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Abstract

Periodontitis (PD) is a common dysbiotic inflammatory disease leading to local bone deterioration
and tooth loss. PD patients experience low grade bacteremias with oral microbes implicated in risk
of heart disease, cancer and kidney failure. While Th17 effectors are vital to fighting infection,
functional imbalance of Th17 effectors and regulatory T cells (Tregs) promote inflammatory
diseases. Here we investigated, in a small pilot randomized clinical trial, whether expansion of
inflammatory blood myeloid dendritic cells (mDCs) and conversion of Tregs to Th17 cells could
be modulated with antibiotic (AB) as part of initial therapy in PD patients. PD subjects were
randomly assigned to either 7 days of peroral metronidazole/amoxicillin AB treatment or no AB
(non-AB), along with standard care debridement and chlorhexidine mouthrinse. 16s rRNA
analysis of keystone pathogen Porphyromonas gingivalis (Pg) and its consortium members
Fusobacterium nucleatum (Fn) and Streptococcus gordonii (Sg) confirmed presence of all three
species in reservoirs (subgingival pockets and blood DCs) of PD patients before treatment. Of the
three species, Pgwas reduced in both reservoirs 4—-6 weeks after therapy. Further, the frequency of
CD1C+CCR6+ mDCs and IL-1R1 expression on IL17A+FOXP3+ CD4+ T cells in PD patients
were reduced to healthy control levels. The latter led to decreased IL-1B-stimulated Treg-plasticity
in PD patients and improvement in clinical measures of PD. Overall, we identified an important,
albeit short-term beneficial role of AB therapy in reducing inflammatory DCs and Treg-Th17
plasticity in humans with periodontitis.
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Introduction

PD is a common infectious disease, caused by a dysbiotic microflora (1, 2), that leads to
disruption of immune homeostasis and destruction of bone supporting the dentition (3, 4).
CDA4+ T cell effector responses are reported to drive progression of PD (5, 6), while
dendritic cells (DCs) are key arbiters of T cell effector responses. Circulating blood myeloid
DCs (mDCs) clear bacterial pathogens, such as the keystone oral pathogen Pg (7) from the
oral tissues and bloodstream of PD patients (8). Clearance of Pg stimulates non-canonical
differentiation of pre-DCs into myeloid DCs in vitro (9) and in PD patients /in vivo (8). Pg-
induced myeloid DCs reportedly induce long lived FoxP3+ regulatory T cells (Treg) /in vitro
and /n vivo (10). Induction of Tregs by Pg-infected DCs would appear paradoxical, as Tregs
are thought to minimize tissue destruction in the late stage of PD (11, 12). However, when
considering that double-positive, IL-17A+Foxp3+ CD4+T cells infiltrate PD sites in mice
and humans, with Th17 cells essential for eradication of bacteria in oral mucosa (13), but
responsible for bone degradation (14), it is feasible that induction of (unstable) Tregs by Pg
infected DCs (10) may be a prelude to excessive Th17 responses (15). The pathogenic role
of Th17 cells in humans with PD is supported by the histopathology of PD lesions (16-22).
Recently an expansion of resident Th17 cells in human periodontitis was demonstrated and
that genetic defect in Th17 cell differentiation conferred protection from immunopathology
that lessened the periodontal inflammation and bone loss (23). Hence, conversion of Tregs to
Th17 cells in PD ultimately may drive disease pathogenesis (14, 24, 25); however, presently
unclear are the mechanisms of Treg-Th17 conversion and whether it can be prevented in PD.

The present study employed an AB regimen to temporarily eradicate local and
hematogenous microbes in PD patients. This enabled us to determine how these microbes
influence frequency of inflammatory blood mDCs and Treg to Th17 cell plasticity. We show
that AB therapy reduced content of Pg and Fnin blood mDCs and reduced Pg at local
reservoir, the subgingival pocket. Furthermore, AB therapy reduced Treg plasticity in the
peripheral blood of PD patients and further prevented IL1p- and IL-6-boosted induction of
Th17 cells through IL-1R1 and IL-6Ra modulation on Tregs. Thus, we identified a
mechanism whereby including per-oral AB as part of initial therapy, combined with
debridement and antimicrobial rinse, provides short term beneficial effects in modulating
local and systemic inflammation in PD.

Material and Methods

Chronic periodontitis patients and healthy volunteers

This study was approved by the Augusta University Institutional Review Board and is listed
in clinical trials.gov (NCT01568944). All subjects provided informed consent prior to
participation in the study. PD subjects (n=18) with moderate to severe generalized disease
(probing pocket depth (PPD) of >4 mm, attachment loss of >3 mm, bleeding on probing, and
alveolar bone crest >3 mm from the cementoenamel junction), as described by Armitage
1999 (26), were randomly assigned to an antibiotic treatment (AB) consisting of 7 days of
p.o. metronidazole (250mg)/amoxicillin (500mg) T.1.D. combined with local chlorhexidine
rinses (n=8) or none (n=10). Exclusion criteria were pregnancy, allergy to antibiotics,
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current smoker, diabetes, autoimmune disease, cancer, liver or renal disease, taking statins,
steroids or NSAIDS and inability to cease alcohol consumption during 7 days of AB
therapy. At day 6 (24 hrs before SRP) all PD subjects were administered intensive single
visit SRP. Peripheral blood was collected from healthy (n=9) and PD patients at baseline, 6
days, 7 days (24 hrs after SRP) and 4-6 weeks after AB (final visit). Gingival tissues and
subgingival plaque samples were collected from PD patients at BL and final time points.
Human peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by
density gradient centrifugation using Lymphoprep™ (StemCell Technologies, Vancouver,
BC, Canada).

Isolation and phenotypic analysis of blood DCs

Circulating blood DCs were enriched from PBMCs by negative selection using human
panDC enrichment kit (StemCell Technologies, Vancouver, BC, Canada). Enriched DCs
were analyzed by 8 color flow cytometry (MACS quant, Miltenyi Biotec). For blood DC
subsets (mDCs and pDCs), the following conjugated antibodies were used: anti-human
CD1C (clone AD5-8E7), CD141 (Clone AD5-14H12), CD303 (Clone AC-144) and CCR6
(clone REA190) (Miltenyi Biotec) and anti-human CCR7 (clone 3D12) (e-biosciences).
Unstained cells and Isotype-matched antibodies (directly conjugated) were used as controls.
Dead cells were excluded by using Live/Dead fixable aqua dead cell stain kit (Thermo
Fisher Scientific).

Detection of dysbiotic microflorain blood DCs and gingival plague

Total RNA was purified from blood DCs using RNAeasy Plus mini kit according to
manufacturers’ instruction (Qiagen). Two rounds of blood DC isolation from PBMCs were
performed to remove residual monocytes, with the purity of resultant blood DCs being
consistently 80-90%. Genomic DNA was extracted from gingival plaque using QlAamp
DNA Investigator kit according to manufacturer instructions (Qiagen). One-step quantitative
real-time polymerase chain reaction (qQRT-PCR) was performed using StepOnePlus real time
RT-PCR system (Applied Biosystems, Life Technologies) using Express qPCR Super Mix
according to manufacturers” instruction (Invitrogen, Cat. no. A10312). Custom made
primers (Applied biosystems, Thermo Fisher Scientific) specific for 16s rRNA of
Porphyromonas gingivalis (Pg) (GenBank: AB035455.1; accession number: AlY9ZZ2)
(https://www.ncbi.nlm.nih.gov/nuccore/ AB035455.1) Fusobacterium nucleatum (Fn)
(GenBank: AJ810280.1; accession number: APWCWT?2) (https://www.ncbi.nlm.nih.gov/
nuccore/AJ810280.1) and Streptococcus gordonii (Sg) (GenBank: D38483.1; accession
number; AIT97D1) (https://www.nchi.nlm.nih.gov/nuccore/D38483.1) were used to detect
the presence of Pg, Fnand Sgin blood DCs and plaque samples. Universal bacterial 16s
rRNA gene (total bacteria) (catalogue no. 4351372; Thermo Fisher Scientific) was used as
an internal reference gene and relative abundance of Pg, Fnand Sgto the total bacteria were
determined using 2-22CT method.

Detection of inflammatory mediators in gingival tissues

Total RNA was extracted from gingival tissues using RNAeasy Plus mini kit according to
manufacturers’ instruction (Qiagen) after homogenizing in TRIzol (Invitrogen), and cDNA
generated using High capacity reverse transcriptase kit (Applied Biosystems, Life
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Technologies). Quantitative real-time PCR (qRT- PCR) was performed using Tagman fast
universal PCR mix and Tagman primer/probe mixtures: CD1C (Hs00233509 _m1), CCL20
(Hs00355476_m1), Foxp3 (Hs01085834_m1), TGF-p (Hs00998133_m1), IL-10
(Hs00961622_m1), RANKL (Hs00243522_m1), RORC (Hs01076112_m1), HIF-1a
(Hs00153153_m1), IL-6 (Hs00174131_m1), IL-1B (Hs01555410_m1), IL-17A
(Hs00174383_m1) and GAPDH (Hs0275899_m1) (Applied biosystems, Thermo Fisher
Scientific). GAPDH was used as housekeeping gene and the relative mRNA expression was
calculated using 2-22CT method.

Ex vivo T cell isolation, stimulation and culture

CDA4+ T cells from PBMCs were purified by negative selection using Human CD4+ T cell
enrichment kit (StemCell Technologies, Vancouver, BC, Canada). The purity of CD4+ T
cells was always >95%. Treg-TH17 plasticity was analyzed by stimulating ex-vivo isolated
CDA4+ T cells with plate bound functional grade purified anti-CD3 (clone UCHT1) (1 ug/ml)
and functional grade purified soluble anti-CD28 (CD28.2) (2 pg/ml) for 72 hrs in serum free
XVIVO 15 (Lonza) medium in humidified incubators at 37° C with 5% CO, and with or
without IL-1pB, IL-6 alone and both. At the end of 72 hrs the CD4+ T cells were restimulated
for 6 hrs with PMA (50 ng/ml) (Sigma Aldrich) and lonomycin (1ug/ml) (Sigma Aldrich)
along with Brefeldin A (BFA) (eBiosciences) for the detection of IL17A+ Th17, Foxp3+
Tregs and IL17A+FOXP3+ T cells in total CD4+ and in Foxp3+ T cells.

Antibodies and FACS staining for T cells

The following fluorescence conjugated antibodies, from Miltenyi Biotec were used: CD4
(clone: M-T466), CD45RA (clone: REA562), CD196 (clone: REA190), CD127 (clone:
REAG614), IL-17A (clone: CZ8-23G1). Conjugated antibodies against the following were
from eBiosciences: CD25 (clone BC96), CTLA4 (clone 14D3), CD161 (clone HP-3G10),
FOXP3 (clone 236A/E7), IL-10 (clone JES3-9D7) and CD45R0 (clone UCHL1).
Conjugated antibodies against the following were from R&D systems: RORyT (clone
AFKJS-9) and IL-1R1 (Catalog number FAB269F). Antibodies against TGF-B (clone TW4-
9E7) and CD126 (clone M5) was from BD Biosciences. Intracellular antigens were detected
using Foxp3 Fixation/Permeabilization buffer set (eBiosciences) according to the
manufactures instruction after blocking with anti-human FcR (Miltenyi Biotec). Cells were
acquired immediately after staining on MACSQuant 8-color flow cytometer and data were
analyzed using MACS quant analyzer 10 (Miltenyi Biotec). Unstained cells and Isotype-
matched antibodies (directly conjugated) were used as controls. Dead cells were excluded by
using Live/Dead fixable aqua dead cell stain kit (Thermo Fisher Scientific).

Cytokine detection

The serum levels of IL-1p and MIP-3a/CCL20 was quantified by ELISA using Human
IL-1B and CCL20/MIP-3a Quantikine ELISA kits (R and D Systems Inc., Minneapolis,
Minnesota, USA).
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Clinical data assessment

All PD patients were subjected to full mouth periodontal probing at six sites per tooth, using
a Michigan “O”probe, to record probing depths, gingival recession, and clinical attachment
loss, at baseline, day 6, and 4-6 weeks after SRP as previously reported (8).

Statistical analysis

Statistical analysis was carried out using Graphpad Prism and SAS 9.4 (SAS Institute, Inc.,
Cary, NC, 2012 software. Values were expressed as mean = SEM or Least square mean
(LSM) + SE where appropriate. Two-group repeated measures analysis, Student’s #test,
Wilcoxon signed-ranks test, Mann Whitney Utest, Dunn’s multiple comparisons test were
used where appropriate for comparison between the groups as indicated. Statistical
significance was defined as P < 0.05. Spearman’s correlation analyses were used and r
values stated where relevant.

Results

AB treatment ablates keystone pathogen Pg from both oral and blood DC reservoirs

Analysis of dysbiotic pathogen Pg, and its consortium members, Sg and Fnin PD patients
confirms presence of all three microbial signatures in oral reservoir (Fig. 1A) and in blood
reservoir (DCs) (8) (Fig. 1E, 1F, 1G). AB treatment as part of a standard anti-infective
protocol (27) resulted in a decrease of Pg in both reservoirs at final time point (Fig. 1B, 1E).
No changes were observed in the levels of Fn (Fig. 1C) and Sg (Fig. 1D) at final time point
in oral reservoir. Fn (Fig. 1F) but not Sg (Fig. 1G) content of DCs was significantly reduced
in AB group at final time point compared to non-AB patients, consistent with added efficacy
of local debridement and mouth rinse.

AB-mediated microbial ablation inhibits expansion of CD1C+CCR6+ inflammatory blood
DCs and increase in serum CCL20 levels

Major blood DC subsets, including CD303+ plasmacytoid DCs (pDCs), CD1C+ and
CD141+ myeloid DCs (mDCs) were enumerated by flow cytometry from PBMCs of healthy
and all PD patients at baseline before any treatment (Supplemental Fig. 1A, 1B) and after
antibiotic treatment (Supplemental Fig. 1C). There was a significantly higher frequency of
CD1C+CCR6+ mDCs in PD patients at baseline compared to healthy control (HC) subjects
(Fig. 2A, 2B), indicative of /n vivo expansion as reported (8). Accordingly, we assessed the
influence of AB treatment on expansion of CD1C+CCR6+ blood mDCs in PD subjects. In
AB group, expansion of CD1C+CCR6+ blood mDCs from BL was significantly inhibited at
day 6, day 7 and final time points (Fig. 2C). AB treatment also prevented the spike in blood
mDCs after debridement-induced bacteremia in PD patients (8). As CCL20 attracts
immature mDCs into inflamed tissue sites (28), we posited that serum levels of CCL20,
chemokine of CCR6, present in inflamed periodontal tissues (29) might be involved in
influencing mDC blood pool. While there was a non-significant trend for elevated CCL20 in
sera of PD patients vs. healthy controls (HC) (Supplemental Fig. 1D), AB treatment
decreased serum CCL20 relative to baseline levels at the final time point (Fig. 2D).
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Frequency of IL-17A+FOXP3+ T cells in PD patients reduced by AB treatment

We have previously shown that Pginvades DCs and evades autophagy to stay viable and
grow within (30); moreover, Pg infection induces IDO-competent immunoregulatory DCs
(10). We therefore analyzed Th17 cell effectors and Tregs in the blood CD4+ T cells of AB
and non-AB PD groups, as well as healthy controls, specifically focusing on double-positive
IL-17A+Foxp3+ T cells (Fig. 3A, gated on total CD4+ T cells). One of the limitations of our
study was the limited number of PBMCs available from PD patients for the isolation of
homogeneous population of Tregs, hence we analyzed the double-positive IL-17A+Foxp3+
T cells in total CD4+Foxp3+ T cells rather from isolated Tregs population. AB treatment
significantly reduced IL-17A+FOXP3+ T cells at day 6 (Fig. 3B and 3C, gated on total
CD4+ and on Foxp3+ T cells, respectively). This was further reflected by a reduction of total
CD4+IL17A+Foxp3+/- Th17 cells (Figure 3D) compared to non-AB patients. Further no
reduction in the frequency of IL17A+Fopx3- Th17 cells was detected in AB patients
compared to non-AB group at day 6 (Fig. 3E), suggesting that the observed decrease in the
total Th17 cells in AB group might be due to the reduction in IL17A+FOXP3+ T cells.
Further the reduction in IL17A+FOXP3+ T cells in AB group was not due to the difference
in the starting population of CD4+Foxp3+ T cell population, as the frequency of
CD4+Foxp3+ T cells did not change due to AB treatment in PD patients, although we
observed a significant increase in CD4+Foxp3+ T cells in HC-BL compared to non-AB PD
patients at day6 (data not shown). Further, no change in total CD4+FOXP3+ Tregs was
observed in any of the groups after stimulation at day 6 and final visits (Fig. 3F). Further no
difference was observed in the frequencies of IL17A+FOXP3+ (Fig. 3B and 3C), IL17A
+FOXP3+/- (Fig. 3D) and 1L17A+Foxp3- (Fig. 3E) T cells between healthy controls and
PD patients at baseline (day 6 of non-AB). Only in the non-AB group at final time point was
there a significant increase in the Th17 cell response, compared to healthy subjects (Fig. 3D
and 3E). Notably, IL17A+FOXP3+ T cells showed significant positive correlation with
IL17A+Foxp3- Th17 cells in both non-AB and AB groups at day 6 (Fig. 3G and 3H,
respectively), while no significant correlation was found between 17A+FOXP3+ T cells and
CDA4+Foxp3+ Tregs. Together these data might suggest a role for AB therapy in short-term
reduction of bone damaging Th17 cells (14) through modulation of Tregs to Th17
conversion.

AB treatment decreases cytokine-mediated boosting of IL-17+FOXP3+ T cells

Human monocyte derived DCs secrete high levels of IL1-p and IL-6 when infected with Pg
(59), cytokines important in differentiation of IL17+FOXP3+ T cells (31-33). Moreover,
IL1-B and IL-6 are elevated in lesions (18, 19, 21, 34) and serum of PD patients (35). We
hypothesized a role for IL1-p and IL-6 in conversion of Tregs to IL17+FOXP3+ T cells in
PD patients not treated with AB. We show that indeed, CD4+ T cells of non-AB group
responded robustly to either IL-1p, IL-6 or both together, differentiating into IL17A
+FOXP3+ T cells at all-time points (Fig. 4A and 4B), compared to HC. Conversely, CD4+ T
cells of AB group were resistant to IL1- and I1L-6 mediated differentiation of CD4+Foxp3+
T cell into IL17+FOXP3+ T cells, equivalent to non-cytokine treated control at day 6 (Fig.
4A) and final (Fig. 4B) time points and remained non-significant compared to HC, which
was further reflected in the frequencies of total Th17 cells at day6 (Fig. 4C) and final (Fig.
4D) time points. Likewise, as observed in the absence of cytokines in Fig. 3D and 3E, the
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observed significant reduction in total Th17 cells (Fig. 4C, 4D) in the presence of both IL1-p
and IL-6 in AB group might be due to the reduction in the double positive IL17+FOXP3+ T
cells, as no change was detected in IL17A+Foxp3- Th17 cells between non-AB and AB
groups at day 6 (Fig. 4E, 4F). Further, the increase in total Th17 cells in non-AB group (Fig.
4C) in the presence of both IL1-p and IL-6 when compared to its respective no cytokine
control group at day 6 might be due to the increase in the double positive IL17A+Foxp3+ T
cells (Fig. 4A), as no change was detected in the frequency of IL17A+Foxp3- Th17 cells in
non-AB in the presence of both IL1- and IL-6 (Fig. 4E). While we could not detect
significant differences in relative IL1-f and IL-6 serum levels in the groups, there was a
significant inverse correlation between serum IL-1  and frequency of Tregs (Fig. 4G) in
non-AB at final time point. These findings suggest that elevated levels of inflammatory
cytokines IL1-B and IL-6 might provide a polarizing environment for peripheral expansion
of Th17 cells by the induction of double positive IL17A+Foxp3+ T cells in PD and PD
associated systemic disorders.

AB treatment reduces IL-1R1 expression on Tregs, involved in induction of IL17+Foxp3+ T

cells

In vitro expanded human (36—40) and murine (41, 42) Tregs that express IL-1R1 and
IL-6Ra are early intermediates of Th17 effectors under inflammatory conditions (14, 36, 39,
41-43). We therefore analyzed IL-1R1 and IL-6Ra expression on CD4+Foxp3+ T cells of
all groups. CD4+Foxp3+ T cells expressing IL1R1 and IL6Ra in HC, non-AB and AB
groups both in the presence and absence of IL1p and IL6 were depicted in supplemental
Figure 2A. We show that FoxP3+ T cells from non-AB group expressed higher IL-1R1
expression relative to HC and AB group, and were highly responsive to cytokine stimulation
by further upregulation of IL-1R1 (Fig. 5A, 5B); moreover, change in IL-1R1 expression on
CD4+FoxP3+ T cells in the presence of cytokines correlated positively with IL17A
+FOXP3+ T cells (Fig. 5C) and Th17 cells (Fig. 5D) at final time point in non-AB group.
On the contrary, AB treatment comparatively decreased the expression of IL-1R1 both in the
presence and absence of IL1-f at day 6 (Fig. 5A) and final (Fig. 5B) time points compared
to non-AB group. IL-6R1 expression on CD4+Foxp3+ T cells of non-AB group was more
dependent than IL-1R1, on cytokine stimulation (Fig. 5E and 5F). Nevertheless, a significant
positive correlation between Foxp3+IL-6Ra+ population and IL17A+FOXP3+ T cells was
detected in response to IL1-p and IL-6 in non-AB group at final time point (Fig. 5G).
Moreover, there was a significant increase detected in IL-1R1 and IL-6Ra expressions in
IL17A+FOXP3+ T cells of PD patients, compared to conventional 1L17A-Foxp3+ Tregs
(Fig. 5H, 51, respectively) and IL17A+Foxp3- Th17 cells (Fig. 5H). Additionally, we found
that IL-17A+Foxp3+ T cells were enriched in IL-1R1+Foxp3+CD45R0O+ MTregs (data not
shown), which is in consistent with the previous reports (36) (39). Overall, these data
suggest an important role for oral microbial burden in driving expression of IL-1R1 on
CD4+FOXP3+ Tregs, leading to induction of IL17+Foxp3+ T cells through IL-1p signaling.
This, in combination with IL-6/1L-6Ra, enhances the differentiation of Tregs to IL-17A
producing T cells. The above data also suggest an essential role of AB treatment in reducing
the expression of IL1R1 on Tregs via regulating the constant low-grade bacteremia in PD
patients.
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IL-17+FOXP3+ T cells in PD patients demonstrate phenotype characteristics of both
conventional Treg and Th17 cells

As we used total CD4+ T cells, the phenotype of IL-17A producing CD4+FOXP3+ T cells
was further examined for markers of conventional CD4+1L17A-FOXP3+ Treg or IL17A
+Foxp3- Th17 cells. Compared to CD4+IL17A-Foxp3+ Tregs, IL17A+Foxp3+ T cells had
significantly higher expression of Treg markers FOXP3, TGF- B, IL-10, CTLA4 and CD127
(Fig. 6A - 6E). CD127 was also significantly higher in Th17 cells (44) (Fig. 6E). Moreover,
human Th17 markers RORvyt, IL17A, CD161 and CCR6 (45, 46) were significantly higher
in IL17A+Foxp3+ T cells compared to CD4+IL17A-FOXP3+ Tregs (Fig. 6F - 61). Overall,
IL-17-producing CD4+FOXP3+ T cells possess phenotypes of both conventional Th17 and
Treg cell populations.

Influence of AB treatment on gingival tissue markers of inflammation

To determine the local gingival response to AB therapy, gingival tissue biopsies from AB
and non-AB groups were analyzed for mRNA of immature DCs (CD1C), tissue recruitment
chemokine (CCL20), Th17 and Treg cells specific cytokines and transcription factors
(RORC, RANKL, IL-1pB, IL-6, Foxp3, IL-10, TGF-B and HIF-1a)) (Supplemental Fig. 3A -
3K). When comparing AB group to non-AB group, we observed a significant decrease in the
local mMRNA expression of IL-1p, RANKL and IL-10 in gingiva of AB group compared to
non-AB group at final time point (Supplementary Fig. 3F, 3G and 3J, respectively),
consistent with improvements in local clinical response (Table 1) (supplementary Fig. 4A
and 4B). Further we observed a trend for decreased CD1C, CCR6, CCL20, HIF-1a, RORC,
IL-6, Foxp3, and TGF-p mRNA in AB group at final time point, compared to non-AB
(Supplementary Fig. 3A, 3B - 3E, 3H, 3l and 3K, respectively). Additionally, in non-AB
group at final time point the expression of CCR6 and CCL20 (Supplementary Fig. 3B and
3C, respectively) were significantly associated with clinical symptoms of PD
(Supplementary Fig. 4C and 4D).

Association between the frequencies of Tregs, Th17, IL17A+Foxp3+ T cells and clinical
improvement of PD

Initial AB therapy, as part of standard debridement and mouthrinse significantly decreased
the signs of periodontitis, probing pocket depths (PPD) and clinical attachment loss (CAL)
(Table 1). There was also improvement in PPD but not CAL in non-AB patients, attributed
to the scaling (Table 1). In AB group the frequencies of Tregs was inversely correlated with
PPD (r=-0.89, p=0.019, Fig. 7A) at final time point; moreover, decreases in the frequencies
of IL17A+Foxp3+ T cells (Fig. 3C) and Th17 cells (Fig. 3D) at day 6 were strongly
correlated with the improvement in PPD (Fig. 7B, 7C, respectively). This in turn supports
the role of AB treatment and Treg stability in the improvement of clinical measures of PD.
Overall, these results emphasize the important role that systemic and local clearance of
dyshiotic microflora plays in efforts to improve clinical outcomes and in modulation of Treg
to Th17 balance.
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Discussion

The purpose of the current small pilot randomized clinical trial was not to examine the
therapeutic efficacy of AB for PD, which has been previously reviewed (27). The purpose
here was to determine whether ablating the dysbiotic oral microbes could reverse local and
systemic inflammatory responses in PD patients. It is important to express caution in
interpretation of this study, as it was only a 4-6 week study and patients were not followed
for cellular responses afterward. However, by temporarily ablating the oral microbiome, i.e.
the “mobile microbiome” (47) with AB, we were able to analyze its role in induction of
inflammatory mDCs and CD4+IL-17A+Foxp3+ T cells in circulation. This AB combination
is highly effective against the species analyzed here, including obligate anaerobes Pgand Fn
(i.e. metronidazole) (48) and facultative anaerobes such as Sg (i.e. amoxicillin) (49). Of the
three periodontal pathogens, the keystone pathogen Pg (50) was significantly reduced by AB
treatment in both oral and systemic reservoirs. The increased trend in Sgload in oral
reservoir in the AB group might be due to poor antibiotic exposure to the subgingival
pockets, as Sg precedes the colonization of F7and Pgin the biofilm (51, 52). However, we
cannot rule out direct immunomodulatory effects of AB, the classic example being the
tetracyclines, which inhibit matrix metalloproteinases at sub-anti-microbial doses (53). Beta-
lactam antibiotics such as amoxicillin can be biotransformed by human microbiota into
products that can activate NF-xB signaling in human monocytes (54). Metronidazole
reportedly inhibits the production of IL-1, IL-6, IL-8, IL-12 and TNFa by human
periodontal ligament cells /n vitroin response to Pg LPS (55) and modulates the mitogenic
response of human lymphocytes to phytohemagglutinin (PHA) (56). Oral metronidazole
modulates the severity of experimental autoimmune uveitis (EAU) in B10.RIIl mice by
increasing Tregs in the gut and extra intestinal tissues, as well as decreasing effector T cells
and cytokines, but the role of the microflora was not examined in this previous study (57).
When part of a broad spectrum AB combination, metronidazole also dramatically decreased
cecal content of Firmicutes and Bacteroidetes, as well as the bacterial class,
Alphaproteobacteria. Metronidazole reportedly decreases circulating neutrophils and
monocytes in mice (58), a finding particularly relevant to the present study, as monocytes are
a major precursor to myeloid DCs reduced by AB in our study. We have previously shown
that expansion of mDCs in circulation in PD patients was not mediated by DC poietins and
that the expanded mDCs contained Pg, as detected by 16s rRNA and immunofluorescence
microscopy, using monoclonal antibody against the Mfal fimbriae (8). The Mfal fimbriae is
a DC invasin (59, 60), which promotes non-canonical mDC differentiation /in vitro (9) and
evasion of autophagy by Pg (30). Inflammatory mDCs infiltrate diseased tissues of patients
with PD and form immune conjugates with CD4+ T cell /n situ (61-63). The double positive
(IL-17A+Foxp3+) CD4+ T cells examined here infiltrate periodontitis tissues of both mice
and humans. The conversion of Tregs to Th17 effectors is thought to contribute to disease
pathogenesis (14, 24, 25). Th17 functions as an osteoclastogenic helper T cell subset that
links T cell activation and bone destruction (64). Furthermore, it has been demonstrated that
dysbiotic microbiome triggers the expansion of Th17 cells in human periodontitis (23).
Hence, these findings of AB mediated reduction in Th17 conversion are not only relevant to
bone destruction, but to management of patients with comorbid conditions such as

J Immunol. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rajendran et al.

Page 10

cardiovascular disease (65), chronic kidney disease requiring dialysis (66) and rejection of a
transplanted kidney (67, 68).

In the current study we cannot exclude the possibility that the observed IL-17A-producing
Foxp3+ T cells in our ex-vivo stimulated cultures might have arisen from non-regulatory
CD4+ T cells. CD4+CD25- conventional T cells transiently express Foxp3 following in vitro
stimulation (69), the detected IL17A-producing Foxp3+ CD4+ T cells in healthy controls
and PD patients might have differentiated mostly from memory Tregs (MTregs) (70) (31), as
the percentage of MTregs was significantly higher in PD patients compared to their naive
counterparts (supplemental Fig. 4E). Moreover, the Treg population is heterogeneous with
respect to the expression of cell surface markers (CD25 and CD45RA) and transcription
factor Foxp3 (71). Although it has been reported that both FOXP3!%%- and Foxp3high-
expressing Tregs are capable of producing IL17A, in the current study most of the IL17A-
producing Foxp3+ CD4 T cells were within the CD45RA"FOXP3!%% and CD45RA"
Foxp3high populations, whereas relatively fewer 1L17A-producing Foxp3+ CD4 T cells were
distributed within the CD45RA*Foxp3!°W resting Tregs (supplemental Fig. 4F). These
findings clearly demonstrate that IL17A-producing Foxp3+ CD4 T cells were derived from
diverse Treg lineages, and Treg plasticity toward Th17 occurred in all these subpopulations.
Additionally, the IL17A-producing Foxp3+ CD4 T cells in the current study were
characterized by the elevated expressions of both Th17 and Treg cell markers. These results
were in consistent with the previous reports demonstrating that CD4+FOXP3+ Tregs
expressing CCR6 (72) (31), RORvyt (73) (74) (70), CD161 (45) (75) and CTLA4 (76) were
capable of differentiating into IL17A-producing Tregs (77) (78) and could secrete moderate
levels of TGF-B (79).

Based on our current findings, the lower frequency of IL17A+ Foxp3+ CD4+ T cells in
healthy controls and in AB treated group can be attributed to the decreased expression of
IL-1R1 on CD4+Foxp3+ Tregs in these groups. IL1p, an essential cytokine for the
development of IL-17A-producing Th17 cells, signals through engagement of the receptor
complex formed by IL-1R1 and IL-1 receptor accessory protein (IL-1RAcCP), which is
recruited to the complex after the binding of IL-1p to IL-1R1 (80). Human Th17 cell
differentiation is predominantly regulated via differential expression of IL-1RI (81). Further
additional studies have documented the selective expression of IL-1R1 by both ex vivo and
in in vitro expanded human Tregs (36-40), and were considered to be an early intermediate
in the differentiation of Tregs to Th17 effectors under inflammatory conditions, through
IL-1B/IL-1R1 mediated signals (36, 39, 43). IL-6 exerts its effect via binding to IL-6Ra and
their interaction with gp130 (41, 42). Although IL-6 alone has been reported to be sufficient
in the induction of IL17-producing Tregs in mice (82, 83), later studies revealed that IL-1p/
IL-1R mediated signaling was essential for the early differentiation of murine Th17 cells
(84). While we could not detect significant differences in IL1-p and IL-6 serum levels in the
groups, we detected significant correlations of serum IL-1  with %Tregs in non-AB group
(Figure 4G).

In conclusion our findings support a novel anti-inflammatory function of AB therapy,
through its immunomodulatory properties and disruption of dysbiosis. We showed reduced
expansion of tissue homing myeloid DC subset in blood and tissues associated with
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reduction in IL-1 mediated conversion of Tregs to bone damaging Th17 cells. Increased
IL17A-producing Foxp3+ CD4+ T cells in the peripheral blood of PD patients could have
detrimental properties in other comorbid diseases such as kidney disease and cardiovascular
disease. This however, is a short-term study, and the residual longer term (i.e. 6 mo-1 yr)
effects of 7 days of AB therapy will need to be further examined to determine if we can
reduce conversion of Tregs to Th17 in periodontitis patients in the long term.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviation used in this article:

PD periodontitis

Tregs regulatory T cells

AB antibiotics

DCs dendritic cells

mDCs myeloid dendritic cells
non-AB no antibiotics

Pg Porphyromonas gingivalis
Fn Fusobacterium nucleatum
Sg Streptococcus gordonii
IL1IR1 interleukin receptor 1
IL6Ra interleukin receptor alpha
HC healthy controls

PPD probing depth

CAL clinical attachment loss
MTregs memory Tregs

NTregs naive Tregs.
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Key Points

AB therapy in PD subjects ablated Rgingivalis from oral and hematogenous
reservoirs.

This reduced inflammatory blood mDCs and IL-1R expression on Tregs in
PD subjects.

A favorable clinical response was related with Pgablation and decrease in
Treg—Th17.
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AB treatment reduced Pg from both oral and blood DC reservoirs. Genomic DNA isolated
from the gingival plaque samples of non-AB (n = 7-9) and AB (n = 6-9) patients were
analyzed for the presence of Pg (B), Fn(C) and Sg (D) by qRT- PCR. (A) Graph represents
that all PD patients were colonized orally by Pg, Fnand Sg at base line (BL). (B) Significant
reduction in Pg 16s rDNA in AB group compared to non-AB subjects at final time point.
(Data are Mean + SEM, *p<0.05). (E-G) Relative expressions of 16s rRNA specific for Pg
(E), Fn(F) and Sg (G) were determined in ex-vivoisolated human blood DCs in both non-
AB (n =7-9) and AB (n = 6-9) patients at final time point. AB patients show significant
reduction in the expression of 16s rRNA specific for Pg (E) and Fn (F) at final time point
compared to non-AB group. (Data are LSM * SE, **p<0.01, *p<0.05). Relative abundance
of Pg, Fnand Sgto the total bacteria were determined in indicated plaque samples.
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Figure 2.
Increased expression of CD1C+CCR6+ Inflammatory blood DCs in periodontitis (PD)

patients. Blood DCs isolated using human panDC isolation kit from PBMCs of HC, non-AB
and AB patients were analyzed for CD1C+CCR6+ mDCs (A) Representative flow
cytometry plots show the CCR6 expression in CD1C+ blood mDCs in healthy controls
(HCs) and periodontitis (PD) patients at base line (BL) gated on total blood DCs. (B) Graph
shows the frequency of CD1C+CCR6+ blood mDCs in periodontitis (PD) (n=16) and HC
(n=14) subjects at base line (BL) (Data are Mean + SEM, *p<0.05). (C) Mean change scores
of CD1C+CCR6+ blood mDCs in AB (n = 6-8) and non-AB (n = 9-10) groups from base
line (BL) to day 6 (24 hrs before SRP) day 7 (24 hrs after SRP) and final visits (4—6 weeks
post-SRP). In AB patients, frequencies of CD1C+CCR6+ blood mDCs from base line (BL)
was significantly decreased at day 6, day 7 and final time points (Data are LSM + SE,
*p<0.05, **p<0.01). (D) Only in AB group (n = 5-6), mean change scores of serum CCL20
differed significantly at final time compared to day7 (Data are LSM + SE, * p<0.05).

J Immunol. Author manuscript; available in PMC 2020 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rajendran et al.

Page 21

o
o

Non-AB-Dayé

T TR

.,1
4

Foxpd — 5

%Total IL17A+ Th17 cells

e

41

%CD4+IL-17A+FoXp3-
%CD4+FOXP3+ T cells

e N » o

YL17A+FOXP3+ in FOXP3
Non-Al

YL17A+FOXP3- FOXP3
(AB - Day6)
2 2 3 8
~

AB
Non-AB.
AB

3 6 9 12 15 18
%Th17 (Non-AB - Day 6)

3 4 5 6 7 8 9 10
%Th17 (AB - Day 6)

HC
Non-AB-
AB
Non-AB-
AB
HC:
Non-AB

Day6  Final Day6 Final

Figure 3.
AB treatment reduced the frequencies of IL17A+FOXP3+ T cells in PD patients. CD4+ T

cells from PBMCs of healthy controls (HCs) and periodontitis (PD) patients were isolated
and stimulated /7 vitro with plate bound anti-CD3 and soluble anti-CD28 for 3 days
followed by 6 hrs re-stimulation with PMA/lonomycin along with BFA. (A) Representative
flow cytometry profile show IL17A+FOXP3-, IL17A+FOXP3+ and IL17A-FOXP3+
populations in CD4+ T cells in healthy controls (HC) (n = 9) and day 6 of non-AB (non-AB
day 6 is PD at baseline since no treatment was rendered) and AB patients. Graph shows the
increased induction of IL17A+FOXP3+ T cells in CD4+ (B) and CD4+FOXP3+ populations
(C) in non-AB (n = 10) compared to AB (n = 7-8) subjects at day 6 (Data are mean + SEM,
* p<0.05). (D) Reduced frequencies of total Th17 cells in AB (n = 7-8) subjects at day 6
compared to nhon-AB group (Data are mean £ SEM, * p<0.05). No change was observed in
the frequencies of IL17A+FOXP3+ T cells (B and C) and total Th17 cells (D) between
healthy controls (HC) and periodontitis (PD) patients at base line (non-AB day 6 is PD at
baseline since no treatment was rendered). (E) No change in the frequencies of CD4+IL17A
+Foxp3- Th17 cells in AB (n = 7-8) subjects at day 6 compared to non-AB group (n = 10)
(Data are mean + SEM, * p<0.05). (F) Frequencies of CD4+FOXP3+ T cells in healthy
controls (HC) (n =9), non-AB (n = 10) and AB (n = 7-8) patients at day 6 and final time
points after stimulation. (G-H) Graphs depicts the Spearman’s positive correlation between
%IL17A+Foxp3+ T cells and %IL17A+Foxp3- Thl7 cells at day 6 in non-AB (n = 10) (G)
and AB (H) groups (n = 8).
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Figure 4.
Inflammatory cytokines in periodontitis (PD) patients enhanced the induction of IL17A

+FOXP3+ T cells. CD4+ T cells were stimulated as in figure 3 in the presence and absence
of either IL-1p or IL-6 or both. (A and B) Presence of IL-1p and IL-6 increased the
induction of IL-17A+FOXP3+ T cells in non-AB (n = 10) patients at day 6 (A) and final (B)
time points compared to healthy controls (HC) (n = 9) and AB (n = 7-8) patients (Data are
mean + SEM, * p<0.05, **p<0.01). (C and D) Increased induction of total Th17 cells in
non-AB (n = 10) patients at day 6 (C) and final (D) time points in the presence of IL-1p,
IL-6 or both when compared to healthy controls (HC) (n = 9) and AB (n = 7-8) groups
(Data are mean = SEM, * p<0.05, **p<0.01). (E and F) No change in CD4+1L17A+Foxp3-
Th17 cells between AB (n = 7-8) and non-AB groups (n = 10) in the presence of both IL-1p
or IL-6 at day 6 (E) and final time point (F) (Data are mean + SEM, * p<0.05). (G) Graph
depicts the Spearman’s inverse correlation of serum IL-1p and %Tregs at final time point in
non-AB group (n = 8).
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Figure 5.
Increased expression of IL-1R1 and IL-6Ra in CD4+Foxp3+ T cells in PD patients. CD4+ T

cells were stimulated as in figure 3 in the presence and absence of IL-1p+I1L-6. (A and B)
Frequencies of C4+Foxp3+ T cells expressing IL-1R1 was increased in non-AB (n = 6-9)
patients compared to healthy controls (HC) (n = 8) and AB (n = 5-6) subjects at day6 (A)
and final (B) time points (Data are mean £ SEM, *p<0.05, **p<0.01, ***p<0.001). (C and
D) Graphs depicts the Spearman’s positive correlation of Foxp3+IL-1R1+ population with
%IL17A+Foxp3+ T cells (C) and Th17 cells (D) at final time point in response to IL1-B and
IL-6 in non-AB group (n=6). (E and F) Graph shows the percentage of C4+Foxp3+ T cells
expressing IL6Ra in healthy controls (HC) (n = 8), non-AB (n = 6-9), and AB (n = 5-6)
subjects at day6 (E) and final (F) time points (Data are mean £ SEM, *p<0.05, **p<0.01).
(G) Graph depicts the Spearman’s positive correlation between the Foxp3+IL-6Ra.+
population and %IL17A+Foxp3+ T cells at final time point in response to IL1-p and IL-6 in
non-AB group (n=9). (H) Increased expression of IL-1R1 in IL-17A+Foxp3+ Treg
compared to conventional Treg and Th17 populations in periodontitis (PD) patients (Data
are mean + SEM, *p<0.05, **p<0.01, ***p<0.001). (1) Increased expression of IL-6Ra. in
IL-17A+Foxp3+ Treg compared to conventional IL17A-Foxp3+ Treg (Data are mean
SEM, *p<0.05).
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Figure 6.
IL17A+FOXP3+ T cells display phenotype characteristics of Th17 and Treg cells in PD

patients. Expressions of Foxp3, TGF-, IL-10, CTLA4, CD127, ROR+t, IL17A, CD161 and
CCRG6 were measured in CD4+FOXP3+ conventional Treg, IL17A+FOXP3+ T cells and
IL-17A+ Th17 cells in periodontitis (PD) patients. (A - 1) Graphs show the difference in the
mean fluorescence intensity (MFI) of the above mentioned markers between the subsets in
periodontitis (PD) patients (Data are mean + SEM, *p<0.05, **p<0.01, ***p<0.001).
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Figure 7.
Association of Pg, Tregs, Th17 and IL17A+FOXP3+ T cells with clinical improvement of

periodontitis (PD). (A) Graph depicts the spearman’s inverse correlation between the
%Tregs and periodontitis (PD) at final time point in AB group (n=7). (B and C) Graphs
depicts the spearman’s negative correlations of % IL17A+FOXP3+ T cells (C) and %Th17
cells with improvement in periodontitis (PD) in AB group (n=7) at final time point. PPD,
probing depth.
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Table 1.

Antibiotic treatment improved the PPD and CAL in PD patients.

Clinical Indices | Treatment Group | Exam | n | Mean + SD (Each Exam) | Mean + SD (Improvement)
Non-AB BL 10 3.6+05 03+ 0.2**
Final | 10 33+04
PPD
AB BL 7 35+£09 0.6+ 0_5*
Final 7 29+04
Non-AB BL 10 41+0.9 02+04
Final | 10 39+09
CAL
AB BL 7 3.4+£09 0.5i0.7*
Final 7 2.8+0.3

PPD; Probing Depth, CAL,; Clinical attachment loss.

*
p<0.05

Aok

p<0.01.
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