking, with a 5× molar excess DBCO-AlexaFluor488 (a488) (JenaBioScience) or 
DBCO-PEG4-biotin (Santa Cruz Biotechnology) in sortase buffer. Finally, UNbC3b-1-a488 
and UNbC3b-1-bio were dialyzed against PBS.

ELISA: llama antibody and nanobody binding
Nunc Maxisorp plates (VWR 735-0083) were coated O/N at 4°C, without shaking, with 
50 µl antigen (C3b, C3, C3a, C4, C4b, C5, C5a, C5b6, C6, Bb, iC3b-biotin, C3c, C3dg, C3d, 
C3a des-Arg) at a concentration of 2 µg/mL in sterile PBS. The next day, wells were 
blocked for 1 hour, at RT, with either 200 µL PBS + 4% Marvel (llama immune response) 
or 80 µL PBS-T + 4% bovine serum albumin (BSA, Sigma) (all others). All following 
incubations were performed with 50µl sample/well, at RT, for 1 hour, while shaking. 
Samples were diluted in PBS + 1% Marvell (llama immune response or PBS-T + 1% BSA 
(all others) and in-between incubations wells were washed 3× with PBS-T. Unless stated 
here, sample concentrations are indicated on the X-axis in the corresponding figure 
legend. For the C3b/C3 screening ELISA, periplasmic extracts were diluted 1:5. For the 
competition ELISA with known C3b-binding molecules, UNbC3b-1-biotin (10 nM) was 
premixed with competitors in a concentration series. Compounds hC3Nb1, hC3Nb2, 
hC3Nb3, clone G10 (from this screen), CRIg, FH, Efb-C, Ecb, FBDGF, sbi, SCIN, properdin, 
and FI were added in 0.1 – 1000 nM; MCP was added in 0.01 – 100 nM; FHR5 and DAF 
(CD55) were added in 0.3 – 300 nM; and W4A9 (compstatin derivative) was added in 
0.03 – 30 µM. To detect llama antibodies and nanobodies (not via a tag), wells were 
incubated with 1:2000 QE19 (polyclonal rabbit-anti-nanobody antibodies, QVQ Holding 
BV), followed by 1:5000 polyclonal donkey-anti-rabbit-PO labeled antibodies (Jackson 
Immuno research). To detect biotinylated nanobodies, wells were incubated with 1:5000 
tetrameric streptavidin coupled to HRP (Southern Biotech). To develop ELISAs substrates 
were added; 3.7 mM of O-phenylenediamine dihydrochloride + 50 mM Na2HPO4 2H2O + 25 
mM citric acid + 0.03% H2O2 (llama immune response) or 100 µg/mL tetramethylbenzidine 
dissolved in DMSO + 100 mM NaOAc + 1.7 mM ureum peroxide (all others). All ELISAs 
were stopped with 0.5 M sulfuric acid and absorbance (450 nm) was measured with an 
iMark Microplate Reader (Biorad).

Sequencing
For sequencing, fresh O/N bacterial cultures were made using 2YT medium, supplemented 
with 2% glucose and 100 µg/mL ampicillin. In case of sequencing all 96 clones, 5µl of 
the O/N culture was added to a 96-wells plate filled with LB-agar. Plates were next 
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incubated for 2-3 hours at 37°C, without shaking. Plates were sealed with parafilm and 
send to Eurofins for Sanger sequencing. In case of sequencing 1-8 clones, bacteria 
were plated on LB agar plates to obtain single colonies. Next, a single colony was 
picked and used to inoculate a 5mL culture with 2YT medium, supplemented with 2% 
glucose and 100 µg/mL ampicillin, that was grown O/N at 37°C, while shaking. The 
next day, bacterial cultures were spun down and supernatants were removed. Next, 
plasmids were isolated using the NucleoSpin EasyPure kit (Macherey-Nagel), following 
instructors’ protocols. DNA concentrations were measured using the MultiSkanGo 
(Thermo Scientific) and 900-1000 ng DNA was added to 5 µM forward primer, in a total 
volume of 10 µL milliQ water. Next, samples were sent to Eurofins for sequencing. Using 
the PipeBio Antibody Sequence Analysis platform resulting nucleic acid sequences were 
analysed and processed into nanobody amino acid sequences. The nanobody sequences 
were annotated for frameworks and complementarity determining regions. Sequences 
were aligned to IgG germlines and clustered using 80% CDR-H3 homology as a cut-off.

ELISA: complement deposition
Nunc Maxisorp plates (VWR 735-0083) were coated O/N, at 4°C, without shaking, with 
3 µg/mL human IgM (Millipore) diluted in PBS (classical pathway (CP)) or with 20 µg/
mL sonicated LPS from Salmonella enteritis (Sigma) diluted in 0.1 M sodium carbonate, 
pH 9.6 (alternative pathway (AP)). The next day, wells were blocked for 1 hour, at RT, 
while shaking, with 80 µL PBS-T supplemented with 4% BSA. Next, wells were incubated 
for 1 hour, RT, while shaking, with 2.5% (CP) or 10% (AP) human pooled serum, in the 
presence of 1.3 – 1000 nM UNbC3b-1-LH. Complement inhibitors Eculizumab, W4A9, SCIN, 
and BBK32 were taken along. C3b deposition was detected using 1:10.000 anti-C3 WM-1 
clone digoxigenin (DIG) labeled antibodies (Sigma) and 1:8000 anti-DIG-PO antibodies 
(Roche). C5b-9 deposition was detected using 1:1000 monoclonal mouse anti-C5b-9 
aE11 (produced in our lab, based on (58, 59)) and 1:5000 polyclonal goat-anti-mouse-PO 
(Southern Biotech). Complement deposition ELISAs were developed similar as described 
above for the nanobody binding ELISAs.

Erythrocyte lysis assays
Sheep erythrocytes (shE, Alsever Biotrading) and rabbit erythrocytes (raE, kindly 
provided by Utrecht University, Faculty of Veterinary medicine) were washed 3x with 
PBS. For the CP, shE were diluted to a 2% suspension in VBS supplemented with 0.25 mM 
MgCl2 and 0.5 mM CaCl2 (VBS++) and shE were opsonized with 1:2000 polyclonal rabbit-
anti-sheep IgM antibodies (haemolytic amboceptor (60), shEA). For the AP, raE were 
diluted to a 2% suspension in VBS, supplemented with 5 mM MgCl2 and 10 mM EGTA 
(VBS/Mg/EGTA). Next, raE and shEA suspensions were incubated for 10 minutes (CP) or 
30 minutes (AP), at 37 °C, while shaking, with 2.5% (CP) or 10% (AP) pooled human serum, 
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and different concentrations of nanobodies (1.4 – 1000 nM, MH-clones). As controls, we 
took along a samples with erythrocytes and buffer (0% lysis), erythrocytes and milliQ 
water (100% lysis) and samples with serum but no nanobody. Next, samples were spun 
down for 7 minutes at 3500 rpm. Supernatants were diluted 1:3 with milliQ water and 
hemoglobin release was measured at and OD of 405 nm, in a flat-bottom plate, using 
an iMark Microplate Reader (Biorad).

C3b beads binding assay
Magnetic streptavidin-coupled beads (0.5 µl/sample, at a concentration of 10 mg/
mL, Dynabeads M-270 Streptavidin, Invitrogen) were coupled with a high density of 
C3b molecules, as described above (C3b presentation during phage display). Next, 
nanobodies (UNbC3b-1-a488 or the eight MH-clones, all at 100 nM) were incubated 
with the beads and soluble C3 (27 – 270 nM or 0.5 – 1080 nM) or C3b (0.5 – 1080 nM) for 
30 minutes at 4°C/RT, while shaking. To detect binding of the eight MH-clones, we next 
incubated beads with QE19 (QVQ Holding BV) directly labeled with fluorophore Alexa 647 
(QE19-a647) for 30 minutes at 4°C, while shaking. In-between incubations, beads were 
washed 3× with PBS-T to remove excess nanobody, C3, C3b or QE19-a647. Next, beads 
were fixated for 15 minutes, at RT, by resuspending them in 100µl PBS-T supplemented 
with 1% PFA. Binding of nanobodies was assessed on a FACS verse flow cytometer (BD).

C3a and C5a formation assay
High density C3b beads, prepared as described above (C3b beads binding assay), were 
incubated with UNbC3b-1-LH (4.1 – 1000 nM), FBDGF (20 µg/mL), FD (5 µg/ml), C3 (20 µg/
mL) and/or C5 (20 µg/mL). Components were added subsequently, with in between a 
10-minute incubation step at RT, while shaking. In case of a washing steps (indicated 
with an @ symbol), beads were two times collected with a magnet, supernatant was 
removed and beads were resuspended in VBS/MgCl2/Tween buffer. The exact sequence 
of adding components is indicated in each figure and corresponding legends. At the 
final incubation step, supernatants were collected and C3a and C5a release was 
measured using a calcium flux assay (15, 16). For this, U937 C3aR and C5aR cells (15), 
at a concentration of 5×106 cells/ml, were incubated with 0.5 µM Fluo-3-AM ester 
(Invitrogen) in RPMI (Lonza) supplemented with 0.05% human serum albumin (HSA, 
Sanquin). Next, cells were diluted to a concentration of 1×106 cells/ml and divided in 200 
µL/sample. Next, 20 µl supernatant, containing the C3a or C5a stimulus, was added and 
fluorescence was measured in time using a FACS Verse flow cytometer (BD). To calculate 
the amount of C3a and C5a present in the supernatants, C3a and C5a standard curves 
were made using purified C3a and C5a.
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FB binding assay
High density C3b beads (1 µL/sample, at 10 mg/mL), prepared as described above, were 
incubated with 1 µM UNbC3b-1-LH, for 30 minutes at RT, while shaking. Next, beads 
were washed to remove unbound UNbC3b-1, and incubated with directly labeled FBWT-
a488 or FBDGF-a488 (both 0.04 – 10 µg/ml), and FD (0.5 µg/mL), for 30 minutes, at 37°C, 
while shaking. Next, beads were washed and fluorescence was measured using the 
FACS Verse flow cytometer (BD).

FB cleavage assay and western blot
FB cleavage was assessed in solution and on beads. In solution: C3b (100 nM) was 
incubated with FBDGF (100 nM), FD (42.5 nM) and UNbC3b-1 (1 µM). On beads: High 
density C3b beads (4µl beads/sample) were prepared as described above and incubated 
with FBDGF (100 nM), FD (42.5 nM) and UNbC3b-1 (1 µM). Samples were incubated for 30 
minutes, at 37°C, while shaking in VBS/MgCl2 buffer. Samples were diluted 1:1 with 2× 
concentrated reducing SDS sample buffer (0.1 M Tris (pH 6.8), 39% glycerol, 0.6% SDS, 
and bromophenol blue and incubated for 5 minutes at 95°C. Samples were run on a 
4-12% Bis-Tris gradient gel (Invitrogen) for 60 minutes at 200 V. Next, proteins were 
transferred to 0.2 µM PVDF membranes (Bio-Rat), using the Trans-Blot Turbo transfer 
system (BioRad). After blotting, membranes were blocked with PBS supplemented with 
0.1% Tween-20 and 4% dried skim milk (ELK), for 1 hour, at 37°C, while on a roller bank. 
Next, blots were incubated with 1:300 diluted polyclonal goat-anti-FB (Complement 
Technology), washed and incubated with 1:10,000 polyclonal donkey-anti-goat-HRP 
(Southern Biotech), all in PBS supplemented with 0.1% Tween-20 and 1% ELK. In between 
all steps, membranes were washed 3× with PBS supplemented with 0.1% Tween. Blots 
were developed using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific), 
for 1 minutes at RT. Blots were imaged on a LAS4000 Imagequant (GE Healthcare).

SEC: nanobody interaction with C3, C3b, and C3-MA
UNbC3b-1-a488 (2.3 µM) was incubated with C3 (2.3 µM), C3b (2.3 µM), C3-MA (2.3 µM) or 
buffer (25 mM Hepes + 150 mM NaCl, pH 7.4) for 15 minutes, at RT. As controls, C3, C3b, 
and C3-MA samples were incubated with buffer instead of UNbC3b-1. Next, samples 
were filtered with a 0.22 µm Costar® SpinX tube (Corning) and 50 µL sample was loaded 
on a Superose 6 Increase 3.2/300 column (GE Healthcare), using the AKTA-Explorer (GE 
Healthcare), which measured the OD280 and OD488.
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SPR affinity determination
Binding affinity of UNbC3b-1 for C3b was assessed using a White Fox fiber optic 
surface plasmon resonance (FO-SPR) sensor (Fox Biosystems). UNbC3b-1-biotin (330 
nM) was immobilized on streptavidin FO-SPR probes (FOx Biosystems) in PBS, pH 7.4, 
supplemented with 0.01% Tween-20 (PBS-T0.01%) for 300 seconds, at 26 °C, while shaking 
at 1000 rpm. Next, probes were incubated with C3b (1.56 – 12.5 nM) in PBS-T0,01%, at 
26°C, while shaking at 1000 rpm, to allow association. After 1800 seconds, probes were 
incubated with PBS-T0,01% for 7200 seconds, at 26°C, while shaking at 1000 rpm, to allow 
dissociation. FO-SPR data were collected by FOx software (FOx Biosystems) and on- and 
off-rates were fitted using TraceDrawer, using a 1:1 model with global Bmax, global kon, 
global koff and a constant BI.

AlphaFold2 model prediction and evaluation
AlphaFold2 2.3.1 was used to generate in silico models that predict the interaction 
between UNbC3b-1 and C3b (61, 62).The software was run via the ColabFold v1.5.1 
notebook offered via Google Collaboratory. Full length sequences of C3b and UNbC3b-
1 (including the tag sequence) were submitted to ColabFold, which generated five 
models for each input. Prediction models were automatically ranked by confidence by 
the software (rank 1 = most confident). All models were initially evaluated visually using 
ChimeraX 1.6.1 (33) to confirm proper folding and common features. Next, a comparison 
of the first ranked model was made with the crystal structure of C3b (PDB 2i07) or 
C3 (PDB 2a73) using the Matchmaker tool in ChimeraX 1.6.1 (63). Once the predicted 
structure was confirmed to closely align with the crystal structure of C3b or C3, the 
location of the nanobody was evaluated.

Data analysis
Graphs were created with GraphPad Prism 9.3.0. Curves were fitted with GraphPad Prism 
9.3.0. or with Tracedrawer 1.9.2. Models of C3, C3b and obtained via AlphaFold2 were 
visualized using Chimera X 1.5 (64). Nanobody sequences were analyzed and aligned 
using PipeBio.
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ABBREVIATIONS

2YT, 2 times concentrated yeast extract tryptone medium; AF2, AlphaFold2; AMD, 
age-related macular degeneration; ANA	 , anaphylatoxin domain; AP, alternative 
pathway; bac-C3bn, bacteria opsonized with high densities of C3b molecules; BS3, 
bis(sulfosuccinimidyl)suberate; BSA, bovine serum albumin; C3-MA, C3 methylamine; 
C3(H2O), hydrolyzed form of C3; C345c/CTC, C-terminal domain; C3b-bio, C3b-PEG11-
biotin; C3G, C3 glomerulopathy; CDR, complementarity determining region; CFU/ml, 
colony forming units per mL; CP, classical pathway; CUB, C1r/C1s, Uegf, Bmp1 domain; 
DBCO, dibenzocyclooctyne; DIG, digoxigenin; EM, wells that were not inoculated with 
bacteria; ERC, European research council; FB, factor B; FBDGF, FB double gain of function 
mutant; FBWT,	 FB wildtype; FD, factor D; FH, factor H; FI, factor I; FO-SPR, fiber 
optic surface plasmon resonance; HSA, human serum albumin; IPTG, isopropylthio-β-
galactoside; IRR, nanobody with irrelevant target; KDO-N3, azide-modified keto-deoxy-
octulosonate; LB, Luria-Bertani; LD, low density; LNK, linker domain; LP, lectin pathway; 
LPS, lipopolysaccharides; MAC, membrane attack complex; MG, macroglobulin; MH-
clones, nanobodies containing a Myc- 6×His-tag; NOW, Netherlands Organisation for 
Scientific Research; O/N, overnight; PBMC, peripheral blood mononuclear cells; PBS, 
phosphate buffered saline; PBS-T, PBS supplemented with 0.05% Tween-20; PBS-T0.01%, 
PBS supplemented with 0.01% Tween-20; PER, bacterium containing an empty vector; 
peri-Nbs, nanobodies in the crude periplasmic extracts; PFA, paraformaldehyde; PNH, 
paroxysmal nocturnal hemogobinuria; QE19, polyclonal rabbit-anti-nanobody antibodies; 
QE19-a647, QE19 antibodies coupled with fluorophore Alexa 647; raE, rabbit erythrocytes; 
RT, room temperature; SEC, size exclusion chromatography; shE, sheep erythrocytes; 
shEA, sheep erythrocytes opsonized with antibodies (amboceptor); SP, serine protease; 
SPR, surface plasmon resonance; TED, thioester-containing domain; UNbC3b-1-a488, 
nanobody UNbC3b-1 labeled with fluorophore Alexa 488; UNbC3b-1-bio, nanobody 
UNbC3b-1 biotinylated; UNbC3b-1-LH, nanobody UNbC3b-1 with an LPETG-6×His tag; VBS, 
veronal buffered saline supplemented with 145 nM NaCl, at pH 7.4; VBS/Mg/EGTA, VBS 
supplemented with 5 mM MgCl2 and 10 mM EGTA; VBS/MgCl2/Tween, VBS supplemented 
with 2.5 mM MgCl2 and 0.05% Tween-20.
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TABLES

Table I: Selection strategies for phage display

# Library Round 1 Round 2

Day Llama surface  [C3b]* Negative selection surface [C3b] Negative selection

1 43 1 & 2 Plate 5.0 none Plate 0.1 C3
C5

2 1.0 none

3 Beads 0.2 C3
C5

4 2.0 C3
C5

5 99 1 & 2 Beads 4.0 none - - -

6 LD beads**
C3
C3b

- - -

7 Beads 0.1 LD beads
C3
C3b

8 0.2 LD beads
C3
C3b

9 0.8 LD beads
C3
C3b

* Plate: amount of coated C3b in µg/ml. Beads: volume of C3b-coated beads in µl
** Low density (LD) beads: density of C3b molecules is approximately 16x lower than on regular 
C3b beads.
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Table II: sources of complement proteins and inhibitors

# Component Source Company/in-house references

1 C3 Human plasma In-house (16)

2 C3b Human plasma In-house (65)

3 C3b-PEG11-biotin Human plasma In-house (15)

4 C3b-PEG4-DBCO Human plasma In-house (51)

5 C3-MA Human plasma In-house (15)

6 C3a Complement Technology

7 C3a desArg Calbiochem

8 iC3b-PEG11-biotin Human plasma In-house unpublished

9 C3c Complement Technology

10 C3dg Recombinant In-house unpublished

11 C3d Complement Technology

12 FBWT Recombinant In-house (15)

13 FBWT-a488 Recombinant In-house unpublished

14 FBDGF In-house, plasmid kind gift from Piet 
Gros

(66)

15 FBDGF-a488 Recombinant In-house unpublished

16 FD Recombinant In-house (15)

17 Bb Recombinant In-house See methods

18 C4 Complement Technology

19 C4b Complement Technology

20 C5 Recombinant In-house (57)

21 C5a Bachem, Zwitzerland

22 C5b6 Complement Technology

23 C6 Recombinant In-house (67)

24 hC3Nb1 Recombinant In-house, based on (33)

25 hC3Nb2 Recombinant In-house, based on (34)

26 hC3Nb3 Recombinant In-house, based on (35)

27 CRig Kindly provided by Genentech (south 
San Fransico, CA, USA)

(15)

28 FH Complement technology

29 Efb-C Recombinant In-house (68, 69)

30 Ecb Recombinant In-house (70)
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31 Sbi In-house unpublished

32 SCIN Recombinant In-house (20)

33 properdin Complement Technology

34 FI Complement Technology

35 MCP Pepro Tech

36 FHR5 R&D systems

37 DAF (CD55) R&D systems

38 W4A9 Genscript, based on (43)

39 Eculizumab Recombinant In-house (57)

40 BBK32 Kind gift from Brandon Garcia (44)

Supporting Figure 1: Sequence analysis of all screened clones. (A) Schematic representation 
of different clusters containing >80% sequence similarity in the CDR-H3 region. CDR-H3 amino 
acid sequences are depicted, and cluster sizes are indicated in percentages and color (the darker 
the higher the percentage). The cluster origin of the eight selected nanobodies is annotated in 
orange text. (B) The cluster size of the top 10 largest clusters are depicted in a bar-graph with the 
cumulative cluster count depicted in orange. (C) Amino acid sequence alignment of the 8 selected 
clones, with the different framework and CDR regions indicated. Phylogenetic tree indicates 
cluster relatedness and colors depict types of amino acid, using the shapely color scheme.
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Supporting Figure 2: Inhibition of complement by nanobody clones that were not selected. 
(A) AP-mediated hemolysis of 2% rabbit erythrocytes (raE) incubated with 10% human serum and 
nanobodies in different concentrations (B) CP-mediated hemolysis of 2% antibody-opsonized 
sheep erythrocytes (shEA) incubated with 2.5% human serum and nanobodies in different 
concentrations. (A-B) The OD450 of the supernatant was detected as a measure of erythrocyte 
lysis. MilliQ and buffer were taken along as controls for 100% and 0% lysis, respectively. Data 
present values of one individual experiment.

Supporting figure 3: UNbC3b-1 specifically binds to C3b, not to other complement 
components. Cross reactivity of UNbC3b-1 with other complement components. Bb, C4, C4b, C5, 
C5a, C5b6, and C6 were coated on microtiter plates, different concentrations of UNbC3b-1 were 
added, and binding was assessed using polyclonal rabbit-anti-VHH QE19 antibodies and donkey-
anti-rabbit-HRP antibodies, at an OD of 450 nm.
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Supporting figure 4: LPETG-His tag and fluorophores do not influence UNbC3b-1 binding 
and inhibition. (A) ELISA with C3 and C3b coated on microtiter plates which were incubated with 
different batches of nanobody, in different concentrations. Nanobody binding was assessed 
using polyclonal rabbit-anti-VHH QE19 antibodies and donkey-anti-rabbit-HRP antibodies, at an 
OD of 450 nm. (B) AP-mediated hemolysis of 2% rabbit erythrocytes (raE) incubated with 10% 
human serum and different batches of nanobody in different concentrations. MilliQ and buffer 
were taken along as controls for 100% and 0% lysis, respectively. (A-B) Data presented are of 
one individual experiment.

Supporting figure 5: SEC runs of C3b, C3, and UNbC3b-1. (A-C) Size exclusion chromatography 
controls with C3b (A), C3 (B), and UNbC3b-1-a488 (C) run individually on a Superose 6 Increase 
column. The OD was measured at 280 nm and 480 nm. Data presented are of one individual 
experiment.
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Abstract

The human complement system plays a crucial role in immune defense. However, 
its erroneous activation contributes to many serious inflammatory diseases. Since 
most unwanted complement effector functions result from C5 cleavage into C5a and 
C5b, development of C5 inhibitors, such as clinically approved monoclonal antibody 
eculizumab, are of great interest. Here, we developed and characterized two anti-C5 
nanobodies, UNbC5-1 and UNbC5-2. Using surface plasmon resonance, we determined a 
binding affinity of 119.9 pM for UNbC5-1 and 7.7 pM for UNbC5-2. Competition experiments 
determined that the two nanobodies recognize distinct epitopes on C5. Both nanobodies 
efficiently interfered with C5 cleavage in a human serum environment, as they 
prevented red blood cell lysis via membrane attack complexes (C5b-9) and the formation 
of chemoattractant C5a. The cryo-EM structure of UNbC5-1 and UNbC5-2 in complex 
with C5 (3.6 Å resolution) revealed that the binding interfaces of UNbC5-1 and UNbC5-2 
overlap with known complement inhibitors eculizumab and RaCI3, respectively. UNbC5-1 
binds to the MG7 domain of C5, facilitated by a hydrophobic core and polar interactions, 
and UNbC5-2 interacts with the C5d domain mostly by salt bridges and hydrogen bonds. 
Interestingly, UNbC5-1 potently binds and inhibits C5 R885H, a genetic variant of C5, 
that is not recognized by eculizumab. Altogether, we identified and characterized two 
different, high affinity nanobodies against human C5. Both nanobodies could serve as 
diagnostic and/or research tools to detect C5 or inhibit C5 cleavage. Furthermore, the 
residues targeted by UNbC5-1 hold important information for therapeutic inhibition of 
different polymorphic variants of C5.
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Introduction

The complement system is an important part of the human innate immune system 
that is involved in many different biological processes. During embryonal tissue 
development, it plays a crucial role in cell differentiation and proliferation (1–3). Later 
in life, complement is best known for its role in clearing pathogens during infection, 
but also remains involved in maintaining homeostasis, by removing apoptotic cells and 
immune complexes (4). Although the complement system is tightly regulated, unwanted 
complement activation is the root cause of a variety of diseases, including paroxysmal 
nocturnal hemoglobinuria (PNH), atypical hemolytic uremic syndrome (aHUS), and age-
related macular degeneration (AMD). Furthermore, erroneous complement activity 
contributes in more prevalent complex multifactorial diseases like systemic lupus 
erythematosus (SLE), Alzheimer’s disease, and COVID-19 (5).

The complement system can be activated via three distinct pathways: the classical 
pathway (CP), the lectin pathway (LP), and the alternative pathway (AP). Together, these 
pathways result in three major effector functions: [1] opsonization, [2] chemo-attraction 
of immune cells, and [3] direct target cell lysis (6). A central complement component is 
C5, which circulates in blood at a concentration of ±75 µg/ml (7). C5 is a 190 kDa protein, 
consisting of two disulfide linked chains (α: 115 kDa, amino acids 678-1676 and β: 75 kDa, 
amino acids 19-673) (8) and the protein contains a core of eight macroglobulin (MG) 
domains, and four other domains (‘complement C1r/C1s, Uegf, Bmp1’ (CUB), C345c, C5d 
and C5a) (8, 9). During complement activation, C5 convertases (C4b2bC3b and C3bBbC3b) 
are formed on the target surface, which cleave native C5 molecules in C5a (8 kDa) 
and C5b (181 kDa). While C5a is released in the fluid phase, where it functions as a 
chemoattractant, C5b interacts with complement proteins C6, C7, C8, and multiple 
copies of C9, forming the membrane attack complex (MAC) (6).

Since multiple (unwanted) complement effector functions result from the cleavage of C5, 
many complement inhibitors have been identified and developed to target this particular 
molecule. Human pathogens have evolved immune evasion proteins to specifically 
block the cleavage of C5. For example, Staphylococcus aureus expresses staphylococcal 
superantigen-like protein 7 (SSL7), a protein that potently binds and inhibits cleavage 
of human C5 (10). Furthermore, ticks (Ornithodoros moubata, Rhipicephalus pulchellus, 
and Rhipicephalus appendiculatus) contain C5 inhibiting proteins OmCI (11), CirpT (12), 
and RaCI1, 2, 3 (13), respectively, in their saliva. Furthermore, different snake species 
have evolved a C5-targeting molecule, called cobra venom factor (CVF) (14). This protein 
structurally resembles complement component C3b and, when bound by Bb, can interact 
with and cleave human C5 molecules.

3
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In addition to pathogen-derived C5 inhibitors, a wide variety of C5-targeting molecules, 
including monoclonal antibodies have been developed (15, 16). Of these, the best known 
is the monoclonal antibody eculizumab, that is FDA approved, and which binds to C5 
and prevents its cleavage by blocking the interaction of C5 with the C5 convertases 
(17). After the introduction of eculizumab into the clinic, a genetic polymorphism in the 
C5 α-chain was identified in a group of poor responders, where a histidine is located in 
position 885 instead of an arginine (C5 R885H) (18). The structural model of eculizumab 
and C5 revealed that Arg885 in C5 and Phe101 in eculizumab form a crucial interaction 
for binding and inhibiting C5 (19–21).

In this study, we identify and characterize two llama-derived nanobodies that specifically 
bind and inhibit human complement C5. They bind to C5 with picomolar affinities on two 
distinct epitopes. Interestingly, one of these nanobodies has an overlapping epitope 
with eculizumab and is still able to inhibit C5 R885H.

Results

Identification of two C5-targeting nanobodies that interfere with complement
To develop nanobodies targeting C5, llamas were successfully immunized with 
recombinant human C5 and nanobody phage libraries were generated (SFig. 1A & 
B). After two rounds of phage display panning, ~200 clones were produced in the 
periplasm of Escherichia coli and unpurified periplasmic fractions were used to screen 
for clones that bind C5 in ELISA or inhibit complement activity in a CP hemolysis 
assay. Based on the nanobody sequences and a CP hemolysis assay, used to screen 
for potent inhibitors (examples shown in SFig. 1C) two clones were selected to further 
characterize, denoted UNbC5-1 and UNbC5-2. UNbC5-1 (13.5 kDa) and UNbC5-2 (12.9 
kDa) are significantly distinct, with only 30% amino acid sequence similarity in their 
complementarity determining regions (CDR) (Fig. 1A). Next, UNbC5-1 and UNbC5-2 were 
purified to assess their ability to block complement activity in human serum. Using a CP 
hemolysis assay (22), we confirmed that UNbC5-1 and UNbC5-2 were potent complement 
inhibitors (Fig. 1B). Both nanobodies blocked complement-mediated lysis in a dose-
dependent manner. As controls we took along in-house produced C5 inhibitors RaCI3 
and a monoclonal IgG antibody with the same primary sequence as clinically approved 
eculizumab (Ecu-mab). The IC50 values of UNbC5-1 and UNbC5-2 are in the same range 
as that of RaCI3 (Table I). On a molar basis, Ecu-mab was roughly 3-15 times more 
potent in blocking C5 cleavage than UNbC5-1 and UNbC5-2. This might partially be 
explained by the fact that Ecu-mab has two antigen-binding domains per molecule 
and the nanobodies have only one.
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Figure 1: Identification of two C5-targeting nanobodies that interfere with complement. 
(A) Protein sequence alignment of UNbC5-1 and UNbC5-2. Frameworks 1-4 and CDRs 1-3 are 
indicated. Conserved amino acids are indicated in black and unique amino acids are indicated 
in red. (B) CP mediated hemolysis of antibody-coated sheep erythrocytes incubated with 2.5% 
normal human serum and a titration of our nanobodies UNbC5-1 and UNbC5-2 and known 
complement inhibitors RaCI3 and Ecu-mab. The OD405 values of the supernatants were measured, 
the % erythrocyte lysis was calculated using the 0% lysis (buffer) and 100% lysis (milliQ water) 
control samples. (C) CP complement activation on an IgM-coated microtiter plate, incubated 
with 4% human serum in the presence of buffer (no inhibitor) or 1000 nM inhibitor. Deposition of 
complement activation products C3b and C5b-9 on the plate was measured using specific anti-
C3 and anti-C5b-9 antibodies and HRP-coupled secondary antibodies, at OD450. C5a formation 
was measured by adding the supernatant of the reaction to a microtiter plate coated with C5a 
capture antibodies and C5a was detected with a specific C5a detection antibody and HRP-coupled 
secondary antibodies, at OD450. Data points were normalized to the maximum levels of C3b and 
C5b-9 deposition and to the maximum levels of C5a formation when no inhibitor was added. (D) 
Nanobody binding to complement protein C5 and not homologs C3 and C4. Microtiter plates were 
coated with complement proteins and incubated with increasing concentrations of UNbC5-1 and 
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UNbC5-2. Nanobody binding was measured using polyclonal rabbit-anti-VHH QE19 antibodies 
and donkey-anti-rabbit-HRP antibodies, at an OD of 450 nm. Coating with PBS was taken along 
as a negative control. Data information: (A) sequences were aligned using T-coffee (44). (B-D) 
Data represent mean ± SD of 3 individual experiments (B & D) curves were fitted and IC50 and 
EC50 values were obtain.

To confirm that UNbC5-1 and UNbC5-2 block complement at the level of C5, we assessed 
their capacity to block different steps of the complement reaction. Using an ELISA-based 
complement activity assay (23), we observed that neither UNbC5-1 nor UNbC5-2 affect 
the initial steps of complement activation since there is no inhibition of C3b deposition 
on IgM-coated microtiter plates that were incubated with serum (Fig. 1C). However, 
UNbC5-1 and UNbC5-2 can prevent the formation of deposited C5b-9 complexes and the 
release of C5a into the supernatant. Thus, we show that UNbC5-1 and UNbC5-2 block 
complement activity at the level of C5 cleavage. Consistent with this finding, UNbC5-1 
and UNbC5-2 could also prevent complement-mediated hemolysis by the alternative 
pathway (SFig. 1D).

To assess whether UNbC5-1 and UNbC5-2 are indeed specific for C5, we studied the 
binding to complement proteins C3 and C4, which share sequence and structural 
homology with C5 (24). In ELISA, UNbC5-1 and UNbC5-2 showed a dose-dependent 
binding to C5, while no cross-reactivity with C3 or C4 was observed (Fig. 1D). UNbC5-1 
and UNbC5-2 bind C5 with EC50 values of 0.38 ± 0.2 and 0.12 ± 0.01 nM, respectively (Table 
I). Altogether these data show that UNbC5-1 and UNbC5-2 are C5-specific nanobodies 
that can interfere with complement activity.

Table I. IC50 and EC50 values for UNbC5-1, UNbC5-2, Ecu-mab and RaCI3 for inhibiting 
complement activity and binding complement C5

Inhibitor IC50 (nM)
CP

EC50 (nM)
C5 WT

EC50 (nM)
C5 R885H

UNbC5-1​ 137 ± 83 0.38 ± 0.20 1.5 ± 0.4

UNbC5-2 24 ± 15 0.12 ± 0.01 22.4 ± 17.0

Ecu-mab​ 9 ± 4 0.05 ± 0.01 ND

RaCI3 42 ± 8 - -

Binding and inhibition curves were fitted using the GraphPad Prism 9.3.0 function “[inhibitor] 
vs. normalized response – variable slope” & “Asymmetrical Sigmoidal, 5PL, X is concentration”. 
IC50 and EC50 values were calculated for 3 individual experiments, using the fitted curves and SD 
were determined.
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UNbC5-1 and UNbC5-2 bind C5 with picomolar affinity and recognize distinct 
epitopes
Next, we used surface plasmon resonance (SPR) to determine the affinities of UNbC5-
1 and UNbC5-2 for C5. Briefly, biotinylated nanobodies were coupled to streptavidin 
coated biosensors and a kinetic titration with C5 was performed to determine kon 
rates (Table II). Next, a dissociation step was performed to measure koff rates and KD 
values were calculated. UNbC5-1 binds C5 with a KD of 119.9 pM (Fig. 2A) and UNbC5-
2 binds C5 with a kD of 7.7 pM (Fig. 2B). As a reference, we took along Ecu-mab and 
measured a C5 binding affinity of 104 pM, which is in the same range as the published 
affinity of eculizumab (17.6-120 pM) (SFig. 2) (19, 25, 26). To assess whether the two 
nanobodies bind overlapping epitopes, we performed competition experiments by ELISA. 
C5-coated microtiter plates were incubated with Myc-labeled UNbC5-1 (UNbC5-1-Myc) 
in the presence or absence of unlabeled UNbC5-2. After washing, binding of UNbC5-1-
Myc to C5 was quantified. We observed that the presence of UNbC5-2 did not affect 
binding of UNbC5-1-Myc to C5 (Fig. 2C). As a control, we showed that UNbC5-1 was able 
to compete with UNbC5-1-Myc. These data indicate that UNbC5-1 and UNbC5-2 can bind 
C5 simultaneously and not compete for the same epitope.
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Figure 2: UNbC5-1 and UNbC5-2 bind C5 with picomolar affinity and recognize distinct 
epitopes. (A-B) SPR curves with UNbC5-1-biotin (biotinylation method [2]) (A) and UNbC5-2-biotin 
(biotinylation method [1]) (B) as a ligand and C5 as an analyte at concentrations of 12.5, 6.25, 
3.13, 1.56, and 0.78 nM, evaluated over 4000 seconds. Experimental data is shown in black, and 
model fit in orange. (C) Competition ELISA with C5-coated microtiter plates incubated with 5 nM 
NbC5-1-Myc and a titration of untagged UNbC5-1 or UNbC5-2. Binding of UNbC5-1-Myc to C5 was 
measured using anti-Myc antibodies and an HRP-coupled secondary antibody, at OD450. Data was 
normalized on maximum binding of UNbC5-1-Myc, measured when no untagged nanobody was 
added. Data information: (A-B) Experiments were carried out in duplicate as individual experiments 
at 25˚C. (C) Data represent mean ± SD of 3 individual experiments.

Table II. Binding affinities of UNbC5-1, UNbC5-2 and Ecu-mab for complement C5

Nanobody kon ( M-1s-1)x 105​ koff (s-1)x 10-6 KD (pM)​

UNbC5-1​ 2.713 ± 0.002 3.254 ± 0.06 119.9 ± 0.2​

UNbC5-2 2.937 ± 0.008 0.227 ± 0.03 7.7 ± 0.1​

Ecu-mab​ 3.661 ± 0.003​ 3.810 ± 0.10 104.0 ± 0.4

Nanobody and Ecu-mab affinities were determined by SPR using C5 as analyte and nanobodies and 
Ecu-mab as a ligand. All measurements were performed in duplicate. Kinetics were determined 
using Scrubber 2.0 (BioLogic Software).
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Cryo-EM structures of UNbC5-1 and UNbC5-2 in complex with C5
To obtain structural insights into the nanobody binding sites and inhibitory mechanisms, 
we determined the structure of both non-overlapping nanobodies in complex with 
C5, using single-particle cryo-EM. The micrographs collected showed well-distributed 
particles in vitreous ice (SFig. 3A). Image processing was performed in CryoSPARC 
v3.3/3, where the 2D classification already showed secondary structural features of 
C5 in complex with both nanobodies (SFig. 3B). 3D classification and refinement of 
the cryo-EM density map led to an overall map resolution of 3.6 Å, which allowed 
the subsequent model building of the C5:UNbC5-1:UNbC5-2 structure (SFig. 3C). The 
structure was built using the previously described C5 crystal structure (3CU7) and 
AlphaFold generated nanobody models (9, 27). The final refinement of the structure 
in Phenix 1.20.1 showed acceptable model statistics and stereochemistry (Table III). 
SFig. 4A & B show the maps and the resulting models for both C5:nanobody interfaces. 
Due to a lack of density, the C-terminal C345c domain could not be modeled. A similar 
flexibility of this C-terminal domain was observed in other C5 cryo-EM structures (9, 12), 
and the different arrangement of C345c in different crystal structures (9, 10, 13, 19, 28).

Overall, analysis of the C5 molecule in the C5:UNbC5-1:UNbC5-2 structure revealed 
interesting differences compared to the C5 crystal structure with pdb 3CU7 (Fig. 3B, 
left panel). Most apparent was the different arrangement of the C5a containing the C5 
cleavage site, Arg751 – Leu752. While residues Asp746 – Met754 are disordered in native 
C5 (pdb 3CU7), they adopt a helical conformation in the C5:UNbC5-1:UNbC5-2 structure, 
internalizing the cleavage site, Arg751 (Fig. 3B, right panel). Moreover, our C5 structure 
also slightly deviates from the structure of C5 bound to CVF (pdb 3PVM) (SFig. 5A) 
(13, 19, 28, 29), with the most apparent differences found in C5a, similar as described 
above for native C5 (SFig. 5B). Interestingly, the conformation of C5 in complex with our 
nanobodies is similar to those observed for C5 in complex with eculizumab-Fab (pdb 
5I5K) and OmCI-RaCI3 (pdb 5HCC) (SFig. 5C). In all these structures the scissile loop 
in the C5a domain adopts a similar helical conformation (SFig. D). In conclusion, the 
differences between the structure of C5:UNbC5-1:UNbC5-2 and native C5 are similar to 
the previously described C5 structures in complex with known inhibitors.

Binding Interfaces
UNbC5-1 and UNbC5-2 bind to the C5 α-chain on opposite domains and with a different 
epitope-paratope architecture (Fig. 3A). C5:UNbC5-1 displays a binding interface 
consisting of a hydrophobic core surrounded by polar interactions, whereas the 
C5:UNbC5-2 interface is mostly formed by salt bridges and hydrogen bonds.

3
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The interface between C5 and nanobody UNbC5-1 buried a total area of 1,535 
Å2(30). UNbC5-1 binds to domain MG7 in C5. This domain is considered a known target 
for inhibitory molecules for C5 and its homologous complement proteins C4b and C3/
C3b. Reported inhibitors that target this domain in C5 are antibody eculizumab (and 
its derivatives) (19), while nanobodies NbE3 and hC4Nb8 (22, 31) target domain MG7 in 
C4b, and nanobody hC3Nb1 (32), targets domain MG7 in C3/C3b. In addition, proposed 
convertase models (SCIN-convertase (pdb 2WIN), and CVF-C5 (pdb 3PVM)) suggest the 
involvement of this domain in the convertase-substrate interaction (29, 33). Nanobody 
UNbC5-1 binds to the connecting loops of the four-stranded antiparallel β-sheet in 
the MG7 domain in C5 (Fig. 3C & D). Most of the interface in UNbC5-1 is formed by 
the extended CDR3, with limited contribution of CDR1 and 2. Residues Tyr101 – Ile104, 
of the CDR3 loop, form a hydrophobic core that interacts with three of C5-MG7 loops 
with residues Met853, Val888, Trp917, and Phe918. Furthermore, nanobody residues, 
Arg105 forms a cation-π interaction with residue Trp917 in C5 (Fig. 3C). The paratope 
architecture is also maintained by residues Tyr32 of CDR1 and Tyr101 of CDR3 that 
sandwich Phe100 of CDR3, where Tyr101 interacts with C5-MG7 residue Lys887 (Fig. 
3D). Additionally, CDR3 residues Arg107 and Asp113 form salt bridges with Glu915 and 
Arg885 of C5-MG7, respectively (Fig. 3C). Finally, CDR1 helps to stabilize the interface 
with interactions between CDR1 Asp31 and MG7 Thr850. CDR2 may also contribute to the 
interface due to its backbone proximity to C5-MG7, nevertheless sidechain interactions 
cannot be assigned unambiguously.

The C5:UNbC5-2 buried a surface area of 1,084 Å2 (30). The C5 binding epitope of UNbC5-2 
comprises residues of several α-helices and loops of the C5d domain (Fig. 3E). Similar as 
the MG7 domain, the C5d domain is targeted by multiple complement inhibitors, including 
OmCI and RaCI3 (13). The C5 interface is formed by the three CDRs of the nanobody, with 
a major contribution of CDR3. Residue Ile57 of CDR2 interacts with a hydrophobic patch 
formed by residues Pro1160 – Val1162 in C5d. Additionally, some electrostatic interactions 
are formed between C5d residue Lys1091 and residue Glu99 of CDR3, and C5d residue 
Asp1165 with Arg103 from CDR3. Moreover, hydrogen bond interactions are formed 
between Arg101 from CDR3 and C5d-residue Leu1197, and between C5d residue Asp1157 
and the backbones of Pro100 and Arg101 of CDR3. Additionally, the backbone of Asp1157 
also interacts with residue Thr33 of CDR1. Other observed interactions are C5d residue 
Gln1097 and residue Asn54 of CDR2 and stacking of residue Arg103 with Phe1156 of C5d.
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Figure 3: Cryo-EM structures of UNbC5-1 and UNbC5-2 in complex with C5. (A) Cryo-EM 
density map of the C5:UNbC5-1:UNbC5-2 complex at 3.6 Å resolution, with C5 colored in gray, 
UNbC5-1 in green, and UNbC5-2 in orange. (B) Comparison of the C5 structure excluding the C345c 
domain (3CU7, blue) to the C5 of the C5:UNbC5-1:UNbC5-2 structure (grey). Left panel shows both 
structures in cartoon representation, superimposed and aligned by the C5 MG-ring. Domains 
C5a, C5d, and CUB of the C5:UNbC5-1:UNbC5-2 structure shows a displacement when compared 
to the C5 structure. Right panel shows a zoom in of the domain C5a reoriented and aligned, both 
structures with residue R751 showed as sticks in orange for the C5:UNbC5-1:UNbC5-2 structure 
and in cyan for C5 (3CU7). (C-E) Zoom in on the C5 interface with nanobodies UNbC5-1 (C, D), 
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and UNbC5-2 (E), in the same colors introduced in panel A. Amino acids that likely contribute to 
the interface are shown as sticks representation and annotated. Data information: (A) Cryo-EM 
density map visualized in ChimeraX and (B-F) figures produced in PyMOL from refined structure.

The C5-binding interface of UNbC5-2 partly overlaps with RaCI3
The UNbC5-2 interface in C5 is close to that of RaCI3, therefore we next compared the 
structure of C5:UNbC5-1:UNbC5-2 with C5-OmCI-RaCI3 (pdb 5HCC) (Fig. 4A). RaCI3 binds 
to the cleft formed by domain MG1, MG2 and C5d, interacting with all 3 domains of C5 
(13). A detailed comparison revealed six overlapping residues between the UNbC5-2 and 
RaCI3 interfaces on C5d (Fig. 4B) (13). In contrast to the C5-RaCI3 interactions, which 
are mostly driven by extensive van der Waals interactions and hydrogen bonds, the 
C5:UNbC5-2 interface include hydrophobic interactions with residues Pro1160 – Val1162, a 
hydrogen bond with Gln1097 and a salt bridge with residue Asp1165 of C5d. To investigate 
whether UNbC5-2 and RaCI3 can bind C5 simultaneously, we performed an SPR assay. 
Here we used a Fab domain with the same primary sequence as the Fab domain of 
eculizumab (Ecu-Fab) as a bait to capture C5 and sequentially injected RaCI3 and UNbC5-
2. As expected, we measured association of C5 and RaCI3 (Fig. 4C). Interestingly, there 
was no increase in signal when UNbC5-2 was added. This indicates that UNbC5-2 and 
RaCI3 cannot bind C5 together. To conclude, the structural model and SPR assay indicate 
that the binding epitopes of UNbC5-2 and RaCI3 on C5 partially overlap and that both 
inhibitors cannot bind C5 simultaneously.

UNbC5-1 competes with eculizumab on binding the MG7 domain of C5
A comparative analysis of C5-eculizumab-Fab and C5:UNbC5-1:UNbC5-2, showed an 
extensive overlap of both the eculizumab-Fab and UNbC5-1 epitope (Fig. 5A), with 
6 overlapping residues (Fig. 5B). The eculizumab-Fab epitope extends through the 
antiparallel β-strands of the C5-MG7 domain, while the UNbC5-1 epitope is shifted 
downwards and binds part of the β-strands and their connecting loops (19). eculizumab 
binds the critical C5 residue Arg885 through a hydrophobic core formed by eculizumab 
residues Trp33, Phe101 and Trp107 (21). Instead, UNbC5-1 forms a salt bridge with C5-
Arg885, at the edge of the epitope interface (Fig. 3D). Both, UNbC5-1 in our structural 
data and biochemical data with eculizumab (21), show interactions with C5-residues 
Trp917, Arg885 and Lys887, indicating a binding overlap for both inhibitors (19, 21). To 
confirm with an in vitro experiment that UNbC5-1 competes with eculizumab for C5 
binding, we performed a competition ELISA. Briefly, we coated C5 and measured binding 
of UNbC5-1 in the presence of a titration of Ecu-mab. As a negative control we added 
RaCI3 instead of Ecu-mab. Consistent with the structural data, we observed a decrease 
in UNbC5-1 binding in the presence of Ecu-mab, but not with RaCI3 (Fig. 5C).
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Figure 4: The C5-binding interface of UNbC5-2 partially overlaps with RaCI3. (A) Superposition 
of the C5:UNbC5-1:UNbC5-2 and the C5-RaCI3 complex in surface representation with UNbC5-2 in 
orange, RaCI3 in yellow, most of the C5 domains in light gray, MG1 in medium gray and C5d in dark 
gray. (B) Left panel shows a 45˚ rotation view of panel A, where footprint of epitopes of UNbC5-2, 
RaCI3 and their overlapping residues (red) are colored according to panel A. Right panel shows a 
zoom in of UNbC5-2 and RaCI3 epitopes where overlapping residues are annotated. (C) Competition 
SPR between UNbC5-2 and RaCI3. Ecu-Fab was used as a bait, followed up by injections of 100nM 
C5, RaCI3 and UNbC5-2, at time points 60, 360, and 900 seconds, respectively. Injection of RaCI3 
shows binding to C5 bound to Ecu-Fab. Additionally, sequential injection of UNbC5-2 at 900 seconds 
showed no signal increase, denoting competition. Figure also shows a zoom-in of RaCI3 and 
UNbC5-2 injections from time 0 to 1500 seconds where RU 300-380 are shown. Data information: 
(A, B) Figures produced in PyMOL.(C) Experiments performed in duplicate.
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Figure 5: UNbC5-1 competes with eculizumab in binding to the MG7 domain of C5. (A) 
Superposition of the C5:UNbC5-1:UNbC5-2 and the C5-eculizumab-Fab complex structure. Surface 
representation shows epitope overlap between UNbC5-1 and eculizumab-Fab. UNbC5-1 is shown 
in green, UNbC5-2 in orange, eculizumab-Fab in blue, most domains of C5 in light gray and 
domain MG7 in dark gray. (B) Left panel shows a 45˚ rotation of panel A. Right panel shows a 
zoom in of the epitope of UNbC5-1 (green) and eculizumab-Fab (blue) on the MG7 domain (dark 
grey) with an extensive overlap (pink) of the epitope between the interface of both molecules 
in C5. The overlapping amino acids for both interfaces are indicated, with residue R885 in bold. 
(C) Competition ELISA with C5-coated microtiter plates incubated with 300 nM UNbC5-1 and a 
titration of Ecu-mab or RaCI3 (5.49-4000 nM, 3-fold). Binding of UNbC5-1 to C5 was measured 
using polyclonal rabbit-anti-VHH QE19 antibodies and donkey-anti-rabbit-HRP antibodies, at OD 
450 nm. Data information: (A, B) Figures produced in PyMOL, (C) Data represent mean ± SD of 4 
individual experiments.
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UNbC5-1 and UNbC5-2 bind and inhibit the human C5 variant R885H and are not 
cross-reactive with murine C5
Next, we wondered if UNbC5-1 could recognize the genetic variant C5 R885H (18), that is 
not targeted by eculizumab. First, we coated microtiter plates with C5 WT and C5 R885H, 
added UNbC5-1 or Ecu-mab and measured their binding. As described for eculizumab 
(18, 20), we observed in ELISA and SPR that Ecu-mab binds C5 R885H poorly (Fig. 6A & 
SFig. 6A). Interestingly, UNbC5-1 binds C5 R885H efficiently (Fig. 6B & Table I), with a 
binding affinity of 15.5 nM (SFig. 6B). This affinity is roughly 100× lower compared to the 
affinity for C5 WT, which confirms that residue 885 is involved in the binding interface 
of UNbC5-1 and C5, but is not crucial for its interaction, like it is for eculizumab. 
Next, we assessed whether UNbC5-1 was also able to prevent complement-mediated 
erythrocyte lysis with C5 R885H. To assess this, we incubated antibody-coated sheep 
erythrocytes with C5 depleted serum, repleted with physiological concentrations of 
C5 WT or C5 R885H. Consistent with the binding data, we observed that Ecu-mab 
failed to inhibit complement activity via C5 R885H (Fig. 6C). On the contrary, UNbC5-1 
inhibits complement activity with C5 R885H and C5 WT to a similar extent (Fig. 6D). 
Furthermore, for UNbC5-2, which binds C5 to an epitope unrelated to amino acid 885, 
we also observed similar binding efficiencies in ELISA (SFig. 6C). Next, we show that 
UNbC5-2 inhibits complement mediated lysis with comparable potencies using C5 R885H 
and C5 WT (SFig. 6D). Finally, we assessed if UNbC5-1 and UNbC5-2 are cross-reactive 
with murine C5. Therefore, we performed an AP erythrocyte lysis assay with rabbit 
erythrocytes and mouse serum. Next to control C5-inhibitors Ecu-mab and RaCI3, we 
included SSL7, a C5 inhibitor that is described to be cross-reactive with murine C5 (34). 
UNbC5-1 and UNbC5-2 did not prevent erythrocyte lysis with murine serum (SFig. 6E). 
As expected SSL7 potently inhibited erythrocyte lysis with murine serum, while RaCI3 
only inhibited in the two highest concentrations tested and Ecu-mab did not inhibit 
at all. A sequence alignment of human and murine C5 confirmed that cross-reactivity 
would be unlikely, since multiple amino acids involved in the C5:nanobody interfaces are 
different in C5 from mouse compared to C5 from human (SFig. 6F). Altogether, these 
data show that UNbC5-1 and UNbC5-2 bind and inhibit human C5 WT and the genetic 
variant C5 R885H, but are not cross-reactive with murine C5.
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Figure 6: UNbC5-1 binds and inhibits C5 variant R885H. (A-B) Binding of Ecu-mab (A) and 
UNbC5-1 (B) to C5 WT and C5 R885H, using C5 WT- or C5 R885H-coated microtiter plates, incubated 
with increasing concentrations of Ecu-mab or UNbC5-1. Binding was assessed with a monoclonal 
anti-human-kappa antibody (A) or polyclonal rabbit-anti-VHH QE19 antibodies (B) and donkey-anti-
rabbit-HRP secondary antibodies (A, B), at OD450. (C-D) CP mediated hemolysis of antibody-coated 
sheep erythrocytes incubated with 2.5% C5 depleted human serum, repleted with physiological 
concentrations of C5 WT or C5 R885H and a titration of Ecu-mab (C) or UNbC5-1 (D). The OD450 
values of the supernatants were measured, and the % erythrocyte lysis was calculated using a 
0% (buffer) and 100% (milliQ water) control sample. Data information: (A-D) Data represent mean 
± SD of 3 individual experiments and curves were fitted.
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Discussion

With the identification of UNbC5-1 and UNbC5-2 as specific, high affinity C5 targeting 
nanobodies, this study adds two new C5 inhibitors to the field. We determined the 
structure of C5 in complex with both nanobodies UNbC5-1 and UNbC5-2 simultaneously 
to identify their binding interfaces and potentially get insight into the modes of action. 
This approach was chosen for experimental efficiency and was performed similarly for 
C5 in complex with inhibitors CirpT, OmCI, and RaCI1, 2, 3 (12, 13).

For UNbC5-1, the mode of action is likely similar to that of eculizumab, since both the 
cryo-EM structure and competitive binding experiment, reveal overlapping C5-binding 
sites. For eculizumab it was suggested that binding to the MG7 domain sterically hinders 
the interaction between C5 and the C5 convertase, preventing C5 cleavage (19).

For UNbC5-2, the inhibitory mechanism is less evident. Because the binding interface 
of UNbC5-2 partially overlaps with RaCI3 (13), the inhibitory mechanism could be similar 
to RaCI. For the RaCI family it is suggested that binding to C5d (together with OmCI), 
induces a conformational change in C5 in which the disordered and exposed scissile 
loop (residues Asp746 – Met754) is altered into an ordered α-helix with the cleavage site 
(Arg751 – Leu752) unavailable for C5 cleavage (13, 19, 28, 35). As observed for eculizumab-
Fab (derived from mice (19)), OmCI-RaCI3 (derived from ticks (13)) and knob K92 (derived 
from cows (28)), our llama-derived nanobodies similarly induce a conformational change 
that leads to the formation of an ordered scissile loop in C5a. The formation of an 
α-helix is comparable to the conformational change described for small molecule 
inhibitor (compound 7), which directly interacts with the scissile loop in C5a (36). Since 
we generated a combined structure with both nanobodies, it is impossible with our data 
to attribute this proposed mechanism of inhibition to either UNbC5-1 or UNbC5-2, or 
both. Nevertheless, this structural change in C5 has been suggested to be part of the 
inhibitory mechanism for the RaCI family, and more recently also for knob K92 (28). This, 
together with our data, suggests that this partial molecular movement of the α-chain 
and helical rearrangement of the scissile loop is a common inhibitory mechanism that 
can be triggered by various C5-inhibitors from different sources and targeting different 
epitopes across the molecule (12, 19, 28).

Although eculizumab is proven to be an effective therapy in controlling diseases like 
aHUS, a drawback is therapy resistance in a small proportion of patients with C5 
polymorphism (18). This was explained by the fact that the interaction of eculizumab 
with the Arg885 residue is essential for binding (21). Interestingly, we observed that 
UNbC5-1 can bind and can inhibit the R885H variant of C5. Even though UNbC5-1 does 
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interact with Arg885, the structure suggests that mutation of Arg885 into a histidine 
has less impact on the C5:UNbC5-1 interface, because Arg885 interacts mostly with 
a polar patch (formed by residues Glu915 of MG7, and Arg107 and Asp113 of CDR3 at 
the edge of the interface) and a His-885 variant could probably still establish a polar 
interaction. In contrast, Arg885 extends into a hydrophobic pocket in the eculizumab 
interface surrounded by bulky sidechain amino acids such as Trp33, Phe101, and Trp107 
where a histidine sidechain might be too small to extend inward and interact, therefore 
disrupting the core interaction of the interface (19, 21). We propose that the detailed 
binding interface of UNbC5-1 and C5 is a good starting point to further optimize 
reactivity of UNbC5-1 towards the genetic variant of C5 R885H and obtain more insight 
in the requirements for efficient C5 inhibition in general.

In the last decades, diverse C5 targeting molecules have been identified and developed, 
including monoclonal antibodies, single domain antibodies, small molecules, nucleic 
acid-based therapies, pathogen derived proteins and peptides, but no nanobodies (16). 
In contrast, nanobodies against other complement components (C1q (37), C3 (32, 38, 39), 
C4 (22, 31), properdin (40, 41)) and a complement receptor (CRIg (42, 43)) were previously 
identified. The use of nanobodies as therapeutic molecules has gained increasing 
interest in many different fields, especially since the successful introduction of the 
first nanobody in the clinic, Caplacizumab (targeting plasma protein von Willebrand 
factor) (44). Compared to conventional antibodies, nanobodies lack an Fc-tail to activate 
the immune system, which is favorable when complement inhibition is the goal. At the 
same time, the lack of an Fc-tail shortens the half-life of nanobodies in circulation, while 
improving tissue penetration. In addition to their therapeutic potential, nanobodies are 
increasingly used as tools in research and diagnostics because they are easy to produce 
and label with for example fluorophores (45, 46) or to conjugate to solid matrixes for 
chromatography (47). Also, the presented C5-specific nanobodies could be developed 
for specific detection of C5 in complex biological specimens or for affinity purification 
of C5 from human plasma. Furthermore, their inhibitory action makes them suited as 
tools to inhibit the complement system at level of C5 cleavage, thereby studying the 
role of complement in diseases.

To conclude, in this study we developed and characterized two anti-C5 nanobodies 
that bind C5 with picomolar affinities and efficiently inhibit complement at the level 
of C5 cleavage. Both nanobodies can be used to detect C5 and inhibit C5 cleavage for 
diagnostic and/or research purposes. Finally, both nanobodies have the potential to be 
further developed for therapeutic purposes and detailed binding interfaces obtained 
here could help to further develop high affinity C5 inhibitors that are reactive to 
different genetic variants of C5.
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Experimental procedures

Serum, proteins and complement inhibitors
Normal human serum was obtained from a pool of healthy donors as previously 
described (48). C5 depleted serum was obtained from Complement Technology. 
Complement protein C3 was isolated and purified from freshly obtained human plasma, 
as described before (49). Complement protein C4 was obtained from Complement 
Technology. Complement proteins C5 WT (unless stated differently) and C5 R885H and 
complement inhibitor RaCI3 were recombinantly produced and purified in our lab, using 
EXPI293F cells.

C5 WT and C5 R885H
For C5 expression, we used the pcDNA 3.4 TOPO™ vector (ThermoFisher Scientific). 
This vector was made circular by inserting a multiple cloning site (pcDNA34-MCS) 
using the pcDNA 3.4 TOPO™ TA cloning kit (ThermoFisher Scientific). The XbaI and 
AgeI restriction sites, adjacent to the original pcDNA34-TOPO site, were used to 
clone the Cystatin(S) signal peptide (coding for MARPLCTLLLLMATLAGALA) with an 
upstream KOZAK (ACCACC) sequence and a downstream NheI and NotI cloning site, 
followed by a C-terminal sequence coding for a linker (GGGGS), an LPETGG site and 
a 6x Histidine tag (pcDNA34-Cystatin(S)-Linker-LPETG-HIS vector). The 13 and 15 bp 
sequences, adjacent to the XbaI and AgeI site and the original pcDNA34-TOPO site, 
were left intact. Subsequently, the C5 gene (a kind gift from U-Protein Express, 
Utrecht) without start and stop codon was cloned into this vector, using the NheI and 
NotI sites (Table IV). For cloning the C5-R885H mutant, we used overlap extension 
PCR to introduce the R885H mutation using the pcDNA34-Cystatin(S)-C5-Linker-
LPETG-HIS vector as a template. Primers used: 5-XbaI: 5’GACCGATCCAGCCTCCGG 
ACTCTAGAGGATCGAAC & 3-R885H: 5’ GAGCCCTCTACTTTCTGGTGCACACAT TTGGAGGACTTTG 
combined with 5-R885H: CTCCAAATGTGTGCACCAGAAAG TAGAGGGCTCCTC & 3-AgeI: 5’ 
GATATCAAACTCATTACTAACCGGTAGGGATC GAAC, with R885H mutations depicted in bold. 
The final C5-R885H PCR product was cloned into the XbaI and AgeI site of the pcDNA34-
MCS vector using Gibson assembly (New England Biolabs). After verification of the 
correct sequences, the C5 and C5-R885H plasmids were used to transfect EXPI293F 
cells (ThermoFisher Scientific). EXPI293F cells were grown in EXPI293 medium (Life 
Technologies) in culture filter cap Erlenmeyer bottles (Corning) on a rotation platform 
(125 rotations/min) at 37°C, 8% CO2. One day before transfection, cells were diluted to 
2x106 cells/ml. The next day, cells were diluted to 2x106 cells/ml using SFM4Transfx-293 
medium, containing UltraGlutamine I (VWR International) prior to transfection using PEI 
(Polyethylenimine HCl MAX; Polysciences). Therefore, 0.5 µg DNA/ml cells, containing 
50% empty pcDNA34-MCS “dummy” vector, was added to Opti-MEM (1:10 of total volume; 
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Gibco) and gently mixed. After adding PEI (1 µg/ml) in a PEI/DNA (w/w) ratio of 5:1, 
the mixture was incubated at room temperature for 20 min and then added dropwise 
to the cells while manually rotating the Erlenmeyer culture bottle. After 3 to 5 h, 1 
mM valproic acid was added to the transfected cells. After 5 days of expression, the 
cell supernatant was collected by centrifugation and filtration (0.45 µM). C5 and C5-
R885H supernatants were concentrated and buffer exchanged to 25 mM Hepes, 500 mM 
NaCl, 5 mM benzamidine, pH8.2 using the QuixStand benchtop system (Ge Healthcare) 
and 25 mM imidazole was added before application to a HiTrap Chelating column (GE 
Healthcare). The column was washed with 50 mM imidazole, before C5 and C5-R885H 
were eluted using 175 mM imidazole using the Äkta Pure protein chromatography system 
(GE Healthcare). C5 and C5-R885H were dialyzed to PBS and stored at -80°C.

RaCI 3
For RaCI 3 expression, a RaCI 3 gBlock was cloned into the NheI/NotI site of our pcDNA34-
Cystatin(S)-LPETG-HIS vector (Table IV). This vector was cloned as described for C5 WT, 
with the exception that this pcDNA34 construct lacks the GGGGS linker. After verification 
of the correct sequence, the plasmid was used to transfect EXPI293F cells, as described 
for the expression of C5 WT and C5 R885H. A total of 1 µg DNA/ml of cells was used. RaCI 
3 was isolated using a HISTrap FF column (Cytiva, GE Healthcare) in the Äkta Pure protein 
chromatography system (GE Healthcare), according the manufacturer’s description. 
Before application to the column, the supernatant was dialyzed against 50 mM Tris, 
500 mM NaCL, pH8.0 and 30 mM imidazole was added to reduce aspecific binding. RaCI 
3 protein was eluted from the column via a 30 to 250 mM imidazole gradient. Fractions 
containing protein were collected and dialysed against 50 mM Tris/300 mM NaCl, pH8.0.

Ecu-mab and Ecu-Fab
A human IgG2/4 monoclonal antibody with the same primary sequence as clinically 
approved eculizumab, denoted as Ecu-mab, was produced and purified in our lab. 
Briefly, the heavy and light chain variable plus constant region amino acid sequences of 
eculizumab (17) were from patent (WO2017044811A1). gBlocks containing codon optimized 
sequences of the VH + constant & VL + constant region with an upstream KOZAK and 
HAVT20 signal peptide were cloned into the XbaI/AgeI site of the pcDNA34-MCS vector, 
using Gibson assembly (New England Biolabs) (Table IV). After verification of the correct 
sequence, plasmids were used to transfect EXPI293F cells (Thermo Fisher Scientific), 
as described for the expression of C5 WT and C5 R885H, with the only exception that 
1 µg DNA/ml of cells was used with a ratio of light chain:heavy chain of 3:2. Ecu-mab 
was purified using a HiTrap Protein A column (GE Healthcare) and the ÄKTA Pure (GE 
Healthcare), according to the manufacturer’s description. Ecu-mab fractions were pooled 
and dialyzed against PBS. The Ecu-mab preparation was analyzed by gel filtration on a 
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Superdex 200 10/300 GL column (GE Healthcare) and stored at -20°C when >95% of Ecu-
mab appeared as monomeric antibody. For Ecu-Fab (a Fab domain with the same primary 
sequence as the Fab domain of eculizumab), the light chain vector was similar as used 
for Ecu-mab IgG. The heavy chain constant region of Ecu-Fab ends with the amino acid 
sequence EPKSC, followed by a flexible linker (GGGGS), LPETG site and a 6x histidine tag. 
The gBlock containing the codon optimized sequence of the VH + constant Fab region 
with an upstream KOZAK and HAVT20 signal peptide was cloned into the XbaI/AgeI site 
of the pcDNA34-MCS vector, using Gibson assembly (New England Biolabs) (Table IV). 
The expression of Ecu-Fab in EXPI293 cells was similar as described for Ecu-mab IgG. 
The expression supernatant was dialyzed against 50 mM Tris, 500 mM NaCl, pH8.0 and 
30 mM imidazole was added before application to a HISTrap column (GE Healthcare). 
Elution of Ecu-Fab was performed by a gradient of 30 to 250 mM imidazole. Isolated 
Ecu-Fab was dialyzed against PBS and stored at 4°C and -80°C.

Llama immunization, phage library, phage display & periplasmic fractions
Two llamas (lama glama) were immunized with recombinant human C5 (WT). Phage 
display libraries were produced according to standard protocols (50). Briefly, cDNA was 
generated from RNA isolated from llama peripheral blood mononuclear cells (PBMCs). 
Nanobody-encoding genes were cloned into a phagemid pPQ81 vector (a derivative of 
pHEN1 (51)), and two phage display libraries with estimated sizes of 108 clones/library 
were generated. To select C5 binding nanobodies, we produced phages and performed 
two rounds of phage display, according to standard procedures (52, 53), with the antigen 
immobilized on Nunc Maxisorp plates (VWR 735-0083, Thermo Fisher Scientific) in 
different concentrations (round 1: 0.5 and 5.0 µg/ml, round 2: 0.1 and 1.0 µg/ml) to 
have diversity in stringency. Phages (~1010 CFU/well round 1 and ~109 CFU/well round 2) 
were added for 2 h, at room temperature (RT) and after incubation wells were washed 
extensively, to remove unbound phages. Phages were eluted with triethanolamine 
solution (pH >10), for 15 minutes, at RT, while shaking, and rescued by infection in E. coli 
TG1 bacteria. Next, bacteria were plated and ~200 single colonies were picked to obtain 
bacterial cultures with one clone/culture. Nanobody expression in the periplasm of E. 
coli was induced using isopropylthio-β-galactoside (IPTG) for 4 h. Periplasmic fractions 
were collected via a cycle of freeze and thawing.

Nanobody production and purification
Nanobodies with Myc- and His-tags
For nanobody productions, pPQ81 vectors (derived from pHEN1 (51)) encoding 
the nanobody genes were transformed into E. coli Rosetta 2 (DE3) BL21 cells 
(Merck). pPQ81 vectors provided nanobodies with C-terminal Myc- and His-tags 
(AAASGSLEQKLISEEDLNGAAHHHHHHGAA). Transformed bacteria were inoculated in 
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2× Yeast Extract Tryptone (2YT) medium supplemented with 2% glucose and 100 µg/
ml ampicillin and grown shaking, at 37°C, overnight (O/N). The next day cultures were 
diluted 1:20 in 2YT medium supplemented with 0.1% glucose and 100 µg/ml ampicillin 
and grown at 37°C, shaking, until an OD600 of 0.6-0.9 was obtained. Then, nanobody 
production was induced with 1 mM IPTG and expression was continued for 4 hours 
at 37°C or O/N at RT, shaking. Next, cultures were spun down for 10 minutes at 6000 
g. Pellets were dissolved in PBS and frozen for >30 minutes at -80°C or O/N at -20°C 
and thawed, to release periplasmic fractions in the supernatant. Thawed pellets were 
centrifuged for 15 minutes at 6000 g. Next, immobilized metal-affinity chromatography 
(IMAC) was used with ROTI Garose-His/Co beads (Roth) to purify nanobodies via their 
His-tag. After binding to the beads, nanobodies were eluted with 150 mM imidazole. 
Subsequently, nanobodies were dialyzed to PBS and concentrations were determined at 
A280 using the Nanodrop One (Thermo Fisher Scientific). For both nanobodies production 
yields were ±5 mg/L bacterial culture. Finally, nanobody size, purity and concentration 
were verified using SDS-PAGE (SFig. 7), stained with InstantBlue Safe Coomassie stain 
(Sigma Aldrich).

Nanobodies without a Myc-tag
To produce nanobodies without a Myc-tag, nanobody genes were recloned in the pYQ11 
vector (previously published as pYQVQ11 (54)), which encodes for a C-terminal C-Direct 
tag (derived from a FLAG-EPEA tag) containing a free thiol (cysteine) and an EPEA (Glu, 
Pro, Glu, Ala) purification tag (C-tag, Thermo Fisher Scientific). Vectors were transformed 
into yeast cells (Saccharomyces cerevisiae strain VWK18 (55)). For expression cells 
were inoculated in Yeast Peptone (YP) medium supplemented with 2% glucose and 
grown for 24 hours, at 30°C, shaking. Next, cultures were diluted 1:20 in Yeast Nitrogen 
Base (YNB) medium supplemented with 2% glucose and grown at 30°C, shaking. After 
24 hours, cultures were diluted 1:10 by adding YP medium, supplemented with 2% 
glucose and 1% galactose. Nanobody production was continued for >64 hours, at 30°C, 
shaking, until an OD600 of >20 was reached. Next, cells were spun down for 20 minutes 
at 6000 g and supernatants were collected, filter sterilized (0.45 µm) and stored at 4°C 
until purification. Produced nanobodies were purified from yeast supernatants using 
a CaptureSelect C-tag column (Thermo Fisher Scientific) and an Äkta Start (Cytiva). 
For this, the supernatants were adjusted to neutral pH by adding 10× PBS. Bound 
nanobodies were washed with at least 5 column volumes of PBS and eluted off with 
20 mM citrate buffer supplemented with 150 mM NaCl, pH 3.0. Next, samples were 
neutralized with 100 mM Tris, pH 7.5 and dialyzed to PBS. Protein concentration was 
determined at A280 using a MultiScan (Thermo Fisher Scientific). Finally, nanobody size, 
purity and concentration were confirmed using SDS-PAGE, followed by Instant Blue 
Safe Coomassie staining.
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Biotinylated nanobodies, Ecu-mab and Ecu-Fab
Nanobodies and eculizumab(-Fab) were biotinylated using two methods. [1] Nanobody 
sequences were modified to contain a C-terminal LPETG-His motif and were subsequent 
produced and purified in E. coli BL21 Rosetta, like described above. After purification 50 
µM LPETG-His nanobody was incubated with 25 µM His-tagged Sortase A7 (His-Tevg-
SrtA7) (56) and 1 mM GGGK-Biotin (provided by Louris Feitsma, Medicinal Chemistry, 
Utrecht University), in 50 mM Tris, supplemented with 300 mM NaCl, for 2 hours, at 4°C. 
His-Tevg-SrtA7 was modified, expressed in E. coli and purified using its His-tag, in our 
lab. Next, samples were equilibrated with 20 mM imidazole and run over an HisTrap FF 
column to remove all His-tagged compounds from the reaction. Subsequently, a 30 kDa 
Amicon Tube (Merck Millipore) was used to concentrate the biotinylated nanobodies. 
To remove excess GGGK-biotin, samples were run over a Zeba™ Spin Desalting column 
(Thermo Fisher Scientific). [2] Myc-His-tagged nanobodies produced in E. coli and Ecu-
mab and Ecu-Fab, were randomly biotinylated via N-hydrocysucciminimidyl (NHS)-
labeling. Briefly, nanobodies at a concentration of 50-70 µM were incubated for 2 hours, 
at 4°C, with 20× molar excess of EZ link™ NHS-PEG4-Biotin (Thermo Fisher Scientific, 
210901BID), in PBS, pH 7.4. Unreacted linker was separated with Bio-Spin 6 columns 
(BioRad), that were previously equilibrated in PBS. The nanobody concentrations were 
determined using a Nanodrop One.

Erythrocyte lysis assays
Sheep (Alsever Biotrading) and rabbit blood (kindly provided by Utrecht University, 
Faculty of Veterinary Medicine) was washed 3× with PBS and diluted to a 2% erythrocyte 
suspension in VBS (Veronal buffered saline + 145 nM NaCl, pH7.4). For the CP, sheep 
erythrocytes, pre-opsonized with 1:2000 polyclonal rabbit-anti-sheep IgM (haemolytic 
amboceptor (57)), were used and VBS was supplemented with 0.25 mM MgCl2

 and 0.5 mM 
CaCl2 (VBS++). For the AP, rabbit erythrocytes were used and VBS was supplemented 
with 5 mM MgCl2 and 10 mM EGTA (VBS/MgEGTA). Periplasmic fractions (1:5 diluted with 
PBS) or purified nanobodies (0.45-1000 nM, 3-fold) were incubated for 10 minutes at RT 
with normal human serum (CP: 2.5%, AP: 10%) or 2.5% C5 depleted serum, repleted with 
physiological concentrations of C5 WT or C5 R885H. Next nanobody-serum mixes were 
added to 2% erythrocyte suspensions and samples were incubated at 37°C, shaking, 
(CP: 10 minutes, AP: 30 minutes). Afterwards plates were spun down for 7 minutes at 
3500 rpm. Supernatants were diluted 1:3 with milliQ water and haemoglobin release was 
measured in a flat-bottom plate, using an iMark Microplate Reader (Biorad) at 405 nm.

ELISA: Coating, incubation times & development
Unless stated differently, Nunc Maxisorp plates (VWR 735-0083, Thermo Fisher Scientific) 
were coated with 2 µg/ml purified protein, diluted in PBS, in a volume of 50 µl. Plates 

3

Eva_Binnenwerk_V3.indd   95Eva_Binnenwerk_V3.indd   95 18-10-2023   13:3218-10-2023   13:32



96

Chapter 3

were incubated O/N, at 4°C, non-shaking. Next, plates were blocked with 80 µl 4% BSA 
in PBS + 0.05% Tween-20 (PBS-T). All following incubation steps were performed in 50 
µl 1% BSA PBS-T, shaking, at RT, for 1 hour. In-between all steps, plates were washed 3× 
with PBS-T. To develop the ELISAs, tetramethylbenzidine (TMB) substrate solution of 6 
mg/ml, dissolved in DMSO, was used to activate the enzyme labeled antibodies, unless 
stated differently. When a color change was observed, the reaction was stopped with 
0.5 M sulfuric acid and absorbance was measured at 450 nm using an iMark Microplate 
Reader.

Immune response ELISA
Wells coated with C5 were incubated with llama serum to measure the presence of 
C5 binding llama antibodies. Llama serum was diluted in PBS, supplemented with 1% 
skimmed milk (Marvel). Llama antibodies were detected using 1:2000 primary polyclonal 
rabbit-anti-VHH antibody QE19 (QVQ Holding BV) and 1:5000 secondary polyclonal 
donkey-anti-rabbit-HRP antibodies (Jackson Immuno Research). ELISA was developed 
using 3.7 mM O-phenylenediamine dihydrochloride + 50 mM Na2HPO4 2H2O + 25 mM citric 
acid + 0.03% H2O2 and the reaction was stopped with 0,5 M sulfuric acid.

Binding ELISA
Wells coated with purified complement components C3, C4, C5 WT or C5 R885H were 
used to assess the binding of our nanobodies and Ecu-mab to different complement 
proteins. Nanobodies and Ecu-mab were added in a 10-fold titration (0.001-1000 nM). 
Next, wells containing nanobodies were incubated with 1:2000 primary polyclonal rabbit-
anti-VHH antibody QE19 (QVQ Holding BV) and 1:5000 secondary polyclonal donkey-anti-
rabbit-HRP antibodies (Jackson Immuno Research). To detect Ecu-mab binding, wells 
were incubated with anti-human-kappa-HRP (Southern Biotech) detection antibodies.

Competition ELISA
Plates coated with purified complement component C5, were used to assess if our 
nanobodies compete. 5 nM UNbC5-1-Myc was incubated with a titration of untagged 
UNbC5-2 (0.025-1500 nM, 3-fold) for 10 minutes, at RT and subsequently added to the C5 
coated wells. Next, wells were incubated with 1:2000 primary monoclonal mouse-anti-
Myc-tag clone 9B11 #2274 (Cell Signaling Technologies), followed by 1:5000 secondary 
monoclonal goat-anti-mouse-PO (Southern Biotech). To assess competition between 
our nanobodies and Ecu-mab/RaCI3, 300 nM of UNbC5-1 or UNbC5-2 was incubated 
with a titration of Ecu-mab or RaCI3 (5.49-4000 nM, 3-fold) for 10 minutes at RT, prior to 
adding it to the C5 coated wells. Next, nanobody binding was detected using primary 
polyclonal rabbit-anti-VHH antibody QE19 and 1:5000 secondary polyclonal donkey-anti-
rabbit-HRP antibodies.

Eva_Binnenwerk_V3.indd   96Eva_Binnenwerk_V3.indd   96 18-10-2023   13:3218-10-2023   13:32



97

Identification of two inhibitory anti-C5 nanobodies 

Classical Pathway Complement ELISA
Plates were coated with 3 µg/ml human IgM (Millipore) in 0.1 M sodiumcarbonate, pH 
9.6. 1000 nM inhibitor (UNbC5-1, UNbC5-2, Ecu-mab or RaCI3) was incubated with 4% 
normal human serum, added to the IgM coated wells, and incubated for 1 hour, at 
37°C, shaking. To measure C5a formation, 25 µl of the supernatant was diluted with 
25 µl 1% BSA PBS-T and added to a Nunc Maxisorp plate coated with 1 µg/ml anti-C5a 
capture antibody (C5a DuoSet ELISA kit, R&D systems). Next, we detected C5a with 2 
µg/ml anti-C5a detection antibody (C5a DuoSet ELISA kit, R&D systems), followed by an 
incubation of 1:5000 streptavidin-HRP (Southern Biotech). To measure deposition of C3b 
on the IgM coated plates, 1:10,000 primary anti-C3 WM-1 clone digoxigenin (DIG) labeled 
antibodies (Sigma), and 1:8000 secondary anti-DIG-PO antibodies (Roche) were added. 
To measure deposition of C5b-9 on the IgM coated plates, 1:1000 primary monoclonal 
mouse-anti-C5b-9 aE11 (produced in our lab, based on (58, 59)) and 1:5000 secondary 
polyclonal goat-anti-mouse-PO were used.

Surface plasmon resonance (SPR)
Planar streptavidin coated chips (P-strep, Sens BV) were spotted with biotinylated 
UNbC5-1 (method [2]), UNbC5-2 (method [1]), and Ecu-mab (method [1]) (25 and 50 
nM, in duplicate) under a continuous flow for 1 hour using a microspotter (Wasatch). 
Subsequent SPR experiments were carried out in the IBIS-MX96 (IBIS Technologies) 
with SPR buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 0.005% Tween-20). Initial testing 
showed limited regeneration with different high ionic strength (20 mM HEPES, 2 M 
NaCl, pH 7.4); ion containing (20 mM HEPES, 150 mM NaCl, 1 M MgCl2, pH 7.4); or low pH 
regeneration buffers (10 mM Glycine, pH 3.0). Therefore, the method of kinetic titration 
was selected to perform accurate affinity determination. C5 was injected in a series of 
14 steps 2-fold dilutions, at concentrations of 0.78, 1.56, 3.13, 6.25, and 12.50 nM, without 
regeneration on nanobodies or Ecu-mab coated surfaces. Determination of affinities for 
C5 R885H were performed with the same protocol, using concentrations of 25, 50, 100, 
200, and 400 nM. The last step of dissociation ran for 60 and 35 minutes, respectively, 
for reliable determination of the Koff. Kinetics were determined using Scrubber 2.0 
(BioLogic Software), where simple bimolecular models were used to fit the data. Due to 
unsuccessful coating on the chip surface and the instability of RaCI3 and C5, we used 
Ecu-Fab-biotin (method [2]) as a ligand in the competition assay. C5, RaCI3 and UNbC5-2 
were injected sequentially at concentrations of 100 nM, with 5 minutes association and 
4 minutes dissociation for RaCI3 and UNbC5-2.
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Cryo-electron microscopy
Sample Preparation and Data Collection
C5, purchased from Complement Technologies, was diluted to a final concentration of 1 
µM and gently mixed with a 1.5× molar excess of UNbC5-1 and UNbC5-2. The sample was 
diluted in PBS and incubated on ice for 20 minutes before freezing on glow discharged 
R1.2/1.3 200 mesh Au holey carbon grids (Quantifoil). The grids were then plunge frozen 
in ethane using a Vitrobot Mark IV (Thermo Fisher Scientific), at 4°C. Cryo-EM data was 
collected on a 200 kV Talos Arctica microscope (Thermo Fisher Scientific) equipped 
with a K2 summit detector (Gatan) and a post column 20 eV energy filter. Movies were 
collected in EPU (Thermo Fisher Scientific) at a magnification of 130,000× with a pixel 
size of 1.04 Å/pix. Two datasets were collected in two collection sessions with similar 
settings of 40 frames with a total exposure of 54 and 57 e-/Å2, and a defocus range of 
-0.8-2.6 µm.

Data Processing
The datasets of the C5:UNbC5-1:UNbC5-2 complex contained 1461 and 2349 movies (SFig. 
3A). Both data sets were processed independently in CryoSPARC v3.2/3 with the same 
workflow until 2D classification. Overall, the workflow for each dataset started with 
patch-based motion correction and patch-based contrast function estimation (CTF) in 
CryoSPARC, followed by exposure curation that led to a total of 1253 and 1840 exposures, 
respectively. Then 100 movies of each data set were selected to perform a round of blob 
picking. Particles were extracted three times binned to 3.14 Å/pix and several rounds 
of 2D classification were performed to clean and select adequate templates for the 
CryoSPARC template picker. After template selection, the particles were picked and 
extracted unbinned with a 320-pixel box, particles of both datasets were merged, and 
an initial cleanup was performed through 2D classification. 1,483,794 particles from 2D 
selection were then submitted to generate four initial models (SFig. 3B), that resulted 
in one good model that was further submitted to two initial model rounds (SFig. 3C). 
The resulted model with 193,009 particles was further selected for refinement. One 
round of non-uniform refinement led to a density map with a 3.73 Å resolution, which 
was further improved to 3.60 Å after local and global CTF refinement followed by a 
final non-uniform refinement. Global resolution was calculated according to the gold 
standard FSC = 0.143 criterion (SFig. 3D). Postprocessing such as sharpening and local 
resolution was also performed in CryoSPARC (SFig. 3C & E).
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Model building, refinement and structure figures
To build the model of the C5:UNbC5-1:UNbC5-2 complex, models for the two nanobodies 
were generated through AlphaFold (27) based on nanobody sequences. The C5 molecule 
comprising chains α and β of pdb 3CU7 (9), was also used in combination with the 
nanobody models to rigid-body fit them into the cryo-EM maps using UCSF ChimeraX 
(60, 61). The model was then iteratively refined using Coot and Phenix real-space refine 
(62, 63) with geometric restraints. The C345c domain of C5 was not included in the final 
structures because of the weak density in the map. Figures with protein structures 
were prepared using PyMOL, as well as the calculation for interface area between C5 
and nanobodies (retrieved from: http://www.pymol.org/pymol) (30). Figures with cryo-
EM densities were created using UCSF ChimeraX (60, 61) The statistics of the structure 
come from the refinement in Phenix.

Data analysis & statistical testing
Nanobody sequences were aligned using T-coffee (64). Bar and line graphs were created 
using GraphPad Prism 9.3.0. Binding and inhibition curves were fitted in GraphPad 
Prism 9.3.0 using the functions “[inhibitor] vs. normalized response -- Variable slope” 
& “Asymmetric Sigmoidal, 5PL, X is concentration”. Fitted curves of 3 individual 
experiments were used to calculate IC50 and EC50 values with SD in GraphPad Prism 
9.3.0. SPR data was analyzed in Scrubber 2.0 and plotted in GraphPad Prism 9.3.0.

Data availability
The model coordinates and cryo-EM density maps of the C5 structure in complex with 
nanobodies UNbC5-1 and UNbC5-2 have been deposited under the following accession 
numbers 8CML and EMD-16730.
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Abbreviations

The abbreviations used here are: sdAb, single-domain antibody; SPR, surface plasmon 
resonance; C5b-9 & MAC, membrane attack complex; PNH, paroxysmal nocturnal 
hemoglobinuria; aHUS, atypical hemolytic uremic syndrome; AMD, age-related macular 
degeneration; SLE, systemic lupus erythematosus; CP, classical pathway; LP, lectin 
pathway; AP, alternative pathway; MG, macroglobulin; CUB, complement C1r/C1s Uegf 
Bmp1; SSL7, staphylococcal superantigen-like protein 7; CVF, cobra venom factor; CDR, 
complementarity determining regions; Ecu-mab, a monoclonal IgG antibody with 
the same primary sequence as eculizumab; Ecu-Fab, a Fab domain with the same 
parental sequence as the Fab domain of eculizumab; 2YT, 2× yeast extract tryptone; 
O/N, overnight; PBMCs, peripheral blood mononuclear cells; RT, room temperature; 
IPTG, isopropylthio-β-galactoside; IMAC, immobilized metal-affinity chromatography; 
YP, yeast peptone; YNB, yeast nitrogen base; NHS, N-hydrocysucciminidyl; VBS, veronal 
buffered saline; PBS-T, phosphate buffered saline supplemented with Tween; TMB, 
tetramethylbenzidine; DIG; digoxigenin; ERC, European Research Council.
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Supporting figure 1: Identification of UNbC5-1 and UNbC5-2. (A) Schematic representation of 
immunization scheme for two llamas. (B) Immune response against C5 measured in llama serum 
at day 0 and day 43 using an ELISA. Purified human C5 was coated on microtiter plates. Next, llama 
serum was added and binding of llama-antibodies was measured using polyclonal rabbit-anti-VHH 
QE19 antibodies and donkey-anti-rabbit-HRP antibodies, at an OD of 450 nm. Data was normalized 
against the highest concentration of serum, for both llamas individually. (C) CP hemolysis assay 
to screen for complement inhibiting nanobodies, in which clones UNbC5-1 (G8) and UNbC5-2 (B3) 
were identified as potent inhibitors. As controls we included periplasmic fractions of a bacteria 
expressing an irrelevant nanobody (ctrl #1), expressing an empty vector (ctrl #2), or no bacterial 
culture (ctrl #3). MilliQ water and buffer were taken along to measure maximum and minimum 
levels of erythrocyte lysis. (D) AP mediated hemolysis of rabbit erythrocytes incubated with 
10% normal human serum and a titration of our nanobodies UNbC5-1 and UNbC5-2 and known 
complement inhibitors RaCI3 and Ecu-mab. The OD405 values of the supernatants were measured 
and the % erythrocyte lysis was calculated using a 0% (buffer) and 100% (MilliQ) control sample. 
Data information: (B-D) Data represent mean ± SD of 1 (C) 2 (B) or 3 (D) individual experiments.
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Supporting figure 2: Determination of the affinity of Ecu-mab for C5. SPR curves of Ecu-mab 
as a ligand and C5 as an analyte at concentrations of 12.5, 6.25, 3.13, 1.56, and 0.78 nM evaluated 
over 4000 seconds.
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Supporting figure 3: Cryo-EM image processing of C5 in complex with UNbC5-1 and UNbC5-2 
datasets. (A) Micrograph of C5:UNbC5-1:UNbC5-2 particles in vitreous ice. The scale bar length is 
200 Å. (B) Selected 2D-class averages of the complex generated in CryoSPARC. The scale bar length 
is 100 Å. (C) Three rounds of 3D Initial model classification and subsequent refinement strategy for 
the C5:UNbC5-1:UNbC5-2 reconstruction. (D) Fourier-shell correlation plots for the gold-standard 
refined C5:UNbC5-1:UNbC5-2 reconstruction, computed from unmasked (blue), with a spherical 
mask (orange), tight mask (red), and corrected (purple). (E) C5:UNbC5-1:UNbC5-2 complex density 
map colored by local resolution (blue = high, red = low), computed in CryoSPARC.
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Supporting figure 4: Interfaces of C5 and UNbC5-1 or UNbC5-2. (A-B) Cryo-EM density maps 
depicting the interface of C5 (green) and UNbC5-1 (cyan) (A) or C5 (green) and UNbC5-2 (orange) (B) 
in detail. Densities are depicted delineated in dark blue and important residues of the interfaces 
are indicated. Figures were made in Coot (61).
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Supporting figure 5: Structural comparison of C5:UNbC5-1:UNbC5-2 with C5 and C5 inhibitors 
eculizumab-Fab, OmCI-RaCI3, CVF and CVF with a small inhibitory molecule. (A) Micrograph of 
C5:UNbC5-1:UNbC5-2 particles in vitreous ice. The scale bar length is 200 Å. (B) Selected 2D-class 
averages of the complex generated in CryoSPARC. The scale bar length is 100 Å. (C) Three rounds 
of 3D Initial model classification and subsequent refinement strategy for the C5:UNbC5-1:UNbC5-2 
reconstruction. (D) Fourier-shell correlation plots for the gold-standard refined C5:UNbC5-
1:UNbC5-2 reconstruction, computed from unmasked (blue), with a spherical mask (orange), tight 
mask (red), and corrected (purple). (E) C5:UNbC5-1:UNbC5-2 complex density map colored by local 
resolution (blue = high, red = low), computed in CryoSPARC.
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Supporting figure 6: UNbC5-2 binding to and inhibition of C5 R885H. (A-B) SPR curves with 
Ecu-mab (A) and UNbC5- 1 (B) as a ligand and C5 R885H as an analyte at concentrations of 
400, 200, 100, 50, and 25 nM evaluated over 2400 seconds. (C) Binding of UNbC5-2 to C5 WT 
and C5 R885H, using C5 WT or C5 R885H coated microtiter plates, incubated with increasing 
concentrations of UNbC5-2. Binding was assessed with a monoclonal anti-human-kappa antibody 
and an HRP-labeled secondary antibodies, at OD450. (D) CP mediated hemolysis of antibody-coated 
sheep erythrocytes incubated with 2.5% C5 depleted human serum, repleted with physiological 
concentrations of C5 WT or C5 R885H and a titration of UNbC5-2. The OD405 values of the 
supernatants were measured, and the % erythrocyte lysis was calculated using a 0% (buffer) 
and 100% (MilliQ) control sample. (E) AP mediated hemolysis of rabbit erythrocytes incubated 
with 10% murine serum and different concentrations of C5 inhibitors. The OD405 values of the 
supernatants were measured and data were normalized to the condition without inhibitor. (F) 
sequence alignment of human and murine C5 to compare nanobody binding interfaces in both C5 
molecules. Colored amino acids (green for UNbC5-1 and orange for UNbC5-2) indicate amino acids 
from C5 involved in the binding interfaces. Annotation (sim.): conserved amino acid (*), amino acid 
with strong similar properties (:), amino acid with weakly similar properties (.). Data represent 
mean ± SD of 2 (A-B) and 3 (C-E) individual experiments. (C-E) Curves were fitted.
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Supporting figure 7: UNbC5-1 and UNbC5-2 on SDS-PAGE. SDS-PAGE to check for purity, size 
and concentration, UNbC5-1 and UNbC5-2. For both nanobodies and the reference nanobody (ref. 
Nb) 1 µg was loaded.
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Abstract

The human complement system eliminates invading microbes by insertion of ring-
structured membrane attack complex pores (MAC, or C5b-9) into target cell membranes. 
MAC assembly is a stepwise process, initiated by C5b6, a bimolecular complex of C5 
cleavage product C5b, and C6. During C5b6 formation, both C5 and C6 undergo major 
structural rearrangements, revealing various neo-epitopes. In this study, we develop 
and characterize a C5b6-specific nanobody. Llamas were immunized with purified C5b6 
to generate VHH phage libraries. Using phage display, we identify three nanobodies 
that bound C5b6, but not C5 and C6. The three nanobodies had >90% amino acid 
sequence similarity and competed for the same epitope on C5b6. Using size exclusion 
chromatography, we confirmed that one of these three nanobodies (termed UNbC5b6-
1) forms a stable complex with C5b6 in solution, but not with precursors C5 and C6. 
Using surface plasmon resonance, we determined that UNbC5b6-1 binds C5b6 with an 
affinity of 49.5 pM. UNbC5b6-1 does not interfere with MAC assembly in erythrocyte 
lysis assays with human serum or purified complement components. In conclusion, we 
have identified and characterized a non-inhibitory nanobody that specifically binds 
C5b6 with high affinity. UNbC5b6-1 could be used to detect C5b6 formation and study 
molecular mechanisms of MAC assembly.
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Introduction

The complement system is a protein network in human plasma and body fluids that is 
part of the innate immune system. Its activation induces multiple effector functions 
that all lead to the clearance of foreign or altered host cells, such as invading microbes, 
tumor cells and apoptotic cells (1, 2). First, complement activation results in recruitment 
and activation of immune cells. Second, complement labels target cells with opsonins 
to mark them for phagocytosis. Third, complement directly eliminates target cells by the 
formation of ring-structured membrane attack complex (MAC) pores. All complement 
effectors result from a rapid protein cascade that is driven by protein cleavage steps, 
conformational changes, and formation of large protein complexes (3, 4). Also, the 
assembly of the multiprotein MAC pore is a stepwise unidirectional process, which 
starts with the formation of protein complex C5b6 (5). The C5b6 complex first interacts 
with complement protein C7 (C5b-7), followed by C8 (C5b-8) and MAC pore assembly is 
finalized upon interaction and polymerization of ±18 copies of C9 (C5b-9) (6–10).

Molecules that distinguish complement activation products from precursor proteins 
have proven their value in fundamental and diagnostic complement research. Best 
known is monoclonal antibody (mAb) ae11 that reacts with polymeric C9 within MAC 
pores (11, 12). In this study, we aim to develop a molecule for specific detection of the 
complement activation product C5b6. C5b6 (282 kDa) is a bimolecular stable complex 
that consists of complement proteins C5b (185 kDa) and C6 (103 kDa) (Fig. 1A) (5, 8, 
13). It is formed when surface-bound C5 convertases cleave native C5 molecules in the 
presence of C6 (14). C5 is a large protein (190 kDa) that belongs to the C3/C4/C5 protein 
family (15–18). The protein is composed of two chains (alpha and beta) and consists 
of a core of eight macroglobulin (MG) domains (MG1-MG8) and four other domains 
(C1r/C1s UEGF BMP1 (CUB), C345c (also known as netrin module (NTR)), C5a, and C5d) 
(Fig. 1B). The C6 protein belongs to the MAC-perforin/cholesterol-dependent cytolysin 
(MACPF/CDC) superfamily and consists of a central MACPF domain with multiple 
thrombospondin-like (TS), factor I-MAC (FIM) and complement control protein (CCP) 
domains (5, 13, 14, 19, 20) (Fig. 1C). The cleavage of C5 releases C5a (8 kDa) and induces 
large conformational rearrangements, in which the C5d domain moves down and away 
from the MG-ring (13), forming the metastable activation product C5b (181 kDa). Due 
to these conformational rearrangements, C6 binds to (neo-)epitopes in C5b with an 
extensive interface (14). This binding induces major conformational rearrangements 
in C6 converting it from a rather tall and flat protein into a hairpin-shaped fold that 
stabilizes C5b (13). C5b is intrinsically labile and in absence of C6, it aggregates and 
rapidly loses its activity (half-life of ±2.5’) (14). The C5b6 complex has high structural 
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homology with both precursors C5 and C6, but also contains many neo-epitopes that 
are required for C5b-7 formation (Fig. 1A) (21, 22).

Llama-derived nanobodies have proven to be good at specific recognition of 
conformational epitopes. Due to their relatively small size (±15 kDa) and convex-shaped 
paratope, they can more easily reach protein clefts and enzymatic crypts and thus 
bind neo-epitopes (23–26). Therefore, this study sets out to develop and characterize a 
llama-derived nanobody that specifically binds to the complement activation product 
C5b6 and not to its precursor proteins C5 and C6.
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Figure 1: Successful immunization of two llamas with human C5b6. (A) Formation of C5b6 
complex from precursor proteins C5 and C6, using the published structures (C5b6 PDB: 4A5W, 
C5 PDB: 3CU7, C6 PDB: 3T5O) and depicting it in a space filling representation. Major structural 
rearrangements in several domains of C5 and C6 occur upon C5 cleavage and C5b:C6 interaction, 
revealing neo-epitopes. (B-C) Space filling representations of C5 (B) and C6 (C) structures, 
highlighting the domains with different colors. (D) Schematic representation of immunization 
scheme of two llamas. (E) Detection of anti-C5b6 antibodies in llama serum before and after 
immunizations. Microtiter plates were coated with purified C5b6 and incubated with llama serum. 
Bound Llama antibodies were detected using polyclonal rabbit-anti-VHH QE19 antibodies and 
donkey-anti-rabbit- HRP antibodies, at an OD of 450 nm. Data represents mean ± SD of 2 individual 
experiments.
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Results

Immunization and identification of C5b6 specific nanobodies
To generate nanobodies targeting human C5b6, two llamas were immunized 
intramuscularly with purified C5b6 complex, followed by three boost injections (Fig. 1D). 
At day 0 and 43, llama blood was drawn and serum was used to assess the presence of a 
C5b6-specific immune response. C5b6-coated microtiter plates were incubated with serial 
dilutions of serum and for both llamas substantially more C5b6-binding antibodies were 
detected on day 43 compared to day 0, indicating that immunizations were successful 
(Fig. 1E). Next, two phage display libraries were generated by ligating the variable 
heavy chain of heavy chain only antibodies (VHH) genes from isolated peripheral blood 
mononuclear cells (PBMCs) from both llamas into a phagemid vector (Supporting 
Fig. 1), resulting in estimated library sizes of approximately 108 transformants. C5b6 
binding nanobodies were then selected by two rounds of biopanning. In the first round, 
we performed a positive selection for phages binding randomly immobilized C5b6. To 
increase the chance of finding C5b6 neo-epitope binders, we added a negative selection 
with native C5 and C6 in the second panning round. After both rounds, phages were 
eluted from C5b6 and rescued by infection into Escherichia coli (E. coli). Sequencing 
of individual clones revealed 63 clusters of nanobody clones with >80% amino acid 
sequence homology in their complementarity-determining region (CDR) H3 (CDR-H3) 
region. Despite the diversity in the framework regions and CDR sequences, almost all 
nanobodies originated from IGHV3-3*01 and IGHJ4*01 germline sequences (based on 
IMGT database (27, 28)). Of these CDR-H3 clusters, 16 contained more than one clone per 
cluster, indicating enrichment of binding clones in the two rounds of panning.

Identification of eight C5b6-specific nanobodies
Next, crude periplasmic extracts were used to screen for nanobodies binding to C5b6 
by ELISA. Out of all clones tested, eight clones showed stronger binding to C5b6 than 
to C5 or C6 (Fig. 2A). Sequence alignment of these eight candidates revealed a high 
amino acid diversity in all CDR regions (Fig. 2B). However, of these eight candidates, 
three clones (A12, B7 and E7) showed >90% amino acid sequence similarity in the CDR 
regions. The remaining five clones all derived from different CDR-H3 families.
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Figure 2: Identification of C5b6-specific nanobodies. (A) Binding pattern of eight nanobodies 
(Nb) in crude periplasmic extracts from screen for C5b6 specific binders. Microtiter plates 
coated with C5b6, C5 or C6 extracts were incubated with crude periplasmic extracts. Binding 
of nanobodies was detected using polyclonal rabbit-anti-VHH QE19 antibodies and donkey-
anti-rabbit-HRP antibodies, at an OD of 450 nm, n=1. (B) Protein sequence alignment of eight 
nanobodies. CDR-H1, CDR-H2 and CDR-H3 are depicted. Amino acids are colored according to the 
shapely color scheme.

Selection of UNbC5b6-1 as a C5b6-specific nanobody from a panel of eight 
clones
Since the above binding data is based on crude periplasmic extracts (with unknown 
nanobody concentrations), we next expressed and purified the eight selected 
nanobodies. After purification, only the three clones with a high sequence similarity 
(A12, B7 and E7) turned out to be efficient and specific C5b6 binders. These clones bound 
C5b6 in ELISA with an apparent affinity of approximately 1 nM and showed very little to 
no binding to precursor proteins C5 and C6 (Fig. 3A). Other nanobodies (A1 and G2) bound 
C5b6 with a lower apparent affinity (approximately 50 and 25 nM, respectively) or also 
bound to C5 (A3, E9, and G3). Next, we biotinylated the three C5b6-specific clones (A12, B7 
and E7) at the C-terminus via site-specific sortagging (29) and performed a competition 
ELISA to assess if these clones compete for the same binding epitope on C5b6. Briefly, 
C5b6-coated microtiter plates were incubated with biotinylated nanobody (A12-bio, 
B7-bio and E7-bio) and a concentration range of unlabeled nanobodies. Binding of A12-
bio, B7-bio and E7-bio to C5b6 was measured using peroxidase-labeled streptavidin. As 
a positive control, we combined the biotinylated and unlabeled nanobody of the same 
clone (e.g. A12-bio + A12) and as a negative control we used an irrelevant nanobody 
(Irr Nb) that does not bind to C5b6. As expected, unlabeled nanobodies B7 and E7, like 
control A12, reduced the binding of A12-bio to C5b6 in a concentration dependent manner 
(Fig 3B) and vice versa (Fig. 3C & D). Since these data show that nanobodies A12, B7 
and E7 compete for the same epitope on C5b6, we selected one nanobody (clone B7) 
for further characterization. From now on, we will refer to nanobody B7 as UNbC5b6-1. 
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This nanobody has a molecular weight of 13.0 kDa and its full sequence is shown in 
supporting figure 2. Thus, we selected UNbC5b6-1 as a C5b6-specific nanobody from 
a panel of eight purified nanobodies.
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Figure 3: Selection of UNbC5b6-1, a C5b6-specific nanobody. (A) Binding patterns of eight 
purified nanobodies (Nb). Each panel represents the binding of one nanobody to C5b6, C5 and C6. 
Microtiter plates were coated with 2 µg/ml C5b6, C5 or C6, incubated with purified nanobody and 
nanobody binding was assessed using polyclonal rabbit-anti-VHH QE19 antibodies and donkey-
anti-rabbit-HRP antibodies, at an OD of 450 nm. (B-D) Nanobodies A12, B7 and E7 compete for 
binding to C5b6. Biotinylated nanobody (30 nM) was preincubated with unlabeled nanobody 
(0.05 – 1000 nM) and added to microtiter plates coated with 2 µg/ml C5b6. Binding of biotinylated 
nanobodies to C5b6 was detected using streptavidin coupled to peroxidase, at an OD of 450 nm. 
An irrelevant (IRR) nanobody that does not compete with A12, B7 and E7 was taken along as 
negative control. (B) Binding of A12-biotin. (C) Binding of B7-biotin (D) Binding of E7-biotin. (A-D) 
data represents mean ± SD of 3 individual experiments. (A) Binding curves were fitted in GraphPad 
Prism 9.3.0 using the function “Asymmetric Sigmoidal, 5PL, X is concentration”. Apparent affinity 
values were obtained from the non linear fit results from GraphPad Prism (EC50 value).
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UNbC5b6-1 forms a stable complex with C5b6 in solution
To confirm specific binding between UNbC5b6-1 and C5b6 complexes, we performed 
size exclusion chromatography (SEC). Briefly, purified C5b6, C5 and C6 were incubated 
with UNbC5b6-1, loaded on a Superose 6 Increase column and fractions were captured. 
When UNbC5b6-1 was incubated with C5b6, C5 and C6, the chromatograms show a 
peak between 1.4-1.9 mL retention volume, where C5b6, C5 and C6 are expected to 
elute (complement peaks) (Fig. 4A). UNbC5b6-1 alone (purple) is eluted in the fractions 
between 1.9-2.1 mL (nanobody peak). When UNbC5b6-1 is incubated with C5b6 (blue), 
the height of the nanobody peak substantially decreases, but not when UNbC5b6-1 
is incubated with C5 (black) or C6 (grey). ELISA analyses confirmed that UNbC5b6-1 is 
only present in the complement peaks when incubated with C5b6 (blue), and not when 
incubated with C5 (grey) or C6 (black) (Fig. 4B). Concluding, UNbC5b6-1 forms a stable 
complex in solution with C5b6, but not with C5 and C6.
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Figure 4: UNbC5b6-1 forms a stable complex with C5b6 in solution. (A) UNbC5b6-1 specifically 
binds C5b6 in solution. Overlay of chromatograms obtained with SEC, using a Superose 6 Increase 
column, and measuring absorbance at an OD of 280 nm. Chromatograms from runs with UNbC5b6-
1 alone (purple), UNbC5b6-1 incubated in a 1:1 molar ratio with C5b6 (blue), with C5 (black), and 
with C6 (grey) and eluted fractions were collected, n=1. Complement proteins elute between 1.4-
1.9 ml (complement peaks) and UNbC5b6-1 elutes between 1.9-2.1 ml (nanobody peak) (B) Eluted 
fractions from panel A were coated on microtiter plates and the presence of nanobodies in these 
fractions was detected using polyclonal rabbit-anti-VHH QE19 antibodies and donkey-anti-rabbit-
HRP antibodies, at an OD of 450 nm, n=1.
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UNbC5b6-1 binds C5b6 with an affinity of ≈50 pM
Next, we characterized the binding kinetics of UNbC5b6-1 to C5b6, by performing surface 
plasmon resonance (SPR). Briefly, streptavidin probes were coupled with biotinylated 
UNbC5b6-1 (UNbC5b6-1-bio) and incubated with different concentrations of C5b6 (1.56 – 
25 nM) to assess the association kinetics. Next, the probes were incubated with buffer 
to assess dissociation. Association and dissociation curves were fitted to determine on 
rates (kon), off rates (koff) and binding affinity (KD) (Table 1). In this setup, UNbC5b6-1 was 
able to bind C5b6 with a measured kon of 1.45×105 Ms-1 and a koff of 7.15×10-6 s-1, resulting 
in a KD value of 49.5 ± 0.2 pM (Fig. 5).

Figure 5: UNbC5b6-1 binds C5b6 with a picomolar affinity. Binding affinity curves of UNbC5b6-1 
obtained with a White Fox optic surface plasmon resonance (FO-SPR) sensor, using streptavidin 
FO-SPR probes, UNbC5b6-1-biotin (330 nM) as an analyte and C5b6 (1.56 – 25 nM) as a ligand. 
Immobilization of UNbC5b6-1-biotin was performed for 300”, association was measured for 1800” 
and dissociation for 7200”, all at 26°C. Experimental data is shown in black and model fit in blue. 
Curves were fitted using TraceDrawer with a local Bmax, global kon, global koff and a constant BI. 
Data represent a graph that is representative of three individually performed experiments.
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UNbC5b6-1 does not interfere with complement activity
Next, we investigated if UNbC5b6-1 interferes with complement activation. To do so, 
we performed two complement-mediated erythrocyte lysis experiments with sheep 
erythrocytes that were sensitized with antibodies (ShEA). First, we incubated ShEA with 
UNbC5b6-1, added human serum as a source of complement and measured ShEA lysis 
by the release of hemoglobin in the supernatant. Eculizumab, a known C5 inhibitor (30), 
was added as a positive control for inhibition. Interestingly, UNbC5b6-1 did not inhibit 
complement-mediated erythrocyte lysis in >1% serum (Fig. 6A). Only in the lower serum 
concentrations (0.15-0.6%) a small inhibitory effect could be measured, which was far 
less pronounced as compared to the inhibitory effect of Eculizumab. In the second 
assay, we replaced human serum for purified preformed C5b6 and purified C7, C8 and 
C9. This allowed us to study MAC assembly with C5b6 complexes bound to UNbC5b6-
1, prior to the addition of C7, C8, C9, and ShEA. Also in this set-up, UNbC5b6-1 did not 
inhibit MAC-mediated lysis, neither did Eculizumab (Fig. 6B). In conclusion, UNbC5b6-1 
does not affect MAC assembly and complement mediated erythrocyte lysis.

Figure 6: UNbC5b6-1 does not interfere with complement activity. (A) Complement-mediated 
hemolysis of antibody-coated sheep erythrocytes (shEA, 2% suspension) incubated with human 
serum (0 – 10%) and 300 nM inhibitor. (B) Complement-mediated hemolysis of shEA (2% suspension) 
incubated with purified complement components. Purified C5b6 (0 – 50 nM) was incubated with 
300 nM inhibitor prior to addition of 2% shEA and purified C7 (100 nM), C8 (100 nM), and C9 (500 
nM). (A-B) The OD at 405 nm of the supernatant was detected as a measure of erythrocyte lysis. 
Data represent mean ± SD of 3 individual experiments and curves were fitted in Graph Pad Prism 
9.3.0 using the function “Asymmetric Sigmoidal ,5PL, X is concentration”.
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Discussion

This study describes the identification and characterization of UNbC5b6-1, a C5b6 
specific llama-derived nanobody. We show that the nanobody binds C5b6 with picomolar 
affinity and that it does not bind to the C5b6 precursors C5 and C6. Furthermore, 
UNbC5b6-1 does not interfere with MAC assembly in human serum and when using 
purified complement proteins.

The identification of UNbC5b6-1 as specific C5b6 binder confirms the idea that 
nanobodies are suitable for detecting complement activation products and complexes. 
Previously, others have identified nanobodies recognizing conformation specific epitopes 
in complement components C4b (31, 32) and C3/C3b (33–35). Such nanobodies are now 
used in complement research and will contribute to the molecular and functional 
understanding of complement activation. Although mAbs against MAC precursors C5, C6, 
and C7 are commercially available, specific detection tools for intermediate activation 
products of the MAC are still limited. The best known and described is mAb ae11 that 
binds to polymerized C9 and is frequently used to detect (soluble) MAC pores (11, 12). 
For C5b6 detection, only one study, by Stach et al., described the identification of eight 
mAbs specifically binding C5b6 (36). These mAbs were derived from a naïve mouse 
library. To obtain high affinity mAbs, in vitro affinity maturation by diversification of the 
CDR-H1 and CDR-H2 regions was performed. Despite their efforts, they obtained mAbs 
with affinities of approximately 550 nM that did not inhibit MAC assembly in a serum 
environment. Next to the mAbs described by Stach et al., multiple mAbs were described 
to bind to C5b6 and inhibit MAC assembly, including mAbs 1C9, 7D4, 4G2, 10B6 (37, 38). 
Although most of these antibodies were of high affinity, they all lacked specificity to 
discriminate between the activated C5b6 complex and precursor proteins C5 and C6, 
like UNbC5b6-1 does.

In complement-mediated erythrocyte lysis assays with human serum and with purified 
complement components, UNbC5b6-1 does not interfere with MAC assembly. During 
the first steps of MAC assembly, when newly formed C5b6 complexes interact with 
complement component C7, the MACPF domain in C6 structurally rearranges and aligns 
with the structural homologous MACPF domain in C7 (22). This interaction further 
extends the MACPF domains in C5b6 and C7 and exposes hydrophobic domains in the 
transmembrane segments of C5b, C6 and C7, making the C5b-7 complex lipophilic and 
anchoring the MAC-precursor complex to the target membrane and allowing further MAC 
assembly in the target membrane (22, 39, 40). The absence of inhibition by UNbC5b6-1 
allows us to hypothesize on the binding site of UNbC5b6-1 on C5b6. It could simply 
indicate that the binding epitopes of UNbC5b6-1 and C7 are not overlapping and that 
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the binding epitope of UNbC5b6-1 is not involved in MAC assembly. Alternatively, it 
could be that UNbC5b6-1 and C7 bind to C5b6 with an (partially) overlapping epitope, 
without the nanobody exerting an inhibitory effect on MAC assembly. Both UNbC5b6-1 
and C7 bind C5b6 with affinities in the picomolar range (41, 42). This could mean that 
binding of UNbC5b6-1 can be lost upon C5b-7 formation, for example due to steric 
hindrance. Alternatively, it could mean that C7 binding to C5b6 is not affected by the 
presence of UNbC5b6-1, despite (partially) overlapping epitopes. Unfortunately, due 
to technical difficulties, we were not able to unravel the effect of C5b-7 formation on 
UNbC5b6-1 binding to C5b6. Furthermore, we endeavored multiple attempts of negative 
stain electron microscopy (EM) and in silico modeling using AlphaFold2 (AF2) to identify 
the exact binding interface of UNbC5b6-1 and C5b6. Unfortunately, in negative stain 
EM, C6 turned out to be too flexible to resolve the C5b6 structure in complex with our 
nanobody. When using AF2, we did obtain multiple models of C5b6 binding sites, but 
we have so far failed to confirm the proposed binding sites via biochemical data. Due 
to limited computational resources, we were forced split the C5b6 molecule into three 
subunits (C5b alpha, C5b beta and C6) and model UNbC5b6-1 binding sites to these 
subunits separately. Therefore, we missed many potential binding sites on the C5b:C6 
interface. Especially because UNbC5b6-1 is specific for C5b6, the C5b:C6 interface-
epitopes would be of high interest to model with AF2. Furthermore, the proposed 
binding sites on C5b (alpha and beta) and on C6 that we did obtain with AF2, could 
not be validated experimentally due to the inability to purify C5b without C6, and to 
obtain C6 in the “C5b6 conformation”, without C5b present. All in all, further studies 
are required to identify and experimentally confirm the UNbC5b6-1 binding site on C5b6.

With the identification and characterization of UNbC5b6-1, a C5b6-specific, high affinity, 
non-inhibitory nanobody, this study adds a valuable anti-C5b6 molecule to the field 
of complement research. The nanobody identified in this study could be used as a 
detection tool and help to further understand the molecular steps involved in MAC 
assembly.

4
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Experimental procedures

Serum and proteins
Human serum from ±20 healthy donors was collected and pooled, as previously 
described (43). Purified complement proteins C5b6 and C8 are obtained from 
Complement Technology. For the preparation of purified C5b6 Complement Technology 
cleaves C5 molecules, present in normal human serum by natural alternative pathway 
C3/C5 convertases in the absence of C7 (44). Complement components C6 and C7 
were expressed in HEK293E cells at U-Protein Express, as described previously (45). 
Complement components C5, and C9 and complement inhibitor Eculizumab were 
expressed in EXPI293F cells and purified as described previously (45, 46).

Immunizations and construction of phage libraries
Two llamas (Lama glama) were immunized at Preclinics GmbH by a trained veterinarian 
with 4 shots, containing 12.5 µg human C5b6 each in combination with FAMA adjuvant 
(Gerbu Biotechnic GmbH), on day 0, 14, 28 and 35. On day 0 and day 43 blood was drawn, 
to obtain serum and PBMCs. To create phage display libraries, mRNA was isolated from 
PBMCs (day 43), and cDNA was made using the SuperScript™ IV First-Strand Synthesis 
System kit (Thermo, 18091050). Next, the cDNA encoding heavy-chain only antibodies 
was amplified by PCR using primers annealing to framework 1 (FR1) and constant 
heavy chain 2 (CH2) domains, as previously described (47). Next, DNA fragments were 
digested and ligated into phagemid pPQ81, fusing the nanobodies to a Myc- and 6×His-
tag and to pIII coat protein. Next, the libraries were transformed into competent 
E. coli TG1 cells (Agilent) by electroporation using a MicroPulser and corresponding 
electroporation cuvettes (Bio-Rad). Library sizes were estimated by spotting a serial 
dilution of transformed E. coli TG1 on Luria-Bertani (LB) agar plates and counting colony 
forming units per mL (CFU/mL).

Phage display
Phages were produced and purified using 2× yeast extract tryptone (2YT) medium, 
supplemented with 2% glucose and 100 µg/mL ampicillin, kanamycin resistant VCSM13 
helper phage (Agilent), and two rounds of polyethylene glycol precipitation, as previously 
described (48). Phage display was performed according to standard procedures (49), with 
the following specific conditions. For the first panning round, Nunc Maxisorp plates 
(VWR 735-0083, Thermo Fisher Scientific) were coated overnight (O/N) with 100 µL/
well of 0.5 and 5.0 µg/mL C5b6, at 4°C, without shaking. For the second panning round, 
the concentration of immobilized C5b6 was lowered to 0.1 and 1.0 µg/mL. In addition, 
wells were incubated with phosphate buffered saline (PBS) alone as negative control. 
The next day, plates were blocked with 200 µL/well 4% skimmed milk (Marvel) in PBS, 
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for 1 h at room temperature (RT), while shaking. Next, the wells were incubated with 
phages (≈1010 CFU/well for the first round and ≈109 CFU/well for the second round) in 
2% Marvel in PBS, for 2 h, while shaking. In the second round of panning, phages were 
pre-incubated for 30’ at RT on a spinning wheel with 35.7 nM of C5 and C6 (10× molar 
excess compared to coated C5b6 concentration), before being added for 2h to the C5b6 
coated wells. Next, the wells were washed extensively (subsequently: 10× wash with 
200 µL PBS + 0.05% Tween-20 (PBS-T); 10’ incubation with PBS-T at RT, while shaking; 
10× wash with 200 µL PBS-T; 10’ incubation with PBS-T at RT; 3× wash with 200 µL PBS). 
Bound phages were eluted from the wells with 100 µL of 0.1 M triethanolamine solution 
(pH>10) for 15’ at RT, while shaking. Elutions were neutralized by the addition of 50 µL 
of 1 M Tris/HCl (pH=7.5) and phages were rescued by infection in E. coli TG1 bacteria (at 
OD600 of 0.5) for 30’ at 37°C, without shaking. Next, 2YT medium, supplemented with 2% 
glucose and 100 µg/mL ampicillin was added to the infected bacteria and incubated 
O/N at 37°C, while shaking. The next day, bacterial cultures of the rescued phages 
were stored in 20% glycerol at -80°C. The number of phages/mL used at the start of 
the selection (input) and in the eluate were estimated by serial dilution of phages in 
PBS, followed by infection with E. coli TG1. Bacteria were spotted on LB agar plates, 
supplemented with 2% glucose and 100 µg/mL ampicillin, incubated O/N at 37°C and 
CFU/mL were calculated.

Nanobody production, purification, and labeling
Nanobodies expressing a Myc- and 6×His tag were produced and purified similar as 
described before (46). Briefly, nanobody genes were fused with a C-terminal Myc- and 
6×His-tags, expressed in the periplasm of E. coli BL21 Rosetta II cells and purified via 
their 6×His-tag by immobilized metal affinity chromatography. To obtain nanobodies 
labeled with biotin, nanobody sequences were cloned into a pRSET vector with the NdeI/
NotI multiple cloning sites and subsequently transformed into E. coli BL21 (DE3). For 
nanobody production, E. coli BL21 (DE3) was cultured in LB medium supplemented with 
20 mM glucose and when bacteria reached an exponential growth phase (OD600 0.5-0.7) 
nanobody expression was induced for 4 h with 1 mM isopropylthio-β-galactoside. Next, 
bacteria were pelleted and nanobodies were isolated denatured using 6 M guanidine 
in the presence of 10 mM imidazole. Supernatants were loaded on a HisTrap FF column, 
using an ÄKTA Explorer, according to manufacturer’s protocol. Nanobodies were eluted 
from the column with a gradient of imidazole (10 – 200 mM). Next, nanobodies were 
renatured by dialysis against PBS. Next, nanobodies with a C-terminal LPETG-his motif 
were biotinylated by sortagging (29), similar as described before (46). Finally, nanobody 
sizes and purities were confirmed with SDS-PAGE, concentrations were measured at 
OD280 and nanobodies were stored at -20°C or at 4°C, until further use.

4
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ELISA: Coating, incubation time & development
Unless stated differently, Nunc Maxisorp plates were coated O/N at 4°C with 50 µL of 
either purified protein (C5b6, C5, C6) at 2 µg/mL, or SEC fractions, diluted 1:1 in PBS. The 
next day, wells were blocked at RT, without shaking, for 1 h. Blocking was done with 200 
µL PBS + 4% Marvel (immune response & crude periplasmic binding) or 80 µL PBS-T + 
4% bovine serum albumin (BSA) (others). All following incubations were performed in 
50 µL/well, while shaking, for 1 h at RT. Samples were diluted in either PBS + 1% Marvel 
or PBS-T + 1% BSA (respectively to blocking buffers). In between all incubations, wells 
were washed 3x with PBS-T. To detect llama antibodies and unlabeled nanobodies, 
wells were incubated with polyclonal rabbit-anti-nanobody antibodies QE19 (1:2000, QVQ 
Holding BV) followed by polyclonal donkey-anti-rabbit-HRP detection antibodies (1:5000, 
Jackson Immuno Research). To detect biotinylated nanobodies, wells were incubated 
with streptavidin-HRP (1:5000, Southern Biotech). For the immune response and crude 
periplasmic binding ELISA 3.7 mM of O-phenylenediamine dihydrochloride + 50 mM 
Na2HPO4 2H2O + 25 mM citric acid + 0.03% H2O2 was used as a substrate. For all others 
100 µg/mL tetramethylbenzidine dissolved in DMSO + 100 mM NaOAc + 1.7 mM ureum 
peroxide was used as a substrate. In all cases, 0.5 M sulfuric acid was used to stop the 
reaction. Absorbance (450 nm) was measured with an iMark Microplate Reader (Biorad).

Erythrocyte lysis assays
Veronal buffered saline + 145 nM NaCl, pH 7.4 supplemented with 0.25 mM MgCl2 and 
0.5 mM CaCl2 was used as buffer. Sheep erythrocytes were washed 3x with PBS and 
pre-opsonized with 1:2000 polyclonal rabbit-anti-sheep IgM antibodies (produced in 
our lab). Sheep erythrocytes opsonized with antibodies are further referred to as 
shEA. For screening with periplasmic extracts, crude extracts (1:5 diluted in PBS) were 
incubated with 2.5% human serum and a 2% shEA suspension, for 15’, at 37°C, shaking. 
For complement inhibition in human serum, 300 nM purified nanobodies or Eculizumab 
was incubated with human serum (0-10%) and 2% shEA, for 45’, at 37°C, shaking. For 
complement inhibition with purified components different concentrations of C5b6 (0-50 
nM) was pre-incubated with 300 nM nanobody or Eculizumab, for 10’, at RT. Next, 
samples were incubated with 100 nM C7, 100 nM C8, 500 nM C9, and 2% shEA suspension, 
for 45’, at 37°C, shaking. In all assays, shEA were incubated with 50 µL milliQ water (100% 
lysis) and 50 µL buffer (0% lysis) as controls to calculate percentages of hemolysis. 
After final incubations, plates were spun down for 7’, 3500 rpm and supernatants were 
1:3 diluted with milliQ water. Hemoglobin release was measured at an OD405, using an 
iMark Microplate Reader (Biorad).
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SEC: nanobody interaction with C5, C6 and C5b6
UNbC5b6-1 (2.1 µM) was incubated with C5b6 (1.4 µM), C5 (2.1 µM), C6 (2.1 µM) or buffer 
(25 mM Hepes + 150 mM NaCl, pH 7.4) for 15’, at RT. Next, samples were filtered with a 
0.22 µm Costar® SpinX tube (Corning) and 50 µL sample was loaded on a Superose 6 
Increase 3.2/300 column (GE Healthcare), using the AKTA-Explorer (GE Healthcare). OD280 
was measured and fractions of 50 µL were collected to detect presence of UNbC5b6-1 
by ELISA.

SPR affinity determination
Kinetics of UNbC5b6-1 binding to C5b6 was assessed on a White Fox fiber optic surface 
plasmon resonance (FO-SPR) sensor (FOx Biosystems) using streptavidin FO-SPR probes 
(FOx Biosystems). Biotinylated UNbC5b6-1 (330 nM) was immobilized on streptavidin 
probes in PBS, pH 7.4, supplemented with 0.01% Tween-20 (PBS-T0.01%), at 1000 rpm, 
26ºC for 300” after which probes were incubated with (1.56 - 25 nM) C5b6 in PBS-T0,01%. 
Association was measured for 1800” and dissociation was measured for 7200”, in PBS-
T0,01%, both while shaking at 1000 rpm, 26ºC. FO-SPR data were collected by FOx software 
(FOx Biosystems) and on- and off-rates were fitted using TraceDrawer, using a Local 
Bmax, global kon, global koff and a constant BI.

Data analysis & statistical testing
Illustrations were created with BioRender. Graphs were created with GraphPad Prism 
9.3.0. Curves were fitted with GraphPad Prism 9.3.0. or with Tracedrawer. Nanobody 
sequences were aligned using T-coffee (50).
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Abbreviations

The abbreviations used here are: MAC, Membrane Attack Complex; C5b-9, Membrane 
Attack Complex; C5b-7, Membrane attack complex precursor consisting of C5b, C6, 
and C7; C5b-8, Membrane attack complex precursor consisting of C5b, C6, C7, and 
C8; VHH, Variable heavy chain of heavy chain only antibodies, nanobody; MACPF/
CDC, MAC-perforin/cholesterol-dependent cytolysin; mAb, monoclonal antibody; MG, 
macroglobulin; CUB, C1r/C1s UEGF BMP1; NTR, netrin module; TS, thrombospondin-like; 
FIM, factor I-MAC; CCP, complement control protein; VHH, variable heavy chain of heavy 
chain only antibodies; PBMC, peripheral blood mononuclear cells; E. coli, Escherichia coli; 
CDR, complementarity determining region; CDRH1-3, CDR Heavy chain domain 1, 2, or 3; 
Irr Nb, irrelevant nanobody; X-bio, biotinylated nanobody (clone X); SEC, size exclusion 
chromatography; SPR, surface plasmon resonance; kon, association rate; koff, dissociation 
rate; KD, binding affinity; ShEA, sheep erythrocytes sensitized with antibodies; EM, 
electron microscopy; AF2, AlphaFold 2; FR1, framework 1; CH2, constant heavy chain 2; LB, 
Luria-Bertani; CFU, colony forming units; 2YT, 2× yeast extract tryptone; O/N, overnight; 
PBS, phosphate buffered saline; Marvel, skimmed milk; RT, room temperature; PBS-T, PBS 
supplemented with 0.05% Tween-20; PBS-T0.01%, PBS supplemented with 0.01% Tween-20; 
BSA, bovine serum albumin; FO-SPR, Fox fiber optic surface plasmon resonance; Nb, 
nanobody.
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Supporting figure 1: Phage display library generation and selection strategy. Schematic 
and stepwise representation of phage display library construction and phage display selection 
strategy. (1) Isolated mRNA, obtained from llama peripheral blood mononuclear cells. (2) cDNA 
production and specific amplification of VHH genes. (3) Digestion and ligation of VHH genes in 
phagemid vectors. (4) Transformation into E. coli TG1. (5) E. coli TG1 library formation. (6) phage 
production and purification. Figure created with BioRender. co

 

Ruler:    0         10        20        30          40         50        60         
              FR-H1              CDR-H1    FR-H2           CDR-H2                    
UNbC5b6-1: EVQQVESGGGLVQAGGSLRLSCAASGGTFS IYTMG WFRQAPGKEREIVA TINWNDVSTYLVDSVKG  

Ruler:        70        80        90         100       110        120         
                        FR-H3                  CDR-H3       FR-H4 
UNbC5b6-1: RFIISRDNAKNTVYLQMNSLKPEDTAVYYCAA AQRGSSFQSTNT YGQGTQVTVSS 

Supporting figure 2: Full sequence of UNbC5b6-1. Protein sequence of UNbC5b6-1. Nanobody 
frameworks (FR-H1, FR-H2, FR-H3, FR-H4) and variable regions (CDR-H1, CDR-H2, CDR-H3) are 
depicted. Amino acids are colored according to the shapely color scheme.
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In this thesis, we developed and characterized four novel llama-derived nanobodies 
against human complement proteins: UNbC3b-1 against C3b (chapter 2); UNbC5-1 and 
UNbC5-2 against C5 (chapter 3); and UNbC5b6-1 against C5b6 (chapter 4). To do so, 
we immunized two llamas, created nanobody phage display libraries, and performed 
multiple rounds of phage display panning. For all complement proteins used during 
immunizations, we successfully identified multiple nanobodies. In the end, we prioritized 
four nanobodies for further characterization because of their potent binding and 
inhibitory activity or their unique capacity to discriminate activated complement 
products from their precursors.

Nanobodies targeting complement
Over the recent years, other research groups also successfully developed llama-
derived nanobodies against different complement proteins, regulators, and receptors. 
Figure 1 provides a summarizing overview of all complement-targeting nanobodies 
described to date (1–9). Most nanobodies are specific and bind their target with high 
affinity. Also, for many nanobodies, structural studies were performed to pinpoint their 
exact binding epitope. These recent data and the work described in this thesis thus 
indicate that development of llama-derived nanobodies is a successful and efficient 
approach to discover novel complement targeting molecules. In fact, the amount of 
nanobodies identified during my PhD, was much larger than the four described in this 
thesis. For all complement targets used during immunizations, we were able to mount 
a specific immune response in the llamas and subsequently select large panels of 
specific nanobodies. While the identification of nanobodies in general was efficient, 
it was sometimes challenging to select which nanobodies were most interesting to 
follow up for further biochemical and functional characterization. The latter is a time-
consuming process and forced us to only characterize four nanobodies in greater detail. 
Consequently, we have obtained large sets of other unique nanobodies that bind (and 
inhibit) the targets described in this thesis (C3b, C5 and C5b6) and other complement 
targets (FB/Bb, C3, and C6). Therefore, I am optimistic that this thesis can serve as a 
valuable starting point to further explore and characterize the nanobodies that were 
generated during my PhD.
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The benefits of nanobodies
One of the most important reasons to develop llama-derived nanobodies during this 
thesis, instead of for example monoclonal antibodies, was the high preference of 
nanobodies to recognize conformational epitopes (10–13). This fitted well with our goal 
to discriminate between complement activation products and precursor proteins, which 
often only differ from each other in their conformational state(14). So, the question is 
now whether similar results could have been obtained with conventional antibodies. 
For the anti-C5 nanobody UNbC5-1 the answer is simply yes since we identified that this 
nanobody has an overlapping epitope with the monoclonal antibody Eculizumab (15, 
16). For UNbC5-2 the answer is a bit less certain, but we think that it would be possible 
to target this epitope with a monoclonal antibody. The specific binding interface is not 
hidden in a cryptic cleft and the involved amino are all in close proximity and appear 
like a linear epitope. For the other two nanobodies, UNbC3b-1 and UNbC5b6-1 it is 
unfortunately more difficult to answer this question since we did not unravel their exact 
binding sites. Nevertheless, both nanobodies could discriminate between activated and 
precursor proteins, which was our goal. 5
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Figure 1: Schematic overview of the current collection of anti-complement nanobodies. In green 
the nanobodies described in this thesis and in purple the nanobodies previously described by 
others.
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Next to their specificity, nanobodies are also known for their high affinities (17). Also 
the nanobodies identified in this thesis bound their targets in the picomolar range. A 
study by Stach et al. developed monoclonal antibodies specifically targeting C5b6, using 
a naïve antibody library and in vitro affinity maturation(18). Although they identified 
multiple specific clones, they failed to identify clones of high affinity. Using our llama 
immunization strategies, which always included a series of immunizations and for 
example in the case of C3b presented the antigen in different formats, we facilitated 
in vivo affinity maturation. Furthermore, by performing phage display panning with 
the nanobody libraries and a wide variety of selection strategies, including negative 
selections with different levels of stringency, we might have steered our selection to 
nanobodies with high affinities and specificities for activation products.

The anti-complement nanobody collection
With at least 14 complement targeting nanobodies previously identified and the four 
nanobodies that were characterized in this thesis (Figure 1), the collection of nanobodies 
targeting complement has rapidly expanded in the last years. I hope this encourages 
others to develop novel nanobodies targeting complement proteins following similar 
procedures. Simplest would be to develop nanobodies targeting precursor proteins 
that circulate in serum, such as C2, FD, and C9. However, the complement field would 
really benefit from more nanobodies that discriminate activated complement products 
from precursor proteins. For example, nanobodies that can distinguish MAC precursors 
(C5b-7, C5b-8) from native proteins (C5, C6, C7, etc.) and full MAC complexes would allow 
to study the process of MAC assembly in greater detail. This could help to unravel the 
molecular mechanisms required for a MAC pore to be cytolytic in host and pathogenic 
cells (19, 20). With our nanobody UNbC5b6-1, the first step of MAC assembly can now 
be detected, but this is not sufficient to follow and detect each step of MAC assembly 
individually.

Next to the nanobody targeting MAC precursor C5b6, we also made various attempts 
to identify nanobodies that could discriminate between C3 and C5 convertases, since 
these would be valuable tools to further understand the molecular requirements of C5 
convertase formation and functioning. Although it is currently not known if the proteins 
forming the convertase (C3b and Bb) are structurally different in a C3 convertase and a 
C5 convertase, we still tried to obtain C5 convertase specific nanobody (21). To do so, we 
immunized llamas with soluble, stabilized AP convertases and C3b-opsonized bacteria 
in the presence or absence of C5. With these immunizations we attempted to boost the 
llamas’ immune responses towards (neo-)epitopes (if at all) specifically present in these 
complexes. Like we did for C3b, C5 and C5b6, we could detect AP convertase-binding 
antibodies in the serum of llamas. However, despite multiple attempts with different 

5
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phage display panning strategies and many screenings assays, we did not identify 
nanobodies that were specifically binding to C5 convertases, and not to C3 convertases 
and precursor proteins. Even though we did not succeed to identify C5 convertase 
specific nanobodies during my PhD, I am still hopeful that nanobodies are promising 
molecules to achieve this goal in the future. Their paratope shape, long CDR-H3 loop 
and their preference for conformational epitopes makes them good candidates to bind 
cryptic clefts located in (C5) convertases (10). Furthermore, the nanobodies described 
in this thesis might also help to further unravel the exact molecular requirements 
for C3 convertases to become C5 convertases. One suggestion would be to develop 
multivalent nanobodies, such as bispecifics or trispecifics that target C3b, Bb, and C5, 
simultaneously. Although future studies should explore the exact requirements for such 
multivalent molecules, I would suggest that at least that the linker lengths should be 
adjusted to the specific distances between individual epitopes and that the individual 
nanobodies should be of rather low affinity. Mediated by avidity, the latter could enable 
specific binding to convertase complexes, without efficient binding to the individual 
nanobody targets (22).

Although most nanobodies identified by other groups have different targets than the 
here-described nanobodies, three nanobodies identified by the group of Prof. Andersen 
(hC3Nb1 (6), hC3Nb2 (7), and hC3Nb3 (8)) appear similar to our UNbC3b-1 nanobody. 
However, biochemical and functional studies show that UNbC3b-1 differs from the 
hC3Nbs. While UNbC3b-1 specifically recognizes C3b, hC3Nb2 and hC3Nb3 bind to both C3 
and C3b. For hC3Nb1 it was reported that it could recognize both C3b and C3. However, 
in a recent publisher correction, the authors suggest that this nanobody may also 
bind better to C3b than to C3 (23). Nevertheless, UNbC3b-1 and hC3Nb1 show different 
mechanisms of action. While hC3Nb1 inhibits the AP by preventing proconvertase 
formation and blocking the C3 convertase-substrate interaction, we found that UNbC3b-
1 blocks AP convertase activity without blocking the formation of (pro)convertases. 
Finally, although we were not successful in determining the exact binding epitope of 
UNbC3b-1, its binding and inhibition profile is distinct from the hC3Nbs, suggesting that 
it binds C3b on a different epitope than the previously described anti-C3(b) nanobodies.

Future directions for the nanobodies identified in this thesis
The nanobodies described in this thesis could directly be used in complement research 
as they are presented here. However, further characterization is still valuable, 
especially if these nanobodies would be used as diagnostic or therapeutic agents. The 
identification of the exact binding sites of UNbC3b-1 and UNbC5b6-1 is an important 
next step. Artificial intelligence (AI) might help in identifying the binding sites of 
nanobodies. For example, the development of DeepMind’s neural network model 
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AlphaFold2 (AF2) has given an enormous boost to the structural prediction of proteins 
based on their amino acid sequence. While effective for many proteins (24), employing 
AF2 for complement-nanobody predictions taught us that it is still rather difficult to 
obtain reliable predictions. This is likely due to the size of complement proteins and 
complexes, which requires more computational resources than were available to us. 
Consequently, AF2 either predicted hypothetical binding interfaces on different sites of 
the molecule (for example in the case of C3b and UNbC3b-1) or forced us to ‘break up’ 
the sequence in two smaller pieces (for example in the case of C5b6 and UNbC5b6-1), 
which prevented AF2 to model the C5b:C6 interfaces properly. Fortunately, since the 
field of AI is moving forward with a high pace, programs such as AF2 might be able 
to reliably predict interaction sites in the near future. Furthermore, AI might be used 
to predict specific modifications that improve nanobody affinities, specificities and 
cross-reactivities.

Therapeutic anti-complement nanobodies
Although the work in this thesis was mainly aimed to develop novel tools to study the 
complement system, the identification of novel complement inhibitors might contribute 
to the development of novel complement-mediating therapies. Unwanted complement 
activation is the root cause in multiple blood-related diseases and in many other 
diseases complement activation contributes to disease severity (25, 26). The introduction 
of Eculizumab into the clinic has evidenced how beneficial complement inhibition can 
be. More than 15 years later, a couple of complement-mediating medicine are used in 
the clinic for a wider variety of diseases (25–28). Nevertheless, the treatment options for 
complement-mediated diseases are still rather limited, and for Eculizumab treatment 
limitations have also been identified. For example, in patients treated with Eculizumab 
residual complement activity by incomplete inhibition can sometimes be detected and 
is often problematic in these patients. Studies using Eculizumab and OmCI (also known 
as Coversin) showed that by targeting the C5 molecule on two distinct sites, residual 
activity could be abolished (29, 30). Since we identified that UNbC5-1 and UNbC5-2 
target C5 on two distinct sites, our nanobodies might be explored for synergistic effects 
and could be used to study the potential of dual treatment to overcome residual 
complement activity. Another limitation of Eculizumab and Ravulizumab is that these 
molecules are not effective in patients bearing a fully functional genetic variant of C5 
(called C5 R885H), since it can no longer bind this C5 (31). This genetic variant was found 
in 1-3.5% of the healthy Japanese and Han Chinese population and a similar mutation 
(R885S) was identified in a Dutch patient, with no Asian ancestry (31, 32). In chapter 
4 we show that nanobody UNbC5-1 has an overlapping epitope with Eculizumab and 
that it can bind C5 R885H and inhibits its cleavage. With the detailed information on 
the binding interface of UNbC5-1 and C5, this nanobody might be further developed as 

5
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a potent complement inhibitor, and this information could serve as a starting point to 
improve existing and develop novel C5 inhibitors.

If the nanobodies presented in this thesis would be further developed as complement 
inhibiting medicine, pharmacodynamics should be considered. The short half-life 
of nanobodies is acknowledged as a major disadvantage, especially when used for 
the long-term treatment of chronic diseases (33, 34). Fortunately, multiple methods, 
including PEGylation, Fc-tail fusion, fusion to serum albumin and multimerization, could 
be applied to increase their half-lives (35–37). On the other hand, the intrinsic short 
half-life of nanobodies might also be beneficial when therapeutic intervention is only 
required for a short period of time, for example in the case of acute sepsis and patients 
undergoing transplantations. Next to a short half-life, immunogenicity should be taken 
into consideration if nanobodies would be applied therapeutically. Despite the fact that 
llama-derived nanobodies have >80% homology with human VH domains, there still is 
a low risk of an anti-nanobody immune response (38, 39) . To overcome this, multiple 
studies have invested in the development of human heavy-chain only antibodies, using 
transgenic mice (40, 41) and rats (42). With the FDA approval of the first nanobody-based 
therapy Cablivi (or caplacizumab, targeting von Willebrand factor) in 2019, the long road 
ahead for nanobodies as complement-mediating medicine is at least paved (43, 44).
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Introductie

Het complement systeem
Het complement systeem is een belangrijk onderdeel van het menselijk immuunsysteem 
die ons beschermt tegen binnendringers. Het bestaat uit een collectie van ongeveer 
30 eiwitten die circuleren in het bloed en andere lichaamsvloeistoffen. Middels een 
complexe kettingreactie waarin eiwitten worden geknipt kan het complement systeem 
onder andere ziekteverwekkers, dode cellen en tumorcellen opruimen. Het complement 
systeem doet dit via drie belangrijke mechanismen: 1) het zichtbaar maken van de 
binnendringer voor andere delen van het immuunsysteem (opsonisatie); 2) immuun 
cellen aantrekken naar de plek van activatie (chemoattractie); 3) het vormen van een 
eiwit porie (“membrane attack complex”(MAC)) die binnendringers direct doodt door 
gaten te maken in hun celwand. In de afwezigheid van bijvoorbeeld een ziekteverwekker 
circuleren de complement eiwitten in hun niet-geactiveerde vorm (oftewel voorloper 
eiwitten) door het lichaam. Echter, als een binnendringer gedetecteerd wordt 
(bijvoorbeeld door antilichamen), activeren de eiwitten elkaar één voor één door middel 
van enzymatische knipstappen en/of veranderingen van de vorm (conformationele 
veranderingen). In Figuur 1 is een gedetailleerd schematisch overzicht weergegeven 
van alle stappen van complement activatie.
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Figuur 1: Schematische weergave van complement activatie aan het oppervlak van een 
binnendringer. Complement activatie gaat via 3 routes en werkt op een stapsgewijze manier 
waarin de complement eiwitten verschillende knipstappen en conformationele veranderingen 
ondergaan.
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C3 en C5 zijn centrale complement eiwitten
Tijdens de activatie van het complement systeem worden er enzymatische 
eiwitcomplexen gevormd die we C3 en C5 convertases noemen (Figuur 1). De C3 
convertases knippen C3 in C3a en C3b, en de C5 convertases knippen C5 in C5a en 
C5b. Deze twee knipstappen zijn cruciaal voor het uitvoeren van de drie belangrijkste 
effector functies van het complement systeem (Figuur 2). Ten eerste, C3a en C5a zijn 
twee kleine moleculen die na de knip worden losgelaten en werken als potente chemo-
attractieve moleculen die sterk bijdragen aan de ontstekingsreactie. Ten tweede, C3b 
is een groot molecuul dat een conformatie verandering ondergaat en vervolgens bindt 
aan het celoppervlak. Vanuit daar kan het binden aan verschillende cellen van het 
immuunsysteem door in interactie te vormen met complement receptoren. Deze cellen 
kunnen de met C3b-geopsoniseerde cel vervolgens opeten (fagocyteren). Bovendien 
amplificeert C3b de activatie van het complement systeem door het vormen van nieuwe 
convertases. Ten derde, initieert C5b de formatie van MAC poriën. Wanneer C5 geknipt 
wordt, ondergaat C5b grote conformationele veranderingen. Hierdoor kan C6 binden aan 
C5b, en wordt het C5b6 complex gevormd. Vervolgens binden complement eiwitten C7, 
C8 en meerdere kopieën van C9 aan het C5b6 complex. Dit leidt tot de vorming van de 
MAC porie in de celwand van de binnendringer en zorgt voor directe celdood.

Figuur 2: Schematische weergave van de verschillende effector functies van het complement 
systeem die plaatsvinden na het knippen van C3 en C5.

Complement onder- en over activatie is geassocieerd met ziektes
Omdat het complement systeem bij veel processen betrokken is, is het belangrijk 
dat het systeem goed gereguleerd wordt. In het geval van te weinig activatie krijgen 
ziekteverwekkers vrij baan wat leidt tot infecties. In het geval van te veel complement 
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activatie kan het systeem de gezonde lichaamseigen cellen aanvallen, en spreken 
we van een auto-immuun ziekte. Voorbeelden hiervan zijn de ziektes paroxysmale 
nachtelijke hemoglobinurie (PNH), atypisch hemolytisch-uremisch syndroom (aHUS), 
en leeftijdsgerelateerde maculadegeneratie (LMD).

Kleine antilichamen afkomstig uit lama’s
Antilichamen zijn belangrijke eiwitten van het immuunsysteem die heel gericht aan een 
lichaamsvreemd deeltje kunnen binden. Deze moleculen zijn Y-vormig en herkennen 
hun unieke lichaamsvreemde deeltje met de combinatie van twee domeinen (VH + 
VL) (Figuur 3, weergegeven in groen). Bijna alle gewervelde organismen maken deze 
antilichamen om zich te beschermen tegen binnendringers. In 1993 werd een speciaal 
type antilichamen ontdekt in het bloed van lama’s en andere kameelachtigen. Deze 
antilichamen lijken heel erg op “gewone” (conventionele) antilichamen, maar ze missen 
een aantal domeinen (Figuur 3). Als gevolg hiervan zijn ze kleiner dan conventionele 
antilichamen en herkennen ze hun antigen met slechts één enkel domein. Dit domein, 
ook wel het VHH-domein genoemd, kan als los molecuul verkregen worden en staat ook 
wel bekend als Nanobody® of “single-domain antibody” (sdAb). Nanobodies zijn ongeveer 
10x keer kleiner dan conventionele antilichamen en door hun unieke vorm kunnen ze 
beter onderscheid maken tussen de verschillende conformaties van eiwitten. Zoals 
hierboven al beschreven wordt complement activatie gedreven door een kettingreactie 
van knipstappen en conformationele veranderingen van onder andere complement 
eiwitten C3 en C5. Daarom zijn nanobodies uitermate geschikt om onderscheid te maken 
tussen bijvoorbeeld voorloper eiwitten C3, C5 en C6 en de geactiveerde eiwitten C3b 
en C5b6.

Figuur 3: Schematische weergave van de verschillende domeinen aanwezig in een conventioneel 
antilichaam, een lama antilichaam en een nanobody (of VHH domein).
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Doelstellingen van dit proefschrift

De rol van het complement systeem in gezondheid en ziekte wordt al jarenlang 
onderzocht. Desondanks zijn er nog steeds grote fundamentele en klinische vragen 
die onbeantwoord zijn. Het ontwikkelen van nieuwe hulpmiddelen en medicijnen die 
complement activatie kunnen remmen en/of detecteren zijn daarom nog steeds nodig. 
In dit onderzoek is het ons doel om nanobodies te ontwikkelen tegen verschillende 
complement eiwitten. We focussen op centraal complement eiwit C5 en de activatie 
producten C3b en C5b6.

Bevindingen

In dit proefschrift hebben we de identificatie en karakterisatie beschreven van vier 
verschillende nanobodies gericht tegen eiwitten uit het complement systeem. Om 
deze nanobodies te verkrijgen hebben we twee lama’s geïmmuniseerd met gezuiverde 
complement eiwitten, eiwitcomplexen en bacteriën geopsoinseerd met complement 
eiwitten. Na de immunisaties hebben we bloed afgenomen bij de lama’s. Hieruit konden 
we antilichaam producerende cellen isoleren en vervolgens de genen die coderen voor de 
nanobody domeinen isoleren en kloneren in bacteriën die geschikt zijn om “faagdisplay” 
mee te doen. Faagdisplay is een techniek om uit miljoenen verschillende nanobodies 
alleen de nanobodies te selecteren die aan de eiwitten van onze interesse binden. Na 
het selecteren van de bindende nanobodies hebben we gescreend voor nanobodies 
met verschillende eigenschappen, zoals specificiteit, affiniteit en remming. Vervolgens 
hebben we een viertal nanobodies geselecteerd om uitgebreid te karakteriseren.

In hoodstuk 1 geven we een uitgebreide introductie over het complement systeem 
en nanobodies. We focussen ons voornamelijk op complement eiwitten C3 en C5 
en beschrijven hoe deze eiwitten geactiveerd worden door C3 en C5 convertases. 
We beschrijven hoe deze eiwitten conformationeel veranderen en hoe hun 
activatieproducten vervolgens een rol spelen in verdere activatie van het complement 
systeem. Bovendien beschrijven we wat nanobodies zijn, hoe deze verschillen van 
conventionele antilichamen en leggen we uit waarom er in dit proefschrift gekozen is 
om nanobodies te ontwikkelen.

In hoofdstuk 2 beschrijven we de identificatie van nanobody UNbC3b-1, die aan 
complement activatie product C3b bindt. Met technieken als “flow cytometrie” en 
“size exclusion chromatography” laten we zien dat dit nanobody specifiek aan C3b 
bindt en niet aan voorloper eiwit C3. Bovendien heeft UNbC3b-1 een hoge affiniteit voor 
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C3b. Door middel van functionele experimenten laten we zien dat UNbC3b-1 activatie 
van een deel van het complement systeem remt. Het nanobody remt namelijk wel de 
alternatieve route, maar niet de klassieke route (zie Figuur 1 voor een overzicht van de 
verschillende activatie routes). We hebben laten zien dat UNbC3b-1 voorkomt dat C3 en 
C5 convertases hun substraten C3 en C5 kunnen knippen. Ondanks dat we het exacte 
mechanisme hiervan niet hebben kunnen ontrafelen, laten we wel zien dat UNbC3b-1 
niet de vorming van deze convertases blokkeert.

In hoofdstuk 3 beschrijven we de identificatie en karakterisatie van twee anti-C5 
nanobodies (UNbC5-1 en UNbC5-2) die op twee verschillende plaatsen aan C5 binden. 
Beide nanobodies blokkeren de knip van C5 op een efficiënte manier. In deze studie 
hebben we de exacte bindingsplaats van UNbC5-1 en UNbC5-2 bepaald door middel van 
de techniek “cryo-elektronenmicroscopie”. Hieruit bleek dat UNbC5-2 op dezelfde plek 
aan C5 bindt als een eerder beschreven molecuul, genaamd RaCI3. Nanobody UNbC5b-
1 bindt aan C5 op dezelfde plek als eculizumab. Dit is een conventioneel antilichaam 
tegen C5 die in de kliniek wordt gebruikt om complement-gemedieerde ziektes te 
behandelen. Ondanks de successen van eculizumab, zijn er een aantal patiënten waarbij 
het medicijn niet goed werkt. Dit komt omdat deze patiënten een genetische variant 
van het complement eiwit C5 hebben, genaamd C5 R885H, en eculizumab hier niet aan 
kan binden. In onze studie laten we zien dat het nanobody UNbC5-1 wel aan C5 R885H 
kan binden en dat het, in tegenstelling tot eculizumab, de knip van C5 R885H wel kan 
remmen.

In hoofdstuk 4 beschrijven we de identificatie van een specifiek anti-C5b6 nanobody, 
genaamd UNbC5b6-1. Met verschillende technieken, zoals “ELISA” en “surface-plasmon 
resonance”, laten we zien dat dit nanobody met hoge affiniteit aan C5b6 bindt. Met 
behulp van de technieken “ELISA” en “size exclusion chromtography” laten we zien 
dat dit nanobody niet kan binden aan de voorloper eiwitten C5 en C6, en daarmee dus 
specifiek is voor C5b6. Bovendien laten we zien dat dit nanobody geen effect heeft op 
complement activatie.

In hoofdstuk 5 vatten we onze bevindingen samen en plaatsen we deze in het grotere 
geheel van het nanobody- en complement veld. Allereerst geven we een overzicht van 
alle anti-complement nanobodies die momenteel zijn beschreven in de literatuur en 
laten we zien welke nanobodies wij met deze onderzoeken toevoegen (Figuur 4). We 
vergelijken de nanobodies in deze thesis met een aantal anti-complement nanobodies 
die veel overeenkomsten hebben. Bovendien beschrijven we waar de uitdagingen tijdens 
ons onderzoek lagen en welke nanobodies waardevol zijn om te gaan ontwikkelen in de 
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toekomst. Als laatste beschrijven we hoe de nanobodies uit deze thesis zouden kunnen 
bijdragen in het veld van complement onderzoek en therapie.

Figuur 4: Schematisch overzicht van alle anti-complement nanobodies die momenteel zijn 
beschreven in de literatuur. In groen aangegeven zijn de nanobodies beschreven in dit proefschrift 
en in paars aangegeven zijn de nanobodies die in de literatuur zijn beschreven door anderen. KR 
staat voor klassieke route, LR voor lectine-route, AR voor alternatieve route.
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Ter conclusie

In dit proefschrift beschrijven we de ontwikkeling, identificatie en karakterisatie van 
vier nieuwe anti-complement nanobodies. Hiermee laten we zien dat het ontwikkelen 
van nanobodies tegen complement eiwitten een goede aanpak is om dit soort nieuwe 
moleculen en hulpmiddelen te ontwikkelen. De nanobodies beschreven in deze thesis 
kunnen nu en in de toekomst gebruikt worden om belangrijke fundamentele en klinische 
vraagstukken met betrekking tot het complement systeem verder te ontrafelen. 
Bovendien zouden sommige van deze nanobodies gebruikt kunnen worden om nieuwe 
medicijnen te ontwikkelen die overactiviteit van het complement systeem kunnen 
remmen.
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Short English summary

The complement system is an important part of the human immune system that 
fights invading pathogens and removes apoptotic host cells, tumor cells and immune 
complexes. It consists of roughly 30 proteins that circulate in the blood and other body 
fluids and its activity is driven by proteolytic cascades and conformational changes. 
The role of the complement system in health and disease is extensively being studied. 
Although huge progress is made in the last decades, there are still major fundamental 
and clinical questions that yet remained unanswered. Novel tools and therapeutics 
that can inhibit, and/or discriminate complement precursor proteins from activation 
proteins are therefore still needed. We aimed to develop llama-derived nanobodies 
directed towards different complement components. In this thesis, we focused on 
central complement component C5 and activation products C3b and C5b6. To obtain 
complement targeting nanobodies, we immunized two llamas, created nanobody phage 
display libraries, and performed multiple rounds of phage display panning. For all 
complement proteins used during immunizations, we successfully identified multiple 
nanobodies. In the end, we prioritized four nanobodies for further characterization 
because of their potent binding and inhibitory activity or their unique capacity to 
discriminate activated complement products from their precursors. Briefly, UNbC3b-1 
targeting C3b (chapter 2) specifically binds complement activation product C3b and 
not precursor C3 and efficiently inhibits alternative pathway convertase functioning. 
UNbC5-1 and UNbC5-2 (chapter 3) are two potent C5 inhibiting nanobodies that bind C5 
on distinct sites. Using cryo-EM we identified the exact binding sites of UNbC5-1 and 
UNbC5-2 and showed that they overlap with the binding sites of known complement 
inhibitors eculizumab and RaCI3, respectively. Furthermore, we show that UNbC5-1 can 
also bind and inhibit a genetic variant of C5, called C5 R885H, which cannot be bound 
and inhibited by eculizumab. UNbC5b6-1 (chapter 4) is a nanobody that specifically 
binds to the complement activation complex C5b6, but not to precursor proteins C5 
and C6. This nanobody does not interfere with complement activity. All in all, the here 
identified nanobodies can serve as tools to gain a better understanding of the molecular 
mechanisms of complement activation and hold promise for further development as 
diagnostic tools and therapeutics.
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Nou, het is zo ver. Ik mag mijn dankwoord gaan opschrijven. Iets waar ik al vanaf het 
begin van mijn PhD naar uit kijk. Want zeg nou zelf, dit is toch verreweg het leukste 
hoofdstuk om te lezen ;-D. Maar nu het dan eindelijk zo ver is, en mijn proefschrift dus 
echt af is, schuif ik het toch steeds een beetje voor me uit. Blijkt het na ruim 4,5 jaar 
toch lastiger dan ik dacht om letterlijk en figuurlijk het laatste hoofdstuk van mijn 
PhD af te sluiten. Maar ik ga het toch doen, het is eindelijk tijd om alle mensen 
te bedanken die zo’n ongelooflijke bijdrage hebben gehad aan dit boekje, maar 
vooral ook aan mijn leven binnen en buiten mijn PhD.

Allereerst, Suzan, bedankt voor zoveel dingen! Onwijs bedankt voor al het vertrouwen 
dat je me al zo snel hebt gegeven. Ik vond het heel gaaf en leerzaam om samen met jou 
een beurs aan te schrijven. Ik bewonder jouw analytisch denkvermogen, je ijzersterke 
geheugen en je drive om alles echt tot op de bodem, en zelfs een beetje eronder, uit 
te willen zoeken. Ik waardeer je interesse en onze eerlijke en open gesprekken, ook 
over de moeilijkere dingen. Je hebt me geleerd om wat meer vertrouwen te hebben in 
mijn kunnen als wetenschapper en om vaker de controle los te laten. Ik vond het heel 
leuk dat je nog speciaal naar Uitgeest kwam voor een privé housewarming en voel me 
vereerd dat ik als eerste OIO ooit voor je heb mogen koken.

Aaah Dani, wat was jij niet voor mij, van stagebegeleider tot copromotor, en alles wat 
ertussenin zat. Ik kan bij jou echt met alles terecht en vaak had jij al net iets eerder 
dan ik door wat ik nodig had. Ik vind jou een ongelooflijk goede wetenschapper, een 
grandioze begeleider, en vooral een superfijn persoon. Ik kijk met een grote glimlach 
terug op alle feestjes, alle goede grapjes, de leuke foto’s en de ontelbare gezellige 
koffiemomentjes. Bedankt voor al jouw bijdragen! Zeker het laatste jaar had niet gelukt 
zonder jouw hulp.

Bart, bedankt voor al jouw goede vragen. Zowel wetenschappelijk ben je erg goed in het 
stellen van de essentiële vragen, maar ook over de manier waarop we onderzoek doen. 
Je wist met jouw vragen vaak de gevoelige snaar te raken, waardoor ik ging nadenken 
over waarom we iets nou eigenlijk deden, en of ik dat zelf ook écht interessant vond 
om te onderzoeken. Ik denk dat je meer dan dat je je beseft hebt bijgedragen aan mijn 
ontwikkeling en aan dit boekje.

Jos, bedankt voor al je gevraagde en soms ook ongevraagde adviezen. Ze waren 
allemaal even waardevol. Zowel wetenschappelijk als carrière-technisch. Jouw deur 
staat altijd open en dat heb ik enorm gewaardeerd. Ik zie bij jou een enorme passie 
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voor wetenschap, maar misschien nog wel een grotere passie in het bijstaan van al die 
jonge, soms ietwat naïeve, PhD studenten. Je hebt in ieder geval mij heel erg geholpen 
met al je vragen, antwoorden en adviezen.

Ik wil ook graag prof. dr. Nicole van de Kar, prof. dr. Raymond Schiffelers, dr. 
Balthasar Heesters, prof. dr. Femke van Wijk en prof. dr. Piet Gros bedanken voor 
het kritisch doorlezen en beoordelen van mijn proefschrift. Bovendien wil ik Femke 
extra bedanken voor het plaatsnemen in mijn begeleidingscommissie. Gelukkig hebben 
we elkaar niet vaak hoeven spreken in deze rol, maar ik vond het fijn dat dit kon 
wanneer het nodig zou zijn. Daarnaast wil ik Piet extra bedanken voor de waardevolle 
samenwerking met jou en jouw team. Ik vond het fascinerend om te zien hoe jij nadenkt 
over de wetenschap en hoe je met net verkregen informatie à la minute een nieuw 
model kunt maken van de C5 convertase. I want to thank the many members of your 
team with whom I have been collaborating throughout my PhD, Ramon van de Bos, 
Itziar Serna Martin, Karla de la O’ Becerra and Jamie Depelteau. You all taught me 
a lot about structural biology and I enjoyed it a lot to join our forces and collaborate 
in many projects.

Graag wil ik ook iedereen bij QVQ bedanken. Edward en Raimond, bedankt voor het 
vertrouwen in dit project en alle support die jullie me de gehele tijd hebben gegeven. 
Bedankt voor alle leuke overleggen en jullie waardevolle input, later ook met Gillian 
en Robbin. Ik vond het onwijs leerzaam en leuk om bij en met jullie in het lab te 
mogen werken. Daphne en Marjolein, bedankt dat ik jullie ontelbaar veel vragen mocht 
stellen, ook al was het soms 3 keer dezelfde! Ik heb de teamspirit bij QVQ altijd heel 
erg gewaardeerd, en dat komt echt door Lianne, Floor, Mark, Stephie, Joyce, Sander, 
en alle andere QVQ’ers! Bedankt voor deze toptijd!

En na iedereen bij QVQ bedankt te hebben, moet ik natuurlijk de twee hoofdrolspelers uit 
mijn boekje in het zonnetje zetten: Lotte en Ines. Zonder jullie geen boekje, zonder jullie 
geen gelach tijdens presentaties en dankzij jullie hebben heel veel mensen onthouden 
wat ik (ongeveer) voor werk doe. Dus dank daarvoor! Jullie worden gewaardeerd en ik 
gun jullie nog een heel lang, gelukkig, gezond, en grazend lama pensioen!

Y luego, las paranimfas más maravillosas, entusiastas y siempre felices que puedo 
imaginar, Julia y Leire. Was this correct Spanish? If not, blame google translate. Thank 
you for teaching me mucho palabras de hoy, and very important phrases that are just 
applicable to almost every situation (que racista & que pija, hihihi). Dear Leirooo, just 
thank you for being you! Your happiness always made me smile, your sincere interest 
in every detail of my personal life was wonderful. I enjoyed the many parties & dance 
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moves, but especially our short career as fake guitar players with cono de trafico as 
our hats. I was so happy to hear that you came back to the MMB for a second time, 
and I am so happy that you were there for me throughout my PhD! Sweet sweet Julia! 
The moment you joined the MMB, I knew this girl I want to become friends with! You 
are an amazing person, a great listener, super funny, and of course a super scientist, 
although sometimes your stories are a bit faag to me (hahaha). Thank you for being the 
best roommate, your hugs in the hallway, and always the question how I was doing. 
You are the best! Oh and once again, thank you for taking care of my phone when I 
didn’t forget it at your party!

Dan de personen zonder wie dit boekje er echt niet had kunnen zijn: Carla, Kok, Lisette, 
Maartje, en Piet. Dankzij jullie is het écht een feestje om te werken bij de MMB. Het 
is zo onwijs fijn om te weten dat je altijd bij jullie terecht kunt met vragen en jullie 
verzetten zo ongelooflijk veel werk voor (en gelukkig ook met) ons! En dan is het ook 
nog eens supergezellig met jullie! Carla, bedankt voor de lessen in cloneren, je oprechte 
interesse en ik heb echt met je genoten (tijdens de karaoke) in Girona! Kok, quick-
question-Kok, die bijnaam doet je eer aan! Ik heb je gemist toen je met je welverdiende 
pensioen bent gegaan, maar ik vind het stiekem wel heel leuk dat je weer een klein 
beetje terug gaat komen naar de MMB! Lisette, ik kan altijd erg lachen om je droge 
humor! Jij laat je niet zomaar gek maken, daar houd ik van! En ondertussen knalde je er 
ook nog eens megagrote proeven met mijn nanobodies uit! Maartje, bedankt voor alle 
gezellige gesprekken op het lab, waar kon ik met jou niet over praten. Ik was (en ben) 
altijd blij als ik jou even tegenkom op de gang of bij de koffie of in het lab. En, uiteraard 
bedankt voor de ongelooflijke hoeveelheid experimenten die je voor me gedaan hebt! 
Mega-Maartje!! Piet, bedankt voor jouw positiviteit, je grapjes om even het ijs te breken 
en vooral je oprechte vragen als het even iets minder goed ging. Ik moet vaak aan je 
tips denken tijdens het hardlopen en dat motiveert me altijd!

Ook heel veel dank aan de drie fantastische meiden Joanne, Fleur en Danique die 
hun stages bij mij kwamen doen. Ik heb ervan genoten om jullie te begeleiden, ik heb 
veel van jullie geleerd (ik hoop jullie toch ook wat van mij ;-D). Bedankt voor al jullie 
bijdragen aan dit boekje, het waren er een hoop!

En dan al mijn leuke, lieve, slimme grappige (oud) collega’s bij de MMB. Ik heb 
genoten van alle lunches, koffiepauzes, feestjes, keten-op-het-lab momentjes en 
kerstschoonmaken samen. Sjors en Priscilla, dat wij alle drie op dezelfde dag startte 
gaf meteen een speciale band. Ik ben blij hoe we al deze tijd met elkaar konden sparren, 
advies vragen, hard lachen of soms ook gewoon even lekker klagen. Lisanne en Remy, 
ik vond het een feestje om bij jullie op kantoor te zitten, vooral als jullie er tegelijkertijd 
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waren! Thanks voor alle gezellige momenten en fijne gesprekken over eigenlijk alles. 
Dennis en Seline, jullie mis ik echt wel heel erg op het lab. Als ik aan de MMB denk, 
denk ik toch wel echt aan jullie, maar gelukkig spreken we elkaar toch nog af en toe 
buiten de MMB! Dank jullie wel voor jullie waardevolle adviezen over mijn vervolg 
carrière! Astrid, bedankt voor al je vrolijkheid en gezelligheid en natuurlijk dank dat ik 
jouw paranimf mocht zijn, wat een eer! Je bent een fantastische wetenschapper, echt 
een voorbeeld! Kulsum and Marije (of eigenlijk Marieje) super nice that you both came 
back to the MMB. We worked together a lot shorter than I hoped for, but I am certain 
that we will see each other many times! You are both awesome and will rock this PhD! 
Yvonne, dankjewel voor al je harde werk, vaak achter de schermen. Je stond altijd voor 
me klaar en ik vond het fijn samenwerken. Ik wens je ook al het geluk in je nieuwe 
uitdaging met je B&B (klinkt toch nog een beetje hetzelfde als MMB gelukkig ;-D). Also, 
a big thanks to Andras, Pieter-Jan, Erik, Magda, Leonardo, Frerich, Coco, Elena, Rita, 
Anneroos, Adinda, Tristan, Barath and Ruben for your valuable questions, insights, 
and ‘gezelligheid’ in and outside the lab(meetings). And of course, a big thanks to all 
(former) colleagues Janneke, Manon, Marieke, Ninée, Coco, Matteo, Roos, Shu, Axel, 
Stephanie, Gosia, Paul, Hendrik, Patrique, Lidewij, Julian, Angelino and Jelle for the 
many memorable coffee breaks, ICEA activities, Buitendagen, MMB-café’s, and many 
other events that made my PhD a wonderful time.

Dan wil ik ook Martijn van HSK heel erg bedanken. Je hebt een belangrijke rol gespeeld 
in het laatste jaar van mijn PhD en me geholpen om me weer goed te voelen, mezelf 
beter te leren kennen en om persoonlijke uitdagingen aan te gaan. Ik heb een heleboel 
goede tips van je gehad, en kan iedereen een beetje Martijn in zijn/haar leven aanraden! 
Bedankt!

Naast alle collega’s hebben mijn lieve vrienden een onmisbare rol gespeeld tijdens 
mijn PhD. Van jullie kreeg ik de onvoorwaardelijke steun en de nodige afleiding. 
Iedereen van de Badeendjes, de CHAOS meiden, en alle vrienden die ik via Koen 
ken (dat zijn er nog een hoop, dus ik doe het even zo) DANK voor alle leuke weekendjes 
weg, kermis-feestjes, verjaardagen, kerstdiners, dagjes weg, Rock & Roll weekenden, 
familiefeestjes, en wat nog meer! Met jullie kan ik altijd lachen, is het altijd gezellig en 
is die nodige ontspanning altijd zo gevonden! Richard and Cathy, thanks for showing 
us all these wonderful places in Utrecht. We had great nights together full of fun, joy, 
whiskey, karaoke, cocktails, good food and relaxation, and I look forward to the new 
chapters laying ahead of us in our super-grown-up houses. Dankjewel Emmy voor het 
introduceren van het PhD-leven. Ik vond het heel fijn dat ik met al mijn vragen in het 
begin alleen maar de gang van de Warande hoefde over te steken, en ze aan jou kon 
vragen. Ook bedankt voor alles wat we samen hebben gedeeld. Bedankt dat we er 
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