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Abstract 

Background: One of the most ecologically complex environments in the human body is the 

oral cavity, where the balance between health and disease depends on complex interactions 

between the host and the microbiome. While in general the oral commensal streptococci, 

including Streptococcus gordonii are innocuous, it is evident that they contribute in the 

pathogenicity of periodontal disease by interaction with other periodontal pathogens. Oral 

streptococci are also capable of being causative agents on their own of systemic diseases such 

as endocarditis. Although phagocytes work as microbial assassins, many bacterial pathogens 

are able to avoid being killed, with some even being capable of surviving within immune 

cells. Indeed, our lab has found that S. gordonii is capable of survival within macrophages, 

with a role for both reactive oxygen species (ROS) resistance and an active ability to damage 

phagosomes in this survival. We find that S. gordonii DL1 is able to survive and evade 

macrophage killing once phagocytosed by expressing ROS resistant pathogenicity factors. 

Aim: A number of genes with ROS resistance roles are known for S. gordonii. With this 

project, the aim was to determine the importance of a number of these genes in the ability of 

S. gordonii to survive within activated (M1) macrophages. 

Materials and Methods: RAW264.7 macrophages were activated overnight with 100 µg/ml 

IFN-γ followed by stimulation with 0.1 µg/ml lipopolysaccharide (LPS) for 2 hours, 

producing a macrophage with M1 phenotype characteristics (which produce phagosomes 

with extended ROS production and concurrent delayed acidification). The S. gordonii uptake 

and intracellular clearance capability of these macrophages was determined by an antibiotic 

protection-based assay and S. gordonii gene mutants were tested with a H2O2 killing assay. 

Results: S. gordonii DL1 has the capability to survive within macrophage at higher rates than 

non-pathogenic SK12 and DL1 with mutations in ROS resistant gene products. It was also 

found that there were no significant differences between S. gordonii DL1 and another 

pathogenic S. gordonii strains, 38 and CH1 as well as the non-pathogenic strain SK9, with 

them all surviving in cells surviving within macrophages at similar rates for two hours post 

phagocytosis as DL1. 

Conclusion: These results confirm that ROS resistance genes of S. gordonii are indeed 

essential to allow for enhanced bacterial survival within activated macrophages. The results 

also highlight that while ROS resistance leads to increased survival within phagosomes, it is 

likely not the only factor allowing S. gordonii to act as a pathogen. 
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Introduction: 

The first line of defense in humans against invading pathogens, toxins, allergens and other 

pathogenic microorganisms is their immune system. The immune system has been evolving 

for many years and depends on self-tolerance, which is the ability to recognize pathogens or 

toxins that are distinct from itself [1]. The immune system is classified into two subsystems: 

innate immunity which has germline encoded receptors and is composed of physical barriers, 

molecules and innate cells such as macrophages. The adaptive immune system involves 

antigen specific receptors and the generation of antigen specific antibodies [2-4]. 

One of the critical components of innate immunity contributing to the defense against 

pathogens is phagocytosis by the professional phagocytes (neutrophils, macrophages and 

dendritic cells) [5]. Phagocytosis is defined as ingestion of particles ³ 0.5 µm in diameter, 

first described by Eli Metchnikoff in the last century. The phagocytic process starts by the 

engagement of cell surface receptors that identify ligands exposed by target particles [6]. 

Neutrophils and macrophages are an important part of innate immunity, that can internalize 

both opsonized and non-opsonized articles and are generally the first immune cells to interact 

with pathogens [7, 8]. They are very efficient in the killing of bacteria through acidification 

of phagosome, production of oxidative reactive species (ROS) and expression of 

antimicrobial proteins [9]. They display a large diversity of phenotypes that allows them to 

have multiple functions such as sensor for pathogens, cytokines producers, tissue repair and 

the internalization and killing of invading microbes [10]. It is important to note that 

macrophages are characterized by their plasticity and polarization in a ‘sliding scale’ between 

two extreme phenotypes: classically activated macrophages M1 which increase ROS 
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production and microbicidal activity, and alternatively activated M2 macrophages which are 

associated with inflammation resolution and tissue repair, and have phagosomes that undergo 

rapid acidification for digesting apoptotic cells in an immune silent manner [11, 12]. 

Despite the necessity of phagocytes as defense mechanism in our immune system, they can 

also play a significant role in the pathology of disease. This is especially true in chronic 

inflammatory diseases such as periodontal disease and infective endocarditis [13, 14]. 

Periodontal disease, an oral inflammatory disorder that is initiated by gram negative bacteria 

and affects tooth supporting structures, is one of the most common chronic diseases in 

humans. It is classified into gingivitis, which is infection of gingivae, and periodontitis when 

the infection progresses to the underlying supportive structure of the tooth [15]. There are 

many forms of periodontal disease according to their level of destruction, ranging from 

chronic periodontitis, localized aggressive periodontitis and generalized chronic periodontitis. 

If severe forms are left untreated they can cause systemic complications in up to 15% of the 

population [16]. 

Infective endocarditis (IE) is an infection of the heart caused by bacteria that enter the 

bloodstream and settle in the heart lining (endocardium), a heart valve or a blood vessel. It 

can affect one or more valves in the heart. It has been classified into acute or chronic 

according to its severity and has high morbidity rate, up to 40 % [17, 18]. In both periodontal 

disease and infective endocarditis, normally commensal oral bacteria, including 

Streptococcus gordonii, are important in the development of disease [19, 20]. 

2 



  

        

           

            

          

        

              

           

        

           

        

 

         

          

            

       

            

             

           

           

  

 

         

            

            

           

Many human commensal microbiota play important roles in development and progression of 

inflammatory diseases. It is evident that the oral commensal streptococcus group, and more 

specifically S. gordonii a member of the mitis group of viridans streptococci that colonizes 

biofilms on the tooth surface, contribute to the pathogenicity of periodontal disease by 

interaction with other periodontal pathogens [21, 22] while during endocarditis they can act 

alone. Though many of the details on how S. gordonii escape from phagocytes are poorly 

understood, a determinant of development of infective endocarditis is by their ability to 

survive destruction by phagocytes [23-25]. Furthermore, the ability of commensal microbes 

to switch from non-pathogenic nature to pathogenic depends on addition, or deletion, of their 

metabolic capabilities that results in a disruption of homeostasis [26]. 

Although phagocytes work as microbial assassins, many bacterial pathogens are capable of 

avoiding being killed, with some even being capable of surviving within the immune cells 

[10]. Avoidance of killing by phagocytes plays a crucial factor in the development of 

endocarditis, as shown in an infective endocarditis in animal model [24]. By using 

S. gordonii strains with (DL1) and without (SK12) pathogenicity in the rat endocarditis 

model, earlier work showed that despite both strains being able to bind platelets as effectively 

(also an important virulence factor) [27], SK12 was unable to cause infective endocarditis as 

effectively as DL1 strain due in part to the latter’s ability to avoid phagocytic cell killing 

[24]. 

Phagocytes use many techniques to kill microbes, including through the production of 

reactive oxidative species (ROS) via the NADPH oxidase (NOX2) complex, acidification of 

the phagosome and the production of a myriad of degradative enzymes [28]. While earlier 

studies showed the ability of pathogenic S. gordonii to survive in the presence of phagocytes, 

3 



  

             

          

               

       

        

           

 

              

             

              

            

       

            

         

           

           

         

       

         

           

       

          

        

           

          

studies in our lab have shown that S. gordonii DL1 is capable of surviving within 

macrophages at a significantly higher rate than SK12, a strain without pathogenic potential 

[29]. It was found that a large part of this differential ability of the S. gordonii strains to 

survive within macrophage depends on their ability to resist phagosomal ROS, with both the 

high production of ROS by activated (M1) macrophages, and the enhanced ROS resistance 

capabilities of S. gordonii DL1 being required for maximum survival of the bacterium. 

ROS resistance is an essential component of S. gordonii, as the bacterium produces H2O2 as 

part of its normal metabolism and must deal with the reactive oxygen stress. Indeed, 

S. gordonii produces more H2O2 than any other species in the mouth and has a number of 

ROS resistance mechanisms [30]. For instance, SodA, a manganese dependent superoxide 

dismutase, catalyzes the conversion of superoxide radicals to hydrogen peroxide and 

molecular oxygen [31, 32] and S. gordonii increases expression of SodA under oxidative 

stress and inactivation of the gene results in susceptibility to molecular oxygen, superoxides, 

and hydrogen peroxide [33]. It is also clear that ROS resistance genes can be significant 

virulence factors. For example, in S. pneumoniae which is a member of the human 

nasopharyngeal microbiota, but can also cause serious diseases, such as pneumonia, otitis 

media, meningitis, and bacteremia, especially among children, the elderly, and 

immunocompromised individuals [31] SodA is important for growth under aerobic 

conditions and required for full virulence of intranasal infection [34]. Thiol peroxidase (Tpx) 

is also important for adapting to highly oxidative environments by scavenging and clearing 

exogenous hydrogen peroxide [34, 35]. It is an enzyme complex that uses thioredoxin and 

thioredoxin reductase to reduce alkyl hydroperoxides to H2O and an alcohol, and can convert 

H2O2 to H2O [36]. When Tpx is depleted in S. pneumoniae the bacteria have decreased 

oxidative stress resistance and decreased virulence with intranasal infection [31, 35]. Tpx is 

4 
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also upregulated under oxidative conditions in S. gordonii and deletion of the gene resulted in 

increased susceptibility to hydrogen peroxide, but not molecular oxygen or superoxides [37]. 

Moreover, SodA+Tpx is involved in the adjustment of H2O2 homeostasis in the cell [31, 34]. 

Earlier work in our lab, using qPCR, showed that S. gordonii SK12 has reduced levels of 

expression of SodA, Tpx as compared to DL1 (Figure 1). 

Figure 1. Representative experiment showing relative quantities of gene expression 
determined by qPCR of ROS resistance genes in S. gordonii strains DL1 and SK12. 
qPCR consistently detects no significant expression of HtrA in SK12, while SodA and 
Tpx are generally lower. MatA, NoxA and ScaA expression are not consistently 
different between strains. Shown is one representative of four independent experiments 
performed of RNA isolation after bacterial exposure to sublethal levels (2.5 mM) H2O2. 
Courtesy Andrew Croft 

Additionally, the gene heat shock-induced serine proteases (HtrA) was found to be not 

expressed at all in SK12 (Figure 1). HtrA is also virulence factor of S. pneumoniae, the 

deletion of which decreases the ability of S. pneumoniae to grow at high temperatures, resist 

oxidative stress and to undergo genetic transformation and completely eliminated its 

virulence in mouse models of pneumonia and bacteremia [38]. 

5 



  

           

         

              

        

           

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We have shown that increased resistance to ROS is at least partly responsible for making 

S. gordonii DL1 better suited for phagosomal survival than the non-pathogenic SK12[29]. 

Our hypothesis is that a number of genes important for ROS resistance, either known in 

S. gordonii, or based on homology to known genes in S. pneumoniae, including HtrA, SodA, 

and Tpx, are also important in allowing S. gordonii to survive and evade killing once 

phagocytosed by activated macrophages. 
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Aim of the study: 

The capability of S. gordonii to survive within macrophages depends on correlation between 

phagosomal ROS production characteristics of macrophages, which can vary depending on 

the macrophage activation profile, and the ROS resistance capabilities of S. gordonii. 

The aim of this study was to determine the role of a number of gene products of S. gordonii 

with reported roles in reactive oxygen resistance in the ability of the bacterium to survive 

within activated macrophages. 

7 



  

    

 

 

            
     

             
              

 
 

       
     

    
     

     
    

     
 
 

 

  

        

             

        

      

        

        

 

    

            

         

       

Materials and Methods: 

Bacteria. 

The S. gordonii strains used in this study were gifts from Drs. Stefan Ruhl (University at 
Buffalo), Meg Vickerman (University at Buffalo) and Howard Jenkinson (University of 
Bristol). An HtrA gene knockout (HtrA-) was made in our lab by Andrew Croft in the 
parental wildtype strain DL1. The bacterial strain origins used in this study are listed in Table 
1. 

TABLE 1. Origins of S. gordonii strains 
Strain Isolated from Reference 
DL1 IE, human [24] 
SK12 Oral cavity, human [39] 
SK9 Oral cavity, human [39] 
CH1 IE, human [40] 
38 Oral cavity, human [39] 

Cell culture. 

RAW264.7 macrophages were obtained from ATCC and grown in RPMI (Lonza) with 

2mM L-glutamine (Corning) at 37 °C in 5% CO2. Prior to phagocytosis experiments, the 

RAW264.7 macrophages were activated overnight with 100 µg/ml IFN-γ followed by 

stimulation with 0.1 µg/ml lipopolysaccharide (LPS) (from Salmonella enterica serotype 

Minnesota Re595 (Sigma-Aldrich)) for 2 hours, producing a macrophage with M1 phenotype 

characteristics (higher phagosomal ROS and delayed acidification) [28, 41]. 

Bacterial culture and phagocyte killing assays. 

S. gordonii were grown in Todd Hewitt Broth (THB) media at 37 °C. For all experiments, 

unless otherwise noted, bacterial cultures were grown to mid-log phase and then sonicated for 

40 seconds to break bacterial chains into individual bacteria. 

8 



  

        

           

             

           

          

     

           

                

          

             

       

 

            

           

        

        

             

 

   

          

       

           

        

       

 

The intracellular survival capability of S. gordonii was determined by a gentamycin 

protection assay. After adding bacteria to the macrophages (MOI 5:1) and an initial 

centrifugation step to bring bacteria into contact with the macrophages (2250 x g for one 

minute), they were co-incubated for 30 minutes at 37°C. The macrophages were then washed 

extensively with PBS to remove external bacteria then incubated for 30 minutes in normal 

growth media supplemented with 75 µg/ml gentamicin to ensure any remaining external 

bacteria were killed. The cells were then washed to remove antibiotics and further incubated 

for 90 minutes without the presence of gentamicin to minimize the uptake of the antibiotic by 

the macrophages. Cells were then lysed with sterile distilled water, serial diluted and plated 

onto THB agar plates. After growth at 37°C for two days, colony forming units (CFU) were 

determined and the number of ‘surviving bacteria’ per condition was calculated. 

To determine the phagocytic rate of the bacteria by macrophages, additional wells of 

macrophages were incubated with bacteria as above for 30 minutes, but then after extensive 

washing with PBS were lysed with water and serial plated on THB agar plates to determine 

an initial ‘phagocytosed bacteria’ count (which will also include tightly bound external 

bacteria, but which make up a minority of bacteria on macrophages after 30 minutes of 

uptake). 

The percent survival of bacteria was calculated by dividing the average number of ‘surviving 

bacteria’ after two hours post-phagocytosis by the average calculated ‘phagocytosed bacteria’ 

(i.e., ‘surviving bacteria’ / ‘phagocytosed bacteria’ x 100). When the percent survival is 

calculated by incorporating the phagocytic index for each experiment as described above, this 

takes into account any changes in phagocytosis rate between conditions. 

9 



  

 

   

          

        

         

            

           

  

 

  

       

         

     

H2O2 killing assays. 

Overnight cultures of S. gordonii were sub-cultured and grown to mid-log phase (OD600 of 

0.1), were centrifuged 2250 x g for 10 min to spin down bacteria and re-suspend them in 

dH2O. Afterwards, bacteria were added to dH2O with and without 1% H2O2 and they were 

serial diluted and plated in different time points (0, 30 min, 60 min and 90 min) onto THB 

agar plates. Percent survival was calculated based on the number of CFUs in dH2O with 

H2O2 compared to dH2O alone. 

Statistical Analysis. 

All statistical analyses were performed with Prism v7 (GraphPad Software, 

Inc.). Individual statistical tests used are described in Figure legends, with a 

significance level a=0.05. 
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Results: 

S. gordonii survives within macrophages in a ROS resistance-dependent manner. 

To compare the phagocytic and killing ability of macrophages and S. gordonii survival 

capability within macrophages, gentamycin protection was performed as described in 

methods. Initial results confirmed our lab’s previous study showing that S. gordonii DL1 

strain which can be a causative agent of endocarditis [29] was capable to survive within INF-

g and LPS activated RAW264.7, which increases phagosomal ROS production of 

macrophages [42-44], at higher rates than non-pathogenic (in the rat endocarditis model) 

SK12 (Figure 2). 

Figure 2. S. gordonii DL1 has increased survival within macrophages (RAW 264.7) for two hours post phagocytosis over S. 

gordonii SK12. MOI = 5. Mean ±	 SEM., n = 6. P values resulting from unpaired t-test. 
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Next, we tested a number of S. gordonii DL1 bacteria with mutations in ROS resistant gene 

products, specifically those that had been found earlier in our lab to be expressed at lower 

levels in SK12: single mutations in SodA, Tpx and HtrA, as well as a double mutant of SodA 

and Tpx. (HtrA was produced by Andrew Croft in our lab, with the remaining a gift from Dr. 

Howard Jenkinson, University of Bristol, UK). Initial testing was done on the SodA, Tpx and 

SodA/Tpx double mutant as these strains are known to be sensitive to ROS [33]. When tested 

in our phagosomal survival assay we found all 3 of the mutants survived at significantly 

lower rates than the wild-type DL1 (Figure 3a,b,c). 
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Figure 3. S. gordonii DL1 has increased survival within macrophages (RAW 264.7) for two hours post phagocytosis over 

ROS resistance genes mutants (SodA-, Tpx- and SodA- +Tpx-) (a) S. gordonii strains DL1 or Tpx- surviving within 

macrophages (b) S. gordonii strains DL1 or SodA- surviving within macrophages (c) S. gordonii strains DL1 or SodA-&Tpx-

surviving within macrophages. MOI = 5. Mean ±	 SEM., n = 6. P values resulting from unpaired t-test. 

Before testing the HtrA mutant in the phagocytosis assay, initial tests were performed to 

confirm that this mutant, which was made in our lab, is sensitive to ROS. Figure 4 shows that 

with increasing H2O2 incubation, the HtrA mutant survival, while decreasing at a slightly 

greater rate than wild-type (DL1), is not significantly more sensitive to H2O2 in this assay. 

Figure 4. Wild-type DL1 or mutant of DL1 in indicated gene(s): (HtrA, SodA&Tpx) S. gordonii survival in presence of 1 % 

H2O2 after 30,60,90 min. Mean ±	 SEM, n = 3. * indicate significant difference (p < 0.0001) by Two-Way ANOVA with 

Dunnett multiple comparisons test. 

While the HtrA mutant is not significantly more sensitive to H2O2 than DL1, we also tested it 

in the phagosomal survival assay (Figure 5) and found that in this situation it is significantly 

less capable of surviving within macrophages than DL1. 
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Figure 5. S. gordonii DL1 has increased survival within macrophages (RAW 264.7) for two hours post phagocytosis over 
HtrA- strain. MOI = 5. Mean ±	 SEM., n = 6. P values resulting from unpaired t-test. 

Resistance to phagocytic killing, including killing by phagosomal ROS, is an important 

pathogenicity factor of S. gordonii in endocarditis [24, 29]. To begin to understand how 

important this phagocytic resistance is in S. gordonii additional pathogenic and non-

pathogenic strains, as determined by earlier animal endocarditis studies [24]. Unsurprisingly, 

we found that there were no significant differences between S. gordonii DL1 and other 

pathogenic S. gordonii strains 38 and CH1 (Figure 6 a,b). However intriguingly, we found 

that non-pathogenic strain SK9 also showed no significant differences in survival from DL1 

within activated macrophages with them all surviving in cells surviving within macrophages 

at similar rates for after two hours post phagocytosis (Figure 7). 
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Figure 6. S. gordonii DL1 survival within macrophages (RAW 264.7) for two hours post phagocytosis at the same rate with 
38 and CH1 pathogenic strains. (a) S. gordonii strains DL1 or CH1 surviving within macrophages (b) S. gordonii strains DL1 
or 38 surviving within macrophages. MOI = 5. Mean ±	 SEM., n = 6. P values resulting from unpaired t-test. 

Figure 7. S. gordonii DL1 survival within macrophages (RAW 264.7) for two hours post phagocytosis at the same rate with 

S. gordonii SK9. MOI = 5. Mean ±	 SEM., n = 6. P values resulting from unpaired t-test. 
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Discussion and Conclusion 

Phagocytosis and phagosome maturation are key processes in innate immunity [45]. The 

capability of a phagosome to eliminate invading pathogens depends on the phagocyte’s 

ability to produce a toxic environment by production of ROS, expression of antimicrobial 

proteins, acidification of the phagosome and production of multiple degradative enzymes [9, 

10, 28]. Previous studies investigating the role of phagocytes in the ability S. gordonii to 

cause the systemic disease endocarditis have shown resistance to phagocytic killing [24], and 

our lab has shown a role for resistance to ROS by the bacterium in its ability to survive 

within activated macrophages[29]. The purpose of this study was to determine the importance 

of a number of genes with ROS-resistance related functions in the ability of the bacterium to 

survive within activated macrophages. 

ROS is produced by oral streptococci as part of their normal metabolism in the form of H2O2 

[46, 47] and has been suggested to play a bacteriostatic role against other bacteria in oral 

biofilms [48, 49]. It stands to reason then that S. gordonii has a strong capacity to resist ROS 

damage. Surely, S. gordonii increases expression of SodA and Tpx under oxidative stress and 

inactivation of the genes result in increased susceptibility to hydrogen peroxide [33, 37]. 

Moreover, SodA and Tpx are involved in the adjustment of H2O2 homeostasis in the cell [31, 

34]. The results from this study indicate that these genes, known to be important for ROS 

resistance in S. gordonii, are also critically important for allowing the bacterium to survive 

within activated macrophages. 
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Our lab has also found evidence that the non-pathogenic S. gordonii strain SK12 has reduced 

expression of the homologue of the S. pneumoniae gene HtrA (Figure 1). The deletion of this 

gene in S. pneumoniae decreases its ability to grow at high temperatures, resist oxidative 

stress, and completely eliminates its virulence in mouse models of pneumonia and bacteremia 

[38]. Using a new S. gordonii HtrA- mutant made in our lab from the parental strain DL1, 

initial tests were performed to determine if the mutant had increased susceptibility to ROS 

stress in the form of H2O2 (Figure 4). Although the findings here showed no significant 

difference in ROS sensitivity of the HtrA mutant as compared to the parental DL1, the 

mutant had a significantly reduced ability to survive within activated macrophages (Figure 5). 

This suggests that while HtrA is important for surviving the stress of a phagosome, it may not 

play as significant role in direct H2O2 resistance in S. gordonii as the homologue in 

S. pneumoniae. Alternatively, HtrA may confer resistance to other reactive species produced 

within the phagosome that were not tested here, such as superoxide, or possibly reactive 

nitrogen species. 

In addition to DL1, multiple S. gordonii strains capable of causing IE in rat models can avoid 

phagocytic destruction, while some without pathogenic potential appear more susceptible 

[24, 40]. We began testing here additional strains of S. gordonii for survival within activated 

macrophages with gentamicin protection assays. We found that there was no significant 

difference between S. gordonii strain DL1 and strains CH1 and 38, suggesting the ability to 

survive within activated macrophages may be a consistent pathogenic property for the 

bacterium. 
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We also tested strain SK9, which is not pathogenic in a rat model and was reported to resist 

killing by phagocytic cells [24]. Despite the non-pathogenic nature of this S. gordonii strain, 

we found that it can survive within activated macrophages at similar rates for two hours post 

phagocytosis as DL1. There are two main differences between the previous study indicating 

reduced survival of SK9 and this study. The first is that the previous study used neutrophils 

instead of macrophages as the phagocytic cell, and second, the previous study looked at both 

internal and external survival of bacteria while in this study we examine only internal 

(phagosomal) killing. It is possible that SK9 is more susceptible to extracellular killing by 

phagocytes rather than phagosomal killing, which is a potential area for future study of this 

overall project. 

In conclusion, this study has shown that a number of genes related to ROS resistance in 

S. gordonii, namely SodA, Tpx and HtrA, are important in allowing the bacterium to survive 

within activated (M1) macrophages. The results obtained here indicate a specific role of ROS 

resistance genes of S. gordonii have a crucial factor in evading phagocytic death and build 

upon earlier results from within our lab suggesting that changes in ROS production by 

macrophages, and the response to the ROS by S. gordonii, lead to differences in survival 

within the macrophage[29]. However, more studies are required to better understand 

different mechanistic details on how S. gordonii surviving uptake within macrophages. 

Further studies are also required to understand other mechanistic details of resistance to 

phagosomal escape and survival of the bacterium, and to determine the relative importance of 

external resistance and internal resistance to phagocyte killing. 
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