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Abstract 

Mast cells are key players of the innate immune system due to their location at the interface 

of host and pathogen encounters, such as on mucosal surfaces or the skin. Secreting a variety 

of compounds, they communicate with other immune cells in a highly specific manner. Sub-

sequently, reinforcements against foreign invaders are recruited while also defending the 

host, using bacteriolytic effector molecules. One type of pathogens which are competent chal-

lengers of the host’s immune system are Streptococci, causing a burden for humans and ani-

mals. Streptococcus equi subspecies equi is one example, a highly contagious horse pathogen 

with a silent carrier subset, causing “strangles”, a disease resulting in equine morbidity and 

mortality all over the world. The present study aimed to explore the virulence factors in S. 

equi responsible for immune system activation, represented by mast cells. Knockout mutants 

of the genes aroB, hasA, pyrC, recA, sagA and a combination of those, including a deletion 

strain of all superantigens (seeHILM), were co-cultivated with murine bone-marrow-derived 

mast cells (BMMCs). Mast cells alone and S. equi strain 4047 (wild-type) were used as con-

trols. It was shown that 4 h after encounter of the bacteria, BMMCs responded with IL-6, 

TNF-α and MCP-1 secretion, indicating an inflammatory response to all strains except 

against the sagA mutant (ΔsagA) or the multi-deletion strain, the latter lacking several viru-

lence factors including sagA. These results were confirmed at the mRNA-level where IL-6, 

TNF-α and Nr4a3 gene expression was significantly upregulated in BMMCs after 4 h incuba-

tion with wild-type S. equi. In contrast, when BMMCs were co-cultivated with sagA-deficient 

S. equi, no detectable upregulation was seen. These results were further confirmed in perito-

neal-derived mast cells. After 24 h no secretion of cytokines was detected in response to Δsa-

gA mutants, in contrast to the strong cytokine output in response to wild-type S. equi. To elu-

cidate the role of SagA, the precursor of streptolysin S (SLS), lysis was determined, and it 

was observed that ΔsagA does not lyse mast cells in contrast to wild-type with intact SLS. 

Transwell-based experiments indicated a partially contact-dependent response of mast cells to 

bacteria. Taken together, this study shows for the first time that SLS is the major mast cell 

activator produced by S. equi. I suggest the possible mechanism of cell death by lysis and 

reprogrammed signaling pathways of the host by sublytic concentrations of SLS, resulting in 

damage associated pattern-mediated signaling as well as auto- and paracrine amplification by 

inflammatory cytokines and other messenger molecules.  
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I Abbreviations 

BMMC Bone-marrow derived mast cells 

CCL  C-C motif ligand 

CFU  Colony forming unit 

CTMC  Connective tissue mast cell 

DAMP  Damage-associated molecular pattern 

ELISA  Enzyme-linked immunosorbent assay 

Ig  Immunoglobulin 

IL  Interleukin 

LPS   Lipopolysaccharide 

MC  Mast cell 

MCP   Monocyte chemoattractant protein 

ET  Extracellular trap 

MMC   Mucosal mast cell 

mMCP  Mouse mast cell protease 

MOI  Multiplicity of infection 

NLR  NOD-like receptor 

NOD   Nucleotide-binding oligomerization domain 

PCMC  Peritoneal cell-derived mast cell 

PRR  Pattern recognition receptor 

ROS  Reactive oxygen species 

SCF  Stem cell factor 

SLS  Streptolysin S 

TH  T helper 

TLR  Toll-Like Receptor 

TNF  Tumor necrosis factor 

Wt  Wild-type  
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1 Introduction 

1.1 The immune system 

The immune system is the entirety of the body’s defense line against foreign invaders. Due to 

considerable numbers of pathogens, divided roughly in viruses, bacteria, fungi and protozoan 

parasites, the immune defense is challenged against an enormous variety of different mecha-

nisms of virulence and their contributing factors (endotoxins, lytic proteins or fimbria). Natu-

ral selection continuously fuels an arm race between both sides leading to the evolution of 

emerging complexity of the hosts and pathogens. The immune system is divided into the in-

nate and adaptive immune systems with both consisting of soluble humoral parts and cellular 

responses (Yatim and Lakkis, 2015). Further, the innate immune system has in contrast to its 

counterpart less specificity, reacts fast within hours and its memory is distinct from the adap-

tive (Hamon and Quintin, 2016). It consists of anatomic barriers such as epithelial surfaces 

(skin) or tears and among the contributing agents are mainly antimicrobial peptides, effector 

cells (neutrophils, mast cells, macrophages) and pattern recognition receptors (PRRs). Be-

sides defense against pathogens, the innate immune system acts as the body’s repair system, 

cleaning damaged cells in wounds or apoptotic cells. In contrast, the adaptive system consists 

of lymphocytes with T cell receptors (T cells) specialized to specific antigens (cellular re-

sponse), the histocompatibility complex and Immunoglobulins (Ig) on B lymphocytes (hu-

moral response, B cells). The link between the innate and the adaptive immunity is estab-

lished inter alia by antigen-presenting cells activating lymphocytes at encounter with the in-

truder and releasing cytokines as messenger molecules of cells. In addition, adaptive parts 

contribute via feedback regulation for instance by regulatory T cells, counteracting immune 

activation (Yatim and Lakkis, 2015). Previous studies indicated differences between mice, 

human and larger animals such as horses in activation of different cells and molecules, diver-

gent receptors and distinct effector molecules (Mestas and Hughes, 2004; Perkins and Wag-

ner, 2015). These uniquenesses lead to new challenges in research, therapy and prophylaxis 

as seen for instance in the high challenge to design a well-tolerated strangles vaccine (New-

ton et al., 2005). The following sections focus on some of the uniquenesses among mammali-

an immunologic models. 

Differences Between Mice and Human  

Due to the high popularity, ethical accordance and the comparable easy handling, different 

mouse strains have become the immunologic model where there is the most detailed 

knowledge. Mouse studies contribute with a huge body of information on what we currently 
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know about the vertebrate immune system (Mestas and Hughes, 2004). Although the ge-

nomes of mice and humans show high similarities among protein coding genes, gene regula-

tion and the underlying pathways (Yue et al., 2014), as well as reflecting many parts of the 

human biology, there are significant differences at the immune level. This involves develop-

ment, activation and response in both innate and adaptive pathways (Mestas and Hughes, 

2004). While the overall immune structures are similar between mice and humans, for in-

stance the balance of lymphocytes and neutrophils is more dominant in favor of lymphocytes 

in mice (Doeing et al., 2003) and the Toll-like receptors (TLRs) 11-13 were deleted in hu-

mans (Pandey et al., 2015). However, mice as models are important research tools to identify 

pathogen-immune interactions. In the present study they are especially as a suitable model, 

being susceptible to Streptococcus equi infections (Anzai et al., 1999). 

The Equine Immune System  

In contrast to humans and mice, large areas of the equine immunology remain to be elucidat-

ed. However, consistently with the continuous importance of equine health in sport, econom-

ical and transportation purposes, previous investigations have led to a considerable amount of 

treatments and prophylaxis for hypersensitivity disorders, infection and immune deficiencies 

(Marti et al., 2003). Examples for immunologic differences to humans and mice were report-

ed with regard to the expression of TLRs (Schöniger et al., 2017), dendritic cells (Mauel et 

al., 2006) and signaling (Figueiredo et al., 2009). However, mouse model-derived vaccination 

approaches against bacterial infection showed in vivo success in horses (Flock et al., 2004; 

Robinson et al., 2015). 

1.2 Mast cells 

Mast cells (MCs), first known for their detrimental effects in allergy, have received elevated 

attention through their involvement in various immune interactions including cancer, parasite 

infections and defense against microorganisms. Contained granules stain purple in Giemsa 

staining and can be released into the cellular environment, carrying a diverse array of effector 

molecules which deliver an ability for strong and fast reactions to stimuli (da Silva et al., 

2014). Originating from hematopoietic stem cells over different multi potent progenitor stag-

es in the bone marrow, MCs migrate through the blood to target sites which are located with 

access to host-environment interfaces and mature, influenced by the local microenvironments 

(Galli et al., 2011). MCs are widespread in areas involved in pathogen entry or exposure to 

harmful substances such as mucosal areas in the intestines and respiratory mucosa (da Silva 

et al., 2014). Additionally, they play a role in various physiologic processes such as angio-
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genesis, tissue repair, wound healing and they orchestrate important parts in innate and adap-

tive immunity (da Silva et al., 2014). Tissue MCs are long-living and show proliferation de-

pending on specific stimuli (Galli et al., 2005a). One of these factors, indicated by in vitro 

studies with mouse bone marrow-derived mast cells (BMMCs), is interleukin 3 (IL-3) being 

crucial for development, maturation and survival. Intriguingly, the mucosal MC phenotype is 

favored in vitro by IL-3 (Nakahata et al., 1986). However, in IL-3 deficient mice, MCs are 

still present but show impaired response against nematodes (Lantz et al., 1998). Besides, stem 

cell factor (SCF) binding to CD117/c-kit receptor is crucial for supporting the same functions 

as IL-3 in vitro and its deficiency in mice leads to a lack of MCs (da Silva et al., 2014). 

  

Figure 1. Primary mast cell cultures. Mature BMMCs, stained with May-Grünewald Giemsa (left). Small 

dark blue spots display mature granules. Right, PCMCs stained with toluidine blue. 

1.3 Diversity Among Mast cells 

Since MCs mature in their target tissues, they display various heterogeneity depending on the 

surrounding tissue types, growth factors and encountered pathogens (da Silva et al., 2014). 

Rodents possess two subtypes of MCs: Mucosal MCs (MMCs) and connective tissue MCs 

(CTMCs) (da Silva et al., 2014; Enerbäck, 1966a, 1966b). Murine MMCs are located in the 

mucosal epithelium of the lung and gastrointestinal tract while CTMCs are settled in intesti-

nal submucosa, peritoneum and skin. MCs subtypes differ in sensitivity to activation and ex-

hibit variation in stored and released mediators. For instance, rat peritoneal CTMCs contain 

ca. 10-fold more histamine compared to MMCs. Intriguingly, both types of murine MCs can 

trans-differentiate (Kitamura, 1989).  

 This high variety among MCs with regard to their location in the tissue leads to the 

challenge of finding suitable models for in vitro studies of mast cell function. It is especially 

important to establish cells which can be easily purified, live long in culture and that corre-

spond in physiology with in vivo MCs. Based on those characteristics, diverse types of cell 
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lines and primary cultures serve as model for distinct purposes. In the following, I will give a 

brief overview of the rodent MCs currently used in research. 

Primary Cell Cultures  

Due to small yields from minor MC cell populations in vivo, the study of ex vivo MCs re-

mains time demanding, expensive and may result in altered physiology. An alternative repre-

sent primary cell cultures obtained by differentiation of progenitors or expanding peritoneal 

MCs. The rodent primary cultures mainly used are bone marrow-derived MCs (BMMCs) and 

peritoneal cell-derived MCs (PCMCs) (Swindle, 2014).  

 BMMCs are cultured from rat or mouse bone marrow under supplementation with 

recombinant IL-3. They mature in 3-4 weeks (Figure 1, Figure 2), are usable at least 2-3 

months and their phenotype can be shifted from mucosal-like to serosal-like with addition of 

murine stem cell factor (mSCF). Besides being cheap and easy to use, BMMCs can comple-

ment MC-deprived animals and express c-Kit, a receptor for stem cell growth factor and the 

high affinity IgE receptor FcεRI (Swindle, 2014).  

 To generate PCMC, peritoneal cells are extracted from mice and cultured with re-

combinant mSCF for two weeks until becoming pure (> 98%). PCMCs proliferate for about 

one month and live 2-3 months longer. They are FcεRI+, Kitlow and serosal-like (Malbec et 

al., 2007).  

Cell Lines  

Cell lines are extracted cells from a living organism containing mutation(s) that enables un-

limited proliferation and abnormal cellular senescence, resulting in prolonged in vitro life. 

Those mutations can either have occurred naturally in the patient (leukemia) or can be insert-

ed in primary cells by genetic modification. Rodent cell lines are used less frequently due to 

limitations compared to the primary lines. For instance, P815 and FMA-3 are factor inde-

pendent (proliferate without factors such as IL-3 or SCF) but lack FcεRI and possess Kit de-

fects. Besides, the IL-3 dependent MC line RBL-2H3 secretes only histamine (Passante, 

2014). 

1.4 Activation of Mast Cells During Infection 

MCs possess a variety of receptors to respond to different stimuli of the host’s immune sys-

tem (indirect) or invading pathogens (direct). In brief, indirect responses are mediated by 

other host cells and activate MCs via signal molecules: Immunoglobulin E (IgE) stimulates 

the high affinity FceRI receptor which leads to clustering, inducing signal cascades and re-
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sulting in the release of mediator molecules. Although classically this response is involved in 

allergy and other hypersensitivity disorders, later studies indicated beneficial effects in para-

sitic infections such as for nematodes or malaria. Besides, MCs also possess Fc receptors 

binding to IgG and complement receptors which bind via complement opsonized organisms. 

In contrast to indirect stimuli, MCs express several PRRs which bind and respond directly to 

foreign invaders and are therefore the main type of mechanism in vitro. Examples of PRRs 

expressed by MCs are Toll-like receptors (TLRs), which are expressed on the cell surface, 

NOD-like receptors (NLRs) expressed endogenously and C-type lectins or CD48, a glyco-

sylphosphatidylinositol-anchored protein. These receptors can sense diverse types of patho-

gen molecules, for instance peptidoglycan of Gram-positive bacteria (TLR2) or LPS from 

Gram-negatives (TLR4), fungal β-glucan (Dectin-1) or FimH, an adhesin from Escherichia 

coli binding to CD48. In addition, it was shown that bacterial superantigens such as protein A 

from Staphylococcus aureus and protein L of Peptostreptococcus magnus can bind the Fc 

receptors on MCs. Depending on the receptor or combination, MCs respond by different 

mechanisms (Urb and Sheppard, 2012). 

1.5 Mast Cell Responses 

Upon activation, MCs respond generally in two major ways: First, granules with preformed 

compounds can be released. Second, they secrete cytokines which transmit messages to other 

host cells, for instance leading to recruitment of leukocytes, and degranulation to combat the 

invader. Induced pathway(s) control which (combination) of response is given to the envi-

ronment (Urb and Sheppard, 2012). Additionally, dependent on the pathogen, phagocytosis 

and reactive oxygen species (ROS) production can be accomplished by MCs (Malaviya and 

Abraham, 2001). 

Granule Compounds  

An extensive variety of active compounds are preformed and stored in MC granules. These 

are unique among mammalian cells and are comparable with lysosomes but covering most of 

the cytoplasm in MCs (see Figure 1). Released into the environment, these mediators cause 

powerful effector and signaling responses including inflammatory and anti-microbial activity, 

building the fundament for hypersensitivity diseases such as asthma and allergy. There are 

several categories of preformed compounds with a wide array of molecules. In brief, MC 

granules contain lysosomal enzymes (β-hexosaminidase, cathepsins), biogenic amines (his-

tamine, serotonin), cytokines and growth factors (TNF, stem cell factor), serglycin proteogly-

cans that are master regulators of storage of compounds inside the granules, proteases (tryp-
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tase, chymase, carboxypeptidase A3, granzyme B), granule membrane associated proteins 

and other molecules such as the antimicrobial peptide LL37 (Wernersson and Pejler, 2014). 

Cytokines 

Cytokines are messenger molecules that enable cells to communicate with each other by 

binding to the corresponding high affinity receptors (paracrine) or to the own surface (auto-

crine). This results in triggering of a signal transduction pathway, finally regulating gene ex-

pression (Brocker et al., 2010). MCs are capable of synthesizing a multitude of cytokines, 

chemokines and growth factors de novo but also store certain pre-formed cytokines in their 

secretory granules (Lundequist and Pejler, 2011). I will give a brief overview of the most 

important cytokine families including the ones relevant in this study. For a more detailed 

overview see Galli et al., 2005b.  

 The family of interleukins, originally found to be expressed in leukocytes, initiates the 

immune response by growth, proliferation and activation of a wide spectrum of effector and 

other immune cells. However, interleukins such as IL-10 can also have immune suppressive 

functions. Interleukin 6 (IL-6) induces inflammation by triggering activation and proliferation 

of B cells, T cells and neutrophils as well as inhibiting T regulatory cells (Commins et al., 

2010; Scheller et al., 2011). IL-3 is an important growth factor for murine MCs and is mainly 

secreted by T cells.  

 Tumor necrosis factor (TNF) includes mainly secreted TNF-α and but there is also 

membrane bound TNF-β. Functions include tumor cytotoxicity, activation of neutrophils, 

mediation of adherence and chemotaxis. Clinically, TNF has the highest importance as a sep-

sis inducer when it is secreted after TLR4 binding of lipopolysaccharide (LPS) from Gram-

negative bacteria (Commins et al., 2010).  

 Chemokines recruit immune cells such as lymphocytes and neutrophils by chemotaxis 

to target sites; attracted lymphocytes and neutrophils then clear the infection. Multiple ligand 

binding of chemokine receptors allows redundant and overlapping responses. Monocyte 

chemoattractant protein 1 (MCP-1), also referred to chemokine ligand 2 (CCL2), promotes 

inflammation by recruiting T cells and monocytes. (Commins et al., 2010). 

  In addition, interferons such as IFN-γ have an important part in the immune defense 

by interfering with mainly viral infections and by binding to receptors on MC surfaces 

(Commins et al., 2010). 

Extracellular Traps  

Extracellular traps (ETs) are cell compounds released into the extracellular environment, with 
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inhibitory and/or bacteriolytic activities, and were first discovered in neutrophils (neutrophil 

extracellular traps) (Brinkmann et al., 2004) and later in MCs, shown inter alia to lyse Strep-

tococcus pyogenes. Encountering certain bacteria, MCs undergo an “ETosis” with ROS me-

diated nuclear membrane rupture and release of genomic DNA, proteases and antimicrobial 

peptides which kill bacteria in close contact (Köckritz-Blickwede et al., 2008). 

1.6 Vaccines 

A vaccine is a tool for immunization, introducing an antigen in a tolerated way to build im-

munity against the organism or molecule containing the antigen. A host who encountered an 

infectious organism before or was vaccinated can possess specific antibodies against it, gen-

erated from memory B cells. Those are formed during an adaptive immune response, which 

can be triggered by a vaccine. There are diverse types of vaccines, partially administered with 

adjuvants, compounds that increase immunization efficiency. Two main types of vaccines are 

in use: First, live vaccines which consist of a whole organism, brought into the host and sec-

ond; parts of, or killed pathogens. The latter can consist of, for instance, purified antigens, 

inactivated toxins (toxoids), fragments of the pathogen or the heat-inactivated organism. 

These vaccines are usually better tolerated than live vaccines but need adjuvants to be effec-

tive which leads to major limitations when missing a suiting adjuvant. Live vaccines, such as 

genetically modified, whole pathogens with reduced fitness can be handled by the host and 

immunization comes to a low price of comparably weak immune activation and side effects. 

Examples are non-replicating viruses, or bacteria lacking virulence factors or virulence asso-

ciated genes that are needed to overcome the host’s immune defense (Di Pasquale et al., 

2015). 

1.7 Mast Cell-Bacteria Interaction 

MCs guard the body’s entry sites such as mucosal surfaces or the skin and are therefore one 

of the first cells encountering pathogens (da Silva et al., 2014). As discussed before, MCs can 

recognize, bind and respond to bacteria mainly via TLRs, NODs, CD48, antimicrobial pep-

tides and cytokines respectively (Garcia-Rodriguez et al., 2017).  

 When the interest in MC function beside asthma and allergy arose, many studies were 

performed with a murine in vivo model, lacking Kit expression, the KitW/W-v mice. Those 

mice lack MCs that can be reconstituted with BMMC transplantation (Kitamura et al., 1978). 

However, Kit, the receptor for SCF can be found in several other cell types leading to many 

physiological abnormalities in the model, regarding neurologic or other immune functions 

beside MCs (Johnzon et al., 2016; Sergeant et al., 2002). Studies relying on this model did 
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not assess solely the role of MCs in bacterial infections. One example is the study addressing 

a new model of MC-deficient mice by expressing the diphtheria toxin under the Mcpt5 pro-

moter, which did not indicate different inflammatory responses or bacterial clearance be-

tween wt and MC-deficient mice (Rönnberg et al., 2014) as it was shown before.  

 As in other diseases, such as asthma or cancer, the influence of MCs in infections can 

be either detrimental, dispensable or beneficial, and this can be dependent on organism or 

even strain (Johnzon et al., 2016). Degranulation, for instance, is observed when MCs en-

counter E. coli or S. aureus but not for Mycobacterium tuberculosis (Garcia-Rodriguez et al., 

2017) or S. equi (Rönnberg et al., 2010). In addition, phagocytosis can be observed as a re-

sponse to certain bacteria. Streptococcus faecium and E. coli (Arock et al., 1998) are phago-

cytosed but not L. monocytogenes or Salmonella typhimurium (Dietrich et al., 2010). A quite 

recent finding is the release of ETs by MCs, which were shown to combat inter alia bacterial 

pathogens, acting extracellular like Streptococcus pyogenes (Köckritz-Blickwede et al., 2008) 

and intracellular for Listeria monocytogenes (Campillo-Navarro et al., 2017). Intriguingly, 

MCs do not only recruit neutrophils, moreover they induce killing of intracellular bacteria as 

shown in the case of Klebsiella Pneumonia (Sutherland et al., 2008). By comparing bacteria-

host cell interactions, the role of both partners should be significantly considered. Some types 

of host cell response in reaction to the bacterium might be inhibited by the pathogen directly 

or indirectly by inhibition of other immune pathways as described in many infection settings 

(da Silva et al., 2014). Factors that are additionally involved are experimental conditions, for 

instance the multiplicity of infection (MOI) that differs usually in the literature from 10-25. 

1.8 Streptococcus equi 

The Gram-positive Lancefield Group C Streptococci Streptococcus equi subspecies equi 

(S. equi) belongs to the same family of pyogenic Streptococci as the human pathogen S. py-

ogenes (Harris et al., 2015) and there is evidence for horizontal gene transfer leading to many 

common virulence factors (Holden et al., 2009). Harris and colleagues (2015) highlighted 

these similarities making S. equi a suitable model for human pathogenicity. Although, S. equi 

subspecies zooepidemicus (S. zooepidemicus) can occasionally be blamed for bacteremia in 

humans, there is no current evidence for S. equi to infect human hosts (Barnham et al., 1989; 

Trell et al., 2017). 

Strangles 

Strangles is a respiratory disease in horses, first described by Giordano Ruffo (1251) and 

mentioned in the veterinary literature for centuries (Harris et al., 2015). Strangles is caused 
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by S. equi and is characterized by a short acute (“strangles”) and a longer persistent phase 

that can become chronic. The transmission is caused by ruptured lymph node abscesses, re-

leasing highly infectious pus in the acute phase and slowly release of bacteria from balls of 

dried pus (chondroids) from the guttural pouches (Newton et al., 1997). Especially the chron-

ic infection, leading to persistent individuals that are symptom-free but remain infectious to 

other horses and high infectiousness are enormous worldwide burdens. Today strangles is 

mainly diagnosed by PCR delivering high sensitivity and fast results, needed especially in 

epidemiologic context. For instance a triplex assay, developed by Webb and colleagues 

(2013), showed sensitivity and specificity > 90 %. 

Evolution of S. equi  

S. equi is believed to have originated from a common ancestor around the change of the last 

centuries that involved extensive amounts of horses for the purposes of military and transpor-

tation during World War I. The use and spread of an enormous number of horses was sug-

gested to have led to optimal conditions for the evolution of an emerging pathogen by spread 

and selection (Harris et al., 2015). This original S. equi strain is known to evolve from S. 

zooepidemicus, which is a commensal, obligatory pathogenic bacterium, found in different 

animals, for instance pigs, monkeys and humans. Especially in the nasopharynx of horses, S. 

zooepidemicus can be met (Webb et al., 2008). The presence of persistent bacteria that induce 

silent carriers without symptoms but spreading the disease is highly supporting the patho-

genicity of S. equi (Waller, 2014). A higher mutation rate in strains isolated from persistent 

infected horses in the guttural pouch showed a genetic change among virulence genes such as 

the loss of the hyaluronic acid capsule or an iron-binding siderophore (equibactin, eqbE) 

(Harris et al., 2015). While mastering the balance between persisting and keeping infectivity, 

which results in a genome specialization to the minimum genetic equipment required for 

virulence, it delivers a possible explanation for the host specialization to horses. Furthermore, 

these findings lead to a challenge for PCR diagnostics, detecting specific genes that might not 

be present in the persistent isolates, which accordingly are not identified impeding the diag-

nosis. An example of false negative results by targeting the eqbE gene was discovered by 

Webb and colleagues (2013). Another factor for the diversity of S. equi is the change of sur-

face proteins between isolates, a possible mechanism of immune evasion (Harris et al., 2015). 

Virulence Factors and Superantigens  

S. equi is equipped with several virulence factors typical for group C Streptococci such as 

SeM, a fibrinogen and immunoglobulin binding factor that has homologues in other Strepto-
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cocci such as S. zooepidemicus or S. pyogenes. In addition, equibactin is secreted by S. equi 

for iron acquisition (Heather et al., 2008), the phospholipase A2 toxins SlaA and SlaB proba-

bly contribute to membrane rupture in host cells (Cenier et al., 2016) and IdE1 and IdE2 are 

IgG endopeptidases which inhibit recognition and targeting of bacteria (Hulting et al., 2009; 

Lannergård and Guss, 2006). Further, S. equi expresses Streptolysin S (SLS), responsible for 

the hemolytic effect and the super antigens SeHILM, inducing strong immune activation by 

crosslinking T cell receptors (Waller et al., 2011). Another intriguing feature is the degrada-

tion of extracellular DNA by secretion of two extracellular nucleases at encounter of ETs (Ma 

et al., 2017). 

1.9 Vaccine Development for Strangles 

As mentioned above, by designing a vaccine, two strategies can be applied: Live vaccines, 

parts of a pathogen or dead (e.g. heat-killed) whole pathogens. Due to the relatively poor pro-

tection of vaccines based on purified antigens and dead pathogens compared to life vaccines, 

the latter are viewed as the mean of choice (Robinson et al., 2015).  

 Until today only few vaccines against strangles reached the international market and 

only one is currently authorized for the European market: Equilis StrepE. This agent is a live 

mutant of S. equi lacking the aroA gene for reduced fitness due to compromised synthesis of 

aromatic amino acids (Jacobs et al., 2000). The major limitation is the submucosal admin-

istration, injecting the vaccine in the lip of a horse, followed by inflammation for several 

weeks (Robinson et al., 2015). Besides, a hasA knockout strain, lacking the hyaluronic acid 

synthase and therefore a capsule, was released in the nineties in Northern America under the 

name Pinnacle (Timoney, JF, inventor Cornell Research Foundation Inc., assignee. Protection 

of equines against Streptococcus equi. USA; 1985, Walker and Timoney, 2002). However, it 

was observed later that strangles can be caused in healthy animals by vaccination with Pinna-

cle I. N (Cursons et al., 2015), raising concerns about safety. 

1.10 Interactions of Mast cells and S. equi 

Rönnberg and colleagues (2010) observed a slow degranulation and histamine release of 

BMMCs during co-cultivation with S. equi, resulting in a dilated rough endoplasmic reticu-

lum, which indicated high transcriptional activity. While there was no evidence for phagocy-

tosis, various cytokines could be measured when cultured with live bacteria as shown in Ta-

ble 1, requiring cell-cell contact. This reaction was mainly connected to TLR2 with contribu-

tion from TLR4, using respective knockout cells. Further, a microarray analysis revealed the 

overexpression of several transcription factors (e.g. nuclear receptor subfamily 4 “Nr4a3”), 
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cell signaling processes (e.g. Map3k8, Rasgef1b), proteolytic enzymes (Granzyme D) and 

protease inhibitors (e.g. serpine 1). Overexpression was also seen for the sepsis-involved pro-

tein follistatin, endothelin which can cause MC degranulation, lipid metabolism (Faah) and 

Ptgs2 involved in the de novo syntheses of prostaglandins. In contrast, many genes for tRNAs 

and zinc-finger proteins were downregulated. For extended information see (Rönnberg et al., 

2010, Table 1).  

Table 1. Cytokine response of murine BMMCs co-cultured with S. equi in early and late phase. Upregula-

tion shown in protein or transcript level (Rönnberg et al., 2010). 

Cytokine/chemokine Measured Time (h) 

CSF-1 Transcript 24 

CSF-2 Transcript 24 

IL-12 Secreted 24 

IL-13 Secreted 4 

IL-3 Secreted 24 

IL-4 Secreted 4 

IL-5 Secreted 24 

IL-6 Secreted 4 

MCP-1 Secreted 4 

MCP-3 Transcript 4 

MIP-2 Transcript 4 

RANTES Secreted 24 
. 

1.11 Investigation of Virulence Factors 

To serve the need for a better tolerated strangles vaccine and to investigate the virulence- and 

contributing factors during infection, the Waller lab created single- and multi-deletion mu-

tants of S. equi strain 4047. Besides knockouts of certain virulence factors mentioned above, 

the metabolic genes aroB and pyrC were deleted, leading to requirement of aromatic amino 

acid and pyrimidine intermediates from the host and subsequently reducing fitness in vivo. In 

addition, lack of recA makes mutant strains highly susceptible to sunlight and interferes with 

transmission to other horses and spreading infection. The goal is an efficient and sufficiently 

tolerated vaccine; a safer alternative to the market for strangles vaccines. However, despite 

deleting six virulence factors or associated genes (Table 2), a clinical study with Welsh 

mountain ponies indicated protection against strangles but did not show the desired clearance 

rate in the majority of the ponies (Robinson et al., 2015).   
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Table 2. Deleted genes in S. equi mutants provided by Robinson and colleagues (2015). 

Knockout Gene(s) Function 

Single aroB* Synthesis of aromatic amino acids 

 
hasA* Hyaluronan synthase 

 
pyrC* Synthesis of pyrimidine 

 
recA* Homologous DNA recombination 

 
sagA* Streptolysin S progenitor 

 
seM* Anti-phagocytic by complement inhibition, binds fibrogen and IgG4/7 

HILM 
 

Knockout of the four superantigens SeeH, SeeI, SeeL, SeeM 

5-deletion 
 

Knockout of hasA, sagA, seM, aroB, pyrC 

*Part of the multi-gene deletion vaccine  

1.12 Aims 

The recent lack of knowledge of MC-bacteria interactions and the questioning of the fre-

quently used mouse model KitW/W-v, lacking MCs, has led to the need for development of 

more accurate research models and methods for in vitro studies. This study investigated the 

activation of MCs, using BMMCs as main model, by different virulence factors of S. equi. 

Single- and multi knockout strains were used to analyze the role of the virulence factor(s) of 

interest by co-cultivation of bacteria and MCs. Activation was validated as cytokine expres-

sion and secretion in response to Streptococci. Further, the mechanism underlying the role of 

sagA in MC activation was examined. Bacteria-MC in vitro interactions build the basis for 

understanding the role of MCs in the immune system’s infection response and can contribute 

to interventions in the health of human and veterinary medicine, including novel treatments 

and vaccines. 
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2 Methods 

2.1 Reagents 

For SDS-Page, I used ClearPageTM SDS-PAGE gels (VWR International, West Chester, PA), 

ClearPageTM SDS-running buffer (VWR International), PageRulerTM Plus Prestained Protein 

Ladder (Fermentas International Inc., ON, Canada), 5x SDS-PAGE: 250 μl 20 % SDS, 600 μl 

glycerol, 100 μl mercaptoethanol and 50 μl bromphenol blue (BFB) and additional for West-

ern Blot methanol, Odyssey blocking buffer (Merck, Darmstadt, Germany), blotting paper 

(VWR International), PVDF-FL membranes (Millipore, Bedford, MA), Black Western incu-

bation box (Li-cor),  Transfer buffer: 4.84 g Tris, 22.5 g glycine, 400 ml methanol, 1 ml 20 % 

SDS (diluted to 2 l with H2O); 10x Tris-buffered saline (TBS): 800 ml H2O, 12.1 g Tris, 87 g 

NaCl, pH 7.4 (dilution to 1 l with H2O); 1 ml 20 % SDS and TBS with 0.1 % Tween-20 

(TBS-T). 

Tyrode’s buffer (130 mM NaCl, 5 mM KCl, 1.4 mM CaCl2, 1 mM MgCl2, 5.6 mM glucose, 

10 mM HEPES and 0.1 % BSA, pH 7.4) was used to wash the bacteria, and phosphate buff-

ered saline (PBS) (Medicago AB, Uppsala, Sweden) was used for washing mast cells. 

BMMC culture medium: Dulbecco’s modified Eagle’s medium (DMEM) (SVA) supple-

mented with 30 % WEHI-3B conditioned medium, 10 % heat-inactivated fetal bovine serum 

(hiFBS) (Invitrogen), 50 μg ml-1 streptomycin sulfate, 60 μl ml-1 penicillin G, 2 mM L-

glutamine (SVA) and 10 ng ml-1 murine recombinant IL-3 was used for differentiating and 

growing BMMCs. WEHI-3B medium is produced by culturing this cells in BMMC culture 

medium with changing medium until cells have expanded. Afterwards cells are kept until 

medium turns orange, cells are harvested (300 x g, 10 min) and supernatant is stored at -

20 °C with filtering prior to use. 

Todd Hewitt Broth (THB) CM0189 medium (Oxoid, Malmö, Sweden) was used for growing 

the bacteria overnight. 10 g of infusion from 450 g fat-free minced meat, 20 g tryptone, 2 g 

glucose, 2 g, sodium bicarbonate, 2 g chloride and 0.4 g disodium phosphate were filled up 

with 1 l water, pH 7.8 ± 0.2 at 25 °C. 

2.2 Antibodies 

For Western Blot, Rabbit Anti-mMcpt6 polyclonal (Abcam Cambridge, UK) (1:1000) was 

used together with IRDye 800 CW Donkey Anti-Rabbit IgG polyclonal (Li-cor, Lincoln, NE) 

(1:10,000) and anti-lamin B1 Rabbit monoclonal (Abcam) (1:10,000). 
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2.3 Bone Marrow-Derived Mast Cells 

C57BL/6J wild-type (wt) mice (SVA, Uppsala, Sweden) were sacrificed with the approval of 

the local ethics committee in isoflurane and femur and tibia were dissected. After skin was 

removed, bones were put on ice in a sterile 50 ml plastic tube containing PBS. In a sterile 

environment, all tissue was removed from the bones in a petri dish and the ends of the bones 

were cut away. Using a syringe with PBS, the bone marrow was flushed out into a sterile 

plastic tube and centrifuged 10 min, 300 x g. After resuspension in 10 ml PBS and repeated 

centrifugation, cells were resuspended in 10 ml BMMC medium and transferred to a culture 

flask. Medium was changed every third/fourth day in the first four weeks and once a week 

afterwards, following transfer in a fresh flask. After two weeks, cells were counted prior to 

changing the medium and adjusted to 0.5 x 106 cells ml-1. Incubation was performed at 37 °C, 

5 % CO2 and centrifugation was carried out, if not noted otherwise, 5 min with 400 x g at RT 

(23 °C). Cells were stained with Trypan Blue (ThermoFisher Scientific, Waltham, MA, 

USA), prior to counting for observing amount of living cells using an automated cell counter 

(CountessTM II FL; Life Technologies, Bothell, WA). See also (Rönnberg and Pejler, 2012). 

2.4 Bacteria 

Different knockout strains of Streptococcus equi subsp. equi strain 4047, a wild-type isolated 

from a New Forest pony in 1990, were obtained from Andrew Waller (Animal Health Trust, 

Suffolk, England). 50 μl of each strain was streaked from stock on a horse or cow blood agar 

plate (SVA) and incubated overnight at 37 °C, 5 % CO2. 14.5 ml of THB were inoculated 

with four colonies respectively and incubated overnight with slightly open lid and without 

shaking. 

2.5 Mast Cell Morphology 

Cytospin slides of 250 μl BMMC culture (0.5 x 106 ml-1) were prepared (5 min, 500 rpm) and 

cells were stained with May-Grünwald solution (Merck), Giemsa solution (Merck) (5 min 

100 %, 1 min; 50 % and 15 min 2.5 %) and VectaMountTM Permanent mounting medium 

(Vector Laboratories Inc, Burlingame, CA). Mounted slides were dried overnight, and bright 

field microscopy was performed before optimizing pictures with ImageJ Fiji (National Insti-

tutes of Health, USA).  

2.6 Western Blot 

1 x 106 BMMCs were harvested by centrifugation and stored in -20 °C. Pellets were thaw and 

solubilized with SDS-PAGE sample buffer (1x) to a concentration of 1 x 105 cells ml-1 and 
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after boiling 5 min at 100 °C in a heating block, 15 μl were applied to the gel (4-20 %). 6 μl 

ladder was added and SDS-PAGE was run at 120 V, 100 mA until samples left stacking gel 

and was continued with 145 V, 120 mA. Wet transfer was performed with PVDF-FL mem-

branes activated in methanol and placed in the following order: sponge, blotting paper, mem-

brane, gel, paper, sponge. All components were soaked in transfer buffer before assembling 

the transfer box with ice-block. After covering with transfer buffer, transfer was run at 200 

mA. Blocking was performed by dilution of blocking buffer 1:1 in PBS, using 5 ml per mem-

brane and placed 1 h on the rocking table. Primary antibody was diluted appropriately in 

blocking buffer and incubated overnight at 4 °C. After washing 3x10 min TBS-T and 5 min 

TBS, secondary antibody was added, appropriate diluted in 10 ml PBS per membrane, and 

incubated for 90-120 min in the dark. Washing was performed in black boxes 2x10 min TBS-

T and 1x10 min in TBS, before scanning using an Odyssey Infrared Imager. 

2.7 In vitro Co-Culture of BMMCs and Bacteria 

BMMCs were adjusted to 1 x 106 cells ml-1 by washing 3x in PBS and resuspending in anti-

biotic free co cultivation medium for BMMCs, containing DMEM supplemented with 10 % 

hiFBS and 2 mM L-glutamine. 1 ml of culture were added to each well if not indicated oth-

erwise. Bacteria from overnight cultures were adjusted to an optical density (OD) corre-

sponding to a MOI = 10 in the co cultivation (i.e. 12 μl of culture with OD = 0.5), washed in 

Tyrode’s buffer (centrifugation 7-10 min, 3000 x g, RT) and added to the BMMCs. At indi-

cated time points cells were transferred to plastic tubes (Eppendorf, Hamburg, Germany), 

centrifuged 10 min at 300 x g and supernatants were transferred to new tubes. Both pellets 

and conditioned media were stored at -20 °C for further experiments. Bacterial viability was 

checked by cfu, prior to co cultivations using horse blood agar plates. For transwell experi-

ments, transwell polystyrene plates (polycarbonate membranes with a 0.4 μm pore size; Cos-

tar Coring Inc., Schiphol-Rijk, Netherlands) were used. 1 ml of BMMCs were added as de-

scribed below in the chamber, 200 μl co cultivation medium was added on top of the filter 

before adding bacteria. 

2.8 Quantitative Real Time RT-PCR (qPCR) 

Total RNA from cell pellets was extracted following the manufacturer’s protocol (Nucleo-

Spin® RNA, Machery-Nagel, Germany) using 40 μl elution volume but excluding the viscosi-

ty filtering step (6.1 step 3 in manual). Equal concentrations of RNA ± 5 μg ml-1 were con-

verted to cDNA (iScript™ cDNA Synthesis Kit, Bio-Rad). Nucleic acid concentration was 

measured in all procedures with NanoDrop and stored at -20 °C. 2 μl cDNA were added to 18 
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μl of master mix: 5 μl iQTM SYBR® Supermix (Bio-Rad, CA), 0.2 μl primer mix (10 μl for-

ward primer and 10 μl reverse primer, diluted in 80 μl DI H2O, frozen and stored at -20 °C, 

final concentration in master mix: 200 nM for each primer, sequences shown in Table 3,) and 

3.6 μl DI H2O. Samples are measured in duplicates on a 96-well microtiter plate (VWR Inter-

national AB, Stockholm, Sweden) with centrifugation 2 min, 300x g prior to PCR. RT-PCR 

(CFX connect, Bio-Rad) was performed with 1: 95 °C, 10 min; 2: 95 °C, 30 s; 3:58 °C, 30 s; 

4. 72 °C, 20 s; steps 2-4 40x + dissociation stage. Primer with optimized efficiency > 0.9 

were used.  

  Values in the RT-PCR that could not be detected were assigned a Cq of 40. Although 

this might bias the results as shown in McCall et al., 2014, the low RNA yield of the cells and 

the lower number of repetitions where RNA could be extracted can only give evidence to big 

differences as between untreated cells, 4047 and ΔsagA, which is the main focus of the per-

formed expression studies. Data is show in form of log10 transformation of 2-ΔΔCq. 

2.9 Enzyme Linked Immunosorbent Assay (ELISA) 

The cytokines IL-6, TNF and MCP-1/CCL2 were measured in the co-culture supernatants by 

the respective ELISA assays following the manufacturer’s protocols (ThermoFisher Scien-

tific) using high protein binding ELISA plates (Sarstedt, Nümbrecht, Germany). For the first 

co cultivation pilot experiment with IL-6 and experiments using Transwell plates an ELISA 

kit from Peprotech (Rocky Hill, NJ) was used (cross checked first with other kit). Washing of 

plates was performed by letting the buffer soak 1-2 min and sample incubation was carried 

out overnight at 4 °C RT for the Peprotech kit. Plates were measured with Infinite® 200 plate 

reader (Tecan, Männedorf, Switzerland). 

Table 3. Primers used for RT-PCR. 

Target Sequence 

HPRT 5′-GATTAGCGATGATGAACCAGGTTA (forward) 

 
5′-GACATCTCGAGCAAGTCTTTCAGTC (reverse) 

IL-6 5'-AGACAAAGCCAGAGTCCTTCAGAGA (forward) 

 
5'-TAGCCACTCCTTCTGTGACTCCAGC (reverse) 

TNF-α 5'-CCACATCTCCCAGAAAA (forward) 

 
5'-AGGGTCTGGGCCATAGAACT (reverse) 

Nr4a3 5'-TCACCATCACCATCATCACCA (forward) 

  5'-AAGGCGGAGACTGCTTGAAGT (reverse) 
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2.10 LDH Assay for Determining Cellular Cytotoxicity 

After harvesting supernatants from co cultivations, lactate dehydrogenase (LDH) activity was 

measured to obtain the relative amount of lysed BMMCs. Pierce™ LDH Cytotoxicity Assay 

Kit (ThermoFisher Scientific) was used, following the manufacturer’s instructions for meas-

uring cell supernatants. In brief, 50 μl of supernatants were transferred in triplicates to a 96 

well flat bottom plate for activity measurement (Sarstedt). 50 μl reaction mix were added, 

pipetting up and down and the plate was incubated for 30 min at RT in the dark. After adding 

50 μl stop solution, the plate was measured with a Sunrise® plate reader (Tecan) at 490 nm 

with correction at 680 nm.  

2.11 Statistical Analysis 

Independent co-cultivations were performed partially with cells developed from different 

mice as indicated in the figure. In case cells from multiple mice were used, the mean of each 

co-culture was used to calculate the mean of the means and the standard error of the mean 

(SEM) displaying variation among the primary cells. For pilot experiments or experiments 

that consist of just one cell preparation, the error bars show the standard deviation of the rep-

licates if available. For data analysis Microsoft Excel 2017 was used and results were either 

analyzed by Student’s paired two-sided t-test assuming unequal variances for two groups and 

ANOVA for comparing more groups, with the Tukey post hoc test performed by Graphpad 

Prism 7. For expression data, mean was calculated from ΔCq values and error bars show 

95 % confidence intervals of log10 transformed 2-ΔΔCq. Pooled Cq values from strains were 

compared by t-test with untreated cells as suggested by (Yuan et al., 2006). Normal distribu-

tion was assumed for all data based on the similarity of standard deviations between condi-

tions within each data set. For all statistical tests, data from all co-cultures from all mice in-

side an experiment were pooled. Significance levels: *** < 0.001, ** < 0.01, * < 0.05. 

2.12 Assay Sensitivities 

For all ELISAs lowest dilutions of 1:2 were applied due to observations that correlation be-

tween dilution factors is not given in undiluted samples. This resulted in the following sensi-

tivities: IL-6 > 8 pg ml-1, TNF > 16 pg ml-1, MCP-1 > 32 pg ml-1, LDH activity > 0.17 OD490-

680 nm.  
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2.13 Contributions 

Additional BMMC wild-type cells for co-cultivation experiments were provided by Aida 

Paivandy, Sebastin Santosh Martin and Sultan Alanazi. Ida Waern provided pellets and su-

pernatants as indicated in the result section. In addition, Ida Waern contributed in transwell 

experiments by harvesting the cells and preparing bacteria. PCMCs were provided by Ann-

Marie Gustafson and co-cultivated by Ida Waern. Streptococci were plated from stock by 

Bengt Guss and Ida Waern (permission required). Finally, mice were killed and dissected by 

Fabio Rabelo Melo. 
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3 Results 

3.1 BMMCs are Mature after Four Weeks 

After four weeks of BMMC cultivation, cells were mature as shown by change in morpholo-

gy. Two weeks after bone marrow cultivation, several cell types could be seen. After four 

weeks, only mast cells were left (Figure 2 A) and expression of the MC marker mMcpt6 

(tryptase) was seen; loading control (actin) was not visible (Figure 2 B). 

  

Figure 2. After four weeks of cultivation BMMCs show mature morphology and mMcpt6 expression. A 

Cytospin, May-Grünwald Giemsa staining and bright field microscopy (resolution and age indicated in figure). 

B Western blot of BMMC lysate. Arrow indicates 35 kDa band of the ladder. 
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3.2 BMMC Infection with Different S. equi Knockout Strains Induced Specific Cy-

tokine Response 

To investigate the effect of S. equi virulence factors on MC in vitro activation, BMMCs were 

co-cultivated (infected) with wild type S. equi or knockout strains lacking different virulence-

associated genes (Table 2). In a previous study using another S. equi strain (Bd3221), a 

strong cytokine response to S. equi was observed (Rönnberg et al., 2010), indicating suitabil-

ity as marker for MC immune activation. To search for the factor(s) underlying the strong 

response of MCs to S. equi, here I tested the effects of several multi-knockout S. equi strains, 

as well as a panel of single-knockout strains. Two initial findings were a far higher MC acti-

vation by ΔhasA mutant (lacking the ability of capsule synthesis) than by wild-type S. equi, 

and totally abolished MC activation by ΔsagA (lacking the precursor of SLS; Ida Waern, un-

published observations).  

 The differences in TNF-α and MCP-1 secretion when comparing the effects of the 

various S. equi strains mirrored qualitatively the differential effects on IL-6 release. I also 

determined the expression level of the genes coding for IL-6, TNF-α and Nr4a3, the latter a 

highly induced gene in MCs after co-culture with S. equi (Figure 3). For these initial studies, 

supernatants and cell pellets were received from Ida Waern.  

 The mutant strain lacking all four superantigens (HILM) did not cause a significantly 

lower or higher cytokine expression compared to BMMCs treated with wt S. equi (Figure 3 

C-E). In contrast, the 5-deletion strain showed the opposite trend by not causing any detecta-

ble response. Likewise, no cytokine response was detected in response to ΔsagA, suggesting 

that SagA is the key factor in S. equi that triggers MC activation (Figure 3 A-B).  

  Further, I started a pilot experiment, analyzing the IL-6 and TNF-α secretion and gene 

expression profiles of MCs co-cultured with four new bacterial knockout strains and the pre-

viously used strain ΔhasA (Ida Waern, unpublished observations). In contrast to the unstimu-

lated cells, infected cells responded with IL-6 and TNF-α secretion. As judged by the secre-

tion of these cytokines, the ΔaroB mutant produced a similar response as wt bacteria, whereas 

a somewhat decreased response against ΔrecA was noted. ΔpyrC induced high IL-6 secretion 

but low TNF-α, and ΔhasA showed no MC detectable activation (Figure 4 A-B).  

 The overall RNA yield was very low (1-5 ng μl-1) with purity values < 0.5, leading to 

high variance in RT-PCR. However, the obtained expression data mimicked the cytokine 

secretion in the relation between the MC response against wt and knockout bacteria (data not 

shown).  
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Figure 3. Cytokine expression and secretion in BMMCs 4 h after infection with S. equi. 0.5 x 106 BMMCs 

were infected with different bacterial strains (MOI = 10) including a control of cells without bacteria. After 4 h 

cells were harvested. A, B TNF-α and MCP-1 secretion in cellular supernatants. *indicate significance com-

pared to 4047, error bars show SEM. C-E Expression of IL-6, TNF-α and Nr4a3. *indicate significance com-

pared to untreated BMMCs, error bars show 95 % confidence intervals. All bars show means for two independ-

ent experiments using BMMCs from different mice, each n = 2. 

Based on the observations of the CFU, indicating almost no survival of ΔhasA prior to infec-

tion and the missing correlation between OD and number of viable cells (Ida Waern, personal 

communication) we questioned the validity of the data on the ΔhasA, and we therefore fo-

cused further on ΔsagA mutants, for which a dramatically impaired MC response was con-
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sistently seen. Additionally, I changed the experimental set up by increasing the MC number 

in the experiments from 0.5 to 1 x 106 BMMCs, while increasing the number of bacteria to 

maintain a MOI = 10. This was done to obtain more cell pellet and higher RNA yield, corre-

sponding to a higher data generation with RT-PCR. 

 

Figure 4. IL-6 and TNF-α secretion after 4 h in BMMCs cultured with different bacterial knockout 

strains, wild-type (4047) or alone (untreated). Pilot experiment. 0.5 x 106 BMMCs were infected with differ-

ent bacterial strains (MOI = 10) including a control of cells without bacteria. After 4 h cells were harvested. A-B 

Supernatants were analyzed using specific ELISAs. Experiment was performed in independent co cultivations, 

n=1-2. In case of both cultivations were successful, mean + SD is shown. 

Under optimized conditions, the secretion of IL-6, TNF-α and MCP-1 indicated no signifi-

cant difference for all strains except of ΔsagA compared to 4047. There was also a lower IL-6 

expression in response to ΔrecA in comparison to 4047, but this finding was not confirmed by 

the other cytokines (Figure 5 A-C). To exclude that bacteria express extracellular virulence 

factors already in the overnight culture prior to co-cultivation, a control experiment was per-
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formed, infecting BMMCs with supernatants of the bacterial cultures used for co-cultivation. 

The absence of bacteria was confirmed by CFU. In contrast to infection with live bacteria, 

there was no activation observed (Figure 5 D). At the mRNA level, the expression of IL-6, 

TNF-α and Nr4a3 was similar when comparing wt S. equi and all of the mutants except Δsa-

gA, the latter giving a response indistinguishable from the that seen in untreated cells (Figure 

5 E-G). 

 

Figure 5. Cytokine and Nr4a3 response to different S. equi mutant strains and wild-type (4047). A-C 

BMMCs (106 cells ml-1) were cultured either alone (untreated) or in presence of S. equi (MOI = 10). After 4 h, 

conditioned media were harvested and analyzed for IL-6 (A), TNF- α (B) and MCP-1/CCL2 (C) using corre-

sponding ELISAs. D Sterile THB medium and THB conditioned with ΔsagA and 4047 was used to infect 

BMMCs in the same setting as shown above. 4047 IL-6 secretion as presented in A is used as reference. Mean 

and SEM (standard error of the mean) are shown of three independent experiments using BMMCs from differ-

ent mice, each n = 2. For t-test all replicates were pooled (6 in total). Relative expression to untreated cells were 

obtained for IL-6 (E), TNF (F) and Nr4a3 (G). Mean and 95 % confidence intervals are shown for three inde-

pendent experiments using BMMCs from different mice, each n = 2. For t-test all replicates were pooled (6 in 

total) and Cq values were compared. 
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3.3 Cytokines Increase with Time in BMMCs Infected with 4047 but Remain Silent 

to ΔsagA 

To gain kinetic insights into the effects of the ΔsagA phenotype, time-dependent cytokine 

secretion was analyzed using 4047 in comparison to ΔsagA. Rönnberg and colleagues (2010) 

showed evidence of contact dependent activation towards a S. equi wild-type strain in a time 

dependent manner. Based on these observations and lower probability for a knockout strain 

without altered surface to show no contact dependent activation, I hypothesized that secreted 

SLS (Molloy et al., 2011) might act as the fastest virulence factor for activation of BMMCs 

and the cytokine secretion is delayed if the protein is not present. However, the immense dif-

ference between 4047 and ΔsagA increased even more after 24 h. Additionally, it was shown 

that the cytokine secretion begins after 4 h (Figure 6 A-C). 

 

Figure 6. Time course for S. equi-induced BMMC activation. BMMCs (106 cells ml-1) were cultured in pres-

ence of wt or ΔsagA S. equi (MOI = 10). At the time points indicated, conditioned media were harvested and 

analyzed for IL-6 (A), TNF-α (B) and MCP-1/CCL2 (C) using corresponding ELISAs. Mean and SD are shown 

of three independent experiments using BMMCs from different mice, n = 1-2. For Two-Factor ANOVA With 

Replication all replicates were pooled (4 for 1-3 h samples and 6 for 4 and 24 h). 
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3.4 SagA mutants do not activate Peritoneal Cell-Derived Mast Cells 

As mentioned above, another frequently used primary MC type is PCMCs, which possess a 

more mature physiology in comparison with BMMCs. To further generalize the previous 

findings, a confirmation in other MC types is beneficial. Similar to BMMCs, the TNF-α, 

MCP-1 and IL-6 secretion (latter confirmed by Ida Waern) in response to ΔsagA was minimal 

in comparison with the response against wt S. equi. (Figure 7 A-B). Further, IL-6 and Nr4a3 

gene expression was profoundly reduced in response to ΔsagA mutants. However, no expres-

sion of TNF-α, either in response to wt or ΔsagA mutants was detectable (Figure 7  C-E). 

 

Figure 7. BMMC phenotype is confirmed in peritoneal cell-derived mast cells (PCMCs). PCMCs (106 cells 

ml-1) were cultured either alone (untreated) or in the presence of S. equi (MOI = 10). After 4 h, conditioned 

media were harvested and analyzed for TNF-α (A) and MCP-1/CCL2 (B) using ELISAs. C-E From cell pellets 

total RNA was extracted and used for analysis of IL-6 (C), TNF (D) and Nr4a3 (E) gene expression. Mean and 

SD (A-B) or 95 % CI (C-E) are shown of three independent co-cultivations (n = 3). Groups were compared to 

4047 (A-B). 
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3.5 S. equi strain 4047 Lyses BMMCs in a Contact-Independent Manner 

Rönnberg and colleagues (2010) reported that BMMC activation by S. equi showed contact-

dependence. However, the ΔsagA strain is supposed to lack only SLS, which is a secreted 

protein (Molloy et al., 2011) and therefore a cell-cell contact dependence would not be ex-

pected. I aimed to test the previous findings, using also transwell plates, which divide bacte-

ria and cells via filters. In addition to the IL-6 response, I also measured lactate dehydrogen-

ase (LDH) activity, a lysis indicator, in the conditioned media.  

 After 4 h, no lysis was observed but 4047 induced a significant IL-6 response in 

standard culture plates, in contrast to the transwell plates (Figure 8 A-B). After 24 h no sig-

nificant effects could be observed neither for lysis nor for IL-6 secretion. In addition, the MC 

activator Calcium Ionophore (A23187) (CI) was used as positive control to assess permeabil-

ity of the filters. While causing maximum lysis after 24 h in both plate types, IL-6 secretion 

was observed in transwell plates, possibly indicating a lower diffusion through filters (Figure 

8 C-D). In either plate type, ΔsagA showed no lysis or IL-6 secretion at both time points 

(Figure 8). 

 

Figure 8. LDH activity in cell supernatants indicates lysis of BMMCs after 24 h and IL-6 secretion in a 

contact dependent manner. BMMCs (106 cells ml-1) were cultured either alone (untreated) or in presence of S. 

equi (MOI = 10) in transwell and standard culture plates. After 4 h (A) and 24 h (C), conditioned media were 

harvested and analyzed for IL-6. B, D From the same supernatants LDH activity was measured directly after co-

cultivation without a freeze-thaw cycle. Calcium Ionophore (CI) was used as positive control. Mean and SD are 

shown of two independent co cultivations (n = 2, for 4047 24 h n = 1). Groups were compared with t-Test. 
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4 Discussion 

In accordance to previous observations by Rönnberg and colleagues (2010), the cytokine re-

sponse was confirmed in this study as indicator for MC activation when co-cultivated with S. 

equi. Although it is possible that factors in addition to SagA can contribute to MC activation, 

as demonstrated for instance by the lower IL-6 secretion following encounter with the ΔrecA 

strain, the key finding of the current study is the role of SLS (with SagA as precursor), as the 

main activator of MCs. This was demonstrated by secretion and expression of cytokines and 

Nr4a3 (expression) in BMMCs over a time of 24 h and in PCMCs at 4 h. The only other 

strain reaching similar significance was the 5-deletion strain, which includes the sagA dele-

tion (Table 2). During most experiments the RNA concentrations following extraction from 

MCs were low (< 10 ng ul-1) or zero, which led to loss of replicates. Correspondingly, most 

MCs died during co-cultivation, as indicated in the difference between untreated and co-

cultured cells regarding visible pellet size when harvesting and RNA concentrations. There-

fore, either more co-cultivations or a higher total volume is desired. However, this increases 

the experimental effort and demand of cell numbers drastically. RNA yields could be im-

proved by skipping the viscosity filter step in RNA extraction, indicating performance issues 

of the used method for co-cultivation pellets.  

 Importantly, the effects of wt and mutant S. equi on BMMC were generally repro-

duced when studying the effects of these on PCMCs. However, the expression of TNF-alpha 

appeared to differ, although the experiment was just performed once. A possible explanation 

for these findings could be that BMMCs and PCMCs differ in their general ability to store 

and express cytokines, with PCMCs having a lower amount of stored TNF compared to 

BMMCs and overall, secreted cytokine levels are lower in PCMCs (Gordon and Galli, 1991). 

  After 24 h co-culture of BMMCs, all investigated cytokines were significantly in-

creased for the wild-type S. equi whereas the ΔsagA mutant did not activate MCs as shown 

for example in IL-6 secretion. This contradicted my theory of a slower activation by this 

strain due to deletion of the potentially secreted and fastest virulence factor SLS. This is par-

ticular interesting because a previous study showed that cell-cell contact was required for 

optimal S. equi activation by MCs (Rönnberg et al., 2010). Given that ΔsagA has normal 

growth compared to wild-type bacteria (Carl Robinson, personal communication) and a simi-

lar phenotype on plates, there are no obvious off-target effects in the knockout strain. It re-

mains to be elucidated how a mutant, which has no altered surface, changes the MC response 

so drastically when the activation is contact-dependent. However, the delayed cytokine re-
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sponse is typical for MCs (Kuehn et al., 2010).  

 To further investigate the mechanism of immune activation, I repeated the transwell 

experiments as performed previously (Rönnberg et al., 2010). However, the procedures re-

garding contact-dependence and lysis must be evaluated carefully. Using DMEM based me-

dium containing phenol red, the LDH activity had a high background, leading to less sensitiv-

ity what might be a reason for no detectable lysis after 4 h. In addition, Flaherty and col-

leagues (2015) showed in human keratinocytes infected with S. pyogenes no significant dif-

ference in membrane permeabilization comparing wild-type and ΔsagA mutant after 4 h, but 

observed a highly significant increase in wt after 6 h. Using the transwell system, significant 

lysis was similar after 8 h but higher in the wild-type at 12 h compared to the ΔsagA strain. 

These findings indicate that the chosen time points in this study might not be sufficient for 

analysis of differences in lysis. Besides, due to the lack of positive controls, the lower IL-6 

secretion after 4 h remains an issue requiring further investigation. To assess MC activation 

through transwell filters, CI, a strong MC activator, was added as control for 24 h. However, 

no IL-6 secretion in the culture plate was observed in contrast to the transwell plate. Before 

cells are lysed between 4-24 h in the transwell plates, they have time to respond and secrete 

IL-6. So even if the secreted SLS is activating the MCs independently of contact, the protein 

might reach the MCs slower which would still indicate a contrast to the standard plates but 

not due to distinct contact responses, rather because of influences of the experimental setup 

itself. However, further evaluation with a higher sample size is needed to draw safe conclu-

sions from this experiment. The results of the previous performed study with transwell plates 

by Rönnberg and colleagues (2010) did not present positive controls, suggesting that the find-

ings could as well as my observations, rather depend on the plates than on the biological in-

terplay. However, for S. pyogenes contact-independent lysis by secreted SLS was demon-

strated (Flaherty et al., 2015), suggesting a similar role for the homolog in S. equi. In conclu-

sion, it remains an object of further investigations if S. equi activates MCs in a contact-

dependent manner. However, if the immune activation does not require cell-cell contact, it is 

likely that SLS is the main virulence factor of S. equi in terms of MC activation.  

 Intriguingly, this virulence factor is secreted but not immunomodulatory, probably 

due to its small size and heavy post-translational modification (Molloy et al., 2011), which 

opens the gate for indirect immune activation rather than direct recognition for instance by 

PRRs. It was demonstrated recently in human keratinocytes cultured with S. pyogenes, that 

secreted SLS induces cell death and inflammatory cascades as well as downregulation of Akt, 

a signaling kinase, regulating survival, growth and inflammation, inter alias by inhibiting 
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apoptosis. This was shown to be mediated by the p38 MAPK pathway leading to NF-κB acti-

vation with subsequent secretion of cytokines and a programmed necrosis was shown as ma-

jor inducer of cell death by SLS (Flaherty et al., 2015). In addition, it was reported that SLS 

recruits the host cysteine protease calpain to the epithelial cell membrane during the bacterial 

translocation process leading to destruction of epithelial intercellular junctions (Sumitomo et 

al., 2011). Those types of indirect activation, independent from classical PRR dependent 

pathways, might shed light on the mechanistic immune activation of SLS as non-

immunomodulatory virulence factor. It is also to mention that SLS supports translocation 

among epithelial barriers (Sumitomo et al., 2011) and kills neutrophils and macrophages 

(Molloy et al., 2011), suggesting a bigger importance in infections.  

  Another chapter in this saga to be elucidated is the immune activation and virulence 

of ΔsagA in vivo. Most likely, SLS has also an important MC-activating capacity in vivo. 

Considering the immense role of MCs as immune mediator, the lack of SLS expression in the 

bacteria could delay or impair the immune response, leading to negative consequences for the 

infected organism. Intriguingly, besides the in vivo trials with the multi knockout strain 

(Robinson et al., 2015), which resulted in lower virulence as mentioned above, there was also 

a study of intranasally infected mice performed with wt and ΔsagA S. equi. In this study, de-

layed onset of symptoms by 24 h was seen when administrating the ΔsagA strain (Carl Rob-

inson, unpublished observations). Moreover, Betschel and colleagues (1998) reported that 

infection of a soft tissue mouse model with Enterococcus faecalis, a group A Streptococcus 

lacking sagA, was associated with less loss of weight and necrotic lesions in comparison with 

SagA-sufficient bacteria. It was also shown that the expression of other virulence factors such 

as streptolysin O, casaeinase and DNases were normal (Betschel et al., 1998). 

 To conclude, I suggest a scenario where limited MC lysis is induced by SLS, resulting 

in release of DAMPs that can activate MCs in an autocrine and/or paracrine fashion (Figure 

9). This will lead to activation of signaling pathways, ultimately resulting in de novo synthe-

sis and secretion of pro-inflammatory cytokines such as TNF-α and IL-6. In a paracrine way, 

other mast cells commit necrosis by sensing cytokines and reprogrammed cell death path-

ways in contact with sublytic levels of SLS. However, the response in the form of TNF-α, IL-

6 and MCP-1 indicates a TLR2 (and partially TLR4) dependence which was indeed proven 

by Rönnberg and colleagues (2010). Assuming a MyD88 and TIRAP dependent signaling, 

NF-κB is ultimately released from its inhibitor IκB and induces inflammation (Pandey et al., 

2015). However, the recognition of DAMPs is also one of the activators of TLR2 and TLR4 

signaling (Vénéreau et al., 2015). Though, despite a likely activation by cell-cell contact in 
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co-cultivation, it is not excluded that the findings by Rönnberg and colleagues (2010) are 

consistent with a partially DAMP-mediated pathway.  

 In summary, I have proved that SLS is responsible for lysis of MCs, and that this rep-

resents the main mechanism of MC activation. Exploring the involved pathways and events 

on the transcriptional level are the subject of further investigation with the goal to draw a 

comprehensive picture of the mechanisms underlying SLS-induced MC activation. 

 

Figure 9. Suggested model for S. equi – mast cell interaction. While the ΔsagA mutant does not trigger acti-

vation, the SLS produced by 4047 (wt), lyses mast cells which results in a release of cytokines and DAMPs, 

leading to the activation of other cells and amplification of signal. During lyses, histamine stored in granules is 

slowly released into the environment. 

Outlook 

To further explore the mechanism of MC activation by Streptococci, two main investigations 

need to be carried out: First, observing the interplay between S. equi and BMMCs in vitro by 

high resolution ultrastructure or live microscopy as performed previously (Dorward, 2008; 

Hoppe et al., 2009) to uncover multiple layers of pathogen-host interactions. Secondly, the 

elucidation of the signal transduction pathway from the mechanism of recognition of bacteria 

leading to expression of the cytokine response. Recently, it was shown that HIV protease 

inhibitors such as nelfinavir inhibit the production of SLS in S. pyogenes, which will support 

future investigations. Further, it is desirable to address the question if the knockout of sagA 

changes the transcription of other virulence genes as suggested before (Mangold et al., 2004) 

or has no effect on transcriptional level as reported by Datta and colleagues (2005). It was 

suggested recently that pleiotropic effects in sagA deletion mutants are rather of artificial 

nature than due to co regulation of other virulence genes (Zhou et al., 2013). Due to the oc-
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currence of SLS homologs of several other pathogenic bacteria, including L. monocyoto-

genes, Clostridium botulinum or S. aureus (Molloy et al., 2011), the study of SLS emerges of 

great importance and will deliver future inspiration for efforts aimed to combat bacterial in-

fection diseases.  

 The better understanding of the immune reactions to Streptococci will be a faithful 

servant to humanity in times of increasing antibiotic resistant infections and one step forward 

for efficient and welfare, ensuring vaccination and protection of horses and other animals.  
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