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Streptococcus mutans is one of an estimated 700 prokaryote species that are recognised as
constituents of the oral microbiota *. S. mutans is exclusively found as a member of the
polymicrobial biofilm communities that comprise dental plaque 2, and is perhaps most notorious as
the first bacterium to be identified as a major aetiological agent of dental caries (tooth decay) °. The
incidence of this disease has declined with the introduction of population-based prevention
measures *. Nonetheless, dental caries remains one of the most ubiquitous bacterial infections of

humans and represents a significant financial burden to the healthcare system *°.

S. mutans and several other streptococcal species that commonly inhabit the oral cavity are
collectively known as the ‘viridans group’ streptococci and together can comprise up to 80% of early
dental plaque "%, Outside of the oral niche, however, this group of bacteria is also particularly
recognised for its association with heart condition infective endocarditis (IE). Together with
staphylococci and enterococci, the viridans group streptococci account for 80-90% of all IE cases °.
Whilst relatively rare (3-10 cases per 100,000 individuals), the one year mortality rate for this
infection of the heart valves remains at ca. 30%, with treatment options frequently incorporating
surgery and long-term administration of antibiotics '°. Given the current crisis of increasing incidence
in antibiotic resistance within the global microbial population **, there is considerable pressure to
devise alternative treatment strategies for IE. To achieve this, however, greater understanding of the

pathogenic mechanisms that underpin this disease is required.
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For the viridans group streptococci, the initial step in IE pathogenesis is bacterial entry into the

bloodstream. Such transient bacteraemias arise following disruption of the oral mucosae, often

simply as a result of daily practices (e.g. toothbrushing, flossing) *™°

. Upon transiting from the oral
cavity to the cardiovascular system, these streptococci must then adhere to the endothelium of the
heart valves, where they promote deposition of fibrin and blood platelets to form an infective

1817 In this issue, Freires et al. *® utilise a surrogate host expression system to

vegetation (clot)
demonstrate that S. mutans surface adhesin Cnm (collagen-binding protein of S. mutans) is essential

for this process.

Strains of S. mutans can be divided across four capsular polysaccharide serotypes (c, e, f and k), of

which serotype c is the most prevalent within the oral niche *>*°

. Serotypes e, f and k have been
found to express Cnm or the closely-related collagen-binding protein Cbm. By contrast, serotype ¢
strains, which comprise ca. 75% of isolates, typically lack the cnm locus ****. Intriguingly, the less
abundant serotypes are highly overrepresented among isolates associated with S. mutans extra-oral

infections 2> %

. This disparity in distribution provided some of the first evidence that such collagen-
binding adhesins may make a critical contribution to the capacity for S. mutans to cause systemic
disease. Cnm has been shown to promote attachment to extracellular matrix (ECM) proteins

21, 25,27-29

collagen (types |, II, lll and IV) and laminin , and to facilitate invasion of cardiac endothelial

cells %%

. The role of Cnm as a potential virulence factor was also demonstrated using the Galleria
mellonella wax worm model of systemic infection %*>°. Such studies were primarily performed using
S. mutans Acnm knockout mutants and corresponding complemented strains. However,
Streptococcus bacteria are notorious for exhibiting adhesin redundancy ***2. This feature likely
contributes to the overwhelming success of these bacteria as host colonisers, but can make it

challenging to unequivocally ascribe an adhesive function(s) to a specific protein. One way to

address this issue is to utilise a heterologous expression system and a successful strain for which
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there is precedent with Streptococcus proteins is Lactococcus lactis >*3®

. As a Gram-positive coccus,
L. lactis shares many of the systems required for surface protein export and display and yet, as a
dairy industry starter microorganism, it lacks capacity to interact strongly with human cells and

tissues *. Consequently, L. lactis can serve as an excellent ‘blank canvas’ with which gain of function

can be explored following expression of a heterologous protein.

Using L. lactis expressing Cnm, Freires et al. ® demonstrate unambiguously that this adhesin
mediates adhesion to ECM components collagen type | and laminin, by both direct whole cell
binding assays and complementary inhibition studies using anti-Cnm serum. Cnm is also shown to
confer capacity to invade human coronary artery endothelial cells (HCAEC), and Cnm* L. lactis
exhibits significantly enhanced virulence using the G. mellonella model of systemic disease
compared to parent strain. Additionally, in contrast to parent strain, L. lactis expressing Cnm is able
to bind freshly extirpated human aortic valve tissue. Evidence suggests that one way IE might be
initiated is through adherence of viridans group streptococci to exposed ECM proteins of damaged
heart valves *°. The SEM images shown in Freires et al. *® support this mechanism, with bacterial
adhesion to collagenous fibrils present in areas of damage clearly visible. Nonetheless, this study
also presents examples of binding to supposedly intact endothelium. Such observations are of
interest, as they imply that Cnm may also facilitate recognition of endothelial receptors. Direct
binding to endothelial cell lines in vitro has been demonstrated previously for Streptococcus bacteria
414 but this has yet to be considered as a potential mechanism in IE. Such a possibility is worthy of

investigation in future studies.

Evidence of a role for specific streptococcal adhesins in IE has proven difficult to obtain using animal
models, possibly reflecting the challenge posed by adhesin redundancy and/or the capacity for
bacteria to utilise multiple mechanisms. The most striking example of this perhaps was seen for

viridans group member Streptococcus sanguinis, for which no single deletion of any of its 33 surface
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(LPxTG-anchored) proteins significantly affected IE outcome **. Again, this is where a surrogate host
can offer advantages. Using a rabbit model of IE in which the animals are co-inoculated with both
parent and Cnm" L. lactis, Freires et al. *® show that Cnm confers a 67% increase in infectivity. This
serves to reinforce the proposed role of Chm as enabling initial contact and retention of S. mutans

with valve endocardium.

While surface expression of heterologous proteins can be successfully achieved with L. lactis, one
aspect that may not be faithfully reproduced is with posttranslational modifications such as
glycosylation. This can, however, in itself be informative. In S. mutans Cnm has been shown to be co-
transcribed with GT-A type glycosyltransferase PgfS, which appears to modify Cnm through O-
glycosylation of its threonine-rich B domain *°. Freires et al. ‘¥ show that this glycosylation does not
occur in L. lactis, resulting in expression of a lower MW variant of Cnm with greater susceptibility to
proteinase K degradation. Since Cnm"* L. lactis exhibits significant interactions with ECM proteins and
cardiac endothelium, these data indicate that it is the protein backbone rather than the sugar
modifications of Cnm that mediates its adhesive properties. Nonetheless, this study also provides
evidence that the stability conferred by O-glycosylation may be critical for Cnm-mediated adhesion
in vivo. Deciphering the precise contribution that O-glycosylation makes to the overall functionality

of Cnm in adhesion and pathogenesis again represent important areas for future research.

It is becoming increasingly evident that a diverse array of mechanisms are utilised by different
members of the viridans group streptococci to promote thrombosis and the progression of IE.
Studies such as these of Freires et al. *® are helping to advance understanding of this complex host-
microbe interplay and the development of new anti-infection strategies that might help move away

from the current complete reliance on antibiotics.

Disclosure of potential conflicts of interest



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

No potential conflicts of interest were disclosed.

References

10.

11.

Dewhirst FE, Chen T, Izard J, Paster BJ, Tanner AC, Yu WH, Lakshmanan A, Wade WG. The
human oral microbiome. J Bacteriol 2010; 192:5002-17.

Marsh PD. Microbial ecology of dental plaque and its significance in health and disease. Adv
Dent Res 1994; 8:263-71.

Loesche WJ. Role of Streptococcus mutans in human dental decay. Microbiol Rev 1986; 50:353-
80.

Iheozor-Ejiofor Z, Worthington HV, Walsh T, O'Malley L, Clarkson JE, Macey R, Alam R, Tugwell
P, Welch V, Glenny AM. Water fluoridation for the prevention of dental caries. Cochrane
Database Syst Rev 2015:Cd010856.

Bagramian RA, Garcia-Godoy F, Volpe AR. The global increase in dental caries. A pending public
health crisis. Am J Dent 2009; 22:3-8.

Collaborators GBoDS. Global, regional, and national incidence, prevalence, and years lived with
disability for 301 acute and chronic diseases and injuries in 188 countries, 1990-2013: A
systematic analysis for the global burden of disease study 2013. Lancet 2015; 386:743-800.
Diaz PI, Chalmers NI, Rickard AH, Kong C, Milburn CL, Palmer RJ, Jr., Kolenbrander PE. Molecular
characterization of subject-specific oral microflora during initial colonization of enamel. Appl
Environ Microbiol 2006; 72:2837-48.

Dige I, Nyengaard JR, Kilian M, Nyvad B. Application of stereological principles for quantification
of bacteria in intact dental biofilms. Oral Microbiol Immunol 2009; 24:69-75.

Que YA, Moreillon P. Infective endocarditis. Nat Rev Cardiol 2011; 8:322-36.

Cahill TJ, Prendergast BD. Current controversies in infective endocarditis. FI000Res 2015; 4.
Premanandh J, Samara BS, Mazen AN. Race against antimicrobial resistance requires

coordinated action - an overview. Front Microbiol 2015; 6:1536.



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Crasta K, Daly CG, Mitchell D, Curtis B, Stewart D, Heitz-Mayfield LJ. Bacteraemia due to dental
flossing. J Clin Periodontol 2009; 36:323-32.

Zhang W, Daly CG, Mitchell D, Curtis B. Incidence and magnitude of bacteraemia caused by
flossing and by scaling and root planing. J Clin Periodontol 2013; 40:41-52.

Mougeot FK, Saunders SE, Brennan MT, Lockhart PB. Associations between bacteremia from
oral sources and distant-site infections: Tooth brushing versus single tooth extraction. Oral Surg
Oral Med Oral Pathol Oral Radiol 2015; 119:430-5.

Lockhart PB, Brennan MT, Sasser HC, Fox PC, Paster BJ, Bahrani-Mougeot FK. Bacteremia
associated with toothbrushing and dental extraction. Circulation 2008; 117:3118-25.

Keane C, Petersen HJ, Tilley DO, Haworth J, Cox D, Jenkinson HF, Kerrigan SW. Multiple sites on
Streptococcus gordonii surface protein PadA bind to platelet GPIIbllla. Thromb Haemost 2013;
110:1278-87.

Kerrigan SW. The expanding field of platelet-bacterial interconnections. Platelets 2015; 26:293-
301.

Freires IA, Aviles-Reyes A, Kitten T, Simpson-Haidaris PJ, Swartz M, Knight PA, Rosalen PL, Lemos
JA, Abranches J. Heterologous expression of Streptococcus mutans Cnm in Lactococcus lactis
promotes intracellular invasion, adhesion to human cardiac tissues and virulence. Virulence
2016:1-12.

Nakano K, Ooshima T. Serotype classification of Streptococcus mutans and its detection outside
the oral cavity. Future Microbiol 2009; 4:891-902.

Shibata Y, Ozaki K, Seki M, Kawato T, Tanaka H, Nakano Y, Yamashita Y. Analysis of loci required
for determination of serotype antigenicity in Streptococcus mutans and its clinical utilization. J
Clin Microbiol 2003; 41:4107-12.

Lapirattanakul J, Nakano K, Nomura R, Leelataweewud P, Chalermsarp N, Klaophimai A,

Srisatjaluk R, Hamada S, Ooshima T. Multilocus sequence typing analysis of Streptococcus



156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

22.

23.

24,

25.

26.

27.

28.

29.

mutans strains with the cnm gene encoding collagen-binding adhesin. J Med Microbiol 2011,
60:1677-84.

Lapirattanakul J, Nomura R, Nemoto H, Naka S, Ooshima T, Nakano K. Multilocus sequence
typing of Streptococcus mutans strains with the cbm gene encoding a novel collagen-binding
protein. Arch Oral Biol 2013; 58:989-96.

Nakano K, Lapirattanakul J, Nomura R, Nemoto H, Alaluusua S, Gronroos L, Vaara M, Hamada S,
Ooshima T, Nakagawa |. Streptococcus mutans clonal variation revealed by multilocus sequence
typing. J Clin Microbiol 2007; 45:2616-25.

Nomura R, Nakano K, Naka S, Nemoto H, Masuda K, Lapirattanakul J, Alaluusua S, Matsumoto
M, Kawabata S, Ooshima T. Identification and characterization of a collagen-binding protein,
Cbm, in Streptococcus mutans. Mol Oral Microbiol 2012; 27:308-23.

Nakano K, Nomura R, Taniguchi N, Lapirattanakul J, Kojima A, Naka S, Senawongse P, Srisatjaluk
R, Gronroos L, Alaluusua S, et al. Molecular characterization of Streptococcus mutans strains
containing the cnm gene encoding a collagen-binding adhesin. Arch Oral Biol 2010; 55:34-9.
Nakano K, Nemoto H, Nomura R, Homma H, Yoshioka H, Shudo Y, Hata H, Toda K, Taniguchi K,
Amano A, et al. Serotype distribution of Streptococcus mutans a pathogen of dental caries in
cardiovascular specimens from Japanese patients. J Med Microbiol 2007; 56:551-6.

Sato Y, Okamoto K, Kagami A, Yamamoto Y, Igarashi T, Kizaki H. Streptococcus mutans strains
harboring collagen-binding adhesin. J Dent Res 2004; 83:534-9.

Abranches J, Miller JH, Martinez AR, Simpson-Haidaris PJ, Burne RA, Lemos JA. The collagen-
binding protein Cnm is required for Streptococcus mutans adherence to and intracellular
invasion of human coronary artery endothelial cells. Infect Immun 2011; 79:2277-84.

Nomura R, Naka S, Nemoto H, Inagaki S, Taniguchi K, Ooshima T, Nakano K. Potential
involvement of collagen-binding proteins of Streptococcus mutans in infective endocarditis. Oral

Dis 2013; 19:387-93.



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

30.

31.

32.

33.

34.

35.

36.

37.

38.

Aviles-Reyes A, Miller JH, Simpson-Haidaris PJ, Lemos JA, Abranches J. Chm is a major virulence
factor of invasive Streptococcus mutans and part of a conserved three-gene locus. Mol Oral
Microbiol 2014; 29:11-23.

Nobbs AH, Lamont RJ, Jenkinson HF. Streptococcus adherence and colonization. Microbiol Mol
Biol Rev 2009; 73:407-50.

Zhang Y, Lei Y, Nobbs A, Khammanivong A, Herzberg MC. Inactivation of Streptococcus gordonii
SspAB alters expression of multiple adhesin genes. Infect Immun 2005; 73:3351-7.

Jakubovics NS, Brittan JL, Dutton LC, Jenkinson HF. Multiple adhesin proteins on the cell surface
of Streptococcus gordonii are involved in adhesion to human fibronectin. Microbiology 2009;
155:3572-80.

Brittan JL, Nobbs AH. Group B Streptococcus pili mediate adherence to salivary glycoproteins.
Microbes Infect 2015; 17:360-8.

Asmat TM, Klingbeil K, Jensch |, Burchhardt G, Hammerschmidt S. Heterologous expression of
pneumococcal virulence factor PspC on the surface of Lactococcus lactis confers adhesive
properties. Microbiology 2012; 158:771-80.

Holmes AR, Gilbert C, Wells JM, Jenkinson HF. Binding properties of Streptococcus gordonii SspA
and SspB (antigen /1l family) polypeptides expressed on the cell surface of Lactococcus lactis
MG1363. Infect Immun 1998; 66:4633-9.

Morita C, Sumioka R, Nakata M, Okahashi N, Wada S, Yamashiro T, Hayashi M, Hamada S,
Sumitomo T, Kawabata S. Cell wall-anchored nuclease of Streptococcus sanguinis contributes to
escape from neutrophil extracellular trap-mediated bacteriocidal activity. PLoS One 2014;
9:e103125.

Maddocks SE, Wright CJ, Nobbs AH, Brittan JL, Franklin L, Stromberg N, Kadioglu A, Jepson MA,
Jenkinson HF. Streptococcus pyogenes antigen |/IlI-family polypeptide AspA shows differential

ligand-binding properties and mediates biofilm formation. Mol Microbiol 2011; 81:1034-49.



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

39.

40.

41.

42.

43.

44,

45.

46.

Villatoro-Hernandez J, Kuipers OP, Saucedo-Cardenas O, Montes-de-Oca-Luna R. Heterologous
protein expression by Lactococcus lactis. Methods Mol Biol 2012; 824:155-65.

Moreillon P, Que YA. Infective endocarditis. Lancet 2004; 363:139-49.

Stinson MW, Alder S, Kumar S. Invasion and killing of human endothelial cells by viridans group
streptococci. Infect Immun 2003; 71:2365-72.

Vacca-Smith AM, Jones CA, Levine MJ, Stinson MW. Glucosyltransferase mediates adhesion of
Streptococcus gordonii to human endothelial cells in vitro. Infect Immun 1994; 62:2187-94.
Vernier A, Diab M, Soell M, Haan-Archipoff G, Beretz A, Wachsmann D, Klein JP. Cytokine
production by human epithelial and endothelial cells following exposure to oral viridans
streptococci involves lectin interactions between bacteria and cell surface receptors. Infect
Immun 1996; 64:3016-22.

Vollmer T, Hinse D, Kleesiek K, Dreier J. Interactions between endocarditis-derived
Streptococcus gallolyticus subsp. gallolyticus isolates and human endothelial cells. BMC
Microbiol 2010; 10:78.

Turner LS, Kanamoto T, Unoki T, Munro CL, Wu H, Kitten T. Comprehensive evaluation of
Streptococcus sanguinis cell wall-anchored proteins in early infective endocarditis. Infect Immun
20009; 77:4966-75.

Aviles-Reyes A, Miller JH, Simpson-Haidaris PJ, Hagen FK, Abranches J, Lemos JA. Modification of
Streptococcus mutans Cnm by PgfS contributes to adhesion, endothelial cell invasion, and

virulence. J Bacteriol 2014; 196:2789-97.



