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ABSTRACT  
Group A Streptococcus (GAS) is a globally disseminated pathogen that causes >500,000 deaths 

yearly and is ranked as ninth leading infectious cause of human mortality by the World Health 

Organisation. The spectrum of disease ranges from superficial infections of the skin and 

epithelium to invasive and systemic infections. Although the interaction of GAS with 

neutrophils has been extensively studied much remains to be discovered about the role of 

macrophages, which are the first line of defence encountered by invading pathogens. In this 

study, the aim was to establish a means of deriving macrophages from primary monocytes and 

to study both the efficiency of macrophage killing of GAS and the macrophage cell death 

response to GAS infection. Here, we report that monocyte-derived macrophages are able to take 

up and kill GAS during in vitro infection. Production of reactive oxygen species by 

macrophages was elicited during infection, but not nearly in as high amounts as produced by 

neutrophils. Investigating the type of cell death induced by GAS, markers for both apoptosis 

and necroptosis can be found after 8 hours of infection. These results highlight that 

macrophages indeed are participating in the clearance of GAS and more studies are needed to 

understand the roles of macrophages in early control of GAS infection.  

KEY WORDS  
Streptococcus pyogenes, GAS, Innate immunity, Macrophages, Monocyte differentiation, 

Infection, Cell death response   
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1. INTRODUCTION  
  

1.1 Group A Streptococcus; S. pyogenes  
Streptococcus pyogenes, also called group A streptococcus (GAS) is a gram-positive, 

aerotolerant bacterium responsible for a wide range of diseases with different clinical 

manifestations. From superficial and mild skin/soft tissue infections and pharyngitis to more 

serious and invasive diseases, such as bacteraemia, puerperal sepsis, cellulitis, pneumonia, and 

necrotizing fasciitis (1). If streptococcal toxic shock syndrome (STSS) develops in these 

patients, the risk of death significantly increases (1,2). Secondary complications of GAS 

infections are of concern as well. Rheumatic fever and glomerulonephritis can arise from even 

a minor infection, and continue to affect children in non-prosperous countries which highlights 

the impact of GAS disease (3). GAS is not uncommon; it may be carried asymptomatically by 

up to as many as 10 to 20% of humans (4). Infections can be observed in persons of all ages, 
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but the prevalence of infection is higher in children, most likely because of a combination of 

multiple exposures from environments like schools or kindergartens, and the level of host 

immunity. Although the occurrence of many GAS diseases has declined in developed countries, 

GAS diseases still pose a high burden in countries with low income and poor infrastructure, 

with thousands of deaths yearly. With these figures, reported by the World Health Organisation 

(WHO), GAS has been ranked as the ninth foremost infectious cause of human mortality (1,5). 

Interventions to keep GAS-associated diseases in check and lessen the burden are multifactorial 

and, thus, resource-intensive, and yet no licensed vaccine is currently available (6).   

  

One of the key factors hindering the development of a vaccine is the intricate molecular 

epidemiology of GAS (3,6). Over time, GAS strains have been shown to vary with clinical 

syndromes and geographical region. The current molecular typing of GAS is mainly done by 

sequence analysis of the hypervariable region of the emm gene, with so far over 223 emm-types 

identified. With so many variations, a universal vaccine is required to provide protection 

effective against strains prevalent in high-income countries as well as in developing countries, 

where the emm-type diversity is increased (7). Fortunately, GAS still remains sensitive to 

penicillin, but with increasing issues regarding worldwide supply and quality of penicillin, new, 

cheaper and better treatment strategies are of the outmost importance (6).  

  

1.2 Response of the innate immune system to GAS infection  
The pathogenesis of GAS infections is complex, involving a wide range of bacterial virulence 

mechanisms (8,9). When the bacterium is detected by the immune system, a multifaceted 

response is activated which is based on recruiting and activating phagocytic macrophages and 

neutrophils, cytotoxic natural killer (NK) cells and antigen-presenting dendritic cells (DCs). 

Responses of the innate immune system are triggered by interactions between pattern 

recognition receptors (PRRs) and pathogen-associated molecular patterns (PAMPs). Binding 

of PAMPs to PRRs activates several signalling cascades which upregulates the production of 

cytokines and chemokines, which in turn recruit the additional immune cells to the site of 

infection (10). Toll-like receptors (TLRs) are a surface expressed subclass of PRRs, which by 

activating the transcription factors NFκB and the IRF family stimulate immune cells. The 

signalling of TLRs is mainly done by the signalling adaptor myeloid differentiation primary 

response gene 88 (MyD88) and through TIR-domain-containing adapter-inducing interferon-β 

(9,11). Most innate immune cells express TLRs, as do some cells from the adaptive system. 

Through stimulation TLR expression can also be upregulated in epithelial and endothelial cells. 

Among the cytosolic PRRs, the RIG-I- and NOD-like receptors are included.  These receptors 

recognize a variety of PAMPs and danger-associated molecular patterns (DAMPs), with 

various nucleic acids being the best characterized class of them. In order to launch a functional 

inflammatory response to GAS infection the adaptor MyD88 is needed (11,12).  

  

DCs are an important source of GAS-elicited IL-12 which stimulates NK cells to generate 

interferon gamma (IFN-γ) (12). Since IFN-γ plays an important role in macrophage activation, 

the circuit between DCs and NK cells might have a main function as an enhancer of 

antimicrobial functions in macrophages. However, unregulated stimulatory function of NK 

cells might be detrimental to the host, as studies have found NK cells being a contributing factor 

to STSS (2). Upon exposure to GAS several cytokines and chemokines are produced by 

macrophages and DCs, and IL-1β and CXCL1, which are recruitment factors of neutrophils, 

are some of the most noteworthy (9). Susceptibility to GAS increases in the case of depletion 

of bone marrow neutrophils and the subsequent impaired infiltration of these cells to the site of 

infection, implicating that neutrophils are required in host protection (13,14). That virulent GAS 

strains have been found to become hypervirulent in neutrophil-depleted hosts support the 
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hypothesis. Neutrophil regulation of bacterial infections involve ROS, antimicrobial peptides 

(AMPs) and neutrophil extracellular traps (NETs) (15). Infection by GAS elicits an extensive 

development of NETs, in order to prevent GAS from spreading. Mast cells have also been 

reported to have the ability to form NET-like structures (12). Consistently, mast cells are a 

population of the innate immune system whose purpose is to enhance the recruitment of 

leukocytes to the site of infection and improve clearance of GAS. That all major innate immune 

cells participate in host protection against GAS has been established, but so far, the specific 

role for each cell type and the cross-talk between different cell populations is still to be 

discovered.  

  

Macrophages play an essential role in the innate immune system and the response against 

pathogens. These are diverse and adaptable cells found resident in almost all tissue types, where 

they have specialized to each microenvironment (16). The differentiation from monocytes to 

macrophages take different names depending on the tissue location, but the function of 

macrophages remains the same in all tissues (17). They are key players when it comes to tissue 

development, clearing apoptotic and senescent cells, maintaining tissue homeostasis, altering 

and repairing tissues and of course in the immune system; eliciting antimicrobial responses by 

generating the inflammatory reaction and surveilling tissue changes by acting as sentinel and 

effector cells (12,16). The phagocytosis of microbes is dependent on the signalling of GTPases 

from the Rho family, especially RhoA, and the ensuing rearrangement of the actin cytoskeleton 

(18,19). Actin protrusions will form from the cell, which fuse around the pathogen, thus 

resulting in complete engulfment. The subsequent intracellular vesicle, termed phagosome, will 

at the beginning possess a milieu comparable to the extracellular environment. This changes 

through a step-wise process involving signalling by Rab GTPase as the phagosome matures, 

eventually ending in the fusion of endosomes and lysosomes. When these small organelles 

dock, enzymes with hydrolytic and catabolic properties are released, acidifying the interior of 

the phagosome. The acidity will continue to rise until a pH of nearly 4, resulting in annihilation 

of the pathogen (18).   

  

Apart from engulfing pathogens an important step of macrophages clearing an infection is the 

elimination of infected cells (16). Some pathogens have developed invasion mechanisms to 

survive intracellularly, modifying host physiological processes, as a means of immune evasion. 

Host cells have a variety of strategies to deal with intracellular infection, one being programmed 

cell death (20). The regulated and controlled process of apoptosis can be activated by the cell 

itself or through the aid of, for instance, cytotoxic T lymphocytes which release cytotoxic 

granules that contain perforin and granzymes. Initiation of either the caspase-9-dependent 

intrinsic pathway or the caspase-8-dependent extrinsic pathway can lead to apoptosis of the 

invaded cell. The chemokines released from the apoptotic cell recruit macrophages for 

efferocytosis. However, apoptosis is not always an option, and instead the pro-inflammatory 

response necroptosis might be triggered to ensure pathogen removal by immune cells (21,22). 

Necroptosis, a regulated form of necrosis, is dependent on the serine-threonine kinase receptor-

interacting protein kinase 1 (RIPK-1) and morphologically characterized by rounding of the 

cell, cytoplasmic swelling and absence of chromatin condensation. RIPK-1 and RIPK-3 form, 

in the absence of caspase 8, a structure that triggers a downward cascade eventually leading to 

rupture of the cellular membranes (21).   

  

1.3 GAS resistance to host immune defence systems   
GAS possesses a large variety of strategies to evade the host immune response. In order to avoid 

the first line of defence, GAS engages antiphagocytic virulence factors such as M1 protein and 

hyaluronic acid capsule formation (23,24). The majority of phagocytosed GAS is rapidly killed, 
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making the internalization an efficient defence. However, engulfed GAS can enhance its 

survival by production of the pore-forming cytolysin SLO, which prevents the transport of GAS 

to lysosomes and enables escape of GAS. Due to SLO being able to induce cell death in 

phagocytes it has a more general function in immune evasion. Another pore-forming toxin 

produced by GAS is cytolysin SLS, which by blocking the production of chemotactic signals 

prevents neutrophil recruitment to the site of infection (25). GAS also target neutrophils by 

excreting the nucleases Sda1 and SpnA (26). These DNases diminish the host antimicrobial 

mechanisms by breaking down NETs, thus freeing ensnared GAS. Apart from degrading NETs, 

GAS is also able to dissolve blood using the secreted GAS protease streptokinase (Ska). By 

converting plasminogen into plasmin Ska activates the enzyme, which helps degrading fibrin 

clots and subsequently promotes GAS dissemination. Proteases secreted by GAS also play an 

essential role in reducing chemokine activity (27–29). The proteinase SpeCYP acts by cleaving 

and inactivating the neutrophil chemoattractant IL-8, resulting in interference of neutrophil 

recruitment. Another crucial evasion strategy is inhibition of the complement system (30–34). 

GAS disrupts complement activity by cleaving the key component C5a, another central 

generator of neutrophil recruitment, using C5a peptidase as well as surface dehydrogenase. The 

extracellular protein streptococcal inhibitor of complement (SIC) expressed by highly virulent 

GAS strains prevents complement-facilitated formation of the membrane attack complex and 

decreases AMP secretion by neutrophils (35). Although GAS is usually considered an 

extracellular organism, it has been shown to reside and replicate intracellularly in a variety of 

cell types, of particular relevance neutrophils and macrophages (36). Studies have shown that 

GAS is able to reside and replicate within the phagosomes of macrophages, and the M1 protein-

dependent impaired fusion with lysosomes is one of the key factors to the survival within both 

macrophages and neutrophils  

  

The expression of GAS virulence factors is strictly regulated by a number of regulatory genes 

comprised of two-component sensor kinase/response systems together with stand-alone 

response systems that react to environmental signals such as ion fluctuations, osmotic pressure 

and pH (37). One of the most well described GAS regulatory systems is the CovR/S two-

component system, which affects approximately 15% of the streptococcal genome, involving 

expression of several of the main GAS virulence factors (26,37). CovS acts in one sense as a 

kinase, with the main function to activate the response regulator CovR and suppress the 

expression of key virulence factors. In the other sense, CovS acts as a phosphatase, permitting 

gene expression in response to environmental changes that mimic conditions found during 

human infection (37). Some of the virulence factors CovR regulates include the has operon, 

which is responsible for the synthesis of the hyaluronic acid capsule, saga which encodes 

expression of SLS, Ska, SpeB and direct regulation of transcription of the rivR gene, encoding 

the downstream regulatory factor Ralp4 in charge of capsule expression.    

 

CovRS strains have been shown to be able to avoid clearance via apoptosis by immune cells, 

and force cell death through a pro-inflammatory pathway (38,39). Although inducing an 

immune attack might seem deleterious for the bacterium, an uncontrolled macrophage death 

can also lead to tissue damage, which may enhance bacterial dissemination and pathology (40). 

Studies on neutrophils suggest that CovS mutations alter the way cells die after exposure to 

GAS and thus may influence the level of inflammation seen during infection (41). The 

mechanisms of macrophage cell death in GAS infection are still not known, and evidence found 

in literature are conflicting. As tissue destruction and cytokine storms are hallmarks of invasive 

GAS disease, alteration of macrophage cell death may therefore strongly affect the clinical 

manifestations of GAS disease. Here, we examine the interaction of macrophages and GAS; 

the cells’ ability to eliminate the pathogen and the cell death response during infection.  
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2. AIM  
The aim of this study was to establish a protocol for monocyte isolation and differentiation, as 

well as investigate the interaction of macrophages and M1T1 clone GAS and CovRS mutant 

GAS regarding efficiency in killing and cell death response. Macrophages play an essential role 

in the innate immune response to GAS, acting as the first line of defence and being a crucial 

part the recruitment of other immune cells (16). It is assumed that the activation of macrophages 

is directed toward the elimination of the invading pathogen, thus a comparison between the 

elimination of a wild type and a hypervirulent CovS mutant GAS strain was done in order to 

observe the efficiency of macrophages killing. However, it is just as likely that the macrophage 

stimulation upon the immune system is too excessive, causing an unregulated release of 

inflammatory mediators that can lead to sepsis and septic shock (2). Thus, the macrophage 

production of ROS and cell death activation during infection was studied to give an idea of the 

immunogenic response.  

 

3. EXPERIMENTAL PROCEDURES 
See appendix for buffer/media components and concentrations. 

  

3.1 Ethics approval  
All work involving the use of human buffy coats was conducted with the informed consent of 

the volunteers and was approved by the University of Wollongong Human Ethics Committee.  

  

3.2 Bacterial strains  
S. pyogenes strain 5448 is a representative of the M1T1 clone, obtained from a clinical isolate 

of a patient with necrotizing fasciitis and STSS (42). The animal passaged variant 5448AP is a 

hyperencapsulated, hypervirulent CovS mutant. Routine culture of GAS strains occurred at 

37oC on horse blood agar (HBA [Oxoid, UK]), Todd-Hewitt agar (DIFCO, Australia) and 

Todd-Hewitt broth (DIFCO, Australia) supplemented with 1% yeast extract (Oxoid, Australia).   

  

3.3 Isolation of human monocytes  
Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats (BCs) of 

anonymous blood donors (Australian Red Cross Blood Service, NSW) using density gradient 

centrifugation with Ficoll-Paque Plus (GE Healthcare, Sweden). The BC was diluted 1:2 in 

room temperature PBS before gently being layered on top of Ficoll in 50 ml propylene tubes. 

The tubes were then centrifuged at room temperature for 45 minutes at 200×g, with deceleration 

set to 0. After centrifugation, the contents of the tubes were divided into four distinct layers; 

from the top blood plasma, then a fluffy white layer consisting of PBMCs, followed by the 

Ficoll and at the bottom a pellet consisting of aggregated erythrocytes together with 

granulocytes, platelets and other debris. PBMCs were collected and transferred to room 

tempered PBS for wash and count. Primary monocytes were isolated by positive selection using 

CD14-conjugated microbeads (Miltenyi Biotec); after washing with PBS, cells were 

resuspended in cold MACS buffer, 300 µl microbeads were added and then cells were incubated 

in dark at 4oC while spinning at medium speed on a rotary suspension mixer. After incubation 

cells were washed in MACS buffer, then strained through a 70 µm cell strainer. Positively 

selected cells were separated by running the cell suspension through an LS+ column (Miltenyi 

Biotec) positioned on a MidiMACS magnet (Miltenyi Biotec). The purity of the monocyte 

population was determined by flow cytometry. CD14-positive monocytes were cultured and 

differentiated in complete DMEM (high glucose) and 15 ng/ml human macrophage colony-
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stimulating factor (M-CSF [Miltenyi Biotec, Germany]), seeded onto nunclon delta treated petri 

dishes (Thermo Fisher Scientific) at 1×106/ml and incubated for 7 days at 37oC, 5% CO2. 

Differentiation was determined by observing the cell morphology under a light microscope and 

by flow cytometry.   

  

3.4 Flow cytometry  
Purity of primary monocytes and differentiation into macrophages were determined using flow 

cytometry; fluorescence-activated cell sorting (FACS). Cells were stained for the typical 

monocyte and macrophage surface marker CD14 (17) and the classical intracellularly expressed 

macrophage marker CD68. In order to stain for CD68 cells were fixed and permeabilized. Cells 

were washed in PBS and resuspended in 4% paraformaldehyde and incubated on ice for 20 

minutes. The fixed cells were then washed in cold PBS and resuspended in 0.5% Triton X-100, 

incubating on ice for 15 minutes. FACS buffer was added to the cells for blocking and the 

permeabilized cells were incubated on ice for 20 minutes. The samples were then washed and 

transferred to 5-ml round-bottom polypropylene tubes and labelled with PE anti-human CD14 

antibody (Biolegend), PE mouse IgG1 isotype antibody (Biolegend), APC anti-human CD68 

antibody (Biolegend) and APC mouse IgG2b antibody (Biolegend). Samples were incubated in 

the dark on ice for 30 min. After labelling, cells were washed and resuspended in FACS buffer 

for analysis via flow cytometry. Analysis was carried out with a two-laser, four-colour LSRII 

flow cytometer (BD Biosciences). Isotype stained cells were used to calibrate the instrument 

settings (PE [phycoerythrin] λex: 488 nm, λem: 575 nm, APC [allophycocyanin] λex: 594, λem: 

660 nm). Gating strategies used were; pulse geometry gating, in order to remove doublets and 

preserve singlets, forward and side scatter gating, to remove debris and other non-interest events 

leaving cells based on size and complexity, and finally subsetting gating, in order to identify 

cells through the specific labelling of expressed markers - FACS cell sorting data was analysed 

with FlowJo software, version 10.   

  

3.5 Macrophage harvest  
Differentiated macrophages were harvested from plates by lifting the cells with Accutase cell 

detachment solution (Biolegend). The supernatant from the plates was removed and the surface 

of the plates was gently washed with room tempered PBS. Accutase was added to the plates 

and the cells were incubated at room temperature for 15 minutes. The plates were gently tapped 

to swirl the Accutase around and lift the cells and the cell suspension was collected into 

propylene tubes. To obtain the remaining macrophages cold PBS was poured onto the plates 

and a cell scrape was used to mechanically detach the cells. The macrophages were centrifuged 

for 5 minutes at 500×g, 4oC and then washed in PBS and resuspended in plain DMEM (high 

glucose).  

  

3.6 In vitro infection of macrophages  
From overnight cultures GAS strains 5448 and 5448AP were grown to mid-log phase at 37oC 

in THY. The bacteria were then centrifuged at 5000×g for 10 minutes and the pellet washed 

twice in high glucose DMEM. Macrophages were seeded at 1×105/well in flat-bottomed 96-

well microtiter plates and GAS 5448 and 5448AP, respectively, were added to the cells and to 

wells filled with only media. Experiments were performed with bacteria at MOI 10:1 and 50:1. 

The plates were centrifuged at 500×g for 10 minutes to bring cells into contact and then 

incubated at 37oC, 5% CO2, for varying time points. After incubation cell were lysed using 

0.025% Triton X-100, then serially diluted and plated on THY agar. Plates were dried and then 

incubated overnight at 37oC.Colonies were counted, and CFU/ml determined.     
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3.7 ROS production   
The production of reactive oxygen species (ROS) in macrophages infected with GAS was 

determined using the non-fluorescent probe dichlorofluorescein (DCF [Molecular Probes, 

Eugene, Oreg., USA]), which is cell-permeable and only when exposed to oxidisation becomes 

highly fluorescent (43). Prior to infection, macrophages were incubated in 25 µM DCF for 45 

minutes protected from light, then seeded at 1×105 cells/well on black 96-well microtiter plates 

(Greiner Bio-One). Macrophages were then infected with GAS at MOIs 10:1 and 50:1 

(GAS:macrophages). The plate was centrifuged at 500×g for 10 minutes and then loaded into a 

POLARstar Omega microplate reader (BMG LabTech, Carlsbad, Calif., USA) where ROS 

production was measured fluorometrically (λex: 488 nm, λem: 515 nm) over 3 hours.  

  

3.8 Western blot screening for cell death markers  
Markers of cell death of infected macrophages were detected via Western blotting of cell lysates 

from infected cells. Macrophages were infected with GAS strains 5448 and 5448AP at an MOI 

of 50:1 (2.5×106 CFU, 5×105 cells), and incubated at 37oC, 5% CO2, for 8 hours. Cells were 

collected and centrifuged at 350×g for 10 minutes, then washed in cold PSB with 0.5% protease 

inhibitor and centrifuged (Eppendorf 5424 Microcentrifuge, Fisher Scientific) at 6000 rpm for 

2 minutes.  Pellet was resuspended in MELB buffer with 2 µM N-ethylmaleimide and 5 mM β-

glycerophosphate, 1 mM sodium molybdate, 1 mM sodium pyrophosphate, 100 µM sodium 

fluoride, 0.025% digitonin and protease inhibitor (Roche) as per manufacturer’s instructions. 

Cells were aspirated for lysis and incubated on ice for 10 min, then spun at 13000 rpm for 5 

minutes at 4oC. Supernatant was collected for cytoplasmic analysis, pellet was resuspended in 

plain MELB buffer and washed, spun at max speed for 1 minute. Supernatant was discarded, 

and pellet was resuspended in supplemented MELB and 1% digitonin. A fraction was collected 

for whole membrane analysis and sample spun down at 13000 rpm for 5 minutes at 4oC. 

Supernatant was collected for membrane analysis and pellet left as digitonin insoluble fraction. 

Cell lysates were electrophoresed on a 12% resolving SDS-PAGE prior to electro-transfer to 

PVDF membranes. Membranes were blocked in 5% skim milk and washed 3×5 minutes in 

PBST on a rocking shaker. The membranes were labelled with primary antibodies mouse anti-

human caspase 3 (Biolegend), rabbit anti-human VDAC-1 (Abcam), rabbit anti-human 

GAPDH (Abcam), rabbit anti-human phosphorylated MLKL (Abcam), mouse anti-human 

mono-MLKL (Sigma) and rabbit anti-human poly-MLKL (Abcam), respectively, diluted in 1% 

bovine serum albumin (BSA) PBST, incubated at 4oC on rotation overnight and thereafter 

washed. Secondary antibodies goat anti-rabbit IgG HRP (Zymogen) and goat anti-mouse IgG 

HRP (Abcam), respectively, diluted in 1% skim milk PBST, were added and the membranes 

incubated for 1 hour while rotating. After wash, ECL clarity substrate (BioRad) was added, 

membranes incubated for 5 minutes and then they were imaged using Amersham Imager 600 

(GE Healthcare).  

    

3.9 Statistical analyses  
Statistical calculations were performed with Prism v. 6 (GraphPad Software Inc., San Diego, 

Calif., USA). Differences between strains in resistance to macrophage killing were compared 

for significance using a two-way ANOVA. Differences were deemed statistically significant at 

p < 0.05. 
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Figure 1. Monocyte differentiation into macrophages. A) Monocytes isolated at day 0 exhibit a round and non-

adherent morphology. B) Monocytes at day 4; one day after supplementation with M-CSF, cells are starting to 

differentiate and have become loosely adherent. C) Monocyte-derived macrophages day 7; cells adherent with a 

flat, spread-out morphology. 

4. RESULTS  
  

4.1 Deriving macrophages from primary monocytes  
Monocytes were isolated from BCs from a total of 13 donors. The volume of the BCs ranged 

between 45-57 ml, and the amount of CD14 positive cells isolated ranged from 1.46×106-

4.12×106 cells/ml/BC, with an average of 2.55×106 cells/ml/BC. Over a seven-day period, 

monocytes were incubated with M-CSF at 37oC, 5% CO2, in order to promote differentiation 

into macrophages. The amount of M-CSF was raised from 10 ng/ml in the original protocol to 

20 ng/ml, giving a faster and more visually clear morphological change (data not shown). The 

morphology of CD14+ monocytes changed from round and loosely adherent on day 1 to flat, 

spread, adherent macrophage-like cells day 5 to 7 (Fig. 1). At day 3 cells were supplemented 

with M-CSF, and at that time point cells had just started to change morphology. The ratio of 

round to flat cells at day 7 varied from donor to donor, but by visual approximation 80% of 

cells developed a typical macrophage morphology after one week of differentiation. The 

number of macrophages harvested at day 7, compared to cells plated day 0, varied between 

9.7% to 26%, with an average of 16%.   

 

FACS analysis of the cells at day 0 revealed that out of gated singlet cells, 96.5% were 

considered to be monocytes after gating with side and forward scatter, see appendix for gating 

strategy. In the fluorescent reading, the shift from the non-stained cells and the isotype control 

gave a clear shift towards CD14, while CD68 did not give any strong signal (Fig. 2A-B).  At 

day 7 there was still a strong shift between non-stained cells and CD14, but this there was also 

a clear shift for CD68, indicating that monocytes indeed had differentiated into macrophages 

(Fig. 2C-D).  
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Figure 2. Fluorescence-activated cell sorting of freshly isolated monocytes at day 0 and differentiated monocytes 

at day 7. A) Reading of cells day 0 for CD14-PE at λex: 488 nm, λem: 575 nm. B) Reading of cells day 0 for 

CD68-APC at λex: 594, λem: 660 nm. C) Reading of differentiated cells day 7 for CD14-PE at λex: 488 nm, λem: 

575 nm. D) Reading of differentiated cells day 7 for CD68-APC at λex: 594, λem: 660 nm. 

4.2 Macrophage killing of GAS  
GAS growth kinetics of the CovRS intact strain 5448 and the hyperencapsulated CovS mutant 

5448AP was determined in order to assess generation time and find at which OD600 the desired 

concentration of bacteria was reached (Fig. 3C). GAS was harvested at mid-log phase, OD600 

0.5, at which point bacterial numbers were determined to be approximately 1×108 CFU/ml. 

Infection of macrophages with GAS resulted in an increased bacterial load 30 minutes post-

infection for both GAS strains (Figure 3B), however, at 2h and 4 h post infection there was 

evidence of macrophage killing of GAS. Reaching 2 hours macrophages started showing effect 

of killing with GAS numbers decreasing and at 4 hours GAS 5448AP showed a clear enhanced 

resistance to macrophage killing compared to GAS 5448 (Fig. 3A-B). No statistical significance 

between the survival of the two strains in the presence of macrophages was found. The data 

collected from MOI 10:1 experiments varied greatly between experiments, while at MOI 50:1 

the results became more stable and eventually showed a clear trend in macrophage killing of 

GAS (Fig. 3D).    
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Figure 1. Growth kinetics of GAS strains 5448 and 548 AP, and GAS survival during in vitro infection of 

macrophages. A) Survival of GAS M1T1 strain 5448 and hyperencapsulated mutant strain 5448AP at infection 

concentration of 10:1. B) Survival of GAS at infection concentration of MOI 50:1. C) Average of the growth 

kinetics for GAS strains. D) Trend in survival to macrophage killing between 5448 and 5448AP at MOI 50:1, with 

CovRS intact strain 5448 initially increasing in numbers and then succumbing while CovS mutant strain 5448AP 

shows an enhanced resistance to macrophage killing. 
 

4.3 Release of reactive oxygen species  
Kinetic measurement of macrophage ROS 

production during in vitro infection with GAS 

revealed that the cell responses towards strain 

5448 and 5448AP were equal. Neither strain 

elicited a higher production of ROS in 

macrophages than the other (Fig. 4).   

 

4.4 Macrophage cell death response to 

GAS infection 
Membranes were stained for Caspase 3, 

GAPDH and MLKL in phosphorylated-, mono- and poly-form as cytosolic controls. As a 

membrane control VDAC-1 was used. Western blot analyses revealed that caspase 3 was not 

activated in the necroptotic control but were detected in the membrane fraction of both infected 

samples, and GAPDH, an enzyme involved in the glycolysis, was found in the cytosol as well 

as in the membrane fraction of GAS infected cells (Fig 5A-B). The voltage-dependent anion 

Figure 2. Macrophage production of reactive oxygen 

species upon infection with GAS strains M1T1 clone 5448 

and CovS mutant 5448AP.  

B D 

A C 



12 

 

channel (VDAC1), which is found at the outer mitochondrial membrane, was observed in 

membrane fractions of both infected samples but not in the cytosolic fraction, suggesting 

mitochondria were still intact in infected cells and also that the cells had been fractionated 

successfully (Fig 5C). The phosphorylated form of MLKL was observed in the cytosolic 

fraction of macrophages, and weak bands formed for the membrane fraction of the necroptosis 

control and the 5448-infected cell sample Fig. 5D. Mono-MLKL was only observed in the 

macrophage cytosolic fraction, and poly-MLKL could be observed in all samples, both in the 

cytosolic- and the membrane fractions (Fig 5E-F).  

  

  
 

Figure 5. Western blots of cell death 

markers in cytosolic- and membrane 

fractions of macrophages (MØ) 

infected with GAS strains 5448 and 

5448AP. A necroptosis control, where 

apoptosis was blocked by inhibiting 

caspases and necroptosis was induced 

using TNF-α, was done in order to 

compare the cell death markers in 

infected cells. A) Caspase 3 was 

observed as a faint band of 55 kDa in 

the membrane fractions of infected 

cells. B) GAPDH was found in all 

samples, but only as faint bands in the 

membrane fractions. C) VDAC-1 was 

not found in the cytosol, indicating 

that mitochondria were still intact in 

infected cells. D) The phosphorylated 

form of MLKL was found in the 

membrane fraction of 5448-infected 

cells, but presence/absence could not 

be determined in 5448AP-infected 

cells. E) Mono-MLKL was not found 

in the infected samples. F) Poly-

MLKL was observed in all samples.  

D 

E 

F 

C 

B 

A 
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5. DISCUSSION  
Macrophages play a central role in the innate immune system, but due to the difficulty of 

accessing tissue-resident macrophages research relies on in vitro differentiation of human blood 

monocytes to obtain monocyte-derived macrophages. In this study, we established a protocol 

for isolating human monocytes from buffy coats. From a BC of approximately 50 ml we 

managed to isolate a fair amount of CD14 positive cells, and through flow cytometry we were 

able to confirm the purity of the samples. We then cultured the cells for a week in order to 

differentiate them into macrophages, with the stimulation of M-CSF. Over the days the cell 

population in each petri dish was seen shrinking from the initial plating, so some cells definitely 

perished during the week, but when it came to the harvest we ran into some technical issues. 

As cells would not detach by addition of cold PBS we moved on to using a specific cell 

detachment solution, Accutase, to lift the cells. The cells did indeed lift better, but not anywhere 

near all cells did, so mechanical detachment through scraping was still needed. A possible way 

to work around this might be increasing the incubation time with the Accutase. Another thing 

to try would be culturing the cells in flasks instead of petri dishes; then it could be possible to 

force the cells off after Accutase incubation by tapping the bottle against something to create a 

force lifting the cells. Further optimisation may focus on altering the differentiation stimulant 

used. The original protocol stated that 10 ng/ml M-CSF should be added to differentiate 

monocytes, but after increasing the amount to the double, the phenotype of the cells changed 

much faster and became more distinguished. Looking at other researchers’ work and protocols 

we have found that some use up to 100 ng/ml M-CFS (44,45). Using different factors other than 

M-CSF could be an alternative as well; G-MCF, IL-4 and IL-10 are commonly used to stimulate 

monocyte differentiation (46). Comparing the day 0 FACS data to the readings of day 7 we 

confirmed that the monocytes had indeed differentiated into macrophages, now expressing 

CD68. Future work with this protocol could develop further into using different markers for 

affirming the differentiation. CD16, CD71 and 25F9 have been proposed, and this could also 

help determine which exact type of macrophages we have got; M1-type or M2, d7 or something 

else? We have not looked at this aspect in this study, but a clue in the activation time of the 

macrophages at infection and capability of pathogen clearance might lie here.  

  

The GAS M1T1 clone is a globally disseminated serotype that has been the leading cause of 

pharyngitis as well as severe invasive GAS infections for several decades. Both 5448 and the 

hyperencapsulated mutant strain 5448AP replicate fast and at approximately the same speed, 

making manual work easy. In the killing assays, we infected macrophages with a bacterial load 

of 10 and 50 CFU per cell, respectively. 5448 initially increased in numbers before steadily 

dropping down. 5448AP showed a small increase in the beginning but did not decrease nearly 

as much as 5448. 5448 has an intact CovRS regulon, therefore the hypothesis is that this strain 

is readily phagocytosed by the macrophages, but as macrophages seemingly needs time to 

activate the bacteria could replicate within the cytosol of the cells. Intracellular and cytosolic 

replication of GAS in macrophages has been reported in studies by O’Neill et al. (36), 

strengthening our hypothesis. The fact that the mutant strain did not decrease at the same rate 

as the M1T1 clone clearly shows the effect of hyperencapsulation in 5448AP. The bacterial 

capsule blocks both complement-dependent phagocytosis and well as phagocytosis independent 

of complement factors, thus the mutant gives a good comparison to the common M1T1 clone. 

In our experiments, we only managed to have 30 minutes, 2 hours and 4 hours as time points 

looking at the bacterial survival, but experiments with longer incubation times are needed to 

study the antimicrobial function of macrophages. It might also be worth studying macrophage 

killing of bacteria with cells that have been stimulated with factors such as TNF-α or LPS prior 

to infection. Looking at the results we noticed that macrophages overall performed better at 

MOI 50:1. It is possible that when aiming for an MOI 10:1 the effects of pipetting error cause 
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such large differences between experiments compared to MOI 50:1. Alternatively, a higher 

bacterial number may provide the appropriate stimulation to activate macrophages. These data 

emphasize the importance of studying the growth of the pathogen and its kinetics. Nevertheless, 

a trend in survival of macrophage killing between the two strains was clearly demonstrated, 

although no statistical significance was found. Could an actual significance have been found, 

but lost in statistics due to a few experiments being deviant, with a little too big difference in 

bacterial load? Looking at CFU-control there was indeed a couple of times the CFU/ml was not 

what had been aimed for, but in general controls showed that we should not have been off the 

mark. So, could the variability shown have been due to donor variability then, that the cells 

actually performed differently? It could be that more experiments are needed. On the other 

hand, trying to get enough replications only to “hide” data that is hindering a significance to be 

reached will not make the difference significant either.    

  

The measurement of ROS production of macrophages during infection was a handful of times 

at each MOI, and no significant data was recorded. Comparing to studies with neutrophils and 

PMNs the macrophages actually produced a lot less ROS than the other types of immune cells 

(41). This is not entirely unexpected. Macrophages are resident in tissues, specified for each 

tissue in order to stand guard at all times, and as a guard the purpose is to sound the alarm 

during damage or invasion and call in the knights to battle (8). The permanent residence in the 

tissues along with recruiting immune cells and directing the protective measures might hint to 

that being a major producer of ROS is not the task of macrophages. It would be interesting to 

see if macrophages activated prior to infection would generate a different ROS response.  

  

In the western blots, we could see that caspase 3 was present, although faint, in the membrane 

fractions of both 5448-infected cells and cells infected with 5448AP. Caspase 3 is a typical 

marker for apoptosis, circulating in the cytosol as pro-caspase 3 and only becoming activated 

during apoptosis, in the apoptosome-initiated caspase activation cascade (47). Finding GAPDH 

in the membrane fraction of infected cells support that apoptosis was indeed initiated, as the 

enzyme otherwise is cytosolic and should not be bound to the membranes or organelles (48). 

However, phosphorylated MLKL was also observed in the blot, in the membrane fractions. The 

cascade that is initiated during the pro-inflammatory necroptosis will induce RIPK3-mediated 

phosphorylation of cytosolic MLKL (49). The phosphorylated protein will then bind to the 

cellular membranes and trigger ion fluxes that rupture the organelles and the cell. This may 

indicate that GAS induce multiple forms of cell death within macrophages. Unfortunately, the 

experiment was only performed once, so no solid conclusions can be drawn. But not finding 

VDAC in the cytosol implies that mitochondria, and thus probably other organelles as well, 

were still intact, that the cell death had only been initiated (50). Future studies should consider 

increasing incubation times. 6 hours are used in order to give PMNs the time they need to reach 

at least 40% cell death, so with the data from the killing assays showing much better 

macrophage performance at 4h compared to 30 minutes we concluded that the macrophages 

would need at least 8 hours. Going from there to 10 and 12, and maybe even up to 16 and 24 

hours, would be the next step in investigating the cell death response caused by GAS infection.   

  

More research is needed in the field of GAS infections in order to understand the innate immune 

response against the pathogen, and to reveal the role of macrophages in clearing of GAS. If we 

can understand which cues are needed to elicit a successful attack on GAS we may be able to 

find novel drug targets as well as key components to create a working vaccine.   
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6. POPULAR SUMMARY  
Many have experienced the discomfort of a strep throat; a fairly common infection that affects 

all age groups and sometimes requires an antibiotic treatment. However, the causative 

bacterium has a spectrum of disease that is far broader, causing many different diseases that 

can easily go from mild to life-threatening. Group A streptococcus (GAS) is a globally spread 

bacterium that cause over 500,000 deaths yearly and has been ranked by the World Health 

Organisation as the ninth leading infectious cause of human mortality. GAS is still sensitive to 

the antibiotic penicillin, but there is no vaccine available, GAS comes in so many variants and 

are able to change their structure that so far it has been impossible to create a safe and functional 

vaccine. When infected with GAS the non-specific immune system, the part that needs no prior 

knowledge about the microbe, kicks in to clear the infection. Several different cell types with 

different attributes activate to kill the bacteria. Out of these, a specific group of cells called 

macrophages have been of interest to us. Present in all tissues at all times, these cells act both 

as cleaners of debris from dying cells and as guards looking out for any foreign substances, 

calling out to the rest of the immune system in the case of an infection.   

  

We wanted to look into the mechanisms macrophages use when they encounter GAS, how 

effective they are at killing the bacteria and what type of signals they send out. GAS has a wide 

arrange of different strategies to avoid the immune system, so just as many mechanisms are 

required to fight it. Immune cells fight bacteria not only by sending out molecules that are toxic 

to the bacterium, but mainly through eating the bacteria and destroying them from the inside of 

the cell. However, sometimes bacteria can escape the trap inside the immune cells and actually 

thrive and replicate within the protective environment of the cell. Thus, an important part of the 

cell biology is to kill itself, destroying the bacteria’s newfound home and alerting other immune 

cells. However, if done the wrong way an uncontrolled cascade of stimulation of the immune 

system can be started which can lead to even more severe diseases.  This was the second thing 

we examined; what type of cell death GAS will cause in macrophages. In order to obtain the 

cells, we isolated an immature form of macrophages, called monocytes, from human blood. 

These were stimulated for a week, so they would mature into macrophages. We then infected 

the macrophages with two types of GAS, one strain that is very common in human disease, 

5448, and one strain that is a mutant version, 5448AP, which has a heavy protection in form of 

a thick capsule, an armour repelling the immune system. We could see that 5448 in the 

beginning of the infection increased in numbers, which we believe were because of replication 

inside the cells, but then they were efficiently killed. 5448AP did not increase as much as 5448 

did, but it was not killed as efficiently by the macrophages either.   

  

When we looked at how macrophages responded to GAS infection with the production of 

reactive oxygen species (ROS), a set of chemicals that damages the microbe, we saw that 

although ROS was produced, the reaction was the same against both types of GAS, and it was 

not in nearly as elevated levels as seen by other immune cells. We believe this confirms the 

macrophage’s role as a guard more than a fighter. Finally, we moved on to what type of cell 

death was induced in macrophages when infected. We found markers for both pro-

inflammatory and anti-inflammatory cell death, which might be affected by how many bacteria 

each specific cell had engulfed; we do not know. More experiments will be needed in order to 

discover the exact details of the infection process in macrophages; to see which molecules that 

macrophages recognise GAS by, which signals the cells send to the immune system to activate 

a response and if the cell death response of macrophages is severe enough to elicit a reaction 

that worsens the disease. If we are able to find these molecules we could find new drug targets 

as well as finding proteins that could be used to create a vaccine against GAS.    
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APPENDIX 
 

1. Abbreviations  
AMP Antimicrobial peptide 

APC Allophycocyanin 

CFU Colony forming unit 

DAMP Danger associated molecular pattern 

DC Dendritic cell 

DCF Dichlorofluorescein   

FACS Fluorescence-activated cell sorting 

GAS Group A Streptococcus  

GM-CSF Granulocyte macrophage-colony stimulating factor 

LPS Lipopolysaccharide  

M-CSF Macrophage colony-stimulating factor 

MHC Major histocompatibility complex 

NET Neutrophil extracellular trap 

PAMP Pathogen associated molecular pattern 

PBMC Peripheral blood mononuclear cell 

PE Phycoerythrin 

PRR Pattern recognition receptor 

RIPK Receptor-interacting protein kinase 

SIC Streptococcal inhibitor of complement 

Ska Streptokinase 

STSS Streptococcal toxic shock syndrome 

THY  Todd-Hewitt broth with yeast extract 

WHO World Health Organisation 
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2. Flow cytometry gating strategy 
 

 
 

 
Figure A: Gating strategy for flow cytometry of monocytes day 0 after isolation and day 7 after differentiation. 

1-2) Pulse geometry gating in order to select singlet cells; measurement of pulse height, pulse width (time of 

flight), and pulse area in order to remove clumped cells. 3-4) Side- and forward scatter gate of singlet cells to 

identify cells of interest based on the relative size and complexity of the cells, while removing debris. 
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3. Buffers and medias 
 

Complete DMEM: 88% DMEM (high glucose), 10% foetal bovine serum, 1% L-

glutamine, 1% Penicillin-Streptomycin 

FACS buffer: MACS buffer, 10% foetal bovine serum 

MACS buffer: 1×PBS, 2mM EDTA and 5% foetal bovine serum (Sigma-Aldrich)  

MELB buffer: 20 mM Hepes (pH 7.5), 100 mM KCl, 2.5 mM MgCl2, and 100 

mM sucrose 

PBS:  1×PBS 

PBST:  1×PBS, 0.05% Tween 20 

THY:  Todd Hewitt broth, 1% yeast extract 

 

 

 


