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Streptococcus mutans is considered the primary etiologic agent of dental caries, a global health problem that
affects 60 to 90% of the population, and a leading causative agent of infective endocarditis. It can be divided
into four different serotypes (c, e, f, and k), with serotype c strains being the most common in the oral cavity.
In this study, we demonstrate that in addition to OMZ175 and B14, three other strains (NCTC11060, LM7, and
OMSOE) of the less prevalent serotypes e and f are able to invade primary human coronary artery endothelial
cells (HCAEC). Invasive strains were also significantly more virulent than noninvasive strains in the Galleria
mellonella (greater wax worm) model of systemic disease. Interestingly, the invasive strains carried an addi-
tional gene, cnm, which was previously shown to bind to collagen and laminin in vifro. Inactivation of cnm
rendered the organisms unable to invade HCAEC and attenuated their virulence in G. mellonella. Notably, the
cnm knockout strains did not adhere to HCAEC as efficiently as the parental strains did, indicating that
the loss of the invasion phenotype observed for the mutants was linked to an adhesion defect. Comparisons of
the invasive strains and their respective cnm mutants did not support a correlation between biofilm formation
and invasion. Thus, Cnm is required for S. mutans invasion of endothelial cells and possibly represents an

important virulence factor of S. mutans that may contribute to cardiovascular infections and pathologies.

The oral cavity is colonized by a large number of viridans
group streptococci, including primarily soft tissue colonizers,
such as Streptococcus salivarius and S. mitis, and predominantly
hard tissue (tooth) colonizers, such as S. mutans and S. gordo-
nii. Among tooth colonizers, S. mutans is considered the pri-
mary etiologic agent of dental caries, an infectious disease that
affects 60 to 90% of the population worldwide (12). Strains of
S. mutans can be grouped into four serotypes (c, e, f, and k)
based on the composition and structure of the rhamnose glu-
cose polysaccharide (RGP) associated with the cell wall. Epi-
demiological studies revealed that serotype c is the most com-
mon serotype isolated from dental plaque, being found in
nearly 80% of S. mutans-positive samples. Serotypes e and f are
found in about 20% and 2% of patients, respectively (22, 41,
54). Strains belonging to serotype k are the most infrequent,
having been isolated thus far only from subjects from Japan,
Thailand, and Finland (29, 42, 44).

In addition to colonizing the teeth in significant numbers, it
is not unusual for S. mutans to gain access to the bloodstream
during dental procedures (16, 21, 26). If a sufficient number of
cells enter the circulation, transient bacteremia followed by
adhesion to endothelial cells leads to infective endocarditis
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(IE) (26, 37), particularly in persons with predisposing cardiac
conditions. In addition to IE, a significant association between
dental infections and the occurrence of coronary atheroscle-
rosis has been demonstrated (36). More specifically, oral strep-
tococci and the periodontal pathogen Porphyromonas gingivalis
have been associated with atherosclerotic/atheromatous
plaques (15, 20, 34, 36, 60). Studies by Nakano and coworkers
(38, 44, 45) reported that among bacterial species, S. mutans
was the most frequently detected in diseased heart valve tissues
and atheromatous plaque, suggesting that S. mutans may play
an important and underestimated role in the onset of cardio-
vascular disease (CVD) (38). However, detection of bacteria in
atheromas has been based on PCR amplification of S. mutans
DNA, not on isolation of live bacteria. Recently, we demon-
strated that two S. mutans strains, B14 and OMZ175, belong-
ing to serotypes e and f, respectively, invade and persist in
the cytoplasm of human coronary artery endothelial cells
(HCAEQC), revealing a possible new facet of the pathogenic
potential of S. mutans and a mechanistic linkage of S. mutans
to CVD (38).

In some cases, binding to the extracellular matrix (ECM) is
the first step in the invasion of host cells (17, 58). The ECM is
a macromolecular structure that becomes exposed when tissue
integrity is damaged by lesions or traumas (63). Fibronectin,
collagen, laminin, and elastin are considered the most common
components of ECM (63) and can serve as receptors for bac-
teria during infection. Some S. mutans surface structures, such
as the P1 protein (also known as antigen I/Il or SpaP), the
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TABLE 1. S. mutans strains used in this study

Strain Origin Serotype Source”

UA159 Dental plaque c University of
Alabama
OMZ175 Dental plaque f B. Guggenheim
B14 Dental plaque e A. Bleiweis
MT4653 Dental plaque c N. Jakubovicks
13.1 Dental plaque e N. Jakubovicks
LML4 Dental plaque e N. Jakubovicks
LM7 Dental plaque e P. Caufield
OMS50E Dental plaque e P. Caufield
OMOI6E Dental plaque f P. Caufield
19 Dental plaque f N. Jakubovicks
6139-99 Blood c CDC
1237-00 Blood c CDC
2955-00 Blood c CDC
190-01 Blood/endocarditis c CDC
2323-02 Blood e CDC
87-03 Blood c CDC
115-04 Blood/endocarditis c CDC
296-04 Blood c CDC
976-04 Blood c CDC
52-07 Blood/endocarditis c CDC
333-07 Blood c CDC
OMZ175-cnm cnm knockout f This study
Bl4-cnm cnm knockout e This study
LM7-cnm cnm knockout e This study
OMS50E-cnm cnm knockout e This study
11060-cnm cnm knockout f This study
OMZ175-cnm/pcnm  Complementation of f This study
cnm
OMZ175-cnm/ Control for f This study
pMSP3535 complementation
studies

4 CDC, Centers for Disease Control and Prevention.

wall-anchored protein A (WapA), the biofilm regulatory pro-
tein A (BrpA), the autolysin AtlA, the glucosyltransferases
(GtfB, GtfC, and GtfD), and the serotype-specific RGP, have
been implicated in the pathogenesis of IE by promoting ad-
herence to endothelial tissues and triggering inflammatory re-
sponses (17, 55, 61). More recently, a new surface protein with
collagen- and laminin-binding activity, Cnm, which has an un-
even distribution among the different serotypes of S. mutans,
was identified (47, 51, 52). Interestingly, Cnm is found fre-
quently in strains belonging to the uncommon serotype f but
rarely in serotype c strains. An epidemiological survey revealed
that Cnm is present in 10 to 20% of all isolated strains of S.
mutans (43). Based on its capacity to bind to components of
the ECM, it has been proposed that Cnm may play a role in the
development of caries lesions in dentin and in colonization of
heart valves (43). However, evidence validating this hypothesis
was still lacking. In the present study, we investigated the role
of Cnm in HCAEC invasion and virulence. Our findings re-
vealed that Cnm plays a major role in the invasion and viru-
lence properties of S. mutans and is therefore a virulence
factor that could contribute to systemic infections by the or-
ganism.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The S. mutans strains used in this
study were isolated from either dental plaque or the blood of patients with
bacteremia and/or endocarditis (Table 1). All strains had their serotype con-
firmed by PCR using serotype-specific primers described elsewhere (54). S.
mutans strains were routinely cultured in brain heart infusion (BHI) medium at
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37°C in a 5% CO, atmosphere. When required, 1 mg ml~" of kanamycin or 10
wg ml~! of erythromycin was added to the growth medium. To induce expression
of cnm in the complemented strain, cultures were grown overnight in BHI
supplemented with a subinhibitory concentration of nisin (15 ng ml~!). To assess
growth and survival in blood, overnight cultures of S. mutans UA159 and
OMZ175 grown in TYG (3.5% tryptone, 0.5% yeast extract, 2.5% glucose) were
diluted 1:20 in whole, pooled, heparinized human blood obtained from the
University of Rochester Medical Center blood bank. Bacterial growth and sur-
vival were monitored by counting the CFU of serially diluted cultures collected
every 3 h for the first 9 h and every 24 h thereafter for 6 days.

Construction of cnm knockout strains and cnm complementation strain. All
strains listed in Table 1 and those from a previous study (2) were assessed for the
presence of the cnm gene by PCR using the primers cnm-1F and cnm-1R (43,
54). Cnm™* strains had the cnm gene disrupted by insertion of a nonpolar
kanamycin marker (28) 700 bp downstream of the ATG start codon, using a
PCR-ligation mutagenesis strategy (30). Briefly, the 700-bp N-terminal portion
of cnm was amplified from strain OMZ175 by use of primers cnm110-F (5'-CC
GTTGCCATCATTTGC-3') and cnm810BamHI-R (5'-CGGATCAGCGGATC
CAGTTGCACC-3"), and the 750-bp C-terminal portion of the gene was ampli-
fied using primers cnm810BamHI-F (5'-GGTGCAACGGATCCGCTGATCC
G-3') and cnm1560R (5'-CAGGACCTTGTTTGGCT-3"). The underlined bases
correspond to a BamHI restriction site that was included for cloning purposes.
After amplification, the two PCR fragments were digested with BamHI and
ligated to a nonpolar kanamycin resistance gene cassette that was obtained as a
BamHI fragment. The ligation mixture was used to transform S. mutans
OMZ175, followed by plating onto BHI containing kanamycin (1 mg ml~'). The
insertional inactivation of cnm was confirmed by PCR sequencing. To generate
cnm knockouts in the other Cnm™ strains (NCTC11060, LM7, and OM50E), a
PCR product was generated from DNA of the OMZ175 cnm mutant strain by
using primers cnm110F and cnm1560R, and 100 ng of this PCR product was used
for transformation of competent cells.

To express the cnm gene in trans, the full-length cnm gene, including the
ribosomal binding site, was amplified by PCR with primers containing BamHI
(5'-GTAATATTCTGGATCCAAGAAAGGACTA-3') and Xbal (5'-CCTGTT
TTTAATCTAGATCAGCTATG-3') restriction sites and ligated into
pMSP3535 (11) which had been digested with BamHI and Xbal. A ligation
mixture containing pMSP3535 expressing cnm (pcnm) was used to directly trans-
form the S. mutans cnm knockout strain OMZ175-cnm to generate a comple-
mentation strain carrying the gene. Expression of cnm from pcnm was induced
with 15 ng of nisin ml~! as described elsewhere (32).

RNA isolation and real-time QRT-PCR. To measure cnm expression levels in
OMZ175, NCTC11060, B14, LM7, and OMS50E, RNAs were extracted from cells
grown to mid-exponential phase (optical density at 600 nm [ODg,o] = 0.5) in
BHI broth as described elsewhere (1). A high-capacity cDNA reverse transcrip-
tion kit containing random primers (Applied Biosystems, Foster, CA) was used
to obtain cDNA from 1 pg each of three independent RNA samples. Quantita-
tive reverse transcriptase PCR (qRT-PCR) was carried out using the cnm-
specific primers cnm-CF (5'-CTGAGGTTACTGTCGTTAAA) and cnm-CR
(5'-CACTGTCTACATAAGCATTC) (47) and protocols described elsewhere
(1). Student’s ¢ test was performed to verify the significance of real-time RT-PCR
quantification.

Adherence and invasion assays. Antibiotic protection assays were performed
to assess the capacity of S. mutans to invade HCAEC. Briefly, primary HCAEC
(Lonza, Allendale, NJ) were cultured in endothelial cell basal medium 2
(EBM-2; Lonza) supplemented with EGM-2MV single-use aliquots (Lonza), as
suggested by the supplier. The HCAEC were maintained at 37°C in a humidified
5% CO, atmosphere. The cells were harvested by trypsinization and washed in
EBM-2. One milliliter of suspension containing 10° endothelial cells was then
seeded into each well of 24-well flat-bottomed tissue culture plates, followed by
overnight incubation in the presence of gentamicin at 37°C in a 5% CO, atmo-
sphere. Prior to infection, the wells were washed three times with prewarmed
EGM-2 without antibiotics. Overnight bacterial cultures were washed twice in
phosphate-buffered saline (pH 7.2) and resuspended in supplemented EBM-2
without antibiotics to obtain bacterial suspensions containing 1 X 107 CFU ml ™!
of S. mutans. One milliliter of bacterial cell suspension was used to infect
HCAEC wells, in triplicate, for 2 h in the absence of antibiotics. Next, the wells
were washed three times with 1 ml of EBM-2, followed by 3 h of incubation in
1 ml of EBM-2 containing 300 pg ml~! gentamicin and 50 wg ml~! penicillin G
to kill extracellular bacteria. After the incubation period with antibiotics, the
wells were washed three times with EBM-2. The HCAEC were then lysed for 20
min with 1 ml sterile water. The mixture of lysed HCAEC and S. mutans was
plated onto BHI agar and incubated for 48 h at 37°C in a 5% CO, atmosphere.

The capacity of S. mutans strains to adhere to the surfaces of HCAEC was
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FIG. 1. Invasive properties of Streptococcus mutans strains isolated from dental plaque (A) and from blood of patients with bacteremia and/or
endocarditis (B). The number of S. mutans CFU recovered from the intracellular compartment of HCAEC after 5 h of infection is shown. The
serotypes of the strains are indicated (c, e, or f). The data represent the averages and standard deviations (SD) for at least three independent

experiments.

assessed in the presence of cytochalasin D (Sigma) as described elsewhere (13),
with minor modifications. Briefly, the HCAEC were cultured, seeded, and main-
tained in the same way as described above. Prior to infection, HCAEC-contain-
ing wells were washed three times with Hanks’ balanced salt solution (Lonza)
and then exposed to EBM-2 containing 5 pg ml™' cytochalasin D without
antibiotics for 30 min at 37°C in a 5% CO, atmosphere. Overnight bacterial
cultures were washed twice with phosphate-buffered saline (pH 7.2) and diluted
in EBM-2 containing 5 pg ml~! cytochalasin D without antibiotics to obtain
suspensions containing 1 X 107 CFU ml~'. One milliliter of bacterial suspension
was used to infect HCAEC cultures, followed by 30 min of incubation at 37°C in
a 5% CO, atmosphere. The HCAEC wells were then washed three times with
Hanks’ balanced salt solution to remove unbound bacteria, followed by HCEAC
lysis with 1 ml of ice-cold sterile water for 20 min. Lysates containing dead
HCAEC and intact S. mutans were serially diluted and plated onto BHI agar. All
agar plates were incubated for 48 h at 37°C in a 5% CO, atmosphere.

Biofilm assay. The capacity of the invasive strains and their respective cnm
knockouts to form biofilms in the presence of sucrose or glucose in saliva-coated
96-well microtiter plates was assessed. Briefly, the wells were coated for 1 h at
37°C with 100 pl of sterile, clarified, pooled human saliva (49). Strains grown in
BHI medium to an ODg, of 0.5 were diluted 1:100 in low-molecular-weight
medium (LMW) (27) supplemented with 1% glucose or 1% sucrose, using a total
of six wells per culture. The plates were incubated for 24 h at 37°C in a 5% CO,
atmosphere. One well per strain was assessed for total growth yield by removing
planktonic and sessile cells and measuring the ODg,. The remaining 5 wells
were blotted, rinsed, and stained with 0.1% crystal violet as described elsewhere
(3). The incorporated crystal violet was recovered by performing two extractions
with 200 pl of 33% acetic acid, and biofilm formation was quantified by mea-
suring the optical density of the solution at 575 nm. Experiments were performed
in triplicate.

Galleria mellonella infection. For G. mellonella killing assays, insects in the final
instar larval stage were purchased from Vanderhorst Inc. (St. Marys, OH), stored
at 4°C in the dark, and used within 7 days of shipment. Groups of 15 larvae,
ranging from 200 to 300 mg and with no signs of melanization, were chosen
randomly and used for subsequent infection. A 10-ul syringe (Hamilton, Reno,
NV) was used to inject 5-pl aliquots containing 1 X 10° CFU of S. mutans, grown
overnight in BHI containing 5% serum and washed twice with sterile saline, into
the hemocoel of each larva via the last left proleg. Bacterial colony counts on
BHI plates were used to confirm initial inocula. Groups injected with saline
solution or with heat-inactivated S. mutans OMZ175 (30 min at 75°C) were used
as controls in each experiment. After injection, larvae were incubated at 37°C,
and appearance (signs of melanization) and survival were recorded at selected
intervals. Larvae were scored as dead when they displayed no movement in
response to touch. Kaplan-Meier killing curves were plotted, and estimations of
differences in survival were compared using the log rank test. P values of <0.05
were considered significant. All data were analyzed with GraphPad Prism 4.0
software.

RESULTS

Identification of new invasive strains supports the link be-
tween serotypes e and f and invasive behavior. In a previous
study, strains B14 and OMZ175, belonging to serotypes e and
f, respectively, were able to invade HCAEC, whereas none of
the 8 serotype c strains tested displayed invasive behavior (2).
To increase the number of serotype e and f strains screened, we
assessed the capacity of 19 additional strains to invade
HCAEC: 12 isolated from the blood of patients with bactere-
mia and/or IE (10 serotype ¢, 1 serotype e, and 1 serotype f
strain) and 7 isolated from dental plaque (1 serotype c, 4
serotype e, and 2 serotype f strains). OMZ175 and B14 were
used as controls for high and low invasive rates in our exper-
iments. Of the strains isolated from dental plaque, two sero-
type e strains, LM7 and OMS0E, were found to be invasive
(Fig. 1A), with 4.8 X 10® and 6.1 X 10°> CFU, respectively,
recovered from the cytoplasm of HCAEC. Among the blood
isolates, serotype f strain NCTC11060 was found to be highly
invasive, with 1.6 X 10* CFU recovered from the cytoplasm of
HCAEC (Fig. 1B). Notably, while most of the tested strains
belonged to the more prevalent serotype ¢, no serotype ¢
strains were capable of invading HCAEC. On the other hand,
3 of the 5 serotype e and 2 of the 3 serotype f strains tested
were capable of invading HCAEC. Note that strains belonging
to serotype f were consistently more invasive than serotype e
strains, with approximately 5-fold more cells able to reach the
cytoplasm of HCAEC.

Invasive strains are more virulent than noninvasive strains
in the greater wax worm model. We asked whether G. mello-
nella could be used to identify differences in the virulence
potential of invasive and noninvasive strains. In fact, with the
exception of the serotype e strain B14, we found significantly
higher mortality rates (P < 0.01) for the groups of worms
infected with invasive strains (70 to 100% mortality) within the
first 48 h. In contrast, only 10% of the larvae infected with
noninvasive serotype c strain UA159 died over the same period
(Fig. 2). Six additional noninvasive strains, belonging to sero-
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FIG. 2. Killing of G. mellonella larvae infected with the noninvasive
strain UA159 and the invasive strains OMZ175, B14, OM50E, LM7,
and NCTC11060 of S. mutans. The experiments were repeated three
times, and the results are representative of a typical experiment.

types ¢ (52-03, 2955-00, 190-01, and GS-5), e (2323-02), and f
(strain 19), were tested in this model, and all behaved similarly
to UA159 (data not shown).

Invasive strains carry the cnm gene. Recently, it was dem-
onstrated that 10 to 20% of S. mutans strains isolated in Asia
and Europe carry the cnm gene, which encodes a collagen- and
laminin-binding protein (43, 47). Notably, this gene is associ-
ated predominantly with serotypes f and k and is rarely found
in serotype ¢ and serotype e strains (43, 47, 51). Because there
was a strong correlation between non-serotype ¢ strains and
HCAEC invasion, we hypothesized that cnm plays a role in
cellular invasion by S. mutans. Indeed, we found that of the 33
S. mutans strains tested in the present study and a previous
study (2), only the 5 invasive strains harbored a copy of the
cnm gene (Fig. 3A).

All invasive strains express cnm. To verify cnm expression
levels, the mRNA levels of cnm in exponential-phase cultures
of all five invasive strains were measured by qRT-PCR. Strain
OMZ175 displayed the highest expression level of cnm (1.2 X
107 copies) among all strains. Strain NCTC11060 showed the
lowest expression level of cnm (1.7 X 10° copies), followed by
B14 (3.3 X 10° copies), OM50E (4.6 X 10° copies), and LM7
(5.3 X 10° copies). These results confirmed the expression of
cnm in all invasive strains but failed to correlate levels of
invasion with higher expression levels of cnm mRNA.

cnm knockout strains have a diminished capacity to adhere
to and invade HCAEC. Based on the published sequence of
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FIG. 4. Adherence of S. mutans to HCAEC. Data shown represent
percentages of adherent cells in relation to the initial bacterial inocu-
lum. #, statistically significant difference between the noninvasive
strains UA159, 19, and 1237-00 and the invasive strain OMZ175 (P <
0.01); *, statistically significant difference (P < 0.01) between the cnm
knockout strains and their respective parental strains. The data rep-
resent the averages and SD for at least three independent experiments.
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cnm (51), we used a PCR-ligation mutagenesis approach (30)
to inactivate the cnm gene in strain OMZ175, using a nonpolar
marker. In comparison to the parental strain OMZ175, the
cnm mutant strain, designated OMZ175-cnm, did not display
any growth defect under standard laboratory growth conditions
(data not shown). First, HCAEC were infected separately with
UA159 (noninvasive), OMZ175 (invasive), and OMZ175-cnm.
The results clearly revealed that inactivation of cnm com-
pletely abolished the ability of OMZ175 to invade HCAEC.
Based on this finding, we inactivated cnm in the 4 additional
invasive strains and observed that, in all cases, a functional cnm
gene was required for invasion of HCAEC (Fig. 3B). Adher-
ence assays revealed that both invasive and noninvasive strains
could adhere to the surfaces of HCAEC (Fig. 4). However, all
invasive strains were recovered in significantly (P < 0.005)
larger numbers than the noninvasive strains UA159, 19, and
1237-00. In addition, inactivation of cnm in all of the invasive
strains rendered a significant (P < 0.005) 10-fold decrease in
the adherence rate (Fig. 4). These results strongly support the
hypothesis that Cnm plays an essential role in the invasion
process by enhancing bacterial adherence to HCAEC.

cnm knockout strains are less virulent than the parental
strains. We tested the cnm mutant strains for the ability to kill
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FIG. 3. (A) Detection of the cnm gene by PCR reveals that cnm is found only in invasive strains. (B) Invasion of HCAEC by cnm knockout
strains. The number of S. mutans CFU recovered from the intracellular compartment of HCAEC after 5 h of infection is shown. The data represent
the averages and SD for at least three independent experiments.
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FIG. 5. (A) Killing of G. mellonella larvae infected with the noninvasive strain UA159 ([J), the invasive strain OMZ175 (®), and the cnm
knockout strain OMZ175-cnm (@®). The experiments were repeated three times, and the results are representative of a typical experiment. (B) Wax
worms infected with UA159, OMZ175, and OMZ175-cnm in a typical experiment at 24 h postinjection.

larvae of G. mellonella. The virulence of the cnm knockout
strain in the OMZ175 background was dramatically attenu-
ated, with killing rates that were identical to those found for
noninvasive strains (Fig. 5). An identical pattern was observed
for the other four cnm knockout strains (data not shown). This
result adds further support for an association between intra-
cellular invasion and systemic virulence in S. mutans and cor-
roborates the usefulness of the G. mellonella infection model
to assess bacterial pathogenesis.

The role of Cnm in biofilm formation is strain dependent.
The capacity of the invasive strains and their respective cnm
knockouts (designated Bl4-cnm, LM7-cnm, OMS0E-cnm,
11060-cnm, and OMZ175-cnm) to form biofilms in saliva-
coated microtiter plates was assessed. Differences among
strains were clear, with LM7 displaying an increased capacity
to form biofilms compared to the other strains, regardless of
the sugar source (Fig. 6). On the other hand, strains B14 and
NCTC11060 showed a diminished capacity to form biofilms,
particularly in the presence of glucose (Fig. 6). In sucrose,
there was a statistically significant reduction in the amount of
biofilm formed by OMZ175-cnm compared to the amount
formed by the parent strain OMZ175 (P = 0.008) (Fig. 6A).
Conversely, biofilm formation in the presence of glucose was
significantly enhanced in the OMZ175-cnm and LM7-cnm mu-
tants (P = 0.0035) compared to the parent strains (Fig. 6B).
Overall, the inactivation of cnm in the five invasive strains
rendered variable biofilm phenotypes among the different
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strains. Therefore, the role of cnm in biofilm formation ap-
pears to be strain specific.

Expression of cnm in trans in OMZ175-cnm partially re-
stores the capacity to invade HCAEC and the capacity for
virulence. The capacity of OMZ175, OMZ175-cnm, and
OMZ175-cnm harboring pcnm (OMZ175-cnm/penm; comple-
mented strain) to invade HCAEC was assessed. Although the
levels of invasion were not completely restored to wild-type
levels, the complemented cnm mutant strain displayed an in-
vasive phenotype in the presence of nisin (Fig. 7A). Notably,
uninduced OMZ175-cnm/pcnm displayed much lower invasion
levels than those under nisin-induced conditions (Fig. 7A),
suggesting that optimal levels of cnm mRNA (or Cnm) could
not be achieved in trans.

The virulence of the complemented strain in the G. mello-
nella wax worm model was also assessed. As observed in the
invasion assay, the attenuated virulence of the OMZ-cnm
strain was partially restored in the complemented strain grown
in the presence of nisin (Fig. 7B). The survival rates at 86 h
were 10%, 50%, and 90% for OMZ175, OMZ175-cnm/pcnm,
and OMZ175-cnm, respectively (Fig. 7B).

Cnm does not contribute to growth and survival in human
blood. To assess whether Cnm can contribute to survival in blood,
the ability of the cnm knockout strain in OMZ175 (OMZ175-
cnm) and of the invasive (OMZ175, NCTC11060, LM7, B14, and
OMS0E) and noninvasive (UA159, 19, OM96E, 2955-00, and
2323-02) strains to grow and survive in blood was assessed. Com-
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FIG. 6. Biofilm assays of cells grown in LMW supplemented with 1% sucrose (A) and 1% glucose (B) on the surfaces of 96-well microtiter
plates. Results shown are averages for three separate experiments plus SD. Statistically significant differences between strains were assessed by

Student’s ¢ test and are indicated by asterisks.
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FIG. 7. Expression of cnm in trans partially restored the invasive phenotype (A) and virulence (B) of OMZ175-cnm.

pared to the parent strain OMZ175, growth and survival of the
cnm knockout strain were not affected when cells were culti-
vated in whole blood, with both strains displaying similar pat-
terns over a 6-day period (data not shown). In addition, com-
paring invasive strains to noninvasive strains, we did not find a
correlation between the invasive phenotype and the ability to
grow and survive in blood (data not shown). Finally, there were
no obvious differences in survival in blood between strains
isolated from dental plaque and those from blood of patients
with bacteremia/IE (data not shown).

DISCUSSION

Non-serotype c strains of S. mutans, comprising serotypes e,
f, and k, have been detected at high frequency in specimens
from patients who underwent surgery for removal of athero-
matous plaque and heart valve replacement (38, 40, 44). It has
been speculated that non-serotype c¢ strains were isolated at
higher frequency because they were highly persistent in blood
(44). However, the results presented herein show no correla-
tion between the different serotypes and survival in blood.
Therefore, it is likely that the high recovery of non-serotype ¢
strains from cardiovascular specimens is due to other virulence
factors specific to non-serotype ¢ strains. Our observation that,
to date, only non-serotype c strains could invade heart endo-
thelial cells suggests that these strains have the potential to
persist in the heart tissue by hiding in the intracellular niche,
leading to antibiotic treatment failure, chronic inflammation,
and increased morbidity. In this study, we identified three new
invasive S. mutans strains, two belonging to serotype e (LM7
and OMS50E) and one belonging to serotype f (NCTC11060),
that, in addition to our previously identified serotype e (B14)
and f (OMZ175) invasive strains (2), strongly associate invasive
behavior with non-serotype c strains. Collectively, our previous
and present studies have evaluated the capacity of 33 strains to
invade HCAEC and identified a total of 5 invasive strains.

Recently, a number of laboratories (4-6, 8, 9) have demon-
strated that the larvae of the greater wax worm G. mellonella
can be used to model systemic bacterial infections, showing a
strong correlation with results obtained for mammals (18, 35,
50). Insects possess a complex, multicomponent innate im-
mune system that kills pathogens by using mechanisms similar
to those used by mammals, including the production of en-
zymes (lysozymes), reactive oxygen species, and antimicrobial

peptides (25). In particular, there are significant similarities
between the oxidative burst pathways of insect hemocytes and
mammalian neutrophils (10). Recently, we demonstrated the
usefulness of systemic infection of G. mellonella as an adjunct
model to study the virulence of S. mutans (24). Notably, the
invasive strains were more virulent in the G. mellonella model
than noninvasive strains, establishing for the first time a cor-
relation between specific serotypes and cellular invasion and
virulence. In addition, we showed that cnm, a gene encoding a
collagen- and laminin-binding protein, was present only in
invasive strains and that inactivation of cnm abolished the
capacity of these strains to invade HCAEC and attenuated
virulence in G. mellonella. Tt has been suggested that Cnm
contributes to caries development and to CVD due to its ability
to avidly bind to collagen, a major component of dentin and
heart valves (43, 47). Studies are under way to disclose the role
of Cnm in §. mutans virulence in an animal model of IE.
The distribution of the cnm gene in S. mutans is on par with
the frequency of invasive strains identified in our present study
and a previous study (2). While cnm is detected in approxi-
mately 20% of S. mutans populations (40, 47, 51), this gene is
overrepresented in the minor serotype f (approximately 80% of
strains) (39, 47), suggesting that Cnm-dependent cellular inva-
sion constitutes an important virulence factor of non-serotype
¢ strains. Subsequent adherence experiments confirmed that
Cnm acts as an adhesin, as noninvasive and cnm knockout
strains adhered less efficiently to HCAEC than cnm™ strains
did. Streptococcal adherence to host cells is mediated by sur-
face proteins and is considered an essential step in the intra-
cellular invasion process (46). Once bacterial adhesins recog-
nize a host receptor and attach to the host surface, host cell
signaling cascades can be triggered, leading to various out-
comes, such as bacterial internalization, proinflammatory re-
sponses, and host cell apoptosis (46). While it is clear that Cnm
plays an essential role in the invasion process by enhancing the
ability of S. mutans cells to adhere to the surfaces of HCAEC,
it remains to be determined whether Cnm also participates in
the subsequent steps associated with the invasion process.
The ability to bind to surfaces and to form biofilms is con-
sidered an important virulence attribute of S. mutans (7, 31,
33). In addition, the capacity to adhere to ECM proteins has
been suggested to be an important factor in the colonization of
the heart valves by oral bacteria (48, 53, 56). Similar to the case
for S. gallolyticus (62), our data revealed that the capacity to
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invade does not seem to be associated with the ability to form
biofilms and that Cnm plays a strain-specific role in biofilm
formation. In S. gordonii, inactivation of glucosyltranferase
(gtf), which is responsible for biosynthesis of the extracellular
polysaccharide glucan that contributes to the adhesion of
streptococci to cultured human umbilical vein endothelial cells
(59), led to a significant reduction in the ability of the strain to
invade these cells. In S. mutans, three glucosyltransferases,
GtfB, GtfC, and GtfD, are responsible for the production of
the water-insoluble and water-soluble glucans and play a major
role in sucrose-dependent biofilm formation (7, 59). The S.
mutans glucosyltransferases, in particular GtfB and GtfC, con-
tribute to virulence in animal models of caries and endocarditis
(55, 64). In addition to the Gtfs, the wall-associated protein A
(WapA), which has collagen-binding activity, is thought to par-
ticipate in the pathogenesis of IE (19). However, inactivation
of gtfB, gtfC, and wapA in OMZ175 did not affect the capacity
of the mutant strains to invade HCAEC (J. Abranches et al.,
unpublished data), suggesting that the S. mutans invasion pro-
cess is strongly dependent upon the presence of Cnm.

Among our invasive strains, we observed different invasion
efficiency rates, with serotype f strains displaying higher inva-
sion rates than serotype e strains. Differences in invasion rates
have been shown for other oral bacteria, such as P. gingivalis
and S. gordonii (13, 23, 57), as well as for an inhabitant of the
gastrointestinal flora, Streptococcus gallolyticus subsp. gallolyti-
cus (62). Furthermore, certain clinical strains of S. mutans
display low expression levels of cnm mRNA (47). Although
some variability in the level of cnm mRNA was observed
among strains, it was not possible to establish a correlation
between invasion rates and the expression levels of Cnm.

In conclusion, we showed that S. mutans adhesion to and
invasion of HCAEC are intimately linked with the presence of
a matrix adhesion-dependent virulence factor, revealing a pre-
viously unrecognized mechanism of S. mutans pathogenesis.
Our current working hypothesis is that the ability to invade
HCAEC helps S. mutans to evade immune surveillance and
antibiotic treatment, thereby increasing the morbidity of IE as
well as stimulating chronic inflammatory responses that could
contribute to CVD. Furthermore, we propose that the Cnm
molecule could serve as a biomarker for screening patients
who need to receive preventive treatment prior to dental pro-
cedures, as well as being a target for the development of novel
therapeutic approaches to treat streptococcal infections.
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