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Introduction 

The complement system is a network of approximately 50 plasma proteins, cell surface 

receptors and regulators. As an essential part of innate immunity, it has diverse functions in 

maintaining immune homeostasis. In addition to its antibody-based protective function, the 

complement system also provides immediate defense against microbial pathogens, which does 

not depend on antibodies, contributes to inflammatory processes, eliminates immune 

complexes and apoptotic cells, and links the innate and adaptive immune responses at several 

points. 

The complement system can be activated via three pathways, the classical, the lectin and 

the alternative pathways, which recognize different danger associated molecular signals. 

Danger signal recognition triggers the cascade-like activation of pathway-specific serine 

protease zymogens. The activated proteases cleave downstream complement components, 

which form C3 convertase complexes. At this point, the three activation pathways converge to 

a common effector route leading to significant amplification of the complement response, 

labeling and lysis of the recognized pathogens, recruitment of immune cells and inflammation. 

Over the last decades it was demonstrated that complement activity contributes to the 

development or aggravation of diseases such as ischemia-reperfusion injury (IRI), rheumatoid 

arthritis, age-related macular degeneration and neurodegenerative diseases including 

Alzheimer’s disease. In most complement-related diseases the contribution of only one of the 

three pathways is dominant. The most important example regarding my Ph.D. thesis is that the 

activity of the lectin pathway contributes significantly to IRI accompanying myocardial infarct, 

stroke, organ transplantation and coronary bypass surgery. 

Pathway-specific inhibitors could be useful tools in academic research to identify the 

individual roles of the three pathways in physiologic and pathologic processes, as well as ideal 

therapeutics that selectively block the pathologic pathway, while leaving the protective 

functions of the other two pathways intact. 

Pathway-specific complement initiating proteases are obvious targets of pathway-selective 

drug development. For such purposes, canonical serine protease inhibitors and monoclonal 

antibodies binding to the target enzyme via large interacting surfaces are promising starting 

molecules, and directed protein evolution via phage display is an ideal method. 

The first pathway-selective canonical complement inhibitors were developed via phage 

display in cooperation between the Directed Protein Evolution Research Group led by Gábor 

Pál, my supervisor at the Department of Biochemistry, Eötvös Loránd University and the 



Structural Biochemistry Research Group led by Péter Gál at the Institute of Enzymology, 

Research Centre for Natural Sciences, Hungarian Academy of Sciences. These molecules, the 

members of the first two generations of MASP-1 and MASP-2 inhibitors, blocked the lectin 

pathway selectively and efficiently. Using these novel inhibitors my colleagues achieved a 

scientific breakthrough and revised the previous, erroneous activation model of the lectin 

pathway. 

Because of the involvement of lectin pathway activity in various diseases, these inhibitors 

were considered as potential lead molecules of subsequent drug development, however, the risk 

of immunogenicity due to their non-human origin could have reduced their applicability for 

such purposes. Initiated by my supervisor, the two collaborating research groups started the 

development of third-generation MASP-inhibitors based on a protein scaffold present in human 

circulation. I got two central roles in this project, which became the two main goals of my Ph.D. 

research. One of my main goals was to develop human protein-based MASP-2 inhibitors. Such 

molecules might have greater therapeutic potential than the previous MASP-2 inhibitors due to 

the lower risk of immunogenic side effects and can serve as lead molecules for a subsequent 

drug development project. 

At the beginning of my Ph.D. work, no physiologic substrate was known for MASP-3, the 

third serine protease of the lectin pathway. A specific MASP-3 inhibitor would be a useful tool 

in research aiming to identify the substrates and functions of the enzyme, but no such molecule 

was described previously. My second main objective was therefore to develop, from the same 

human protein based library, a novel, effective and specific MASP-3 inhibitor to answer these 

questions. During my Ph.D. work, the first studies on the function of MASP-3 were published, 

which either suggested or refuted that MASP-1 or MASP-3 could be responsible for activating 

factor D, the main initiator enzyme of the alternative pathway. A MASP-driven factor D 

activation would represent a direct connection between the lectin and the alternative pathways. 

Later, this issue became the subject of a serious debate in the literature, which made my work 

particularly exciting: I knew that if I succeeded, we could achieve conclusive results to clarify 

this question using the novel MASP-3 inhibitor. 

  



Research goals 

My Ph.D. research was focused on two main topics. Because of the presumably suboptimal 

therapeutic potential of the first two generations of MASP inhibitors, the two research groups 

went on working together to develop novel, third-generation lectin pathway inhibitors that are 

based on a human protein and can serve as lead molecules for a subsequent drug development 

project. I got a central role in this development process. In my Ph.D. work, I aimed to achieve 

the following goals: 

• To map the amino acid preference patterns of human and rat MASP-2 via phage 

display using an inhibitor scaffold which is resident in human blood. 

• To design and produce novel MASP-2 inhibitors based on the obtained amino acid 

preference patterns that have high affinities towards human or both human and rat 

MASP-2 enzymes. 

• To determine the affinity of the inhibitors towards human and rat MASP-2 and 

human MASP-1 and MASP-3 enzymes. 

• To characterize the lectin pathway inhibitory potencies and pathway selectivity of 

the inhibitor variants in various pathway-specific complement ELISA tests. 

At the beginning of my Ph.D. work, the physiologic substrate and the function of MASP-3 

were unidentified. The second main objective of my Ph.D. research was to develop, from the 

same human-protein based library, a specific and high-affinity MASP-3 inhibitor and to use it 

to achieve the following goals: 

• To map the amino acid preference pattern of human MASP-3 via phage display, 

using a suitable inhibitor scaffold. 

• To design the first specific and high-affinity MASP-3 inhibitor based on the obtained 

amino acid preference pattern and to produce the inhibitor in homogenous form. 

• To determine the affinity of the inhibitor towards all three activated human MASP 

enzymes and the zymogen form of MASP-3. 

• To characterize the specificity of the inhibitor in blood coagulation tests and in a 

plasma pull-down assay. 

• To examine the role of MASP-3 in complement activity or in complement regulation 

using serum ELISA tests. 

• To identify the physiological role and substrate of MASP-3 using the novel MASP-3 

inhibitor.  



Methods 

Phage display 

The third generation of MASP-2 inhibitors and the selective MASP-3 inhibitor were developed 

using phage display, a directed protein evolution method. The second Kunitz domain of human 

TFPI1 (TFPI1 D2) was used as the starting molecule since it had been shown to weakly inhibit 

human MASP-2. TFPI1 D2 was displayed on the surface of M13 bacteriophage fused to the p8 

coat protein. Six positions on the canonical inhibitory loop of TFPI1 D2 were randomized and 

the inhibitor-phage library was selected for binding in separate experiments to human MASP-

2, rat MASP-2 and human MASP-3. Three novel MASP-2 inhibitor variants (TFMI-2a-c) and 

one novel MASP-3 inhibitor (TFMI-3) were designed based on the results of the directed 

evolution process. 

Recombinant protein expression 

Wild type TFPI1 D2 and the four novel MASP inhibitor variants were expressed in E. coli 

cells as fusion proteins, processed and purified to homogeneity according to a procedure 

previously developed in our laboratory. 

In vitro equilibrium enzyme inhibition assays 

The equilibrium inhibitory constant (KI) values of all five inhibitor variants were determined 

towards all three human MASP enzymes. The KI values of TFPI1 D2 and the TFMI-2 variants 

were also measured towards rat MASP-2. 

Surface plasmon resonance experiments 

The interaction of TFMI-3 with activated and zymogen MASP-3 was characterized in surface 

plasmon resonance experiments. 

Complement ELISA assays 

The pathway selectivity and inhibitory potency of the TFMI variants were characterized in 

various pathway-selective complement ELISA assays with human serum. 

The specificity profile of the TFMI variants was further characterized. Blood coagulation 

measurements were performed by Gábor Pál and Róbert Szász. Lectin pathway specific 

complement ELISA assays with TFMI-2b were done by Andrea Kocsis. Plasma pull-down 

assays with TFMI-3 were carried out by Előd Körtvély. The experiments with serum and 

plasma showing that TFMI-3 inhibits the activation of zymogen factor D in these blood models 

were performed by Gábor Oroszlán.  



Results and conclusions 

Inhibition of MASP-2 for therapeutic purposes via inhibitors developed by phage display 

1. I mapped the amino acid preference patterns of human and rat MASP-2 on the canonical 

protease binding loop of the second Kunitz domain of the human plasma protein TFPI1 

(TFPI1 D2) via phage display. I found that the amino acid preferences of the two enzymes 

are similar in most evolved positions, but at the same time I also identified a significant 

difference at the P3 position. 

2. I designed three TFMI-2 variants, the members of the third generation of canonical 

MASP-2 inhibitors, based on the obtained amino acid preference patterns of the enzymes. 

The variant carrying the human MASP-2 selected consensus sequence was named 

TFMI-2a. The Pro at the P3 position of TFMI-2a is disadvantageous for rat MASP-2 

binding and made it likely that TFMI-2a will be a low-affinity inhibitor of rat MASP-2. 

Therefore, I designed additional variants, TFMI-2b and TFMI-2c, which carry a side chain 

preferred or at least acceptable for both human and rat MASP-2 in each evolved position, 

so that they could effectively inhibit both enzymes. 

3. I demonstrated in equilibrium enzyme inhibition assays that the TFMI-2 variants do not 

inhibit human MASP-1 or MASP-3 and that their affinities towards human and rat MASP-2 

are in accordance with the amino acid preference patterns of the enzymes. TFMI-2a is the 

highest affinity monospecific inhibitor of human MASP 2 so far, but it has only low affinity 

towards rat MASP-2, therefore it is unsuitable for proof of concept studies in rats. 

However, TFMI-2b inhibits both human and rat MASP-2 with similarly high affinities. 

4. In various complement ELISA tests I showed that all TFMI-2 variants are potent and 

selective lectin pathway inhibitors. Moreover, TFMI-2a and TFMI-2b are more potent than 

SGMI-2, the former strongest MASP-2 inhibitor. 

5. Importantly, the TFMI-2 variants are able to completely inhibit C4 deposition via surface-

deposited and pre-activated PRM:MASP complexes demonstrating that TFMI-2s can 

readily form ternary PRM:MASP-2:inhibitor complexes competing with C4, the 

physiologic substrate of MASP-2. This feature should be important for the treatment of 

acute IRI. Based on the available information, MASP-2 inhibitory antibodies under 

pharmaceutical development may not have this ability. 

6. To establish subsequent experiments with rats, we demonstrated that TFMI-2b is also an 

efficient lectin pathway inhibitor in rat serum and outperforms SGMI-2. This makes this 



variant a promising surrogate molecule of TFMI-2a in studies investigating the in vivo 

effects of MASP-2 inhibition in rats. 

7. The inhibition of blood coagulation by TFMI-2 variants could result in serious adverse 

effects, therefore we performed standard assays to investigate whether the inhibitors affect 

coagulation. According to our results, the TFMI-2 variants do not interfere with the 

coagulation process. 

8. Based on the results, it can be stated that from the serine proteases of the complement and 

coagulation cascades the TFMI-2 variants inhibit only MASP-2. TFMI-2 variants met the 

requirements set in Research goals and are promising drug candidate molecules for the 

treatment of acute IRI. 

Revealing the physiological role of MASP-3 via inhibitors developed by phage display 

9. I mapped the amino acid preference pattern of human MASP-3 on the canonical protease 

binding loop of TFPI1 D2 via phage display. I found that the amino acid preferences pattern 

of MASP-3 in uniquely hydrophobic, which is in line with the apolar nature of the MASP-3 

substrate binding groove. MASP-3 selected up to only four amino acid side chains of 

similar chemical character and size in each randomized position showing that the inhibitors 

have to fulfill strict requirements to be able to interact with MASP-3. 

10. I produced a TFPI1 D2 variant carrying the human MASP-3 selected consensus sequence 

and named the inhibitor TFMI-3.  

11. I demonstrated in equilibrium enzyme inhibition assays that TFMI-3 has high affinity 

towards MASP-3, while it does not inhibit MASP-1 or MASP-2. These results made 

TFMI-3 the first selective, high-affinity inhibitor of MASP-3. In surface plasmon 

resonance measurements, I confirmed that TFMI-3 has high affinity towards activated 

MASP-3 and that the inhibitor does not bind to the zymogen MASP 3 protein. 

12. I demonstrated in pathway-selective complement ELISA experiments with human serum 

that MASP-3 does not contribute to complement activity in this medium and does not have 

a role in complement regulation. These results also confirmed that TFMI-3 does not inhibit 

any other complement serine protease with significant affinity apart from MASP-3. 

13. In order to better characterize the specificity profile of TFMI-3, we examined whether the 

inhibitor affects the blood coagulation process. TFMI-3 had no effect in standard blood 

coagulation tests showing that it does not inhibit any of the serine protease enzymes of the 

blood coagulation cascade. We performed plasma pull-down experiments to further test the 

specificity of TFMI-3. With the TFMI-3 bait we were able to isolate only MASP 3 and 



ficolin H, the most abundant pattern recognition molecule associated with MASP-3. Based 

on these results, TFMI-3 is monospecific to MASP-3. 

14. We examined the effect of TFMI-3 in an assay developed to follow the activation of 

zymogen factor D in serum and plasma samples. TFMI-3 at 1 µM concentration completely 

inhibited the activation of factor D in citrate-treated, EDTA-treated and hirudin-treated 

plasma samples and significantly slowed the process in serum. This proved that MASP-3 

is the exclusive activator of factor D in resting blood. These results confirmed that the 

previously assumed connection between the lectin and alternative activation pathways of 

the complement system indeed exists. Moreover, the functionality of the alternative 

pathway is essentially dependent on the activity of MASP 3, an enzyme considered as a 

component of the lectin pathway (Figure 1). Our results also suggest that at least a portion 

of the MASP-3 pool should be present in activated form in resting blood. 

15. Based on the analysis of our results and data in the literature, the following picture emerges. 

In physiologic, resting state, a significant proportion of the MASP-3 pool circulates in its 

activated form due to the activity of unidentified activator(s) and the lack of a physiologic 

MASP-3 inhibitor. MASP-3 ensures that the alternative pathway remains constantly 

functional by activating zymogen factor D. In the event of an infection or injury, certain 

enzymes involved in blood coagulation and inflammatory processes are able to activate the 

residual zymogen MASP-3 pool and thus accelerate the activation of factor D. According 

to our results, thrombin might be able to directly activate factor D in serum. This might 

explain why weak alternative pathway activity can be detected in MASP-3 deficient human 

and mouse serum samples: thrombin could activate small amounts of factor D during 

sample preparation resulting in detectable alternative pathway activity in subsequent 

experiments. 
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