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Abstract

The immune system plays an important role in the body’s defense against bacterial infections.
Here, we hypothesize that adding an artificial opsonin that binds to antigens on the surface of
infecting bacteria as well as to endogenous 1gG can increase the interaction between bacteria
and immune cells. A chimeric protein was made by fusion of the Src homology domain 3b
(SH3b) from the Staphylococcus phage K endolysin (LysK) and the 1gG-binding C2 domain
from Streptococcus Protein G. SH3b binds to the bacterial cell wall of staphylococci and the
C2 domain to the Fab region of the 1IgG which in turn binds to the Fc receptors of the
phagocytes, facilitating interaction between phagocytes and bacteria. Comparative
experiments with and without the chimeric protein showed that it both increased the amount
of Staphylococcus carnosus cells bound by a humanized monoclonal 1gG1 with unrelated
specificity and increased the interaction of phagocytes with bacteria. The results justify
development of chimeric proteins with the ability to act as artificial opsonins since these
possibly can become an addition to future treatments of infections caused by antibiotic

resistant bacteria.



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Introduction

The increase in the spread of antibiotic-resistant strains of bacteria, and the lack of new small-
molecule antibiotics, is an important incentive to find new strategies for the treatment of
infections 2. The immune system has a key role in fighting bacterial infections, and
improving its ability to detect infecting cells may have an effect on the course and severity of
an infection. Detection could for instance be achieved by supplying artificial opsonins with
specific affinity to the infecting bacterium.

Here, we have made a chimeric protein with affinity to both the cell wall of Staphylococcus
carnosus and to the Fab region of any endogenous 1gG. The hypothesis is that this protein
could function as a helper opsonin bridging bacteria with endogenous 1gG attracting
phagocytes, and do not require preformed endogenous immunoglobulins with staphylococcal
antigen binding specificity for opsonization (Fig 1B). The chimeric protein is a fusion of the
CBD Src homology domain 3b (SH3b) from the Staphylococcus phage K endolysin (LysK) 3,
and the 1gG binding C2 domain from group G streptococcus protein G 6. We introduced two
mutations in the C2 gene, N35W and D40T, to prevent the C2 module from binding to the Fc
region ’. As protein G naturally binds to both the Fab and the Fc region, it could
hypothetically sterically hinder an immune cell such as a phagocyte from engaging with the
Fc of 1gG.

In this study, we investigate the interaction between Staphylococcus carnosus and phagocytes

in presence of such a fusion protein and IgG.

Fig 1 (a) Schematic representation of the protein construct C2(nssw,p40m)-SH3b. (b) Drawing
of the interaction of the protein construct. The C2(n3sw,p40m)-SH3b chimeric bridging protein is
forming a bridge between the phagocyte and the bacteria. The SH3b domain binds to the

surface of the bacteria and the C2 domain binds to the Fab region of the IgG, while the Fc of
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the 1gG is bound by an Fc receptor on the phagocyte. This enables the phagocyte to interact
with the bacteria without the presence of endogenous pre-formed bacteria specific 1gGs.

(c) SDS-PAGE of protein construct. From leftto right: protein ladder, C2(n3sw,p40m)-SH3b

Materials and Methods

Chemicals and Reagents

All chemicals and reagents were purchased from Sigma-Aldrich if not otherwise stated.

Cloning

The DNA construct C2nssw,p40m)-SH3b was synthesized and subcloned intopET-21a(+)
(Merck, Darmstadt, Germany) by BioCat GmbH (Heidelberg, Germany). The resulting
plasmid was transformed into chemically competent BL21(DE3) E. coli cells (Merck,

Darmstadt, Germany).

Protein expression and purification

The culture was grown and protein expressed essentially as in8. In short, bacteria were grown
at 37 °C until ODepo reached 0.6 when the expression was induced by addition of 0.3 mM
IPTG. The protein was allowed to express overnight at 20°C after which the bacteria was
pelleted and lysed using an EmulsiFlex-C3 (Avestin, Mannheim, Germany). The lysate was
filtrated through a 0.2 pm filter (Whatman, Buckinghamshire, UK) before being loaded on a
His GraviTrap column (GE Healthcare) and purified as described earlier®. Protein

concentration was controlled using NanoDrop 8000 (Thermo Fisher Scientific, Waltham, MA,
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USA), size and purity was verified using Mini-Protean TGX Gels (Bio-Rad, Hercules, CA,

United States).

Binding and opsonization assay

The monoclonal IgG Omalizumab (Novartis, Basel, Switzerland), with specific binding to
human IgE but in our experiments regarded as unspecific due to the lack of its target, was
fluorescently labeled with CF488A Dye (Biotium, Fremont, CA, USA). Staphylococcus
carnosus bacteria were suspended in PBS with 1% BSA and incubated with various
concentrations of C2nssw,p40m)-SH3b protein. The bacteria were washed before being
incubated with 2000 nM of CF488A labeled monoclonal 1gG. After additional washing, the
fluorescence of S. carnosus bound by the C2(nzsw,p40m)-SH3b-1gG complex was assessed by a
FACSCalibur™ flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Mean
fluorescence intensity (MFI) was plotted against concentration of C2(nssw,p40m)-SH3b protein
and non-linear fitting in GraphPad Prism (Version 5, San Diego, CA, United States) was used

to calculate the affinity.

Quantitative phagocyte interaction assay

S. carnosus (ATCC 51365) was cultured at 5% CO> in Todd-Hewitt broth overnight under
shaking conditions at 37°C to ODe2o ~ 0.5. The bacteria were washed three times with 1ml
Na-medium (5.6 mM glucose, 127 mM NacCl, 10.8 mM KCI, 2.4 mM KH2PO4, 1.6 mM
MgSOs, 10 mM HEPES, 1.8 mM CaCly; pH adjusted to 7.3 with NaOH), heat-killed (80°C, 5
min, 800 rpm), washed twice, sonicated with a VialTweeter (Hielscher, Teltow, Germany) to
disperse possible aggregates and subsequently stained at 37°C for 30 min with 5uM Oregon
Green. 50 pg/ml C2(n3sw,paomy-SH3b was added to the bacteria, and allowed to bind for 30 min
at 37°C with moderate shaking. No C2(nssw,p40m)-SH3b protein was added to the negative

controls of bacteria. After washing the bacteria two times, they were opsonized with 1 mg/mi

5
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Omalizumab monoclonal 1gG (Novartis, Basel, Switzerland). BSA was present as a carrier
protein at a concentration of 1 mg/ml during incubation. The positive control was opsonized
with 10 mg/ml of donated human polyclonal immunoglobulin (IVIg, Octagam, Octapharma,
Lachen, Switzerland) assumed to have a fraction of IgG specific for the Staphylococcus ssp
1011 All samples were washed five times with 1 ml Na-medium after opsonization and the

total number of the bacteria was measured by flow cytometry.

The human phagocyte cell line Tamm-Horsfall protein 1 (THP-1, ATCC TIB202) 2 was used
as a model phagocyte and cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum, 1% Penicillin-Streptomycin and 2 mM GlutaMAX (Thermo Fisher Scientific,
Waltham, MA, USA) at 37°C and at 5% CO., The cells were kept at 0.2 — 1.0 x 10°cells/ml
with over 95% viability, and at 0.5 x 106 cells/ml when harvested for the assay as measured by
flow cytometry. The cell media was changed to Na-medium for the phagocyte interaction
assay and THP-1 cells were added to the bacteria on ice to a final volume of 150 pl, directly
transferred to a heating-block, and incubated for 30 min at 37°C with moderate shaking.
Interaction was synchronized by centrifugation at 3000 x g for 1 min at 37 °C before being
resuspended. 2 x 105 cells/sample were added to result in a multiplicity of prey (MOP) of 1, 5,
10, 25 and 50. Samples were transferred to ice and the cells labeled with the cell marker PE-
anti human CD18 antibody (BioLegend, San Diego, CA, USA) for a minimum of 10 min.
Data were acquired using a FACSVerse flow cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA) for 10 000 events, threshold 10 000 FSC-H and compensated using in-built matrix.
The general gating strategy was similar for all experiments; dead cells were excluded and
doublets were excluded by gating on FSC-H versus FSC-A. CD18-positive cells were gated
on forward and side scatter. We defined interaction as a THP-1 cell being positive for Oregon
Green. Interaction was analyzed using the properties of dose-response curves'® comparing

which MOP (multiplicity of prey) was required to reach EC50. The positive control was used
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to define bottom and top values with one curve fitted per experiment, the results were based
on 3 experiments. A summarized figure of one fitted interaction curve per treatment are

visualized with mean and SD for the experimental values.

Results

The chimeric protein C2(n3sw,pa0m)-SH3b was made by fusion of the engineered C2 domain
from Streptococcus protein G to the Src homology domain 3b (SH3b) from the
Staphylococcus phage K endolysin (LysK) (Fig 1A). SH3b can bind to the peptidoglycan of
the bacterial cell wall of Staphylococcus carnosus whereas the engineered C2 domain only
binds to the Fab portion of the human IgG, and not the Fc region due to mutations in the
binding site. Hence, the Fc portion of 1gG is available for engagement with phagocytes (Fig
1B).

The C2s3sw,p4a0m)-SH3b protein was expressed and purified to high purity (Fig 1C).

In order to test if the construct could function as a helper opsonin, attracting IgG to the
bacterial cell surface, S. carnosus cells were incubated with various concentrations of
C2n3sw,pa0)-SH3b and a constant concentration of fluorescently labeled monoclonal IgG.
The flow cytometry analysis showed that the amount of bound IgG increases with higher
concentrations of C2ssw,p40m)-SH3b indicating binding to S. carnosus peptidoglycan and
19G simultaneously (Fig 2). The affinity of C2ssw,p40m)-SH3b for the S. carnosus cells

was calculated to be ~220 nM.

Fig 2 S. carnosus and IgG interaction curve. The chimeric protein C2(n3sw,pa0m)-SH3b
increases the binding between S. carnosus cells and fluorescent CF488A labeled IgGs.

Bacteria samples were treated with various concentration of C2n3sw,p40m)-SH3b, a constant
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concentration of labeled IgG and were analyzed with flow cytometry. Increased concentration
of C2(n3sw,p40m)-SH3b resulted in higher fluorescent reads of labeled 1gG. The graph is based
on two measurements, the graph is the fitted median value and the dots represents the highest

and lowest measurement values.

A quantitative phagocyte interaction assay was used to investigate the ability of C2(n3sw,p4om)-
SH3b to contribute to the response against bacteria. S. carnosus was incubated with a
monoclonal IgG with unrelated specificity and the C2(nssw,ps01)-SH3b , before being
introduced to human THP-1 phagocytes. As positive controls, pooled donated polyclonal 19G
(IVIg) was used for estimating the degree of interaction when Staphylococcus ssp. specific
IgG are present. C2n3sw,p40m)-SH3b in combination with S. carnosus and monoclonal 1gG led

to an increase in phagocytic interaction (reduced EC50 for multiplicity of prey (MOP), Fig 3).

Fig 3 S. carnosus and phagocyte interaction curve. S. carnosus cells were incubated with the
bridging protein C2(n3sw,p40m)-SH3b followed by incubation with IgG and finally incubated
with THP-1 phagocytes. The bacterial cells had been dyed with Oregon Green and flow
cytometry was used to measure if the phagocytes had interacted with the cells. The graph
shows the percentage of phagocytes which have interacted with bacteria at different MOPs.
When the C2n3sw,p4om)-SH3b was used the interaction was higher compared to when it wasn’t
used. The curved marked with Vs the positive control using IVIg, the curve marked with

A is the negative control using only buffer and IgG. The curve marked with m is the sample

containing both 1gG and C2(n3sw,p401)-SH3b.
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Discussion

As shown previously *°, molecules with affinity to infecting bacteria and phagocytes, can
be a way of enhancing the immune response and consequently be an alternative of interest for
further development in the light of the antibiotic crisis.

In a recent paper, Raz et al., (2017) showed that cell wall binding domains (CBDs) from a
bacterial autolysin as well as from a phage endolysin can be fused to the Fc region of human
IgG to form “lysibodies” capable of binding to methicillin-resistant S. aureus (MRSA) cells
and promote phagocytosis by macrophages and neutrophils. Mice treated with “lysibodies”
were shown to have a reduced MRSA/vancomycin intermediate-resistant S. aureus (VISA)
load in the kidneys and improved survival rate after inoculation 4,

A similar approach with monoclonal anti-toxin IgGs fused to CBDs called Infection Site
Targeted neutralizing anti-toxin Antibodies (ISTAb) has been demonstrated *°. The fusion
protein will home to the bacterial cells using the CBDs, neutralize toxins with the Fabs and
possibly engage immune cells with the Fc portion of 1gG. Another technology has been
developed called Infection site targeted universal antigen (ISTUA) fused CBDs to an antigen
for which many humans will have pre-existing antibodies thus recruiting these to the target
bacteria [14].

Increased phagocytosis of Staphylococcus epidermidis was also achieved by chemically
linking human 1gG-Fc domains to the small molecular antibiotic vancomycin binding D-Ala-
D-Ala-terminated cell wall peptides *°.

A fusion of the human pattern recognition receptor (PRR) CD14 and the Fc region of human
IgG seems to be more specific in opsonizing gram-negative bacteria. Vida et al. (2012)
showed increased phagocytosis of several Salmonella strains but the fusion protein had no
effect on the gram-positive strains or fungi tested *’. In addition, fusions with whole IgG or

IgG-Fc domains have been made and tested against gram-negative bacteria, e.g. the LPS
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binding CAP18 protein from rabbit fused to human IgG or the human
bactericidal/permeability-increasing protein (BPI) fused to 1gG-Fc 1829,

In contrast to “lysibodies”, ISTAbs, other constructs including parts of or whole IgG, and
ISTUA requiring pre-existing antigen specific antibodies we have made a chimeric protein
with the ability to bind both the target bacteria and the Fab region of any endogenous IgG.
Small chimeric proteins are easy to express and purify. Their modularity means that it is also
feasible to change the specificity to different pathogenic bacteria and avoid negative influence
on the commensal bacterial flora or immunogenicity 2°-22. We constructed, expressed and
purified a two-domain fusion protein that binds with one end to the Fab region of monoclonal
IgG with unrelated specificity and with the other end to evolutionary conserved structures in
the bacterial peptidoglycan, and demonstrated that the binding between the bacterium S.
carnosus and 1gG was improved. A second experiment showed that the chimeric protein-IgG
complex improved the interaction between S. carnosus and phagocytes.

Supplying a phagocyte engaging protein has several advantages and can potentially have a
positive effect on the course of an infection, essentially providing an alternative way akin to
passive immunization. It takes time for the adaptive immune system to mount a specific
response against a pathogen and produce a sufficient amount of specific immunoglobulins. A
phagocyte engaging protein can be made to specifically bind to pathogens and available 1gG
molecules with unrelated specificity, contribute to a faster immune response, and mitigate
symptoms. The natural variation of phage endolysin CBDs is large and bridging proteins can
be made to target virtually all Gram-positive pathogens 2*. Phage endolysins target
evolutionary conserved epitopes on bacterial cell surfaces and the risk of bacterial resistance
is considered to be low -2, In addition, these phagocyte engaging proteins can be made

relatively small and be produced recombinantly in bacteria, e.g. E. coli where they seem to

10
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result in properly folded and functional proteins. There is also room for enhancements by

protein engineering to improve affinity for the targets of the domains.

Small proteins usually have short serum circulation half-life due to renal clearance 28, but the
C2 domain can prove to be of great help. It has previously been shown that the homologous
C3 domain from protein G can extend the half-life of fused proteins 2, and that mutations to

remove the Fc binding not to interfere with its FCRn interaction improved the concept further

28

In conclusion, we have shown that the fusion protein C2(ssw,p40m-SH3Db together with IgG

can increase the interaction between Staphylococcus carnosus and phagocytes.
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