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In periodontitis Porphyromonas gingivalis contributes to the development of a dysbiotic
oral microbiome. This altered ecosystem elicits a diverse innate and adaptive immune
response that simultaneously involves Th1, Th17, and Treg cells. It has been shown
that Th17 cells can alter their gene expression to produce interferon-gamma (IFN-γ).
Forkhead box P3 (Foxp3) is considered the master regulator of Treg cells that produce
inhibitory cytokines like IL-10. Differentiation pathways that lead to Th17 and Treg cells
from naïve progenitors are considered antagonistic. However, it has been reported
that Treg cells expressing IL-17A as well as IFN-γ producing Th17 cells have been
observed in several inflammatory conditions. Each scenario appears plausible with T
cell transdifferentiation resulting from persistent microbial challenge and consequent
inflammation. We established that oral colonization with P. gingivalis drives an initial IL-
17A dominated Th17 response in the oral mucosa that is dependent on intraepithelial
Langerhans cells (LCs). We hypothesized that Treg cells contribute to this initial IL-
17A response through transient expression of IL-17A and that persistent mucosal
colonization with P. gingivalis drives Th17 cells toward an IFN-γ phenotype at later
stages of infection. We utilized fate-tracking mice where IL-17A- or Foxp3-promoter
activity drives the permanent expression of red fluorescent protein tdTomato to test our
hypothesis. At day 28 of infection timeline, Th17 cells dominated in the oral mucosa,
outnumbering Th1 cells by 3:1. By day 48 this dominance was inverted with Th1
cells outnumbering Th17 cells by nearly 2:1. Tracking tdTomato+ Th17 cells revealed
only sporadic transdifferentiation to an IFN-γ-producing phenotype by day 48; the
appearance of Th1 cells at day 48 was due to a late de novo Th1 response. tdTomato+

Foxp3+ T cells were 35% of the total live CD4+T cells in the oral mucosa and 3.9%
of them developed a transient IL-17A-producing phenotype by day 28. Interestingly, by
day 48 these IL-17A-producing Foxp3+ T cells had disappeared. Therefore, persistent
oral P. gingivalis infection stimulates an initial IL-17A-biased response led by Th17 cells
and a small but significant number of IL-17A-expressing Treg cells that changes into a
late de novo Th1 response with only sporadic transdifferentiation of Th17 cells.
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INTRODUCTION

Periodontitis is a destructive inflammatory disease that leads
to progressive destruction of the soft tissues and alveolar
bone supporting the tooth. This disease represents the sixth
most prevalent disease worldwide (1). Severe periodontitis
affects between 8 and 10% of the adult population in western
and developing countries (2, 3). Periodontitis is associated
with persistent colonization of the periodontal pocket by a
consortia of microorganisms organized as a multispecies biofilm
that contains symbionts, pathobionts and keystone bacterial
pathogens like Porphyromonas gingivalis (Pg) (4). Virulence
factors of microorganisms like Pg induce inflammation thereby
altering the nutrient foundation of the microbial community
resulting in population shifts within the consortia (5). Although
poorly pathogenic in mono-colonized germ free mice, the
dysbiosis induced by Pg in specific pathogen free mice (6)
elicits an adaptive CD4+ T cell response against a wide
spectrum of antigens originating from the expanded pathobiont
population. The resulting immune response eventually leads
to progressive destruction of the soft connective tissues and
alveolar bone holding teeth in place (7). Understanding the
immunopathogenesis of periodontitis is critical to strategies that
seek to prevent, treat or predict future occurrence of disease.

We address the immunopathogenesis of periodontitis by
determining how the innate and adaptive immune response
behaves against new microbial threats entering the oral
ecosystem. Here, activated CD4+ T and B cells are key players
in modulating homeostasis of the bone supporting the tooth
following the microbial insult (8–14) and reviewed in (5). CD4+
T helper (Th) 1, Th17 and T regulatory cells (Treg) often coexist
in the same periodontal lesion. We currently do not know if
these CD4+ T cells are generated and maintained as independent
lineages or whether in the face of persistent dysbiosis and a
chronic disease state they exhibit phenotypic plasticity and shift
over time to different pathogenic potentials.

Situated proximal to the mucosal microbial biofilm in
the periodontal pocket, epithelial and Langerhans cells (LCs)
sample the microbial environment, recruit the subepithelial
inflammatory infiltrate and modulate the adaptive response. We
have established that Th17 differentiation of Pg-specific naïve
CD4+ T cells in vivo is sustained by LCs (15). Current research
suggests that in periodontitis Th17 cells and their signature
cytokine, IL-17A, are central to bone destruction by promoting
osteoclastogenesis (16–18). Although other evidence suggests
that IL-17A can be protective (19), many suggest that IFN-γ-
producing Th1 cells also drive alveolar bone destruction (8, 12,
20). Plasticity of Th17 cells is well documented (21–24), and a
late developmental switch to IFN-γ expression in Th17 cells has
been implicated in the pathologies of a number of inflammatory
autoimmune diseases (25–28).

T regulatory cells (Treg) regulate the activity of T cells of
several different phenotypes. The nuclear protein Forkhead box
P3 (Foxp3) is considered the master regulator of Treg cells.
However, the notion of Foxp3-expressing cells as a stable lineage
of terminally differentiated Treg cells is controversial. Treg cells
generally expressing IL-10 can also switch to IFN-γ-producing

Th1-like cells (29) and even IL-17A-producing Th17-like cells
(30) under certain inflammatory conditions [reviewed in (31–
33)]. Currently, Treg cells are proposed as a heterogeneous
pool, and while the majority of them are lineage stable, a
minor uncommitted population does retain the capacity of
reprogramming to a different phenotype [reviewed in (34)].
Although some evidence is present in humans (35), in vivo
mouse models of inflammatory colitis provide the strongest
evidence of Treg to Th17 reprogramming. In a murine model
of inflammatory colitis CCR6+ Tregs producing retinoic acid
orphan receptor (ROR) γt apparently drive the inflammation
of the large intestine. In this model, CCL20 inhibits Foxp3
expression and directs former Tregs toward IL-17A expression.
Analysis of peripheral blood from patients with ulcerative colitis
suggests a similar process could occur in humans (35). Finally,
IFNγ+ Th1/Tregs have been described in a murine model
of atherosclerosis, suggesting Treg-Th1 plasticity could also
occur (36).

What is unknown in periodontitis is whether differentiated
CD4+ T cells modulate their response by re-programming
cytokine expression when encountering persistent dysbiosis and
heightened ability of pathobionts to cross the oral mucosal
barrier. Here we tested the hypothesis that persistent Pg
colonization creates the conditions to drive Treg and Th17
transdifferentiation. To test this hypothesis, we utilized Th17
and Treg lineage-tracing mice (23, 29) orally inoculated with
Pg at 4-day intervals to mimic persistent dysbiosis. CD4+ T
cells permanently labeled with a fluorescent reporter protein
after activation of IL-17A or Foxp3 promoters were tested for
expression of unorthodox cytokines. In this manuscript we
present the relative proportion of Th17, Th17-derived Th1-like
cells expressing IFN-γ, new Th1 cells, Treg and Treg-derived
Th17-like that express IL-17A in murine oral mucosal and
cervical lymph nodes over time after persistent oral colonization
with Pg.

MATERIALS AND METHODS

Animals
All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of the University
of Minnesota, and performed on age and sex-matched (8 to
10 weeks) mice or littermates, where appropriate. All mice
were housed in microisolator cages with food and water
ad libitum in a specific pathogen free animal facility. C57BL/6J
mice were originally obtained from Jackson Laboratories (Bar
Harbor, ME, United States). Experimental IL-17Acre fate-
tracking mice were bred by us as previously described (37).
Experimental tamoxifen-inducible Treg-fate-tracking animals
(Foxp3cre fate-tracking mice) were generated by crossing B6.Cg-
Gt(ROSA)26Stm14(CAG-tdTomato)Hze/J (Jackson #007914)
animals with Foxp3tm9(EGFP/cre/ERT2)Ayr/J animals [Jackson
#016961, (38)] to generate F1 hybrids. F1 animals were then
cross bred to generate F2 breeders and experimental animals. F2
experimental animals were Rosa26-tdTomato homozygous and
either Foxp3-cre-ERT2 hemizygous (males) or Foxp3-cre-ERT2
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homozygous (females). In these animals, removal of the floxed
stop codon and expression of tdTomato red fluorescent protein
is tightly regulated by administration of tamoxifen. Inducible
activation of Foxp3-cre is critical here as Foxp3 is active
developmentally, and stochastic expression of Foxp3-cre can lead
to mice with non-specific expression of tdTomato in multiple
cell lineages (37).

Administration of P. gingivalis
All mice were treated for 10 days with
Sulfamethoxazole/Trimethoprim (SMZ-TMP), with a 4-day
pause without antibiotics before administration of Pg or PBS as
previously described (39, 40). The SMZ-TMP treatment is solely
used to create an ecological niche in the oral microflora of mice
enabling Pg colonization, and has no significant lasting or other
effects. Pg strain ATCC 53977 (109 CFU/mouse) or PBS was
administered in 2% carboxymethylcellulose via atraumatic oral
gavage with a ball-tipped needle as previously described every
4 days until completion of the experiment (39, 40) to ensure
persistent Pg-induced dysbiosis (6).

Administration of Tamoxifen
Tamoxifen (Millipore-Sigma, St Louis, MO, United States) was
prepared at 40 mg/ml in olive oil with 10% (v/v) ethanol. 200 µl of
tamoxifen stock solution was given per mouse via oral gavage on
days 14, 15, and 17 of the experimental timeline (38). Tamoxifen
was administered as a brief “pulse” after Pg inoculation at day
14 for two specific reasons. First, we needed to strike a balance
between having a sufficient number of newly generated antigen-
specific Foxp3 Tregs present in the mouse and allowing sufficient
time for these now tdTomato-expressing cells to respond to
dysbiotic changes induced by persistent Pg. Second, we want
to limit the labeling of conventional CD4 T cells that may
transiently express Foxp3 during early lineage commitment (41).
Additionally, this system also avoids mislabeling of tissues due to
stochastic activation of Foxp3 that we reported to occur during
embryogenesis (37).

Identification of P. gingivalis-Specific
Antigen-Experienced CD4+ T Cells in
Cervical Lymph Nodes by Flow
Cytometry
Single-cell suspensions were isolated by standard techniques
from cervical lymph nodes of C57BL/6J mice following sustained
Pg inoculation or PBS (sham) treatment. Cells were stained
with viability dye Zombie Aqua (BioLegend, San Diego, CA,
United States) and Fc receptors blocked using anti CD16/CD32
antibody (eBioscience; clone 93). Cells were stained using a
gingipain-specific MHC class II tetramer (pR/Kgp:I-Ab) as
previously described (42) and then with anti-mouse CD3
(BioLegend; clone 17A2), CD4 (eBioscience; clone RM4-5),
CD8α (eBioscience; clone 53-6.7), CD44 (BioLegend; clone
IM7) and B220 (eBioscience; clone RA3-6B2) fluorochrome-
conjugated mAbs to distinguish antigen-experienced CD4+ T
cells from B cells, CD8+ T cells and naïve lymphocytes. Cells were
sorted on an LSR II flow cytometer (BD Biosciences, San Jose, CA,

United States) and fluorescence emissions analyzed with FlowJo
software (v10.4.1;Tree Star, Ashland, OR, United States).

Analysis of Immune Cells From Oral
Mucosa by Flow Cytometry
Mice were given an intravenous injection of 1.25 µg FITC-
conjugated rat anti-mouse CD45 monoclonal antibody
(eBioscience San Diego, CA, United States; clone 30-F11)
as described previously to exclude blood resident immune cells
from subsequent analyses (43). Oral mucosa (maxillary and
mandibular gingiva, buccal, and posterior hard-palate tissues)
was harvested and single-cell suspensions generated as described
(43). Cells were stained with Zombie Aqua, Fc receptors blocked
with anti-mouse CD16/CD32 antibody followed by incubation
with a panel of mAbs that included anti-mouse CD45 mAb
conjugated to PE (eBioscience; clone 30-F11), anti-mouse
CD3, CD4, CD8α, TCR γδ(BioLegend; clone GL3), and TCR β

(BioLegend; clone H57-597) fluorochrome-conjugated mAbs.
Cells were acquired on an LSR II flow cytometer and fluorescence
emissions analyzed with FlowJo software (v10.4.1;Tree Star,
Ashland, OR, United States).

Identification of Cytokines and Foxp3 in
CD4+ T Cells Isolated From Oral Mucosa
and Cervical Lymph Nodes
Single-cell suspensions from oral mucosal samples or cervical
lymph nodes were harvested and cultured overnight in complete
EHAA (Irvine Scientific, Santa Ana, CA, United States)
supplemented with 2.5 µg/ml of PHA-L (Millipore-Sigma).
Cells were polyclonally stimulated with PMA-Ionomycin in
the presence of brefeldin A as previously described (42).
After 6 h of stimulation, cells were incubated with Zombie
Aqua, anti-mouse CD16/CD32 antibody and surface stained
with the panel of mAbs described above. Cells obtained from
oral mucosal tissues were not additionally stained using the
gingipain-displaying MHC class II tetramer (pR/Kgp:I-Ab) (42)
as insufficient gingipain-specific CD4+ T cells (Pg-specific) are
present in this tissue type for robust analysis. For cells obtained
from IL-17Acre fate-tracking and Foxp3cre fate-tracking mice,
fixation was done in 1:1 ratio of 4% paraformaldehyde and BD
Perm/Wash (Cat. #51-2091KZ; BD Biosciences, San Jose, CA,
United States) to preserve tdTomato and GFP signals during
permeabilization. Permeablized cells were then stained with IL-
17A (eBioscience; clone eBio17B7), IFN-γ (Biolegend; clone
XMG1.2), or IL-10 (Biolegend; clone JES5-16E3) fluorochrome-
conjugated mAbs. Cells from Foxp3cre fate-tracking mice were
incubated with anti-mouse Foxp3:AF488 mAb (Biolegend; clone
MF-14) concurrently with cytokine mAbs. Cells were acquired
on an LSR II flow cytometer and fluorescence emissions
analyzed with FlowJo software (v10.4.1;Tree Star, Ashland,
OR, United States).

Statistical Analysis
Data was analyzed and plotted using Prism 7 software (GraphPad
Software, San Diego, CA, United States) and displayed as
means± SEM. Each data point is from at least three independent
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FIGURE 1 | The percentage of P. gingivalis-specific CD4+ T cells expressing IFN-γ increases from day 28 in cervical lymph nodes. Single-cell suspensions from
cervical lymph nodes of C57BL/6J mice orally inoculated with Pg or PBS were enriched for CD4+ cells at defined time points and stimulated with PMA/ionomycin in
the presence of brefeldin A. Cells were surface stained with anti-mouse CD3, B220, CD8α, CD4, CD44 fluorochrome-conjugated mAbs and pR/Kgp:I-Ab tetramer
and then intracellularly with anti-mouse IL-17A and IFN-γ mAbs to identify antigen-experienced gingipain-specific CD4+ T cells by flow cytometry (gated as
CD44bright CD3+ CD4+ pR/Kgp-IAb+ B220− CD8α−). Data was pooled from three independent experiments totaling at least 8 mice per group and displayed as
mean percentage ± SEM. (A) Summary data of total antigen-experienced pR/Kgp:I-Ab tetramer positive CD4+ T cells that expressed either IL-17A or IFN-γ.
(B) Representative FACS plots from a Pg and PBS mouse showing pR/Kgp:I-Ab tetramer positive CD4+ T cells. Gates are drawn around antigen-experienced CD4+

T cells identified as CD44bright. The frequency of pR/Kgp:I-Ab tetramer positive cells identified as a percentage of the total antigen-experienced CD4+ T cell
population is given. (C) Summary data of percentage of antigen-experienced pR/Kgp:I-Ab tetramer positive CD4+ T cells. Percentages were compared using
two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

experiments. Means between two groups were compared using
Student’s t-test and between multiple groups with one-way
ANOVA with post hoc analyses for multiple comparisons.
P-values of 0.05 or less were considered significant. Unpaired
or paired t-tests were performed as dictated by the data set
being analyzed. Non-parametric comparisons were assessed with
Mann-Whitney U test.

Data for the MFI of GFP was analyzed by fitting a mixed
effects model with paired values (tdTomato +ve vs. tdTomato
−ve in the same sample), rather than by repeated-measures
ANOVA. Repeated measure ANOVA is unable to process missing
values, which occurred in mice where tdTomato+ IL-17A+ or
tdTomato+ IFN-γ+ populations were not detected. A post hoc
Sidak’s multiple comparisons test was utilized to determine
p-values of comparisons found significant by the initial mixed-
effects analysis.

RESULTS

IL-17A-Expressing Pg-Specific CD4+ T
Cells in Cervical Lymph Nodes Peak at
Day 28 While IFN-γ Expressing Cells
Increase From Day 28 to 56
We have shown previously that Th17 cells are predominant in
the early adaptive CD4+ T cell response to Pg in an oral model
of periodontitis, and that this response is critically dependent on
LCs (39). To study the dynamics of an evolving adaptive response
to Pg, we tracked expression of IL-17A and IFN-γ in Pg-specific

antigen-experienced CD4+ T cells isolated from cervical lymph
nodes (CLN) of Pg or PBS-treated C57BL/6J mice over the course
of 56 days. The Pg-specific Th17 response increased and peaked
at day 28, and was significantly greater than the minor Th1
response we observed at days 14–28 (Figure 1A). While the Pg-
specific Th17 response plateaued from day 28 to 56, the frequency
of Pg-specific Th1 cells increased substantially by day 35, and at
the experimental endpoint (day 56) it was significantly higher
than the frequency of Pg-specific Th17 cells (Figure 1A). The
frequency of antigen-experienced Pg-specific CD4+ T cells in
CLN as a percentage of total CD44hi CD4+ T cells (Figure 1B)
peaked at day 28 and then declined but was still significantly
higher than that observed in PBS treated mice at all time points
examined (Figure 1C).

Total CD4+ T Cell Response Against Oral
Pg in the Oral Mucosa Evolves From an
Initial Th17 Response to One Dominated
by Th1
We next examined CD4+ T cells recovered from the oral
mucosa of C57BL/6J mice for expression of IFN-γ and IL-17A
(Figure 2A). Here we chose to examine day 28 and day 48 based
on changes we observed occurring in cells analyzed from cervical
lymph nodes of Pg inoculated mice. In this analysis we found
significantly more IL-17A expressing CD4+ T cells at day 28
compared to day 48 and fewer cells expressing IFN-γ at day
28 compared to day 48 (Figure 2B). In contrast, the frequency
of IL-17A expressing CD4+ T cells decreased significantly by
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FIGURE 2 | Frequency of Th1 cells significantly increases within the oral
mucosa of P. gingivalis inoculated mice by day 48. (A) Representative flow
cytometry plots showing the gating strategy used to identify Th1 (IFN-γ+) and
Th17 (IL-17A+) cells within the oral mucosa. Numbers alongside gates
indicate% of cells within that gate. (B) Summary data showing individual data
points from three experiments examining the frequency of Th1 and Th17
recovered from the oral mucosa of mice at day 28 and day 48. Means ± SEM
are plotted. Groups were compared with two-tailed Student’s t-test.
*p < 0.05, ***p < 0.001.

day 48 with a significant increase in the frequency of CD4+ T
cells expressing IFN-γ. At day 28 Th17 cells were dominant in
the murine oral mucosa out numbering Th1 cells by more than
3:1, but by day 48 this dominance was inverted with Th1 cells
now outnumbering Th17 cells by close to 2:1. This phenotype
shift in the overall mucosal CD4+ T cell response is consistent
with the observations in cervical lymph nodes we reported
earlier (Figure 1).

At Homeostasis tdTomato Expression
Marks Three Distinct IL-17A+ T Cell
Populations in the Oral Mucosa of
IL-17Acre Fate-Tracking Mice
The shift from a Th17 to a Th1-type response in cervical
lymph nodes and in the oral mucosa suggested that a dynamic
remodeling of the adaptive CD4+ T cell response to Pg-
induced dysbiosis can occur over time. To examine whether this
remodeling might involve transdifferentiation of Th17 cells to a
Th1-like phenotype, we generated IL-17Acre fate-tracking mice.
IL-17A/Cre expression allows the de-repression of a tdTomato
red fluorescent reporter protein thereby permanently labeling

the entire progeny of all IL-17A-expressing cells (23, 37). In
IL-17Acre fate-tracking mice at homeostasis, we observed three
distinct populations of CD3+ T cells in the oral mucosa that
were marked by tdTomato expression (Figure 3A). These cells,
therefore, must have had or currently have an active IL-17A
promoter. Using this strategy, we identified significant numbers
of conventional CD4+ T cells (Th17), γδ T cells and a population
of CD3+ cells that have the β chain of the T cell receptor,
but are marked as double-negative CD3+ T cells (CD3+ DN)
due to the lack of CD4 and CD8 cell surface markers. This
latter cell population may represent so-called mucosal-associated
invariant T (MAIT) cells. Although we did not examine CD103
or CD69 expression in these CD3+ DN, NKT cells can be
ruled out since they were negative for the diagnostic NK1.1 cell
surface marker (data not shown). Notably, we did not observe
tdTomato expressing CD8 T cells, also known as Tc17 cells.
Permanent tdTomato labeling of cells that expressed IL-17A at
any one time can reveal phenotypically plastic subpopulations
that initiate the expression of unorthodox cytokines, like IFN-γ.
At homeostasis, the three tdTomato+ CD3 T cells populations
primarily expressed IL-17A with no evidence of plasticity toward
a Th1-type phenotype (Figure 3B).

Sporadic IFN-γ Expression by
IL-17Acre-tdTomato+ T Helper Cells in
the Oral Mucosa of Pg Inoculated Mice
by Day 48
To examine potential Pg-induced transdifferentiation in CD3+
T cells subsets, we analyzed cells isolated from the oral mucosa
of IL-17Acre fate-tracking mice at day 28 and 48 and compared
them to PBS control mice. In an initial characterization of Pg
infection, we found significant infiltration of CD4+ T cells, γδ T
cells and CD3+ DN cells into the oral mucosa at day 28 compared
to PBS controls (Figure 4A). γδ T cells were more abundant
than CD4+ T cells or CD3+ DN cells, although the latter cell
types showed greater increases relative to PBS control mice. All
three populations, however, declined by day 48 relative to day 28
despite sustained Pg inoculation.

We next examined the IL-17Acre-tdTomato+ fraction
amongst the CD4+ T cell, γδ T cell and CD3+ DN cell
populations for expression of IL-17A and IFN-γ (Figures 4B,C).
Expression of IFN-γ in these IL-17Acre-tdTomato+ cells would
be evidence of phenotype plasticity. High frequencies of γδ T
cells expressing IL-17A, averaging just under 90%, and very
few γδ T cells expressing IFN-γ were observed (Figure 4C).
IL-17A expression was more variable in CD4+ T cells, and
to a lesser extent in CD3+ DN cells, across all three groups
(Day 28, 48, and PBS), but showed no significant differences
(Figures 4B,C). Although we only found a trend of increased
frequency of IL-17Acre-tdTomato+ CD4+ T cells expressing
IFN-γ at day 48 compared to day 28 (p = 0.07, Mann-Whitney
U test), it is clear from three distinct outliers that Th17 plasticity
can occur due to Pg-induced dysbiosis. In a sample size of
16 mice we found 3 mice that at day 48 had frequencies of
IFN-γ expression in IL-17A-cre-tdTomato+ CD4+ T cells that
exceeded 15% (Figure 4B – gray box). Moreover, in these 3 mice,
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FIGURE 3 | tdTomato expression in three distinct CD3+ T cells populations within the oral mucosa of IL-17Acre fate-tracking mice. Oral mucosa was harvested from
IL-17Acre fate-tracking mice and single cell suspensions prepared from the tissue for subsequent analysis by flow cytometry. Single cell suspensions were stained
with vitality dye Zombie Aqua followed by a panel of anti-mouse mAbs to identify immune cell subsets expressing tdTomato. Cells were counted by flow cytometry
and analyzed by FlowJo software. (A) Representative flow cytometry plots showing gating strategy to identify three tdTomato+ cell populations. Numbers indicate
the% of cells within a particular gate. Live CD4+ T cells were identified as Zombie Aqualo, CD45+, CD3+, CD4+, CD8α−, NK1.1−; live γδT cells as Zombie Aqualo,
CD45+, CD3+, γδ TCR+, β TCR−, CD4−, CD8α−, NK1.1−; live CD3+ DN T cells as Zombie Aqualo, CD45+, CD3+, β TCR+, γδ TCR−, CD4−, CD8α−, NK1.1−.
(B) Representative flow cytometry plots showing expression of IL-17A and IFN-γ in the three CD3+ tdTomato+ cell populations. Single cell suspensions obtained
from oral mucosa were cultured and stimulated with PMA/ionomycin in the presence of brefeldin A. Cells were surface stained with anti-mouse mAbs as in (A) and
then intracellularly with anti-mouse IL-17A and IFN-γ mAbs.

IL-17A-cre-tdTomato+ CD4+ T cells that expressed both IFN-γ
and IL-17A were also found (Figure 4B; upper right [Q2] flow
cytometry dot-plot).

IL-17Acre fate-tracking mice did not exhibit IL-17Acre-
tdTomato+ neutrophils in the oral mucosa following inoculation
with Pg (data not shown) indicating that neutrophils do not, and
have not, expressed IL-17A at any one time in their ontogeny.
Furthermore, there was no influx of IL-17A expressing NKT cells
or Tc17 cells to the oral mucosa (44, 45).

Fluorescent Foxp3+ Populations
Generated in Foxp3cre Fate-Tracking
Mice
As we did not observe consistent transdifferentiation of Th17
cells to IFN-γ producing cells, we next sought to determine
whether the CD4+ Treg response is reshaped after persistent
exposure to oral Pg. Treg cells are a high frequency population in
the murine oral mucosa producing anti-inflammatory cytokines
like IL-10 at homeostasis. A shift toward production of pro-
inflammatory cytokines such as IFN-γ and IL-17A could have
significant implications for pathogenesis of periodontal disease.

Utilizing Foxp3cre fate-tracking mice that track the fate of
Foxp3-expressing Treg cells we have the potential to identify

three populations of fluorescent cells in our experimental system
due to tdTomato expression and GFP expression driven from the
Foxp3 promoter (Figure 5A). The first population, single GFP+
cells (green fluorescent only) represents a population of Foxp3+
cells that differentiated only after tamoxifen has completely
cleared from the host animal, so called late phase (tdTomato−)
Treg cells (Figure 5A). Second, dual GFP+ (green fluorescent)
and tdTomato+ (red fluorescent) cells, demonstrate currently
active Foxp3 promoter driving expression of GFP and cre/ERT2-
dependent tdTomato expression in the presence of tamoxifen
(Figure 5A). Lastly, single tdTomato+ cells (red fluorescent)
represent a population where the Foxp3 promoter was active at
the time of tamoxifen administration but that is no longer active
at day 28 or day 48 of timeline (Figure 5B).

We found that oral administration of tamoxifen on day 14, 15,
and 17 generated a robust population of dual positive tdTomato+
GFP+ Treg cells in oral mucosal tissues at day 28 and day 48
(Figures 5C). Day 48 mice had higher frequencies of single
GFP+ cells compared to day 28 mice (49 ± 5 versus 15 ± 6),
consistent with a longer period of post-tamoxifen recruitment of
Treg cells in these mice. Interestingly, the increased frequency
of single GFP+ cells appeared to come at the expense of non-
Treg CD4+ T cells (GFP− and tdTomato− population). In mice,
active tamoxifen persists for 22 h (46), giving us the opportunity
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FIGURE 4 | Expression of IFN-γ by tdTomato+ CD4+ T cells present within the oral mucosa of P. gingivalis inoculated mice is sporadic. IL-17Acre fate-tracking mice
were pre-treated with SMZ and then orally inoculated with either P. gingivalis (4 × 109 cfu per ml) or vehicle (PBS). At day 28 or 48 oral mucosa was harvested and
single-cell suspensions from single mice treated and stained with mAbs as described in Figure 3. (A) Summary data of total numbers of CD4+ T cells, CD3+ DN T
cells and γδ T cells found in the oral mucosa of mice after 28 or 48 days. Cell types were identified from single cell suspensions as described in Figure 3. Cell
numbers were normalized to 100,000 live non-immune cells to account for potential cell loss during processing and counting. Data are from 3 experiments with at
least 2 mice per time point and are plotted with means ± SEM. Means analyzed by two-tailed Student’s t-test. **p < 0.01, ***p < 0.001. (B) Summary data showing
individual data points from three experiments examining the frequency of IL-17A and IFN-γ expression in IL-17Acre-tdTomato+ CD4+ T cells recovered from the oral
mucosa of IL17A fate-tracking mice. Representative flow cytometry plots from a single PBS and P. gingivalis inoculated mouse at day 48 showing evidence of IFN-γ
expression in IL-17Acre-tdTomato+ CD4+ T cells. (C) Summary data showing individual data points from three experiments examining the frequency of IL-17A and
IFN- γ expression in IL-17Acre-tdTomato+ CD3+ DN T cells and γδ T cells recovered from the oral mucosa of IL-17Acre fate-tracking mice.
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FIGURE 5 | Experimental design to identify populations of fluorescently
labeled Treg cells. (A) Potential populations of fluorescent Treg cells found in
tamoxifen-treated Foxp3cre-GFP//ERT2 fate-tracking mice. (B) Experimental
timeline for administration of P. gingivalis and, tamoxifen in experimental
animals. (C) Representative flow cytometry plots gated on live CD4+ T cells
from the oral mucosa of mice treated with tamoxifen and inoculated with Pg
for 28 or 48 days. CD4+ T cells were identified as Zombie Aqualo, CD45+,
CD3+, CD4+, β TCR+, CD8α−. To augment GFP expressed from the Foxp3
promoter in these mice, cells were additionally stained with anti-mouse Foxp3
mAb conjugated to AF488. Numbers within the quadrants indicate% of the
total CD4+ T cells gate. Summary pie charts show mean% ± SEM N = 4
mice.

with repeated administrations to simultaneously identify and
track phenotype plasticity in early (tdTomato+) and late phase
(tdTomato−) Treg cells in our experimental system. Additionally,
delivering tamoxifen after the initiation of the adaptive immune
response to Pg-induced dysbiosis also helps limit tdTomato-
labeling of naïve cells committed to a Th17 phenotype that may
transiently express Foxp3 (41).

Transient IL-17A Expression by
tdTomato+ Foxp3-GFP+ T Cells in the
Oral Mucosa of Foxp3cre Fate-Tracking
Mice
Examining cytokine expression of single red and dual red/green
fluorescent cells after the administration of tamoxifen elucidated
the extent of transdifferentiation of Foxp3+ Treg cells
(Figure 6A). Foxp3cre fate-tracking mice not treated with
tamoxifen, used as FACS gating controls, had either negligible
numbers or frequently no tdTomato+ cells related to endogenous
estrogen levels (Figure 6A). Next, we compared expression of
IL-17A, IFN-γ, and IL-10 in tdTomato+ cells isolated from Pg
and sham treated Foxp3cre-fate-tracking mice. Twenty eight
days after initial Pg inoculation Foxp3cre-tdTomato+ T cells
were 35% (range 22.7 to 47.6) of the CD4+ T cells we detect
in the oral mucosa. At day 28, the Foxp3cre-tdTomato+ T cells

that produced IL-17A were 3.9% (range 0.0 to 6.3). This was
significantly higher than the 0.9% observed in sham-inoculated
controls (p < 0.001). However, after 48 days of continuous
Pg inoculation, the percentage of Foxp3cre-tdTomato+ T
cells producing IL-17A had dropped significantly to 1.3%
when compared to day 28 (p < 0.01). This frequency was not
significantly different from sham-inoculated controls, suggesting
here that by day 48 Pg is no longer sustaining IL-17A expression
in fate-tracked Treg cells (Figure 6B). Interestingly, although
we did identify Foxp3cre-tdTomato+ T cells expressing IFN-γ,
the frequency was low and independent of Pg inoculation
as there was no significant difference between sham- and
Pg-inoculated mice at day 28 or 48 (Figure 6C). As expected
we observed IL-10 expression in Foxp3cre-tdTomato+ T cells
at homeostasis but their frequency did not increase after
Pg-induced dysbiosis (Figure 6D).

T Cells Producing IL-17A Maintain
Expression of Foxp3 When Assessed by
GFP Signal
Whether the observed kinetics of IL-17A expression in
Foxp3cre-tdTomato+ T cells was due to clonal contraction
of transdifferentiated cells or reversion back to normal Treg
phenotype was unclear. Therefore, we sought to determine
whether these IL-17A producing Foxp3cre-tdTomato+ cells
were simultaneously expressing Foxp3 or whether expression
of IL-17A was paralleled by cessation of Foxp3 expression.
While all cells with active Foxp3 promoters at the time of
tamoxifen administration would be tdTomato+, only cells
actively expressing Foxp3 at the time of analysis would be
GFP+. In order to normalize the analysis across multiple
experiments, a paired analysis was utilized to compare the
mean fluorescence intensity (MFI) of the GFP signal between
IL-17A- and IFNγ-producing cells that are tdTomato positive
or negative (Figure 7). As expected, in the IL-17A− IFN-γ−
populations, Foxp3cre-tdTomato+ T cells had a higher MFI of
GFP than the tdTomato− ones indicating an ongoing active
Foxp3 promoter (Figure 7). Surprisingly though, in IL-17A-
expressing populations the MFI of GFP was higher in Foxp3cre-
tdTomato+ that in Foxp3cre-tdTomato− T cells. Similarly, in
the IFN-γ-expressing populations the GFP MFI was higher in
Foxp3cre-tdTomato+ that in Foxp3cre-tdTomato− T cells. This
pattern indicates that the Foxp3 promoter continues to be active
in IL-17A- and IFN-γ-expressing populations (Figure 7). In
our experimental design, we used IL-17A mAbs conjugated
to either APC or Brilliant Violet 421, so this result is not
an artifact due to inadequate compensation of IL-17A signal
spillover into the GFP or tdTomato channel. Lastly, Foxp3-GFP
signal was still significantly higher in the Foxp3cre-tdTomato+
population than in the corresponding tdTomato− population at
day 48 (data not shown). This indicates that Foxp3 promoter
activity remains stable in Foxp3cre-tdTomato+ cells for the
duration of the experiment suggesting that Treg cells can shift to
proinflammatory phenotypes while maintaining a transcription
factor characteristic of regulatory T cells.
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FIGURE 6 | P. gingivalis induces transient IL-17A expression in Treg cells in the oral mucosa. Single cell suspensions were isolated from oral mucosa of P. gingivalis
inoculated mice at 28 or 48 days. Single cell suspensions were cultured and stimulated with PMA/ionomycin in the presence of brefeldin A. Cultured cells were
surface stained with anti-mouse CD3, B220, CD8α, and CD4 fluorochrome-conjugated mAbs to identify tdTomato+ CD4+ Treg cells by flow cytometry (gated as
CD3+ CD4+ tdTomato+ B220− CD8α−) and then intracellular stained with anti-mouse IL-17A, IFN-γ, and IL-10. (A) Representative flow cytometry plots showing
gating strategy to identify the Foxp3cre-tdTomato+ cell population within the oral mucosa also expressing Foxp3-GFP and IL-17A. Numbers indicate the % of cells
within the associated gate. (B–D) Means of the frequency of tdTomato+ CD4+ T cells expressing IL-17A (B), IFN- γ (C), or IL-10 (D) at day 28 (gray circle) and 48
(black circle) were compared to sham controls (white circle) using two-tailed Student’s t-test and presented as means ± SEM. **p < 0.01, ****p < 0.0001. Each
circle represents two pooled oral mucosae from two mice.
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FIGURE 7 | Foxp3cre-tdTomato+ Treg cells producing IL-17A have an active
Foxp3 promoter. Foxp3cre-tdTomato+ CD4+ Treg cells from the oral mucosa
were identified by flow cytometry (gated as CD3+ CD4+ tdTomato+ B220−

CD8α−). As the GFP signal in these mice was weak, anti-mouse
FoxP3-Alexa488 was added during intracellular staining to increase the Foxp3
signal. The mean fluorescence intensity (MFI) of Foxp3-dependent green
fluorescent protein (GFP) in populations of tdTomato− (white bars) and
tdTomato+ cells (black bars) from 20 mice are compared and presented for
cells expressing IL-17A, IFN-γ or neither of the two cytokines. The GFP MFI
was compared by fitting a mixed effects model with paired values. A post hoc
Sidak’s multiple comparisons test was utilized to determine p-values of
comparisons found significant by the initial mixed-effects analysis. *p < 0.05,
****p < 0.0001.

DISCUSSION

Our fate-tracking animal model with repeated inoculations of
Pg accomplishes two objectives. First, it is representative of
human periodontitis since the persistence of Pg is a characteristic
of the disease. In humans, Pg is present at periodontitis sites
in higher numbers than at healthy sites. Pg disappears below
detectable levels after periodontal treatment and it reappears
when disease returns and/or exacerbates (4, 47). Second, the
adaptive response is best interpreted when the priming antigens
are delivered synchronously. Since Pg is a keystone pathogen
capable of inducing microbial dysbiosis in the oral cavity, the
model allows the assessment of the dynamics of the immune
response against Pg in the cervical LN as well as the local
response against blooming pathobionts within the microflora
over time. The phenotype of the adaptive response at these two
locations is coherent.

Transdifferentiation of IL-17Acre

Fate-Tracked Cells
It has been widely reported that diseases can lead to a
changing microenvironment resulting in localized changes to

the inflammatory cytokine milieu that reshapes the adaptive
immune response (22–24, 48). With such changes, adaptive
effector or tissue memory CD4+ T cell may be impacted through
transdifferentiation leading to greater pathologic phenotypes (26,
49–52). We were interested in determining if the adaptive CD4+
T cell response to sustained dysbiosis elicited by the keystone
pathogen Pg resulted in transdifferentiation in Th17 and Treg
cells in the oral mucosa. To address this question, we used
two different fate-tracking reporter mouse strains to examine
plasticity in Th17 or Treg cells, in a murine model of periodontitis
(23, 37). Transdifferentiation of Th17 cells is well documented
(21–23, 26, 53) and a late developmental switch to IFN-γ
expression in Th17 cells has been implicated in the pathologies
of a diverse group of inflammatory autoimmune diseases such
as psoriatic arthritis, Crohn’s disease, ulcerative colitis, type 1
diabetes, and multiple sclerosis (23, 26, 49–52, 54). Similarly,
there have been reports that Treg cells also can transdifferentiate
into IFN-γ-producing Th1-like cells (29, 30, 55–57).

Initially we found that Pg-specific CD4+ T cells identified
in cervical lymph nodes that drain the oral mucosa switch
phenotype from Th17 to a mix of Th17 and Th1 cells over a
period of sustained oral colonization with Pg. The early Th17
response is consistent with what we have reported previously
(39) and also in our analysis of CD4+ T cells isolated from
NALT following oral inoculation with Pg (43). The late-stage
switch to a Th1-type response seems a direct consequence
of a de novo adaption against a persistent threat. Consistent
with localized changes in the cytokine milieu, differentiated
Th17 cells may re-program their cytokine expression when
encountering a persistent pathogen across the oral mucosal
barrier. Data from IL-17Acre fate-tracking mouse indicates
that a de novo response to persistent Pg occurs with Th1 cells
dominating Th17 cells in the oral mucosa at late time points.
Lack of consistent transdifferentiation in Th17 cells to express
IFN-γ rules out sustained local environmental changes in
oral mucosa driving changes in memory Th cells. Pg-induced
dysbiosis may be the driver of this new Th1 response. Pg is
considered a keystone pathogen so that continued exposure in
the oral cavity to this bacterium may drive other pathobionts
to become more numerous or more prone to intracellular
survival like Fusobacterium nucleatum or Aggregatibacter
actinomycetemcomitans (58–61). Pathobionts may induce an
IFN-γ mediated-response to deal with this new intracellular
threat. Persistent Pg inoculation and heightened inflammation
may also result in bacteria invading further into the oral mucosa.
Bypassing resident LCs in the epithelium may allow invading
pathobionts to be phagocytosed by DCs located in the lamina
propria. Consistent with this idea, it is interesting to note that in
the absence of LCs, mice mount a robust Th1 response to Pg (39).

Notwithstanding differences in homing receptors that dictate
tissue residency, we found that Pg-specific Th17 cells in
mesenteric lymph nodes dominated the adaptive CD4+ T
cell response even after persistent oral Pg presence (40). The
contribution of recirculating memory Th1 cells potentially
developed in the GI to the oral response is therefore unlikely.
Moreover, the transition from an initial Th17 response to one
dominated by infiltrating Th1 cells has also been reported for a
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number of other inflammatory diseases (23, 62–64). Interestingly,
Harbour et al. report that, in addition to plasticity of Th17 cells
driving inflammation in a mouse model of colitis, Th17 cells
are also instrumental in driving pathogenic Th1 cells from naïve
CD4+ T cell precursors (51).

In addition to a switch to a Th1 dominated response, we
observed evidence of sporadic transdifferentiation of Th17 cells.
Clear evidence of plasticity in these Th17 cells is reinforced by
the detection of cells that co-express IL-17A and IFN-γ, which
is a hallmark of transdifferentiated Th17 cells (23, 26, 51, 65).
The difference of these outliers could be explained by the local
cytokine environment and the relative levels of cytokines such
as IL-23, IL-1β, IL-12, and TGF-β that have been implicated in
either maintaining or driving local transdifferentiation in Th17
cells (22, 26, 53, 65).

γδ T cells that express IL-17A also have the capacity to
exhibit plasticity and in some disease states have hallmarks of
active histone modifications in genes that drive IFN-γ expression
(66–69). Proinflammatory cytokines IL-1β and IL-23 have been
reported to act in concert to induce IFN-γ expression in γδ T
cells (67) and microRNAs have been shown to regulate IFN-γ
plasticity in γδ T cells (68). In our analysis of γδ T cells we found
no evidence of IFN-γ expression in the tdTomato+ γδ T fraction
indicating that these cells do not exhibit plasticity in the oral
mucosa following Pg-induced dysbiosis. Interestingly, of the 3
animals that did exhibit Th17 transdifferentiation to IFN-γ, we
found no evidence of IFN-γ expression in the γδ T cells recovered
from these same mice. This dichotomy suggests that there may
be different signals driving transdifferentiation in mucosal Th17
and γδ T cell populations. Although IL-23 is important for
maintaining Th17 cells, IL-23 in conjunction with IL-12 can
drive transdifferentiation in Th17 cells by suppressing IL-17A
expression and at the same time promoting IFN-γ expression
through upregulation of T-bet (22, 23, 65, 70). Furthermore,
pathogenic IFN-γ expression in transdifferentiated Th17 cells
mediated by IL-23 is dependent on the basic-leucine zipper
transcription factor, JunB (71, 72). Differential expression of JunB
in Th17 cells and γδ T cells located in the oral mucosa of Pg
inoculated mice may, therefore, account for our observation of
lack of γδ T cell plasticity in the small number of mice where we
observed it in Th17 cells.

In addition to Th17 and γδ T cells expressing IL-17A, we
also identified a population of CD3+ TCRαβ+ T cells in the
oral mucosa that were negative for CD4 and CD8 and expressed
IL-17A. These so-called CD3+ double negative (DN) T cells
have never been reported as a source of IL-17A in the oral
mucosa. The number of CD3+ DN T cells increased in the
oral mucosa in response to Pg but did not show evidence
of IFN-γ expression. The origins of these CD3+ DN T cells
remains somewhat controversial, but it is known that they are
a heterogenous T cell population with capabilities to express
both pro and anti-inflammatory cytokines in steady state and
during inflammation (73). CD3+ DN T cells are typically found
in low numbers in peripheral tissues but contributing IL-17A
against viral and bacterial pathogens (74–76) and in autoimmune
diseases such as psoriasis and Sjögren’s syndrome (77, 78). In
the context of periodontal disease, we do not know if CD3+

DN T cells are contributing to host defense or exacerbating
periodontitis by acting as an additional source of IL-17A. In a
recent report, Sparber et al. described three lymphocyte sources
of IL-17A in the murine tongue important for host defense
against oropharyngeal candidiasis (79). One of these cell types,
CD3+ TCRαβ+ T cells may include a population of CD3+ DN T
cells, but were not defined further with CD4 and CD8 markers.
The authors also did not examine the oral mucosa. Interestingly
though, a significant contribution to resistance to oropharyngeal
candidiasis were IL-17A-expressing innate lymphoid cells (ILC),
characterized as CD3−, αβTCR− and γδTCR− (79). We did not
observe ILC in our IL-17 fate-tracking mouse. This may reflect
differences in residency of ILCs between the mouse tongue and
oral mucosa (gingiva, buccal, and hard palate mucosa). Although
this topic is subject to current debate (17, 80, 81), we also did
not observe IL-17Acre-tdTomato+ neutrophils despite infection
with Pg resulting in an influx of neutrophils. This suggests that,
neutrophils are not a source IL-17A in our periodontitis model.

Transdifferentiation of Foxp3cre

Fate-Tracked Cells
Tamoxifen administration induced permanent tdTomato
labeling in cells with concurrent expression of Foxp3 and GFP.
Naïve T cells in a TGF-β environment that will eventually
commit to a Th17 lineage can co-express Foxp3 and RORγt (41).
Therefore, we chose to initiate tamoxifen administration only
after the majority of precursor cells capable of becoming Th17
in response to oral Pg-induced dysbiosis were activated and no
longer transiently expressing Foxp3. Pg-induced dysbiosis leads
to expression of IL-17A in Foxp3cre-tdTomato+ Treg cells after
28 days of oral Pg persistence. Strikingly, IL-17A expression was
transient since the frequency of IL-17A expressing Foxp3cre-
tdTomato+ Treg cells was significantly reduced after 48 days of
persistent oral Pg colonization. We did not observe significant
IL-17A plasticity of Tregs in sham-treated mice (PBS mice),
indicating that microbial dysbiosis is necessary to drive this
transient transdifferentiation process. Potentially some newly
differentiated Th17 cells transiently expressing Foxp3 could have
been misidentified as transdifferentiated Treg cells in this system.
However, this is unlikely since continued active Foxp3-driven
GFP expression in IL-17A-producing Foxp3cre-tdTomato+
cells at day 28 argues against this possibility. Moreover, we
identified a large population of Th17 that were tdTomato and
GFP double negative indicating that transient or persistent
Foxp3 expression in Th17 cells does not occur or occurs rarely
in our system. If all developing Th17 cells had been actively
producing Foxp3 at the time of tamoxifen administration these
IL-17A-producing CD4 T cells would have been tdTomato+
at days 28 and 48.

While both Foxp3 and RORγt transcription factor are
upregulated in the presence of TGF-β, Foxp3 antagonizes
RORγt and IL-17A production in the absence of concurrent
IL-6 exposure (82–85). The relative ratio of Foxp3 to RORγt
within a cell and environmental IL-6 may therefore determine
the proinflammatory or regulatory activity of Foxp3+ RORγt+
cells. Populations of Foxp3+ RORγt+ cells with Th17 potential
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have been reported in human peripheral blood (86). These
double positive cells were found to have significantly lower
expression of Foxp3 than classical suppressive Tregs, although
other groups have reported that human pro-inflammatory IL-
17A+ Foxp3+ T cells have significantly higher expression of
Foxp3 than classic Tregs (87). Suppressor Foxp3int. RORγt+ T
cells have been reported in murine autoimmune diabetes but
these double positive cells have been reported to produce IL-
17 in vitro under polarizing conditions (88). Cyclical expression
of IL-6 or transient expression of IL-6 by dendritic cells early
during persistent exposure to Pg may explain the fleeting nature
of the Treg plasticity we observed. In vitro, purified populations
of CD4+ CD25+ Foxp3+ T cells are able to differentiate into
Th17 cells in the presence of IL-6 with concurrent absence of
exogenous TGF-β (89).

IL-17+ Foxp3+ T cells have been observed in human chronic
inflammatory conditions. For example, IL-17+ Foxp3+ T cells
have been observed in patients with inflammatory bowel disease,
or more specifically, in patients with Crohn’s disease but not
ulcerative colitis (55, 56). Significantly, IL-17A+ Foxp3+ T cells
are also found in human periodontal lesions but not in gingivitis
(30). Lastly, Tregs from human rheumatoid arthritis patients
were found to demonstrate increased plasticity toward a Th17-
like phenotype (90). While among the studies that evaluated
function, IL-17A+ Foxp3+ T cells were usually found to be
suppressive (91, 92), not all studies are in agreement (30, 55, 56,
90). In psoriasis and systemic lupus erythematosus, IL-17+ Tregs
are pro-inflammatory rather than suppressive (93, 94).

Interestingly, whilst the frequency of IL-17A-expressing Treg
cells was up at day 28 and down at day 48, the expression
of Foxp3 in the tdTomato+ population was stable across both
time points. Foxp3cre tdTomato+ T cells remained Foxp3-GFP+
and/or stained with anti-Foxp3 mAb, even when producing IL-
17A or after 48 days of persistent exposure to Pg. This is in
agreement with Rubtsov et al. (38) but in contrast to Miyao et al.
(95) who found that Foxp3 expression is unstable and transient
in conventional CD4+ T cells in adoptive transfer models. In
this model, expression of IL-17A in cells co-expressing Foxp3 is
not explained by transcriptional reprogramming and plasticity of
Tregs but rather by transient Foxp3 expression in Th17 cells.

Some of the difference between studies may also be explained
by differences in animal model or experimental design. For
example, Miyao et al. exposed Foxp3+ cells to an inflammatory
environment for a period of 4 days in vitro. Our model exposed
cells to an inflammatory environment in vivo for a considerably
longer period. It is therefore possible that a longer period of
inflammation or more robust inflammatory stimulus is necessary
to induce IL-17A production by Foxp3+ T cells.

The microbiome likely plays a role in Treg
transdifferentiation, as various Clostridium species of human
origin favor the induction of murine colonic Foxp3+ Treg cells
co-expressing RORγt (55). At least one study has demonstrated
that antibiotic treatment that reduces levels of periodontal
pathogens reduces the number of IL-17+ Foxp3+ T cells from
peripheral blood of periodontitis patients, again supporting a
connection between inflammatory environment, microbiome,
and Treg plasticity (87).

The late-stage response to Pg-induced dysbiosis is a switch to
a de novo Th1-type response sustained by IFN-γ. Although Treg
have been shown to produce IFN-γ in several models of disease
(36, 96, 97) the frequency of Foxp3cre-tdTomato+ cells expressing
IFN-γ is small (∼2%) and importantly it does not differ between
Pg-treated and sham-treated mice.

In summary, our data suggests that in a persistent dysbiotic
environment driving inflammation the oral CD4+ T cell response
evolves from one that is initially dominated by IL-17A to
one that is predominantly IFN-γ. Such IFN-γ response is
generated de novo by Th1 cells. Consistent with this shift in
the response, we identified a small but significant population
of Treg cells expressing IL-17A at day 28 that disappeared
at day 48. The kinetics of the inflammatory response may
control whether Treg cells will behave as pro- or anti-
inflammatory actors. This evolving dysbiosis and inflammatory
environment at day 48, post Pg, specifically induce Th17 cells into
sporadic transdifferentiation and IFN-γ expression. Ultimately,
understanding the nature of Treg-Th17 transdifferentiation may
provide insights on how to control the inflammatory disease
processes. Which components of the microbial biofilm or which
host cell under the influence of such microbial environment are
responsible for driving the transdifferentiation of Treg or Th17 in
the oral environment remains to be elucidated.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the Association for Assessment and
Accreditation of Laboratory Animal Care. The protocol was
reviewed and approved by the Institutional Animal Care and
Use Committee of the University of Minnesota (Protocol
ID #1810-36395A).

AUTHOR CONTRIBUTIONS

MC and PB-E provided the intellectual contribution, designed
the experiments, and interpreted the data. PB-E, LF, and
MC performed the experiments. All authors contributed to
drafting the manuscript. PB-E and LF contributed equally to the
interpretation of the results.

FUNDING

We acknowledge the University of Minnesota UFCR for flow
cytometry resources. This research was supported by NIH grants
R03 DE025882 (PB-E), R21 DE026209 (MC) and the Erwin M.
Schaffer Chair for Periodontal Research and OVPR Grant-In-Aid
#355802 at the University of Minnesota.

Frontiers in Immunology | www.frontiersin.org 12 April 2020 | Volume 11 | Article 677

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00677 April 21, 2020 Time: 14:30 # 13

Bittner-Eddy et al. IL-17A+ and Foxp3+ Cell Transdifferentiation

REFERENCES
1. Kassebaum NJ, Bernabe E, Dahiya M, Bhandari B, Murray CJ, Marcenes

W. Global burden of severe periodontitis in 1990-2010: a systematic
review and meta-regression. J Dent Res. (2014) 93:1045–53. doi: 10.1177/
0022034514552491

2. Eke PI, Thornton-Evans GO, Wei L, Borgnakke WS, Dye BA, Genco RJ.
Periodontitis in US adults: national health and nutrition examination survey
2009-2014. J Am Dent Assoc. (2018) 149:576–88.e6. doi: 10.1016/j.adaj.2018.
04.023

3. Neely AL, Holford TR, Loe H, Anerud A, Boysen H. The natural history
of periodontal disease in humans: risk factors for tooth loss in caries-free
subjects receiving no oral health care. J Clin Periodontol. (2005) 32:984–93.
doi: 10.1111/j.1600-051X.2005.00797.x

4. Costalonga M, Herzberg MC. The oral microbiome and the immunobiology
of periodontal disease and caries. Immunol Lett. (2014) 162(2 Pt A):22–38.
doi: 10.1016/j.imlet.2014.08.017

5. Lamont RJ, Koo H, Hajishengallis G. The oral microbiota: dynamic
communities and host interactions. Nat Rev Microbiol. (2018) 16:745–59. doi:
10.1038/s41579-018-0089-x

6. Hajishengallis G, Liang S, Payne MA, Hashim A, Jotwani R, Eskan MA, et al.
Low-abundance biofilm species orchestrates inflammatory periodontal disease
through the commensal microbiota and complement. Cell Host Microbe.
(2011) 10:497–506. doi: 10.1016/j.chom.2011.10.006

7. Hajishengallis G. Immunomicrobial pathogenesis of periodontitis: keystones,
pathobionts, and host response. Trends Immunol. (2014) 35:3–11. doi: 10.
1016/j.it.2013.09.001

8. Baker PJ, Dixon M, Evans RT, Dufour L, Johnson E, Roopenian DC. CD4(+) T
cells and the proinflammatory cytokines gamma interferon and interleukin-6
contribute to alveolar bone loss in mice. Infect Immun. (1999) 67:2804–9.

9. Baker PJ, Howe L, Garneau J, Roopenian DC. T cell knockout mice have
diminished alveolar bone loss after oral infection with Porphyromonas
gingivalis. FEMS Immunol Med Microbiol. (2002) 34:45–50.

10. Nurieva R, Yang XO, Chung Y, Dong C. Cutting edge: in vitro generated
Th17 cells maintain their cytokine expression program in normal but not
lymphopenic hosts. J Immunol. (2009) 182:2565–8. doi: 10.4049/jimmunol.
0803931

11. Teng YT, Nguyen H, Hassanloo A, Ellen RP, Hozumi N, Gorczynski RM.
Periodontal immune responses of human lymphocytes in Actinobacillus
actinomycetemcomitans-inoculated NOD/SCID mice engrafted with
peripheral blood leukocytes of periodontitis patients. J Periodontal Res.
(1999) 34:54–61. doi: 10.1111/j.1600-0765.1999.tb02222.x

12. Teng YT, Mahamed D, Singh B. Gamma interferon positively modulates
Actinobacillus actinomycetemcomitans-specific RANKL+ CD4+ Th-cell-
mediated alveolar bone destruction in vivo. Infection and Immunity. (2005)
73:3453–61. doi: 10.1128/IAI.73.6.3453-3461.2005

13. Kawai T, Matsuyama T, Hosokawa Y, Makihira S, Seki M, Karimbux NY,
et al. B and T lymphocytes are the primary sources of RANKL in the bone
resorptive lesion of periodontal disease. Am J Pathol. (2006) 169:987–98. doi:
10.2353/ajpath.2006.060180

14. Ernst CW, Lee JE, Nakanishi T, Karimbux NY, Rezende TM, Stashenko P,
et al. Diminished forkhead box P3/CD25 double-positive T regulatory cells are
associated with the increased nuclear factor-kappaB ligand (RANKL+) T cells
in bone resorption lesion of periodontal disease. Clin Exp Immunol. (2007)
148:271–80. doi: 10.1111/j.1365-2249.2006.03318.x

15. Bittner-Eddy PD, Fischer L, Thieu K, Costalonga M. Langerhans cells drive
gingipain-specific Th17 differentiation in murine periodontitis. J Dent Res.
(2014) 93:43.

16. Won HY, Lee JA, Park ZS, Song JS, Kim HY, Jang SM, et al. Prominent bone
loss mediated by RANKL and IL-17 produced by CD4+ T cells in TallyHo/JngJ
mice. PLoS One. (2011) 6:e18168. doi: 10.1371/journal.pone.0018168

17. Eskan MA, Jotwani R, Abe T, Chmelar J, Lim JH, Liang S, et al. The leukocyte
integrin antagonist Del-1 inhibits IL-17-mediated inflammatory bone loss. Nat
Immunol. (2012) 13:465–73. doi: 10.1038/ni.2260

18. Dutzan N, Kajikawa T, Abusleme L, Greenwell-Wild T, Zuazo CE, Ikeuchi T,
et al. A dysbiotic microbiome triggers TH17 cells to mediate oral mucosal
immunopathology in mice and humans. Sci Transl Med. (2018) 10:eaat0797.
doi: 10.1126/scitranslmed.aat0797

19. Yu JJ, Ruddy MJ, Wong GC, Sfintescu C, Baker PJ, Smith JB, et al. An essential
role for IL-17 in preventing pathogen-initiated bone destruction: recruitment
of neutrophils to inflamed bone requires IL-17 receptor-dependent signals.
Blood. (2007) 109:3794–802. doi: 10.1182/blood-2005-09-010116

20. Stashenko P, Goncalves RB, Lipkin B, Ficarelli A, Sasaki H, Campos-
Neto A. Th1 immune response promotes severe bone resorption caused by
Porphyromonas gingivalis. Am J Pathol. (2007) 170:203–13. doi: 10.2353/
ajpath.2007.060597

21. Shi G, Cox CA, Vistica BP, Tan C, Wawrousek EF, Gery I. Phenotype switching
by inflammation-inducing polarized Th17 cells, but not by Th1 cells. J
Immunol. (2008) 181:7205–13.

22. Lee YK, Turner H, Maynard CL, Oliver JR, Chen D, Elson CO, et al. Late
developmental plasticity in the T helper 17 lineage. Immunity. (2009) 30:92–
107. doi: 10.1016/j.immuni.2008.11.005

23. Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, Cua DJ, et al. Fate mapping
of IL-17-producing T cells in inflammatory responses. Nat Immunol. (2011)
12:255–63. doi: 10.1038/ni.1993

24. Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno M,
et al. Pathogen-induced human TH17 cells produce IFN-gamma or IL-10 and
are regulated by IL-1beta. Nature. (2012) 484:514–8. doi: 10.1038/nature10957

25. Martin-Orozco N, Chung Y, Chang SH, Wang YH, Dong C. Th17 cells
promote pancreatic inflammation but only induce diabetes efficiently in
lymphopenic hosts after conversion into Th1 cells. Eur J Immunol. (2009)
39:216–24. doi: 10.1002/eji.200838475

26. Nistala K, Adams S, Cambrook H, Ursu S, Olivito B, de Jager W, et al.
Th17 plasticity in human autoimmune arthritis is driven by the inflammatory
environment. Proc Natl Acad Sci USA. (2010) 107:14751–6. doi: 10.1073/pnas.
1003852107

27. Feng T, Qin H, Wang L, Benveniste EN, Elson CO, Cong Y. Th17 cells induce
colitis and promote Th1 cell responses through IL-17 induction of innate IL-12
and IL-23 production. J Immunol. (2011) 186:6313–8. doi: 10.4049/jimmunol.
1001454

28. Morrison PJ, Bending D, Fouser LA, Wright JF, Stockinger B, Cooke A, et al.
Th17-cell plasticity in Helicobacter hepaticus-induced intestinal inflammation.
Mucosal Immunol. (2013) 6:1143–56. doi: 10.1038/mi.2013.11

29. Zeng H, Yang K, Cloer C, Neale G, Vogel P, Chi H. mTORC1 couples immune
signals and metabolic programming to establish T(reg)-cell function. Nature.
(2013) 499:485–90. doi: 10.1038/nature12297

30. Okui T, Aoki Y, Ito H, Honda T, Yamazaki K. The presence of IL-17+/FOXP3+
double-positive cells in periodontitis. J Dent Res. (2012) 91:574–9. doi: 10.
1177/0022034512446341

31. Omenetti S, Pizarro TT. The Treg/Th17 Axis: a dynamic balance regulated by
the gut microbiome. Front Immunol. (2015) 6:639. doi: 10.3389/fimmu.2015.
00639

32. Kleinewietfeld M, Hafler DA. The plasticity of human Treg and Th17 cells and
its role in autoimmunity. Semin Immunol. (2013) 25:305–12. doi: 10.1016/j.
smim.2013.10.009

33. Sawant DV, Vignali DA. Once a treg, always a treg? Immunol Rev. (2014)
259:173–91. doi: 10.1111/imr.12173

34. da Silva Martins M, Piccirillo CA. Functional stability of Foxp3+ regulatory T
cells. Trends Mol Med. (2012) 18:454–62. doi: 10.1016/j.molmed.2012.06.001

35. Kulkarni N, Meitei HT, Sonar SA, Sharma PK, Mujeeb VR, Srivastava S,
et al. CCR6 signaling inhibits suppressor function of induced-Treg during
gut inflammation. J Autoimmun. (2018) 88:121–30. doi: 10.1016/j.jaut.2017.
10.013

36. Butcher MJ, Filipowicz AR, Waseem TC, McGary CM, Crow KJ, Magilnick
N, et al. Atherosclerosis-driven treg plasticity results in formation of a
dysfunctional subset of plastic IFNgamma+ Th1/Tregs. Circ Res. (2016)
119:1190–203. doi: 10.1161/CIRCRESAHA.116.309764

37. Bittner-Eddy PD, Fischer LA, Costalonga M. Cre-loxP reporter mouse reveals
stochastic activity of the Foxp3 promoter. Front Immunol. (2019) 10:2228.
doi: 10.3389/fimmu.2019.02228

38. Rubtsov YP, Niec RE, Josefowicz S, Li L, Darce J, Mathis D, et al. Stability
of the regulatory T cell lineage in vivo. Science. (2010) 329:1667–71. doi:
10.1126/science.1191996

39. Bittner-Eddy PD, Fischer LA, Kaplan DH, Thieu K, Costalonga M. Mucosal
langerhans cells promote differentiation of Th17 cells in a murine model
of periodontitis but are not required for Porphyromonas gingivalis-driven

Frontiers in Immunology | www.frontiersin.org 13 April 2020 | Volume 11 | Article 677

https://doi.org/10.1177/0022034514552491
https://doi.org/10.1177/0022034514552491
https://doi.org/10.1016/j.adaj.2018.04.023
https://doi.org/10.1016/j.adaj.2018.04.023
https://doi.org/10.1111/j.1600-051X.2005.00797.x
https://doi.org/10.1016/j.imlet.2014.08.017
https://doi.org/10.1038/s41579-018-0089-x
https://doi.org/10.1038/s41579-018-0089-x
https://doi.org/10.1016/j.chom.2011.10.006
https://doi.org/10.1016/j.it.2013.09.001
https://doi.org/10.1016/j.it.2013.09.001
https://doi.org/10.4049/jimmunol.0803931
https://doi.org/10.4049/jimmunol.0803931
https://doi.org/10.1111/j.1600-0765.1999.tb02222.x
https://doi.org/10.1128/IAI.73.6.3453-3461.2005
https://doi.org/10.2353/ajpath.2006.060180
https://doi.org/10.2353/ajpath.2006.060180
https://doi.org/10.1111/j.1365-2249.2006.03318.x
https://doi.org/10.1371/journal.pone.0018168
https://doi.org/10.1038/ni.2260
https://doi.org/10.1126/scitranslmed.aat0797
https://doi.org/10.1182/blood-2005-09-010116
https://doi.org/10.2353/ajpath.2007.060597
https://doi.org/10.2353/ajpath.2007.060597
https://doi.org/10.1016/j.immuni.2008.11.005
https://doi.org/10.1038/ni.1993
https://doi.org/10.1038/nature10957
https://doi.org/10.1002/eji.200838475
https://doi.org/10.1073/pnas.1003852107
https://doi.org/10.1073/pnas.1003852107
https://doi.org/10.4049/jimmunol.1001454
https://doi.org/10.4049/jimmunol.1001454
https://doi.org/10.1038/mi.2013.11
https://doi.org/10.1038/nature12297
https://doi.org/10.1177/0022034512446341
https://doi.org/10.1177/0022034512446341
https://doi.org/10.3389/fimmu.2015.00639
https://doi.org/10.3389/fimmu.2015.00639
https://doi.org/10.1016/j.smim.2013.10.009
https://doi.org/10.1016/j.smim.2013.10.009
https://doi.org/10.1111/imr.12173
https://doi.org/10.1016/j.molmed.2012.06.001
https://doi.org/10.1016/j.jaut.2017.10.013
https://doi.org/10.1016/j.jaut.2017.10.013
https://doi.org/10.1161/CIRCRESAHA.116.309764
https://doi.org/10.3389/fimmu.2019.02228
https://doi.org/10.1126/science.1191996
https://doi.org/10.1126/science.1191996
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00677 April 21, 2020 Time: 14:30 # 14

Bittner-Eddy et al. IL-17A+ and Foxp3+ Cell Transdifferentiation

alveolar bone destruction. J Immunol. (2016) 197:1435–46. doi: 10.4049/
jimmunol.1502693

40. Fischer LA, Bittner-Eddy PD, Costalonga M. Fetal weight outcomes in
C57BL/6J and C57BL/6NCrl mice after oral colonization with Porphyromonas
gingivalis. Infect Immun. (2019) 87:e00280-19. doi: 10.1128/IAI.00280-19

41. Zhou L, Lopes JE, Chong MM, Ivanov II, Min R, Victora GD, et al. TGF-
beta-induced Foxp3 inhibits T(H)17 cell differentiation by antagonizing
RORgammat function. Nature. (2008) 453:236–40. doi: 10.1038/nature06878

42. Bittner-Eddy PD, Fischer LA, Costalonga M. Identification of gingipain-
specific I-A(b) -restricted CD4+ T cells following mucosal colonization
with Porphyromonas gingivalis in C57BL/6 mice. Mol Oral Microbiol. (2013)
28:452–66. doi: 10.1111/omi.12038

43. Bittner-Eddy PD, Fischer LA, Tu AA, Allman DA, Costalonga M.
Discriminating between interstitial and circulating leukocytes in tissues of the
murine oral mucosa avoiding nasal-associated lymphoid tissue contamination.
Front Immunol. (2017) 8:1398. doi: 10.3389/fimmu.2017.01398

44. Park JY, Chung H, Choi Y, Park JH. Phenotype and tissue residency of
lymphocytes in the murine oral mucosa. Front Immunol. (2017) 8:250. doi:
10.3389/fimmu.2017.00250

45. Bittner-Eddy P, Fischer L, Costalonga M. Langerhans cells indirectly suppress
oral mucosal Tc17 Cells. J Dent Res. (2019) 98:2648.

46. Reid JM, Goetz MP, Buhrow SA, Walden C, Safgren SL, Kuffel MJ, et al.
Pharmacokinetics of endoxifen and tamoxifen in female mice: implications
for comparative in vivo activity studies. Cancer Chemother Pharmacol. (2014)
74:1271–8. doi: 10.1007/s00280-014-2605-7

47. Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RL Jr. Microbial
complexes in subgingival plaque. J Clin Periodontol. (1998) 25:134–44.

48. Wang Y, Godec J, Ben-Aissa K, Cui K, Zhao K, Pucsek AB, et al. The
transcription factors T-bet and Runx are required for the ontogeny of
pathogenic interferon-gamma-producing T helper 17 cells. Immunity. (2014)
40:355–66. doi: 10.1016/j.immuni.2014.01.002

49. Bsat M, Chapuy L, Rubio M, Wassef R, Richard C, Schwenter F, et al.
Differential pathogenic Th17 profile in mesenteric lymph nodes of Crohn’s
disease and ulcerative colitis patients. Front Immunol. (2019) 10:1177. doi:
10.3389/fimmu.2019.01177

50. Wade SM, Canavan M, McGarry T, Low C, Wade SC, Mullan RH, et al.
Association of synovial tissue polyfunctional T-cells with DAPSA in psoriatic
arthritis. Ann Rheum Dis. (2019) 78:350–4. doi: 10.1136/annrheumdis-2018-
214138

51. Harbour SN, Maynard CL, Zindl CL, Schoeb TR, Weaver CT. Th17 cells give
rise to Th1 cells that are required for the pathogenesis of colitis. Proc Natl Acad
Sci USA. (2015) 112:7061–6. doi: 10.1073/pnas.1415675112

52. Reinert-Hartwall L, Honkanen J, Salo HM, Nieminen JK, Luopajarvi K,
Harkonen T, et al. Th1/Th17 plasticity is a marker of advanced beta cell
autoimmunity and impaired glucose tolerance in humans. J Immunol. (2015)
194:68–75. doi: 10.4049/jimmunol.1401653

53. Hirota K, Turner JE, Villa M, Duarte JH, Demengeot J, Steinmetz OM, et al.
Plasticity of Th17 cells in Peyer’s patches is responsible for the induction of T
cell-dependent IgA responses. Nat Immunol. (2013) 14:372–9. doi: 10.1038/ni.
2552

54. Carbajal KS, Mironova Y, Ulrich-Lewis JT, Kulkarni D, Grifka-Walk
HM, Huber AK, et al. Th Cell Diversity in experimental autoimmune
encephalomyelitis and multiple sclerosis. J Immunol. (2015) 195:2552–9. doi:
10.4049/jimmunol.1501097

55. Ueno A, Jijon H, Chan R, Ford K, Hirota C, Kaplan GG, et al. Increased
prevalence of circulating novel IL-17 secreting Foxp3 expressing CD4+ T
cells and defective suppressive function of circulating Foxp3+ regulatory cells
support plasticity between Th17 and regulatory T cells in inflammatory bowel
disease patients. Inflamm Bowel Dis. (2013) 19:2522–34. doi: 10.1097/MIB.
0b013e3182a85709

56. Hovhannisyan Z, Treatman J, Littman DR, Mayer L. Characterization of
interleukin-17-producing regulatory T cells in inflamed intestinal mucosa
from patients with inflammatory bowel diseases. Gastroenterology. (2011)
140:957–65. doi: 10.1053/j.gastro.2010.12.002

57. Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martinez-Llordella
M, Ashby M, et al. Instability of the transcription factor Foxp3 leads to
the generation of pathogenic memory T cells in vivo. Nat Immunol. (2009)
10:1000–7. doi: 10.1038/ni.1774

58. Dorn BR, Dunn WA Jr., Progulske-Fox A. Porphyromonas gingivalis traffics to
autophagosomes in human coronary artery endothelial cells. Infect. Immun.
(2001) 69:5698–708.

59. Rudney JD, Chen R, Sedgewick GJ. Actinobacillus actinomycetemcomitans,
Porphyromonas gingivalis, and Tannerella forsythensis are components of a
polymicrobial intracellular flora within human buccal cells. J Dent Res. (2005)
84:59–63.

60. Yamatake K, Maeda M, Kadowaki T, Takii R, Tsukuba T, Ueno T, et al. Role for
gingipains in Porphyromonas gingivalis traffic to phagolysosomes and survival
in human aortic endothelial cells. Infect Immun. (2007) 75:2090–100.

61. Rudney JD, Chen R, Zhang G. Streptococci dominate the diverse flora within
buccal cells. J Dent Res. (2005) 84:1165–71.

62. Paust HJ, Turner JE, Riedel JH, Disteldorf E, Peters A, Schmidt T, et al.
Chemokines play a critical role in the cross-regulation of Th1 and Th17
immune responses in murine crescentic glomerulonephritis. Kidney Int.
(2012) 82:72–83. doi: 10.1038/ki.2012.101

63. Odobasic D, Gan PY, Summers SA, Semple TJ, Muljadi RC, Iwakura Y,
et al. Interleukin-17A promotes early but attenuates established disease in
crescentic glomerulonephritis in mice. Am J Pathol. (2011) 179:1188–98. doi:
10.1016/j.ajpath.2011.05.039

64. Krebs CF, Turner JE, Paust HJ, Kapffer S, Koyro T, Krohn S, et al. Plasticity
of Th17 cells in autoimmune kidney diseases. J Immunol. (2016) 197:449–57.
doi: 10.4049/jimmunol.1501831

65. Ahern PP, Schiering C, Buonocore S, McGeachy MJ, Cua DJ, Maloy KJ, et al.
Interleukin-23 drives intestinal inflammation through direct activity on T
cells. Immunity. (2010) 33:279–88. doi: 10.1016/j.immuni.2010.08.010

66. Barros-Martins J, Schmolka N, Fontinha D, Pires de Miranda M, Simas JP,
Brok I, et al. Effector gammadelta T cell differentiation relies on master but
not auxiliary Th cell transcription factors. J Immunol. (2016) 196:3642–52.
doi: 10.4049/jimmunol.1501921

67. Schmolka N, Serre K, Grosso AR, Rei M, Pennington DJ, Gomes AQ, et al.
Epigenetic and transcriptional signatures of stable versus plastic differentiation
of proinflammatory gammadelta T cell subsets. Nat Immunol. (2013) 14:1093–
100. doi: 10.1038/ni.2702

68. Schmolka N, Papotto PH, Romero PV, Amado T, Enguita FJ, Amorim A,
et al. MicroRNA-146a controls functional plasticity in gammadelta T cells by
targeting NOD1. Sci Immunol. (2018) 3:eaao1392. doi: 10.1126/sciimmunol.
aao1392

69. Sheridan BS, Romagnoli PA, Pham QM, Fu HH, Alonzo F III, Schubert WD,
et al. gammadelta T cells exhibit multifunctional and protective memory in
intestinal tissues. Immunity. (2013) 39:184–95. doi: 10.1016/j.immuni.2013.06.
015

70. Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, et al.
Phenotypic and functional features of human Th17 cells. J Exp Med. (2007)
204:1849–61. doi: 10.1084/jem.20070663

71. Carr TM, Wheaton JD, Houtz GM, Ciofani M. JunB promotes Th17
cell identity and restrains alternative CD4(+) T-cell programs during
inflammation. Nat Commun. (2017) 8:301. doi: 10.1038/s41467-017-00380-3

72. Hasan Z, Koizumi SI, Sasaki D, Yamada H, Arakaki N, Fujihara Y, et al. JunB
is essential for IL-23-dependent pathogenicity of Th17 cells. Nat Commun.
(2017) 8:15628. doi: 10.1038/ncomms15628

73. Brandt D, Hedrich CM. TCRalphabeta(+)CD3(+)CD4(-)CD8(-) (double
negative) T cells in autoimmunity. Autoimmun Rev. (2018) 17:422–30. doi:
10.1016/j.autrev.2018.02.001

74. Cowley SC, Meierovics AI, Frelinger JA, Iwakura Y, Elkins KL. Lung CD4-
CD8- double-negative T cells are prominent producers of IL-17A and
IFN-gamma during primary respiratory murine infection with Francisella
tularensis live vaccine strain. J Immunol. (2010) 184:5791–801. doi: 10.4049/
jimmunol.1000362

75. Riol-Blanco L, Lazarevic V, Awasthi A, Mitsdoerffer M, Wilson BS, Croxford
A, et al. IL-23 receptor regulates unconventional IL-17-producing T cells that
control bacterial infections. J Immunol. (2010) 184:1710–20. doi: 10.4049/
jimmunol.0902796

76. Neyt K, GeurtsvanKessel CH, Lambrecht BN. Double-negative T resident
memory cells of the lung react to influenza virus infection via CD11c(hi)
dendritic cells. Mucosal Immunol. (2016) 9:999–1014. doi: 10.1038/mi.2015.91

77. Alunno A, Carubbi F, Bartoloni E, Bistoni O, Caterbi S, Cipriani P, et al.
Unmasking the pathogenic role of IL-17 axis in primary Sjogren’s syndrome:

Frontiers in Immunology | www.frontiersin.org 14 April 2020 | Volume 11 | Article 677

https://doi.org/10.4049/jimmunol.1502693
https://doi.org/10.4049/jimmunol.1502693
https://doi.org/10.1128/IAI.00280-19
https://doi.org/10.1038/nature06878
https://doi.org/10.1111/omi.12038
https://doi.org/10.3389/fimmu.2017.01398
https://doi.org/10.3389/fimmu.2017.00250
https://doi.org/10.3389/fimmu.2017.00250
https://doi.org/10.1007/s00280-014-2605-7
https://doi.org/10.1016/j.immuni.2014.01.002
https://doi.org/10.3389/fimmu.2019.01177
https://doi.org/10.3389/fimmu.2019.01177
https://doi.org/10.1136/annrheumdis-2018-214138
https://doi.org/10.1136/annrheumdis-2018-214138
https://doi.org/10.1073/pnas.1415675112
https://doi.org/10.4049/jimmunol.1401653
https://doi.org/10.1038/ni.2552
https://doi.org/10.1038/ni.2552
https://doi.org/10.4049/jimmunol.1501097
https://doi.org/10.4049/jimmunol.1501097
https://doi.org/10.1097/MIB.0b013e3182a85709
https://doi.org/10.1097/MIB.0b013e3182a85709
https://doi.org/10.1053/j.gastro.2010.12.002
https://doi.org/10.1038/ni.1774
https://doi.org/10.1038/ki.2012.101
https://doi.org/10.1016/j.ajpath.2011.05.039
https://doi.org/10.1016/j.ajpath.2011.05.039
https://doi.org/10.4049/jimmunol.1501831
https://doi.org/10.1016/j.immuni.2010.08.010
https://doi.org/10.4049/jimmunol.1501921
https://doi.org/10.1038/ni.2702
https://doi.org/10.1126/sciimmunol.aao1392
https://doi.org/10.1126/sciimmunol.aao1392
https://doi.org/10.1016/j.immuni.2013.06.015
https://doi.org/10.1016/j.immuni.2013.06.015
https://doi.org/10.1084/jem.20070663
https://doi.org/10.1038/s41467-017-00380-3
https://doi.org/10.1038/ncomms15628
https://doi.org/10.1016/j.autrev.2018.02.001
https://doi.org/10.1016/j.autrev.2018.02.001
https://doi.org/10.4049/jimmunol.1000362
https://doi.org/10.4049/jimmunol.1000362
https://doi.org/10.4049/jimmunol.0902796
https://doi.org/10.4049/jimmunol.0902796
https://doi.org/10.1038/mi.2015.91
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00677 April 21, 2020 Time: 14:30 # 15

Bittner-Eddy et al. IL-17A+ and Foxp3+ Cell Transdifferentiation

a new era for therapeutic targeting? Autoimmun Rev. (2014) 13:1167–73.
doi: 10.1016/j.autrev.2014.08.022

78. Ueyama A, Imura C, Fusamae Y, Tsujii K, Furue Y, Aoki M, et al. Potential role
of IL-17-producing CD4/CD8 double negative alphabeta T cells in psoriatic
skin inflammation in a TPA-induced STAT3C transgenic mouse model. J
Dermatol Sci. (2017) 85:27–35. doi: 10.1016/j.jdermsci.2016.10.007

79. Sparber F, Dolowschiak T, Mertens S, Lauener L, Clausen BE, Joller N, et al.
Langerin+ DCs regulate innate IL-17 production in the oral mucosa during
Candida albicans-mediated infection. PLoS Pathogens. (2018) 14:e1007069.
doi: 10.1371/journal.ppat.1007069

80. Li J, Casanova JL, Puel A. Mucocutaneous IL-17 immunity in mice and
humans: host defense vs. excessive inflammation. Mucosal Immunol. (2018)
11:581–9. doi: 10.1038/mi.2017.97

81. Tamassia N, Arruda-Silva F, Calzetti F, Lonardi S, Gasperini S, Gardiman E,
et al. A reappraisal on the potential ability of human neutrophils to express
and produce IL-17 family members in vitro: failure to reproducibly detect it.
Front Immunol. (2018) 9:795. doi: 10.3389/fimmu.2018.00795

82. Ichiyama K, Yoshida H, Wakabayashi Y, Chinen T, Saeki K, Nakaya M, et al.
Foxp3 inhibits RORgammat-mediated IL-17A mRNA transcription through
direct interaction with RORgammat. J Biol Chem. (2008) 283:17003–8. doi:
10.1074/jbc.M801286200

83. Ren J, Li B. The functional stability of FOXP3 and RORgammat in Treg and
Th17 and their therapeutic applications. Adv Protein Chem Struct Biol. (2017)
107:155–89. doi: 10.1016/bs.apcsb.2016.10.002

84. Yang XO, Nurieva R, Martinez GJ, Kang HS, Chung Y, Pappu BP, et al.
Molecular antagonism and plasticity of regulatory and inflammatory T cell
programs. Immunity. (2008) 29:44–56. doi: 10.1016/j.immuni.2008.05.007

85. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and
regulatory T cells. Nature. (2006) 441:235–8. doi: 10.1038/nature04753

86. Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A, et al. Functional
delineation and differentiation dynamics of human CD4+ T cells expressing
the FoxP3 transcription factor. Immunity. (2009) 30:899–911. doi: 10.1016/j.
immuni.2009.03.019

87. Rajendran M, Looney S, Singh N, Elashiry M, Meghil MM, El-Awady AR,
et al. Systemic antibiotic therapy reduces circulating inflammatory dendritic
cells and Treg-Th17 plasticity in periodontitis. J Immunol. (2019) 202:2690–9.
doi: 10.4049/jimmunol.1900046

88. Tartar DM, VanMorlan AM, Wan X, Guloglu FB, Jain R, Haymaker CL, et al.
FoxP3+RORgammat+ T helper intermediates display suppressive function
against autoimmune diabetes. J Immunol. (2010) 184:3377–85. doi: 10.4049/
jimmunol.0903324

89. Xu L, Kitani A, Fuss I, Strober W. Cutting edge: regulatory T cells induce
CD4+CD25-Foxp3- T cells or are self-induced to become Th17 cells in the
absence of exogenous TGF-beta. J Immunol. (2007) 178:6725–9. doi: 10.4049/
jimmunol.178.11.6725

90. Wang T, Sun X, Zhao J, Zhang J, Zhu H, Li C, et al. Regulatory T cells in
rheumatoid arthritis showed increased plasticity toward Th17 but retained
suppressive function in peripheral blood. Ann Rheum Dis. (2015) 74:1293–301.
doi: 10.1136/annrheumdis-2013-204228

91. Beriou G, Costantino CM, Ashley CW, Yang L, Kuchroo VK, Baecher-Allan C,
et al. IL-17-producing human peripheral regulatory T cells retain suppressive
function. Blood. (2009) 113:4240–9. doi: 10.1182/blood-2008-10-183251

92. Voo KS, Wang YH, Santori FR, Boggiano C, Wang YH, Arima K, et al.
Identification of IL-17-producing FOXP3+ regulatory T cells in humans. Proc
Natl Acad Sci USA. (2009) 106:4793–8. doi: 10.1073/pnas.0900408106

93. Jiang C, Wang H, Xue M, Lin L, Wang J, Cai G, et al. Reprograming of
peripheral Foxp3(+) regulatory T cell towards Th17-like cell in patients with
active systemic lupus erythematosus. Clin Immunol. (2019) 209:108267. doi:
10.1016/j.clim.2019.108267

94. Kannan AK, Su Z, Gauvin DM, Paulsboe SE, Duggan R, Lasko LM, et al. IL-
23 induces regulatory T cell plasticity with implications for inflammatory skin
diseases. Sci Rep. (2019) 9:17675. doi: 10.1038/s41598-019-53240-z

95. Miyao T, Floess S, Setoguchi R, Luche H, Fehling HJ, Waldmann H, et al.
Plasticity of Foxp3(+) T cells reflects promiscuous Foxp3 expression in
conventional T cells but not reprogramming of regulatory T cells. Immunity.
(2012) 36:262–75. doi: 10.1016/j.immuni.2011.12.012

96. Dominguez-Villar M, Baecher-Allan CM, Hafler DA. Identification of T helper
type 1-like, Foxp3+ regulatory T cells in human autoimmune disease. Nat Med.
(2011) 17:673–5. doi: 10.1038/nm.2389

97. McClymont SA, Putnam AL, Lee MR, Esensten JH, Liu W, Hulme MA, et al.
Plasticity of human regulatory T cells in healthy subjects and patients with type
1 diabetes. J Immunol. (2011) 186:3918–26. doi: 10.4049/jimmunol.1003099

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Bittner-Eddy, Fischer and Costalonga. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 15 April 2020 | Volume 11 | Article 677

https://doi.org/10.1016/j.autrev.2014.08.022
https://doi.org/10.1016/j.jdermsci.2016.10.007
https://doi.org/10.1371/journal.ppat.1007069
https://doi.org/10.1038/mi.2017.97
https://doi.org/10.3389/fimmu.2018.00795
https://doi.org/10.1074/jbc.M801286200
https://doi.org/10.1074/jbc.M801286200
https://doi.org/10.1016/bs.apcsb.2016.10.002
https://doi.org/10.1016/j.immuni.2008.05.007
https://doi.org/10.1038/nature04753
https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.4049/jimmunol.1900046
https://doi.org/10.4049/jimmunol.0903324
https://doi.org/10.4049/jimmunol.0903324
https://doi.org/10.4049/jimmunol.178.11.6725
https://doi.org/10.4049/jimmunol.178.11.6725
https://doi.org/10.1136/annrheumdis-2013-204228
https://doi.org/10.1182/blood-2008-10-183251
https://doi.org/10.1073/pnas.0900408106
https://doi.org/10.1016/j.clim.2019.108267
https://doi.org/10.1016/j.clim.2019.108267
https://doi.org/10.1038/s41598-019-53240-z
https://doi.org/10.1016/j.immuni.2011.12.012
https://doi.org/10.1038/nm.2389
https://doi.org/10.4049/jimmunol.1003099
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Transient Expression of IL-17A in Foxp3 Fate-Tracked Cells in Porphyromonas gingivalis-Mediated Oral Dysbiosis
	Introduction
	Materials and Methods
	Animals
	Administration of P. gingivalis
	Administration of Tamoxifen
	Identification of P. gingivalis-Specific Antigen-Experienced CD4+ T Cells in Cervical Lymph Nodes by Flow Cytometry
	Analysis of Immune Cells From Oral Mucosa by Flow Cytometry
	Identification of Cytokines and Foxp3 in CD4+ T Cells Isolated From Oral Mucosa and Cervical Lymph Nodes
	Statistical Analysis

	Results
	IL-17A-Expressing Pg-Specific CD4+ T Cells in Cervical Lymph Nodes Peak at Day 28 While IFN- Expressing Cells Increase From Day 28 to 56
	Total CD4+ T Cell Response Against Oral Pg in the Oral Mucosa Evolves From an Initial Th17 Response to One Dominated by Th1
	At Homeostasis tdTomato Expression Marks Three Distinct IL-17A+ T Cell Populations in the Oral Mucosa of IL-17Acre Fate-Tracking Mice
	Sporadic IFN- Expression by IL-17Acre-tdTomato+ T Helper Cells in the Oral Mucosa of Pg Inoculated Mice by Day 48
	Fluorescent Foxp3+ Populations Generated in Foxp3cre Fate-Tracking Mice
	Transient IL-17A Expression by tdTomato+ Foxp3-GFP+ T Cells in the Oral Mucosa of Foxp3cre Fate-Tracking Mice
	T Cells Producing IL-17A Maintain Expression of Foxp3 When Assessed by GFP Signal

	Discussion
	Transdifferentiation of IL-17Acre Fate-Tracked Cells
	Transdifferentiation of Foxp3cre Fate-Tracked Cells

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


