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1. Project execution

The Aim and objectives
Antimicrobial resistance has become a serious global health threat. Misuse of existing antibiotics and the lack of development of new antibiotics have resulted in the development of (multi)resistance in bacteria and viruses. To fight infectious diseases effectively in the future we have to broaden the approaches in therapeutic intervention. AMIS aims to use the strength of our own innate immune system to design antimicrobial drugs for future generations. Antimicrobial proteins in our immune system are often combined with inflammatory signals in one single molecule. AMIS will take that same approach and reshuffle different parts of different molecules to make novel effector molecules that still have these combined functions but are optimally adapted for therapeutic intervention.
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The innate immune system as we know it today is composed of an innate recognition system on the one hand (triggers /activators and receptors) and various effector molecules and cells on the other. Receptors are triggered by bacterial components (triggers), leading to release of effectors molecules that have the primary purpose of destroying the bacteria, but also feed back into the immuno-stimulating pathway. This feedback mechanism is depicted by the arrow leading from effectors back to Receptors. Furthermore immuno- modulating compounds can act as inhibitors of the immune system by dampening the activity of receptors. This is depicted by the arrow leading form inhibitors to receptors. This complex interaction of activators, receptors, effectors and inhibitors forms the focus of this research proposal.
Within our innate immune system many molecules have been identified over the last years that are involved in direct or indirect clearance of bacteria. The consortium had selected the most promising and innovative compounds with this dual mode of action and has set out to:

· Design proteins with anti-microbial activity in combination with an inflammatory trigger, targeting extra cellular bacteria;

· Design proteins with inflammatory priming capacity (without extra anti-microbial activity); targeting intracellular bacteria;

· Discover new TLR and PGRP and FPR modulators to dampen inflammation;

Main achievements

Assays and tools
To achieve the goals that were set out we first developed, optimized and validated various in vitro and ex-vivo (whole-blood) assays for the measurement of phagocytosis, oxidative burst and microbial killing. This offers important tools for the evaluation of the anti microbial properties of the proteins isolated or generated in this program, paving way to the generation of fusion compounds. Further all tools and compounds that were to be evaluated in this program were distributed among partners including cDNA, vectors, expressed proteins, purified proteins and other purified microbial compounds. This enabled superior possibilities for all labs involved to work fast and  focussed toward a common goal. During the period covered we set out to discover proteins and other compounds that mediate inflammatory or antimicrobial processes between host and microbe.
Novel compounds

Working on the interface between microbes and innate immunity, several novel compounds with either anti-microbial or anti-inflammatory activity were identified within this consortium. Among these, a TLR-inhibitors, novel and specific complement inhibitors, as well as a novel cathelicidin-like antimicrobials. 

We identified and characterized FLIPr (FPRL1-inhibitory protein), a novel staphylococcal anti-inflammatory protein that antagonizes the formyl peptide receptor-like 1 (FPRL1). 

We isolated a staphylococcal complement inhibitor, an excreted 9.8-kilodalton protein that blocks human complement by specific interaction with C4b2a and C3bBb. Staphylococcal Complement Inhibitor (SCIN) bound and stabilized C3 convertases, interfering with additional C3b deposition through the classical, lectin and alternative complement pathways. This led to a substantial decrease in phagocytosis and killing of Staphylococcus aureus by human neutrophils. 

We have identified a novel group of surface proteins in Finegoldia magna, previously called Peptostreptococcus magnus, the AFF proteins. These proteins form a matrix-like structure loosely attached to the bacterial surface and they interact with BM-40, a protein component of human basal membranes. The AFF proteins are produced in large amounts and they are necessary for the adherence of F. magna to human tissues. In addition, AFF binds and inactivates the important antibacterial peptide LL-37 (4). We have also recently discovered a family of subtilases in F. magna, proteinases that regulate the amount of surface-exposed AFF (Karlsson et al., submitted for publication).
A neutrophil migration inhibitor, SSL5, was isolated from Staphylococcus aureus. S. aureus secretes several virulence factors interfering with host-cell functions. Staphylococcal superantigen-like (SSL) proteins are a family of 11 exotoxins with structural homology to superantigens, but with generally unknown functions. P-selectin glycoprotein ligand-1 (PSGL-1; CD162), involved in the initial rolling of neutrophils along the endothelium, was found to be the target for SSL5. This makes SSL5 a potential lead for the development of new anti-inflammatory compounds for disorders characterized by excessive recruitment of leukocytes.

In the TLR program: Immune activation in the host occurs upon recognition of flagellin monomers by flagellin-specific pattern-recognition receptors, such as Toll-like receptor 5 (TLR5) in mammals and flagellin-sensitive 2 receptor (FLS2) in plants. Bacteria secrete many proteins to prevent innate immune activation in their hosts. In our search for TLR antagonists, we identified the alkaline protease AprA of Pseudomonas aeruginosa as a TLR5 signalling inhibitor. AprA effectively degraded the TLR5 ligand monomeric flagellin, while polymeric flagellin (involved in bacterial motility) resisted degradation. P. aeruginosa aprA mutants triggered TLR5 signaling because they failed to degrade excess monomeric flagellin in their environment. Interestingly, AprA-treated flagellin monomers also prevented FLS2-regulated immune responses in Arabidopsis thaliana plants. Thus, by degrading the ligand for TLR5 and FLS2, P. aeruginosa manages to escape recognition by the innate immune systems of both mammals and plants 
Mechanism of action

Crucial in the whole program was the identification of the exact molecular mechanism of action of several compounds. 
Acid sphingomyelinase (ASMase) has been implemented in cellular signaling mainly because its reaction product, ceramide, has been assumed to be a mediator within signaling pathways. Our studies of three independent infection systems show that ASMase is required for phago-lysosomal fusion in macrophages infected with Listeria monocytogenes, for exocytosis of secretory lysosomes by lymphocytic choriomeningitis virus-specific cytotoxic T cells, and for generation of multinucleated giant cells in granuloma of mice infected with Mycobacterium avium. Because of its neutral lipid nature, ceramide is confined to the membranes of phagosomes and lysosomes or the extracellular leaflet of the plasma membrane. In light of the biochemical and biophysical properties of ceramide, we provide a model suggesting that ASMase regulates select vesicular fusion processes by modifying the steric conformation of cellular membranes.

Further within this program highlights were the  characterization of lipocalin-2, an important effector molecule protecting against bacterial infection by depriving iron from microbes within the human host. Further the he demonstration of the protective action of lysostaphin against host cell killing by intracellular S. aureus. Work on the endocytic pathways regulating Toll-like receptor 4 signalling showed important insight into the link between innate and adaptive immunity. 

Using the anti-inflammatory molecule FLIPr, described above, as a newly discovered protein within this consortium we demonstrate that the human Formyl-Peptide Receptor-Like 1 (FPRL1), whose function has previously remained elusive, senses PSMs at nanomolar concentrations and initiates the exuberant proinflammatory neutrophil responses to CA-MRSA. Specific blocking of FPRL1 or deletion of PSM genes in CA-MRSA led to severely diminished capacities of neutrophils to detect CA-MRSA. A specific inhibitor of FPRL1 and its functional Mouse counterpart efficiently blocked PSM-mediated leukocyte infiltration in vivo in a mouse model. Here we identified the receptor for PSM to be FPRL-1. This is a great achievement since this is a novel trigger from staphylococci with proteinaceous nature. Therefore this could be in the future the ideal fusin partner for our fusion proteins in objective 2: to design proteins with inflammatory priming capacity (without extra anti-microbial activity). However this was all discovered at the end of the third year and therefore it was not possible to implement this in the program. Still we will pursue this in the future. The fact that we demonstrate that the human Formyl-Peptide Receptor-Like 1 (FPRL1), whose function has previously remained elusive, senses PSMs at nanomolar concentrations and initiates the exuberant proinflammatory neutrophil responses to CA-MRSA. Specific blocking of FPRL1 or deletion of PSM genes in CA-MRSA led to severely diminished capacities of neutrophils to detect CA-MRSA. A specific inhibitor of FPRL1 and its functional Mouse counterpart efficiently blocked PSM-mediated leukocyte infiltration in vivo in a mouse model. Here we identified the receptor for PSM to be FPRL-1 and FLIPr to be a potent inhibitor of this. In doing so we have completely elucidated the mechanism of action of this novel inhibitor of a new member of the FPR family.

To search for targets on the staphylococcal surface we employed an intravenous immunoglobulin (IVIG) preparation as a source of antibodies directed against anchorless S. aureus surface proteins for identification of novel vaccine candidates. In order to identify such proteins, subtractive proteome analysis (SUPRA) of S. aureus anchorless cell wall proteins was performed. Proteins reacting with IVIG but not with IVIG depleted of S. aureus-specific opsonizing antibodies were considered vaccine candidates. Nearly 40 proteins were identified by this preselection method using matrix-assisted laser desorption ionization--time of flight analysis. Three of these candidate proteins, enolase (Eno), oxoacyl reductase (Oxo), and hypothetical protein hp2160, were expressed as glutathione S-transferase fusion proteins, purified, and used for enrichment of corresponding immunoglobulin Gs from IVIG by affinity chromatography. Use of affinity-purified anti-Eno, anti-Oxo, and anti-hp2160 antibodies resulted in opsonization, phagocytosis, and killing of S. aureus by human neutrophils. High specific antibody titers were detected in mice immunized with recombinant antigens. In mice challenged with bioluminescent S. aureus, reduced staphylococcal spread was measured by in vivo imaging. The recovery of S. aureus CFU from organs of immunized mice was diminished 10- to 100-fold. Finally, mice immunized with hp2160 displayed statistically significant higher survival rates after lethal challenge with clinically relevant S. aureus strains. Taken together, our data suggest that anchorless cell wall proteins might be promising vaccine candidates and that SUPRA is a valuable tool for their identification.

Several groups combined their expertises in chicken-derived antimicrobial defensin peptides and in bacterial resistance mechanisms to defensins. Using highly defensin-susceptible Staphylococcus aureus mutants from the Tübingen lab it was possible to provide evidence that the chicken defensins share a similar mode of action with human defensins and are also affected in their activity by the bacterial resistance mechanism. Moreover, the two labs collaborated on the role of staphylococcal lipoteichoic acid (LTA) polymers in attachment of lung surfactant proteins. Using an S. aureus mutant with strongly reduced LTA content it was found that surfactant proteins are probably not dependent on the presence of LTA for binding to staphylococcal cells and are probably interacting also with other surface molecules on bacterial cells.
Disturbed coagulation and microthrombus formation in affected tissues are often seen in severe S. pyogenes infections. We have previously clarified some of the underlying mechanisms but the role played by platelets is poorly understood. M protein released from the surface of S. pyogenes activates neutrophils and monocytes. Within the AMIS project we now find that platelets can be activated by soluble M protein in complex with fibrinogen and IgG, and the results demonstrate that these activated platelets significantly contribute to the proinflammatory and pro-coagulant state in severe S. pyogenes infection. We have also used advanced proteomics to identify S, pyogenes virulence factors that are up-regulated during inflammatory-like conditions. Moreover, S. pyogenes interactions with the epithelium induce an inflammatory response which results in the release of MIG, a chemokine with antibacterial activity.  S. pyogenes of the clinically important M1 serotype secretes protein SIC, an inhibitor of complement and antibacterial peptides. Interestingly, the bactericidal activity of MIG is counteracted by SIC, which helps to explain the frequency and severity of infections caused by M1 isolates. 

Fusion compounds, the real goal of the program.
Based on all the knowledge gained in the past and in the first year of this consortium we selected several of the molecules to build a better-than-nature fusion compound that would prove that combination of the characteristics of these molecules, where microbes and innate immunity meet, would be beneficial in combatting infections in the future.  

We defined the first fusion compound that combines structural features from both human surfactant protein D and human cathelicidin LL-37. 

In order to develop a new generation of drugs to combat infectious diseases with broad-spectrum activity against a wide range of pathogens while less susceptible to resistance-development in microbial infections, we initiated two lines of research that involve recombinant collectin derivatives: Create a recombinant ‘hybrid’  protein that combines structural features derived from human surfactant protein D (hSP-D) and cathelicidin LL-37 (Fig. 1). Recognition of site of infection will be driven by interactions between the clustered lectin domains of hSP-D and non-self sugar patterns as present on the surface of pathogenic microorganisms. Elastases locally secreted by inflammatory cells will degrade the linker peptide which results in a boost of highly effective antimicrobial LL-37 peptides. As a result, antimicrobial effector molecules are efficiently delivered to combat infection locally and effectively. A truncated form of LL-37 (LL37trunc) was included in our expression experiments since this fragment displays similar antimicrobial activity but is less pronounced in stimulating the host response. This might be an advantage in fighting respiratory infections while modulating the inflammatory response within levels and Modify  human SP-D molecules with N-linked glycans such that binding to microbial surfaces is enhanced (e.g. sialic acid receptors on IAV) or interactions with immune cells are modulated (e.g. interactions with DC-sign on neutrophils).

We were not able to successfully express LL-37-containing constructs in HEK293 cells. Most probably this is due to the activity of mature LL-37. This cathelicidin is normally expressed as an inactive propeptide precursor (hCAP-18) and cleaved extracellularly into its mature, active form. Although the HEK293 cells did not show any signs of deteriation during expression of  LL-37 (free form or as part of hybrid protein), the strong cationic and amphipatic character of this peptide might interfere with its synthesis, assembly and/or secretion. We have also tried to start up alternative expression systems (Pichia pastoris and Aspergillus niger) in an attempt to obtain recombinant LL37-hSPD hybrid proteins using different eukaryotic cells. However, so far we were not able to produce a selection of hybrid constructs using appropriate expression vectors for these systems. In the near future we aim to continue this work and will try to produce collectin-derived hybrid proteins which will have antimicrobial peptides covalently linked to its N-terminus. If our attempts with LL-37 remain unsuccessful, we will modify our molecular design by considering other AMP(-like) structures

During the first year we added a new compund to our list: CD14. This was supported by work from several partners underlining the importance of this molecule both in vitro as well as in vivo. It is also easy to clone and express, making it an ideal candidate as a general recognition protein for gram-negative bacteria. We continued our experiments with the CD14/Fc chimera protein and characterized in more details the interaction of this molecule with the tested bacteria strainsThe association of CD14 constructs with heat-inactivated bacteria was detected by an anti-human-IgG-Cy5 or anti-human-IgG-FITC conjugate. Our experiments revealed that CD14/Fc did not bind to Gram-positive but bound to all tested Gram-negative bacteria. The interaction observed showed time- and dose-dependence. Binding was completely LBP dependent for wild type bacteria and both Ra and Rc mutants, while it was only partly LBP dependent for both Re mutants. The binding was the most effective in the case of Re mutants. Unfortunately, no binding of CD14/Fc could be observed if live bacteria were used. Phagocytosis assays were performed in the absence or in the presence of 1% normal human serum or 1% heat inactivated human serum, respectively. FITC-labelled Gram-negative bacteria opsonized with CD14/Fc and isolated peripheral blood neutrophil granulocytes were used in these experiments. CD14/Fc had no effect on the phagocytosis of wild-type E. coli, S. hartford and S. typhimurium under any conditions. For S. typhimurium Ra and Re, however, CD14/Fc had an equivalent phagocytosis enhancing effect as human serum. Further increase of phagocytosis was observed when both CD14/Fc and human serum was present. 

We have here constructed recombinant scFv-based vaccine candidate proteins (vaccibodies) that target human TLR2 and CD14 for delivery of large antigens. Experiments in mice have suggested that engagement of receptors of innate immunity has an adjuvant effect on adaptive immune responses. Such studies need to be extended to humans. We have here constructed recombinant scFv-based vaccine candidate proteins (vaccibodies) that target human TLR2 and CD14 for delivery of large antigens. Vaccibodies are homodimers, each chain consisting of scFv specific for surface molecules on antigen-presenting cells (APC), a homodimerization motif, and an antigenic unit. The TLR2- and CD14-specific vaccibodies bound their respective target receptors expressed on transfected CHO cells and PBMC. Large proteins such as paired mouse Ckappa-domains (229 aa) and fragment C of tetanus toxin (TetC, 451 aa) could be expressed as antigenic units with intact serological determinants detected by mAb or polyclonal antisera. In the presence of monocytes, TLR2- and CD14-specific vaccibodies having either Ckappa or TetC as antigenic unit were 100-10,000 more efficient at stimulating T cell clones in vitro compared to non-targeted vaccibodies expressing the same antigens. The results show that TLR2 and CD14 are efficient targets for delivery of antigen to APC for stimulation of HLA class II-restricted CD4(+) T cells. Thus, receptors of innate immunity should be further explored as targets for vaccines.

In conclusion, this project had an enormous impact on the scientific community. I agree with all partners that this is mainly reflected in the scientific output on mechanisms of action, the discovery of new interactions, the discovery of new molecules that either trigger or interfere with signaling in inflammation. The high number of excellent papers that originate fro this 3 year period is the best prove of that. But what I think is most important that we worked together as a group in a relaxed and open atmosphere in which free exchange of both compound as well as scientific ideas was possible. This resulted in speed and depth in research and that is the best outcome from any collaboration with so many teams. I am convinced that we have made scientific friends (AMIS is French for friends) for life. Open collaborations without the fear for rivalry, distrust and jealousy or envy is possible and will reimburse investment. At the very start of this project my idea was to create such an open atmosphere and with the aid of all partners and all the postdocs, PhD students and technicians that worked within this consortium we succeeded in doing so. This is of extreme importance for science in Europe and for the future work of all the partners involved in this project. I am convinced that this is the most important outcome of this well exceptionally outstanding consortium.

Final word and Future directions

As anticipated the research over this three year period did not result in a ready to use protein therapeutic. In fact we learned a lot on truncated versions of proteins and came to the conclusion that our ideal at the start of this project is still very far away. The reason for that is not technical. It is more-o- less standard technology to make such proteins. It is the basic lack of knowledge of function and structure and especially the interaction between these areas that forms the basis of why we cannot design proteins that would fulfil functions that as yet do not exist.

Therefore if we must evaluate the output of this consortium over the  three years then we must important achievements were  in the mechanistic insight into the molecular background of inflammatory processes. 
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