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Abstract
Objectives Periodontitis is a chronic inflammatory disease characterized by tooth-supporting tissue destruction, which is elicited
by the host’s immune response triggered against periodonto-pathogen bacteria. During periodontal tissue destruction, extracel-
lular matrix components are metabolized and fragmented. Some extracellular matrix component-derived fragments, such as low-
molecular-weight hyaluronan (LMW-HA), have potent immunogenic potential, playing a role as damage-associated molecular
patterns (DAMPs) during activation of immune cells. Dendritic cells (DCs) play a central role in the host’s immune response
displayed during periodontitis; thus, this study aimed to analyze whether LMW-HA has an immunostimulatory activity on DCs
when stimulated with periodonto-pathogen bacteria.
Materials and methods LMW-HA-treated and non-treated DCs were stimulated with Aggregatibacter actinomycetemcomitans
or Porphyromonas gingivalis and the mRNA expression for cytokines tumor necrosis factor-α (TNF-alpha), interleukin-1β (IL-
1B), interleukin-6 (IL-6), and interleukin-23 (IL-23A) was quantified by RT-qPCR. In addition, transcription factors interferon
regulatory factor 4 (IRF4), interferon regulatory factor 8 (IRF8), neurogenic locus notch homolog protein 2 (NOTCH2), and
basic leucine zipper ATF-like transcription factor 3 (BATF3), involved in DC activation, were analyzed.
Results Higher expression levels of TNF-alpha, IL-1B, IL-6, and IL-23Awere detected in LMW-HA-treated DCs after bacterial
infection, as compared with non-treated DCs. When LMW-HA-treated DCs were infected with A. actinomycetemcomitans,
higher levels of IRF4, NOTCH2, and BATF3 were detected compared with non-treated cells; whereas against P. gingivalis
infection, increased levels of IRF4 and NOTCH2 were detected.
Conclusion LMW-HA plays an immunostimulatory role on the immune response triggered by DCs during infection with
A. actinomycetemcomitans or P. gingivalis.
Clinical relevance Detection of extracellular matrix component-derived fragments produced during periodontal tissue destruc-
tion, such as LMW-HA, could explain at least partly unsuccessful periodontal treatment and the chronicity of the disease.
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Introduction

Hyaluronic acid (HA), also known as hyaluronan, is a non-
sulphated glycosaminoglycan ubiquitously distributed in the
extracellular matrix of several tissues, including periodontal
tissues [1–3]. In physiological conditions, HA possesses a
high-molecular-weight structure (HMW-HA) with over
1000 kDa [2, 4]; nevertheless, in inflamed tissues, HA can
be degraded to low-molecular-weight fragments (LMW-HA)
of < 500 kDa [2, 5]. LMW-HA can act as an immunogen on
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immune cells, promoting the expression of transcription fac-
tors and pro-inflammatory cytokines via expression and activ-
ity of nuclear factor-kappa B (NF-κB) [5–8].

During periodontitis, dendritic cells (DCs) fulfill a central
role as antigen-presenting cells, along the beginning of the
host’s immune response and regulating it against periodontal
pathogenic bacteria [9]. DCs have the ability to recognize not
only pathogen-associated molecular patterns (PAMPs) but al-
so damage-associated molecular patterns (DAMPs) [9], such
as the LMW-HA released during periodontal tissue destruc-
tion. Thus, activation of DCs triggered by bacterial antigens
could be modified in the presence of LMW-HA. In this con-
text, considering the distinct patterns of transcription factor
expression and cytokine production, three subsets of DCs
have been described: conventional type 1 DCs (cDC1s) and
type 2 DCs (cDC2s), which are mainly involved in bacterial
antigen recognition and presentation, and plasmacytoid DCs
(pDCs) [10, 11]. Thereby, during antigen presentation to T
lymphocytes, each of these DC subsets could induce a distinct
pattern of immune response depending on the DAMPs and/or
PAMPs that they recognize. In fact, cDC1 and pDC subsets
produce interleukin-1β and interleukin-12 and are associated
with priming of Th1 lymphocytes [12–14]. Otherwise, cDC2
subset produces high amounts of interleukin-1β, interleukin-
6, and interleukin-23, leading to the priming of Th1 and/or
Th17 lymphocytes [13–17].

Higher levels of LMW-HA are detected in the periodontal
tissues of patients affected with periodontitis as compared
with healthy individuals [18, 19]. Therefore, the immune re-
sponse triggered by DCs against periodontal pathogenic bac-
terial challenge could vary in the presence of increased levels
of LMW-HA. In this study, we analyzed the immunogenic
potential of LMW-HA in DCs infected with P. gingivalis or
A. actinomycetemcomitans, quantifying the production of cy-
tokines and the expression of transcription factors that deter-
mine the activation of the distinct DCs subtypes.

Materials and methods

A. actinomycetemcomitans and P. gingivalis strains
and culture conditions

The strainY4 (ATCC® 43718™) ofA. actinomycetemcomitans
was cultured on tryptone soy agar (TSA; Oxoid Ltd.,
Hampshire, England), supplemented with 0.6% yeast extract
(Oxoid Ltd.) and 10%heat inactivated horse serum (Biological
Industries USA Inc., Cromwell, CT, USA), at 37 °C and under
capnophilic conditions generatedwith amicroaerobic environ-
ment conditioner (CampyGen™; Oxoid Ltd). The strain W83
(ATCC® BAA-308™) of P. gingivalis was cultured on blood
agar base no. 2 (Oxoid Ltd.), supplemented with 5% defibrin-
ated horse blood (Blood and Hemoderivatives Laboratory,

Public Health Institute, Santiago, Chile), 5 mg/l hemin
(Calbiochem®, EMD Chemicals Inc., San Diego, CA, USA),
and 1 mg/l menadione (Sigma-Aldrich Co., St. Louis, MO,
USA), at 37 °C and under anaerobic conditions in an anaerobic
chamber (Bactronez-2; Sheldon Manufacturing Inc.,
Cornelius, OR, USA). In order to obtain a reliable number of
live bacteria having their whole antigenic potentiality for DC
stimulation, bacterial growth curvesweremade in liquid brain-
heart infusion medium (Oxoid Ltd.), supplemented with 10%
heat inactivated horse serum or 5 mg/l hemin and 1 mg/l men-
adione for A. actinomycetemcomitans or P. gingivalis, respec-
tively, and bacteria were taken at the exponential growth phase
at 48 h.

Blood donors

Blood cells were obtained during platelet-apheresis proce-
dures from healthy donors consecutively enrolled at the
Blood Bank of the Clinic Hospital Dr. José Joaquín Aguirre,
Universidad de Chile. The study group consisted of 10 adults
who did not have periodontal disease as determined by the
absence of gingival inflammation, clinical attachment loss,
or increased probing depths. Further exclusion criteria were
being positive for human immunodeficiency virus, being pos-
itive for hepatitis B or C virus, history of manifest infections
during the last month, fever, symptomatic allergies, abnormal
blood cell counts, increased liver enzymes, or medication of
any kind except vitamins and oral contraceptives. The study
design (Protocol 2010/14) was approved by the Ethics
Committee for Human Research of the Faculty of Dentistry,
Universidad de Chile, and conducted in accordance with the
Helsinki Declaration of 1975, as revised in 2000. The inves-
tigation protocol was clearly explained to all the individuals,
who agreed to participate in the study by signing an IRB-
approved informed consent.

Dendritic cell generation

DCs were generated using a three-step protocol as previously
described [20]. First, peripheral blood mononuclear cells were
isolated using a density gradient centrifugation (Ficoll-Paque
Plus; GE Healthcare, Uppsala, Sweden). From them, mono-
cytes were purified by magnetic cell sorting using an anti-
CD14 monoclonal antibody conjugated to magnetic beads
(MACS; Miltenyi Biotec, Bergisch Gladbach, Germany) fol-
lowing the manufacturer’s instructions. Finally, DCs were
generated by culturing the CD14+ monocytes at 106 cells/ml
in RPMI-1640 supplemented with 10% fetal bovine serum
(Gibco Invitrogen Corp., Grand Island, NY, USA), 20 ng/ml
granulocyte-monocyte colony stimulating factor (GM-CSF),
and 20 ng/ml interleukin-4 (IL-4) (R&D Systems Inc.,
Minneapolis, MN, USA) for 6 days.
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Hyaluronan treatment of dendritic cells

In order to analyze the dose-dependent response of DCs
against hyaluronan, cells were treated with 25, 50, or
100 μg/ml of LMW-HA (hyaluronan 20 kDa; R&D Systems
Inc.) applied from day 3 every 24 h, as previously described
[21, 22]. On day 7, DCs were harvested for RNA extraction
and subsequent RT-qPCR analysis. Non-treated DCs were
used as negative control.

Bacterial stimulation of dendritic cells

In bacteria stimulation experiments, DCs were treated with
100 μg/ml of LMW-HA from day 3 every 24 h, and on day
7, cells were infected at a multiplicity of infection (MOI) =
100 with the A. actinomycetemcomitans or P. gingivalis
strains. Two days post-infection, DCs were recovered to per-
form the RT-qPCR experiments. Non-treated DCs were used
as control. Non-treated and non-infected DCs were used for
comparisons. In each experimental step, cell counting was
performed using a Neubauer® chamber and a phase contrast
microscope (AxioVert 100; Carl Zeiss Co., Göttingen,
Germany) and cell viability was assessed by Trypan blue
dye exclusion. For each individual, the experiments were per-
formed separately.

Expression of cytokines and transcription factors

ForRT-qPCRanalysis, total RNAwas isolated fromDCsusing
400 μl ice-cold cell lysis buffer containing 0.5% Igepal® CA-
630 (Sigma-AldrichCo.) aspreviouslydescribed [20].The first
cDNAstrandsweresynthesizedusingareverse transcriptionkit
(SuperScript III®; Invitrogen, Grand Island, NY,USA) follow-
ing themanufacturer’s protocol. ThemRNAexpression for the
pro-inflammatory cytokines tumor necrosis factor-α (TNF-al-
pha), interleukin-1β (IL-1B), interleukin-6 (IL-6), and
intereukin-23 (IL-23A), as well as for the transcription factors
interferon regulatory factor 4 (IRF4), interferon regulatory fac-
tor 8 (IRF8), neurogenic locus notch homolog protein 2
(NOTCH2), and basic leucine zipper ATF-like transcription
factor 3 (BATF3) involved in DC activation and polarization,
was analyzed using the appropriate primers (Table 1) and a
qPCR reagent (KAPA™ SYBR® Fast; KAPA Biosystems,
Woburn, MA, USA). For this, 50 ng of cDNAwas analyzed in
a qPCR equipment (StepOnePlus®; Applied Biosystems,
Singapore) with the following amplification protocol: 95 °C
for 3 min and 40 cycles of 95 °C for 3 s and 60 °C for 30 s. For
detection of non-specific product formation and false-positive
amplification,ameltcurveof95°Cfor15s,60°Cfor1min,and
95 °C for 15 s was performed. As an endogenous control, 18S
rRNA expression levels were quantified.

Statistical analysis

Data were presented as mean ± standard deviation of relative
fold changes by normalizing the cytokine or transcription fac-
tor mRNA expression to the 18S rRNA expression using the
2−ΔΔCt method (StepOne 2.2.2; Applied Biosystems).
Statistical analysis was performed using the SPSS 22.0 soft-
ware (IBM Corp., Armonk, NY, USA). The normality of data
distribution was determined using the Kolmogorov-Smirnov
test. Differences were analyzed using the analysis of variance
(ANOVA) together with the Bonferroni post hoc tests.
Probabilities of 0.05 or less were accepted as significant.

Results

Expression of cytokines in LMW-HA-treated dendritic
cells

The levels of TNF-alpha, IL-1B, IL-6, and IL-23A expressed
in DCs treated with 25, 50, or 100 μg/ml of LMW-HA are
shown as fold change (Fig. 1). A dose-dependent increase in
the expression levels for each cytokine was detected, with
significantly higher expression levels of TNF-alpha
(p < 0.001), IL-1B (p = 0.031), IL-6 (p < 0.001), and IL-23A
(p < 0.001) when DCs were treated with 100 μg/ml of LMW-
HA compared with non-treated cells.

Expression of cytokines in LMW-HA-treated
and bacteria-stimulated dendritic cells

An increment in the expression levels for TNF-alpha, IL-1B,
IL-6, and IL-23A mRNAs was detected in DCs stimulated

Table 1 Forward and reverse primers used for cytokine and
transcription factor mRNAs and 18S rRNA amplifications by RT-qPCR

Target Forward primer Reverse primer

TNF-alpha cagcctcttctccttcctgat gccagagggctgattagaga

IL-1B ctgtcctgcgtgttgaaaga ttgggtaatttttgggatctaca

IL-6 gcccagctatgaactccttct gaaggcagcaggcaacac

IL-23A agcttcatgcctccctactg ctgctgagtctcccagtggt

IRF4 gacaacgccttacccttcg aggggtggcatcatgtagtt

IRF8 tggggatgatcaaaaggagcc aactggctggtgtcgaagac

NOTCH2 cagttacccacccacaggtc ccatacaggcagtcaatggaa

BATF3 agacccagaaggctgacaag ctccgcagcatggtgttt

18S rRNA ctcaacacgggaaacctcac cgctccaccaactaagaacg

BATF3, basic leucine zipper ATF-like transcription factor 3; IL-1B,
interleukin-1β; IL-6, interleukin-6; IL-23A, interleukin-23; IRF4, interfer-
on regulatory factor 4; IRF8, interferon regulatory factor 8; NOTCH2,
neurogenic locus notch homolog protein 2; TNF-alpha, tumor necrosis
factor-α
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with A. actinomycetemcomitans or P. gingivalis strains com-
pa r ed wi th non - i n f ec t ed ce l l s (F ig . 2 ) . When
A. actinomycetemcomitans- or P. gingivalis-infected DCs
were treated with LMW-HA, higher levels for TNF-alpha
(p < 0.001), IL-1B (p = 0.002 and p = 0.030), IL-6 (p =
0.038 and p = 0.002), and IL-23A (p = 0.031 and p = 0.011)
mRNAs were detected compared with non-treated cells.

Expression of transcription factors in LMW-HA-treated
and bacteria-stimulated dendritic cells

Figure 3 depicts the expression levels for IRF4, IRF8,
NOTCH2, and BATF3 mRNAs in infected DCs treated or
n o n - t r e a t e d w i t h L M W - H A . W h e n
A. actinomycetemcomitans-infected DCs were treated with
LMW-HA, higher levels for IRF4 (p = 0.005), NOTCH2
(p = 0.032), and BATF3 (p = 0.040) mRNAs were detected
compared with non-treated cells. No differences were detected
in the mRNA expression for IRF8. When P. gingivalis-infect-
ed DCs were treated with LMW-HA, higher levels for IRF4
(p = 0.003) and NOTCH2 (p = 0.033) mRNAs were detected
compared with non-treated cells. No differences were detected
in the mRNA expression for IRF8 and BATF3.

Discussion

At sites of inflammation, LMW-HA is generated due to frag-
mentation of HMW-HA via reactive oxygen species and

enzymatic degradation by hyaluronidase, β-glucuronidase,
and hexosaminidase [5]. From an immune point of view,
LMW-HA acts as a DAMP, since it promotes the production
of pro-inflammatory cytokines on immune cells, such as DCs
[5, 6, 22–24]. During periodontitis, LMW-HA has been asso-
ciated with the inhibition of the differentiation of osteoblasts
responsible for alveolar bone formation [25] and the induction
of apoptosis of gingival fibroblasts [26], which favors the loss
of tissue homeostasis and destruction of periodontal tissues. In
this study, the effect of LMW-HA on DCs when they are
stimulated with A. actinomycetemcomitans or P. gingivalis
was analyzed and it was demonstrated that LMW-HA induces
an increment in the expression of immune-regulatory tran-
scription factors and pro-inflammatory cytokines.

In DCs, LMW-HA induced cytokine expression in a dose-
dependent manner, where the stimulation with 100 μg/ml trig-
gered the highest expression levels of pro-inflammatory cyto-
kines, which is consistent with previous results utilizing differ-
ent concentrations of LMW-HA and determining that the stim-
uli with 100μg/ml induced the highest proliferation of Tand B
lymphocytes [21]. In addition, it has been previously reported
that this LMW-HA concentration falls in the pathophysiologi-
cal range detected in inflamed tissues [27, 28]. In this context,
the effect of the stimulation withA. actinomycetemcomitans or
P.gingivalisonDCsafter their exposure to100μg/mlofLMW-
HAwas analyzed. The results suggest that LMW-HA could be
involved in the generation of a local cellularmicroenvironment
that favors and eventually enhances the immunogenic effect of
periodontal pathogenic bacteria onDCs.
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Fig. 1 Dose-dependent
immunostimulatory potential of
hyaluronan. Quantification of the
mRNA levels for the cytokines
tumor necrosis factor-α (TNF-al-
pha), interleukin-1β (IL-1B),
interleukin-6 (IL-6), and
interleukin-23 (IL-23A) is repre-
sented as fold change in dendritic
cells treated with low-molecular-
weight hyaluronan (LMW-HA =
25, 50, or 100 μg/ml). The cyto-
kine mRNA expression in LMW-
HA non-treated dendritic cells
was considered as 1, as a refer-
ence for fold change in expres-
sion. Data from 8 independent
experiments are shown as mean ±
SD. Each experiment was per-
formed in duplicate. *p < 0.05
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The cytokines expressed by DCs depend on the cellular
subset that has been stimulated [29], which consequently de-
fines the pattern of adaptive immune response induced in T
lymphocytes [30]. From this basis, LMW-HA alone was not
able to induce an overexpression of the analyzed transcription
factors. Conversely, DCs exposed to LMW-HA and bacteria
elicited an overexpression of IRF4, NOTCH2, and BATF3.
The transcription factor BATF3 is key to the activation of the
cDC1 subtype, which is associated with the induction of a Th1
pattern of immune response [12]. In addition, IRF4 is the
transcription factor that determines the activation of the
cDC2 phenotype, also associated with Th1-type immunity
[13]. Nevertheless, the overexpression of both IRF4 and
NOTCH2 in cDC2s leads them to produce interleukin-6 and
interleukin-23, which in turn induce a Th17 pattern of immune
response [14–17, 31].

In the present investigation, A. actinomycetemcomitans in
the presence of LMW-HA induced the overexpression of the
transcription factors IRF4, NOTCH2, and BATF3, associated
with the cDC1 and cDC2 lineages [13, 32]. On the other hand,
P. gingivalis in the presence of LMW-HA induced the over-
expression of the transcription factors IRF4 and NOTCH2,
which only promote the activation of cDC2s. Thus, it could

be established thatA. actinomycetemcomitans is implied in the
activation and polarization of more DC subsets involved in
host’s immuno-inflammatory response as compared with
P. gingivalis, at least in the context of our experiments, which
is consistent with the higher immunogenici ty of
A. actinomycetemcomitans on DCs, as compared with
P. gingivalis [20]. In particular, the Th1 and Th17 patterns of
immune response against A. actinomycetemcomitans would
be associated with the activity of cDC1s and cDC2s, and the
Th1 pattern of immune response against P. gingivalis would
be associated with cDC2 activity. Even though different pat-
terns of immune response could be detected between both
bacteria, in both cases, overexpression of Th1 and Th17 types
of cytokines was detected, with enhanced TNF-alpha, IL-1B,
IL-6, and IL-23A expression when infected DCs were treated
with LMW-HA.

The transcription factors implied in the activation and
polarization of cDC1s and cDC2s have been described in
studies using conventional myeloid DCs, which differ from
the monocyte-derived DCs used in the present investiga-
tion [14, 32]. Monocyte-derived DCs show more function-
al and transcriptional similitudes with cDC2s than with
cDC1s or pDCs [31]. Meanwhile, GM-CSF used during
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Fig. 2 Cytokine expression in
infected dendritic cells.
Quantification of the mRNA
levels for the cytokines tumor
necrosis factor-α (TNF-alpha),
interleukin-1β (IL-1B),
interleukin-6 (IL-6), and
interleukin-23 (IL-23A) is repre-
sented as fold change in dendritic
cells non-treated or treated with
low-molecular-weight
hyaluronan (LMW-HA=
100 μg/ml) and stimulated with
A. actinomycetemcomitans (Aa)
or P. gingivalis (Pg) (MOI = 100).
The cytokine mRNA expression
in LMW-HA non-treated and
non-infected dendritic cells was
considered as 1, as a reference for
fold change in expression. Data
from 10 independent experiments
are shown as mean ± SD. Each
experiment was performed in du-
plicate. *p < 0.05
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the differentiation protocol of DCs could induce the early
inhibition of IRF8 and the modulation of transcription fac-
tors associated with the plasmacytoid subtype [31].
Furthermore, the obtainment of DCs using a protocol that
stimulates monocytes with GM-CSF and IL-4 is dependent
of IRF4 but does not require nor inhibits the expression of
BATF3 [33]. IRF8 is expressed during early stages of he-
matopoiesis and by direct and indirect competition with
other transcription factors promotes the polarization of
DCs to the cDC1 and pDC lineages [31]. Moreover, its
expression directly competes with IRF4 and consequently
controls the cDC1:cDC2 balance, while the expression of
BATF3 determines the final stage of maturation to a cDC1
lineage [31]. Accordingly, the early inhibition of IRF8 and
the unaffected expression of IRF4 and BATF3 in the DCs
analyzed in the present investigation suggests that the re-
sults regarding the expression levels of IRF8 could be, at
least in part, due to the use of a linage of DCs that could
present phenotypical variations in the transcriptional pro-
grams of human cDC1 and pDC, but that presents similar-
ities with the cDC2 subtype. This could represent a limita-
tion of this study that could be further improved by using
cDC and pDC obtaining protocols [34].

Periodontitis is characterized by a deregulated immuno-
inflammatory response that leads to chronic inflammatory
status and tooth-supporting tissue destruction. During extra-
cellular matrix destruction, the generation of LMW-HA ac-
tivates DCs and consequently promotes the adaptive im-
mune response [5]. In fact, LMW-HA favors antigen presen-
tation by inducing the expression of the co-stimulatory mol-
ecules CD80 and CD86 [35], stimulates DC migration to-
wards the draining lymph nodes [36], and enhances the ex-
pression of cDC1/cDC2-related cytokines and transcription
factors, as demonstrated in the present investigation.
Therefore, during periodontitis, LMW-HA might act as a
strong adjuvant of adaptive immune response against
periodonto-pathogens, promoting breakdown of periodontal
tissues, additional formation of LMW-HA, and, thus, the
chronicity of the disease.
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Fig. 3 Transcription factor
expression in infected dendritic
cells. Quantification of the
mRNA levels for the transcription
factors interferon regulatory
factor 4 (IRF4), interferon
regulatory factor 8 (IRF8),
neurogenic locus notch homolog
protein 2 (NOTCH2), and basic
leucine zipper ATF-like tran-
scription factor 3 (BATF3) is rep-
resented as fold change in den-
dritic cells non-treated or treated
with low-molecular-weight
hyaluronan (LMW-HA=
100 μg/ml) and stimulated with
A. actinomycetemcomitans (Aa)
or P. gingivalis (Pg) (MOI = 100).
The cytokine mRNA expression
in LMW-HA non-treated and
non-infected dendritic cells was
considered as 1, as a reference for
fold change in expression. Data
from 10 independent experiments
are shown as mean ± SD. Each
experiment was performed in du-
plicate. *p < 0.05
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