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microbiota, which promote colitis via
colonization of the gut as well as
induction of migratory Th17 cells,
constituting a dual microbiome and
immune mechanism linking oral and gut
health.
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SUMMARY

The precise mechanism by which oral infection contributes to the pathogenesis of extra-oral diseases re-
mains unclear. Here, we report that periodontal inflammation exacerbates gut inflammation in vivo. Periodon-
titis leads to expansion of oral pathobionts, including Klebsiella and Enterobacter species, in the oral cavity.
Amassed oral pathobionts are ingested and translocate to the gut, where they activate the inflammasome in
colonic mononuclear phagocytes, triggering inflammation. In parallel, periodontitis results in generation of
oral pathobiont-reactive Th17 cells in the oral cavity. Oral pathobiont-reactive Th17 cells are imprinted
with gut tropism and migrate to the inflamed gut. When in the gut, Th17 cells of oral origin can be activated
by translocated oral pathobionts and cause development of colitis, but they are not activated by gut-resident
microbes. Thus, oral inflammation, such as periodontitis, exacerbates gut inflammation by supplying the gut

with both colitogenic pathobionts and pathogenic T cells.

INTRODUCTION

Recent accumulating evidence suggests a possible “mouth-gut
axis” in the context of pathogenesis of gastrointestinal diseases,
such as inflammatory bowel disease (IBD) as well as colorectal
cancer (Garrett, 2015; Irrazébal et al., 2014; Said et al., 2014).
The oral cavity is a common site of extra-intestinal manifestations
of IBD, especially Crohn’s disease (CD) (Brandtzaeg, 2001; Brito
et al., 2008; Lankarani et al., 2013; Lourenco et al., 2010; Van
Dyke et al., 1986; Vavricka et al., 2013). The prevalence of peri-
odontitis is significantly increased in CD patients compared
with non-IBD control individuals (Brandtzaeg, 2001; Brito et al.,
2008; Van Dyke et al., 1986; Vavricka et al., 2013). Likewise,
SAMP1/YitFc mice, a murine model of CS, concurrently develop
periodontal inflammation, and the severity of periodontitis corre-
lates with that of ileitis (Pietropaoli et al., 2014). These observa-
tions suggest the possibility that the inflammatory processes
occurring at oral and gut mucosae are somehow connected.
However, the extent to which periodontal inflammation influ-
ences gastrointestinal diseases remains to be fully elucidated.
It has become evident that typical mouth-resident bacteria,
such as Fusobacteriaceae, Pasteurellaceae, and Veillonella-
ceae, are enriched in the mucosal tissues of IBD patients (Gevers

et al., 2014; Haberman et al., 2014; Schirmer et al., 2018). Like-
wise, Klebsiella species, isolated from the saliva of IBD patients,
have been identified as pathobionts whose ectopic colonization
in the intestine elicits development of colitis (Atarashi et al.,
2017). Given that the oral mucosa and colonic mucosa are phys-
ically connected, ingested oral bacteria likely translocate to the
lower digestive tract, where they can elicit pathogenic immune
responses. In addition to accumulation of pathobionts, bacte-
ria-reactive CD4* T cells accumulate in the intestinal mucosa
of IBD patients and are believed to play a central role in disease
pathogenesis (Calderon-Gomez et al., 2016; Shen et al., 2008).
However, the mechanism by which these bacterium-reactive
pathogenic T cells arise remains largely unknown. In this regard,
it has been reported that the immune cells found in the oral drain-
ing lymph nodes can transmigrate to other lymphoid organs,
including the gut (Morton et al., 2014). Thus, it is possible that
oral inflammation gives rise to the emergence of oral patho-
biont-reactive T cells. Pathogenic T cells then transmigrate
from the oral mucosa to the gut, where they are activated by
gut bacteria and cause intestinal inflammation.

Here we found that periodontitis aggravates gut inflamma-
tion in mice. Periodontitis induces expansion of Klebsiella/
Enterobacter species in the oral mucosa. The amassed oral
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Klebsiella/Enterobacter species can translocate to the lower
digestive tract and ectopically colonize it. Ectopic colonization
of oral Klebsiella/Enterobacter species elicits activation of the
inflammasome in lamina propria macrophages, which may
compound their colitogenic capacities. In parallel, oral bacte-
rium-reactive Th17-skewed T cells arise de novo in the oral
cavity during periodontitis. Oral bacterium-reactive T cells are
imprinted with gut tropism and migrate to the inflamed gut.
When in the gut, the oral bacterium-reactive T cells are subse-
quently activated by ectopically colonized oral pathobionts and
contribute to gut inflammation. Thus, together, oral pathobionts
and pathogenic T cells, generated as a result of oral inflamma-
tion, exacerbate gut inflammation.

RESULTS

Periodontitis Aggravates Intestinal Inflammation

To investigate the effect of oral inflammation on gastrointestinal
disease, we utilized a ligature-induced periodontitis model (Abe
and Hajishengallis, 2013; Jiao et al., 2013). Oral ligature place-
ment resulted in massive alveolar bone loss 14 days post-inser-
tion (Figure S1A). Oral ligation resulted in a transient spike of
serum amyloid A (SAA), a non-specific marker of inflammation,
3 and 7 days post-placement, but systemic inflammation had
resolved by day 14 (Figure S1B). No translocation of bacteria
to the peripheral blood was observed (Figure S1C). In contrast,
oral dysbiosis caused by oral ligation persisted (Figure S1D).
On day 14 after oral ligation, mice were treated with dextran so-
dium sulfate (DSS) to induce experimental colitis (Figure 1A).
Mice in the ligature-DSS group experienced significantly
increased body weight loss and had higher disease activity index
(DAI) values (Murthy et al., 1993) compared with the controls
(Figures 1B and 1C). Likewise, mice in the ligature-DSS group
displayed a greater degree of inflammation in the colonic mu-
cosa compared with the controls (Figures 1D-1F). To further
characterize the immune responses in ligature-DSS mice, we
performed a comprehensive cytometry by time of flight (CyTOF)
panel for murine immune profiling (Figure 1G). We performed an
unsupervised in t-distributed stochastic neighbor embedding
(t-SNE)-based visualization (VviSNE) analysis to reduce the
dimensionality of data (Amir et al., 2013). We clustered immune
subsets based on surface marker expression profiles and found
that DSS treatment dramatically increased myeloid and
lymphoid infiltration, as expected (Figure S2). Interestingly, oral
ligature treatment alone also enhanced immune infiltration into
the gut lamina propria, including Th17 subsets, B cells, and vd
T cells (Figure S2; Table S1). Notably, we observed a clear addi-
tive effect on expansion of resting and activated Th17 subsets
(populations 12 and 14, respectively) in the group that received
oral ligature and DSS treatment (Figures 1G and 1H; Figure S2;
Table S1). To quantitatively validate the elevated numbers of
Th17 cells, we conducted a conventional flow cytometry anal-
ysis. Consistent with the results of the CyTOF analysis,
CD3*CD4" T cells were significantly increased in the ligature-
DSS group compared with controls (Figures 11 and 1J). Further
characterization demonstrated that RORyt*T-bet*’~ Th17 cells
and RORyt T-bet* Th1 cells were significantly enriched in
mice with ligature-DSS compared with DSS alone, whereas the
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abundance of Foxp3* regulatory T cells (Tregs) was unchanged
(Figures 1K and 1L). Consistently, colonic CD3*CD4™" T cells iso-
lated from ligature-DSS mice produced significantly more inter-
leukin-17A (IL-17A) and interferon vy (IFN-vy), but not IL-10, than
cells isolated from DSS-only or non-colitic control mice (Fig-
ure 1M). These results indicate that ligature-induced periodonti-
tis exacerbates gut inflammation with accumulation of Th17 and
Th1 cells.

Enterobacteriaceae Accumulate in Both the Oral Cavity
and the Gut as a Result of Periodontitis

Next we analyzed the oral and gut microbiomes in ligature-DSS
mice. As reported previously, periodontitis resulted in oral dys-
biosis (Figure 2A; Figure S1D). Enterobacteriaceae in particular
dominated during periodontitis (Figure 2A; Figures S1D and
S1F). To identify bacterial taxa that are commonly found in the
oral and gut mucosa in the presence of periodontitis, we per-
formed linear discriminant analysis effect size (LEfSe) analysis
(Figure 2B). Interestingly, Enterobacteriaceae (OTU001), the
most abundant bacterial taxon in the oral cavity during periodon-
titis, are also enriched in the gut of ligature-DSS-treated mice
compared with DSS-treated mice without ligatures (Figure 2B).
We further identified the species of Enterobacteriaceae that
commonly colonize the oral and gut mucosae. We found that
Klebsiella spp. and Enterobacter spp. were the most dominant
species in the inflamed oral cavity (Figures 2C and 2D). Of
note, gut colonization by these bacterial species was increased
in mice with ligatures (Figure 2E). These findings suggest that
pathobiont blooms in the oral cavity lead to accumulation of
the same bacterial species in the gut. Notably, ligature insertion
did not lead to gut colonization by these bacterial species in mice
without DSS colitis (Figure 2E). This result indicates that the
healthy gut microbiota prevents ectopic gut colonization by in-
gested oral pathobionts. Gut inflammation likely disrupts coloni-
zation resistance mediated by the resident gut microbiota, mak-
ing it possible for oral pathobionts to colonize the gut.

Oral Enterobacteriaceae Colonization Leads to Colitis in
Genetically Susceptible Hosts

To validate whether oral pathobionts can elicit pathogenic re-
sponses in the gut, oral microbiotas were isolated from healthy
(healthy oral microbiota [HOM]) or periodontitis mice (ligature-
associated oral microbiota [LOM]) and reconstituted in germ-
free (GF) I110~/~ mice. Over the course of the experiment,
LOM-colonized /I10~/~ mice showed impaired body weight
gain and increased fecal lipocalin-2 (Lcn2) levels compared
with HOM-colonized /170~/~ mice (Figures 3A and 3B). Likewise,
colonic inflammation was significantly exacerbated in the LOM
group compared with the HOM group (Figures 3C-3E). Next,
to identify the oral pathobiont strains responsible for induction
of colitis, we generated synthetic microbial communities
comprised of bacterial strains that represent HOM and LOM,
respectively. In the HOM community, several strains belonging
to the most abundant genera, Streptococcus and Staphylo-
coccus (i.e., Streptococcus salivarius, Streptococcus sp. JS71,
and Staphylococcus xylosus), were isolated and then mixed to
make synthetic HOM (sHOM). To make synthetic LOM (sLOM),
several isolated Enterobacteriaceae strains (i.e., Klebsiella
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Figure 1. Periodontitis Exacerbates Intestinal Inflammation

(A) SPF C57BL/6 mice received oral ligatures. At day 14, 1.5% DSS was given for 5 days, followed by regular water for 2 days. Mice were sacrificed at day 7 after
DSS treatment.

(B and C) Body weight (B) and disease activity index (DAI) (C). (—) DSS group, n = 5; (+) DSS group, n = 10.

(D) Representative colonic histological images (scale bar, 100 um).

(E) Colonic histological score evaluated by the criteria for the DSS-induced colitis model.

(F) Isolated colonic lamina propria (cLP) cells were cultured (24 h), and secreted cytokines production was measured by ELISA.

(G) cLP cells (pooled from 5 individual mice) were analyzed by CyTOF. A viSNE analysis was performed to identify main population differences among the four
treatment groups. Each cluster is identified by its marker expression profile (Table S1). Density plots for the population clusters are shown.

(H) Heatmap (populations 12 and 14) showing population frequency as a fraction of the row’s maximum.

(I and J) Representative flow cytometry plots () and numbers (J) of CD3*CD4" T cells in the cLP.

(K 'and L) Representative flow cytometry plots (K) and numbers (L) of Th1, Th17, and Treg cells in the cLP.

(M) Cytokine production from CD4™" LP cells re-stimulated with «CD3/28 antibodies (Abs) for 24 h.

Results are shown as mean + SD (two-way ANOVA) or median (one-way ANOVA). Each dot indicates an individual mouse (n = 5-10). N.S., not significant; *p <
0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 by two-way ANOVA followed by Bonferroni post hoc test (B and C) or one-way ANOVA followed by Bonferroni post
hoc test (E, F, J, L, and M). See also Figures S1 and S2 and Table S1.

aerogenes, K. pneumoniae, K. variicola, Enterobacter cloacae, ogy were observed in sLOM-colonized //70~/~ mice compared
and E. hormaechei; Figure 2C), which are most prevalent in the  with sHOM-colonized //70~/~ mice (Figures 3H-3J). Similarly,
LOM community, were mixed (Figure 3F). These synthetic bacte- accumulation of Th17 and Th1 cells increased in sLOM-colo-
rial communities, which mimic HOM and LOM, were used to  nized /110~~ mice compared with sHOM-colonized o'~
colonize GF //70~/~ mice. In GF //710~/~ mice, sHOM and sLOM  mice (Figures 3K-30). These results suggest that ectopic coloni-
colonized equally (Figure 3G). As observed with HOM/LOM colo-  zation of oral Enterobacteriaceae can trigger colitis in genetically
nization, increased levels of fecal Lcn2 and exacerbated pathol-  susceptible hosts.
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Figure 2. Enterobacteriaceae Accumulate in Both the Oral Cavity and the Gut of Periodontitis-Colitis Mice
(A) Periodontitis was induced in SPF C57BL/6 mice by insertion of oral ligatures. Microbial changes in the oral cavity and fecal contents were analyzed by 16S

rRNA sequencing.

(B) Commonly enriched bacterial families in the oral cavity and gut in ligature-DSS mice compared with DSS mice were analyzed by LEfSe.

(C-E) Enterobacteriaceae species isolated from oral cavities of dysbiotic mice (day 14 ligature) (C). The abundance of the indicated bacterial species in the oral
cavity (D) and feces (E) was assessed by gPCR. The abundance of bacteria relative to that found in non-ligatured control (Ctrl) mice is shown. Each dot indicates
an individual mouse (n = 5-12). *p < 0.05, **p < 0.01, ***p < 0.0001 by Mann-Whitney U test (D) or by one-way ANOVA followed by Bonferroni post hoc test (E).

Oral Pathobionts Induce Colitis by Way of Activation of
Inflammasome-Mediated IL-1$ Secretion by Intestinal
Mononuclear Phagocytes

Inflammasome-mediated secretion of IL-1 plays a central role
in the pathogenesis of commensal pathobiont-driven IBD in
mice (Seo et al., 2015). Likewise, patients with periodontitis
have elevated levels of IL-1B (Park et al., 2014). Consistent
with these observations, LOM-colonized //70~/~ mice displayed
more prominent inflammasome-associated molecular signa-
tures (e.g., IL-1B) compared with the GF control or the HOM-
colonized group (Figure 4A; Table S2). To identify the cellular
source of IL-18, we next explored IL-1B-producing cells in
colonic lamina propria (LP) cells of sHOM- or sLOM-colonized
1110~"~ mice. As shown in Figures 4B and 4C, IL-1B-producing
cells were significantly increased in sLOM-colonized no=—'-
mice compared with sHOM-colonized or control GF //10~/~
mice. Most IL-1B-producing cells were identified as inflamma-
tory macrophages (Ly6C'°MHC-II"CD64™) (Figures 4B-4D).
Next we determined the extent to which IL-1f induced by gut
colonization with oral pathobionts is involved in the pathogenesis

450 Cell 182, 447-462, July 23, 2020

of colitis. To this end, we used the DSS-induced colitis model in
sHOM- and sLOM-colonized gnotobiotic mice and inhibited IL-
1B signaling by administering the IL-1 receptor antagonist ana-
kinra. Similar to //70~'~ mice, sLOM-colonized mice developed
significantly more severe colitis when challenged with DSS (Fig-
ures 4E-4G). Anakinra treatment markedly attenuated colitis in
sLOM-colonized mice, indicating the pivotal role of IL-1B in
oral pathobiont-driven gut pathology (Figures 4E-4G). Next we
validated the ability of each oral pathobiont strain to induce IL-
1B secretion by macrophages. Oral pathobionts isolated from
LOM induced robust production of IL-1B in bone marrow-
derived macrophages (BMDMs) and colonic LP cells, unlike
those isolated from HOM. Of note, neither Enterobacteriaceae
(E. coli strains SK460 and SK461) nor other Gram-negative
strains (Bacteroides thetaiotaomicron, B. uniformis, and B. vul-
gatus) isolated from the gut were able to induce IL-1B secretion

(Figure 4H). Consistently, colonization of these gut-derived

E. coli and Bacteroides strains did not lead to development of
colitis in GF /I10~~ mice (Figure S3). Thus, IL-1p induction ca-
pacity may be a hallmark of colitogenic oral pathobionts.
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Figure 3. Ectopic Gut Colonization by Oral Pathobionts Leads to Development of Colitis in Genetically Susceptible Hosts

(A-E) Oral microbiota from healthy (3-h ligature placement, healthy oral microbiota [HOM]) and periodontitis (14-day ligature placement, ligature-associated
microbiota [LOM]) mice were harvested. //70~/~ gnotobiotic mice were colonized with HOM or LOM and maintained for 56 days.

(A and B) Body weight (A) and fecal Lcn2 levels (B) were monitored weekly.

(C) Colon weight on day 56.

(D and E) Representative colonic histological images (scale bar, 100 um) (D) and score (day 56) (E) assessed by the criteria for the //70~/~ colitis model.

(F) Synthetic microbial communities that mimic HOM and LOM were generated by combining bacterial isolates from the most abundant families that consist of
oral microbes normally associated with oral health (synthetic HOM [sHOM]) or oral microbes associated with oral dysbiosis (synthetic LOM [sLOM)]). Synthetic
communities were inoculated into //70~/~ mice as described in (A)~(E).

(G) Total bacteria burden (Eubacteria 16S rRNA) in feces from each group was quantified by gPCR (normalized to fecal weight).

(H) Fecal Lcn2 levels.

(Iand J) Representative colonic histological images (scale bar, 100 um) () and histological score (J) on day 56, assessed by the criteria for the //70~/~ colitis model.
(K and L) Representative flow cytometry plots (K) and number (L) of CD3*CD4* T cells in the cLP.

(M and N) Representative flow cytometry plots (M) and numbers (N) of Th1, Th17, and Treg cells in the cLP.

(O) Cytokine production from CD4™ LP cells re-stimulated with «CD3/28 Abs for 24 h.

Results are shown as mean + SD (two-way ANOVA) or median (one-way ANOVA). Each dot indicates an individual mouse (n = 5-9). *p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001 by two-way ANOVA followed by Bonferroni post hoc test (A, B, and H), one-way ANOVA followed by Bonferroni post hoc test (C, L, N, and O),
or Mann-Whitney U test (E, G, and J).

Although we showed that gut colonization by oral pathobionts  testinal inflammation in the presence of competing microbes, we
could elicit development of colitis in gnotobiotic mice, it remains  exogenously colonized conventional specific pathogen-free (SPF)
possible that this occurs only in the absence of commensal mi-  mice with K. aerogenes strain SK431, the most abundant bacte-
crobes with immune-regulatory functions. To determine whether  rium within LOM, in the DSS-induced colitis model (Figure 4l).
gut colonization by oral pathobionts is sufficient to exacerbate in-  Consistent with the gnotobiotic mouse experiments, gut
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Figure 4. Oral Pathobionts Elicit Colitis via Activation of the Inflammasome

(A) Heatmap showing fold mRNA increase (qPCR) of the indicated genes in colonic tissues of each group (Ctrl or HOM- or LOM-colonized //70~/~ gnotobiotic mice
shown in Figures 3A-3E).

(B) Gating strategy showing IL-1B* leukocytes in the cLP of each group (Ctrl or sHOM- or sLOM-colonized //70~/~ gnotobiotic mice shown in Figures 3H-3L).
(C and D) Percentage of CD45" IL-1p* cells in cLP mononuclear cells (LPMCs) (C) and numbers (D) of MHC class II"Ly6C™ dendritic cells (DCs) and macro-
phages (Mac).

(E) Gnotobiotic mice colonized by sham Ctrl (GF), sHOM, or sLOM at 7 days were treated with 1.5% DSS for 5 days in the absence or presence of anakinra
(50 mg/kg/daily, intraperitoneally [i.p.]), followed by an additional 2 days with regular water. Colon weight (milligrams per centimeter) after 7 days of DSS treatment
is shown.

(F and G) Representative colonic histological images (scale bar, 100 um) (F) and histological score (G) after 7 days of DSS treatment were evaluated by the criteria
for the DSS colitis model.

(H) LPMCs (from mice treated with DSS) or bone marrow-derived Macs (BMDMs) were co-cultured with the indicated bacterial strains (MOl = 5) for 3 h.
Gentamicin (100 pg/mL) was then added, and cells were cultured for an additional 16 h. IL-1B production in the supernatant was measured by ELISA.

() SPF B6 mice were treated with 2.0% DSS for 5 days, followed by an additional 2 days of regular water in the presence or absence of the oral pathobiont
K. aerogenes (Ka; 10° colony-forming units [CFUs]/day, per os [p.0.]) and anakinra (50 mg/kg/day, i.p.).

(J) Kinetics of body weight change.

(legend continued on next page)
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colonization by K. aerogenes worsened DSS-induced colitis in
SPF mice (Figures 4J-4L). Anakinra treatment was able to reverse
the intestinal inflammation that resulted from K. aerogenes coloni-
zation (Figures 4J-4L). These results imply that ectopic gut colo-
nization by oral pathobionts, such as K. aerogenes, is sufficient to
exacerbate colitis by activation of IL-1 signaling. We next deter-
mined which inflammasome proteins are involved in IL-18 induc-
tion by oral pathobionts. Induction of mature IL-18 secretion by
K. aerogenes-stimulated BMDMs was diminished or reduced in
the absence of Nirp3, Pycard, Casp1, and Casp11 (Figure S4A).
Given that caspase-11 acts upstream of the NLRP3 inflamma-
some (Rathinam et al., 2012), this result indicates that the oral
pathobiont K. aerogenes likely induces IL-1 production via cas-
pase-11-mediated, non-canonical inflammasome activation. The
Aim2 inflammasome also appears to be partially involved (Fig-
ure S4A). Consistent with this in vitro observation, K. aerogenes
colonization did not exacerbate colitis in mice lacking Nirp3,
Pycard, Casp1, or Casp11 (Figures S4B-S4D). Intestinal epithelial
cells (IECs) are known to express various inflammasome proteins,
including NLRP3 and caspase-11, and can produce inflamma-
some-related pro-inflammatory cytokines, such as IL-18 (Elinav
et al.,, 2011; Knodler et al., 2014). Although IECs mainly produce
IL-18 as a result of inflammasome activation and are not likely a
source of IL-1B (Knodler et al., 2014), it has been reported that
IECs can secrete mature IL-1B (Liu et al., 2017). Hence, oral path-
obionts may activate the inflammasomes in IECs as well as mac-
rophages. To address this possibility, we stimulated human can-
cer-derived IEC line T84 cells and primary mouse colonoids with
oral pathobionts and symbionts. As a positive control, we used
Salmonella enterica Typhimurium, which is known to activate
the inflammasome in IECs (Knodler et al., 2014). Unlike macro-
phages, none of the bacterial strains, except Salmonella, induced
secretion of mature IL-1B or IL-18 from T84 cells or mouse colo-
noids (Figures S4E-S4G). Taken together, oral pathobionts, such
as K. aerogenes, upon gut colonization, enhance intestinal inflam-
mation through activation of inflammasome-mediated IL-1
signaling in macrophages.

Oral Pathobiont-Reactive T Cells Arise in the Oral Cavity
during Periodontitis

In addition to delivery of oral pathobionts to the gut, periodontitis
could affect the severity of colitis in an immunological manner. In
this regard, we found a significant accumulation of Th17 and Th1
cells in the colonic mucosa of ligature-DSS mice compared with
mice with only DSS colitis (Figures 1G-1M). Because the acute
colitis model may lack a sufficient time span to develop memory
T cell responses in the gut, we hypothesized that these T cells
arise in the oral mucosa and transmigrate to the gut. To address
this hypothesis, we first characterized the immune responses eli-
cited by periodontitis in the oral cavity. We found that CD3*
CD4*CD44"CD62L "~ effector memory T (Tgy) cells accumulated
in the cervical lymph nodes (cLNs), which drain the oral cavity
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following development of periodontitis (Figures 5A-5C). These
Tem cells expressed RORyt™ and produced robust amounts of
IL-17A while producing limited amounts of IFN-y and IL-10, indi-
cating that oral Tgy cells associated with periodontal disease
exhibit a Th17 phenotype (Figures 5D-5F). To determine the anti-
gen specificity of oral Ty cells, cLN CD4* T cells were stimulated
with oral bacterial antigen-pulsed dendritic cells (DCs). As shown
in Figure 5G, cLN CD4* T cells isolated from control mice did not
recognize oral commensal antigens, whereas cLN CD4* T cells
isolated from ligature mice responded to oral commensal anti-
gens (Figure 5G). cLN CD4* T cells isolated from ligature mice re-
sponded more vigorously to oral bacterial antigens isolated from
ligature mice than those isolated from healthy mice (Figure 5G). To
identify the specific bacteria that activate oral Th17 Tgy cells, we
used single strains of bacteria normally associated with a healthy
oral mucosa, an inflamed oral mucosa during periodontitis, and
the gut mucosa. Oral Tgy cells were reactive to Klebsiella/Entero-
bacter spp., all of which accumulated in the inflamed oral mucosa
(Figure 2C). In contrast, neither oral bacteria typically found in a
healthy oral cavity nor bacteria isolated from the gut mucosa acti-
vated oral Tgy cells (Figure 5H). These results suggest that peri-
odontitis induces generation of oral pathobiont-specific Th17
Tem cells. Of note, generation of oral pathobiont-specific Th17
Tem cells during periodontitis was significantly blunted, but not
eradicated, in IL-1R~~ mice (Figure S5). Thus, oral pathobiont-
induced IL-1p signaling may, at least in part, be involved in gener-
ation of Th17 cells.

Immune cells in cLNs are known to transmigrate to extra-oral
lymphoid organs, including the gut (Morton et al., 2014). There-
fore, as hypothesized earlier, it is possible that oral pathobiont-
specific Th17 Tgy cells arising from periodontitis can transmigrate
to the gut. Consistent with this notion, oral Th17 Tgy cells express
a4B7 and CCR9, which regulate T cell homing to the intestine
(Briskin et al., 1997; Johansson-Lindbom et al., 2005; Mora
etal., 2003; Figures S6A and S6B). To evaluate the pathogenic ca-
pacity of oral Th17 Tgy cells in the gut, we adoptively transferred
cLN-derived Tgpm cells into gnotobiotic Rag? ™~ mice (Figure 5I).
To this end, GF Rag? ™~ mice were reconstituted with SLOM or
sHOM for 14 days (Figure 5I). No overt inflammation (fecal Lcn2)
was observed as a result of colonization by either bacterial cock-
tail (Figure 5J). After 14 days of reconstitution, oral Tgy cells (iso-
lated from the cLNs of ligature mice) were adoptively transferred
into gnotobiotic Rag?~'~ mice. Consistent with antigen specificity
in vitro (Figure 5H), adoptive transfer of oral Tgy cells elicited
development of colitis in SLOM-colonized Rag?~'~ mice (Figures
5J-5L). In contrast, sHOM-colonized Rag?~'~ mice did not
develop colitis as a result of adoptive transfer of oral Tgy cells
(Figures 5J-5L). Importantly, transferred oral Tgy cells failed to
expand in the colonic mucosa of sHOM-colonized mice, whereas
these cells proliferated in mice colonized with sLOM, suggesting
that antigen-specific expansion of oral Tgy cells may be required
for induction of colitis (Figures 5M and 5N). Consistent with this

(K) Colon weight after 7 days of DSS treatment.

(L) Colonic histological score 7 days after DSS treatment, evaluated by the criteria for the DSS colitis model.
Results are shown as median (one-way ANOVA) or mean + SD (two-way ANOVA). Each dot indicates an individual mouse (n = 5-9). *p < 0.05, **p < 0.01, **p <
0.001, ****p < 0.0001 by one-way ANOVA followed by Bonferroni post hoc test (C-E, G, H, K, and L) or two-way ANOVA followed by Bonferroni post hoc test (J).

See also Figures S3 and S4 and Table S2.
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Figure 5. Periodontitis Elicits Generation of Oral Pathobiont-Reactive Th17 Cells

(A) Fluorescence-activated cell sorting (FACS) plot of CD3*CD4* T cell subsets (naive (CD3*CD4*CD44'°CD62L"), effector memory T (Tew) (CD3*CD4*
CD44"CD62L'), and central memory (CM) T (CD3*CD4*CD44"CD62L") cells in cLNs of Ctrl and ligatured (day 14) mice.

(B) Frequency of CD3*CD4* Tgy cells in cLNs and mesenteric LNs (mLN) in Ctrl and ligatured (day 14) mice.

(C) Number of Tgu cells in cLN of mice with (day 14) or without ligatures.

(D and E) Representative flow cytometry plots (D) and numbers (E) of Th1, Th17, and Treg cells in cLNs.

(F) Cytokine production in supernatants from CD3*CD4" T cells isolated from cLNs stimulated with «CD3/28 Abs for 24 h, measured by ELISA.

(G) Bone marrow-derived dendritic cells (BMDCs) were pulsed with heat-killed, freshly isolated HOM (3-h ligature) or LOM (14-day ligature). Pulsed BMDCs were
washed and co-cultured with CD3*CD4* T cells isolated from cLNs of Ctrl or ligature (day 14) mice for 24 h. Secreted IL-17A in supernatants was analyzed
by ELISA.

(H) Responsiveness of oral CD4* memory T cells in ligature mice (day 14) to specific oral and gut commensal bacteria.

() GF Rag?~'~ mice were colonized by sHOM or sSLOM for 14 days. Oral CD3*CD4*CD44"CD62L'°CD25~ Tey cells were isolated from the cLNs of ligature mice
(day 14). Isolated Tgy cells (2 x 10° cells/mouse) were then adoptively transferred into gnotobiotic (sSHOM or sSLOM) Rag7~/~ mice and Ctrl GF Rag? '~ mice. Oral
Tewm cell-transferred Rag1’/’ mice were maintained for 8 weeks.

(legend continued on next page)
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notion, oral Tgy cells isolated from healthy mice, which do not
react with HOM or LOM (Figure 5G), could not induce colitis in
mice colonized with sHOM or sLOM (Figures S6C-S6E). Although
oral pathobiont-reactive Tgy cells exhibited Th17 phenotypes
when they arose in the oral cavity (Figures 5D-5H) and expanded
in the gut after transmigration (Figures 50-5P), it remains unclear
whether Th17 phenotypes are crucial for induction of inflamma-
tion after transmigrating to the gut. Hence, we used IL-17A-
EGFP reporter mice and sorted IL-17A-producing Tgy cells
(EGFP™ cells) and Tgy cells that do not produce IL-17A (EGFP™)
from cLNs (day 14 ligature-induced periodontitis) (Figure S7A).
Sorted IL-17A-EGFP* and IL-17A-EGFP~ oral Tgy cells were
then transferred into Rag?~/~ recipient mice colonized with oral
pathobionts (Figure S7B). As expected, transfer of IL-17A-
EGFP* but not IL-17A-EGFP~ oral Tgy cells elicited development
of colitis (Figures S7C-S7F). These results indicate that oral path-
obiont-reactive Th17 Tgy cells may contribute to development or
exacerbation of intestinal inflammation when they were able to
transmigrate to the gut.

Orally Primed T Cells Transmigrate to the Gut Mucosa

To confirm transmigration of oral T cells to the gut following
development of periodontitis in immune-competent animals,
we used Kaede transgenic mice (Tomura et al., 2008). All cell
types in Kaede mice express the photoconvertible Kaede-Green
fluorescent protein. When the photoconvertible protein is
exposed to violet light, the protein changes its color from
Kaede-Green to Kaede-Red (Tomura et al., 2008). This tool
can be used to track cellular movement in vivo by analyzing
the expression of Kaede-Red fluorescent protein in the destina-
tion organ. We first examined migration of T cells from cLNs to
the gut under homeostatic conditions. The cLNs of Kaede trans-
genic (Tg) mice were exposed to violet light. Then the presence
of Kaede-Red*CD3*CD4" T cells in cLNs, mesenteric lymph no-
des (mLNs), and colonic LP (cLP) was analyzed (Figure 6A). More
than 40% of T cells in cLNs were converted by a short-term
exposure to violet light (Figure 6A). Kaede-Red" cells translo-
cated from the cLNs and were replaced by incoming Kaede-
Green™ cells within 7 days (steady-state leukocyte circulation),
as reported previously (Morton et al., 2014; Figure 6A). Kaede-
Red™ cells were detected in mLNs on day 7, whereas none of
these cells were present immediately after (1.5 h) photoconver-
sion (Figure 6A), suggesting that T cells in cLNs can migrate to
the gut under physiological conditions. In contrast to mLNs, no
Kaede-Red*CD4" T cells were detected in the cLP (Figure 6A).
Next we assessed the effect of gut inflammation on homing of
oral T cells to the gut. Oral ligatures were placed into Kaede Tg
mice, and after 14 days, the cLNs were irradiated with violet light,
followed by DSS treatment 1 day later (Figure 6B). Neither liga-
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ture nor DSS colitis alone resulted in migration of orally primed
T cells to the cLP (Figures 6B-6D). In contrast, increased
numbers of Kaede-Red*CD4* T cells were detected in the cLP
of DSS-treated mice with oral ligatures (Figures 6B-6D).
Kaede-Red*CD4" T cells in the colonic mucosa showed pre-
dominantly Th17 (RORyt* and RORyt*T-bet*) phenotypes and
limited numbers of Foxp3* cells (Figures 6E and 6F). Thus, orally
primed T cells are capable of transmigrating to the gut mucosa.

Orally Primed T Cells Display Colitogenic Capacity in

the Gut

To validate the colitogenic capacity of Kaede-Red*CD3*CD4*
T cells in the gut, we purified Kaede-Red*CD3*CD4* T cells iso-
lated from the cLP of Ligature-DSS mice and then adoptively
transferred these cells into SPF Rag7~/~ mice (Figure 6G). Puri-
fied Kaede-Green*CD3*CD4* T cells isolated from the cLP
of DSS-treated mice were used as a control (Figure 6G). Contrary
to our expectations, adoptive transfer of Kaede-Red *CD3*CD4"*
T cells did not elicit development of colitis in SPF Rag7~/~ mice
because fecal Lcn2 levels were not elevated during the 8-week
period (Figure 6G). We theorized that this phenotype is due to
the inability of the gut-resident microbiota to activate transferred
oral pathobiont-reactive T cells. In other words, expansion of oral
pathobionts in the gut is required for activation of oral bacterium-
reactive T cells in the gut. We tested this hypothesis by colo-
nizing mice with the oral pathobiont K. aerogenes, mimicking
increased abundance of oral pathobionts in the gut. Based on
the calculation that a typical person swallows an estimated
1.5 x 10'? oral bacteria per day (1.5 x 10'?/day/70 kg
0.53 x 10%gavage/25-g mouse) (Schmidt et al., 2019), we inoc-
ulated mice with 1 x 10° K. aerogenes 3 times per week for
4 weeks. Gut colonization with K. aerogenes did not elicit gut
inflammation (as measured by fecal Lcn2) in sham control
Rag1~’~ mice or Rag?~~ mice reconstituted with Kaede-
Green*CD3*"CD4* T cells (Figures 6G-6K). On the other hand,
oral gavage with K. aerogenes resulted in development of severe
colitis in Rag?™~ mice reconstituted with Kaede-Red*CD3*
CD4* T cells (Figures 6G-6K). Notably, the gut pathology of
mice transferred with Kaede-Red*CD3*CD4" T cells was signif-
icantly attenuated by treatment with the IL-1R antagonist ana-
kinra (Figures 6L-60). This was accompanied by a reduction in
the total number of CD4* T cells as well as RORyt* and
RORyt*T-bet™ Th17 cells in the colon (Figures 6P-6S). Consis-
tent with this result, secretion of IL-17A and IFN-y by colonic
CD4* T cells was also decreased (Figure 6T). These results indi-
cate that the population of oral microbiota-reactive T cells, which
are enriched with pathogenic Th17 cells, could transmigrate to
the gut. Upon arrival in the gut, oral microbiota-reactive Th17
cells may expand by reacting to their cognate antigens (i.e.,

(J) Fecal Lcn2 levels were monitored at the indicated time points.

(Kand L) Representative histological images of a colon (scale bar, 100 um) (K) and histological score (L) of a cecum and colon 8 weeks after oral Tgy cell transfer,

assessed by the criteria for the transfer colitis model.

(M and N) Representative flow cytometry plots (M) and number (N) of CD3*CD4* T cells in the cLP.

(O and P) Representative flow cytometry plots (O) and numbers (P) of Th1, Th17, and Treg cells in the cLP.

Results are shown as mean + SD (two-way ANOVA) or median (one-way ANOVA). Each dot indicates an individual mouse (n = 4-8). *p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001 by Mann-Whitney U test (B, C, E, F, N, and P), one-way ANOVA followed by Bonferroni post hoc test (G, L, and H), or two-way ANOVA

followed by Bonferroni post hoc test (J). See also Figures S6 and S7.
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Figure 6. Orally Primed T Cells Migrate to the cLP during Colitis
Cervical LNs of anesthetized Kaede Tg mice were exposed to violet light for 1 min. Mice were then monitored for 7 days. Mononuclear cells were isolated from the
cLN, mLN, and colonic LP (cLP) on day 0 (immediately after photoconversion) and day 7. The expression of Kaede-Green and Kaede-Red fluorescence protein in
CD3*CD4™" T cells was analyzed by FACS.
(A) Representative FACS plot data.
(B-D) Oral ligatures were inserted into Kaede Tg mice (B). Photoconversion of cLNs was performed 14 days after ligature insertion. One day after photo-
conversion, mice were administered 1.5% DSS for 5 days, followed by water for 1 day. The presence of cLN-derived CD4" T cells (Kaede-Red™) in the LP was
analyzed by FACS. Representative flow data (C) and quantification (D) are shown.
(E and F) Representative flow cytometry plots (E) and frequencies (F) of Th1, Th17, and Treg cells (gated on Kaede-Green™ or Kaede-Red” CD3*CD4"* T cells) in
the cLP.
(G) Kaede-Red* CD3*CD4* T cells isolated from ligature-DSS mice or Kaede-Green* CD3*CD4" T cells isolated from DSS mice without ligature were adoptively
transferred into SPF Rag?~'~ mice (2 x 10° cells/mouse, intravenously [i.v.]), respectively. The negative Ctrl group received saline. T cell-transferred Rag? ™/~
mice were then monitored for 8 weeks. 8 weeks after transfer, Ka SK431 (1 x 10° CFUs/mouse) was orally administered 3 times per week for an additional
4 weeks. Also shown are fecal Lcn2 levels at the indicated days after T cell transfer.

(legend continued on next page)
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ectopically colonized oral pathobionts), promoting development
of colitis. Gut mucosal IL-1p induced by oral pathobionts may
also be involved in activation and/or expansion of the transmi-
grated oral T cells.

Gut Transmigration of Orally Primed T Cells

Exacerbates Colitis

So far, we have demonstrated that oral pathobiont-reactive Th17
cells that arise during periodontitis have a colitogenic capacity.
However, the extent to which gut-transmigrated oral Th17 cells
are involved in the pathogenesis of colitis remains unclear. To
address this question, we used a parabiosis model. As shown in
Figure 7A, periodontitis was induced in CD45.2* WT C57BL/6
mice (donors of orally primed T cells). After 14 days of oral ligature
insertion, these mice were surgically connected to congenic
CD45.1" mice by parabiosis. After 1 week, colitis was induced
only in CD45.1" mice by oral gavage of DSS. These mice were
also orally challenged with K. aerogenes to supply cognate anti-
gens to gut-migrated oral T cells. CD45.1" mice connected to peri-
odontitis CD45.2" mice (group 4) developed significantly more se-
vere colitis compared with CD45.1" mice connected to healthy
mice (Group 3) when challenged with DSS/K. aerogenes (Figures
7B-7D). In group 4 mice, we observed massive migration of
CD45.2"CD3*CD4" T cells (derived from connected periodontitis
mice) into the colonic mucosa of CD45.1* mice (Figures 7B-7D).
These gut-migrated T cells, which are derived from periodontitis
mice, revealed RORyt" and RORyt*T-bet" Th17 cell phenotypes
and, indeed, produced robust amounts of IL-17A and IFN-y (Fig-
ures 7E-7J). Importantly, the connection to periodontitis mice
did not worsen DSS colitis nor increase gut migration of Th17 cells
associated with periodontitis mice when K. aerogenes was not
supplied (group 5), indicating that the presence of oral pathobionts
inthe gutis a prerequisite for expansion of orally primed Th17 cells
and the subsequent induction of intestinal inflammation by these
cells in the gut (Figures 7B-7J).

DISCUSSION

In this study, we found that periodontal inflammation contributes
to the pathogenesis of IBD. Inflammation in the oral mucosa fos-
ters blooms of Enterobacteriaceae, such as Klebsiella and Entero-
bacter spp., and ectopic gut colonization of these bacteria plays a
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crucial role in exacerbation of intestinal inflammation. It is note-
worthy that oral pathobionts do not colonize the gastrointestinal
tract of healthy individuals (Figure 2E). This evidence suggests
that at least two conditions must be met for oral pathobionts to
ectopically colonize the gut. First, the colonization resistance of
gut-resident microbiota must be disrupted, enabling the oral mi-
crobes to invade the gut. In the current study, gut inflammation
perturbed colonization resistance mediated by the resident micro-
biota, making it possible for ingested oral pathobionts to outcom-
pete and displace the resident bacteria. Moreover, Enterobacteri-
aceae are metabolically adapted to thrive in the inflammatory
milieu. Hence, intestinal inflammation favors the growth of Entero-
bacteriaceae, including bacteria translocated from the oral mu-
cosa (Kitamoto et al., 2020; Winter et al., 2013; Zhu et al., 2018).
However, loss of colonization resistance or gut inflammation alone
does not facilitate ectopic gut colonization by oral pathobionts.
The second condition that must be met is oral inflammation. There
likely is a threshold for the number of ingested oral pathobionts
that must be reached for them to successfully transition from the
oral cavity to the gut. Periodontal inflammation is therefore essen-
tial because it raises the abundance of oral pathobionts and in-
creases the likelihood of successful passage through the acidic
environment encountered in the stomach. Alternatively, neutrali-
zation of gastric acid or inhibition of acid secretion could promote
ectopic colonization of oral bacteria in the gut. For example, it has
been reported that use of proton pump inhibitors, which reduce
production of gastric acid, leads to increased colonization of
mouth-resident bacteria in the gut (Imhann et al., 2016; Jackson
etal., 2016). Consistent with this observation, it has been reported
that gastric acid inhibitors worsen clinical outcomes in IBD (Juil-
lerat et al., 2012; Shah et al., 2017).

Ectopically colonized oral pathobionts may be involved in exac-
erbation of colitis through the synergistic effects of two distinct
mechanisms: activation of mucosal inflammatory responses
(direct) and by serving as cognate antigens for transmigrated
oral T cells (indirect). Inflammasome activation and subsequent
induction of IL-1B by oral pathobionts likely plays a central role
in the first mechanism; i.e., direct induction of colitis in the gut
(Figure 4; Figure S4). In parallel, ectopically colonized oral patho-
bionts are required for expansion of gut-transmigrated oral Tgy,
cells, possibly through antigen-specific proliferation (Figures 5,
6, and 7; Figure S6). Of note, these two mechanisms may act

H) Representative images of the colon 12 weeks after transfer.
1) Colon weight (milligrams per centimeter).

(
(

(J and K) Representative histological images of the colon (scale bar, 300 um) (J) and histological score of the colon (K), assessed by the criteria for the T cell

transfer colitis model.

(L) Kaede-Red* CD3*CD4"* T cells isolated from the colon of ligature-DSS mice were adoptively transferred into SPF Rag? '~ mice (as described in G-K). 2 weeks
after transfer, Ka SK431 (1 x 10° CFUs/mouse) was administered orally 3 times per week for an additional 4 weeks in the absence or presence of anakinra (50 mg/

kg every 2 days, i.p.).
M) Fecal Lcn2 levels at the indicated days after T cell transfer.
N) Colon weight (milligrams per centimeter) 6 weeks after transfer.

(
(
(
(

O) Histological score of the colon 6 weeks post-transfer, evaluated by the criteria for the T cell transfer colitis model.
P and Q) Representative flow cytometry plots (P) and numbers (Q) of CD3*CD4™* T cells in the cLP.

(R and S) Representative flow cytometry plots (R) and numbers (S) of Th1, Th17, and Treg cells in the cLP.

(T) Cytokine production from CD4" LP cells re-stimulated with «CD3/28 Abs for 24 h.

Results are shown as mean + SD (two-way ANOVA) or median (one-way ANOVA). Each dot indicates an individual mouse (n = 4-8). *p < 0.05, **p < 0.01, ***p <
0.0001 by Mann-Whitney U test (F, N, O, Q, S, and T), one-way ANOVA followed by Bonferroni post hoc test (D, I, and K), or two-way ANOVA followed by

Bonferroni post hoc test (L and M).
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Figure 7. Orally Primed Circulating T Cells Expand in the Gut Colonized by Oral Pathobionts and Aggravate Colitis

(A) Periodontitis was induced in SPF CD45.2 mice (oral ligature [Lig] for 14 days), and then they were surgically connected to SPF CD45.1 congenic mice. After a
week, DSS colitis was induced in CD45.1 mice via oral gavage (100 mg/200 pL) daily for 6 days. Ka (10° CFUs) was also supplied to some CD45.1 mice daily for
6 days. On day 6 after DSS/Ka administration, CD45.1 mice were sacrificed and subjected to analyses.

(B) Mortality of CD45.1 mice during the DSS/Ka treatment.

(C) Representative colon images of CD45.1 mice on day 7 after DSS/Ka (scale bar, 1 cm).

(D) Histological score of the colon isolated from CD45.1 mice.
(E) Number of CD3*CD4"* T cells in cLP isolated from CD45.1 mice.

(F and G) Representative flow cytometry plots (F) and frequencies (G) of CD45.1* or CD45.2* (periodontitis mouse-derived) CD3*CD4" T cells in the cLP isolated

from CD45.1 mice.

(H and I) Representative flow cytometry plots (H) and frequencies (l) of Th1, Th17, and Treg cells in cLP isolated from CD45.1 mice.

(J) Cytokine production from CD3*CD4* T cells in cLP isolated from CD45.1 mice. T cells were re-stimulated with «CD3/28 Abs for 24 h.

Results are shown as median (one-way ANOVA). Each dot indicates an individual mouse (n = 5-9). *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 by log rank
(Mantel-Cox) test (B) or one-way ANOVA followed by Bonferroni post hoc test (D, E, G, |, and J).

synergistically. IL-1f induced by ectopically colonized oral patho-
bionts may also contribute to activation and/or expansion of oral
Tewm cells in the gut mucosa (Figures 6L-6T). Thus, it is possible
that prevention of ectopic gut colonization by oral pathobionts
not only reduces the abundance of colitogenic pathobionts but
also attenuates expansion of colitogenic T cells in the gut.

CD4* T lymphocytes are believed to play a crucial role in the
pathogenesis of IBD (Neurath, 2014). In IBD patients, Th1,
Th17, or Th1/Th17 combined phenotypes of CD4* T cells are
found accumulated in the intestinal mucosa (Calderon-Gomez
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et al., 2016; Hegazy et al., 2017). These pathogenic CD4*
T cells are reactive to resident bacteria (Calderon-Gomez
et al., 2016; Hegazy et al., 2017; Shen et al., 2008). However,
the mechanism by which bacterium-reactive pathogenic
T cells arise in the context of IBD remains incompletely under-
stood. It has been reported that colonization by gut-resident mi-
crobiota elicits development of bacterium-specific tolerogenic
and effector T cell responses. Specific gut microbes, such as
Clostridium clusters XIVa and IV or Bacteroides strains (Atarashi
et al.,, 2011, 2013; Faith et al., 2014; Round et al., 2011), are
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known to induce peripheral Foxp3* Treg cells in the gut; there-
fore, these bacteria do not elicit pathogenic T cell responses.
Colonization by segmented filamentous bacteria (SFBs) elicits
differentiation of RORyt* Th17 effector cells (lvanov et al.,
2009; Xu et al., 2018). However, these SFB-specific Th17 cells
are homeostatic effector cells and do not cause intestinal inflam-
mation (Xu et al., 2018). Gut colonization by a known intestinal
pathobiont, Helicobacter hepaticus, results in differentiation of
Foxp3*RORyt* Treg and RORyt* Th17 cells (Xu et al., 2018).
Treg cells limit activation of Th17 cells under homeostatic condi-
tions (in wild-type [WT] animals); hence, colonization by
H. hepaticus fails to elicit intestinal inflammation. Thus, the gut
microenvironment is conducive to development of tolerogenic
immunity against commensal microbiota. Consistent with this
notion, in this study, CD4* T cells isolated from the colonic mu-
cosa of mice with acute DSS colitis, which may contain micro-
biota-specific memory T cells, were enriched with Foxp3* Tregs
and, therefore, not colitogenic (Kaede-Green* T cells in Figures
6E-6K). Thus, the microbiota-specific CD4* T cells that arise
during acute gut inflammation likely retain their tolerogenic
phenotype. On the other hand, oral pathobiont-reactive T cells
that arise during periodontitis are colitogenic. These differences
may be due to the distinct immunological properties of the oral
and gastrointestinal mucosa. Although the reason why the toler-
ogenicity of these two mucosal sites differs remains to be
explored, the distinct microbial and immunological milieus
may, in part, explain this difference. For example, the gut mu-
cosa is colonized by butyrate-producing bacteria, such as Clos-
tridium strains, and this microbial metabolite shapes tolerogenic
immunity by promoting generation of Foxp3* Treg cells as well
as inducing secretion of IL-10 by mucosal mononuclear phago-
cytes (Furusawa et al., 2013; Singh et al., 2014). However, the
availability of butyrate may be limited in the oral mucosa and pe-
riodontium because of the absence of butyrate-producing bac-
teria as well as appropriate substrates (e.g., dietary fibers). Like-
wise, the gut mucosa has at its disposal alternative immune
mechanisms that limit generation of microbiota-reactive effector
T cells. For example, a subset of innate major histocompatibility
complex (MHC) class ll-expressing lymphoid cells inhibits prolif-
eration of microbiota-specific T cells (Hepworth et al., 2015). The
oral mucosa and gingiva likely lack these multi-layered tolero-
genic mechanisms that are present in the gut. Consequently,
acute inflammation in the oral mucosa can trigger generation
of microbiota-reactive pathogenic T cells.

Th17 cells play a key pathogenic role in commensal bacterium-
driven inflammation in the oral cavity in mice and humans (Beklen
et al., 2007; Cheng et al., 2016; Dutzan et al., 2018; Eskan et al.,
2012; Moutsopoulos et al., 2014; Takahashi et al., 2005). Consis-
tent with this concept, we found that ligature-induced periodontal
inflammation causes proliferation of oral commensal pathobiont-
reactive Th17 cells. However, the commensal-specific Th17 cells
that naturally occur in the gut (Atarashi et al., 2015; lvanov et al.,
2009; Shaw et al., 2012; Xu et al., 2018) are not pathogenic (Ono
etal., 2012). It has been reported that Th17 cells undergo patho-
genic conversion under certain circumstances in the gut and give
rise to IFN-y-producing Th1-like CD4* T cells. These ex-Th17
cells are pathogenic and cause severe intestinal inflammation
(Ahern et al., 2010; Harbour et al., 2015). In this study, we found

¢? CellPress

that the oral commensal pathobiont-specific Tgy cells that arise
during periodontitis had a RORyt* T-bet™ Th17 phenotype and
indeed produced IL-17A but not IFN-y (Figures 5A-5F; Fig-
ure S7A). However, after arriving at the gut mucosa, these cells
could produce IFN-y (Figure S7F). Thus, functional conversion
of oral Th17 Tgy cells into the IFN-y-producing Th17/Th1 mixed
phenotype may be involved in the pathogenesis of colitis elicited
by oral T cells.

Collectively, our results provide evidence that the oral and
gastrointestinal mucosae are microbiologically and immunolog-
ically connected. Thus, optimal oral care (e.g., removal of path-
ogenic oral biofilms and reduction of periodontal inflammation)
could reduce the risk of IBD by limiting the expansion of patho-
genic effector T lymphocytes and their reactive antigens. Like-
wise, inhibition of migration of oral Tgy cells to the gut might
be an alternative strategy used to block the pathogenic mouth-
gut axis in the context of IBD.
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45-0031-82; RRID:AB_1107000
11-0041-85; RRID:AB_464893
103028; RRID:AB_830785
104418; RRID:AB_313103
552880; RRID:AB_394509
12-5825-80; RRID:AB_925762
562894; RRID:AB_2687545
17-5773-82; RRID:AB_469457
129707; RRID:AB_1227485
120607; RRID:AB_10719833
25-0114-82; RRID:AB_469590
139316; RRID:AB_2566556
47-0451-82; RRID:AB_1548781
48-5320-82; RRID:AB_10669941
128015; RRID:AB_1732087
12-7114-82; RRID:AB_10732630
13-0114-82; RRID:AB_466363

Bacterial and Virus Strains

Bacterium: Streptococcus salivarius SK109
Bacterium: Streptococcus sp. JS71 SK348
Bacterium: Staphylococcus xylosus SK207
Bacterium: Enterobacter cloacae SK156
Bacterium: Enterobacter hormaechei SK232
Bacterium: Klebsiella varicola SK430
Bacterium: Klebsiella acrogenes SK431
Bacterium: Klebsiella pneumoniae SK440
Bacterium: Citrobacter amalonaticus SK427
Bacterium: Escherichia coli SK346
Bacterium: Escherichia coli SK460
Bacterium: Escherichia coli SK461
Bacterium: Enterococcus faecalis SK369
Bacterium: Bacteroides thetaiotaomicron dnLKV9
Bacterium: Bacteroides uniformis dnLKV2
Bacterium: Bacteroides vulgatus dnLKV7

Bacterium: Salmonella enterica serovar
Typhimurium SL1344

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

Bloom et al., 2011
Bloom et al., 2011
Bloom et al., 2011
Franchi et al., 2012

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
https://pubmed.ncbi.nim.nih.gov/21575910
https://pubmed.ncbi.nim.nih.gov/21575910
https://pubmed.ncbi.nim.nih.gov/21575910
https://pubmed.ncbi.nim.nih.gov/22484733

Chemicals, Peptides, and Recombinant Proteins

Dextran Sodium Sulfate
Dextran Sodium Sulfate
Gentamicin

Streptomycin (USP grade)

MP Biomedical
Cayman

Thermo Fisher Scientific
X-GEN

0216011090
23250
15750060
39822-0706-2
(Continued on next page)

Cell 182, 447-462.e1-e7, July 23, 2020 el


https://pubmed.ncbi.nlm.nih.gov/21575910
https://pubmed.ncbi.nlm.nih.gov/21575910
https://pubmed.ncbi.nlm.nih.gov/21575910
https://pubmed.ncbi.nlm.nih.gov/22484733

¢? CellPress

Cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Kineret® (Anakinra, IL-1R antagonist) Swedish Orphan Biovitrum AB 48899
Recombinant mouse GM-CSF Biolegend 576304
Human Collagen IV Sigma C5533
Collagenase, type3 Worthington LS004185
DNase | Worthington LS006342
RPMI 1640 Thermo Fisher Scientific 21870076
Advanced DMEM/F12 Thermo Fisher Scientific 12634010
HBSS Thermo Fisher Scientific 14170112
Penicillin-Streptomycin Thermo Fisher Scientific 15140122
Dithiothreitol Sigma D0632
0.5M EDTA (pH 8.0) Promega PR-V4231
Percoll GE Healthcare 17-0891-01
Paraformaldehyde 4%, 1L Thermo Fisher Scientific AAJ19943K2
MacConkey agar SIGMA M7408

FBS gibco 16000-044
Cell-ID Cisplatin Fluidigm 201064
TruStain FcX Biolegend 101320

Ketalar® (Ketamine)
Anased® (Xylazine)
RIMADYL® (Carprofen)

Par Pharmaceutical, Inc.
AKORN Animal Health
Zoetis

42023-115-10
59399-110-20
RXRIM-INJ

VETONEG® (Isoflurane) Fluriso 13985-528-40
Critical Commercial Assays
PCR Master Mix Promega M7502
E.Z.N.A.Total RNA Kit | OMEGA SKU: R6834-01
DNeasy Blood & Tissue Kit QIAGEN 69506
EasySepTM Mouse CD4+ T Cell Isolation Kit Thermo Fisher Scientific NC0471206
EasySep mouse biotin positive selection kit Thermo Fisher Scientific NCO0845277
eBioscience Foxp3 / Transcription Factor Thermo Fisher Scientific 00-5523-00
Staining Buffer Set
Fixation and Permeabilization Solution BD 554722
Cell recovery solution Corning 354253
Golgiplug solution BDB555029 BDB555029
High-Capacity RNA-to-cDNA Kit Thermo Fisher Scientific 4387406
SYBR Green PCR Master Mix Thermo Fisher Scientific 4309155
Deposited Data
16S rRNA MiSeq data and bacterial whole NCBI BioProject PRJNA631055
genome sequence data
Experimental Models: Organisms/Strains, Cell Lines
Mouse: C57BL/6 The Jackson Laboratory JAX 000664
Mouse: Rag?~/~ mice The Jackson Laboratory JAX 002216
Mouse: 1707 mice The Jackson Laboratory JAX 002251
Mouse: CD45.1 mice The Jackson Laboratory JAX 002014
Mouse: I/17a-EGFP mice The Jackson Laboratory JAX 018472
Mouse: Kaede mice The RIKEN BioResource RBRC05737
Research Center
Mouse: /I1r~'~ mice The Jackson Laboratory JAX 003245
Mouse: Nirp3~/~ mice The Jackson Laboratory JAX 021302

Mouse: Nirc4~'~ mice
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse: Aim2~/~ mice
Mouse: Nirp6~'~ mice

Mouse: Pycard ™'~ mice
Mouse: Casp?~/~ mice
Mouse: Casp71~/~ mice

Mouse: Myd88 "/~ mice
Mouse: Germ-free C57BL/6

Mouse: Germ-free C57BL/6
Mouse: Germ-free C57BL/6 //10~/~
Mouse: Germ-free C57BL/6 /110~

Mouse: Germ-free Rag1”

Seo et al.,, 2015
Chen et al., 2011

He et al., 2016

Man et al., 2017

He et al., 2016

Adachi et al., 1998

Germ-free Facility at University
of Michigan

National Gnotobiotic Rodent
Resource Center

Germ-free Facility at University
of Michigan

National Gnotobiotic Rodent
Resource Center

Germ-free Facility at University
of Michigan

https://pubmed.ncbi.nim.nih.gov/25862092

https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3133458/

https://pubmed.ncbi.nim.nih.gov/26814970
https://pubmed.ncbi.nim.nih.gov/28345580
https://pubmed.ncbi.nim.nih.gov/26814970
https://pubmed.ncbi.nlm.nih.gov/9697844
N/A

N/A
N/A
N/A

N/A

T84 human colorectal cancer cell line ATCC ATCC CCL-248

Oligonucleotides

See Table S3 for primers N/A N/A

Software and Algorithms

Mothur v1.39.0 Schloss et al., 2009 N/A

Prism v7.0c GraphPad Software https://www.graphpad.com/scientific-
software/prism/

Flowjo v10.0.7 BD https://www.flowjo.com/

CytoBank v7.3.0 CytoBank https://support.cytobank.org/hc/en-us/

Microview v2.5.0

SPAdes v 3.13.0

Parallax innovations

Bankevich et al., 2012

articles/204369428-Introduction-to-
ViISNE-in-Cytobank-
http://www.parallax-innovations.com/
microview.html

http://cab.spbu.ru/software/spades/

Other

Anaerobic chamber
Mini-BeadBeater-16

Garnet beads, 0.7mm

Collimated Diode Laser System
CyTOF Helios system

lllumina MiSeq (500v2) platform
FACSAria Il

LSRFortessa

FACSCelesta

BD Autoclip Wound Closing System
Wound Clip (Case of 10 PK)

Roboz Surgical 5-0 SUTURE BLACK SILK

Ethilon Suture 5-0 Nylon P-3 Undyed 18”
Monofilament

Veet (Depilatory cream)

Coy manufacturing
Thermo Fisher Scientific
QIAGEN

Laserglow Technologies
Fluidigm

lllumina

BD

BD

BD

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Ethicon

Reckitt Benckiser Parsippany
(Walmart)

Vinyl Type A + Type B
NC0342321
13123-50
LRD-0405
N/A

N/A

N/A

N/A

N/A
22-275998
01-804-5
NC9422522
6544169

46280011302
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nobuhiko
Kamada (nkamada@umich.edu).

Material Availability
Bacterial strains isolated/identified in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability
The accession number for the 16S rRNA MiSeq data and bacterial whole genome sequence data reported in this paper is
PRJNA631055.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Eight- to twelve-week-old female and male mice were used. Specific pathogen-free (SPF) C57BL/6 were housed in the Animal Fa-
cility at the University of Michigan. Germ-free (GF) C57BL/6 mice were housed in flexible film isolators at the University of Michigan
Gnotobiotic Animal Facility. The absence of microbes in GF mice was verified weekly by aerobic and anaerobic microbial culture and
microscopic analysis of stained cecal contents. For gnotobiotic mice experiments, GF mice were reconstituted with consortia of
identified bacterial strains. Gnotobiotic mice were housed in positive-pressure individually ventilated cages (IVC) (ISOcage P, Tech-
niplast) per each condition to prevent cross-contamination among the different experimental groups (Hecht et al., 2014; Nagao-Ki-
tamoto et al., 2016; Paik et al., 2015). GF and gnotobiotic mice were given autoclaved distilled water, provided ad libitum, and sterile
animal chow (rodent breeder diet 5013 (LabDiet)). SPF mice were fed a sterilized laboratory rodent diet 5LOD (LabDiet). All animals
were handled in accordance with the protocols approved by the Institutional Animal Care and Use Committee (IACUC) at the Uni-
versity of Michigan and were in concordance with ARRIVE guidelines for preclinical studies (Kilkenny et al., 2010). Details of mouse
strains used in this study can be found in the Key Resources Table (Adachiet al., 1998; Chen et al., 2011; Franchi et al., 2006; He et al.,
2016; Man et al., 2017; Seo et al., 2015).

METHOD DETAILS

Isolation and identification of bacteria

For the isolation of oral bacteria, ligatures were collected from mice 3 h post ligature placement (healthy oral microbiota; HOM) or
14 days post ligature placement (ligature-associated microbiota; LOM) and resuspended in sterile cold-PBS. Then, the bacterial sus-
pensions were spread onto brain heart infusion agar plates containing 5% FBS or MacConkey agar plates and incubated overnight
under aerobic conditions at 37°C. Bacterial DNA was extracted from each single colony and the identity of individual isolates was
verified by Sanger sequencing of the V1-V9 regions of 16S rRNA genes. The following primer set was used for amplifications: Eubac-
teria16S_8F; 5-AGAGTTTGATCCTGGCTCAG-3' and Eubacteria16S_1492R; 5-GGTTACCTTGTTACGACTT-3'. Whole genome
sequencing was performed using the lllumina MiSeq (500v2) platform. 150 bp-long high quality paired-end reads were assembled
into contigs by SPAdes 3.13.0 (Bankevich et al., 2012) and the assembled contigs were annotated by RAST (Seemann, 2014). Iso-
lates were identified by BLAST using the rpoB gene sequences. Gut commensal Bacteroides strains (B. thetaiotaomicron, B. unifor-
mis, and B. vulgatus) were obtained from Dr. Thaddeus Stappenbeck (Bloom et al., 2011).

Isolation of lymphocytes

For the cell isolation from lymph nodes, the dissected lymph nodes were pressed through a 100 um nylon filter using the black rubber
end of a 1-mL syringe plunger, and then digested by complete RPMI containing 400 U/mL type 3 collagenase and 0.01 mg/mL DNase
| (Worthington Biochemical, Lakewood, NJ) for 30 min at 37°C. Then, if needed, the EasySep Mouse CD4" T Cell Isolation Kit
(STEMCELL Technologies, Vancouver, BC, Canada) was used to purify the CD4* T cells. For the lamina propria (LP) cell isolation
from colon, the dissected mucosal tissue was incubated in calcium and magnesium-free Hank’s balanced salt solution (HBSS)
(Life Technologies, Carlsbad, CA) containing 1.5% heat-inactivated fetal bovine serum (FBS) (Life Technologies) and 1 mM
dithiothreitol (Sigma-Aldrich) to remove mucus. Epithelial cells were removed by incubation in HBSS containing 1 mM EDTA (Quality
Biological, Gaithersburg, MD) at 37°C for 30 min. After washing with HBSS, remaining tissues were collected and incubated, with
agitation, in HBSS containing 400 U/mL type 3 collagenase and 0.01 mg/mL DNase | (Worthington Biochemical) for 90 min at
37°C. The digested cell fraction was pelleted, re-suspended in a 40% Percoll solution (GE Healthcare Life Sciences, Pittsburgh,
PA), layered on top of a 75% Percoll solution, and centrifuged at 2000 rpm for 20 min at room temperature. Viable lamina propria
mononuclear cells (LPMCs) were recovered from the discontinuous gradient interface.
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Immune cell analysis

For myeloid cell analysis by conventional flow cytometry, isolated immune cells were labeled with DAPI and stained with anti-CD45,
IL-1B, Ly6C, MHCII, CD11c, and CD64 antibodies. For the surface staining in the lymphoid cell analysis, anti-CD3e, CD4, CD44,
CD62L, CD25, 24 B7, and CCR9 antibodies were used, accordingly. For intranuclear staining, cells were permeabilized and stained
with T-bet, RORyt, and Foxp3 using the Foxp3/Transcription Factor Staining Buffer Kit (Tonbo Biosciences), according to the man-
ufacturer’s instructions. All data were collected on a BD LSRFortessa and BD Celesta FACSAria Il (BD Biosciences) and analyzed
with FlowdJo software (BD Biosciences).

Mass cytometry (CyTOF) analysis

We validated a 40-marker panel for CyTOF murine immune profiling. The lanthanide metals were acquired from Fluidigm and con-
jugated to antibodies using a maxpar antibody labeling kit. The final concentration of the metal-tagged antibody was determined by
measuring the absorbance at 280 nm. The immune cells were stained with 1.25 uM live/dead stain (Cell-ID Cisplatin-195Pt diluted in
serum-free media from 500 mM stock). Free cisplatin was quenched by washing the cells with serum-containing media. The metal-
tagged antibody cocktail was made in CyFACS buffer and added to the cells in the presence of TruStain FcX (Biolegends) and incu-
bated on ice for 60 min. Then, cells were fixed with 1.6% PFA and permeabilized with eBioscience permeabilization buffer for 30 min.
The cells were then stained with 50 pL of intracellular staining metal-tagged antibody cocktail (made in eBioscience permeabilization
buffer) at RT for 60 min. Intracellularly stained cells were then permeabilized and stained with Cell-ID Intercalator overnight at 4°C,
washed, filtered through a 40 um cell strainer, and acquired using the CyTOF Helios system (Fluidigm). Total events were gated to
remove noncellular events, dead cells, and doublets. CD45" live singlets were then subjected to ViSNE analysis with 10,000 cells per
sample using the Cytobank platform. ViSNE produces a two-dimensional map that preserves the relationships present in the struc-
ture of high-dimensional data (Amir et al., 2013).

Quantitative Real-Time PCR

Colonic tissue samples were harvested, and RNA was extracted using E.Z.N.A. Total RNA Kit | (Omega Bio-tek). cDNA was reverse
transcribed using a High Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific) and used for SYBR Green Gene-Expression Assay
(Thermo Fisher Scientific) on an ABI 7900HT analyzer. Primer sequences used in this study can be found in the Key Resources Table
(Arfietal.,2011; Burr et al., 2006; Curtis et al., 2014; Ellett et al., 2009; Lu et al., 2017; Miyata et al., 2016; Okumura et al., 2016; Pakala
et al., 2010; Sand et al., 2018; Seregin et al., 2017; Wang et al., 2017; Watanabe et al., 2009).

Experimental periodontitis model

Murine periodontitis was induced by ligature placement (Jiao et al., 2013; Marchesan et al., 2018). Mice were anesthetized with ke-
tamine/xylazine and silk sutures (100 um diameter; SUT-15-1; Roboz Surgical Instrument Co.) were inserted between the first and
second maxillary molars on contralateral right and left sides. Both ends of the suture string were knotted to prevent ligature loss.
The silk sutures remained in place for 14 days or 3 h (sham control). Mice were euthanized at the end points of each experiment.
Inserted sutures were collected from the euthanized mice and used for microbial analyses. Block biopsies from the maxillae were
fixed in 10% formalin. The fixed tissues were then used to check bone loss by micro-computed tomography (micro-CT) (Jiao
et al., 2013).

Dextran sulfate sodium (DSS)-induced colitis model

For DSS-induced colitis, SPF C57BL/6 WT mice with ligatures (day 14) were treated with 1.5% DSS for 5 days. The animals were
monitored for weight loss (0, none; 1, 1%-5%; 2, 5%-10%; 3, 10%—-20%; 4, > 20%), stool consistency (0, normal stool; 2, loose stool;
4, diarrhea), and hemoccult (0, normal; 2, hemoccult positive; 4, gross blood) during the course of experiments, and these parameters
were used to compute the disease activity index. Mice were sacrificed on day 7 and histological scores were assigned in a blind
manner by a trained pathologist evaluating the following set of variables (Cooper et al., 1993; Klopfleisch, 2013): severity of inflam-
mation (0, none; 1, low density confined to mucosa; 2, moderate or higher density in mucosa and/or low to moderate density in mu-
cosa and submucosa; 3, high density in submucosa and/or extension to muscularis; 4, high density with frequent transmural exten-
sion), and extent of epithelial/crypt damage (0, none; 1, basal 1/3; 2, basal 2/3; 3, crypt loss; 4, crypt and surface epithelial
destruction). Each variable was multiplied by a factor reflecting the percentage of the colon involved (1, 0%-25%; 2, 26%-50%;
3, 51%-75%; 4, 76%-100%). An overall score was obtained by summing the scores assigned to each variable. For oral pathobiont
colonization experiments, mice received 2.0% DSS for 5 days followed by regular water for 2 days. The oral pathobiont SK431
(K. aerogenes) was used for oral challenge every day (1 x 10° CFU/dose). The IL-1R antagonist anakinra (50 mg/kg) or saline was
i.p. injected into Ka-colonized mice every day. Histological analysis was performed as described above.

IL-10-deficient colitis model

GF II10~~ mice were colonized with either HOM or LOM, and maintained for 56 days. For the experiments with synthetic oral com-
munities, a mixture of 3 isolates from HOM (Streptococcus salivarius, Streptococcus sp. JS71, and Staphylococcus xylosus) or 5 iso-
lates from LOM (Klebsiella aerogenes, Klebsiella pneumonia, Klebsiella variicola, Enterobacter cloacae, and Enterobacter horma-
chaei) was used (10° CFU of each strain per mouse). All mice inoculated with bacterial mixtures were housed in gnotobiotic
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isolators. Mice were sacrificed on day 56 and histological assessment was performed in a blind fashion by a trained pathologist using
a previously described immune cell-driven colitis scoring system (Erben et al., 2014). Briefly, severity of inflammation was evaluated
according to the following scale: (0, none; 1, minimal (lesions restricted to mucosa; lesions consist of minimal hyperplasia with min-
imal scattered inflammation); 2, mild (lesions affecting mucosa with infrequent submucosal extension; lesions consist of mild hyper-
plasia with mild inflammation + minimal goblet cell loss, and/or erosions); 3, moderate (lesions affecting mucosa and submucosa;
lesions consist of moderate hyperplasia with moderate inflammation + few crypt abscesses, moderate goblet cell loss, and/or ero-
sions); 4, severe (lesions affecting mucosa and submucosa; lesions consist of severe hyperplasia with multifocal severe inflammation
+ several crypt abscesses, erosions/ulcerations, and/or irregular crypts/crypt loss); 5, marked (transmural lesions, lesions consist of
marked hyperplasia with marked inflammation, +/— multiple crypt abscesses, erosions/ulcerations, irregular crypts/crypt loss, and/
or inflammation).

T cell responsiveness to bacterial antigens

For the isolation of CD4* T cells from cLN, cLNs were harvested from ligature mice (day 14) and the mouse CD4* T cell Isolation Kit
(STEMCELL Technologies) was used to isolate cells from single cell suspensions prepared from the cLNs. For the preparation of the
bone marrow-derived dendritic cells (BMDMs), murine bone marrow cells were cultured in the RPMI/10% FBS containing recombi-
nant murine 10 ng/mL GM-CSF (PeproTech, Rocky Hill, NJ) for 6 days. Loosely attached DC cells were then collected using the biotin
selection kit (STEMCELL Technologies) and enriched with biotinylated CD11c monoclonal antibody (Thermo Fisher Scientific, Wal-
tham, MA). BMDCs were pulsed with heat-denatured bacterial antigens for 18 h at 37°C. Antigen-pulsed BMDCs and cLN-derived
CD47T cells were co-cultured for 24 h at 37°C. Cytokines in supernatants were quantified by ELISA.

Kaede photoconversion

Kaede Tg mice were anesthetized with ketamine and xylazine. Lubricating ophthalmic ointment was placed in each eye to prevent
dryness. The overlying fur around the cLN area was removed using a depilatory cream or an electric shaver. Following hair removal,
the operating field was properly sterilized, as required by the rodent surgery guidelines and covered with a surgical drape. A skin
incision was made in the depilated area (5-10 mm). The mice were placed on their backs with an aluminum foil blanket covering
all but the depilated area, and violet light (LRD-0405 Collimated Diode Laser System; Laserglow Technologies, North York, ON, Can-
ada) was shone (405 nm; peak power < 50 mW) onto the exposed area for a period of 1 min (50 mW direct exposure). In order for both
LNs to be simultaneously exposed to violet light, we attached a lens to the laser, thus blurring the beam, and the laser head was posi-
tioned 5-20 cm above the mouse. Following photoconversion, the incision was closed with simple interrupted sutures (4.0 Vicryl, 1.5
metric; Ethicon, Somerville, NJ).

T cell transfer colitis model

GF Rag71~'~ mice were colonized by either sHOM or sSLOM for 14 days. CD3*CD4*CD44"CD62L'°CD25" Tgy cells were isolated from
the cLNs of ligature mice (day 14). Isolated Ty cells (2 x 10° cells/mouse) were then adoptively transferred into gnotobiotic (sHOM or
sLOM) Rag?~'~ mice and control GF Rag?~/~ mice. Rag1~’~ mice were maintained for 8 weeks post adoptive transfer. For exper-
iments with Kaede mice, LPMCs were isolated from ligature and DSS-treated Kaede mice. Kaede-Red* or Kaede-Green* CD3*CD4"*
T cells were then sorted by FACS and adoptively transferred into SPF Rag? ™'~ mice (2 x 10° cells/mouse, i.v.), respectively. The
negative control group received saline. The mice were monitored for 8 weeks post adoptive transfer. After 8 weeks, K. aerogenes
SK431 (1 x 10° CFU/mouse) was administered orally 3 times per week for an additional 4 weeks. Histological assessment was per-
formed in a blind fashion by a trained pathologist using the immune cell-driven colitis scoring system described above.

Parabiosis model

SPF CD45.2" mice were treated with oral ligatures for 14 days and then surgically attached to congenic CD45.1* mice. Briefly, 2 age-
matched females (CD45.1* and CD45.2", respectively) were placed in the supine position. The hair on the left side of the mouse was
placed on the left, and the hair on the right side of the mouse was placed on the right was thoroughly shaved starting about 1 cm
above the elbow to 1 cm below the knee. Carprofen was given to the mice for analgesia. Using sterile, sharp scissors, longitudinal
skin incisions were made on the shaved side of each animal, from 0.5 cm above the elbow to 0.5 cm below the knee joint. After mak-
ing the incision, the skin from the subcutaneous fascia was gently detached by holding the skin up with a pair of curved forceps and
separating the fascia with a second pair to create 0.5 cm of free skin. Surgical autoclips (9-mm, BD Biosciences) were used to join the
skin of the two mice. Each pair of mice joined by parabiosis was housed in a cage (i.e., 2 mice (joined by parabiosis) per cage). During
the 1-week recovery phase, the analgesic carprofen was given every 24 h for 2 days. One week after surgery, K. aerogenes (10° CFU/
shot) and DSS (100 mg/shot), which allow oral pathobionts to colonize the gut by disrupting gut colonization resistance, were admin-
istered by oral gavage to recipient CD45.1* mice only, daily for 6 days.

Establishment of two-dimensional colonoids

Isolation of murine colonoid cultures was performed as previously described (Reed et al., 2019; Sato et al., 2009). Briefly, freshly iso-
lated colons were treated with Cell Recovery Solution (Corning) for 5min followed by additional 30 min in ice-cold chelation buffer
(50 mM EDTA/PBS) for 30 min with gentle inversion at 4°C. Colons were then shaken to dissociate crypt fraction. After centrifugation
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(400 g, 10min at 4°C), colonic crypts in the pellet were resuspended in complete enteroid medium (advanced DMEM/F12 based
medium containing 50% LWRN condition media and 200 ng/ml of recombinant human EGF) and seeded on to collagen type IV-
coated 48-well tissue culture plates until confluency was achieved (~24 h).

In vitro stimulation by bacteria

To generate bone marrow-derived macrophages (BMDMs), BM cells were isolated from SPF WT C57BL/6 mice and cultured for
6 days with Iscove’s Modified Dulbecco’s Medium supplemented with 30% L929 supernatant. Colonic lamina propria (LP) cells
were isolated from DSS-induced colitis mice. BMDMs or colonic LP cells were co-cultured with oral or gut bacterial strains
(MQI = 5) for 3 h. Gentamicin (100 ng/ml) was then added and cells were further cultured for additional 16 h. For bacteria-epithelial
cells (T84, mouse 2D colonoids) co-culture experiments, bacterial strains at MOl = 10 were used. Gentamicin (100 pg/ml) was added
3 h after co-culture, and cells were then incubated for additional 16 h. Culture supernatants were harvested, and cytokines were
measured by ELISA. In some experiments, Salmonella enterica serovar Typhimurium strain SL1344 was used as a positive control
(Franchi et al., 2012).

Microbiome analysis

For gut microbiome analysis, fecal samples were obtained from individual mice. For oral microbiome analysis, inserted silk sutures
were collected. Genomic DNA was extracted by using a modified protocol of the DNeasy Blood & Tissue Kit (QIAGEN, Germantown,
MD) (Nagao-Kitamoto et al., 2016). Microbiome analysis was performed at the Microbial Systems Molecular Biology Laboratory at
the University of Michigan. 16S rRNA gene libraries were constructed using primers specific to the V4 region and processed using the
lllumina MiSeq sequencing platform. Sequences were curated using the community-supported software program Mothur version
1.39.0 (Schloss et al., 2009). Sequences were assigned to operational taxonomic units (OTUs) using a cutoff = 0.03 and classified
against the Ribosomal Database Project (RDP) 16S rRNA gene training set (version 16) using a naive Bayesian approach with an
80% confidence threshold. Curated OTU sequence data were converted to relative abundance + standard error of the mean
(SEM). Linear discriminant analysis effect size (LEfSe) (Segata et al., 2011) was used to identify bacterial taxa that were differentially
abundant, biologically consistent, and had the greatest effect size.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise stated in individual method sections above, all statistical analyses were performed using Prism 7 (GraphPad Soft-
ware, San Diego, CA). Differences between two groups were evaluated using the Student t test (parametric) or Mann-Whitney U test
(non-parametric). For a comparison of more than 3 groups, statistical analysis was performed using one-way ANOVA (parametric) or
Kruskal-Wallis test (non-parametric), followed by the Bonferroni correction for parametric samples, or Dunn’s test for non-parametric
samples as a post hoc test. Survival analysis was performed using Kaplan—-Meier curves, with comparisons between groups made
using the log-rank test. Differences of p < 0.05 were considered significant in all statistical analyses. Statistically significant differ-
ences are shown with asterisks as follows: *; p < 0.05, **; p < 0.01, **; p < 0.001 and ****; p < 0.0001; whereas, ns indicates compar-
isons that are not significant. Numbers of animals (n) used for individual experiments, details of the statistical tests used and pooled
values for several biological replicates are indicated in the respective figure legends.
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Figure S1. Ligature-Induced Periodontitis Leads to Persistent Oral Dysbiosis, Related to Figure 1

(A) Oral ligatures were placed in SPF C57BL/6 mice for 3 h (control) or 14 days (ligature). Representative 3D images of the affected areas show alveolar bone loss
in control and ligatured mice.

(B) Blood samples were collected on indicated days post ligature insertion, and serum amyloid A (SAA) concentration was measured.

(C) Blood samples were cultured on BHI + 10% horse blood agar to detect translocated bacteria.

(D) Alteration of oral microbiota on ligature treatment was monitored at indicated time points. HOM stands for healthy control oral microbiota (3 h post ligature
placement, n=2). LOM stands for ligature-associated oral microbiota (14 days post ligature placement, n = 2).

(E and F) Ligatures were collected and suspended in 500 pL PBS. Supernatants were then spread on MacConkey agar plate for 24-36 h at 37°C. (E) Repre-
sentative plate images and (F) colony number are shown, respectively.

Results are shown as median. Each dot indicates individual mouse (n = 3-5). N.S., not significant; *p < 0.05, **p < 0.01 by one-way ANOVA followed by Bonferroni
post hoc test (B and C), or Mann-Whitney U test (F).
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2 \ M2-like Macrophages [CD3-CD11b+CD11c+IA/IE+CD206+]

3 Activated NK-cells [CD3-CD19-KLRG1+GMZB+CD69+CTLA-4(low)

4 Plasmacytoid Dendritic Cells [CD4-CD8-CD19-LyBC+CD317+IFN-B+]
5

6 Eosinophils [CD4-CD8-CD19-CD11b+CD11c-SiglecF+IL-4+]

8

Resting Th17 [CD4+IL-17A+CD69-CTLA-4-GMZB-] —— Figure 1H

Activated Th17 [CD4+IL-17A+CD69+CD62L-CTLA-4+GMZB+] —— Figure 1H

v8 T-cells [TCR y/5+CD4-CD8-CXCR5+]

B-cells [CD19+B220+CD4-CD8-IA/IE+CXCR5+]

Figure S2. Surface Marker Expression Profile of Each Cell Population for CyTOF Analysis, Related to Figure 1

(A) Surface marker expression profile of each cell population in the colonic LP cells. The scale bar represents the median marker intensity normalized by the
column’s maximum value.

(B) Heatmap showing the relative abundance of gated populations. Scale bar represents population frequency as a fraction of the row’s maximum.
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Figure S3. Periodontitis-Associated Gram-Negative Bacteria Have Higher Colitogenic Capacity Than Gut-Resident Gram-Negative Bacteria,

Related to Figure 4

GF IL10~"~ mice were colonized by sLOM, Ec mix (gut derived E. coli isolates: SK460 and SK461), Ba mix (gut-derived Bacteroides isolates: B. thetamicron, B.
uniformis, and B. vulgatus). After 8 weeks, the degree of colitis was measured.
(A) Colon weight (mg/cm).

(B and C) Representative histological images of colon (B) and histological score of colon (C) evaluated by the criteria for IL-10~"~ colitis model.

Results are shown as median. Each dot indicates individual mouse (n = 4). N.S., not significant; “*p < 0.01, **p < 0.001 by one-way ANOVA followed by Bonferroni
post hoc test (A and C).
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Figure S4. Oral Pathobionts Activate Inflammasome-Driven IL-1B Production from Macrophages but Not from Colonic Epithelial Cells,
Related to Figure 4

(A) BMDMs from each knockout animal were co-cultured with K. aerogenes SK431 for 3 h (MOI = 5). Gentamicin (100 ug/ml) was then added and cells were further
cultured for additional 16 h. Cytokines in supernatants were measured by ELISA.

(B) K. aerogenes (10° CFU, daily) was administered by oral gavage into each knockout animal, with 2.0% DSS treatment for 5 days, followed by additional 2 days
of regular water.

(C and D) Colon weight (C) and colonic histological scores (D) on day 7.

(E) Human colonic epithelial T84 cells are co-cultured with indicated oral- or gut-derived strains (MOI = 10) for 3 h. Gentamicin (100 ug/ml) was then added and
cells were further cultured for additional 16 h. Cytokine production in supernatants was determined by ELISA.

(F and G) Mouse two-dimensional colonoids were co-cultured with S. typhimurium SL1344 or K. aerogenes (MOI = 10) for 16 h, respectively. Cytokines in su-
pernatants were measured by ELISA.

Results are shown as median. Each dot indicates individual mouse (n = 4-7). N.S., not significant; *p < 0.05, **p < 0.01, ***p < 0.0001 by one-way ANOVA followed
by Bonferroni post hoc test (A, F, and G), or Mann-Whitney U test (C and D).
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Figure S5. IL-1 Signaling Enhances IL-17A Production from CD4* T Cells in cLNs, Related to Figure 5

(A) CD4*T cells were sorted by magnetic-activated cell sorting (MACS) from cervical lymph nodes (cLNs) of WT or //7r1~'~ mice with (day 14) or without ligature
(day 0). Cytokine production in supernatants from CD3*CD4" T cells isolated from cLNs stimulated with «CD3 (10 ug/mL) antibody (Ab) and «CD28 Ab (2 ug/mL)
for 24 h was measured by ELISA.

(B) IL-17A concentration in supernatants at 24 h after stimulation.

Results are shown as median. Each dot indicates individual mouse (n = 5). ****p < 0.0001 by one-way ANOVA followed by Bonferroni post hoc test.
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Figure S6. Characterization of Oral Tgy Cells, Related to Figure 5

(A) Representative flow cytometry plots show expression of 4 B7 and CCR9 on CD3*CD4*CD44MCD62L'°CD25™ Tey (oral Tey) cells in cervical lymph nodes (CLN)
of control mice and ligature mice (day 14).

(B) Frequency of a4B7- or CCR9-expressing oral Tgy cells in cLN.

(C) GF Rag1 ™/~ mice were colonized by sHOM (Streptococcus salivarius and Streptococcus sp. JS71, and Staphylococcus xylosus) or sSLOM (Klebsiella aer-
ogenes, Enterobacter cloacae, and E. hormaechei) for 14 days. Oral Tgy cells were isolated from cLNs of non-ligatured control mice. Isolated control Tgy cells
(Ctrl Tem, 2 x 10° cells/mouse) were then adoptively transferred into gnotobiotic (SHOM or sSLOM) Rag1~~ mice. Oral Tgw-transferred Rag1 ™~ mice were
maintained for 8 weeks.

(D) Fecal Lcn2 levels were monitored at indicated time points.

(E) Histological scores of colon at 8 weeks post oral Tgy transfer evaluated by the criteria for transfer colitis model.

Results are shown as median (B, D, and E). Each dot indicates individual mouse (n = 4-5). N.S., not significant; **p < 0.01 by Mann-Whitney U test (B, E), or two-
way ANOVA followed by Bonferroni post hoc test (D).
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Figure S7. Orally Primed IL-17A* T Cells, but Not IL-17A™ T Cells, Are Capable of Inducing Colitis, Related to Figure 5

(A) CD45*CD3*CD4*CD25™ GFP~ or GFP™ cells isolated from the cLNs of IL-17A-EGFP reporter mice (Lig, d14, shown in representative flow cytometry plot).
Isolated GFP™ or GFP™ cells were re-stimulated with aCD3/CD28 for 24 h. Secreted cytokines in the supernatant were measured by ELISA.

(B) Isolated GFP™ or GFP* cells were adoptively transferred to SPF Rag?~/~ mice pretreated with streptomycin (20 mg/mouse, p.o., 1 day before cell transfer.).
Also, synthetic LOM (sLOM) was administered by oral gavage to all animals at the time of cell transfer. After 8 weeks, mice were sacrificed and analyzed.

(C) Representative images of the colon (scale bar = 1 cm).

(D) Colon weight (mg/cm).

(E) Histological score of the colon assessed by the criteria for transfer colitis model.

(F) Colonic CD4* cells were re-stimulated with «CD3/CD28 for 24 h. Secreted cytokines in the supernatant were measured by ELISA.

Results are shown as median. Each dot indicates individual mouse (n = 5). N.S., not significant; **p < 0.01 by Mann-Whitney U test (A, D-F).
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