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Salivary exosomes exacerbate colitis
by bridging the oral cavity and intestine

Congyi Yang,' Jingyi Chen," Yuzheng Zhao," Jushan Wu," Yalan Xu," Jun Xu," Feng Chen,”* Yang Chen,>*
and Ning Chen'#>*

SUMMARY

Inflammatory bowel disease (IBD) presents a range of extraintestinal manifestations, notably including
oral cavity involvement. The mechanisms underlying oral-gut crosstalk in IBD are not fully understood.
Exosomes, found in various body fluids such as saliva, play an unclear role in IBD that requires further
exploration. In the dextran sulfate sodium (DSS) mouse model, salivary exosomes from patients with
active IBD (active IBD-Sexos) exacerbated colitis, while those from IBD patients in remission (remission
IBD-Sexos) did not. Possible reasons may include the regulation of macrophage polarization, disruption
of intestinal epithelial function, and alteration of the intestinal flora. During co-culture with active IBD-
Sexos, THP-1 cells exhibited inflammatory responses, while Caco-2 cells showed reduced tight junction
protein expression. Additionally, 35 differentially expressed miRNAs were identified in active IBD-
Sexos. In brief, our findings substantiate an intriguing phenomenon whereby active IBD-Sexos exacerbate
colitis by bridging the oral cavity and intestine.

INTRODUCTION

Inflammatory bowel disease (IBD) is a lifelong disorder that impacts the rectum, colon, ileum, and the entire gastrointestinal tract. It includes
two major forms: ulcerative colitis (UC) and crohn’s disease (CD)." During the twenty-first century, IBD is a global healthcare problem with a
consistently increasing incidence.”” Although the exact mechanisms underlying the development of IBD remain unclear, the epithelial barrier
function and the innate and adaptive immune systems are believed to play a significant role. Additionally, gut bacteria may contribute to the
dysfunction of the intestinal immune system.'**>

Although the intestine is the main organ involved in IBD, as a systemic immune response disease, patients with IBD can have a combination
of extraintestinal manifestations, and the mouth is noted as the most commonly involved extraintestinal location in active IBD pa’cients.“"7 On
the other hand, the mouth is the initial segment of the gastrointestinal pathway, potentially reflecting or affecting the mucosa of the intestine
to some degree.”? Therefore, the question of whether and how the oral cavity affects intestinal inflammation has attracted increasing atten-
tion. The potential way underlying the oral contribution to colitis may involve two key aspects. Firstly, pathogenic bacteria in the oral cavity,
such as Porphyromonas gingivalis, can compromise the integrity of the barrier between intestinal and epithelial tissues.” Secondly, oral-
related immune cells can migrate to the intestine via the lymphatic pathway.'® Although abundant reports exist, the exact reasons for these
interactions are still incomplete. Therefore, this investigation aims to delve deeper into the intricate pathways involved in communication
across intestinal compartments and the oral cavity.

As an easily collected bodily fluid, human saliva can be a strong reference for illness diagnosis.''™'* Adults typically swallow 1.5 L of saliva
daily, as food and microorganisms are mixed with saliva originating in the oral cavity into the gastrointestinal region. This suggests a potential
connection between the oral cavity and IBD, with saliva acting as a mediator that promotes persistent chronic inflammation of the intes-
tine.”'""° Exosomes are microvesicles produced by varied cell types located across diverse body fluids, encompassing saliva and others,
operating in information exchange, particularly for communication between distal organs.'®'” Several studies have suggested that salivary
exosomal contents have characteristic changes in various oral and systemic diseases, including pancreatic cancer, as well as Parkinson’s and
Alzheimer's diseases.'”'®?° Nonetheless, the importance of salivary exosomal abnormalities in systemic diseases is still unclear. To date, it
remains unelucidated whether salivary exosomes participate in intestinal inflammation.

In a previous investigation, we found that proteins specifically related to inflammation and immunity were increased in salivary exosomes from
active IBD patients (IBD-Sexos) and hypothesized that salivary exosomes may reach the gut from the oral cavity, furthering IBD progression.”’ Our
research has unveiled intriguing insights into the impact of the oral cavity on intestinal inflammation. Notably, we have discovered that salivary
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Table 1. Testing cohort and clinical information

Description of study cohort Total ucC CDh Control
Total
Patients (no %) 130,100% 58, 44.6% 47,36.2% 25,19.2%
Sex (f/m) 50/80 28/30 10/37 12/13
Age (mean +SD) 38.9 + 13.8 45.6 + 12.8 33.6 £ 13.2 33.0 £ 10.5
Clinical course (year, means +SD) 6.8 + 6.9 59 + 6.7 78 + 7.1 =
Active,
Patients (no %) 62, 100 39, 62.9% 23,37.1% -
Sex (f/m) 28/30 19/20 9/10 -
Age (mean + SD) 41.3 + 14.6 46.1 £ 13.7 333 +127 -
Clinical course (year, mean +SD) 6.3 + 6.2 6.0 + 6.2 67 64 -
Mayo (mean + SD) - 47 £ 1.6 - -
CDAI (mean + SD) - - 200.7 + 97.7 -
Serum (mean +SD)
Patients (no.%) 52, 100% 29, 55.8% 23, 44.2% -
CRP (mg/L) 11.8 £21.8 84 £ 17.6 16.2 + 26.0 -
Patients (no.%) 48, 100% 25,52.1% 23, 47.9% -
ESR (mm/h) 249 + 263 24.6 + 29.2 253 + 234 -
Remission
Patients (no.%) 43 19,44.1% 24,55.9% -
Sex (f/m) 13/30 9/10 4/20 -
Age (mean + SD) 38.7 £ 13.6 447 £ 10.9 34.0 £ 13.9 -
Clinical Course (year, mean + SD) 7.6 +79 58+738 89 +78 -
Mayo (mean + SD) - 1.3 +£0.7 - -
CDAI (mean + SD) - - 90.1 + 43.0 -
Serum (mean + SD)
Patients (no.%) 35, 100% 11, 31.4% 24, 68.6% -
CRP (mg/L) 1.9+ 21 22+ 26 1.7 +£1.9 -
Patients (no.%) 27, 100% 5,18.5% 22,81.5% -
ESR (mm/h) 9.8 £ 58 127 £ 5.4 8.6 £ 57 -
Treatment
Corticosteroids (no.%) 12, 100% 9, 75% 3,25% -
5-ASA (no.%) 40, 100% 36, 90.0% 4,10.0% -
Azathioprine 9, 100% 3,33.3% 6, 66.7% -
TNFa Inhibitor (no.%) 27, 100% 5,18.5% 22,81.5% -
IL-12/23 Inhibitor (no.%) 10, 100% 2, 20.0% 8, 80.0% -
Integrin Inhibitor (no.%) 12, 100% 10, 83.3% 2,16.7% -
Surgery (no.%) 10, 100% 2,20.0% 8, 80.0% -

For activity, remission was determined using CDAI <150 and CDEI <5 (CD), and Mayo score<3 (UC).

exosomes from patients with active IBD possess the capability to advance the progression of intestinal inflammation. Large amounts of saliva and
salivary exosomes were generated continuously daily, indicating their impact on gut conditions is substantial. This study underscores the impli-
cations of the exosome-mediated oral-gut axis in gastrointestinal wellness and illness, providing insights into the pathogenesis of IBD.

RESULTS
Characterization of salivary exosomes

As presented in Tables 1 and S1, 105 patients with active IBD (n = 62, 39 UC and 23 CD, 28 females, and 30 males) or in remission (n =43, 19 UC
and 24 CD, 13females, and 30 males) were included. The features and pureness of salivary exosomes were characterized through nanoparticle
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Figure 1. Isolation and characterization of salivary exosomes

(A) Size distribution and purify analysis of salivary exosomes by NTA.

(B) TEM photos of salivary exosomes. Scale bars: 200 nm.

(C) Salivary exosomes markers (Tsg101, CD9, CD63) analyzed with western blotting.
(D) Surface zeta potential (~—20 mV) of salivary exosomes.

tracing analysis (NTA), western blotting, and transmission electron microscopy (TEM). NTA results indicated that exosomes from saliva
possessed a particle size of approximately 60 nm, mostly between 40 and 80 nm, which corresponded to the theoretical salivary exosome
size (Figure 1A). TEM revealed that salivary exosomes exhibited a bilayer membrane structure and a saucer-like morphology (Figure 1B). Exo-
somal typical marker proteins CD9, CDé3, and Tsg101 were all expressed in the western blot (Figure 1C). The surface zeta potential of salivary
exosome is about —20 mV. (Figure 1D).

Salivary exosomes isolated from active IBD-Sexos exacerbate DSS-induced murine colitis, although salivary exosomes
isolated from the remission IBD-Sexos do not

To examine the impact of salivary exosomes in vivo, mouse models were created, as illustrated in Figure 2A; mice were separated into 7
groups. Dextran sulfate sodium (DSS) mice were given PBS or salivary exosomes by gavage. Salivary exosomes were extracted from patients
with active UC, remission UC, active CD, remission CD, and healthy control, respectively. First, we want to ensure that the exosomes can reach
the intestine from the mouth. 1,1-dioctadecyl-3,3,3,3'-tetramethylindocarbocyanine perchlorate (DIL)-labeled salivary exosomes were admin-
istered to mice by gavage, and fluorescence images were taken 6 h later. As shown in Figure 2B, DIL-labeled salivary exosomes were mainly
concentrated in the colon of mice at 6 h post-gavage, which suggested that salivary exosomes were able to expand to and collect in the colon
via the "oral-gut axis” pathway. We observed that active IBD-Sexos aggravated weight reduction as well as colon length reduction in DSS
mice, while remission IBD-Sexos did not exhibit proinflammatory effects (Figures 2C-2E). To gain deeper insights into the absorption of sali-
vary exosomes by other organs, we assessed fluorescent signals in various organs of mice 24 h post-gavage. Notably, the signals primarily
remained in the gastrointestinal tract, with no significant fluorescence observed in the liver, spleen, or kidneys (Figure S1). Furthermore, his-
tological analysis showed that DSS mice gavaged with salivary exosomes isolated from patients with active UC and active CD had more se-
vere mucosal damage, which manifested as severe bowel edema and large numbers of inflammatory cell infiltrations (Figures 2F, 2G, and S2).
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Figure 2. Salivary exosomes (Salivary-Exo) aggravate DSS-induced murine colitis

(A) A schematic diagram outlining the administration timeline of salivary exosomes in DSS-induced murine colitis. Mice are divided into seven groups.

(B) The fluorescence scattering of DIL-labeled salivary exosomes throughout the mouse colon following intragastric administration.

(C) Change in body mass among different treatment groups. UC/A vs. PBS: *, UC/R vs. PBS: ns, CD/A vs. PBS: *, CD/R vs. PBS: ns, healthy control (HC) vs. PBS: ns,
PBS vs. N: ***,

(D and E) Colon-length contrast. UC/A vs. PBS: ns, UC/R vs. PBS: ns, CD/A vs. PBS: *, CD/R vs. PBS: ns, HC vs. PBS: ns.

(F and G) Representative colon segments were stained using H&E (scale bars: 200 um). UC/A vs. PBS: *, UC/R vs. PBS: ns, CD/A vs. PBS: *, CD/R vs. PBS: ns, HC vs.
PBS: ns. UC/A: UC in the active phase, UC/R: UC in remission, CD/A: CD in the active phase, CD/R: CD in remission, HC: healthy control. Data refer to means +
SEM. N = 3 to 4 mice per group. *p < 0.05, **p < 0.01.

In conclusion, the aforementioned results confirmed that salivary exosomes from patients during IBD flares indeed aggravate the colitis in the
DSS mouse model, while remission IBD-Sexos does not. What is more, to elucidate the potential role of saliva as a vector for exosomes in the
pathophysiology of IBD, saliva samples were collected from healthy individuals, active IBD patients, and IBD patients in remission, then
administered to DSS-induced colitis mice. Changes in body weight and colon length were monitored. While saliva from IBD patients showed
a trend toward worsening colonic inflammation compared to healthy controls, the effect was not statistically significant (Figure S3).

Effect of salivary exosomes on mucosal inflammation and intestinal barrier integrity

We used Caco-2 cells to assess the influence of salivary exosomes on the intestinal membrane. Caco-2 cells had inflammation encouraged
using lipopolysaccharide (LPS), and they were co-cultured alongside salivary exosomes derived from IBD patients in different disease
states (Figure 3A). The results revealed that salivary exosomes from active CD patients promoted inflammation in colonic epithelial cells,
evidenced by increased interleukin (IL)-6, IL-1B, and tumor necrosis factor alpha (TNF-a) levels measured by ELISA. Likewise,
exosomes from active UC patients raised TNF-a levels in these cells. In contrast, salivary exosomes from IBD patients in remission have
no such effect (Figures 3C-3E). Western blotting analysis was employed to characterize the expression of zo-1 protein in Caco-2 monolayer
cells under different treatment groups. The results showed that active IBD-Sexos could reduce zo-1 expression relative to the other classes
(Figure 3B). However, in the absence of LPS stimulation, salivary exosomes have not demonstrated the capacity to elicit an inflammatory
response in Caco-2 cells (Figure S4). To confirm the influence of salivary exosomes from IBD patients on intestinal epithelium in vivo, west-
ern blotting was utilized to identify the expressions of caspase-3 and zo-1 in each group. The results suggested a reduction in zo-1 levels in
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Figure 3. Effect of salivary exosomes on mucosal inflammation and intestinal barrier integrity

(A) Co-culture model of salivary exosomes and Caco-2 cells in vitro.

(B) The ZO-1 expression in Caco-2 cells was evaluated by western blot.

(C-E) Protein levels of cytokines IL-6, TNF-a, and IL-1B were assessed in the cell supernatant of Caco-2 cells using ELISA. IL-6: UC/A vs. LPS: *, UC/R vs. LPS: ns,
CD/A vs. LPS: **** CD/R vs. LPS: ns, HC vs. LPS: ns; TNF-a: UC/A vs. LPS: **, UC/R vs. LPS: *, CD/A vs. LPS: **** CD/R vs. LPS: *, HC vs. LPS: ns; IL-1B: UC/A vs.
LPS: *, UC/R vs. LPS: ns, CD/A vs. LPS: **, CD/R vs. LPS: ns, HC vs. LPS: ns.

(F and G) Representative western blotting of zo-1 DSS-induced mouse guts, and quantification of ZO-1 expression normalized to B-actin. UC/A vs. PBS: ***, UC/R
vs. PBS: ns, CD/A vs. PBS: *, CD/R vs. PBS: ns, HC vs. PBS: ns.

(H and I) Western blot analysis of caspase-3 in the intestines of DSS mice, with quantification of caspase-3 protein expression levels standardized to B-actin. UC/A

vs. PBS: *** UC/R vs. PBS: ns, CD/A vs. PBS: *, CD/R vs. PBS: *, HC vs. PBS: ns. Data were presented as means + SEM. ns: p > 0.05, *p < 0.05, **p < 0.01,
*kk
p < 0.001.

the colons of DSS mice after administration of active IBD-Sexos (Figures 3F and 3G), and the intestinal epithelial cell apoptosis-related

protein caspase-3 was increased in DSS mice following the gavage of salivary exosomes from UC patients in active phase (Figures 3H
and 3l).

Active IBD-Sexos regulate gut immunity by remodeling macrophage phenotypes via upregulating the triggering of the NF-
kB pathway

In order to examine the influence of salivary exosomes on the secretion of inflammatory features by macrophages, we differentiated THP-1
cells into macrophages using phorbol 12-myristate 13-acetate (PMA), followed by exposure to different groups of salivary exosomes for 24 h.
Afterward, both the cells and the supernatant were collected. (Figure 4A). The findings from ELISA and real-time quantitative PCR (real-time
gPCR) revealed that active IBD-Sexos induce inflammation in macrophages, resulting in heightened secretion of inflammatory cytokines
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Figure 4. Impact of saliva-derived exosomes on THP-1 cells
(A) Co-culture model of salivary exosomes alongside THP-1 cells in vitro.
(B-D) Protein quantities of the cytokines IL-1B, IL-6, and TNF-a. in the cell supernatant of THP-1 cells assessed via ELISA.

(E and F) mRNA levels of M1 macrophage makers CD80 and CD86 were measured using real-time qPCR (normalized to GAPDH). Data were presented as
means + SEM. ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

including IL-1B, IL-6, and TNF-a, while also facilitating the polarization of macrophages toward the M1 phenotype. In contrast, salivary exo-
somes from IBD patients in remission and healthy control have no such effect (Figures 4B-4F).

To confirm the influence of salivary exosomes on intestinal macrophages in vivo, we observed changes in macrophages within the colonic
lamina propria. Immunohistochemistry was used to detect the macrophage population in colon tissue, revealing a significant infiltration of
CD68" macrophages into the intestinal lamina propria following gavage of active IBD-Sexos to DSS mice (Figures 5A and 5B). To further clarify
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Figure 5. Salivary exosomes regulate gut immunity in DSS-induced mice via upregulating the initiation of the NF-xB pathway

(A and B) Expression of CD68+macrophages in colon tissue analyzed by immunohistochemistry (scale bars: 100 um) and statistical examination. UC/A vs. PBS: *,
UC/R vs. PBS: ns, CD/A vs. PBS: **** CD/R vs. PBS: ns, HC vs. PBS: ns.
(C and D) Flow cytometry investigation of CD11b+ CD86" M1 macrophage cells and statistical analysis. UC/A vs. PBS: **, UC/R vs. PBS: ns, CD/A vs. PBS: *, CD/R
vs. PBS: ns, HC vs. PBS: ns.
(E and F) mRNA levels of IL-1B and IL-6 in colon tissue (normalized to GAPDH). IL-6: CD/A vs. PBS: *; IL-1B: CD/A vs. PBS: **; no statistical significance observed in

comparison of other

groups with PBS.

(G-1) Representative western blotting of phosphorylated IkBa. (p-1kBa), [kBa, p-p65, pb5, and B-actin in the colon, quantification of the protein levels of p-p65 and
p-IkBa, normalized to B-actin. p-lkBa: UC/A vs. PBS: *, UC/R vs. PBS: ns, CD/A vs. PBS: *, CD/R vs. PBS: *, HC vs. PBS: ns; p-p65: UC/A vs. PBS: ***, UC/R vs. PBS:
ns, CD/A vs. PBS: ns, CD/R vs. PBS: ns, HC vs. PBS: ns. Data were presented as means + SEM. ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Salivary exosomes reshape the gut microbiota configuration in DSS-induced mice

(A) The linear discriminant analysis (LDA) effect size (LEfSe) characterized the bacterial community between UC/A salivary Exo+ DSS and UC/R salivary Exo+ DSS
at the genus level.

(B) LEfSe was utilized to assess the bacterial groupings between CD/A salivary Exo+ DSS and CD/R salivary Exo+ DSS at the genus level. An LDA score over three
indicates a higher relative level in the associated group than others.

macrophage typing, we used flow cytometry to detect surface markers of M1-type macrophages. The findings indicated that an elevation in
CDB86"CD11b+ macrophages was observed by flow cytometry, indicating an increase in M1 macrophages (Figures 5C, 5D, and S5). Then, we
characterized the influence of salivary exosomes on inflammatory cytokine generation mechanistically associated with IBD. CD/A-Sexos
administration increased the levels of several inflammatory cytokines, including IL-1B and IL-6 (Figures 5E and 5F). Then, we assessed the
expression of various crucial regulators of the NF-kB signaling pathways using western blotting. The phosphorylation levels of IKBa and
p65 were augmented significantly in DSS mice following the gavage of active IBD-Sexos (Figures 5G-5I). So, active IBD-Sexos make a differ-
ence in epithelial barrier function and intestinal immune dysfunction by degrading the IkB-a, which was the inhibitory protein of NF-kB, then
the p65 translocated into the nucleus to trigger NF-«B signaling pathways.

Effect of salivary exosomes on the makeup of intestinal microbiota in DSS-induced mice

Intestinal microbiota imbalance critically influences the pathogenesis and development of IBD. After confirming the role of salivary exosomes
in modulating intestinal immunity, we explored whether salivary exosomes could influence the gut microbiota. The results of the principal-
component analysis based on the amplicon sequence variant level of the gut microbiota in mice from various groups are depicted in Fig-
ure S6A. Compared to the control group (N), significant alterations in the gut microbiota composition were observed in the remaining six
groups of mice with colitis. Notably, the group treated with CD/A-Sexos exhibited the most pronounced changes in the gut microbiota com-
munity structure. What's more, we investigated the fecal material of mice in each group by 16S rRNA sequencing. LEfSe (LDA effect size) can
find the biomarker with statistical differences between groups. The results demonstrated an elevated abundance of Lactobacillus in DSS-
induced colitis mice after the gavage of salivary exosomes from UC patients in remission. Additionally, the proportion of Akkermansia showed
a significant increase in DSS mice following the gavage of salivary exosomes obtained from CD patients in remission. On the contrary, in the
DSS mice gavaged with active IBD-Sexos, although there was a compensatory increase in the proportion of probiotics, there was also an
elevation in the levels of damaging bacteria like Enterococcus and Clostridium (Figures 6A, 6B, S6B, and S6C). These findings suggested
that salivary exosomes may function in regulating intestinal microbiota. Moreover, the regulatory effects of salivary exosomes from IBD
patients with different disease states are not exactly the same.

Salivary exosome microRNAs differ between the stages of IBD

To identify the immune regulatory approaches applied by salivary exosomes in the DSS-induced colitis model, our previous bioinformatics
data showed that proteins related to immune signaling pathways in the salivary exosomes from IBD patients in the active phase (Figure S7).
Moreover, we explored the immunoregulatory functions of salivary exosomes by conducting microRNA profile analysis on salivary exo-
somes derived from patients with active IBD, IBD patients in remission, and healthy control. We identified 35 differentially expressed micro-
RNAs in active IBD-Sexos compared to exosomes extracted from IBD patients in remission and healthy control, indicating a unique im-
mune and inflammatory signature associated with active IBD (Figures 7A and 7B). In particular, the expression of 29 microRNAs was
significantly increased in active IBD patients’ salivary exosomes including miR-223-3p, miR-119b-5p, miR-203-5p, etc. Moreover, to reveal
the putative function of the salivary exosome augmented fractions isolated miRNA up- or downregulated in IBD individuals with different
disease states, we investigated the possible influence of diverse miRNA on protein-coding mRNAs. Examining the bioinformatics miRNA
target database revealed that targeted mRNAs were primarily increased in tight junction, apoptosis, and NF-kB pathways (Figure 7C). miR-
223 serves as a fresh intermediary for the interaction between the IL23 signaling pathway and CLDN8, which causes the lack of effective-
ness of the intestinal barrier and encourages IBD.”” miR-119b-5p and miR-203-5p may function in the NF-kB signaling pathway. Addition-
ally, we have analyzed the microRNA content variations in saliva-derived exosomes between active and remission phase IBD patients. We
identified 15 microRNAs with altered expression in exosomes from active IBD patients versus those in remission. Notably, 11 were signif-
icantly upregulated in the exosomes of active IBD patients (Figures S8A and S8B). A bioinformatics analysis of miRNA target databases
reveals that these microRNAs predominantly target mRNAs involved in crucial biological processes, including the tight junctions, focal
adhesion, regulation of actin cytoskeleton, PI3K-Akt signaling pathway, cytokine-cytokine receptor interaction and oxidative phosphoryla-
tion, similar to active IBD vs. remission IBD and HC. Furthermore, these microRNAs target mRNAs that play roles in ubiquitination-medi-
ated proteolysis (Figure S8C).

DISCUSSION

IBD is marked by relapsing and remission, necessitating long-term treatment for disease control.”*

Hence, an in-depth investigation into the
pathogenesis of this condition holds particular significance, particularly in elucidating the mechanisms underlying recurrent intestinal inflam-
mation in IBD. Oral microenvironment dysregulation may be implicated in the chronic inflammation of the intestinal tract in BD.*'%?*%" Prior
research has indicated alterations in salivary exosomes in both oral and systemic ailments.'®'"?*~** Nonetheless, the significance of the medi-
ated pathways in the pathogenesis of IBD induced by salivary exosomes remains unclear. This study unearthed that salivary exosomes from
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Figure 7. microRNAs contents of salivary exosomes from IBD patients with different stages

(A) A heatmap for altered microRNA content of salivary exosomes during IBD patients in the active phase.

(B) Volcano plot showing the diverse microRNA. (log2FC > 1.5, p < 0.05).

(C) Abar plot depicting the differentially expressed microRNAs targeting gene numbers across all Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

active IBD patients harbor diverse substances that potentiate inflammation and immune responses, thereby fostering the progression of in-
testinal inflammation. Conversely, this effect was absent in salivary exosomes isolated from IBD patients in remission and controls. Further-
more, we also conducted preliminary explorations into the potential factors that contribute to this phenomenon (Figure 8).

Several investigations have indicated that “oral-gut axis” might be implicated in diverse intestinal and systemic disorder progression.”’
Oral microbiota triggers IBD progression. Research has found that oral microbiota in saliva can transit to the digestive tract through swallow-
ing and interact with the microbial community in the intestines.”” Some investigations have indicated that alterations in specific oral micro-
biota are associated with the onset and severity of IBD.* Atarashi et al. revealed that oral provision of saliva from IBD patients led to the colo-
nization of potential oral pathogens in the intestines of mice, which may enhance intestinal inflammation, indicating that oral microbiota may
operate as a “reservoir” of pathogenic bacteria linked to the development of IBD via the oral-gut axis.>® Our previous research has shown that
during periodontitis, there are changes in oral mucosal immune cells, which may exacerbate the intestinal inflammation in IBD.** However,
while research on the involvement of saliva as a carrier of oral microbiota in IBD development is ongoing, there is still some controversy over
the specific mechanisms involved, and further examination is required to validate and explain these findings. Therefore, there is a pressing
need for more in-depth studies to elucidate the intricate role played by the oral-gut axis in the pathogenesis and progression of IBD.?"*> In
our study, we found that in addition to microorganisms, salivary exosomes, another substance in saliva that should not be ignored, are also
involved in intestinal inflammation in IBD. Exosomes have the hallmarks of stable, long-distance transmission without disruption, and they are
the primary players in material communication between distant cells.'*****° Here, we established that salivary exosomes possess a critical role
in interactions between the oral cavity and intestinal tract, aside from microorganisms or immune cells, exacerbating intestinal inflammation
observed in IBD.

Currently, research on salivary exosomes typically entails utilizing them solely as biological markers to diagnose or monitor disease ac-
tivity.'”"" However, salivary exosomes are not only useful as biomarkers but may also hold profound significance in systemic ailments. Since
exosomes do not cause immune rejection,”” we produced a DSS mouse model to evaluate the function of salivary exosomes from patients
with IBD. The findings of our research proved that salivary exosomes from patients during IBD flare-ups had a significant pro-inflammatory
effect. In contrast, salivary exosomes extracted from remission IBD patients did not. While previous studies have posited that various tran-
sient stimuli may impact intestinal inflammation, the factors that create sustained inflammation remain unclear. Salivary exosomes can
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reach the intestines in a steady stream by swallowing saliva, leading to consistent stimulation of the intestines. Adults swallow about 1.5 L
of saliva per day, IBD flare may last anywhere from a few weeks to several months, and salivary exosomes from IBD patients with active
phase may be associated with chronic persistent intestinal inflammation. This research indicates that there are specific components or
signaling molecules in the salivary exosomes of active IBD patients that promote colonic inflammation, which may lead to a worsening
of inflammatory reactions. However, in remission, IBD patients and healthy control groups, salivary exosomes do not have such an effect.
As for the specific processes by which saliva exosomes exacerbate intestinal inflammation in active IBD patients, further investigation is
warranted to elucidate.

The activation and polarization of macrophages, as well as the regulation of intestinal permeability by TJ protein, have a critical role in IBD
development. Numerous investigations have indicated that exosomes of different origins can act on the intestinal tract through circulation
and may exert regulatory influence in IBD."? Liu L et al. observed that Fusobacterium nucleatum secreted extracellular vesicles that promote
disruption of the intestinal membrane via initiation of the RIPK1-mediated pathway.** Another research reported that co-culturing THP-1 cells
with exosomes derived from human umbilical cord mesenchymal stem cells in vitro caused increased cell survival to prove that the exosomes
weaken colitis by modulating macrophages.** In vitro, the possible effect involved utilizing the Caco-2 cells model triggered by LPS to eval-
uate the pro-inflammation and intestinal obstacle disruption potential of salivary exosomes. THP-1 cells as a model for mimicking the function
and regulation of salivary exosomes on macrophages. Interestingly, we observed that salivary exosomes alone did not appear to induce
inflammation in Caco-2 cells in the absence of LPS stimulation. However, they did trigger the release of inflammatory cytokines in THP-1 cells.
Given the minuscule size of exosomes, which allows for their passage through various biological barriers,”” we hypothesize that upon reaching
the gastrointestinal tract, salivary exosomes may traverse the intestinal epithelial barrier and interact with the lamina propria. There, they
could stimulate resident macrophages to differentiate into the M1 phenotype and secrete inflammatory cytokines. This process may disrupt
the tight junctions of the intestinal epithelium, resulting in a pro-inflammatory environment. In vivo, the potential effect of active IBD-Sexos is
evidenced by the promotion of macrophage M1 polarization and disruption of zo-1 protein expression within the colons of mice induced
with DSS.

Numerous studies suggested that perturbation of the balance between host and gut microbes produces immune inflammation in suscep-
tible populations.*™* Lactobacillus-based therapy is a potentially effective treatment for chemokine-mediated diseases, including IBD, and
Akkermansia has been shown to be able to regulate immune disorders in mice with colitis.”” > We found that salivary exosomes derived from
IBD patients in remission leads to an elevated prevalence of beneficial gut microbes, such as Lactobacillus and Akkermansia. A study has
demonstrated that administering intestinal exosomes derived from the healing stage orally was a practical method for curing specific cases
of UC.>* Consistent with previous research, our study suggested that the difference in microbiome, especially Lactobacillus and Akkermansia
comparing treatment of salivary exosomes from patients in active or remission of IBD may potentially contribute to the mice phenotypes
observed in the study.

Studies have shown that the composition of exosomes is influenced by both their generation pathway and physiological state.”® Mitsuha-
shi et al. compared the exosomes present in the intestinal region of individuals with IBD to controls and identified significant differences in
both mRNA and protein profiles across both groups.®® In our study, we propose that the differential functional properties observed between
active IBD-Sexos and remission IBD-Sexos may be attributed to certain pro-inflammatory substances present in the exosomes from the saliva
of patients facing active IBD. These substances have the potential to be transported to the intestine through the “oral-gut axis,” contributing
to the continual progression of intestinal inflammation. Furthermore, identifying specific components within salivary exosomes that exert
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bioactivity remains challenging. Our previous research has demonstrated that proteins found in the salivary exosomes of patients during IBD
flare-ups play a crucial role in immunity and inflammation.”’ Additionally, through microRNA analysis of salivary exosomes, we have observed
distinct variations in nucleic acid content among IBD patients with different disease states, suggesting that these molecules play diverse bio-
logical roles. Notably, immune and inflammatory activities appear to be distinctive features of salivary exosomes derived from active IBD pa-
tients. Thus, we suggest that the specific proteins and microRNAs in salivary exosomes from IBD patients work together to promote inflam-
mation. Moreover, identifying the contents of salivary exosomes may be a crucial strategy for diagnosing IBD and assessing its activity.
However, the exact proinflammatory components of salivary exosomes remain unknown and deserve further examination.

In summary, our data substantiate an intriguing phenomenon whereby salivary exosomes serve as mediators in the communication be-
tween the oral cavity and the gastrointestinal tract. Salivary exosomes isolated from patients during IBD flares can aggravate intestinal inflam-
mation by disturbing the intestinal epithelial membrane, producing immune dysregulation within the intestinal lamina propria, and control-
ling the gut microbiota configuration. In contrast, salivary exosomes isolated from IBD patients in remission and normal individuals do not
demonstrate such effects. This study elucidated the function of exosomes from saliva in IBD, thereby bolstering our understanding of the
oral-gut axis. Additionally, future exploration may delve into the roles and mechanisms of specific proteins or nucleic acids within salivary
exosomes. This study offers fresh perspectives on the pathogenesis of IBD and lays the groundwork for further examination of the potential
pathophysiological functions of salivary exosomes. Furthermore, saliva may be easily obtained multiple times within a short time frame, mak-
ing it a promising avenue for future IBD diagnosis and drug efficacy prediction research.

Limitations of the study

The specific proteins and microRNAs in salivary exosomes from IBD patients work together to promote inflammation. However, the exact
proinflammatory components of salivary exosomes remain unknown in this study and deserve further examination.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-ZO1 tight junction antibody Abcam Cat# ab96587;

RRID: AB_10680012
B-actin Abcam Cat# ab8227;

RRID: AB_2305186
Caspase-3 Abcam Cat# ab184787; RRID: AB_2827742
NF-kB pé5 Cell Signaling Technology Cat# 8242S;

RRID: AB_10859369
Phospho-NF-kB pé5 Cell Signaling Technology Cati# 3033S;

RRID: AB_331284
IkB Cell Signaling Technology Cat# 9242S;

RRID: AB_331623
Phospho-IkBa Cell Signaling Technology Cat#2859S;

RRID: AB_561111

FITC anti-mouse CD45 Biolegend Cat# 157214;

RRID: AB_2894427
Brilliant Violet 421 anti-mouse F4/80 Biolegend Cat# 123131;

RRID: AB_10901171
PerCP/Cyanine5.5 anti-mouse/human CD11b Biolegend Cat# 101228;

RRID: AB_893232
APC anti-mouse CD86 Biolegend Cat# 105012;

RRID: AB_493342
PE anti-mouse CD206 Biolegend Cat# 141706,

RRID: AB_10895754
Anti-CDé68 antibody Abcam Cat# ab125212;

RRID: AB_10975465
Anti-CD63 antibody Abcam Cat# ab134045;

RRID: AB_2800495
Anti-TSG101 antibody Abcam Cat# ab125011;

RRID: AB_10974262
Anti-CD9 antibody Abcam Cat# ab223052; RRID: AB_2922392
Biological samples
Mice fecal samples This study N/A
Mice colon tissue This study N/A
Human saliva This study N/A
Chemicals, peptides, and recombinant proteins
RPMI 1640 Gbico Cat# C11875500BT
Fetal Bovine Serum (FBS) Invitrogen Cat# 10099141C
HEPES Gbico Cat# 15630130
EDTA Invitrogen Cat#t AM9260G
Trypsin Thermo Fisher Cat# 25200056

Deoxyribonuclease |

Collagenase Type VI

Sigma
Sigma

Cat# DN25-1G
Cat# C2139-5G

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Percoll Sigma Cat# GE17-0891-09
Dextran Sulfate Sodium Salt MP Biomedicals Cat# 0216011090
Phosphate Buffered Saline (PBS) Solarbio Cat# P1020
Penicillin-Streptomycin Mixed Invitrogen Cat# 15140122
DNase/RNase-Free Water Solarbio Cat# R1600

DMEM Invitrogen Cat# C11995500BT
Lipopolysaccharides from Escherichia coli (LPS) Sigma Cat# L2630

Trizol reagent Thermo Fisher Cat# 15596018
PowerUp™ SYBR™ Green Thermo Fisher Cat# A25742
Phusion High-Fidelity PCR Master Mix New England Biolabs Cat# M0532S
Protease and Phosphatase Inhibitor Cocktail Thermo Fisher Cati# 78440

Critical commercial assays

Human IL-6 ELISA Kit MultiSciences Cat# 70-EK106/2-24
Human IL-1B ELISA Kit MultiSciences Cat# 70-EK101B-24
Human TNF-a ELISA Kit MultiSciences Cati# 70-EK182-24
NEBNext Ultra Il DNA Library Prep Kit NEB Catif E7645L
QlAquick Gel Extraction Kit QIAGEN Cati#f 28706
Universal two-step detection kit ZSGB-BIO Cati# PV-9000

Deposited data

16S rRNA gene sequencing data This study GSA: CRA017599
MicroRNA sequencing data This study GSA-Human: HRA007892

Experimental models: Cell lines
Caco-2 ATCC Cat# HTB-37
THP-1 ATCC Cat# TIB-202

Experimental models: Organisms/strains

C57BL/6 mice SPF(Beijing) Vital River Laboratory N/A
Animal Technology Co., Ltd.

Oligonucleotides

Primers for quantitative PCR, see Table S2 This paper N/A

Software and algorithms

GraphPad Prism 7.0 GraphPad Software N/A
ImageJ software National Institutes of Health N/A
FASTP software FASTP software N/A
Vsearch software Vsearch software N/A
FlowJo v10.8.1 software FlowJo LLC N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics approval and consent to participate

The salivary exosomes of IBD patients with different subtypes and disease states may differ. For our cohort, we included saliva extracts from
CD individuals (n = 47) and UC (n = 58). Control group contained 25 donors without any history for IBD or other immune-mediated inflam-
matory diseases. Patient samples were performed with approval from the Ethics Committee at the Peking university people’s hospital
(2021PHB107 AND 2022PHB373), and all participants provided written informed consent. As presented in Tables 1 and S1, 105 patients
with active IBD (n = 62, 39 UC and 23 CD, 28 females, and 30 males) or in remission (n = 43, 19 UC and 24 CD, 13 females, and 30 males)
were included. Disease activity scores and recognized inflammatory biomarkers (CRP and ESR) were recorded, as well as standard treatments
and whether surgical treatment was performed. Since some of the patients did not undergo serological testing when their saliva was
collected, the number of people who underwent testing is indicated in the table. Prior to sampling, subjects were instructed to clean their
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oral cavity and to abstain from food and water for at least one hour to minimize dietary and fluid intake effects on the sample’s composition.
After a 15-minute rest period in a quiet room, participants were asked to sit in a relaxed position, with their tongue pressed against the palate
and their head naturally inclined to allow the natural flow of saliva. Saliva was collected passively in a 50 mL centrifuge tube, with a target
volume of approximately 5 mL. Immediately following collection, entire saliva extracts receiving no stimulation were retained on ice, and
then centrifugated (3000 xg, 20 minutes, 4°C) to eliminate insoluble debris, material, and cells from the samples. For subsequent experi-
ments, the saliva supernatant was temporarily kept in a refrigerator at -80°C.

Animal model and treatment

Male C57BL/6 mice (6 to 8 weeks of age) were reared in the SPF animal laboratory of Peking University People’s Hospital. All animal exper-
iments were reviewed and approved by the Institutional Animal Care and Use Committee at Peking university people’s hospital prior to the
initiation of any studies (2021phe036). Mice were randomly segregated into 7 groups (n = 3~4/group): active UC patients’ salivary exosomes +
DSS(UC/A salivary Exo+ DSS), salivary exosomes isolated from UC patients in remission + DSS(UC/R salivary Exo+ DSS), active CD patients’
salivary exosomes+ DSS (CD/A salivary Exo + DSS), salivary exosomes isolated from CD patients in remission + DSS (CD/R salivary Exo + DSS),
healthy control’ salivary exosomes + DSS(HC salivary Exo + DSS), as well as mice were given PBS by gavage + DSS (PBS + DSS) and the normal
group without DSS(N). For five days, mice were given 1.5% DSS (MP Biomedicals dissolved in water). After a subsequent five-day administra-
tion of standard water, they were executed for future experiments (Figure S9). The amount of saliva secretion can be estimated by the amount
of drinking water. For example, the daily amount of human saliva is about 1-1.5L, the amount of drinking water is about 1-2L, and the daily
amount of drinking water of mice is about 5-10 mL. According to our experiment, each milliliter of saliva contains about 7-10ug of exosomes,
so we gave 50 pg of salivary exosomes to each mouse every day.

Cell culturing

Human myeloid leukemia mononuclear cells (THP-1 cells) and human colorectal adenocarcinoma cells (Caco?2 cells) were provided by the
Department of Gastroenterology, Peking University People’s Hospital. THP-1 cells grown in RPMI 1640 medium (Gbico) supplemented
with 10% fetal bovine serum (FBS; Invitrogen) at 37°C in 5% CO,. Caco?2 cells were cultured in DMEM medium (Invitrogen) supplemented
with 10% FBS at 37°C in 5% CO,. THP-1 cells were stimulated with 100 ng/mL PMA (Sigma) for 24 hours to induce a macrophage-like pheno-
type before conducting cell experiments. Caco?2 cells were treated with 1 ug/mL LPS and 40 ug/mL of salivary exosomes simultaneously. After
24 hours of co-culture, cells and supernatants were isolated for subsequent examination.

METHOD DETAILS

IBD diagnosis and activity

Diagnosis for IBD and subtype was confirmed by clinical manifestation, endoscopy, and histology. Disease activity was determined by clinical
manifestation and endoscopic appearance. CD activity was evaluated with CDAI, including height, weight, hematocrit, symptoms, and com-
plications, etc. Ant CDEl was introduced to assist in the assessment of endoscopy activity. Therefore, the active CD was determined by CDAI
>150 or CDEI >5. For patients divided into UC subtypes, modified Mayo disease activity index containing bowel frequency, rectal hemor-
rhaging, assessment by a doctor, and endoscopy findings. Mayo score >3 was determined as active UC.

Extraction and classification of salivary exosomes

Saliva was centrifuged (12,000 x g, 20 minutes, 4°C) to remove vacuoles. After being passed through filters (0.22 um, Millipore), the super-
natant was centrifuged again (120,000 X g,70 minutes, 4°C) to pellet the exosomes (Beckman Coulter, SW32 Ti). A large volume of PBS was
then used to wash the resulting pellet, and then ultracentrifuged again under the same conditions, to prepare exosomes. The nanoparticle
tracing analysis approach (Flow NanoAnalyzer) was employed to characterize the purified exosomes, and the structure of the exosomes was
assessed utilizing transmission electron microscopy (TEM) (JEM-2000EX TEM). Western blotting was conducted to identify three established
exosome indicators (Tsg101, CD9, CD63). Counting of the exosomes was performed utilizing a Micro BCA™ Protein Assay Kit (Thermo Fisher).
he extracted exosomes were kept at -80°C for subsequent experimentation.

RNA extraction and real-time quantitative PCR (qRT-PCR)

RNA was extracted from the mouse colon and cells utilizing Trizol (Thermo Fisher) and chloroform extraction. The concentrations and purities
of the extracted RNAs were identified using a NanoDrop (ND-2000, Thermo Fisher). A RevertAid First Strand cDNA Synthesis Kit (Applied
Biosystems) was utilized to produce the cDNA following to the manufacturer’s directions. The target gene levels were characterized via
real-time quantitative PCR using SYBR®Green (Thermo Fisher). Relative mRNA levels were standardized to GAPDH and characterized by
the 2722 method. All primers utilized are outlined in Table S2.

Western blotting

The protein samples were lysed using enhanced RIPA Lysis Buffer (APPLYGEN, Beijing) and a protease & phosphatase inhibitor cocktail (100X)
(Thermo Fisher). Subsequently, the membranes were blocked with 5% w/v skimmed milk (BD Biosciences) in Tris-buffered saline supple-
mented with 0.1% v/v Tween 20 (TBST) for one hour at room temperature. Overnight incubation at 4 °C was then performed with the following
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primary antibodies: anti-CD9 (1:200, Abcam), anti-CDé3 (1:200, Abcam), anti-TSG101 (1:1000, Abcam), anti-lkB-a (1:500, CST), anti-p-IkB-a
(1:500, CST), anti-NF-kB pé5 (1:500, CST), anti-NF-kB p-pé5 (1:500, CST), anti-zo-1 (1:1000, Abcam), anti-caspase-3 (1:500, CST), and B-actin
(1:1000, Abcam).The secondary antibodies (1:2500, ZSGB-BIO) were added and incubated for one hour. Precise bands were characterized
using ECL Blotting Detection Reagents (Thermo Fisher).

Animal live imaging analysis

Salivary exosomes were tagged using a lipophilic dye, DIL (Thermo Thermo Fisher), adhering to the manufacturer’'s recommendations for
viewing. DIL-labeled salivary exosomes were given to C57BL/6 mice by gavage. After é hours, the scattering of fluorescence in mice was
examined using an in vivo imaging approach (IVIS Spectrum).

Flow cytometric analysis

Isolation of immune cells from colonic lamina propria (LPCs), to quantify immune cells, single-cell suspensions isolated from LPCs were given
anti-mouse CD16/ 32 FcR blockade and stained using fluorescence-tagged antibodies (Biolegend, USA). Fluorescence was characterized and
recorded using flow cytometry (BD Celesta), and raw data were further assessed and pictured by FlowJo v10.8.1.

Enzyme-linked immunosorbent assay (ELISA)

Supernatants were harvested to detect TNF-a,, IL-6, and IL-1B. ALL ELISA kits were from Multisciences. The specific experimental process was
carried out according to the kit's protocol. Dual-wavelength detection was performed using a Multiskan GO Microplate Reader (Thermo
Fisher). To find the OD4sg and ODsy9 or ODg30, the calibrated OD was calculated as the 450 nm measured value minus the 570 nm or
630 nm measured value. All methods were performed according to the manufacturer’s instructions.

Hematoxylin and eosin (H&E) staining and histopathological evaluation

A segment of mouse colorectal tissue was fixed using 4% paraformaldehyde (pH 7.4), dehydrated with a series of ethanol, embedded in
paraffin, sectioned into 5-um slices, stained with H&E, and finally mounted and scanned using an Upright fluorescence microscope
(ZEISS). Histopathology scores were validated in colonic segments by two blinded trained pathologists, with an integrated score for inflam-
matory cell infiltration (Score, 0-3) and tissue damage (Score, 0-3).

Immunohistochemistry (IHC)

The tissue implanted in paraffin underwent fixing and dewaxing, and the sections were placed in a preheated antigen repair solution (sodium
citrate pH 6.0) and restored for 11 mins on high heat in the microwave oven, twice in total. Then, it was followed by endogenous peroxidase
blocking for 10 minutes (room temperature). Tissues were incubated alongside a 5% BSA solution for one hour to preclude non-specific an-
tigen binding. The tissues were housed with anti-CDé8 (1:500; Abcam) (4°C, overnight), the enhanced reaction fluid, and the secondary anti-
body (ZSGB-BIO) following the producer’s recommendations. Thereafter, tissue staining with DAB (ZSGB-BIO) was utilized, and resin was
used to seal. The count of positive cells within the mucosal section was determined by microscope (ZEISS) observation and image collection.

Microbiota 16S rRNA gene sequencing

Total DNA isolated from mouse feces followed the SDS method. 16S rRNA genes across specific regions (165 V3-V4) were amplified using
specific primers and barcodes. All PCR reactions comprised 15 plL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs). PCR
products were combined in equal quantities, and purified via a Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were
developed using the NEBNext® Ultra™ IIDNA Library Prep Kit, and their quality was examined using a Qubit@ 2.0 Fluorometer (Thermo
Fisher) and Agilent Bioanalyzer 2100 system. Sequencing was performed on an lllumina NovaSeq platform, producing 250 bp paired-end
reads. Based on the barcode and primer sequence, each sample was differentiated. Following the trimming of barcode and primers, obtain-
ing Raw Tags. FASTP software was used to acquire Raw Tags quality control and acquire high-quality Clean Tags. Ultimately, Vsearch software
was employed to contrast Clean Tags with the database to validate and excise chimeras, generating valid data for subsequent analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data are presented as mean + standard error of the mean (SEM). Multiple group comparisons of data that adhered to a normal distri-
bution were performed using one-way ANOVA. Post-hoc pairwise comparisons were conducted using the Least Significant Difference (LSD)
method. Data that did not conform to a normal distribution were analyzed using non-parametric tests. Significance levels (P values) are indi-
cated in legends of each figure, showing *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001; ns, non-significant. All results of in vitro
experiments were collected from at least 3 independent biological replicates.
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