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“If you don't like bacteria, you're on the wrong planet.” 
 Stewart Brand
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Abstract 

Bacteria of the genus Streptococcus are common asymptomatic colonisers of 
humans and animals. As opportunistic pathogens they can however, 
depending on their host’s immune status and other circumstances, cause 
mild to very severe infections. Streptococci are highly intertwined with 
specific host species, but can also cause zoonosis or anthroponosis in more 
uncommon hosts. Prolonged and reoccurring infections require immune 
evasion strategies to circumvent detection and eradication by the host’s 
immune defence. A substantial part of the immune defence against bacterial 
pathogens is mediated by immunoglobulins. This thesis is based on work to 
identify and characterise immunoglobulin degrading enzymes secreted by 
different Streptococcus species as a means to sabotage and evade antibody-
mediated immune responses. 

Stoichiometric and kinetic analysis of the IgG degrading enzyme IdeS from 
the important human pathogen S. pyogenes revealed that IdeS cleaves IgG, 
opposed to previous publications, as a monomer following classical 
Michaelis-Menten kinetics. 

The IdeS homologue of S. suis, IdeSsuis, did however not cleave IgG, but was 
highly specific for porcine IgM. S. suis was found to possess yet another 
protease, IgdE, capable of cleaving porcine IgG. Both of these proteases were 
shown to promote increased bacterial survival in porcine blood during 
certain conditions. 

IgdE is the founding member of a novel cysteine protease family (C113). 
Novel streptococcal members of this protease family were shown to 
specifically degrade certain IgG subtypes of the respective Streptococcus 
species’ main host. The observed substrate specificity of IgdE family 
proteases reflects the host tropism of these Streptococcus species, thereby 
giving insights into host-pathogen co-evolution. 

The abundance of immunoglobulin degrading enzymes among Streptococcus 
species indicates the importance of evasion from the antibody mediated 
immune responses for streptococci. These novel identified immunoglobulin 
degrading enzymes of the IdeS and IgdE protease families are potential valid 
vaccine targets and could also be of biotechnological use. 
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Abbreviations 

ADCC Antibody-dependent cell-mediated cytotoxicity 
ARF  Acute Rheumatic Fever 
CH domain Constant heavy chain immunoglobulin-fold domain 
CL domain Constant light chain immunoglobulin-fold domain 
CovR/S Control of Virulence Repressor/Sensor 
CR1 Complement Receptor 1 
CspA Cell-surface–associated protein A (of S. agalactiae) 
C-terminus Carboxy-terminus 
DLS Dynamic light scattering 
EF Extracellular Factor (of S. suis) 
EndoS Endoglycosidase of S. pyogenes 
EndoSd Endoglycosidase of S. dysgalactiae subsp. dysgalactiae 
EndoSe Endoglycosidase of S. equi subsp. equi 
Fab Fragment, antigen-binding 
Fc Fragment, crystallizable 
FcαR Fc α Receptor (binding to IgA) 
FcγR Fc γ Receptor (binding to IgG) 
FcεR Fc ε Receptor (binding to IgE) 
FgBP Fibrinogen-Binding Protein (of S. equi) 
Fhb Factor H-binding protein 
GAS Group A Streptococcus (S. pyogenes) 
GBS Group B Streptococcus (S. agalactiae) 
HIC Factor H-binding inhibitor of complements 
IBP Immunoglobulin G-binding protein (of S. suis) 
IdeE Immunoglobulin G degrading enzyme of S. equi subsp. equi  
IdeS Immunoglobulin G degrading enzyme of S. pyogenes 
IdeP Immunoglobulin G degrading enzyme of S. phocae 
IdeSsuis Immunoglobulin M degrading enzyme of S. suis 
IdeZ Immunoglobulin G degrading enzyme of S. equi subsp. zooepidemicus  
IgdE Immunoglobulin G degrading Enzyme of S. suis 
IgdEagalactiae IgdE protease of Streptococcus agalactiae 
IgdEequi IgdE protease of Streptococcus equi subsp. zooepidemicus 
IgdEporcinus IgdE protease of Streptococcus porcinus 
IgdEpseudoporcinus IgdE protease of Streptococcus pseudoporcinus 
Ig Immunoglobulin(s) 
MAC Membrane Attack Complex 
MHC II Major Histocompatibility Complex II 
MRP Muramidase-Released Protein (of S. suis) 
NETs Neutrophil Extracellular Traps 
nFcR Neonatal Fc Receptor 
N-terminus Amino-terminus 
ORF Open Reading Frame 
PSGN Post-Streptococcal Glomerulonephritis 
ROS Reactive Oxygen Species 
SDS-PAGE Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis 
SEC Size Exclusion Chromatography 
SIC Streptococcal Inhibitor of Complement 
Siglec Sialic acid-binding immunoglobulin-type lectins 
SpeB Streptococcal pyrogenic exotoxin B 
SpyCEP S. pyogenes cell envelope protease 
SsTGase S. suis Transglutaminase 
STSS Streptococcal Toxic Shock Syndrome 
VH domain Variable heavy chain immunoglobulin-fold domain 
VL domain Variable light chain immunoglobulin-fold domain 
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Aims of this thesis 

The aim of this thesis is to introduce newly identified immunoglobulin 
degrading enzymes of the IdeS and IgdE family. Their biochemical 
characteristics, function in immune evasion and contribution to host tropism 
of streptococci will be discussed. I hope that this thesis will improve the 
understanding of streptococcal pathogenesis by giving insights into host-
specificity of bacterial pathogens based on the characterisation of these 
immunoglobulin degrading enzymes and their substrate specificities. 

The specific aims of the individual publications were: 
 
 to gain insights into the stoichiometry and kinetics of IdeS of S. 

pyogenes (I). 
 

 to identify and characterise the enzymatic activity of IdeSsuis of S. suis 
(II). 
 

 to identify and characterise the secreted IgG degrading activity of S. 
suis (III). 

 
 to identify and characterise the enzymatic activities of putative IgdE 

family proteases of other Streptococcus species (IV). 
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Introduction 

The first microscopic observation of bacteria was made by Antonie van 
Leeuwenhoek in 1676. It took nearly another two centuries until the germ 
theory of disease, stating that contagious diseases are caused by 
microorganisms such as bacteria, was experimentally proven by Louis 
Pasteur and Robert Koch (reviewed in Karamanou et al., 2012). During the 
following ‘golden age of bacteriology’, streptococci were observed in cases of 
erysipelas and wound infections by Theodor Billroth in 1874. Streptococci 
were then frequently isolated in the pus of acute abscesses by Alexander 
Ogston in 1880 and consequently described as the cause of surgical 
infections and erysipelas (reviewed in Blevins and Bronze, 2010; Ferretti and 
Köhler, 2016; Wilson, 1987). This knowledge helped to decrease 
streptococcal infections by establishing preventive measures, like antiseptic 
technique during surgery and obstetrical delivery, but did not provide any 
cure. 

Thanks to the discovery of penicillin by Alexander Fleming in 1928 (Fleming, 
1929) and other antibiotics, mortality and morbidity caused by bacterial 
infections could be decreased considerably. Consequently, bacterial 
infections were somehow neglected as a major threat to human health 
during parts of the second half of the 20th century. The observed extensive 
spread of antibiotic resistant bacterial pathogens caused by the rather 
cavalier use of antibiotics in human and veterinary medicine as well as food 
production, is initiating a post-antibiotic era. In this new era, common 
infections can be lethal due to the lack of effective antibiotic treatment 
(WHO, 2014). A better understanding of the interplay between bacterial 
pathogens and their hosts at a molecular level is needed to develop 
alternative strategies to antibiotics administration for the treatment and 
prevention of bacterial infections. Future strategies may include protective 
vaccines, virulence blockers and enhancers of host immunity. For this 
reason, host immune responses and corresponding immune evasion 
strategies which pathogens have evolved to circumvent detection and 
elimination are a highly interesting field of study. 

This thesis focuses on the identification and characterisation of proteases of 
the IgdE and IdeS family. These proteases, secreted by pathogenic bacteria 
of the Streptococcus genus, cleave immunoglobulins (Ig) of the host. 
Thereby they contribute (putatively) to evasion from the host’s immune 
defence and thus also to bacterial thrive within the host. 
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The genus Streptococcus 

Streptococci are Gram-positive non-motile cocci belonging to the phylum 
Firmincutes. They usually grow as pairs (diplococci) or chains, preferentially 
under anaerobic conditions. Streptococci are common asymptomatic 
colonisers of humans and other vertebrate but can cause mild to severe 
infections as opportunistic pathogens. Individual Streptococcus (S.) species 
are highly intertwined with specific host species (Facklam, 2002). 

Streptococci can be classified according to their ability to lyse red blood cells 
as α (incomplete haemolysis), β (complete haemolysis) or γ (no haemolysis) 
haemolytic. Historically, streptococci and other Streptococcaceae have been 
categorised according to their membrane antigens into Lancefield groups A-
S according to the system established by Rebecca Lancefield (Lancefield, 
1933). Due to the identification of many new Streptococcus species and 
improved alternative identification methods, Lancefield typing might be 
outdated. However, this categorisation is still often referred to in the medical 
literature. Currently genomes of 70 different Streptococcus species are listed 
by the National Center for Biotechnology Information (NCBI)1. 
Streptococcus species of special interest for this thesis and the pathology 
they cause in humans and other hosts are introduced below. 

 

Streptococcus pyogenes 

S. pyogenes, the Lancefield Group A Streptococcus (GAS), is a strictly 
human pathogen and the causative agent of a wide array of uncomplicated to 
severe pathologies (Cunningham, 2000, 2008). The most common 
pathology is ‘strep throat’, an acute pharyngitis. Other common pathologies 
are scarlet fever in children, impetigo and erysipelas, as well as cellulitis in 
the elderly. S. pyogenes can also cause the severe and sometimes lethal 
conditions of streptococcal toxic shock syndrome (STSS) and necrotising 
fasciitis (Bisno and Stevens, 1996). Necrotising fasciitis is the reason S. 
pyogenes are commonly referred to as ‘flesh-eating bacteria’. During STSS, 
streptococcal superantigens rapidly activate T cells non-specifically leading 
to a cytokine storm which causes multi-organ failure. Post-infectious 
sequelae associated with S. pyogenes include acute rheumatic fever (ARF) 
and post-streptococcal glomerulonephritis (PSGN) (Martin et al., 2015). 
ARF, an auto-immune condition involving the heart, joints, skin, and brain, 
is believed to be caused by cross-reactive antibodies against streptococcal 

                                                             
1 https://www.ncbi.nlm.nih.gov/genome accessed February 1, 2017 
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surface proteins targeting human tissue. On the other hand, PSGN is 
suggested to be a consequence of the deposition of immune complexes in the 
glomeruli of the kidneys. 

In the latest estimate of S. pyogenes global burden in 2005, the prevalence of 
severe S. pyogenes diseases was assessed to be at least 18.1 million cases 
causing 517,000 deaths annually (Carapetis et al., 2005). Additionally, more 
than 700 million cases of superficial infections (pharyngitis and pyoderma) 
were assumed. S. pyogenes is not considered to be a commensal although 
wide spread asymptomatic carriage in children has been observed (Roberts 
et al., 2012). 

 

Streptococcus agalactiae 

S. agalactiae or Lancefield Group B Streptococcus (GBS) is a commonly 
found commensal of humans and cattle. The name agalactiae, meaning ‘no 
milk’ in Latin, was given to this Streptococcus species as it is the causative 
agent of mastitis in cows. In humans, S. agalactiae causes pathology 
predominantly in pregnant women and neonates, but infections in the 
elderly and immunocompromised are increasing (Le Doare and Heath, 2013; 
Sunkara et al., 2012). Intra-amniotic infections and urinary tract infections 
in pregnant women can lead to preterm labour and stillbirth (Nan et al., 
2015; Newton, 1993). S. agalactiae is the major cause of invasive infections, 
such as meningitis and sepsis, in infants during their first month of life with 
a global burden of 0.53 per 1000 live births and a case fatality percentage of 
9.6% (Edmond et al., 2012). Despite great need and efforts in research and 
development, there is still no protective vaccine against human GBS 
infections available (Edwards et al., 2015; Heath, 2016; Madhi et al., 2016). 

 

Streptococcus suis 

S. suis is a common coloniser of the alimentary, respiratory and genital 
tracts of pigs. Asymptomatic carriage rate in adult pigs can approach up to 
100%. Despite that asymptomatic carriage rate, S. suis is also considered one 
of the most important porcine pathogens. It causes meningitis, septicaemia, 
arthritis and endocarditis, mainly in piglets (Higgins and Gottschalk, 1999). 
Virulence differs between the 35 described serotypes. The most frequently 
isolated serotypes from pigs with clinical signs are serotype 2 followed by 
serotypes 9 and 3 (Goyette-Desjardins et al., 2014). S. suis strains are further 
characterised into sequencing types and also according to presence of the 
secreted proteins suilysin, muramidase-released protein (MRP) and 
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extracellular factor (EF) (e. g. Berthelot-Herault et al., 2000). MRP and EF 
are however not proven virulence factors. 

Infections caused by S. suis are a huge economic factor in intensive pig 
farming. They lead to immense antibiotic use in pig husbandry despite 
current efforts to minimise this practice (Armstrong et al., 2014). 
Consequently, strains which are resistant to several classes of antibiotics 
have emerged and are widespread (Aarestrup, 2012; Holden et al., 2009; 
Palmieri et al., 2011). 

As a zoonotic agent, S. suis can cause mild to severe, sometimes fatal, 
infections in humans, including meningitis and STSS-like disease. Human 
cases are generally limited to humans with direct contact to pigs, such as pig 
farmers, butchers or hunters of wild boar. However, the zoonotic potential of 
this pathogen was shown in two major endemic outbreaks of S. suis serotype 
2 in 1998 and 2005 in China with high mortality and morbidity rates, as well 
as numerous cases in South East Asia (reviwed in Lun et al., 2007). Genome 
analysis of S. suis isolates did not reveal any host-adaptation to humans, 
despite high rates of recombination events, but did identify genomic 
differences between porcine non-clinical isolates, clinical isolates from the 
upper respiratory tract, and isolates causing systemic disease (Weinert et al., 
2015). 

 

Streptococcus porcinus 

S. porcinus is another pig pathogen and has been associated with 
lymphadenitis causing jowl and cervical abscesses (Collins et al., 1984; 
Wessman, 1986). Even if S. porcinus can be isolated from almost 20% of all 
porcine tonsils at slaughter houses (O'Sullivan et al., 2011), its pathology is 
not often seen nowadays. However, in the 1960s this pathogen caused 
significant losses in the American pork industry (Wood, 1982). 

 

Streptococcus pseudoporcinus 

Only recently S. pseudoporcinus has been distinguished from S. porcinus as 
a separate species (Bekal et al., 2006). Consequently, described cases of 
human S. porcinus infections, among them a case of S. porcinus associated 
preterm stillbirth (Martin et al., 2004), were subsequently found to have 
been caused by S. pseudoporcinus. S. pseudoporcinus has been identified as 
a common and emerging coloniser of the genitourinary tract of women, but 
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is often misdiagnosed clinically as GBS due to occasional cross-reactivity 
with group B antiserum (Stoner et al., 2011). 

Streptococcus equi subsp. zooepidemicus 

S. equi subsp. zooepidemicus, increasingly often referred to as S. 
zooepidemicus, is a commensal of mucosa which can cause opportunistic 
infections in horses. These infections include respiratory tract infections, 
uteritis and wound infections (Timoney, 2004). As suggested by its name, S. 
zooepidemicus can also infect other animals and cause severe zoonotic 
infections, such as sepsis, meningitis and endocarditis in humans (Pelkonen 
et al., 2013). S. equi subsp. equi, the causative agent of the highly contagious 
upper respiratory tract disease in horses called strangles, is suggested to be a 
clonal descendent of an ancestral S. equi subsp. zooepidemicus strain (Jorm 
et al., 1994). 
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Immunoglobulin mediated immune defence mechanisms 
against bacterial pathogens 

As described above, hosts will encounter streptococci frequently as they are 
common colonisers and endemic pathogens. Prolonged and reoccurring 
bacterial infections, where the host innate immune defence is not sufficient 
for clearance, will lead to production of Ig (also called antibodies) targeting 
encountered antigens. Upon binding of a foreign antigen to the B cell 
receptor and thymus-dependent or thymus-independent co-stimulation, 
naive B cells or memory B cells are activated and differentiate into Ig 
producing plasma cells. Ig and their mediated defence mechanisms which 
contribute to limitation or elimination of bacterial pathogens in the host are 
described below. 

 

Structure of immunoglobulins 

Ig usually consist of four polypeptide chains, two identical heavy chains of 
approximately 50 kDa and two identical light chains of approximately 25 
kDa. Together these polypeptide chains form a “Y”-shaped structure defined 
as a base unit (Fig. 1). Both heavy and light chains consist of multiple 
globular domains called immunoglobulin-fold domains. Each of these 
domains consists of approximately 100 amino acid residues forming two β-
sheets which are usually connected by an intra-domain disulphide bond 
(Halaby et al., 1999). Light chains consist of a variable domain (VL) and a 
constant domain (CL). Heavy chains consist of a variable domain (VH) and 
three or four constant domains (CH1-CH4). 

 

 

Figure 1. The basic structure of Ig is exemplified by IgG consisting of 
several immunoglobulin-fold domains, light chains (bright shaded) and 
heavy chains (dark shaded), Fab fragments (bright shaded) and a Fc 
fragment (dark shaded) or a variable region (bright shaded), along with a 
constant region (dark shaded). 
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The two heavy chains interact with each other via disulphide bonds in the 
highly flexible hinge region located between the CH1 and CH2 domain. This 
dimeric structure is further stabilised via non-covalent bonds. The hinge 
region is highly diverse among different Ig isotypes and subtypes. However, 
its flexible and unstructured configuration makes this part of the heavy chain 
highly prone to proteolysis (Brezski and Jordan, 2010; Saphire et al., 2002 
as well as page 22 of this thesis). 

Each of the heavy chains binds in their CH1 domain via disulphide bonds a 
light chain of either κ or λ type. The part N-terminal of the hinge region is 
called Fab region due to the antigen binding properties of the Ig fragment of 
this region. V(D)J recombination and somatic hypermutation during 
maturation of B cells account for high diversity of the N-terminal part of the 
Fab region (Hirano et al., 2011). This part consisting of the most N-terminal 
immunoglobulin-fold domains of the light and heavy chains (i. e. VL and VH 
domains) is therefore referred to as the variable region; whereas the other 
parts of both light and heavy chains can be referred to as the constant region. 
The constant region of the heavy chain contains multiple conserved 
glycosylation sites. N- and O-linked oligosaccharides attached to Ig are each 
around 2 kDa in size and highly effect structure and properties of Ig (Arnold 
et al., 2007; Quast et al., 2016). 

The part of the heavy chains located C-terminal of the hinge region is called 
the Fc region due to the high crystallisability of its fragment. Soluble effector 
proteins and Fc receptors located on the surface of effector cells interact with 
Ig through binding to the Fc region (Woof, 2016). 

The structure of the constant region of the heavy chain distinguishes Ig into 
five isotypes with different numbers and locations of disulphide bonds, 
glycosylation profiles and numbers of CH domains. 

 

Immunoglobulin isotypes and subtypes 

The different Ig isotypes form monomeric or multimeric tertiary structures 
out of several base units. The monomeric IgG is considered to be the flagship 
Ig of mammals and is clearly the most abundant isotype in serum of most 
higher organisms. The IgG subtypes of mammals of interest for this thesis 
are briefly described below. 

IgM is by far the largest Ig isotype with its pentameric structure consisting of 
five base units which are joined by a J chain and intermolecular disulphide 
bonds, or its less abundant hexameric structure lacking a J chain. The IgM 
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heavy chain lacks, just as the IgE heavy chain does, a hinge region. Instead, it 
has an additional CH domain which contains the cysteine residues forming 
the homodimer disulphide bonds between the heavy chains. IgM is the first 
Ig isotype to be produced by B cells upon infection. Natural antibodies of the 
IgM isotype specific for pathogenic antigens are however present prior to 
encountering of pathogens, thereby linking the innate to the acquired 
immunity (Ochsenbein and Zinkernagel, 2000). IgM is particularly potent in 
complement activation leading to both C3b opsonisation and membrane 
attack complex (MAC) formation (Merle et al., 2015). 

Secreted IgA can either be monomeric, or dimeric consisting of two base 
units joined by a J chain and a secretory component. IgA has a crucial role in 
immune defence of mucosal membranes and can be classified into two 
subclasses – IgA1 and IgA2. IgE, the least abundant Ig in mammals, is potent 
in sensitisation of mast cells and is therefore important in the immune 
defence against parasites. IgE is also associated with type I hypersensitivity. 
The function of IgD is still elusive but this Ig isotype seems to be associated 
with the upper respiratory mucosa and sensitisation of innate immune cell 
such as basophils (Chen and Cerutti, 2011). 

Human IgG1-4 

Human IgG is categorised into four subtypes numbered according to their 
discovery and their abundance (Schur, 1988). IgG subtypes have different 
binding profiles to specific Fc-receptors due to subtle variations in structure 
and therefore different effector mechanisms. IgG1 and IgG3 have high 
affinity to most FcγR, while IgG2 and IgG4 have reduced affinity to some 
FcγR. However IgG1, IgG2, and IgG3 have lower affinity to the inhibitory 
receptor FcγRIIB than to other human FcγRs (Bruhns et al., 2009). IgG1 and 
IgG3 are consequently more involved in complement activation and 
sensitisation of effector cells, while all IgG subtypes are equally involved in 
neutralisation and opsonisation (Vidarsson et al., 2014). IgG4 on the other 
hand has an immune regulatory role on complement activation through 
inhibition of C1q binding to IgG1 in mixed, IgG1- and IgG4-containing 
immune complexes (van der Zee et al., 1986). Mediated by binding to the 
neonatal Fc receptor (nFcR), IgG1 and to some extend also IgG3 are able to 
cross the placental barrier and protect the human foetus and neonate 
through passive immunisation (Simister, 2003; Simister et al., 1996). 

Porcine IgG1-6 

Six different IgG subtypes have been described in pigs (Butler et al., 2009a). 
Two different allotypic variants have been identified for each of these six 
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subtypes, except IgG3. Porcine IgG subtypes are considered to be 
biochemically inseparable and subtype functions are therefore only predicted 
by sequence analysis. Phylogenetic analysis revealed that IgG3 is distinct 
from other porcine IgG subtypes. IgG3 is predicted to be the only subtype 
which binds strongly to C1q as well as having the strongest affinity for FcγR. 
Evolutionary IgG subclass emergence happened after major mammalian 
speciation. For this reason, subclass functions of other mammalians cannot 
be deduced from their human eponymous subclasses (Kehoe and Capra, 
1974). 

Passive immunisation of newborn piglets with IgG occurs only via suckling 
of colostrum. This is in contrast to passive immunisation in humans which 
occurs prenatally via placental transfer. Sufficient colostrum intake is 
therefore crucial for survival of piglets (Declerck et al., 2016). The practice of 
abrupt weaning performed in modern pig production at an unnaturally 
young age of three to five weeks leads to very low antibody titres (Fig. 2). As 
a result, weaning pigs are particularly prone to infections. 

 

Figure 2. Illustration of the decline of maternal antibodies and the rise of 
endogenous antibodies in piglet blood during their first weeks of life. 100% 
corresponds to antibody titres of adult pigs. Adapted from thepigsite.com.  

Equine IgG1-7 

Seven different IgG subtypes have been identified in horses (Wagner et al., 
2004). In an experimental study with recombinant equine IgG subclasses by 
Lewis et al. (2008b), IgG1, IgG3, IgG4, and IgG7 were found to be the most 
potent activators of the classical complement pathway via C1q binding.  
These subtypes were also found to elicit a strong respiratory burst from 
peripheral blood leukocytes. 
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As in pigs, equine Ig is only transferred to newborn foals by colostrum and 
not via placental transfer. Failure of passive immunity transfer from a mare 
to her foal can seriously compromise both the foal’s health and prospects for 
survival (Drogoul et al., 2006). 

 

Functions of immunoglobulins in immune defence 

Ig mediated host immune responses involving different soluble factors, 
receptors and cell types can be divided into neutralisation, complement 
activation and activation of effector cells (Fig. 3). 

 

Figure 3. Summary of Ig mediated immune response mechanisms against 
extracellular bacterial pathogens showing the key factors and cells involved. 

Neutralisation 

Ig can bind both to secreted and cell-associated factors of pathogenic 
bacteria leading to neutralisation of the function of these factors. Ig specific 
for bacterial adhesins can block adherence of the bacteria to host cells and 
thereby prevent colonisation or invasion (e. g. Tavares et al., 2010). Binding 
of secreted, bacterial factors by Ig might lead to neutralisation of the factors 
enzymatic activity or host receptor binding (e. g. Salha et al., 2012). 
However, it is crucial for successful neutralisation that the Ig binds to a 
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neutralising epitope, such as a receptor binding site or active site of a 
bacterial factor. High-affinity IgA antibodies on mucosal membranes and 
IgG antibodies within tissue are of special importance for successful 
neutralisation of pathogens and their secreted factors. 

A few examples of Ig that can kill bacteria directly without further effectors 
have been described. E. g. an antibody targeting protein B of Borrelia 
burgdorferi kills the bacteria through disruption of the outer membrane 
leading to lyses (Connolly et al., 2004). 

Complement activation 

Opsonisation of bacteria with antibodies, especially of the IgM and IgG 
isotypes, leads to C1q deposition on the bacterial membrane (Kojouharova et 
al., 2010). Via a cascade of events known as the classical complement 
pathway, the enzymatic active C3 convertase is formed. The same pathway 
can however also be activated in an Ig-independent manner through direct 
binding of C1q to the bacterial surface or mediated by C-reactive protein 
bound to phosphocholine on bacteria. The C3 convertase cleaves C3 into C3a 
and C3b, leading to a powerful signal-amplification through deposition of 
many C3b molecules on the bacterial surface. The opsonin C3b is recognised 
by phagocytic cells (e. g. Neutrophils) through complement receptor 1 (CR1) 
leading to phagocytosis as described below. 

C3b deposition leads also to recruitment of terminal complement 
components followed by assembly of MAC which generates a pore in the 
bacterial lipid bilayer. However, only certain Gram-negative bacteria are 
sensitive to killing through lysis by MAC. 

The small complement-cleavage products C4a, C3a, and C5a formed during 
the complement cascade act as mediators of inflammation. They promote 
increased vascular permeability and lead thereby to recruitment of more Ig, 
complement components, and phagocytes to the site of infection. 

Besides neutralisation, binding of antibodies to small soluble antigens, such 
as secreted bacterial proteins, also leads to removal of these immune 
complexes. In brief, complement activation leads to C3b binding covalently 
to the immune complex followed by CR1-mediated binding of the complexes 
to erythrocytes, and finally to removal in the spleen and liver by phagocytic 
cells. 
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Activation of effector cells 

Pathogenic bacteria opsonised with Ig are recognised by effector cells 
through binding of Fc receptors to the Fc region of Ig. Multiple Fc receptor – 
Ig interactions trigger effector cells to execute their effector functions. In 
addition to C3b binding to CR1 as described above, Ig binding to Fc receptors 
will lead to phagocytosis of the opsonised bacterium by macrophages, 
neutrophils and other phagocytes. Following this ingestion, the bacterium 
containing phagosome fuses to lysosomes forming the phagolysosome where 
the bacterium will be enzymatically degraded. In humans IgG1, IgG3 and IgA 
are the primary antibodies involved in opsonophagocytosis via interactions 
with FcγR1, FcγR2 and FcαR1 respectively. 

Granulocytes, for instance basophils or eosinophils, can upon stimulation by 
antigen-bound IgG (via FcγR) or IgE (via FcεR) release their granules 
containing antimicrobial agents such as reactive oxygen species (ROS), 
enzymes and peptides, or secrete pro-inflammatory cytokines. Both mast 
cells and neutrophils can also entangle bacterial pathogens in extracellular 
traps, e. g. neutrophil extracellular traps (NETs), consisting of released 
decompensated DNA, granular proteases and antimicrobial peptides 
(Brinkmann et al., 2004; Urb and Sheppard, 2012; von Kockritz-Blickwede 
et al., 2008). It has been shown that NETs formation can be triggered by Ig-
antigen complexes (e. g. Garcia-Romo et al., 2011). 

Among other triggers, IgG bound to bacterial pathogens can induce platelet 
aggregation via FcγRII (Cox et al., 2011). The then activated coagulation 
cascade contributes to sequestration of the pathogen and interacts with 
multiple parts of the immune system hence playing an important role in the 
early host response (van der Poll and Herwald, 2014). 

Antibodies, such as human IgG1 and IgG3, bound to antigens on a cell 
surface can trigger natural killer cells via FcγRIII to kill target cells by 
antibody-dependent cell-mediated cytotoxicity (ADCC). To date, this process 
has not been described to be involved in the immune defence against 
extracellular bacterial pathogens. However, ADCC has been found to have 
implications in eradication of infected host cells and tumour cells displaying 
deviating antigens on their surface. 
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Streptococcal immune evasion strategies 

Streptococci have evolved a wide array of different immune evasion 
strategies to be able to colonise their hosts. Co-evolution of the hosts’ 
immune systems and streptococcal immune evasion factors can in many 
cases be considered as a molecular ‘arms race’ (e. g. Pinheiro et al., 2013). 
Many factors involved in immune evasion, encoded by orthologous genes, 
are common for several Streptococcus species, whereas other immune 
evasion factors are unique for certain Streptococcus species. In some cases, 
different Streptococcus species have evolved evolutionarily unrelated factors 
employing the same immune evasion strategies. 

The first described streptococcal immune evasion factor is the hyaluronic 
acid capsule of S. pyogenes. By 1928 Lancefield and Todd had already 
published that the matte colony phenotype, later shown to be caused by 
upregulation of the hyaluronic acid capsule, is associated with virulence in 
mice and resistance to killing by human blood leukocytes (Lancefield and 
Todd, 1928; Todd and Lancefield, 1928). Being encapsulated by repetitive 
polysaccharides is a feature shared by many streptococci (Llull et al., 2001). 
The capsule is often considered to be in itself relatively non-immunogenic 
due to molecular mimicking of host glycan structures and can cover 
conserved surface epitopes below from immune recognition (Dinkla et al., 
2007). However, if recognised by adaptive immunity, the capsule also 
confirms a high antigenic variation giving raise to many different serotypes 
of each Streptococcus species (Chang et al., 2015; Okura et al., 2013). 
Further functions in immune evasion, where the capsule acts as a molecular 
shield against complements and antimicrobial peptides have been described 
(Cole et al., 2010; Marques et al., 1992). Capsule polysaccharides of both S. 
agalactiae and S. pyogenes also interact with inhibitory human Siglec (Sialic 
acid-binding Ig-like lectin) on neutrophils leading to suppression of NETs 
formation and oxidative burst (Chang et al., 2014; Secundino et al., 2016). 
Identification and disruption of the capsule locus in S. suis serotype 2 has 
shown that the capsule mediates resistance against phagocytosis by porcine 
alveolar macrophages and is crucial for virulence in a pig infection model 
(Smith et al., 1999). On the other hand, low capsulation has been shown to 
be associated with increased adherence to epithelial and endothelial cells 
and invasiveness of streptococci (e. g. Hammerschmidt et al., 2005; Vanier 
et al., 2004). 

Another common strategy employed by streptococci targeting complement 
deposition and activation at their surface is to bind host derived inhibitory 
complement regulators. Examples include binding of factor H by Hic 
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proteins of S. agalactiae and Fhb of S. suis (Jarva et al., 2004; Pian et al., 
2012) or binding of the C4b-binding protein by protein M and H of S. 
pyogenes (Berggard et al., 2001; Ermert et al., 2013). The highly variable 
SIC protein of S. pyogenes (Streptococcal inhibitor of complements) has 
been shown to inactivate antibacterial peptides besides interfering with 
complement function (Akesson et al., 1996; Frick et al., 2003). 

Proteolytic strategies to constrain complement mediated immune responses 
include specific proteases degrading the complement derived 
chemoattractant C5a (Kagawa and Cooney, 2013; Stafslien and Cleary, 2000; 
Wexler and Cleary, 1985). These strategies also involve more promiscuous 
proteases, such as SpeB of S. pyogenes which has been reported to cleave 
several complement factors (Honda-Ogawa et al., 2013). S. pyogenes can 
further inhibit recruitment of neutrophils through cleavage of CXC 
chemokines, such as interleukin 8, by the serine protease SpyCEP, and 
thereby promote its dissemination within the host’s soft tissues and 
respiratory tract (Edwards et al., 2005; Kurupati et al., 2010; Zinkernagel et 
al., 2008). S. agalactiae possesses the serine protease CspA which cleaves 
several CXC chemokines, but not interleukin 8 (Bryan and Shelver, 2009). 

Despite being catalase-negative, streptococci have evolved mechanisms to 
resist ROS during oxidative burst of phagocytic cells. These mechanisms 
include enzymatic removal of ROS, i. e. by the superoxide dismutase of S. 
suis (Fang et al., 2015), and ROS neutralisation, i. e. by the carotenoid 
pigment of S. agalactiae (Liu et al., 2004). Moreover IdeS of S. pyogenes 
(which will be introduced below) has been shown to inhibit ROS production 
independent of its proteolytic activity (Söderberg et al., 2008). To escape 
entanglement in extracellular traps (e. g. NETs), streptococci secrete DNAses 
capable of resolving the entanglement through degradation of the 
extracellular trap’s DNA backbone (Buchanan et al., 2006; de Buhr et al., 
2014; Haas and Grenier, 2015). 

Streptococci can induce cell death in phagocytes through secretion of 
cytotoxins before they exert bacterial killing. Secretion of cytotoxins can also 
promote bacterial spreading through disruption of epithelial and endothelial 
barriers. Examples include the β-haemolysin streptolysin S and streptolysin 
O of S. pyogenes (Datta et al., 2005; Uchiyama et al., 2015), the β-
haemolysin of S. agalactiae (Liu et al., 2004) and suilysin of S. suis 
(Tenenbaum et al., 2016). 

Through secretion of superantigens, streptococci have the ability to 
dysregulate the immune system. Superantigens are able to non-specifically 
crosslink MHC II of antigen presenting cells with the T cell receptor leading 
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to T cell activation and secretion of vast amounts of pro-inflammatory 
cytokines which are believed to be associated with STSS (Li et al., 1999; 
Norrby and Norrby-Teglund, 1997). It is suggested that this dysregulation 
benefits bacterial survival within the host due to decreased production of 
specific Ig by B cells and suppression of normal phagocyte infiltration into 
the infection site (Spaulding et al., 2013). 

Streptococci, such as S. pyogenes, pursue multiple strategies to modulate the 
coagulation system. E. g. soluble M proteins are involved in systemic 
activation of coagulation, meanwhile streptokinase facilitates streptococcal 
dissemination by stimulating local fibrinolysis through interaction with 
plasminogen (reviewed in Shannon et al., 2013). 

Streptococci have also evolved many strategies to sabotage the Ig-mediated 
immune defence mechanisms through direct interference with Ig. Strategies 
range from nonopsonic binding of Ig to disarming Ig by deglycosylation or 
proteolytic cleavage of Ig. 

A plethora of streptococcal surface associated and secreted Ig-binding 
proteins have been described. Examples include M protein and protein H of 
S. pyogenes, β protein of S. agalactiae (Areschoug et al., 2002), IBP of S. 
suis (Serhir et al., 1995) and FgBP of S. equi subsp. equi (Meehan et al., 
2001) which specifically binds equine IgG4 and IgG7 (Lewis et al., 2008a). 
Many of these proteins are multifunctional, binding in addition to Ig also 
fibrinogen and complement regulators as described above. Most bacterial Ig 
binding proteins target the CH2-CH3 domain interface of the heavy chain and 
block thereby Fc receptor binding due to overlapping binding sites, as 
reviewed by Woof (2016). Nonopsonic binding of Ig to the surface can lead to 
sequestration of Ig and might shield exposed antigens. Nordenfelt et al. 
(2012) suggested however, that nonopsonic Fc-mediated binding of IgG only 
occurs efficiently in IgG-poor environments, such as saliva, based on the 
observed IgG-orientation at the surface of S. pyogenes. In blood plasma, 
where the IgG concentration is high, specific IgG binds preferentially via Fab 
promoting opsonisation and killing. 

The secreted endoglycosidases EndoS and EndoS2 of S. pyogenes, EndoSe of 
S. equi and EndoSd from S. dysgalactiae hydrolyse N-linked glycans of the 
IgG heavy chain constant region and impair thereby interaction with Fc 
receptors (Collin and Olsén, 2001; Flock et al., 2012; Shadnezhad et al., 
2016; Sjögren et al., 2013). Endogenous overexpression of EndoS was shown 
to increase virulence of S. pyogenes in a mouse infection model (Sjögren et 
al., 2011). 
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Many Streptococcus species have evolved proteases of several unrelated 
protease families which cleave Ig. This suggests that Ig cleavage is a potent 
immune evasion strategy. Separation of the Fab from the Fc fragment should 
restrain all Ig mediated immune defence mechanisms except neutralisation. 
Streptococcal enzymes involved in proteolytic cleavage of Ig are described 
below. 

 

Immunoglobulin degrading proteases 

 

Figure 4. Ig-cleavage by IdeS, IdeSsuis and IgdE family proteases. (A) IdeS 
cleaves IgG in the lower hinge region. (B) IdeSsuis cleaves porcine IgM (shown 
in its monomeric form) between the CH2 and CH3 domain. (C) IgdE family 
proteases cleave specific IgG subtypes of specific species in the hinge region 
N-terminal of the homodimer-disulphide bonds. As Ig is a dimeric substrate, 
Ig cleavage is a two-step process (arrows). In the case of IdeS, it has been 
shown that cleavage of the first heavy chain occurs much faster (bold arrow) 
than cleavage of the second heavy chain. 

The protein IdeS was first identified as a secreted immunogenic protein of S. 
pyogenes (Lei et al., 2000). IdeS was later shown to have anti-
opsonophagocytotic properties and denoted Mac due to minor homology to 
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human Mac-1 (Lei et al., 2002). Independently, the same protein was 
described to be a novel cysteine protease capable of cleaving IgG, therefore 
denoted IdeS (Ig degrading enzyme of S. pyogenes) (von Pawel-Rammingen 
et al., 2002) (Fig 4a). IdeS cleaves all human IgG subtypes, but no other Ig 
isotypes. Efficient cleavage of monkey, sheep and rabbit IgG by Ides has been 
reported, whereas cleavage of murine and porcine IgG is weak, subtype-
dependent or nonexistent. Kinetics and stoichiometry of proteolytic IgG 
cleavage by IdeS will be discussed in the Results and discussion part 
(publication I, page 29) (Vindebro et al., 2013).  

Rescue of S. pyogenes from phagocytosis and killing in presence of specific 
IgG by exogenously added IdeS has been shown in several ex vivo assays (e. 
g. Akesson et al., 2006; Söderberg et al., 2008). Contribution of endogenous 
expressed IdeS to improved survival of a hypervirulent S. pyogenes serotype 
M1T1 clone could however not be shown in human ex vivo assays and in a 
murine infection model (Okumura et al., 2013). IdeS not only cleaves soluble 
IgG, but also the IgG-type B cell receptor leading to transient inhibition of 
memory B cell activation (Järnum et al., 2015) This cleavage might thereby 
represent a novel putative immune evasion mechanism. 

Homologous proteins to IdeS possessing IgG degrading activity have been 
identified including IdeE of S. equi subsp. equi, IdeZ of S. equi subsp. 
zooepidemicus and the newly discovered IdeP of the seal pathogen S. phocae 
(Hulting et al., 2009; Lannergard and Guss, 2006; Rungelrath et al., 2017). 
The Ides homolog of S. suis IdeSsuis does however not cleave IgG, but has 
porcine IgM as its sole substrate (Seele et al., 2013; publication II, page 30). 
The cleavage site of IdeSsuis is located in the CH2-CH3 domain interface of IgM 
and not in the hinge region as for most other Ig cleaving enzymes (Fig. 4b). 
Nevertheless, this cleavage leads to removal of CH3 domain, containing the 
putative C1q binding site, from the antigen-binding part of IgM. The 
cleavage contributes thereby to complement evasion and increased bacterial 
survival in porcine blood during the IgM-dominated early adaptive immune 
response (Seele et al., 2015a). Unsurprisingly, given the described substrate 
specificity for porcine IgM, IdeSsuis did not contribute to increased survival in 
non-porcine infection models or pigs without specific IgM-antibodies (Xiao 
et al., 2017). 

During studies of IdeSsuis, a novel IgG degrading cysteine protease of S. suis 
was discovered and designated IgdE (IgG degrading Enzyme of S. suis) 
(Spoerry et al., 2016b; publication III, page 32). This protein has previously 
been identified as a secreted immunogenic protein and to be contained in 
membrane vesicles (Geng et al., 2008; Haas and Grenier, 2015). 
Controversially, prior to our publication IgdE was reported to be a 
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transglutaminase with an unknown substrate having anti-
opsonophagocytotic properties (Yu et al., 2015). The suggested 
transglutaminase and anti-opsonophagocytotic function of IgdE will be 
discussed in the Results and discussion part of this thesis (page 35). 

Homologues of IgdE have been discovered in several other Streptococcus 
species. The IgdE homologues of S. agalactiae, S. porcinus, S. 
pseudoporcinus and S. equi subsp. zooepidemicus have been shown to be 
proteases specific for IgG of the respective streptococci main host (Spoerry et 
al., 2016a; publication IV, page 33) (Fig. 4c). Besides this IgG host species 
specificity, IgdE proteases also show pronounced IgG subtype specificity. 

Despite earlier reports, the promiscuous cysteine protease SpeB of S. 
pyogenes is not a natural IgG cleaving enzyme. SpeB is only able to cleave 
the IgG heavy chain during artificial reducing conditions (Persson et al., 
2013). 

IgA-specific metalloproteases secreted by streptococci were already 
described in the mid-1970s (Plaut et al., 1974). The IgA1 protease of S. suis 
was reported to cleave human IgA1 and contribute to virulence in porcine 
infections (Zhang et al., 2011; Zhang et al., 2010). 

Ig degrading enzymes as immune therapeutics 

The potential of IdeS as a therapeutic for various immune conditions 
associated with pathogenic IgG was early recognized. Several pre-clinical 
studies describe successful use of IdeS in models of auto-immune diseases 
(Johansson et al., 2008; Mihai et al., 2016; Nandakumar et al., 2007; Ryan 
et al., 2008; Takahashi and Yuki, 2015; Wang et al., 2017; Winstedt et al., 
2015; Yang et al., 2010). A phase I study in healthy male volunteers has 
demonstrated the safe intravenous application of IdeS and cleavage of the 
entire plasma IgG-pool within minutes in vivo, inactivating Fc-mediated 
effector functions (Winstedt et al., 2015). Significant progress is being made 
with several phase II studies investigating the use of IdeS in highly sensitised 
patients to enable kidney transplantation and prevent graft-rejection2. The 
current progress towards clinical use of IdeS and the IgG specific 
endoglycosidase EndoS against IgG-mediated diseases was recently 
summarised by Collin and Björck (2017). 

                                                             
2 https://clinicaltrials.gov 
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Ig degrading enzymes in biotechnology 

Monoclonal therapeutic antibodies are widely used as pharmaceuticals. 
Numerous novel antibody-based pharmaceuticals, and increasingly 
biosimilars and biobetters, are currently in development. For improved 
analysis by mass spectrometry during development and quality control, 
intact Ig are often fragmentised. Highly specific proteases, such as IdeS and 
other bacterial enzymes, are often utilised for fragmentation (reviewed by 
Sjogren et al., 2017; Sjogren et al., 2016). IdeS can also be used to cleave Fc-
fusion proteins for downstream purification or analysis of the fusion-partner 
(e. g. Novarra et al., 2016; Postnikov et al., 2015). 

 

Identification of putative immune evasion factors 

Approaches for identification of novel bacterial immune evasion factors can 
simply be divided into forward genetic and reverse genetic approaches. 

Reverse genetic approaches start with an ORF and a corresponding 
(hypothetical) protein which are potentially involved in an immune evasion 
mechanism. Evidence for involvement in immune evasion can include 
homology to known immune evasion factors, the presence of motifs known 
to interact with host factors, the presence of its gene only in pathogenic 
strains, being under the control of a regulation system associated with 
virulence, and the observed expression pattern. Recombinant proteins can 
be tested by in vitro assays for their immune-modulating properties such as 
binding to or proteolytic digestion of host factors. Alternatively, knock-out 
strains of the specific gene can be compared with their parental strains in 
biological assays assessing the gene’s contribution to immune evasion. The 
projects leading to both publications II and IV were initiated using a forward 
genetic approach (Seele et al., 2013; Spoerry et al., 2016a). Briefly, proteins 
with unknown functions but homology to known Ig degrading proteases, 
were assessed for proteolytic activity. 

Forward genetic approaches usually start with the phenotypical observation 
of an immune modulating activity, such as porcine IgG cleavage by S. suis in 
the case of publication III (Spoerry et al., 2016b). The unknown factor, 
preferably a protein, exhibiting the immune modulating activity can be 
isolated from complex bacterial fractions. For example, growth culture 
supernatants, membrane-associated proteins, or outer membrane vesicles 
can be subfractionated according to biochemical properties while monitoring 
the preservation of the activity. Fractionation methods might include size 
exclusion chromatography, ion exchange chromatography, ammonium 
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sulphate precipitation and co-immunoprecipitation. Candidates present in 
the purified fraction can finally be identified through techniques such as 
mass spectrometry. Developing knowledge about the biochemical properties 
of the immune modulating activity might be useful to further narrow down 
possible candidates. Recombinant proteins of valid candidates can then be 
assessed for performance of the investigated activity. Instead of 
biochemically isolating the immune evasion factor, genetic libraries or 
recombinant protein banks can be screened to identify genes or proteins 
involved in the investigated immune modulating activity. 

 

Confirmation of putative immune evasion factors in biological 
assays 

To confirm putative immune evasion factors, it is usually desired to observe 
attenuation of knock-out strains lacking or having disrupted the specific 
factor’s gene in an infection resembling assay where the immune response of 
interest is functional. Normal in vitro growth should however be unaffected. 
Infection assays in model organism or ex vivo assays, such as blood survival 
assays or anti-opsonophagocytosis assays, might be suitable. 

However, it can be difficult to evaluate the contribution of a single immune 
evasion factor or virulence factor to bacterial growth, colonisation or 
pathogenicity in vivo or ex vivo. The bacterial factor can, as earlier 
described, be highly host-specific and a valid infection model in the correct 
host might not be available. The use of transgenic model animals can in 
certain cases circumvent this problem (Brehm et al., 2013). Even within the 
correct host, a certain bacterial factor might only contribute significantly to 
immune evasion in a certain niche where adequate amounts of the targeted 
immune response factor are present and not during systemic infections. The 
host’s immune status can vary, depending on its age, infection history and 
genetics. As a consequence, the host may not reflect the conditions at which 
the factor contributes to bacterial thrive. Evaluation of immune evasion 
factors targeting the adaptive immune response can therefore be particularly 
challenging. For example, in piglets Ig titres as well as Ig quality can vary 
greatly between different individuals depending on their colostrum intake, 
suckling, weaning status and age. We have observed that the contribution of 
Ig degrading proteases of S. suis to immune evasion can vary considerably 
even between piglets of the same brood (unpublished data). 

In addition, the expression of immune evasion factors is often tightly 
regulated. Experimental settings might not allow upregulation or emergence 
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of a subpopulation with a mutation in the corresponding regulation system 
leading to sufficient expression. For this reason, it is crucial to have in-depth 
knowledge of the putative immune evasion factors characteristics as well as 
the pathogen’s genetics, tropism and pathogenesis, to be able to choose or 
establish a valid infection model. Biochemical characterizations of putative 
immune evasion factors showing sabotage of host immune response 
mechanisms by inhibiting, sequestering or degrading factors involved in the 
immune response are therefore a basic prerequisite to investigate the 
fascinating immune evasion strategies that bacterial pathogens, such as 
streptococci, have evolved. 

 

Immune evasion factor proteins as vaccine targets 

Streptococcal enzymes and host factor binding proteins involved in immune 
evasion, such as Ig degrading protease, have been shown to be promising 
vaccine targets. A multivalent vaccine consisting of five surface associated 
proteins and the two IgG degrading proteases IdeE1 and IdeE2 showed 
protection against S. equi subsp. equi in a vaccination and artificial challenge 
trial in welsh ponies (Guss et al., 2009). IdeE1 and IdeE2 were found to be 
the antigens of major importance for the efficacy of this vaccine. EndoSe was 
shown to be another protective antigen against S. equi subsp. equi and 
subsp. zooepidemicus in a mice model eliciting neutralising antibodies which 
inhibit the EndoSe mediated anti-opsonic activity (Flock et al., 2012). 

Immunisation with IdeS enhanced the survival of mice challenged with S. 
pyogenes (Okamoto et al., 2005). This finding and the observation that 
neutralising antibodies against IdeS are generated during infection (Akesson 
et al., 2006) suggest that IdeS could also be a protective antigen against S. 
pyogenes in humans. Similarly, immunisation with the interleukin 8 
degrading enzyme SpyCEP prevented dissemination of S. pyogenes in mice 
and provided to some extend cross-protection against S. equi which has a 
homologous protease (Turner et al., 2009). 

IdeSsuis was shown to be a highly protective antigen against S. suis serotype 2 
infection in pigs (Seele et al., 2015b). Recombinant IdeSsuis was completely 
neutralised in serum from vaccinated piglets compared to pre-immune 
serum. Similarly, the IgA1 protease was shown to be a protective antigen 
against S. suis serotype 2 in a mouse model (Fu et al., 2016). 

It might be counter-intuitive to target secreted proteins through vaccination 
if these secreted proteins are low in abundance and might not even be 
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associated with the bacterial membrane. However, in contrast to the most 
abundant surface proteins which often undergo antigenic variation, active 
sites or binding sites of immune evasion factors need to be more conserved 
to retain functionality. For this reason, there should be greater commonality 
among the immunogenic epitopes of different strains. This might help to 
overcome the issue of serotype-specificity which bacterin vaccines often 
have. Besides opsonic potential, the neutralisation of immune evasion 
factors might give the host immune defence the advantage necessary for 
successful clearance of the pathogen. Complete neutralisation by antibodies 
may be possible through a simple numbers game given the relatively low 
abundance of the immune evasion factor proteins compared to structural 
surface proteins . In order to avoid compromising the host immune system 
in conjunction with the vaccination, the immune evasion factor protein used 
as a vaccine can be rendered inactive, preferably without affecting its 
immunogenic epitopes. 
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Results and discussion 

Rapid IgG heavy chain cleavage by IdeS mediated by IdeS 
monomers (publication I) 

Previous studies reported non-Michaelis–Menten shaped velocity curves of 
IgG cleavage by IdeS (Vincents et al., 2008; Vincents et al., 2004). 
Hypothesis explaining these sigmoidal velocity curves suggested that IdeS 
has two cooperative binding sites for IgG or alternatively that IdeS is 
enzymatically active as a dimer. The dimer hypothesis was given further 
weight by the dimeric crystal structure published by Agniswamy et al. 
(2006). The observed increase in IdeS activity in the presence of the host 
derived extracellular cysteine protease inhibitor Cystatin C was speculated to 
be caused by facilitated dimerisation of IdeS in the presence of Cystatin C 
(Vincents et al., 2008). 

Earlier studies found that IdeS can be neutralised by specific antibodies 
generated upon infection (Akesson et al., 2006). First, we show in this study 
that neutralising antibodies are also present in commercially available 
polyclonal IgG. These neutralising antibodies interfere highly with kinetic 
analysis of IdeS, especially at low enzyme concentrations or high IgG 
substrate concentrations, respectively. Analysis with IgG which were 
depleted of IdeS-neutralising antibodies revealed that IgG cleavage followed 
classical Michaelis–Menten kinetics. This was true for both cleavage of the 
first and second heavy chain in the lower hinge region below the homodimer 
disulphide bonds, resulting finally in Fc fragments and F(ab’)2 fragments 
(Ryan et al., 2008). It has been shown that the first cleavage step is sufficient 
to abort IgG Fc-mediated immune responses (Brezski et al., 2009). Our 
kinetic analyses of IdeS revealed that the biologically relevant cleavage of the 
first heavy chain occurs 100 times faster than cleavage of the second heavy 
chain. 

The specific activity of IdeS was constant at enzyme concentrations between 
0.5 and 32 nM. Assuming that IdeS forms an enzymatic active dimer, an 
increase of activity would be expected at higher enzyme concentrations due 
to increased dimerisation. The suggested dimerisation was therefore further 
investigated by dynamic light scattering (DLS) and size exclusion 
chromatography (SEC) analysis. DLS analysis revealed one single peak in 
solution at both 18 and 180 µM, corresponding to a protein of about 37 kDa 
and thereby monomeric IdeS. Separation of IdeS at a concentration of 1 mM 
by SEC indeed resulted in two peaks as reported by Agniswamy et al. (2006). 
According to Agniswamy et al. the two isolated peaks correspond to the 



Results and discussion 

30 

dimeric and monomeric state of IdeS. However, reloading of protein of those 
two peaks did not result in a repopulation to two peaks as it was stated but 
not shown by Agniswamy et al. (2006). Protein from both peaks was 
assessed by SDS-PAGE showing that the first, suggested ‘dimer’ peak 
contained along with full-length IdeS several smaller protein bands which 
were identified as IdeS fragments by mass spectrometry. IdeS isolated from 
the second peak clearly showed higher IgG degrading activity than IdeS 
isolated from the first peak. 

In conclusion, this publication shows that monomeric IdeS cleaves IgG 
following classical Michealis-Menten kinetics in a two-step process. The first 
biologically significant cleavage step is considerably faster than the second 
cleavage step. 

 

Novel IgM-Protease of Streptococcus suis (publication II) 

To date, streptococcal members of the IdeS protease family have been 
described as IgG specific proteases. In this study, we found that the IdeS 
homologue of S. suis, designated IdeSsuis, is in fact a highly porcine IgM 
specific protease. IdeSsuis is thereby to our knowledge the first IgM specific 
protease to be described. So far, secreted and surface associated factors of S. 
suis have mirrored the functions of their homologues from other, often 
human-pathogenic, Streptococcus species. IdeSsuis is highly host specific as it 
does not even cleave IgM of warthogs, a fellow member of the Suidae family. 
As a result, IdeSsuis is the first described factor which can explain the 
pronounced host tropism of S. suis for pigs. 

Compared to other host species, IgM seems to be of special importance in 
pigs, especially newborn piglets. Maternal Ig are not transferred to piglets by 
placental transfer but only via suckling of colostrum. However, the 
endogenous IgM production in piglets starts much earlier than the IgG and 
IgA production. This means that IgM is the dominant Ig during pigs’ 
neonatal period (Bianchi et al., 1992; Butler et al., 2009b). The crucial role 
of IgM in the porcine immune defence could explain why S. suis as a pig 
pathogen has evolved an IgM specific protease. 

IdeSsuis might also be able to cleave the IgM-type B cell receptor, similar to 
the shown cleavage of the human IgG-type B cell receptor by IdeS (Järnum 
et al., 2015). Since the IgM-type B cell receptor is the only virgin B cell 
receptor of pigs and S. suis usually colonises piglets immediately after birth, 
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this mechanism has the potential to significantly affect the development of 
the adaptive immunity during the neonatal period. 

S. suis was shown to be able to clear itself from IgM opsonisation through 
expression of IdeSsuis. In addition, IdeSsuis could promote survival in the blood 
of bacterin-immunised pigs ex vivo. During a follow-up study, our 
collaborators identified the cleavage site of IdeSsuis within IgM (Seele et al., 
2015a). The cleavage site is located in the CH2-CH3 inter-region of the heavy 
chain. As a result, the C1q binding motif is separated from the antigen 
binding part. Consequently it was further shown that IdeSsuis abrogates 
complement deposition and can contribute significantly to bacterial survival 
in the absence of the most pronounced complement evasion factor, i. e. the 
capsule, or when high titres of specific IgM are present. On the other hand, 
Xiao et al. could not see attenuation of a P1/7ΔideSsuis in-frame deletion 
strain in serologically negative Bama minipigs or other animal infection 
models (Xiao et al., 2017). Those findings imply that the observed IdeSsuis 

mediated immune evasion is most likely based on its interference with 
specific IgM antibodies. 

IdeSsuis is a large protein of 124 kDa, having the proteolytic domain in the N-
terminal part and a suggested transmembrane region in the C-terminus. 
Surprisingly, a deletion mutant only expressing the non-proteolytic C-
terminal part was still as virulent as wild type strain 10 in comparison to the 
attenuated 10ΔideSsuis mutant in prime-vaccinated piglets. This finding 
suggests there is an unknown mechanism in complement evasion of IdeSsuis 
which is exerted by the C-terminal part, in addition to the IgM degrading 
activity (Seele et al., 2015a). Further investigations with a proteolytic 
inactive IdeSsuis mutant might give insight into this additional mechanism. 

We speculated that IdeSsuis might be a valid vaccine component to improve 
bacterins or other vaccines. This expectation was surpassed as it was shown 
that vaccination with IdeSsuis protected piglets completely from both 
mortality and severe morbidity when experimentally challenged with S. suis 
serotype 2 (Seele et al., 2015b). Vaccination led to neutralisation of IdeSsuis in 
serum and decreased bacterial blood survival ex vivo. 
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Novel porcine IgG specific protease of S. suis (publication 
III) 

Incubation of concentrated culture supernatant of S. suis ΔideSsuis with 
porcine serum resulted in the appearance of an extra protein band when 
analysed by SDS-PAGE. This protein band was identified as an IgG heavy 
chain degradation product. This implies that S. suis secretes an IgG 
degrading enzyme in addition to the described IgM degrading cysteine 
protease IdeSsuis (Seele et al., 2013; publication II, page 30) and an IgA 
degrading metalloprotease (Zhang et al., 2011). Through biochemical 
fractionation of culture supernatant combined with monitoring of the IgG 
degrading activity and then mass spectrometry analysis, we were able to 
identify a novel IgG degrading cysteine protease which was designated IgdE. 
IgdE is the founding member of the novel family C1133 in the MEROPS 
peptidase database (Rawlings et al., 2014) since no homologous proteases 
have been described before. S. suis expresses thereby three different 
enzymes which specifically target the three major Ig isotypes – IgG, IgM and 
IgA. This demonstrates how evolutionarily important it is for this endemic 
pig pathogen to subterfuge Ig-mediated immune responses. 

Just as IdeSsuis was highly specific for porcine IgM, IgdE is highly specific for 
porcine IgG as no other substrate could be identified. IgdE is only the second 
factor described which mirrors the porcine host-specificity of S. suis. Other 
described factors of S. suis cannot explain the obvious host-tropism of S. suis 
since they do not have this pronounced specificity for porcine proteins. 

N-terminal Edman sequencing of the degradation product revealed that IgdE 
cleaves the IgG heavy chain just N-terminal of the cysteine residues believed 
to form the homodimer disulphide bonds. The identified sequence 
corresponds well to all porcine IgG subtypes except IgG3. This observation, 
together with the observation that the heavy chain of pooled commercially 
available porcine IgG is not completely degraded by IgdE, implies that IgdE 
has a certain degree of IgG subtype specificity. Interestingly, IgG3 is the only 
porcine IgG subtype with a predicted C1q-binding motif (Butler et al., 
2009b). This prediction suggests that IgdE might not be involved in immune 
evasion from the classical complement pathway like IdeSsuis (Seele et al., 
2015a). Instead, IgdE might interfere with FcγR-mediated 
opsonophagocytosis. The putative subtype specificity of IgdE can 
unfortunately not be resolved easily since IgG subtypes are biochemically 
inseparable (Butler et al., 2009a) and recombinant subtypes are unavailable. 

                                                             
3 http://merops.sanger.ac.uk/cgi-bin/famsum?family=c113 
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The very promising vaccination study with IdeSsuis (Seele et al., 2015b) and 
the similar properties of IgdE suggest that IgdE could also be a promising 
vaccine candidate. The presence of specific antibodies against IgdE in the 
majority of the tested conventional weaning piglets proves that IgdE is 
expressed in vivo and is immunogenic. The observed IgG cleaving activity of 
all tested S. suis strains indicates that IgdE might be expressed by S. suis of 
all serotypes. Furthermore, the predicted C-terminal transmembrane 
domain suggests that IgdE is also a surface associated antigen. This means 
that specific antibodies could mediate opsonophagocytosis as well as 
neutralise the enzymatic activity of IgdE. The observed importance of IgdE 
for bacterial thrive in vivo (Yu et al., 2015) and blood survival ex vivo (page 
38) in piglets further demonstrates IgdE’s suitability as a vaccine target. 

 

Novel streptococcal members of the IgG degrading protease 
family IgdE (publication IV) 

Bioinformatic analyses revealed novel putative members of the IgdE 
protease family with no previous described functions in several 
Streptococcus species. The putative IgdE family proteases from S. 
agalactiae, S. porcinus, S. pseudoporcinus and S. equi subsp. zooepidemicus 
were recombinantly expressed and their proteolytic activity was assessed. All 
of these proteins were found to cleave IgG of their respective Streptococcus 
species main host, but not other Ig isotypes. Moreover these proteases are 
highly IgG subtype specific, i. e. IgdEagalactiae cleaves only human IgG1, 
IgdEequi cleaves only equine IgG7, IgdEporcinus cleaves porcine IgG and 
IgdEpseudoporcinus cleaves human IgG1 as well as porcine IgG. As explained 
above, porcine IgG subtype specificity cannot be assessed easily. 

The striking IgG host species specificity of IgdE proteases, reflecting the 
known host tropism of the Streptococcus species, might indicate that IgdE 
proteases contribute to host-specificity. It is remarkable that in comparison 
to IgdEporcinus, IgdEpseudoporcinus did cleave porcine IgG as well as human IgG1 
despite the close phylogenetic relationship of these two IgdE proteases and 
the corresponding Streptococcus species. The additional substrate specificity 
of IgdEpseudoporcinus might actually reflect adaptation of S. pseudoporcinus to 
humans as a main host following host-switching from pigs to humans and 
divergence into the distinct species of S. pseudoporcinus from S. porcinus. 

All IgdE proteases cleaved the heavy chain of their respective substrate IgG 
in the middle hinge region just N-terminal of the cysteine residues believed 
to form the homodimer disulphide bonds. The single exception was 
IgdEagalactiae which instead had a cleavage site two residues closer to the N-
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terminus. The unshared cleavage sites of IgdEagalactiae and IgdEpseudoporcinus 
within human IgG1 could indicate that these substrate specificities have 
indeed evolved independently. 

IgdE family proteases have very narrow substrate specificities as they only 
cleave the heavy chain of certain IgG subtypes of certain species. It is hard to 
hypothesise about any advantage for streptococci of having an IgG protease 
with such narrow substrate specificity compared to, e. g. IdeS. Cleavage of 
certain key IgG subtypes might however be evolutionarily sufficient for 
improved colonisation and survival within a host. Leaving certain IgG 
subtypes that mediate tolerance, such as human IgG4 (Aalberse et al., 2009), 
might even be beneficial for the pathogen. Seen from a host perspective, the 
redundancy of several IgG subtypes with partly similar functions but 
different hinge region sequences might have evolved to impede hinge 
cleavage of the whole IgG pool by pathogenic microbes. 

The IgdE family protease of S. agalactiae cleaves only the major human IgG 
subtype IgG1. As S. agalactiae is mainly associated with invasive neonatal 
infections (Melin, 2011), it is of real interest that IgdEagalactiae only cleaves 
IgG1. IgG1 is the only Ig besides IgG3 that is well transported over the 
placental barrier by nFcR (Simister, 2003). For this reason, IgdEagalactiae 
might be of special importance for immune evasion in the neonatal host. In 
addition, it has been shown that the IgdE encoding gene is regulated by the 
two-component regulation system CovR/S which is a major regulator of 
virulence in S. agalactiae. Mutations leading to upregulation of CovR/S 
regulated genes, including igdE, have been identified in isolates from 
infected newborns, but not in isolates from the respective neonates’ 
asymptomatic mothers (Almeida et al., 2015). Investigations into this IgdE-
mediated putative immune evasion have been initiated. 

S. equi subsp. zooepidemicus possesses two more IgG degrading proteases 
besides IgdEequi. The IdeS homologues IdeZ1 and IdeZ2 cleave IgG of several 
species (Hulting et al., 2009; Lannergard and Guss, 2006). Surprisingly 
however, IdeZ1 does not cleave equine IgG as well as, for example human 
and murine IgG. This might be due to the incapability of IdeZ1 to cleave 
certain equine IgG subtypes. It has been shown that the very homologous 
IdeE1 cannot cleave equine IgG4. The predominant equine IgG subtype 
IgG7, which has been identified as the only substrate of IgdEequi, has a very 
similar hinge region to equine IgG4. For this reason, these different IgG 
degrading proteases of S. equi subsp. zooepidemicus might complement each 
other in functionality. They could also be under the control of different 
regulation systems and thereby be expressed under different conditions. 
However, none of the different IgG degrading proteases of S. equi subsp. 



Results and discussion 

35 

zooepidemicus seem to be expressed during in vitro growth in standard 
media. In addition, IgdEequi does not contain a classical signal peptide for 
secretion, but might contain alternative secretion signals. 

Similar to IgdE of S. suis, as discussed for publication III (page 32), IgdE 
family proteases could be putative vaccine targets worth studying. However, 
in vivo expression and contribution to virulence or immune evasion must be 
demonstrated first. 

 

Suggested transglutaminase activity and antiphagocytic 
properties of IgdE (additional data) 

Shortly before our publication (Spoerry et al., 2016b; publication III, page 
32), IgdE of S. suis was described as a transglutaminase, designated 
SsTGase, which contributes significantly to virulence (Yu et al., 2015). 
Indeed, IgdE contains a Transglutaminase-like superfamily domain 
(PF01841 in the PFAM database4; Finn et al., 2016). However, it has been 
suggested that many, if not all, bacterial homologues containing this domain 
are proteases, based on the functional characterization of 
Methanobacterium phage pseudomurein endoisopeptidase (Pfister et al., 
1998), and that animal transglutaminases have evolved from ancestral 
proteases (Makarova et al., 1999). Other described microbial 
transglutaminases with experimentally proven transglutaminase activity do 
not contain this domain. 

We were puzzled by the extreme attenuation of a ΔigdE knock-out strain in 
vivo in pigs and ex vivo in human blood reported by Yu et al. So, we 
investigated whether this attenuation can be explained by either the absence 
of the suggested transglutaminase activity or the IgG proteolytic activity. 

The work by Yu et al. was performed in the S. suis serotype 2 strain 
05ZYH33. Meanwhile, our work was performed in the highly related 
serotype 2 strain 10 containing exactly the same ORF for igdE. The 
constructs Yu et al. used for recombinant expression encoded aa 39-437. 
Meanwhile, our constructs encode aa 37-470 of this ORF, making it unlikely 
that the contradicting results presented below depend solely on the S. suis 
strains used. 

Through in silico modelling of IgdE we were able to identify a putative active 
side cleft including the catalytic triad. Mutagenesis of the putative catalytic 

                                                             
4 http://pfam.xfam.org/family/Transglut_core 
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triad residues indeed rendered the protease inactive and confirmed the 
catalytic triad (Spoerry et al., 2016b). Yu et al. crystalised their aa 39-437 
protein of IgdE. The resulting crystal structure suggests the same catalytic 
triad and also that IgdE forms an anti-parallel homo-dimeric structure. 

Yu et al. reported a highly attenuated phenotype of a ΔigdE in-frame 
deletion strain in human blood survival. This attenuation cannot be 
explained by the porcine IgG specific proteolytic activity of IgdE we 
described. The human blood survival assays were therefore repeated 
following the methodology of Yu et al. (2015). 

 

Figure 5. IgdE does not effect survival of S. suis in human blood. Fresh 
human blood (n=3) was inoculated with growth-phase bacteria diluted in 
sterile-filtered overnight culture supernatants of their own and incubated for 
1 hour at 37 °C. (A) Blood was inoculated with 5x104 CFU/ml S. suis strain 10 
or 10ΔigdE. (B) Blood was inoculated with 2x105 CFU/ml S. suis strain 
10∆igdE diluted in culture supernatants pre-treated for 30 minutes without 
or with 5 µg/mL rIgdEΔC-term (final concentration). Error bars represent S.D. 
No significant differences between different samples were detected by paired 
t-test (ns). 

Since no effect of both endogenous IgdE and recombinant IgdE on human 
blood survival of S. suis could be observed (Fig. 5), in sharp contrast to what 
Yu et al. described, the suggested transglutaminase activity of IgdE was 
evaluated using the same commercially available transglutaminase 
colorimetric microassay kit (Covalab). Recombinant IgdE of S. suis and 
recombinant protein of two more IgdE family proteases (Spoerry et al., 
2016a) showed no transglutaminase activity at all (Fig. 6). Meanwhile, the 
same preparations at the same concentration demonstrated porcine and 
human IgG degrading activities respectively (data not shown). 
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Figure 6. Transglutaminase activity assay of purified recombinant IgdE 
family proteases (5 µg). The Ca2+-dependent recombinant human 
transglutaminase (rhTG2) (0.1467 µg) with a specific activity of 4113 
units/mg was used as a positive control and EDTA was added as a negative 
control. Error bars represent S.D. of three measurements. 

We also evaluated a recombinant IgdE variant which according to Yu et al. 
was rendered transglutaminase-inactive due to a disturbed dimerisation 
interface. The point mutation R311A was therefore introduced into our 
construct similar to the method described in Spoerry et al. (2016b). The IgdE 
variant rIgdER311A;ΔC-term was however insoluble in our hands and only found 
in inclusion bodies in contrast to rIgdEΔC-term and rIgdEC302S;ΔC-term which 
were found in the soluble fraction (Fig. 7). The proteolytic activity of 
rIgdER311A;ΔC-term could therefore not be assessed. 

 

Figure 7. Anti-(His)5 Western blot analysis of soluble fractions and purified 
inclusion bodies of E. coli cells expressing different recombinant IgdE 
constructs (68 kDa). 



Results and discussion 

38 

Although we were not able to replicate these experiments by Yu et al., the 
contribution of IgdE to porcine immune evasion was further investigated. Yu 
et al. described a dramatic attenuation of an ΔigdE in-frame deletion strain 
in vivo in two different porcine infection models. Indeed, we also observed 
an attenuation of our ΔigdE in-frame deletion strain in an ex vivo blood 
survival of four to five week old weaning pigs (Fig. 8) in accordance with the 
porcine IgG specific proteolytic activity of IgdE (Spoerry et al., 2016b; 
publication III, page 32). No significant difference in survival in the blood of 
older pigs was however observed (data not shown). This result indicates the 
importance of the host immune status. In conclusion, we still believe that 
IgdE is involved in the immune evasion of S. suis during porcine infections 
but not during zoonotic human infections. 

 

 

Figure 8. Attenuated survival of S. suis 10ΔigdE in blood of weaning pigs. 
Blood of 4-5 weeks old weaning pigs (n=18) was inoculated with 1.5x105 
CFU/mL bacteria and incubated for 2 hours at 37 °C. A significant difference 
in the survival factor (log2(CFU/mlt=2h / CFU/mlt=0h +1)) of strain 10 and 
10ΔigdE was assessed by paired t-test (***; p < 0.001). Error bars represent 
S.D. 
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Main conclusions and future prospects 

Studies presented in this thesis describe the identification and 
characterisation of novel Ig degrading proteases of the IdeS and IgdE 
protease family from streptococci. We showed that these proteases have very 
narrow substrate specificity for only specific Ig isotypes and subtypes of 
specific host species. As the substrate specificity correlates well to the known 
host specificities of the respective Streptococcus species, we propose that 
these proteases contribute to the host tropism of some Streptococcus 
species. Furthermore, the substrate specificity indicates the importance of 
the targeted Ig for the immune defence against extracellular bacterial 
pathogens such as streptococci. 

The discovery of novel putative immune evasion factors described in this 
thesis opens up numerous research questions to study. First, we would like 
to know if, how, and in what conditions an Ig degrading protease can 
contribute to immune evasion. IdeSsuis has already been shown to contribute 
to immune evasion when high levels of specific IgM antibodies are present or 
when S. suis is unencapsulated. For IgdE of S. suis, we report here 
contribution to increased survival in blood of weaning pigs. The putative 
immune evasion mediated by other IgdE family proteases still needs to be 
confirmed. As the Ig mediated immune responses are part of adaptive 
immunity, it is challenging to find valid infection models. It is crucial that 
adequate amounts of specific antibodies of the Ig isotype and subtype of 
interest are present, but not IgdE-neutralising antibodies, to be able to show 
contribution to immune evasion. Furthermore, it is of interest exactly which 
part of the Ig mediated immune response is impeded. This could also give 
novel insights into the specific function of a certain Ig in immune defence 
against streptococci. Not all IgdE proteases are expressed or secreted during 
growth in standard media. For this reason, genetic variations and 
conditional regulation mechanisms effecting gene expression of these 
proteases need to be studied in conjunction with putative immune evasion. 

Insights into immune evasion mediated by IgdE family proteases and 
expression patterns might support testing these proteases as vaccine 
candidates. With respect to pig vaccination against S. suis, the primary 
objective for both practical and economic reasons must be maternal 
vaccination or single-shot vaccination of piglets resulting in multi-serotype 
protection.  

As described above, both IdeSsuis and IgdE family proteases have very narrow 
substrate specificities. Determinants of these substrate restrictions are 
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currently unknown. As IgG subtypes with very similar hinge region 
sequences to the cleavage site of identified substrate IgG subtypes are not 
degraded, the substrate specify might be determined by features outside the 
hinge region. Mutational studies of both substrate Ig and the proteases could 
reveal determinates of substrate specificity. Key factors for substrate 
recognition might be substrate-induced conformational changes, i. e. binding 
and release of the bound substrate. While a slow release might assign a 
correct substrate to a proteolytic reaction, a fast dissociation of an incorrect 
substrate might favour substrate release rather than cleavage. For this 
reason enzyme-substrate binding needs to be monitored along with 
proteolytic activity. Experiments with chimeric IgdE proteases or 
reconstruction of a modelled common ancestral progenitor of IgdE proteases 
could be of special interest. 

The approach used in publication III (page 32) (Spoerry et al., 2016b) could 
be scaled up to a screen for the identification of novel immune modulating 
factors secreted by pathogens. Instead of the relatively abundant Ig, other 
less abundant serum proteins could be investigated as putative targets of 
bacterial immune evasion. Highly specific immune modulating factors could 
most likely be identified from highly host-specific pathogens, such as many 
Streptococcus species, due to their adaptation to the host through co-
evolution. 

Bacterial immune evasion factors, as it has been shown for IdeS and EndoS, 
have great potential as therapeutics against auto-immune conditions. 
Protein-based pharmaceuticals are on the rise and novel immune evasion 
factors might have similar future applications if conditions caused by an 
inadequate immune response mediated by the targeted immune factor can 
be identified. 
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Populärvetenskaplig sammanfattning på 
svenska 

Streptokocker är bakterier som kan orsaka sjukdomer i båda människor och 
djur. Olika specier av streptokocker infekterar olika djur som deras värdar. 
För att kunna frodas i värden måste de undvika eller sabotera värdens 
immunförsvar. Streptokocker förfogar över mängder av olika faktorer som 
kan slå ut specifika delar av immunförsvaret. Den fasinerande evolutionen 
av immunförsvaret och streptokockernas förmåga att undvika den kan 
beskrivas som en kapprustning på molekylär nivå. 

En viktig roll i immunförsvaret har antikroppar som binder till främmande 
ämnen i kroppen och länkar de till olika vita blodkroppar som leder till 
eliminering av de främmande ämnena från kroppen. I första publikationen 
(I) har vi studerat enzymet IdeS som utsöndras av Streptococcus pyogenes, 
bakterier som ursakar bland annat halsfluss, olika hudinfektioner men också 
”köttätande sjukdom” hos människor. Det har tidigare visats att IdeS klipper 
sönder IgG-antikroppar. Vi beskriver här i detalj att IdeS som monomer 
klipper antikroppar i 100 gånger raskare takt än man tidigare har trott. 

Andra publikationen (II) beskriver upptäckten av det nya enzymet IdeSsuis 
från den viktiga gris-patogenen Streptococcus suis. Detta enzym som är nära 
besläktat med IdeS klipper dock inte IgG-antikroppar, men istället gris IgM-
antikroppar. Vi kunde dessutom påvisa att IdeSsuis är inblandat i bättre 
överlevnad av Streptococcus suis i grisblod. 

Samtidigt observerade vi att alla testade Streptococcus suis-stammar 
uttrycker ett annat enzym som klipper IgG-antikroppar från gris. I den tredje 
publikationen (III) beskriver jag upptäckten av detta enzym som namngavs 
IgdE. Vi kartlade också vilka aminosyror i IgdE, som tillhör en ny 
proteinasfamilj, är essentiellt för den enzymatiska aktiviteten. 

Sökningar i DNA-sekvensdatabaser visade förekomst av många besläktade 
proteiner till IgdE i andra Streptococcus specier. Publikation fyra (IV) 
handlar om karaktäriseringen av dessa tidigare icke-beskrivna proteiner från 
olika streptokocker som orsakar sjukdom i människa, gris eller häst. Jag 
visar här att alla undersökta proteiner är enzymatiskt aktiv och klipper bara 
IgG-antikroppar av den respektives streptokocks värds specie. Det återstår 
dock att visa att IgdE-proteinaser bidrar till streptokockernas försvar mot 
värdens immunsystem. 
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Dessa bakteriella enzymer, som jag har bedrivit forskning om, har 
(potentiell) användning inom utvecklingen av antikroppsbaserade 
läkemedel, som läkemedel mot autoimmuna sjukdomar eller är lovande mål 
för vacciner. På grund av uppkomsten och spridningen av 
antibiotikaresistenta bakterier finns det ett tydligt incitament för att minska 
användningen av antibiotika inom båda human- och veterinärmedicinen, 
framförallt i samanhang med djuruppfödningen. Utvecklingen av skyddande 
vacciner kan bidra till det. 
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