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Abstract

Introduction. Oral tissues are generally homeostatic despite exposure to many potential inflammatory agents including the 
resident microbiota. This requires the balancing of inflammation by regulatory mechanisms and/or anti-inflammatory com-
mensal bacteria. Thus, the levels of anti-inflammatory commensal bacteria in resident populations may be critical in maintain-
ing this homeostatic balance.

Hypothesis/Gap Statement. The incidence of immunosuppressive streptococci in the oral cavity is not well established. Deter-
mining the proportion of these organisms and the mechanisms involved may help to understand host-microbe homeostasis 
and inform development of probiotics or prebiotics in the maintenance of oral health.

Aim. To determine the incidence and potential modes of action of immunosuppressive capacity in resident oral streptococci.

Methodology. Supragingival plaque was collected from five healthy participants and supragingival and subgingival plaque 
from five with gingivitis. Twenty streptococci from each sample were co-cultured with epithelial cells±flagellin or LL-37. CXCL8 
secretion was detected by ELISA, induction of cytotoxicity in human epithelial cells by lactate dehydrogenase release and 
NFκB-activation using a reporter cell line. Bacterial identification was achieved through partial 16S rRNA gene sequencing and 
next-generation sequencing.

Results. CXCL8 secretion was inhibited by 94/300 isolates. Immunosuppressive isolates were detected in supragingival plaque 
from healthy (4/5) and gingivitis (4/5) samples, and in 2/5 subgingival (gingivitis) plaque samples. Most were Streptococ-
cus mitis/oralis. Seventeen representative immunosuppressive isolates all inhibited NFκB activation. The immunosuppressive 
mechanism was strain specific, often mediated by ultra-violet light-labile factors, whilst bacterial viability was essential in 
certain species.

Conclusion. Many streptococci isolated from plaque suppressed epithelial cell CXCL8 secretion, via inhibition of NFκB. This 
phenomenon may play an important role in oral host-microbe homeostasis.

INTRODUCTION
Many human tissues are colonized by bacterial communities 
[1] that form a complex microbiota that is unique to each 
individual. In health, such tissues do not normally enter a 
state of irreversibly damaging inflammation and retain the 
ability to respond adequately to pathogenic challenges. This 

host-microbe balance is maintained by homeostatic mecha-
nisms that are proposed to include regulation or modulation 
of host responses by commensal organisms. Resident micro-
bial communities contain complex mixtures of bacteria, some 
of which elicit little or no host response, some that promote 
pro-inflammatory responses, and others that are actively 
anti-inflammatory [2–5], but they have coevolved with their 
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host species, and have helped to establish a threshold of 
defensive tissue activation required for immune fitness [6]. 
Body compartments like the gut and oral cavity are colonized 
by complex microbiota that contain microbial signature 
molecules such as lipopolysaccharide, lipoteichoic acid and 
flagellin, which are recognized by and can activate the innate 
immune system. However, rather than causing inflammation 
in these tissues, there is a situation of homeostasis whereby 
prospective inflammation is likely balanced by regulatory 
mechanisms and the activities of anti-inflammatory members 
of the microbiota [4]. These beneficial commensal organisms, 
therefore, have been proposed by certain authors to be key in 
maintaining healthy gut tissues that are primed to respond 
rapidly to pathogens, but are protected from being damaged 
by inflammatory responses to the indigenous/resident micro-
biota [7, 8]. Conversely, other researchers have hypothesized 
that the widespread possession of anti-inflammatory ability 
by resident gut mucosal bacteria could be detrimental, by 
imposing an unsustainable burden on the host immune 
system and compromising its ability to respond appropriately 
to pathogens [9].

Loss of the balance between resident populations and the 
host response to them (dysbiosis) contributes to the inci-
dence of some significant, multifactorial diseases [8, 10]. 
Periodontal diseases are examples of dysbioses, since they 
are caused by changes in the balance and composition of 
resident plaque microbial communities and a subsequent 
loss of host-microbe homeostasis. The failure of the immune 
system to limit the microbial community and resultant exag-
gerated and subverted local host immune response can result 
in tissue damage [11, 12]. Healthy gingival tissues, like the 
gut, are heavily colonized and the balance of pro- and anti-
inflammatory resident microorganisms may play similar roles 
to those proposed to be important in the gut in maintaining 
healthy tissues and preventing tipping of the balance to 
dysbiosis. Suppression of inflammatory mediator secretion is 
emerging as a property of some oral commensal streptococci 
[4, 13–18], but the prevalence of such anti-inflammatory 
organisms in the mouth is unknown. This study aimed to 
examine their potential roles in oral host-microbe homeo-
stasis by determining if immunosuppressive properties are 
common amongst resident oral streptococci from sites classed 
as being healthy or displaying mild gingivitis.

METHODS
Subject selection and sample collection
Study design and methodologies are illustrated in Fig.  1. 
Volunteers were required to have no active caries, a low 
history of caries and had not taken a course of antibiotics in 
the previous 6 months. Subjects were recruited to the healthy 
control group (n=5) if they had 20 or more teeth and gingival 
bleeding at up to 5 % of gingival sites with no sextant of the 
mouth recording a Basic Periodontal Examination (BPE) code 
of four and no more than two sextants recording a BPE code 
of three. If they had gingival bleeding of 20 % or more sites, 
they were placed in the gingivitis group (n=5). Four of the five 

subjects recruited to the control group (age range 23–53 years; 
mean 35 years) were female; as were three of the gingivitis 
group (26–30 years; mean 26.8 years). Pooled supragingival 
plaque samples from each participant, taken with sterile 
paper points from four clinically healthy sites in the healthy 
group and from four diseased sites in the gingivitis group, 
were placed into 1 ml pre-reduced transport fluid (RTF) [19] 
containing 1 mm glass beads. Samples were retained in an 
anaerobic cabinet (Don Whitley Mark III, Otley, UK) in an 
atmosphere of 10 % CO2, 10 % H2 and 80 % N2. Additionally, 
for the gingivitis group, the remaining supragingival plaque at 
each site was removed using a sterile curette and subgingival 
plaque was collected with sterile paper points and pooled in 
RTF. Preliminary experiments also included sampling the 
tongue of one orally healthy individual, by scraping with a 
sterile swab.

Bacterial isolation and identification
Viable bacterial counts of plaque samples were determined 
by serial dilution in RTF and inoculation onto pre-reduced 
blood agar (BA) plates (Oxoid, UK) followed by 5 days incu-
bation at 37 °C anaerobically (total counts) or in 10 % CO2 
(total facultative counts). Mitis Salivarius agar (MSA; Fluka, 
UK) incubated for 2 days at 37 °C in 10 % CO2 was used to 
enumerate Streptococcus populations in plaque samples.

Twenty representative presumptive streptococci from each 
original sample were isolated. To do this, representative 
colonies of each morphological type on MSA were collected 
in proportion to their numbers on the isolation plate (e.g. 
type-1 colony accounted for 50 % of total streptococcal count 
so 10 colonies picked; type-2 colonies represented 25 % of 
the total so five colonies picked). They were Gram-stained, 
streaked onto fresh MSA plates and were stored in 30 % 
(v/v) glycerol at −80 °C until required for further analysis. 
To identify streptococcal isolates, a bacterial suspension in 
sterile water was heated at 100 °C for 10 min to extract the 
DNA. Samples were centrifuged at 13 000 r.p.m. for 30 s 
and the supernatant used as a template for amplification of 
partial 16S rRNA genes using the universal primers 27 f and 
1492 r. Amplicons were sequenced using 519 r and a BigDye 
terminator cycle sequencing kit (Thermofisher, UK), with a 
3730xl DNA analyser (Applied Biosystems, UK). Additional 
species confirmation was obtained through next-generation 
sequencing (NGS) using an Illumina HiSeq3000 sequencing 
system. Sequences were subjected to blast searching (http://
www.​ncbi.​nlm.​nih.​gov/​blast/​Blast.​cgi) to identify the isolates 
and phylogenetic dendrograms were constructed using the 
Neighbour-Joining algorithm, in mega version5 (http://www.​
megasoftware.​net/).

CXCL8 secretion by epithelial cells
The SV40-transformed, immortalized human bronchial 
epithelial cell line 16HBE14o- (gifted by Dr D. Gruenert; 
University of California, USA) were cultured, passaged 
and seeded into 24-well plates at a density of 105 cells/
well, as described by Cosseau et al. [4]. Complete MEM 
was removed from the monolayers (ca 95 % confluent) and 
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replaced by serum-free MEM; following 2 h incubation, 
the monolayers were stimulated with 1 µg ml−1 flagellin 
(Sigma, UK)±co-incubation with streptococci at a m.o.i. 
of 50 : 1. In some experiments flagellin was replaced by 
25 µg ml−1 cathelicidin LL37 (Pepceuticals, UK) or 25 µg 
ml−1 polyinosinic:polycytidylic acid (poly I:C, Sigma). 
Streptococci were prepared by growing overnight in brain 

heart infusion broth (BHI; Oxoid) in 10 % CO2 at 37 °C and 
washing in tissue culture grade phosphate buffered saline 
(PBS; Sigma; pH 7.4). In some cases, streptococci in PBS were 
killed prior to addition to epithelial cells by heating at 100 °C 
for 15 min in a benchtop heat block (Techne Dri block DB 
2A; Jencons Scientific, UK) or by pulsed exposure (3×10 min, 
250 mJ cycles) to ultraviolet light (UV; UV Stratalinker 2400). 

Fig. 1. Flow chart of study design and methodology. MS – mitis salivarius, RTF – reduced transport fluid, LDH – lactate dehydrogenase, 
BPE – basic periodontal examination.
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After co-incubation for 24 h, cell culture supernatants were 
centrifuged at 7000 g for 5 min to remove bacteria and cell 
debris. As a measure of cytotoxicity, lactate dehydrogenase 
(LDH) in tissue culture supernatants was assayed in tripli-
cate using a CytoTox 96 Non-radioactive Cytotoxicity assay 
(Promega Corp, Madison, WI, USA). CXCL8 was detected 
using commercially available ELISA antibody pairs and kit 
(R and D Research Systems UK) according to the manufac-
turer’s instructions.

Activation of NFκB
The stable A549/NFκB-luc cell line (Panomics P/N LR0051; 
Fremont, CA) was grown in Dulbecco’s modified Eagle's 
medium (DMEM) containing 10 % (v/v) foetal bovine serum, 
2 mM l-glutamine, and 100 μg ml−1 hygromycin at 37 °C in 
a humidified 5 % CO2 incubator. 5×104 cells were seeded 
per well of a 96-well plate and grown overnight. Following 
the addition of 50 μg ml−1 tumour necrosis factor (TNF)-
α±streptococci at a m.o.i. of 50 : 1 or 10 : 1, monolayers were 
incubated for 6 h. Luciferase activity was measured with 
a Bright-Glo luciferase assay kit (Promega); following the 
manufacturer’s instructions and using a Thermo Scientific 
Varioskan Flash plate reader at wavelengths of 550 nm. Nega-
tive controls comprised the A549/NFκB-luc cells alone and 
positive controls consisted of cells plus TNF-α. The NFκB 
inhibitor BAY 11–7085 (40 μg ml−1) was used to confirm 
NFκB activation by TNF-α.

RESULTS
Suppression of CXCL8 secretion was a property of 
many resident oral streptococci
We previously showed that Streptococcus salivarius K12 
inhibited bacterial, flagellin and LL37-stimulated CXCL8 
secretion by bronchial, skin and oral primary cells and cell 
lines [4], and subsequently that K12 was able to suppress 
CXCL8 secretion by an oral keratinocyte cell line in response 
to oral bacteria; (Fig. S1, available in the online version of 
this article). Furthermore, we have demonstrated substantial 
reductions in CXCL8 release by the same cell line, with the 
addition of K12 to multi-species co-cultures of Porphy-
romonas gingivalis/Fusobacterium nucleatum and Aggre-
gatibacter actinomycetemcomitans/F. nucleatum resulting in 
decreases of 68.9 and 59.8 %, respectively (unpublished data). 
Since K12 was originally isolated from the tongue; in prelimi-
nary experiments we isolated streptococci from the tongue of 
one individual. Of the 21 representative tongue streptococci 
isolated, nine inhibited CXCL8 secretion from 16HBE14o- 
cells stimulated with 1 µg ml−1 flagellin, 25 µg ml−1 LL-37 or 
poly-I:C; (Fig. S2). This indicated that the ability to suppress 
CXCL8 responses may be relatively common in resident 
oral streptococci, and that examination of 20 isolates from 
each sample would be sufficient to detect the incidence of 
immunosuppressive streptococci in plaque. A total of 300 
presumptive streptococci were isolated and co-incubated 
with 16HBE14o- cells and flagellin. Of these, 31.3 % (94/300) 

Fig. 2. CXCL8 secretion by 16HBE14o- cells incubated with streptococci isolated from plaque in the presence and absence of 1 µg ml−1 
flagellin. Results are shown from four representative co-culture assays performed using a selection of streptococci isolated from the 
supragingival (sup) plaque of members of the healthy (H2 and H5) or gingivitis (G3) group. The data series ‘without flagellin’ reflects 
unstimulated/baseline secretion. Error bars represent±standard error of the mean.
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were defined as immunosuppressive, reducing flagellin-
stimulated CXCL8 secretion by at least 30 % (representative 
data are shown in Fig. 2); 86 of these 94 reduced flagellin-
induced CXCL8 secretion by ≥50 %, and most also reduced 
baseline/unstimulated CXCL8 secretion. Distributions 
of isolates by immunomodulatory status are illustrated in 
Fig. 3, Table 1. In cases where CXCL8-suppressive isolates 
were detected, their incidences in plaque were calculated 
to range from approximately 3–47 % of the total cultivable 
microbial load; with mean incidences of 16.9, 20.2 and 17.6 % 
detected for healthy supragingival, gingivitis supragingival 
and subgingival plaque, respectively. No significant differ-
ences were observed (Mann–Whitney and Wilcoxon signed 
ranks tests). Plaque sample viable counts are displayed in 
Table S1.

In the absence of streptococci, the mean LDH release was 
8.4 % (±5.6) and 7.9 % (±3.8) of the cell death control for 
16HBE14o- cells alone and stimulated with flagellin, respec-
tively. Streptococci caused a modest (7.3 %; P <0.01) increase 
in mean LDH release compared with the streptococci-free 
controls; a small proportion (5 %) caused >30 % LDH release 
and were considered cytotoxic.

Resident streptococci representing a range of 
species inhibited CXCL8 secretion
Preliminary investigations of 21 streptococci from the tongue 
of one individual identified 13 S. salivarius and six Strepto-
coccus parasanguinis isolates, of which seven and two were 
determined as CXCL8-suppressive, respectively. A further 
two isolates that were classified as Streptococcus cristatus, 
demonstrated high levels of cytotoxicity to 16HBE14o- cells 
according to the LDH release assay.

A panel of isolates were selected for species identifica-
tion (n=54), using partial 16S rRNA gene sequencing and 
confirmed with NGS where necessary. Due to a probiotic 
focus of research interests, these encompassed all of the 
immunosuppressive strains and representative non-
suppressive isolates from healthy supragingival plaque 
(n=41), along with multiple (n=13) representative suppressive 
and non-suppressive isolates from both sub- and suprag-
ingival sites of gingivitis subjects (Table 2). The majority of 
CXCL8-suppressive streptococci from plaque were identified 
as Streptococcus mitis/oralis, whilst the 13 non-suppressive 
isolates included representatives of five species, distributed 
relatively evenly. There was a tendency for isolates from the 

Fig. 3. (a) Distribution of bacterial isolates from plaque by immunomodulatory status. In total, 94 suppressive isolates delineated by 
degree of suppression → sampling site → species. Immunomodulatory capability determined by CXCL8 suppression in co-culture with 
16HBE14o- cells±stimulation with 1 µg ml−1 flagellin. Bacterial identification by partial 16 s rRNA or next-generation sequencing. Only 
representative samples were subjected to molecular species identification. (b) Proportions of test groups/sampling sites demonstrating 
CXCL8 suppression by co-culture assay (top). Mean calculated prevalence of total microbial loads with CXCL8 suppressive capabilities. 
Suppressive isolate prevalence ranged between 3–47 % (bottom).
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same subject to be clustered together in phylogenetic dendro-
grams and there were examples of apparently closely related 
isolates differing in terms of CXCL8-suppressive ability; (Fig. 
S3).

CXCL8-suppressive isolates inhibited NFκB 
activation
Luciferase expression was induced in the A549/NFκB-luc cell 
line when stimulated with TNF-α, but this was significantly 
suppressed by the addition of the majority (n=15/17) of repre-
sentative CXCL8-suppressive streptococci strains isolated 
from plaque; (Fig. 4). S. salivarius S16 and S. parasanguinis 
S25, isolated from the tongue, also significantly inhibited 
NFκB secretion by this reporter cell line (data not shown).

CXCL8-suppression could be mediated by multiple 
mechanisms
We determined the dependence of immunomodulation on 
bacterial viability to offer insight into possible suppressive 
mechanisms. S. salivarius S2 and S16, as well as S. parasan-
guinis strains S22 and S25, continued to inhibit CXCL8 secre-
tion after heat-killing, but not after being killed by exposure to 
UV light. In contrast, both heat- and UV-killing of representa-
tive strains of S. mitis/oralis and Streptococcus sp. 2_1_36FAA 
resulted in CXCL8 secretion comparable to 16HBE14o- cells 
alone (Fig. 5).

DISCUSSION
Immunosuppressive capabilities have been described for an 
increasing range of commensal or probiotic organisms, but 
studies have not been undertaken to determine the preva-
lence of such properties in resident microbial communities. 
Streptococci are significant members of the healthy resident 
oral microbiome. This study has demonstrated that more 
than 30 % of the streptococci isolated from supragingival and 
subgingival plaque from ten human volunteers were able to 
suppress the secretion of CXCL8 by cultured epithelial cells. 
Thus, this ability appears to be relatively common in resident 
streptococci in vitro and has the potential, therefore, to play 
a role in the maintenance of host-microbe homeostasis in 
the mouth, or in loss of homeostasis if such organisms are 
present in numbers that are too high. It is likely that the 
relative balance of pro-inflammatory and immunosuppres-
sive resident organisms is critical for appropriate immune 
responses and the maintenance of host-microbe homeostasis. 
While some plaque samples appeared to harbour potentially 
immunosuppressive streptococci in numbers too low to be 
detected in 20 representative isolates, in other supragingival 
plaque samples they appear to have accounted for a substan-
tial proportion of the total cultivable microbial load. There 
were no significant differences in occurrence of immunosup-
pressive streptococci comparing the healthy and gingivitis 
groups, although larger numbers of subjects will be required 
to confirm or contradict this and should include individuals 
with periodontitis (where more pronounced dysbioses would 
be expected), as well as gingivitis. S. salivarius K12 suppressed 
CXCL8 secretion from all non-oral and oral cell types we 
examined, and therefore 16HBE14o- cells were used as a 
well-characterized screening tool. The isolates from this study 
were shown to be akin to K12 in inhibiting NFκB activation, 
but it will be essential to confirm that they behave in a similar 

Table 1. Incidence of immunosuppressive streptococci in plaque 
samples from healthy and gingivitis subjects

Subject Healthy/
gingivitis

Plaque No. immuno-suppressive 
isolates (%)

H1 Healthy Supragingival 3 (15)

H2 Healthy Supragingival 17 (85)

H3 Healthy Supragingival 0 (0)

H4 Healthy Supragingival 4 (0)

H5 Healthy Supragingival 13 (65)

Total 37/100

G1 Gingivitis Supragingival 9 (45)

G2 Gingivitis Supragingival 0 (0)

G3 Gingivitis Supragingival 11 (55)

G4 Gingivitis Supragingival 9 (45)

G5 Gingivitis Supragingival 12 (60)

Total 41/100

G1 Gingivitis Subgingival 0 (0)

G2 Gingivitis Subgingival 0 (0)

G3 Gingivitis Subgingival 8 (40)

G4 Gingivitis Subgingival 0 (0)

G5 Gingivitis Subgingival 8 (40)

Total 16/100

Table 2. Identification of representative streptococci displaying 
either immunosuppressive (n=41) or non-immunosuppressive (n=13) 
properties

Suppressive/non-
suppressive

Species No./total 
identified

From subjects

Non-suppressive S. anginosus 1/13 H1

 �  S. constellatus 3/13 H1, H2, G1

 �  S. cristatus 2/13 H1, G3

 �  S. mitis/oralis 3/13 H2, H4, G3

 �  S. salivarius 4/13 H2, H3, H4, 
G1

Suppressive S. cristatus 3/41 G1, G3

 �  S. mitis/oralis 34/41 H1, H2, H4, 
H5, G3, G4

 �  S. salivarius 3/41 H2, H4

 �  Streptococcus 
sp.2_1_36FAA

1/41 H4
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way with other epithelial cells, including those of oral origin. 
Other commensal bacteria should also be considered, along 
with a broader characterization of the inflammatory response 
to investigate other pro-inflammatory pathways that might be 
manipulated by such species. For example, Weissella cibaria, 
an organism that has been associated with periodontal health 
[20], inhibited CXCL8 and CXCL6 secretion by human oral 
epithelial, KB cells in response to stimulation by F. nucleatum 
[21]. Furthermore, induction of the nicotinic acetylcho-
line pathway in S. salivarius treated cells [4], suggests that 
investigations into stimulatory effects on anti-inflammatory 
pathways may also prove valuable.

The ability to suppress CXCL8 secretion in vitro was displayed 
by streptococci belonging to a range of species (S. mitis/oralis, 
S. salivarius, S. parasanguinis, S. cristatus, S. anginosus, S. 
constellatus), but in both supragingival and subgingival plaque 
this property was predominantly associated with S. mitis/
oralis. Since, subgingival plaque is derived from supragingival 
plaque that spreads down into the gingival sulcus [22, 23], 
we might expect to see a correlation of immunomodulatory 
species. The pioneer species that colonize teeth are mainly 
streptococci, particularly S. mitis and S. oralis, with smaller 
proportions of Actinomyces and other species. S. mitis and S. 
oralis are commonly isolated from dental plaque and S. mitis 
also often associates with mucosal sites [23, 24]. Both species 

are members of a group of organisms that have been proposed 
to be ‘true’ oral commensals [25]. Belde-ferra et al. (2012) 
have proposed that strains of S. oralis, S. mitis and Strepto-
coccus sanguinis are potential oral probiotics, since they are 
not only associated with oral health, but can also antagonize 
cariogenic streptococci [26]. On the other hand, S. mitis has 
been associated with opportunistic infections outside the oral 
cavity [27].

Certain commensal streptococci encompassing representa-
tives of S. salivarius, Streptococcus vestibularis and S. cristatus 
have been described in previous studies as immunosuppres-
sive in a range of cell types in vitro, and S. salivarius inhibits 
inflammation in an animal model [4, 13–17], as well as in 
humans in preventing recurrent pharyngitis and/or tonsillitis 
caused by Streptococcus pyogenes, and recurrent acute otitis 
media [28]. The roles of such immunosuppressive organ-
isms in host-microbe homeostasis in vivo in the mouth is 
not known; however, Twetman et al. demonstrated that the 
use of chewing gum containing immunosuppressive probi-
otic lactobacilli was associated with transient reductions in 
CXCL8 secretion into gingival crevicular fluid [29].

Here, we demonstrated immune suppression of cultured 
epithelial cells by mono-cultures of streptococci. While the 
primary purpose of this study was to investigate how common 

Fig. 4. Inhibition of NFκB activation in A549/NFκB-luc cell line by (n=17) immunomodulatory streptococci isolated from plaque 
(multiplicities of infection 50 : 1) following 6 h incubation. Species designations were based on blast comparisons of partial 16S rRNA 
gene sequences. Error bars represent ±standard error of the mean. To evaluate whether samples originated from the same distribution, 
a Kruskal–Wallis test was performed; P <0.001. To assess the variance between individual pairs of groups a Mann–Whitney U post-hoc 
test with Bonferroni correction was used. Adjusted P-values are displayed *P ≤0.05, ***P <0.001.
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this property may be in oral streptococci, it is important 
to recognize that in vivo these bacteria are components of 
complex communities. Our early experiments indicated K12 
was effective at inhibiting responses to individual species and 
co-aggregating suspensions of P. gingivalis or A. actinomycet-
emcomitans and F. nucleatum (Fig. S1 and unpublished data). 
However, studies assessing the immunological impact of oral 
biofilms have demonstrated contrasting responses between 
single- and multi-species models [30, 31]. It is clear that there 
is considerable variation in both single and multi-species 
models in terms of the responses induced by different species 
of streptococci as demonstrated, for example, by our data and 
that of Belibasakis et al., which highlighted an upregulation 
of IL8 production associated with Streptococcus gordonii and  
S. oralis and a down-regulation associated with S. sanguinis 
[30]. Our study further indicates strain-dependent immuno-
suppressive abilities within a species.

A range of mechanisms have been described whereby 
commensal organisms inhibit or suppress inflammatory 
responses, including modulation of Toll-like receptor or 

NOD-like receptor expression and signalling, inhibition 
of activation of NFκB or increasing the secretion of anti-
inflammatory cytokines [4, 8, 32]. Inhibition of NFκB activa-
tion has been proposed to underlie the immunosuppression 
observed in other studies of commensal streptococci [4, 18]. 
In this study representative CXCL8-suppressive streptococci 
affected significant reductions in NFκB activation in a 
reporter cell line, indicating one potential immunomodula-
tory pathway.

For some commensal organisms, the cell components or 
products that mediate effects on immune and inflammatory 
responses have been identified and include capsular polysac-
charide, short chain fatty acids (SCFA), cellular or secreted 
proteins/peptides, nucleic acids, flagellin, peptidoglycan and 
hydrogen peroxide [33–39]. The immunosuppressive medi-
ator produced by S. salivarius K12 has not been identified, but 
two other S. salivarius strains secreted a peptide of <3 KDa 
that mediated immunosuppression [14]. Our experiments 
using heat and UV-killed bacteria indicated inter-species vari-
ability of immunosuppressive mechanism(s). S. salivarius and 

Fig. 5. Effect on epithelial cell secretion of CXCL8 of treatment with live, heat-killed and ultra-violet light killed (UV) Streptococcus salivarius 
(S2, S16) Streptococcus parasanguinis (S22, S25), Streptococcus mitis/oralis (G3/sup/13) and Streptococcus sp.2_1_36FAA (H4/sup/18). 
(a) Percentage of 16HBE14o- epithelial cell death, proportional to 100 % cell death control, assessed by the lactate dehydrogenase 
(LDH) assay to determine the cytotoxic effect of the bacteria. (b) CXCL8 secretion by LL37-stimulated 16HBE14o- cells, expressed as a 
percentage of bacterial free controls, after treatment with representative tongue and plaque streptococci. Statistical significance refers 
to comparisons with LL-37-stimulated control cell secretion (in the absence of bacteria) *=p <0.05; **=p <0.01; ***=p <0.001. Error bars 
represent the standard error of the mean.
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S. parasanguinis retained their immunosuppressive abilities 
after heat killing, implying that the mediator is unlikely to be 
a secreted metabolite. Conversely, both heat and UV-killing 
of S. mitis/oralis and Streptococcus sp. 2_1_36FAA isolates 
ablated their immunosuppressive ability with the result that 
they caused no significant differences in CXCL8 secretion 
from both unstimulated and stimulated control cells (Fig. 5). 
These findings suggest that viable bacterial cells may be essen-
tial to immunosuppressive ability in certain strains, indicative 
of the potential involvement of secreted metabolites, such as 
SCFA. Inactivation of immunosuppression by UV-killing 
and not heat-killing indicated the possible involvement of 
nucleic acids as the mediating factor. Similar mechanisms 
have previously been observed [40], with high levels of 
double-stranded RNA in lactic acid bacteria associated with 
stimulation of interferon-β production, resulting in protective 
effects in a murine colitis model [41]. An absence of a heat-
labile element would suggest that the immunomodulation 
observed here was not mediated by a protein. Ultimately, 
the mechanism behind epithelial cell CXCL8 suppression in 
streptococci appears multifactorial and is potentially strain 
dependent. Further investigation is required to elucidate the 
cell machinery conveying this phenomenon. Additionally, 
multiple mechanisms of modulating host responses may 
be displayed by one species or organism. For example, the  
S. mitis type strain (CCUG 31611) has been observed to 
activate an oral epithelial cell aryl hydrocarbon receptor, 
promoting CXCL8 expression, and to increase transcription 
of some chemokines in monocytes while also promoting 
expression of the immunosuppressive cytokine IL-10 [3, 42].

It is not uncommon for similar colonization and survival 
immune evasion strategies to be employed by commen-
sals and pathogens, and suppression of host inflammatory 
responses (including secretion of CXCL8) is also induced 
by the periodontopathogens P. gingivalis and Treponema 
denticola [11, 43]. However, P. gingivalis utilizes multiple 
mechanisms targeting a range of cellular and soluble immune 
defences to cause extensive inhibition of local immune 
responses, while also activating mechanisms that promote 
the deregulated inflammatory response, inefficient resolution 
of inflammation and increased bone resorption associated 
with periodontitis [44–46]. In contrast, the limiting, immu-
nomodulatory effects of commensals are more subtle, and 
immunosuppression may be accompanied by properties 
that promote anti-inflammatory responses and/or enhance 
cellular homeostasis [4, 47–50].

Many of the 300 presumptive streptococcal isolates in this 
study caused a modest increase in LDH release from epithelial 
cells after 24 h co-culture. Hydrogen peroxide and urease are 
produced by a range of resident oral streptococci and both 
have been reported to be cytotoxic to epithelial and other 
cells [51–53]. However, few of our isolates could be defined 
as cytotoxic in the experimental system employed here. The 
degree of cell killing may be defined, not only by the strain 
and the environmental/growth conditions, but also by the 
m.o.i. and cell type. Moderate toxic effects may be counter-
balanced in vivo by the effects of these molecules in protecting 

against acidification and in inhibiting the growth of anaerobes 
such as P. gingivalis and Prevotella intermedia [54], as well as 
other non-oral pathogens [55, 56].

The potential beneficial effects of resident organisms extend 
beyond immune homeostasis, to include pathogen exclusion, 
enhancing mucin production and barrier function, induction 
of antimicrobial host defence peptides, promoting angiogen-
esis and wound healing [2, 57]. It has been recognized that 
resident oral bacteria contribute to healthy gingival tissues 
in that they help to direct the development of oral immune 
responses and elicit responses that maintain appropriate 
levels of defensive neutrophils within the gingival epithe-
lium [58, 59]. S. salivarius K12, a probiotic isolated from 
the tongue, down-regulated epithelial cell inflammatory 
responses and also up-regulated hepcidin [4], a regulator of 
iron adsorption that activates signalling pathways and reduces 
the generation of inflammatory markers to lipopolysaccha-
ride [60]. Furthermore, S. salivarius K12 stimulated beneficial 
pathways not considered as pro-inflammatory including type 
I and II interferon responses and anti-apoptotic responses, 
and exerted significant effects on the cytoskeleton and adhe-
sive properties of the host cells [4]. An appropriate level of 
commensals capable of exhibiting a combination of immu-
nomodulatory and homeostatic properties may be essential 
for maintaining oral health, and studies into the potentially 
beneficial capabilities of our isolates are continuing. Under-
standing the processes that underlie the maintenance of 
healthy oral tissues will help to develop preventive strategies 
and aid in the identification of potential probiotic organisms. 
These could also lead to strategies to promote oral health, 
maintaining the balance of perpetual fluctuations required 
for oral allostasis [61, 62].
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