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CD4"Foxp3'Tregs Maintain immune homeostasis, but distinct mechanisms underlying
their functional heterogeneity during infections are driven by specific cytokine milieu. Here
we show that MyD88 deletion in Foxp3* cells altered their function and resulted in
increased fungal burden and immunopathology during oral Candida albicans (CA)
challenge. Excessive inflammation due to the absence of MyD88 in Tegs coincided with
a reduction of the unique population of IL-17A expressing Foxp3™ cells (Tyeq17) and an
increase in dysfunctional IFN-y"/Foxp3™ cells (TeglFN-7) in infected mice. Failure of
MyD88™ Tregs to regulate effector CD4™ T cell functions correlated with heightened
levels of IFN-yin CD4* T cells, as well as increased infiltration of inflammatory monocytes
and neutrophils in oral mucosa in vivo. Mechanistically, IL-1B/MyD88 signaling was
required for the activation of IRAK-4, Akt, and mTOR, which led to the induction and
proliferation of T,e417 cells. In the absence of IL-1 receptor signaling, T,eg17 cells were
reduced, but IL-6-driven expansion of T,¢glFN-y cells was increased. This mechanism was
physiologically relevant during Candida infection in aged mice, as they exhibited IL-1
receptor/MyD88 defect in Foxp3™ cells, loss of p-mTORhighTreg1 7 cells and reduced levels
of IL-1f in oral mucosa, which coincided with persistent tongue inflammation. Concurrent
with Treg dysfunction, aging was associated with increased CD4™ T cell hyperactivation
and heightened levels of IL-6 in mice and humans in oral mucosa in vivo. Taken together,
our data identify IL-1B/MyD88/T ¢4 axis as a new component that modulates inflammatory
responses in oral mucosa. Also, dysregulation of this axis in an aging immune system may
skew host defense towards an immunopathological response in mucosal compartments.
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MyD88 Controls Mucosal Treg17 Cells

INTRODUCTION

CD4"CD25"Foxp3" regulatory T cells (T,e) are central in
controlling the magnitude of an immune response thereby
regulating autoimmunity and maintaining mucosal tolerance
(1). We and others have shown that 5%-10% of CD4" T cells
have a T, phenotype in normal oral mucosa (2-4). Molecular
components that define their functional plasticity and
heterogeneity are not completely characterized during mucosal
infections, and appear to be driven by specific stimulation and
cytokine milieu. Candida is an innocuous commensal in >60% of
human population but causes opportunistic infections and chronic
oral erythematous candidiasis in elderly individuals (5). Host
pathogen recognition receptors including toll-like receptor
(TLR)-2, Dectin, and EphA2 are known to recognize Candida (6,
7). C-type lectin receptor-Syk (spleen tyrosine kinase) adaptor
CARD-9-IL-1p axis, IL-17 receptor signaling, and Th17 cells play
important roles in antifungal immunity (8, 9). Ty, are critical for
enhancing early Th17 host responses, as well as controlling
excessive immunopathological responses during the resolving
phase of oropharyngeal candidiasis (OPC). While thymic Tieg
(tTreqs) regulate systemic Thl autoimmunity, peripheral Tieg
(PTregs) are generated extrathymically at mucosal interfaces and
control commensal microbiota composition and local
inflammation (10, 11). Microbial stimulants are known to
control pT,, functions and the mechanisms have begun to be
elucidated (12-14). Some studies imply that T,., suppression can
be bypassed by microbial signals such as toll-like receptor (TLR)
ligands, myeloid differentiation primary response 88 (MyD88)
signals, and pro-inflammatory cytokines (15-17). Others
conclude that MyD88 and cMAF dependent microbial sensing
by Ty are shown to enhance their suppressive capacities (2, 18-
23). Thus, the intrinsic role of MyD88 in mucosal T,y during an
infection remains to be defined. Here we show that IL-13/MyD88
principally promotes the induction and proliferation of RORYt'IL-
17 Foxp3™ cells (T1egl7) in an mTOR dependent manner during
Candida challenge. These cells are required for optimal resolution
of infection and inflammation. Absence of IL-1f signaling in
Foxp3™ cells also leads to an IL-6 driven expansion of T,e,IFN-
v cells, which appear to coincide with immunopathology. While
RORyt expressing Foxp3™ cells have been implicated in playing
diverse roles in intestinal inflammation (13, 24, 25), our results
demonstrate their immune-protective functions and the
contrasting roles of IL-1f3 and IL-6 in determining their plasticity
and function during an oral mucosa infection. Our data also
highlight an age dependent dysregulation of this mechanism due
to an imbalance in these cytokines. Collectively, these results
demonstrate that IL-13/MyD88 signaling augments T,
functions and modulates mucosal immunity and also provide

Abbreviations: CA, Candida albicans; CLN, Cervical lymph nodes; FYcre,
Foxp3"™™ mice; HKGT, Heat killed Candida albicans germ tube; HOIL,
Human oral intra-epithelial and lamina propria leukocytes; MFYcre, Mice with
Foxp3™ cell specific deletion of MyD88; MyD88 crossed with Foxp3* <%, MyD88,
Myeloid differentiation primary response 88; MOIL, Mouse oral intra-epithelial
and lamina propria leukocytes; OPC, Oropharyngeal candidiasis; SPLN, Spleen;
T,eglFN-y, IFN-y expressing dysfunctional Foxp3™ cells; Tyeol7, IL-17A
expressing Foxp3™ cells.

new insights in to a mechanism underlying immune-dysfunction
in human aging and mucosal infections.

MATERIALS AND METHODS

Mouse Cells, Patients, Human PBMC, and
Gingival Biopsies

Mouse experiments were performed at Case Western Reserve
University (CWRU) under an approval from the CWRU
Institutional Animal Care and Use Committee, and followed
all guidelines and regulations. Some of the experiments were also
done at NIAID, NIH in compliance with the NIAID Institutional
Animal Care and Use Committee’s guidelines and under an
approved protocol. Young (6-9 weeks of age) Myd88"//x,
Foxp3-YFP”™® transgenic mice, BALB/cJ, C57BL/6J, Foxp3°™®
reporter, CD45.1 congenic mice, and IL-IR”" mice, as well as
aged (12-18 months of age) C57BL/6 mice were purchased from
Jackson Laboratories. Animals of both genders were used for
experiments. Foxp3 specific-MyD88 deficient mice (MFYcre)
were generated by breeding Myd88"*/°* and Foxp3-YFP
(FYcre) mice. Human PBMC, gingival biopsies and saliva were
obtained under a protocol approved by the University Hospitals
Cleveland Medical Center Institutional Review Board. Informed
consents were obtained from participants after the nature and all
possible consequences of the study were fully explained to them.
Healthy subjects were 18 years of age and older and in good
general health. Exclusion criteria were follows: oral inflammatory
lesions (including gingivitis and periodontitis), oral cancer
diagnosis, soft tissue lesions, and the use of tobacco in the past
month. Single cell suspension of MOIL and HOIL were prepared
after Collagenase 1A digestion of the mouse tongue/palatal/
gingival tissues and human gingival biopsies, respectively.

Antibodies and Reagents

Purified or fluorochrome conjugated mouse and human a-CD3
(145-2C11), a-CD28, 0t-CD25 (3C7 and 7D4), CD4, IL-2, IFN-Y,
IL-17A, TNF-a, Foxp3, CD45, CD8, CD11C, CD38, HLADR,
Phospho-p70 S6 Kinase (Thr389), Phospho-Akt 1 (Ser473), IL-10
(JES5-16E3), IL-6, and p-mTOR antibodies, carboxyfluorescein
diacetate succinimidyl ester (CFSE), and Cell Proliferation Dye
eFluor 670 (CPD-670) were all purchased from Life Technologies/
Thermofisher. PE conjugated F4/80 Monoclonal Antibody
(BM8), PerCP-eFluor 710 conjugated Ly-6G Monoclonal
Antibody (1A8-Ly6g), APC conjugated CD11b Monoclonal
Antibody (M1/70) were all purchased from Ebiosciences/
Thermofisher Scientific. Recombinant IL-1f was purchased
from BioBasic Inc (Ambherst, NY). Human TGF-B1 was
purchased from R&D systems. Anti-mouse CDI121A (IL1R1)
BV421 (1F3F3D4) was purchased from BD Biosciences. Anti-
mouse blocking IL-1f blocking antibody was bought from Novus
Biologicals. Anti-MyD88-PE antibody was purchased from
Santacruz biotechnologies. CD4™T cell isolation kit II (Miltenyi
Biotec, Auburn) was used for purification of CD4" cells, which
were further flow cytometry sorted for naive cells. In some
experiments, we used flow cytometry-sorted CD4"CD25"GFP*
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Teg cells or CD4"CD25  GFP” responder cells from Foxp3“™*
reporter mice. The purity of CD44'°CD62L"CD25" naive cells
was more than 98%. CD4, CD4 naive cell and T, magnetic
isolation kits were also used and were purchased from Stem cell
Technologies (Vancouver, Canada). Mouse cells were cultured in
complete RPMI-1640 (Hyclone) supplemented with 10% FCS,
100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM glutamine, 10
mM HEPES, 1 mM sodium pyruvate, and 50 uM B-
mercaptoethanol. Some in vitro experiments were done using
the X-VIVO-15 serum-free media from Lonza/Biowhittaker.
Mouse IFN-y and TNF-o ELISA kits were purchased from
Ebiosciences/Thermofisher Scientific. IL-1B and IL-6 ELISA kits
were from Boster Bio (Pleasanton, CA). Heat killed Candida
albicans germ tubes (HKGT) were generated in the laboratory by
heat killing the germ tubes at 75°C for 60 min. Germ tubes were
prepared by growing blastospores (10*9/ml) in complete RPMI-
10 at 37°C with CO, for 4-6 h, or until the budding of germ-tubes.

Cell Stimulation /n Vitro

Cells from SPLN, CLN, and MOIL were stimulated in U-bottom
96 well plates using 1 pg/ml of plate-bound 0.-CD3 and 2 pg/ml
0.-CD28 antibodies with IL-1B (1-10 ng/ml), TGF-B1 (2 ng/ml),
and HKGT for 3-6 days, as indicated. CD90" T cell depleted
splenocytes were added as antigen presenting cells (APC), ata T
cell: APC ratio of 3:1 during the initiation of cultures, when
indicated. In some experiments, CD4" T cells were pre-labeled
with CPD-670 before adding in cultures to assess their
proliferation. For co-culture T, suppression assay, CPD670
labeled CD4*CD44'°CD62L"CD25" naive responder T (Tresp)
cells (3 x 10*) were stimulated in U-bottom 96-well plates with 3
x 10* control CD4*CD25" cells or 3 x 10* T cells using soluble
1 ug/ml o-CD3 and 2 pg/ml o-CD28 antibodies (26).

Quantitative-Reverse Transcriptase PCR
(q-RT PCR)

Naive CD4" T cells were stimulated as above with soluble 1 pg/ml
0-CD3 and 2 pg/ml o-CD28, TGF-B1, HKGT with or without IL-
1B for 3 days and were used for q-PCR analyses of ROR-Yt, Foxp3,
IL-17A, and IFN-y mRNA. RNA was isolated using an RNA
isolation Kit (BioBasic). Removal of genomic DNA from purified
RNA was done by DNase (Ambion). Mu-MLV reverse
transcriptase, oligo-dT primers (BioBasic), and SYBR Green PCR
Kit (BioBasic) and real time PCR machine (Applied Biosystems)
were used for cDNA synthesis and qPCR. All primers for PCR
(BioBasic) were designed to amplify a coding region within a single
exon. The relative amount of mRNA of interest was estimated from
its Ct values, which were normalized to the B-actin mRNA levels,
assigning values of “1” to unstimulated or “day 0” CD4" T cells that
were used as control samples.

Immunohistochemistry of Proteins and
Intracellular Staining of Cytokines

For immunocytochemical periodic acid schiffs (PAS),
hematoxylin and eosin (H&E), and Foxp3 antibody histological
staining, tongue tissues were cleaned and rinsed with PBS, fixed
with 10% formalin overnight, and rehydrated in 70% ethanol

overnight. This was followed by sectioning and staining of
paraffin sections by the commercial facility (Histoserv, Inc,
MD). For single-cell flow cytometry staining, cells were
cultured as above and washed in PBS or PBS/BSA before
surface staining using the antibodies. For Foxp3 staining, the
cells were fixed with Foxp3 fix-perm set (eBioSciences/
Thermofisher) after surface staining. Live-Dead viability staining
was used to remove dead cells in the analyses. Appropriate un-
stain, isotype, secondary antibody, single stain and FMO controls
were used. Before intracellular cytokine staining, cultures were re-
stimulated with PMA (50 ng/ml) and Ionomycin (500 ng/ml) for
4 h, with brefeldin-A (10 pg/ml) added in last 2 h. For p-IRAK, p-
Akt, p-mTOR, and p-70-S6K staining, the cells were washed, fixed
and were stained with Phosflow staining kit from BD Biosciences
using manufacturer’s protocol.

Flow Cytometry and Confocal Microscopy
Data was acquired using BD Fortessa cytometers and were
analyzed using FlowJo 9.8 or 10.5.3 softwares. Cells were
cytospun on the slides, fixed, permeabilized for intracellular
flow cytometry and confocal staining.

Oral Candida Infection

Mice were infected as previously described (27, 28). Briefly, they
were sublingually infected with tongue abrasion and under
anesthesia by placing a 3 mm diameter cotton ball saturated
with 1 x 107 Candida albicans (SC5314) blastospores for 90 min.
Mice were re-infected on day 14 or 15 after primary infection for
assessing the secondary immune responses in vivo. Mouse body
weight was monitored every day until sacrifice. Tongue
inflammation scores were assessed as follows: 0 = No fungus and
immune infiltrates; 1 = Sparse immune infiltrates; 2 = Sparse
fungus with low immune infiltrates; 3 = Frequent fungal hyphae
with moderate immune infiltrates; 4 = high immune infiltrates with
prominent fungal hyphae; 5 = extensive branched filamentous
fungal hyphae, immune infiltrates with epithelial damage (21).
Fungal burden (CFU/gm of tongue was assessed by incubating the
tongue lysates on sabouraud dextrose agar plates for 24 h (28).

Statistical Analyses

P values were calculated by Mann-Whitney test in Prism 6.1
(GraphPad Software, Inc.) assuming random distribution. One
and Two way ANOVA analyses were also used for grouped
analyses. For correlation, spearman analyses were used. P < 0.05*
was considered significant.

RESULTS

Loss of MyD88 in Foxp3* Cells Reduces
Treg Accumulation in Oral Mucosa In Vivo
Although we and others have previously shown that TLR-2/
MyD388 signaling can influence mucosal Foxp3™ cells (2, 22, 29,
30), Treg specific role of MyD88 was not evaluated during an
infection. To this end, we bred MyD88"" mice with Foxp3-YFP"*
(FYcre) mice and generated MFYcre line in which MyD88 was
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deleted in CD4"Foxp3" cells (Figures S1A-C). Although there
was a moderate increase in the frequency of CD44"8" cells in
MFYcre mice, they developed normally without any overt oral
inflammation in steady-state conditions (Figure S2). We
examined the proportions of T in spleen (SPLN), oral
mucosa draining cervical lymph nodes (CLN), and the mouse
oral intra-epithelial lamina propria leukocytes (MOIL) derived
from tongue and gingival tissues in these mice. We found that
the frequency and absolute numbers of CD25"Foxp3™T,eg, were
significantly lower in CLN and MOIL of MFYcre than in control
mice (Figures 1A, B). However, these were comparable in cells
derived from SPLN. Notably, irrespective of the markers used,
different T,., subpopulations, namely, Helios®, Helios’, Nrp1®,
and ROR-t", were all proportionally reduced (Figure S3A). A
substantial proportion of T, was ROR-yt" and Helios™ in
MOIL, which appeared to be diminished in MFYcre mice
(Figure $3B). Similar to colonic Tiegs (13), ROR-yt" Helios™
Foxp3" cells are likely maintained in a microbiome dependent
manner in oral mucosa (27, 31). Based on the previous findings
on the proliferative effect of Candida on Ty (2, 27, 28), we
hypothesized that Candida may induce local expansion of
mucosal T, and this expansion might be impaired in
MFYcre mice. To test this hypothesis, we treated the cells with
heat killed Candida albicans germ tube (HKGT) (107/ml), o-
CD3 (1 pg/ml, a-CD28 (2 pg/ml), and TGF-B1 (5 ng/ml), to
examine the frequency of Foxp3" cells after 5 days. We employed
this in vitro cell culture system because: 1) We have previously
found that HKGT can cause in vitro proliferation of Tieg, in TLR-
2 dependent manner; 2) TGF-B1 is important for survival of
Foxp3'T,egs during oral CA infection as well resistance to
Candida in vivo (2, 32, 33); and 3) Activating T cells in a
whole tissue culture system including the local antigen
presenting cells (APC) is more physiological than using
purified T cell cultures because APC secrete appropriate
cytokines in the milieu (2, 32). As expected, HKGT stimulation
increased the proportion of Foxp3™ cells among CD4" T cells in
FYcre cultures compared to those found ex vivo (Figures 1A, C,
upper panel). However, CD25"Foxp3" cells from MFYcre mice
expanded much less than FYcre T, (Figures 1C, D). These
results show that intrinsic MyD88 signaling in Foxp3*T e is a
pre-requisite for Candida mediated proliferation in TCR
activated oral mucosal T,ey. To determine the effect of APC
and TLR-2 signaling, we sorted CD4"CD25"YFP" cells from
FYcre and MFYcre mice and CD4"CD25" Tregs (> 90% Foxp3™)
from TLR-27" mice. We then stimulated them with C57BL/6
wild-type (WT) APC. We labelled T,cgs with cell proliferation
dye-670 (CPD670) and compared the proliferation of FYcre,
TLR-2"" and MFYcre Tregs- As expected, FYcre T, proliferated
(Figure 1E, top 2 panels), but TLR-2"" showed a moderate
reduction in T,., proliferation (Figures 1E, 3™ panel).
However, MFYcre T, were significantly more defective in
proliferation (Figures 1E, F; compare 3" row with the last row
in Figure 1E). Therefore, we rationalized that another MyD88
dependent component that is TLR-2 independent should also
induce T, proliferation. Since IL-1R family members signal
through MyD88 (34), MFYcre T,.g must lack the ability to signal

through cytokines such as IL-1f and IL-33 produced by APC and
other cells in the milieu. These cytokines have been previously
shown to impact mucosal and tissue Tiegs (35, 36). Therefore, we
tested the effects of IL-1B and IL-33 on T, proliferation. While
IL-1P was able to enhance the proliferation of T.g stimulated as
above, IL-33 did not (Figure S4, top 4 panels). Thus, these results
identified a role for intrinsic MyD88/IL-1P signaling in expanding
Tregs in conjunction with TCR and TLR-2 activation, which could
contribute to the compartmentalized regulation of oral mucosal Tg.

Loss of MyD88 in Foxp3* Cells
Exacerbates Oral Inflammation During
OPC In Vivo

We next determined if MyD88 signaling in T, alters the
physiological outcome of an oral infection and inflammation.
As we have previously shown that T\, are crucial for enhancing
anti-fungal Th17 cell response and inflammation control at early
and later infection phases respectively (27, 28), we hypothesized
that MyD88 deficiency in Tr.g may increase susceptibility to
infection and worsen inflammation during OPC. To validate this
hypothesis, we sublingually infected MFYcre mice and control
mice with CA in vivo. On day 14 post infection, we re-infected
them to analyze adaptive immune responses. Control mice were
infected with PBS control (sham). As a positive control, in one
group of MFYcre mice, we intraperitoneally injected 1 x 10°
CD4"CD25"GFP" T,ey from wild-type (WT) Foxp3-GFP
reporter mice or CD4"CD25" T, from congenic CD45.1
mice 2 weeks prior to the infection. Seven days after the
infection, we assessed the fungal burden in the tongue using
Periodic Acid Schiff’s (PAS) histochemical staining, which
detects fungal hyphae in tongue sections. As anticipated, sham
infected control mice did not show fungal presence (Figure 2A,
S5A, 1% and 2™ panels). MFYcre mice showed substantially
more hyphae persisting in the tongue compared to FYcre control
mice in infected groups (Figure 2A, S5A, 3™ and 4™ panels).
MFYcre mice that received adoptively transferred wildtype Tiegs
however, had fewer hyphae compared to untreated MFYcre mice
(Figure 2A, S5A, 5" panel). Immunohistochemistry showed
increased inflammatory infiltrates and reduced numbers of
Tregs correlating in tongues of MFYcre mice compared to
control FYcre mice (Figure 2B, left and right, top 2 panels).
Determining the fungal growth in tongue lysates also confirmed
that reduction of Foxp3" Thegs correlated with increased fungal
burden in MFYcre mice (Figure 2C, 3rd panel). T,y injected
MFYcre mice showed increased infiltrating T,.,s and
concomitant decrease in fungal burden (Figure 2B, left and
right, bottom panel, Figure 2C, three panels). Heightened
persistence of inflammatory F4/80*Ly6-C™#" macrophages and
Gr-1" neutrophils in oral mucosa, even on day 7 after infection,
demonstrated tongue immunopathology in infected MFYcre
mice (Figure 2D, left and right, S5B, C). These mice also
showed worse weight loss following primary infection and re-
infection (Figure 2E). Thus, we inferred that the absence of
MyD88 in Ti.g led to an increased fungal burden and continued
tissue inflammation, which may trigger a positive feedback loop
leading to persistent infection burden.
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FIGURE 1 | MyD88 deficiency in Foxp3™ cells reduces oral mucosa T,eg accumulation in vivo and during heat killed Candida albicans germ tube (HKGT) activation in
vitro. Cells were isolated from spleen (SPLN) and cervical lymph nodes (CLN) and mouse oral intra-epithelial lamina propria leukocytes (MOIL) derived from FYcre and
MFYcre mice. (A) Flow cytometric plots of CD25 and Foxp3 ex vivo. (B) Statistics of Teq frequency (above) and numbers (below) from individual mouse from FYcre
and MFYcre groups ex vivo. (C) 3 x 10° cells from the indicated tissue were stimulated with o-CD3(1pug/ml, 0-CD28 (2ug/ml), TGF-B1 (5 ng/ml) and heat killed
Candida albicans (CA) germ tube (HKGT) (107/ml) for 5 days before assessing CD25 and Foxp3 by flow cytometry. (D) Statistics of CD25 Foxp3* cell frequency
(above) and numbers (below) in cultures stimulated as in (C), from indicated groups (Each data point corresponds to an individual mouse). (E, F) MyD88 signaling
expands Tyegs. CLN CD4"CD25 Foxp3-YFP™ Tyegs from FYcre and MFYcre mice, and CD4"CD25" Tyegs from TLR-27" were FACS sorted and labelled with CPD-670.
5x10* Tregs Were stimulated with APC as in C. Flow cytometric plots showing CPD-670 dilution and Foxp3 (E), and statistics showing Teq expansion (F) are
depicted. Mean values + SEM are plotted. (*P < 0.05; Mann Whitney test). Data represent at least triplicate experiments. **P < 0.005.
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FIGURE 2 | T4 specific deletion of MyD88 reduces results in impaired resistance to oropharyngeal candidiasis (OPC) in mice, and T,eq reconstitution reduces
fungal burden and immunopathology. FYcre and MFYcre mice were sublingually infected with CA or PBS (Sham) in vivo (n= 4-5/group). (MFYcre +CA + Tegs) group
received 1 x 10° CD4*CD25*GFP* Tregs from Foxp3-GFP reporter mice. (A) Periodic Acid Schiff's (PAS) staining was done on tongue sections isolated from mice on
day 7 after infection. (B) Foxp3 (left) and PAS (right) immunohistochemistry evaluation was performed on tongues derived from mice on day 7 and 18 after infection,
respectively. Microscopic images of the slides viewed at 20X magnification (Epi, epithelium; E.D, epithelial damage; F, fungus; IF, immune cell infiltration; Red arrows
indicate some of the Foxp3*cells). (C) Statistical analyses of # Foxp3™ (top) cells, inflammation score (middle) from 20X images of the tongues, and fungal burden
(CFU/gm of tongue) (bottom panel) assessed in tongue lysates from mice on day 6 or 7 after infection (* P<0.05; Mann Whitney test). (D) MOILs were isolated on
day-6 after infection and processed for flow cytometric staining of F4/80 and Ly6C (left, Figure S5B) and Gr-1 (right, Figure S5C). Data represent two experiments.
(E) Mouse body weight was monitored every other day after infection until the day of sacrifice. The percent weight change in mice in all groups. Mean values + SEM
are plotted. (2 way ANOVA, multiple comparison; alpha= 0.05* significant). At least 3-5 independent experiments showed similar results. **P < 0.005, ***P< 0.0005,
P < 0.00005.
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Treg Specific Deletion of MyD88
Diminishes IL-17A but Increases IFN-y
Expression in Effector Cells and Foxp3™*
Cells During Infection

To determine how oral mucosal T, contribute to immune cell
changes during infection, we analyzed the CD4"T cell response
in CLN and MOIL in MFYcre mice infected with CA. Examining
IL-17A and IFN-yin Foxp3-negative effector CD4" T cells on day
3 after re-infection, we found that both sham groups had
negligible but comparable levels of cytokine producers. CA
infected control mice specifically expressed IL-17A (y-axis) and
very little IFN-y (x- axis) in response to the infection (Figures
3A-C). Effector T cells in MFYcre mice, however, produced
slightly reduced IL-17A but increased IFN-y, suggesting a Thl
skewed response when compared to FYcre mice (Figures 3A, C).
These changes were not observed in SPLN, indicating that
immune cell changes were in response to local infection in oral
mucosa, as shown previously (27). High proportions of Th17
cells and IFN-y expressing effector cells (Th*) were observed in
MFYcre mice even 26 days after primary infection, indicating a
persistent inflammation in these mice. Although there were no
differences in IL-10 expression in CD4'Foxp3® T cell
compartment between these groups of mice (Figure S6A),
MyD88 deficiency in T, correlates with tongue pathology
(Figure S6B, Figure 2). MFYcre mice that received WT T,¢g
(from congenic CD45.1) injection had significantly lower IFN-y
producing effector cells at all time-points after infection (Figures
3A, C, S6B, last panel). These results showed that T,g-intrinsic
MyD88 signaling is required not only for its proliferation, but
also for its ability to control inflammatory IFN-y producing
effector cells. Presence of Tys17 cells is known to correlate with
the control of immunopathology during OPC (31). While short-
chain fatty acids and TLR-2 ligands were involved in promoting
Tregl7 cells through independent mechanisms, T,eg-intrinsic
MyD88 signaling was not explored (2, 27, 37). Therefore, we
examined the proportions of T,,17 cells in the oral mucosa, and
found that Foxp3™ cells deficient in MyD88 signaling did not
show ROR-yt and IL-17A expression during infection (Figure
3D). However, CD45.1 WT T,eg in MFYcre mice showed ROR-
vt and IL-17A expression (Figures 3D, E). The proportion of
IFN-y expressing Foxp3™ cells was significantly higher in MFYcre
mice than in control mice (Figures 3F, 1-4 panels, G). Clearly,
Theg intrinsic MyD88 signaling was essential for restraining IFN-
v expression in Foxp3" cells because CD45.1"Foxp3* cells in
MFYcre mice reconstituted with WT T4 expressed lower levels
of IFN-y (Figures 3F, G). Previously, IFN-y expression in Ty
has been shown to be associated with human inflammatory
diseases and dysfunction in T, cells (38). Our results are also
consistent with this notion, because T,g]FN-y appeared to be
dysfunctional (T,egpys) and positively correlated with increased
immunopathology in infected mice (Figures 2, 3H). In contrast,
increased T,.,17 cells positively correlated with lower
inflammation score in infected mice (Figure 3H). These results
show that T.-intrinsic MyD88 signaling is critical in controlling
their functions by differentially modulating their expression of
IL-17A and IFN-y. Defects in this signaling converts host defense

Th17 response in to an immunopathological response during
oral Candida mucosal infection.

Loss of MyD88 in T,.4s Abrogates Their
Suppressive Activity In Vitro

The above-mentioned results suggest that the absence of MyD88
in Foxp3*Teg not only impair early Th17 responses, but also
render T, unable to control excessive CD4"T cell responses
during the resolution phase of infection. To further verify this
possibility, we determined the ability of FYcre and MFYcre T g
isolated from infected mice to suppress CD4"T cells in vitro. To
this end, we isolated CLN and MOIL from infected mice at a late
phase of infection and re-stimulated them in the presence or
absence of Tyegs in cultures. For removal of T,gs in cultures, we
depleted CD4"CD25" cells before re-stimulation with o-CD3
and o-CD28 antibodies. T, depletion led to a decrease of
CD25Foxp3" cells from 24.8% to 2.1%, 9.2% to 1.4%, and
18.6% to 2.3% in FYcre, MFYcre, and MFYcre + WT T,
cultures respectively (data not shown). We then examined the
proliferation of Foxp3 negative effector CD4" T cells by 5-
bromo-2’-deoxyuridine (BrdU) labeling assay. The cells with
no re-stimulation did not undergo proliferation (Unstim,
Figures 4A, top row, B). As expected, depletion of FYcre Ty,
but not MFYcre T, in vitro, significantly increased the
proliferation of responding CD4" T cells in their respective
cultures (Figures 4A, 1™ 2 columns, B). More importantly,
WT T,eg that were injected in vivo also retained their
suppressive capacity in vitro and inhibited the proliferation of
MFYcre CD4" T cells (Figures 4A, 3" column, B). We and
others have previously shown that T, can downmodulate the
sensitivity of effector cells to IL-2 by reducing their IL-2 receptor
(CD25) expression (26, 28, 39). Therefore, we determined the
expression of CD25 on Foxp3"*8*""® effector cells in these
cultures. As expected T..s downmodulated CD25 expression
in FYcre cultures and MFYcre cultures with WT T, (Figures
4C, 1" and 3" columns, D). However, depletion of MFYcre Thregs
did not affect CD25 expression in effector cells (Figures 4C, 2™
column, D), suggesting that MFYcre T,.g, had impaired ability to
control CD25 expression and excessive CD4 T cell responses.
Collectively, these data confirm a nonredundant role of MyD88
in immunomodulatory function of Foxp3™ cells during the later
phase of the infection in vivo.

Induction and Proliferation of T,.417 and
Tregnys Cells Are Driven by IL-1f and IL-6,
Respectively

Based on our in vivo experiments that showed MyD88’s role in
promoting T,.,17 cells and inhibiting Tiegpys cells, we then
examined how MyD88 deficiency affects T,cy during Candida
stimulation in vitro. Therefore, we stimulated CLN and MOIL
cells from FYcre and MFYcre mice with HKGT as in Figure 1C,
and determined T,.17 induction. As a control, we also stimulated
purified TLR-2"" T,eq with HKGT and wildtype APC. Although
HKGT mediated T,.417 induction was unaffected in TLR-27 Thregs
it was significantly reduced in T\g lacking MyD88 in vitro (Figure
5A, left and right). This indicated that HKGT mediated T,es17
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FIGURE 3 | Loss of MyD88 in Tegs diminishes IL-17A and increases IFN- y expression in effector cells and Foxp3* cells in vivo during oropharyngeal candidiasis (OPC)
infection. FYcre and MFYcre mice were infected with sham control or CA as in Figure 2 (n= 4-6/group). On day 3 after infection, cells from cervical lymph nodes (CLN)
and mouse oral intra-epithelial and lamina propria leukocytes (MOIL) were restimulated with PMA-ionomycin to assess intracellular proteins. MOIL cells pooled from 2
mice were used for flow cytometric analyses. (A) Flow plots of IL-17A and IFN-y, gated on CD3"CD4* Foxp3” effector (Tof) cells. Statistical analyses of Ter IL-17A" (B),
and Teq IFN-y" (C). Flow plots of ROR-yt and IL-17A (D), Foxp3 and IFN-y, (F) gated on CD3"CD4" Foxp3'T,eg cells, and statistical analyses of the proportion of ROR-
WIL-17A Trags (% Treg17) (E), and Treg IFN-Y" (% Tregpys) (G), in different groups are shown. For statistical analyses, data are pooled from two experiments. Each data
point represents one mouse in CLN and 2 mice in MOIL. Mean values + SEM are plotted. (H) Correlation curve was plotted using values from tongue inflammation score,
%MOIL Treq17 and %MOIL Tregpys in infected mouse groups. These data represent three independent experiments showing similar results. *P < 0.05, ***P < 0.005,

P < 0.0005, ***P < 0.00005.
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FIGURE 4 | CD25"Foxp3* cells lacking MyD88 in infected mice lack suppressive functions in vitro. FYcre and MFYcre mice were infected with sham control or CA
as in Figure 2 (n= 4-6/group). On day 6 after infection, cells from cervical lymph nodes (CLN) and mouse oral intra-epithelial and lamina propria leukocytes (MOIL) of
FYcre + CA, MFYcre + CA and MFYcre + CA +T,¢4s groups were collected for in vitro stimulation with  a-CD3 and o.-CD28 antibodies (CD4 Stim with Tege) for 3-4
days. Some cells each mouse group were stimulated after the removal of CD4"CD25" Tregs (CD4 Stim with no Trege). A control culture was plated with no restimulation
(CD4 Unstim). BrDU was added in the last 24 h before harvesting the cells for fixation and flow cytometry for BrDU (A, B) and CD25 (C, D). Flow cytometry gating
excluded Foxp3™ Treq cells in cultures. Ty suppression was measured by % BrDU+ proliferating cells as normalized to “CD4 Stim with no Tregs” cultures. Mean values +
SEM from 3 independent experiments are plotted. * P< 0.05; 2 way ANOVA and Unpaired 2-tailed students “t” tests. **P < 0.005, **P < 0.0005. NS, non-significant.

induction is dependent on MyD88 expression and not TLR-2  and IL-1f, alone or in combination (Figure S7). We analyzed
expression in Ty, suggesting the involvement of IL-1/MyD88 Foxp3 (y-axis) and IL-17A (x-axis) expression in CD4" T cells on
signaling. Because we observed that IL-1P signaling is involved in ~ day 5 after stimulation. While HKGT increases the frequency of
Candida dependent T, proliferation (Figure S4) and Th17 cell ~ Foxp3" cells and T,e,17 cells, IL-1B, and TGF-B1 alone did not
induction in mucosa (40), we focused on IL-1B, which we propose  induce T,17 cells. However, a combination of these reagents
to be secreted by APC in the milieu. We stimulated CLN/MOIL  synergistically promoted an increase in the frequency of Trg17
cells with TCR activating antibodies along with TGF-f1, HKGT,  cells (Figure S7). While adding exogenous IL-1J increased the
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FIGURE 5 | IL-1B promotes T,17 cells and constrains induction of Tregpys Cells in Candida activated oral mucosal cells in vitro. (A) HKGT mediated T,eq17 induction is
slightly reduced in TLR-27 Tregs, but significantly lower in MFYcre T,y in vitro. Pooled cervical lymph nodes (CLN) and mouse oral intra-epithelial and lamina propria
leukocytes (MOIL) cells from FYcre and MFYcre were stimulated with heat killed Candida albicans germ tube (HKGT) as in Figure 1C for 5 days and were restimulated
with PMA-lonomycin for flow cytometry assessment. For TLR-2”" cultures, Tregs Were purified from TLR-27" mice and stimulated with WT APC from T cell depleted CLN
and MOIL cells. Flow cytometry plots showing Foxp3 and IL-17A expression (gated on CD3*CD4 Foxp3™ cells). (B, C) WT CLN and MOIL cells were examined ex vivo
or stimulated with HKGT as in Figure 1C, in the presence of IL-1 (10 ng/ml) or a- IL-B antibody (10 ug/ml) for 5 days. Flow cytometry plots showing Foxp3 and IL-17A
expression (gated on CD3*CD4" cells) (B, top) and statistical data points from experimental replicates (B, bottom). Flow plots showing Foxp3 and IFN-y expression (gated
on CD3*CD4*Foxp3™ cells) (C) and statistical data points from experimental replicates (C, bottom). NS, non-significant. *P < 0.005, **P < 0.0005, ***P < 0.00005.
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frequency of T,e,17 cells, blocking IL-1f significantly diminished
Tregl7 cells (Figure 5B, top and bottom). This result suggested that
APC produce endogenous IL-1fB. As expected, IL-1 dependent
IL-17A expression was also observed in Foxp3-negative cell
compartments (Figure 5B). Surprisingly, while exogenous IL-1f
decreased IFN-y expression in Foxp3™ cells, antibody mediated
blocking of endogenous IL-1f heightened the frequency of IFN-y
expressing Foxp3™ cells (Figure 5C). To further evaluate the
involvement of IL-1 receptor signaling in induction and
proliferation of Foxp3™ T, we stimulated naive CD4" T cells
from WT C57BL/6 and IL-1R knockout mice (IL-1R17") with
HKGT along with APC from CLN. HKGT promoted Ts17 cells
in TL-1B/TGF-B1 stimulated WT cells but not in IL-1R1”" cells
(Figure 6A). These results demonstrated the role of endogenous
IL-1fB in promoting IL-17A expression in induced Foxp3" cells
(Figure 6A, upper right quadrants, top, and bottom). Although
the effects were moderate, the frequency of IFN-y was consistently
higher in IL-1R1” CD4" T cells than in WT cells (Figure 6B,
upper right quadrants, top, and bottom). Corroborating these flow
cytometry data, quantitative PCR (qQPCR) of IL-1R1”~ CD4" T
cells from these cultures showed relatively lower abundance of
ROR-yt and IL-17A mRNA, but slightly higher levels of Foxp3 and
IFN-y mRNA than WT CD4" T cells (Figure 6C). To validate IL-
1B effects in vivo, we orally infected WT and IL-1R1”" mice with
CA and examined Foxp3™ cells in MOIL three days after infection
and in vitro restimulation. While T,., proportions were
comparable in uninfected mice (Figure S8), infected IL-1R17"
mice displayed strikingly lower frequencies of T;e,17 cells and
higher T,egpys cell proportions compared to WT cells in vivo
(Figures 6D, E). Because IL-6 is also required for Th17 cell
differentiation, we determined the role of IL-6 in IL-17A
expression in T Surprisingly, blocking IL-6 using an
antibody reduced T,,17 proportions only in WT, but not in IL-
1R17" cultures. However, it significantly diminished the frequency
Of Tregpys in IL- 1R17 cells (Figures 6D, E). Although mechanisms
of contrasting effects of IL-6 and IL-1P are unclear at the
molecular level, our data show that IL-1f is key in generating
Tregl7 cells and inhibiting IL-6 dependent IFN-y expression in
Foxp3" cells during Candida stimulation. Collectively, the data
presented herein confirm the expected role of IL-1f and IL-6
signaling in CD4" T cells, but they also reveal new roles for these
signaling pathways in regulating T, functional plasticity.

IL-1B Induced T,.417 Cells Requires
m-TOR Activation

Considering the direct effect of IL-13/MyD88 axis on CD4" T cells
in inducing T,¢,17 cells, we next determined the biochemical basis
underlying IL-1P signaling in purified naive cells and T\.g i vitro.
We labeled the cells with carboxyfluorescein diacetate succinimidyl
ester (CFSE), added 1-10 ng/ml of IL-1p in some cultures at the
beginning of stimulation, and assessed them after 3 days. First, we
analyzed IL-1R-associated kinase 4 (IRAK) phosphorylation (p-
IRAK4) as a surrogate for MyD88 signaling, and found that T,
cells had slightly higher levels of p-IRAK-4 expression with HKGT
alone when compared to naive cells (Figure 7A). This result is
consistent with an observed TLR-2 expression on Tiey (2). The

addition of IL-1P further increased p-IRAK4 expression, both in
naive and T cells in a concentration dependent manner (Figure
7A). Since IL-1B has been previously implicated in NF-kB
activation in immune cells (41), we examined whether it impacts
activation and nuclear translocation of NF-xB in HKGT stimulated
T cells. Confocal microscopic analyses revealed that IL-1f did not
promote NF-kB translocation in activated naive and T, cells
(Figure S9). Because IL-1B can affect Akt/mTOR metabolic
signaling proteins in T cells (42, 43), we turned to examining
phosphorylated-Akt (p-Akt) and phosphorylated-mammalian
target of Rapamycin (p-mTOR), which are the activated forms of
these proteins. IL-1P was able to increase p-Akt and p-mTOR
expression in naive and Foxp3* CD4" T cells in a concentration
dependent manner (Figures 7B, C). We then determined the levels
of a target protein of mTOR, namely phosphorylated-70-S6K (p-
70-S6K), by confocal analyses of CFSE labeled Teg. While TCR
and HKGT stimulation alone caused CFSE dilution (Figure 7D,
first two panels), IL-1f further enhanced p-70-S6K in proliferating
Foxp3" cells in a concentration dependent manner (Figure 7D, last
two panels). To evaluate these IL-13 mediated effects in vivo, we
analyzed the expression of mTOR in Foxp3" cells in oral mucosa
(MOIL) derived ex vivo and from Candida infected WT and IL-
1R1”" mice. Candida infection promoted mTOR phospohorylation
in WT but not in IL-1R17 Tegs in vivo (Figure 7E). Akt/mTOR
signaling is well established in T, and Th17 homeostasis and
functions in other settings (31, 44-46). Therefore, we hypothesized
that IL-1f signaling might enhance IL-17A in Foxp3" cells in an
mTOR dependent manner in the context of Candida activation. To
this end, we determined IL-17A in HKGT/IL-1B stimulated CLN/
MOIL cells in the presence and absence of an mTOR inhibitor
Rapamycin (Rapa) in vitro. Gating on Foxp3" cells in these cultures
revealed that HKGT/IL-1B dependent T,.,17 induction was
blunted in Rapa treated cells (Figure 7F, left and right).
Collectively, these results showed that IL-1B/IL-1R signaling is
required for promoting mTOR activation and IL-17A induction in
Foxp3" cells during Candida infection in oral mucosa.

Candida Infected Aged Mice Display
Immunopathology, Lower IL-13 Induction,
but Excessive Secretion of IL-6

Our results imply that Candida infection in the context of IL-1p/
IL-6 imbalance may lead to an inappropriate accrual of
dysfunctional IFN-y'Foxp3" cells. Interestingly along these lines,
aging is associated with elevated levels of serum IL-6 and IFN-
v'eells, increased prevalence of Foxp3'cells in blood, immune
system decline (immunosenescence), and an exaggerated
inflammatory state (inflammaging) (47-53). Therefore, we next
investigated these cytokines in the context of MyD88/IL-1f3
signaling and T,.; functions during Candida infection in aged
mice. To this end, we sublingually infected young (6-8 weeks of
age) and aged (12-18 months of age) mice with Candida and
monitored their immunopathology, weight loss and fungal burden.
Examining the inflammatory infiltrates on day 20 after initial
infection showed there was increased immunopathology in
infected aged mice when compared to younger counterparts
(Figure 8A). Infection caused significantly more weight loss
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FIGURE 6 | Loss of endogenous IL-1R signaling diminishes Treq17 but increases Tregpys Cells in CD4™ T cells in vitro. IL-6 expands Tegpys Cells in the absence of IL-1p.
Naive CD4" T cells from WT C57BL/6 and IL-1R (IL-1R17) knockout mice were stimulated with heat kiled Candida albicans germ tube (HKGT) and TGF-B1 for 5 days
as in Figure 1C with WT APC and stained for Foxp3, IL-17A (A, top and bottom), and Foxp3 and IFN-y (B, top and bottom) (gated on CD3*CD4™ cells). (C) Naive
CD4" T cells from WT C57BL/6 and IL-1R (IL-1R17") knockout mice were stimulated with HKGT and TGF-B1 for 3 days. CD4 T cells were purified from these cultures
for gPCR assessment of indicated transcripts. (D, E) WT and IL-1R1”~ mice were orally infected with CA, and cervical lymph nodes (CLN) and mouse oral intra-epithelial
and lamina propria leukocytes (MOIL) were collected 3 days after infection (n=5/group) for HKGT restimulation for 2 days and flow cytometry. Statistical analyses of
Foxp3"ROR-yt*IL-17A" (D), and Foxp3* IFN-y" (E), expressing cells after PMA/lono restimulation for 4 h in vitro (gated on CD3*CD4* cells). o IL-6 antibody (10 pg/mi)
was added in some cultures. Data are representative of at least 3 independent experiments. NS, non-significant. “P < 0.05, **P < 0.005, ***P < 0.0005.
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(C), and p-70-S6K (D) for flow cytometry analyses, or cytospun on slides for confocal analyses. (E) Mouse oral intra-epithelial and lamina propria leukocytes (MOILs)
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PMA/lonomycin before intracellular staining and flow cytometry analyses (gated on Foxp3* cells). Geometric mean fluorescence intensities (GM) are shown with the

(Figure 8B, top) and persistence of infiltrating inflammatory cells
(Inf. score) in aged mice than in young mice (Figure 8B, bottom).
Remarkably, PAS histochemical staining and culturing tongue
lysates to determine the fungal growth revealed that there was no
significant increase in fungal burden in aged tongues (Figure 8C).
These results indicated that both young and aged mice were
capable of clearing the fungal infection in a similar manner
(Figure 8C). We then analyzed the CD4" T cells in oral mucosal
tongue tissues. The basal levels of Foxp3" cells were proportionally
higher in SPLN, CLN and MOIL in aged uninfected mice (Figures
8D, S10). However, we observed blunted expression of CD25 in
aged Foxp3" cells (Figure 8D, X axis; see legend). Upon OPC

histogram plots. Data represent triplicate experiments with similar results. NS, non-significant. *P < 0.05.

infection, we found that both the frequency and number of Foxp3"*
cells increased in both the groups, but at significantly higher levels
in aged mice than in young mice (Figures 8D, S10). Finally, to
evaluate the role of IL-1f and IL-6 imbalance in aged mice, we
examined the levels of these cytokines along with other pro-
inflammatory cytokines using Enzyme-linked immunosorbent
assay (ELISA). ELISA of oral tongue tissues (MOIL) 2 days after
infection showed that while infection promoted the expression of
IL-1B in MOIL of young mice, cells derived from aged MOIL
produced little or no IL-1[3 (Figure 8E, top panel). This result was
observed in MOIL and CLN, but not in SPLN, again highlighting a
compartmentalized and infection- mediated effects in T cells of oral
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mucosa (Figure S11A). However, concurrent to increased
immunopathology in aged mice, aged MOIL supernatants
revealed highly elevated levels of pro-inflammatory cytokines
such as IL-6, TNF- o, and IFN-y, substantiating the presence of
oral immune hyperactivation in aged mice (Figure 8E rows 2-4,
S§11B). Collectively, these results show that tongue
immunopathology could be ascribed to an impairment of IL-13
and excessive production of IL-6 during oral Candida infection in
aged mice.

Aged Mice Display Dysfunction in Foxp3*
Cells During Candida Infection

Despite increased proportions of Foxp3™ cells, loss of IL-1p may
render aged Foxp3" cells dysfunctional, similar to MyD88™" Thregs
(Figures 2—4). This may provide a positive feedback inflammatory
loop to further exacerbate immunopathology during infection. To
validate this hypothesis, we analyzed T, cytokine expression
using flow cytometry. Remarkably, the proportion of T,17 cells
was significantly lower in CLN and MOIL in aged mice compared
to young mice (Figures 9A, upper right quadrants, B). There were
no significant differences between the young and aged groups in
IL-17A production by non T,y (Foxp3 negative; Th17) (Figures
9A, lower right quadrants, B). Foxp3" cells from young mice
produced very little IFN-y, while those derived from aged mice
displayed higher levels of IFN-y production (Figures 9C, upper
right quadrants, D). This effect was much more pronounced in
oral mucosa of infected aged mice, reminiscent to MFYcre Tieg it
vivo (Figure 3). Both Foxp3" cells and IFN-y" effector cells were
present at higher proportions in aged mice, suggesting an
impairment in immunomodulatory functions in these Foxp3*
cells (Figures 9C, lower right quadrant, D). More importantly,
aged infected mice accrued pro-inflammatory effector CD4" T
cells expressing IFN-y and IL-17A in oral mucosa even at later
time points (day 30 after initial infection), indicating that the
infection had led to the persistence of inflammatory CD4" cells
despite the absence of fungal burden in these mice (Figures 8C,
S11C). To address the IL-13/MyD88 mediated effects in Foxp3*
cells in vivo, we analyzed the expression of p-IRAK4 and IL-1R1 in
Foxp3" cells in oral mucosa (MOIL) derived from infected mice.
Corroborating with lower IL-1B levels in aged mice (Figure 8E,
top panel), Foxp3" cells showed lower p-IRAK phosphorylation
when compared to young mice (Figure 9E, left and right). These
data suggest that IL-1f3 expressed during early time-points of
infection may phosphorylate p-IRAK4 in IL-1R"Teg,, which is
critical for the activation and proliferation of these cells in oral
mucosa. Furthermore, Foxp3" cells from aged mice displayed
lower levels of mTOR phosphorylation upon infection when
compared to young mice (Figure 9F, top and bottom). In
summary, these results indicate that excessive immunopathology
in aged mice may be attributed to lower mTOR phosphorylation
in Foxp3" cells and diminished Tie,17 cells during oral infection.
These T,eg17 defects also paralleled with impaired IL-18
induction, while excessive Tegpys accumulation could be
attributed to elevated levels of IL-6 in oral mucosa of aged mice.
These data are consistent with our in vitro results showing the
contrasting roles of IL-6 and IL-1B on T, functions.

Human Oral Mucosal Immune Dysfunction
in Aged Individuals Parallels T,.4 Alterations
Human aging is associated with systemic inflammation and oral
manifestations associated with elevated IL-6 levels and immune
dysfunction (54-56), although the underlying defects in
immunomodulatory mechanisms are unclear. Based on the
above results in aged mice, we turned to interrogate the
physiological relevance of IL-1B/MyD88 defects and T,
dysfunction in human oral mucosa of elderly individuals. To
this end, we recruited 32 human participants that included
young (age <60) and elderly individuals (age >60), and
collected their saliva, peripheral blood mononuclear cells
(PBMC) and oral gingival mucosa biopsies. We performed
CD4 T cell immunophenotyping in human oral intra-epithelial
and lamina propria leukocytes (HOIL) in gingival mucosa from
aged and young groups (Figure $12). Although the overall CD4"
T cell proportions in HOIL were slightly lower (Figure S12,
bottom), T,.; percentages were significantly higher in elderly
individuals compared to the younger group (Figure 10A).
However, Ty, proportions were comparable in PBMC of these
groups, again showing a compartmentalized effect on mucosal
Tregs (Figure 10A, bottom). We also observed a blunted
expression of CD25 in these T, cells in aged individuals
(Figure 10A, X-axis; see legend). Remarkably, examination of
Foxp3" cells showed that aged HOIL had significantly lower
proportions of T,e,17 cells compared to younger counterparts
(Figure 10B, left). Aged Foxp3™ cells also displayed dampened
mTOR phosphorylation in ROR-yt* fraction (Figure 10B,
middle), but higher proportions of Tiegpys cells compared to
young Foxp3" cells (Figure 10B, right). Finally, gating on non-
Foxp3 CD4" effector cells, we found that CD4" T cells from the
elderly group showed a significantly higher frequency of IFN-y
expressing effector cells than younger individuals in HOIL
(Figure 10C). This result suggested that oral mucosal CD4" T
cells in elderly individuals may have heightened activated state,
despite an increase in Trey. Again, these alterations showed
significant differences in HOIL, but not in PBMC (Figure 10C,
right). These data suggested a dysregulated MyD88 signaling in
Tregs due to IL-1B/IL-6 alterations in oral mucosa of aging
humans, consistent to what we observed in aged mice.
Validating this tenet, IL-1f levels were significantly diminished
in saliva from aged individuals, although there were no
differences observed in serum (Figure 10D). However, IL-6
was found to be elevated in aged individuals in saliva but not
in serum (Figure 10E), implicating its role in expansion of oral
mucosal Tregpys cells in aged group (Figure 10C). These data
concur to the results from mouse experiments, which showed
that dysregulation in IL-1B/IL-6 balance may contribute to oral
T,eg dysfunction in aging mucosa.

DISCUSSION

Our results reveal a previously unknown role of the IL-1f/
MyD88/mTOR axis in modulating mucosal T,.g during an
infection. Although IL-1B is a conventional pro-inflammatory
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FIGURE 9 | T,og17 and Tregpys alterations are accompanied by loss of IRAK-4 and mTOR activation in Tegs in infected aged mice. Young and Aged mice were
infected with CA or Sham as in Figure 8. Flow cytometric analyses of CD3*CD4" gated cells for IL-17A and Foxp3 (A, B), IFN-y and Foxp3 (C, D), on day 5 after
infection. Statistical analyses of Foxp3* IL-17A" (% T,eq17) (B), and Foxp3* IFN-y* (% Tregpys) (D), Using data points from (A, B), respectively. (E, F) Mice were
infected for 2 days. Flow cytometry analyses of CD3*CD4* Foxp3* gated cells for p-IRAK and IL-1R (E, left and right) and p-mTOR (F, top and bottom) in
Foxp3™T,egs. Geometric mean fluorescence intensities (GM) are indicated in the histogram plots. Mean values + SEM are plotted in statistical analyses. These data
show one of four independent experiments showing similar results. (*P < 0.05; Mann Whitney test). **P < 0.005. NS, non-significant.
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cytokine, our study unveils an unexpected and surprising role of
this cytokine in inducing functionally robust Foxp3™ cells,
namely T,eg17 cells, during the early phases of infection. While
TLR-2-MyD88 promotes Foxp3™ cell expansion, IL-13 produced by
APC induces IL-17A expression and enhances the proliferation of
these Treg At the cellular level, we show that IL-13/MyD88

mediated generation of T,el7 cells involves the conversion of
both conventional CD4" cells and Foxp3'T,e, cells into Ty,17
cells in oral mucosa (Figure S4, Figures 1, 5, and 6). Using
MyD88'/ " Tregs We show that Ty17 cells are critical for antifungal
immunity and constraining inflammatory reactions to Candida in
vivo. Loss of oral mucosal Tieg only in CLN and MOIL, but not in
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spleen of MFYcre mice (Figure 1B), signifies the
compartmentalized effect of MyD88 signals through Candida and
possibly also the local oral microbiome in mucosa (Figure 1). While
our previous report demonstrated the role of short chain fatty acids
(SCFA) in T, functions, (27, 31), our current study highlights the
role of MyD88. Infection related immunopathology is unlikely a
consequence of hyperactivated CD4 cells present in MFYcre mice
before infection (Figure S2). It is rather a result of T, specific
defects during infection, because the effector CD4 cells in sham mice
had comparable levels of cytokines in both FYcre and MFYcre mice
(Figures 3A, B). However, after the infection, MFYcre mice exhibit
excessive proportions of Ly6C™" macrophages and Gr-1+
neutrophils, as well as elevated IFN-y expression in eftector CD4+
cells (Figures 3F-H). These suggest infection related
immunopathology. While we speculate that excessive CD4 TFN-y
may contribute to the persistence of pro-inflammatory monocytes
producing IL-6, this possibility remains to be evaluated in the future.
On the one hand, T, are known to enhance Th17 mediated
host immunity and fungal clearance at early time-points during
oral Candida infection (28). Consistently, absence of MyD88 in
Thregs resulted in diminution of Ty, decreased Th17 cells, and
increased fungal burden (Figures 2C, 3A, B). Therefore, MyD88
is required in T,.g for their basal proliferation and enhancing
Th17 functions at early time-points of infection. On the other,
Tiegs also reduce Gr-1+ (Ly6G) neutrophils and tongue
inflammation at later time-points of infection (21).
Concurrently, CD4" cells with little or no regulation by Ty
contributed to hyperactivated CD4 T cells, inflammatory
monocytes, neutrophils, and tongue immunopathology in
Candida infected MFYcre mice (Figures 2D, 3C, 4). Increased
infiltration and persistence of these cells at late-time points led us
to infer that these mice suffer immunopathology. While a non-
resolving infection could also have resulted in increased
infiltration of these cells in MFYcre mice, aging mice did not
have increased fungal burden but still displayed tongue
pathology. Although IL-13/MyD88 deficiency in Tieg is a
common link in poor infection outcomes in our MFYcre and
aging infection models, there are distinct differences between
them. Increased fungal burden and immunopathology are driven
predominantly by reduced Tcg/Tregl7 numbers and functions in
MFYcre mice. Moreover, loss of T,y paralleled with the loss of
Th17 cells in these mice. Therefore, immunopathology was
driven by reduced antifungal immunity and also impaired
ability of Tiegs to control inflaimmation. However, aged mice
showed increased tongue immunopathology even with an intact
ability to clear the fungus. These data are congruent with our
results that aged mice have intact Foxp3" cells and intact Th17
immunity. While mechanisms are unclear, it is tempting to
speculate that basal hyperinflammatory state in aging mice
might additionally contribute to some of these differences.
Higher expression of IFN-y observed in SPLN, even in the
absence of infection, indicates such a hyperinflammatory state
in aged mice (Figure 9D). Taken together, these results led us to
infer that reduced T,c417 cells and increased dysfunctional Tegq
but not increased fungal burden alone, contributed to
immunopathology outcome during Candida infection.

In line with previous studies, the mechanism of T, functions
may involve their ability to consume IL-2 leading to the
regulation of IL-2 receptor (CD25) (Figures 4C, D) and IFN-y
in CD4" cells [Figures 3C, 9A (21, 26, 28, 57-59)]. Our current
data support the possibility that in the context of early IL-1B
expression by APC, Tiey/Tregl7 mediated IL-2 regulation
enhance Th17 cells at early phases. At later phases of infection,
Tregl7 mediated IL-2 consumption and increased TGF-B1
expression in T.e may downmodulate inflammation (21, 28).
However, excessive IL-6 may dysregulate this mechanism of IL-2
consumption mediated immunoregulation by T,egs. Supporting
this tenet, reduced CD25 expression in aged Foxp3™ cells (Figure
8D, X-axis, Figure 10A, X-axis) and their likely inability to
regulate IL-2 is likely associated with their dysfunction and
immunopathology during infection in aged mice (26, 57-59).
These data are also in accord with previous reports showing an
association of CD25"" Foxp3" cells with tissue autoimmunity
(60). The contribution of IL-17A in the immunomodulatory
role of Ty17 cells is currently unclear. We cannot rule out
the function of this cytokine working in concert with
immunomodulatory DC or macrophages unique to the
mucosal environment during Candida infection (61, 62). While
these T,,17 cells appear to be consistent with IL-1R1"CD25"
tissue T,.; phenotype (63), other molecular features that are
associated with their regulatory function in vivo remain to be
investigated. Absence of differences in IL-10 expression among
Foxp3" cells between FYcre and MFYcre groups (Figure S6A)
led us to infer that IL-10 might not be involved in Ti,17
mediated immunomodulation in our system.

In light of the current findings we postulate that Candida
induces mature IL-1f expression in APC which in the context of
synergistic IL-1R/TGF-B1 signaling, promotes T,.,17 cells.
Expression of TLR-2, IL-1R, as well as IL-17A in tT,e and
PTregs, verifies this postulate (2). At the molecular level, IL-1f
induces the activation of IRAK-4, Akt, mTOR, and p70-S6K axis
in naive CD4" T cells and Foxp3*T e, in an IL-1R dependent
manner (Figure 7). mTOR activation in T, is crucial for
effector T,g function in vivo (30, 64). Concurringly, here we
show that MyD88/IL-1B mediated mTOR activation induces
Tregl7 cells in vitro and in vivo (Figures 2, 7, 10). Surprisingly,
our current study also revealed that IL-1f restrains IL-6
dependent IFN-y expression in Foxp3" cells during Candida
activation (Figure 6E). Blocking IL-6 did not alter T,.17
induction in IL-1R”" cells, which suggests that IL-6 acts
synergistically with IL-1B and cannot independently induce IL-
17A in Foxp3" cells. However, the mechanism by which IL-1§
interacts with IL-6 signaling and constrains IFN-y expression in
Foxp3" cells is currently unclear and remains to be studied. Also,
the identity of oral mucosal monocytes or macrophages that
express active IL-1B/IL-6 during an infection is unknown and
warrants future studies (49).

Previous reports show that IFN-y secretion by Foxp3™ cells is
associated with T, dysfunction (38, 65). Consistently, our study
shows that in the context of excessive IL-6, IL-1B/MyD88
deficiency in Foxp3" cells contributes to their IFN-y secretion.
Such TFN-y expressing Tregpys cells fail to control oral mucosal

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 595936


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

Bhaskaran et al.

MyD88 Controls Mucosal Treg17 Cells

inflammation and host defense. While IL-6 is required for Th17
development and resistance to Candida infection (66), our data
show that elevated levels of IL-6 are strongly associated with
Foxp3" Tiegpys phenotype and immunopathology in infected
aged mice (Figure 9). These data are also concurrent with
elevated IL-6 observed in patients with chronic mucocutaneous
candidiasis (67). Our data also imply that elevated IL-6 and
dysbiosis, which might include Candida dysbiosis, may
contribute to Ty dysfunction and CD4 hyperactivation in
aging human oral mucosa (Figure 10) (68). Thus, our study
supports that IL-1B/IL-6 imbalance is central to Foxp3™ cell
plasticity and inflammation control during Candida infection
(Figures 8E-H, 9A). Although we did not evaluate the effect of
microbial dysbiosis in T,e, dysfunction in elderly participants, we
observed elevated IL-6 levels and CD4" T cell dysfunction in
aging human individuals (Figure 10). These data may partially
explain the higher prevalence and mortality of Candida infections
in elderly patients and warrant future studies examining T,,17 cells
during Candida infection. Taken together, our study reveals a
central role of IL-1B-mTOR-T,17 axis in controlling oral
inflammation and provides an insight into how dysregulation of
this mechanism could contribute to overt inflammation during
mucosal infections in elderly individuals. It also suggests that
manipulating this signaling represents a potential strategy to
target T, functions in mucosa.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by IRB, University Hospitals, CWRU. The patients/
participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by IACUC.

REFERENCES

1. Gratz IK, Rosenblum MD, Abbas AK. The life of regulatory T cells. Ann N 'Y
Acad Sci (2013) 1283:8-12. doi: 10.1111/nyas.12011

2. Bhaskaran N, Cohen S, Zhang Y, Weinberg A, Pandiyan P. TLR-2 Signaling
Promotes IL-17A Production in CD4+CD25+Foxp3+ Regulatory Cells
during Oropharyngeal Candidiasis. Pathogens (2015) 4:90-110. doi:
10.3390/pathogens4010090

3. Pandiyan P, Bhaskaran N, Zhang Y, Weinberg A. Isolation of T cells from
mouse oral tissues. Biol Procedures Online (2014) 16:4. doi: 10.1186/1480-
9222-16-4

4. Park JY, Chung H, DiPalma DT, Tai X, Park JH. Immune quiescence in the
oral mucosa is maintained by a uniquely large population of highly activated
Foxp3(+) regulatory T cells. Mucosal Immunol (2018) 11:1092-102. doi:
10.1038/s41385-018-0027-2

AUTHOR CONTRIBUTIONS

PP designed the study, performed experiments, analyzed data,
supervised the project, and wrote the manuscript. FF and AP
provided gingival biopsies from human participants. NB and ES
performed the experiments, genotyping, and analyzed ELISA
and qPCR data, and contributed to discussions. PM performed
validation qPCRs and analyzed the data. ES scored the infected
mice in a blinded fashion and isolated mouse tissues. Foxp3
YFP® and Myd88™*/"** mice were bred in NIAID, NIH mouse
facility before transferring to the mouse facility at CWRU. §]
performed microscopy of the histology slides and analyzed the
data. AW read the manuscript and contributed to discussions.
All authors contributed to the article and approved the
submitted version.

FUNDING

PP was supported by departmental startup funding from CWRU
School of Dental Medicine, CWRU Skin disease research center
pilot funding P30AR039750-19, CWRU Center for AIDS
Research (CFAR) Catalytic award, and RO1DE026923 NIH/
NIDCR funding.

ACKNOWLEDGMENTS

We thank Cheriese Quigley and Yifan Zhang for technical
assistance with animal breeding, tissue preparation, and
assessing histology data in masked fashion. We acknowledge
Drs. Tom McCormick and Rafick Sekaly for critically reading the
manuscript and valuable suggestions. We thank Ms. Patricia
Mehosky for proof-reading the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
595936/full#supplementary-material

5. Barchiesi F, Orsetti E, Mazzanti S, Trave F, Salvi A, Nitti C, et al. Candidemia
in the elderly: What does it change? PloS One (2017) 12:e0176576. doi:
10.1371/journal.pone.0176576

6. Swidergall M, Solis NV, Lionakis MS, Filler SG. EphA2 is an epithelial cell
pattern recognition receptor for fungal beta-glucans. Nat Microbiol (2018)
3:53-61. doi: 10.1038/s41564-017-0059-5

7. Cheng SC, van de Veerdonk FL, Lenardon M, Stoffels M, Plantinga T,
Smeekens S, et al. The dectin-1/inflammasome pathway is responsible for
the induction of protective T-helper 17 responses that discriminate between
yeasts and hyphae of Candida albicans. J Leukoc Biol (2011) 90:357-66. doi:
10.1189/j1b.1210702

8. Hernandez-Santos N, Huppler AR, Peterson AC, Khader SA, McKenna KC,
Gaffen SL. Th17 cells confer long-term adaptive immunity to oral mucosal
Candida albicans infections. Mucosal Immunol (2013) 6:900-10. doi: 10.1038/
mi.2012.128

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 595936


https://www.frontiersin.org/articles/10.3389/fimmu.2020.595936/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.595936/full#supplementary-material
https://doi.org/10.1111/nyas.12011
https://doi.org/10.3390/pathogens4010090
https://doi.org/10.1186/1480-9222-16-4
https://doi.org/10.1186/1480-9222-16-4
https://doi.org/10.1038/s41385-018-0027-2
https://doi.org/10.1371/journal.pone.0176576
https://doi.org/10.1038/s41564-017-0059-5
https://doi.org/10.1189/jlb.1210702
https://doi.org/10.1038/mi.2012.128
https://doi.org/10.1038/mi.2012.128
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bhaskaran et al.

MyD88 Controls Mucosal Treg17 Cells

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Drummond RA, Swamydas M, Oikonomou V, Zhai B, Dambuza IM, Schaefer

BC, et al. CARD9(+) microglia promote antifungal immunity via IL-1beta-
and CXCL1-mediated neutrophil recruitment. Nat Immunol (2019) 20:559—
70. doi: 10.1038/s41590-019-0377-2

Josefowicz SZ, Niec RE, Kim HY, Treuting P, Chinen T, Zheng Y, et al.
Extrathymically generated regulatory T cells control mucosal TH2
inflammation. Nature (2012) 482:395-9. doi: 10.1038/nature10772

Xu M, Pokrovskii M, Ding Y, Yi R, Au C, Harrison O], et al. c-MAF-
dependent regulatory T cells mediate immunological tolerance to a gut
pathobiont. Nature (2018) 554:373-7. doi: 10.1038/nature25500

Burzyn D, Kuswanto W, Kolodin D, Shadrach JL, Cerletti M, Jang Y, et al. A
special population of regulatory T cells potentiates muscle repair. Cell (2013)
155:1282-95. doi: 10.1016/j.cell.2013.10.054

Sefik E, Geva-Zatorsky N, Oh S, Konnikova L, Zemmour D, McGuire AM,
et al. Individual intestinal symbionts induce a distinct population of
RORgamma(+) regulatory T cells. Science (2015) 349:993-7. doi: 10.1126/
science.aaa9420

Aas JA, Paster BJ, Stokes LN, Olsen I, Dewhirst FE. Defining the normal
bacterial flora of the oral cavity. J Clin Microbiol (2005) 43:5721-32. doi:
10.1128/JCM.43.11.5721-5732.2005

Pasare C, Medzhitov R. Toll pathway-dependent blockade of CD4+CD25+ T
cell-mediated suppression by dendritic cells. Science (2003) 299:1033-6. doi:
10.1126/science.1078231

Kubo T, Hatton RD, Oliver J, Liu X, Elson CO, Weaver CT. Regulatory T cell
suppression and anergy are differentially regulated by proinflammatory
cytokines produced by TLR-activated dendritic cells. J Immunol (2004)
173:7249-58. doi: 10.4049/jimmunol.173.12.7249

Benson A, Murray S, Divakar P, Burnaevskiy N, Pifer R, Forman J, et al.
Microbial infection-induced expansion of effector T cells overcomes the
suppressive effects of regulatory T cells via an IL-2 deprivation mechanism.
J Immunol (2012) 188:800-10. doi: 10.4049/jimmunol.1100769

Schenten D, Nish SA, Yu S, Yan X, Lee HK, Brodsky I, et al. Signaling through
the adaptor molecule MyD88 in CD4+ T cells is required to overcome
suppression by regulatory T cells. Immunity (2014) 40:78-90. doi: 10.1016/
j-immuni.2013.10.023

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
Cording S, Fleissner D, Heimesaat MM, Bereswill S, Loddenkemper C,
Uematsu S, et al. Commensal microbiota drive proliferation of conventional
and Foxp3(+) regulatory CD4(+) T cells in mesenteric lymph nodes and
Peyer’s patches. Eur ] Microbiol Immunol (Bp) (2013) 3:1-10. doi: 10.1556/
EuJMIL3.2013.1.1

Bhaskaran N, Weinberg A, Pandiyan P. Th17 inflammation model of
oropharyngeal candidiasis in immunodeficient mice. J Visualized
Experiments JoVE (2015). 96:€52538. doi: 10.3791/52538

Wang S, Charbonnier LM, Noval Rivas M, Georgiev P, Li N, Gerber G, et al.
MyD88 Adaptor-Dependent Microbial Sensing by Regulatory T Cells
Promotes Mucosal Tolerance and Enforces Commensalism. Immunity
(2015) 43:289-303. doi: 10.1016/j.immuni.2015.06.014

Pandiyan P, Zhu J. Origin and functions of pro-inflammatory cytokine
producing Foxp3(+) regulatory T cells. Cytokine (2015) 76:13-24. doi:
10.1016/j.cyt0.2015.07.005

Lochner M, Peduto L, Cherrier M, Sawa S, Langa F, Varona R, et al. In vivo
equilibrium of proinflammatory IL-17+ and regulatory IL-10+ Foxp3+
RORgamma t+ T cells. ] Exp Med (2008) 205:1381-93. doi: 10.1084/jem.20080034
Kitani A, Xu L. Regulatory T cells and the induction of IL-17. Mucosal
Immunol (2008) 1 Suppl 1:543-6. doi: 10.1038/mi.2008.51

Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo MJ. CD4(+)CD25(+)Foxp3
(+) regulatory T cells induce cytokine deprivation-mediated apoptosis of
effector CD4(+) T cells. Nat Immunol (2007) 8:1353-62. doi: 10.1038/ni1536
Bhaskaran N, Quigley C, Paw C, Butala S, Schneider E, Pandiyan P. Role of Short
Chain Fatty Acids in Controlling Tregs and Immunopathology During Mucosal
Infection. Front Microbiol (2018) 9:1995. doi: 10.3389/fmicb.2018.01995
Pandiyan P, Conti HR, Zheng L, Peterson AC, Mathern DR, Hernandez-
Santos N, et al. CD4(+)CD25(+)Foxp3(+) regulatory T cells promote Th17
cells in vitro and enhance host resistance in mouse Candida albicans Th17 cell
infection model. Irmmunity (2011) 34:422-34. doi: 10.1016/j.immuni.2011.03.002

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Round JL, Lee SM, Li J, Tran G, Jabri B, Chatila TA, et al. The Toll-like
receptor 2 pathway establishes colonization by a commensal of the human
microbiota. Science (2011) 332:974-7. doi: 10.1126/science.1206095

Gerriets VA, Kishton R]J, Johnson MO, Cohen S, Siska PJ, Nichols AG, et al.
Foxp3 and Toll-like receptor signaling balance Treg cell anabolic metabolism
for suppression. Nat Immunol (2016) 17:1459-66. doi: 10.1038/ni.3577
Pandiyan P, Bhaskaran N, Zou M, Schneider E, Jayaraman S, Huehn J.
Microbiome dependent regulation of Tregs and Th17 cells in mucosa. Front
Immunol (2019) 3:426. doi: 10.3389/fimmu.2019.00426

Bhaskaran N, Quigley C, Weinberg A, Huang A, Popkin D, Pandiyan P.
Transforming growth factor-betal sustains the survival of Foxp3 regulatory
cells during late phase of oropharyngeal candidiasis infection. Mucosal
Immunol (2016) 9:1015-26. doi: 10.1038/mi.2015.115

Spaccapelo R, Romani L, Tonnetti L, Cenci E, Mencacci A, Del Sero G, et al.
TGE-beta is important in determining the in vivo patterns of susceptibility or
resistance in mice infected with Candida albicans. J Immunol (1995)
155:1349-60.

Wang JQ, Jeelall YS, Ferguson LL, Horikawa K. Toll-Like Receptors and
Cancer: MYD88 Mutation and Inflammation. Front Immunol (2014) 5:367.
doi: 10.3389/immu.2014.00367

Arpaia N, Green JA, Moltedo B, Arvey A, Hemmers S, Yuan S, et al. A Distinct
Function of Regulatory T Cells in Tissue Protection. Cell (2015) 162:1078-89.
doi: 10.1016/j.cell.2015.08.021

Muller M, Herrath ], Malmstrom V. IL-1R1 is expressed on both Helios(+)
and Helios(-) FoxP3(+) CD4(+) T cells in the rheumatic joint. Clin Exp
Immunol (2015) 182:90-100. doi: 10.1111/cei.12668

Nyirenda MH, Sanvito L, Darlington PJ, O’Brien K, Zhang GX,
Constantinescu CS, et al. TLR2 stimulation drives human naive and
effector regulatory T cells into a Th17-like phenotype with reduced
suppressive function. J Immunol (2011) 187:2278-90. doi: 10.4049/
jimmunol.1003715

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

Nish SA, Schenten D, Wunderlich FT, Pope SD, Gao Y, Hoshi N, et al. T cell-
intrinsic role of IL-6 signaling in primary and memory responses. Elife (2014)
3:¢01949. doi: 10.7554/eLife.01949

Shaw MH, Kamada N, Kim YG, Nunez G. Microbiota-induced IL-1beta, but
not IL-6, is critical for the development of steady-state TH17 cells in the
intestine. ] Exp Med (2012) 209:251-8. doi: 10.1084/jem.20111703

Dunne A, O’Neill LA. The interleukin-1 receptor/Toll-like receptor
superfamily: signal transduction during inflammation and host defense. Sci
STKE (2003) 2003:re3. doi: 10.1126/stke.2003.171.re3

Chang J, Burkett PR, Borges CM, Kuchroo VK, Turka LA, Chang CH. MyD88
is essential to sustain mTOR activation necessary to promote T helper 17 cell
proliferation by linking IL-1 and IL-23 signaling. Proc Natl Acad Sci USA
(2013) 110:2270-5. doi: 10.1073/pnas.1206048110

Nanjappa SG, Hernandez-Santos N, Galles K, Wuthrich M, Suresh M, Klein
BS. Intrinsic MyD88-Akt1-mTOR Signaling Coordinates Disparate Tc17 and
Tcl Responses during Vaccine Immunity against Fungal Pneumonia. PloS
Pathog (2015) 11:¢1005161. doi: 10.1371/journal.ppat.1005161

Gabriel SS, Kallies A. Sugars and fat - A healthy way to generate functional
regulatory T cells. Eur J Immunol (2016) 46:2705-9. doi: 10.1002/
€ji.201646663

Chapman NM, Zeng H, Nguyen TM, Wang Y, Vogel P, Dhungana Y, et al.
mTOR coordinates transcriptional programs and mitochondrial metabolism
of activated Treg subsets to protect tissue homeostasis. Nat Commun (2018)
9:2095. doi: 10.1038/s41467-018-04392-5

Park Y, Jin HS, Lopez J, Elly C, Kim G, Murai M, et al. TSC1 regulates the
balance between effector and regulatory T cells. J Clin Invest (2013) 123:5165-
78. doi: 10.1172/JCI69751

Huynh A, DuPage M, Priyadharshini B, Sage PT, Quiros ], Borges CM, et al.
Control of PI(3) kinase in Treg cells maintains homeostasis and lineage
stability. Nat Immunol (2015) 16:188-96. doi: 10.1038/ni.3077

Tsaknaridis L, Spencer L, Culbertson N, Hicks K, LaTocha D, Chou YK, et al.
Functional assay for human CD4+CD25+ Treg cells reveals an age-dependent
loss of suppressive activity. ] Neurosci Res (2003) 74:296-308. doi: 10.1002/
jnr.10766

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 595936


https://doi.org/10.1038/s41590-019-0377-2
https://doi.org/10.1038/nature10772
https://doi.org/10.1038/nature25500
https://doi.org/10.1016/j.cell.2013.10.054
https://doi.org/10.1126/science.aaa9420
https://doi.org/10.1126/science.aaa9420
https://doi.org/10.1128/JCM.43.11.5721-5732.2005
https://doi.org/10.1126/science.1078231
https://doi.org/10.4049/jimmunol.173.12.7249
https://doi.org/10.4049/jimmunol.1100769
https://doi.org/10.1016/j.immuni.2013.10.023
https://doi.org/10.1016/j.immuni.2013.10.023
https://doi.org/10.1038/nature10957
https://doi.org/10.1556/EuJMI.3.2013.1.1
https://doi.org/10.1556/EuJMI.3.2013.1.1
https://doi.org/10.3791/52538
https://doi.org/10.1016/j.immuni.2015.06.014
https://doi.org/10.1016/j.cyto.2015.07.005
https://doi.org/10.1084/jem.20080034
https://doi.org/10.1038/mi.2008.51
https://doi.org/10.1038/ni1536
https://doi.org/10.3389/fmicb.2018.01995
https://doi.org/10.1016/j.immuni.2011.03.002
https://doi.org/10.1126/science.1206095
https://doi.org/10.1038/ni.3577
https://doi.org/10.3389/fimmu.2019.00426
https://doi.org/10.1038/mi.2015.115
https://doi.org/10.3389/fimmu.2014.00367
https://doi.org/10.1016/j.cell.2015.08.021
https://doi.org/10.1111/cei.12668
https://doi.org/10.4049/jimmunol.1003715
https://doi.org/10.4049/jimmunol.1003715
https://doi.org/10.1038/nm.2389
https://doi.org/10.7554/eLife.01949
https://doi.org/10.1084/jem.20111703
https://doi.org/10.1126/stke.2003.171.re3
https://doi.org/10.1073/pnas.1206048110
https://doi.org/10.1371/journal.ppat.1005161
https://doi.org/10.1002/eji.201646663
https://doi.org/10.1002/eji.201646663
https://doi.org/10.1038/s41467-018-04392-5
https://doi.org/10.1172/JCI69751
https://doi.org/10.1038/ni.3077
https://doi.org/10.1002/jnr.10766
https://doi.org/10.1002/jnr.10766
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bhaskaran et al.

MyD88 Controls Mucosal Treg17 Cells

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Pulko V, Davies JS, Martinez C, Lanteri MC, Busch MP, Diamond MS, et al.
Human memory T cells with a naive phenotype accumulate with aging and
respond to persistent viruses. Nat Immunol (2016) 17:966-75. doi: 10.1038/ni.3483
Raynor ], Karns R, Almanan M, Li KP, Divanovic S, Chougnet CA, et al. IL-6
and ICOS Antagonize Bim and Promote Regulatory T Cell Accrual with Age.
J Immunol (2015) 195:944-52. doi: 10.4049/jimmunol.1500443
Nikolich-Zugich J. The twilight of immunity: emerging concepts in aging of
the immune system. Nat Immunol (2018) 19:10-9. doi: 10.1038/s41590-017-
0006-x

Zapata HJ, Quagliarello V]. The microbiota and microbiome in aging:
potential implications in health and age-related diseases. ] Am Geriatr Soc
(2015) 63:776-81. doi: 10.1111/jgs.13310

Ershler WB, Keller ET. Age-associated increased interleukin-6 gene
expression, late-life diseases, and frailty. Annu Rev Med (2000) 51:245-70.
doi: 10.1146/annurev.med.51.1.245

Buford TW. (Dis)Trust your gut: the gut microbiome in age-related
inflammation, health, and disease. Microbiome (2017) 5:80. doi: 10.1186/
540168-017-0296-0

Feres M, Teles F, Teles R, Figueiredo LC, Faveri M. The subgingival
periodontal microbiota of the aging mouth. Periodontol 2000 (2016) 72:30—
53. doi: 10.1111/prd.12136

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) 10:463. doi:
10.1126/scitranslmed.aat0797

Chinen T, Kannan AK, Levine AG, Fan X, Klein U, Zheng Y, et al. An essential
role for the IL-2 receptor in Treg cell function. Nat Immunol (2016) 17:1322—
33. doi: 10.1038/ni.3540

Scheffold A, Huhn ], Hofer T. Regulation of CD4+CD25+ regulatory T cell
activity: it takes (IL-)two to tango. Eur J Immunol (2005) 35:1336-41. doi:
10.1002/€ji.200425887

Wang G, Khattar M, Guo Z, Miyahara Y, Linkes SP, Sun Z, et al. IL-2-
deprivation and TGF-beta are two non-redundant suppressor mechanisms of
CD4+CD25+ regulatory T cell which jointly restrain CD4+CD25- cell
activation. Immunol Lett (2010) 132:61-8. doi: 10.1016/j.imlet.2010.06.001
Ferreira RC, Simons HZ, Thompson WS, Rainbow DB, Yang X, Cutler AJ, et al.
Cells with Treg-specific FOXP3 demethylation but low CD25 are prevalent in
autoimmunity. ] Autoimmun (2017) 84:75-86. doi: 10.1016/j.jaut.2017.07.009
Bain CC, Montgomery J, Scott CL, Kel JM, Girard-Madoux MJH, Martens L,
et al. TGFbetaR signalling controls CD103(+)CD11b(+) dendritic cell

62.

63.

64.

65.

66.

67.

68.

development in the intestine. Nat Commun (2017) 8:620. doi: 10.1038/
$41467-017-00658-6

Sinclair C, Bommakanti G, Gardinassi L, Loebbermann ], Johnson MJ,
Hakimpour P, et al. mTOR regulates metabolic adaptation of APCs in the
lung and controls the outcome of allergic inflammation. Science (2017)
357:1014-21. doi: 10.1126/science.aaj2155

Raffin C, Raimbaud I, Valmori D, Ayyoub M. Ex vivo IL-1 receptor type I
expression in human CD4+ T cells identifies an early intermediate in the
differentiation of Th17 from FOXP3+ naive regulatory T cells. J Immunol
(2011) 187:5196-202. doi: 10.4049/jimmunol.1101742

Sun IH, Oh MH, Zhao L, Patel CH, Arwood ML, Xu W, et al. nTOR Complex
1 Signaling Regulates the Generation and Function of Central and Effector
Foxp3(+) Regulatory T Cells. J Immunol (2018) 201:481-92. doi: 10.4049/
jimmunol.1701477

Lowther DE, Goods BA, Lucca LE, Lerner BA, Raddassi K, van Dijk D, et al.
PD-1 marks dysfunctional regulatory T cells in malignant gliomas. JCI Insight
(2016) 1:€85935. doi: 10.1172/jci.insight.85935

Romani L, Mencacci A, Cenci E, Spaccapelo R, Toniatti C, Puccetti P, et al.
Impaired neutrophil response and CD4+ T helper cell 1 development in
interleukin 6-deficient mice infected with Candida albicans. ] Exp Med (1996)
183:1345-55. doi: 10.1084/jem.183.4.1345

Lilic D, Gravenor I, Robson N, Lammas DA, Drysdale P, Calvert JE, et al.
Deregulated production of protective cytokines in response to Candida
albicans infection in patients with chronic mucocutaneous candidiasis.
Infect Immun (2003) 71:5690-9. doi: 10.1128/IAL.71.10.5690-5699.2003
Pandiyan P, Zheng L, Lenardo M]J. The molecular mechanisms of regulatory T
cell immunosuppression. Front Immunol (2011) 2:60. doi: 10.3389/
fimmu.2011.00060

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 Bhaskaran, Faddoul, Paes da Silva, Jayaraman, Schneider,
Manmileti, Weinberg and Pandiyan. 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

21

November 2020 | Volume 11 | Article 595936


https://doi.org/10.1038/ni.3483
https://doi.org/10.4049/jimmunol.1500443
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1111/jgs.13310
https://doi.org/10.1146/annurev.med.51.1.245
https://doi.org/10.1186/s40168-017-0296-0
https://doi.org/10.1186/s40168-017-0296-0
https://doi.org/10.1111/prd.12136
https://doi.org/10.1126/scitranslmed.aat0797
https://doi.org/10.1038/ni.3540
https://doi.org/10.1002/eji.200425887
https://doi.org/10.1016/j.imlet.2010.06.001
https://doi.org/10.1016/j.jaut.2017.07.009
https://doi.org/10.1038/s41467-017-00658-6
https://doi.org/10.1038/s41467-017-00658-6
https://doi.org/10.1126/science.aaj2155
https://doi.org/10.4049/jimmunol.1101742
https://doi.org/10.4049/jimmunol.1701477
https://doi.org/10.4049/jimmunol.1701477
https://doi.org/10.1172/jci.insight.85935
https://doi.org/10.1084/jem.183.4.1345
https://doi.org/10.1128/IAI.71.10.5690-5699.2003
https://doi.org/10.3389/fimmu.2011.00060
https://doi.org/10.3389/fimmu.2011.00060
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	IL-1β-MyD88-mTOR Axis Promotes Immune-Protective IL-17A+Foxp3+ Cells During Mucosal Infection and Is Dysregulated With Aging
	Introduction
	Materials and Methods
	Mouse Cells, Patients, Human PBMC, and Gingival Biopsies
	Antibodies and Reagents
	Cell Stimulation In Vitro
	Quantitative-Reverse Transcriptase PCR (q-RT PCR)
	Immunohistochemistry of Proteins and Intracellular Staining of Cytokines
	Flow Cytometry and Confocal Microscopy
	Oral Candida Infection
	Statistical Analyses

	Results
	Loss of MyD88 in Foxp3+ Cells Reduces Treg Accumulation in Oral Mucosa In Vivo
	Loss of MyD88 in Foxp3+ Cells Exacerbates Oral Inflammation During OPC In Vivo
	Treg Specific Deletion of MyD88 Diminishes IL-17A but Increases IFN-&gamma; Expression in Effector Cells and Foxp3+ Cells During Infection
	Loss of MyD88 in Tregs Abrogates Their Suppressive Activity In Vitro
	Induction and Proliferation of Treg17 and TregDys Cells Are Driven by IL-1β and IL-6, Respectively
	IL-1β Induced Treg17 Cells Requires m-TOR Activation
	Candida Infected Aged Mice Display Immunopathology, Lower IL-1β Induction, but Excessive Secretion of IL-6
	Aged Mice Display Dysfunction in Foxp3+ Cells During Candida Infection
	Human Oral Mucosal Immune Dysfunction in Aged Individuals Parallels Treg Alterations

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


