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Inflammasomes and their product interleukin 18 (IL-18) play important roles in gut microbiota
monitoring and homeostasis, and their loss of function could lead to microbiota dysbiosis and accelerate
disease progression. However, the impacts of the resulting microbiota dysbiosis on the mucosal immune
system are largely unknown. Here, we show that dysbiotic microbiota from 118/~ mice induced immune
cell loss in the small intestine (SI) in an inflammasome-independent manner. Cohousing experiments
revealed that the immunotoxic phenotype of these microbiota was transferable to wild type (WT) mice
L and induced immune cell death through the receptor-interacting protein kinase 3 (RIP3)-mixed lineage
Dysbiosis . L. . . . . e . )
Immune system kinase domain .llke pseudokinase (MLKL) pathway. Analysis of microbiota comp051t10n.1dent1ﬁed tyvo
IL-18 types of bacteria at the genus level, Ureaplasma and Parasutterella, that accumulated in 1118/~ mice
and negatively mediated changes in immune cells in the SI. Furthermore, dysbiosis in 118 7~ mice also
contributed to increased susceptibility to Listeria infection. Collectively, our results demonstrate that
IL-18 is essential to microbiota homeostasis and that dysbiotic microbiota could significantly shape
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the landscape of the immune system.
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1. Introduction

The gut microbiota plays an important role in the development,
differentiation, and homeostasis of intestinal immune cells [1-4].
On the one hand, the gut microbiota is essential for the establish-
ment of a homeostatic gut immune system. Germ-free (GF) mice
have fewer and smaller Peyer’s patches and fewer immunoglobulin
A (IgA)-producing cells than specific pathogen-free (SPF) mice
[3,5]. A recent study showed that the viral component of the gut
microbiota was essential to the homeostasis of intraepithelial lym-
phocytes (IELs) [6]. On the other hand, dysbiosis during intestinal
inflammation or disease promotes inflammation and worsens the
disease. Microbiota from inflammatory bowel disease (IBD)
patients promote T helper 17 (Th17) cells differentiation and exac-
erbate inflammation in the gut [7]. These results indicate that the
gut microbiota can maintain immune homeostasis and immune
defenses in the gut.
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Inflammasomes are cytosolic multiprotein complexes that are
formed in response to the recognition of a variety of danger signals
from both self (danger-associated molecular patterns, DAMPs) and
nonself (pathogen-associated molecular patterns, PAMPs) [8,9].
Upon assembly, the inflammasome triggers the activation of
caspase-1, which cleaves proinflammatory IL-1p and IL-18 into
active forms and induces pyroptotic cell death. Inflammasomes
and their product IL-18 play important roles in monitoring the
gut microbiota, and loss of function could lead to an imbalance
in the gut microbiota [10,11]. Nlrp3~~, Nlrp6~/~, or 1118/~ mice
all have been reported to develop dysbiosis in the gut [12-14],
although whether NLR family pyrin domain containing 6 (NLRP6)
directly regulates the microbiota needs further examination
[15,16]. Moreover, dysbiosis resulting from inflammasomes or
IL-18 deficiency could dramatically influence the progression of
inflammatory diseases. 11187/~ mice develop more severe colitis
than wild type (WT) mice due to a shift in the microbiota [13].
Furthermore, dysbiosis resulting from NLRP6 deficiency leads to
increased susceptibility to colorectal tumorigenesis [17]. These
results indicate that dysbiosis caused by inflammasomes or IL-18
can modulate the immune defense and homeostasis of the
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gut; however, the mechanisms involved in this process remain
unknown.

Here, we investigated changes in the intestinal immune system
in inflammasomes and IL-18-deficient mice and the mechanisms
underlying these alterations. We discovered that in the small intes-
tine (SI), dysbiotic microbiota in 1118/~ mice caused immune cell
death via the necrotic pathway in an inflammasome-independent
manner. Our data also demonstrated that 11718/~ mice were more
susceptible to Listeria infection, highlighting the importance of
host microbiota homeostasis in barrier functions.

2. Materials and methods
2.1. Mice

Nirp3~/~, Asc”/~, 11187/~ Rip3~/~, and Mikl”~ mice have been
previously reported [18-22]. Nlrp6~/~ mice were provided by Mil-
lennium Pharmaceuticals (Cambridge, USA). Gsdmd~~ mice were
provided by Richard Flavell (Yale University). Casp1~~ mice were
generated by co-microinjection of Cas9 mRNA and gRNA into the
C57BL/6 zygotes. WT mice were purchased from Model Animal
Research Center (Nanjing, China). Age and sex matched WT mice
were used as controls. All animal experiments were approved by
the Ethics Committee of University of Science and Technology of
China.

2.2. Cell isolation

IELs and lamina propria (LP) were isolated as described
previously with minor changes [23]. Briefly, SI or colon was flushed
with phosphate buffered solution (PBS) to remove luminal con-
tents, with Peyer’s patches excised for SI, opened longitudinally
and washed three times with PBS. Intestine was then cut into
1.5-2.0 cm pieces and shaken for 40 min at 37 °C in Hanks bal-
anced salt solutions (HBSS) with 5% fetal bovine serum (FBS). The
cell suspensions were purified by density gradient centrifugation
with 40%-70% percoll (GE Healthcare, Boston, USA). The remaining
tissues were used for LP isolation. Tissues were first shaken
2 x 20 min in HBSS with 5% FBS and 2 mmol/L ethylene diamine
tetraacetic acid (EDTA) and then incubated for 20 min in HBSS with
10% FBS and 0.5 mg/mL collagenase IV (Sigma-Aldrich, St. Louis,
USA). The tubes were shaken for 10 s. Cell suspensions were fil-
tered and purified by density gradient centrifugation with 40%-
80% Percoll. For isolation of cells from spleen, liver, thymus,
mesenteric lymph nodes (MLNs), and Peyer’s patches, the
experiments were performed as previously described [6].

2.3. Flow cytometry

Flow cytometry was performed according to standard proce-
dures. The following fluorophore-labeled monoclonal antibodies
were used: anti-major histocompatibility = complex I
(M5/114.15.2) and anti-CD45 (30-F11) from Biolegend (San Diego,
USA); anti-T-cell receptor (TCR)ap (RM4-5), anti-TCR v (eBioGL3),
anti-B220 (RA3-6B3), anti-NK1.1 (PK136) and anti-CD11c (N418)
from Thermo Scientific (Waltham, USA). Samples were processed
using a BD FACSVerse instrument (BD, San Jose, USA). Data were
analyzed with Flow]Jo™ Software (version 10.0.7, Tree Star, Franklin
Lakes, USA).

2.4. Antibiotics treatment

Mice were treated with the following antibiotic cocktails (ABX)
for four weeks in their drinking water: ampicillin (Sigma-Aldrich)
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1 g/, vancomycin (Sigma-Aldrich) 0.5 g/, neomycin
(Sigma-Aldrich) 1 g/L, and metronidazole (Sigma-Aldrich) 1 g/L.

2.5. Immunofluorescence

The SI (jejunum) or colon tissues were fixed in 4%
paraformaldehyde (PFA) for 24 h at 4 °C. After washing three times
in PBS, fixed tissues were incubated overnight in PBS with 30%
sucrose at 4 °C and then embedded in optimal cutting temperature
(OCT) compound [24]. Frozen sections (7 pum) of tissues were
blocked with 10% rabbit serum (lysozyme) or 10% rat serum
(CD45). For lysozyme, sections were incubated overnight at 4 °C
with anti-lysozyme (Abcam, Cambridge, UK) antibody, followed
by incubation with fluorescein isothiocyanate (FITC) conjugated
secondary antibody (Invitrogen, Carlsbad, USA). CD45 were
detected wusing phycoerythrin (PE) conjugated anti-CD45
(30-F11, Thermo Scientific). Images were counterstained with
4’ 6-diamidino-2’-phenylindole (DAPI, Invitrogen). Images were
acquired with DP72 fluorescence microscopy (Olympus, Tokyo,
Japan). The number of CD45" cells per villus were counted.

2.6. Hematoxylin-eosin (H&E) and alcian blue/periodic acid-schiffand
(AB/PAS) staining

The SI (jejunum) or colon tissues were fixed in 4%
paraformaldehyde (PFA) and embedded in paraffin according to
standard histological procedures. Sections of 5 pm thickness were
stained with H&E or AB/PAS and evaluated under light microscopy.

2.7. Western blotting

Freshly harvested SI (jejunum) tissues were placed in NP-40
supplemented with protease inhibitor cocktail (Roche, Basel,
Switzerland) at 4 °C. Tissues were then homogenized using Bead-
Beater Homogenizers. Suspension was centrifugated at 2000 x g
for 10 min and supernatant collected and stored at —20 °C until
further usage. Protein concentration was determined using a bicin-
choninic acid (BCA) protein assay kit (Pierce, Appleton, USA). Same
amount of protein was used for each sample. Samples were sepa-
rated on 15% sodium dodecyl sulfate (SDS)-polyacrylamid gels
and the protein was transferred to poly vinylidene fluoride (PVDF)
membranes. After blocking, membranes were stained using anti-
IL-18 (Biovision, Milpitas, USA), anti-B-actin (Proteintech, Rose-
mont, USA), or anti-P20 (AdipoGen, San Diego, USA) antibodies
and the corresponding second antibodies. Membranes were
washed and visualized using ChemiDoc XRS+ system (Bio-Rad,
Hercules, USA).

2.8. Microbial 16S rRNA sequencing and analysis

Fecal pallets and SI (ileum) contents were collected and stored
at —80 °C. The methods used for 16S rRNA sequencing analyses
were adapted from the Earth Microbiome Project (EMP, https://
earthmicrobiome.org). In brief, bacterial DNA was isolated using
QIAamp PowerFecal DNA Kit (Qiagen, Hilden, Germany) and
sequenced using Illumina MiSeq (2 x 250 bp) platform (Illumina,
San Diego, USA).

Obtained reads were filtered, dereplicated and removed
chimeras using the standard DADA2 analysis pipeline [25]. The
constructed sequence table was mapped to the optimized SILVA
database (version 132, maintained by the DADA2 team). The PHY-
LOSEQ package in R environment was then used to analyze and
visualize the amplicon sequence variant (ASV) table. Linear dis-
criminant analysis of effect size (LEfSe) [26] method was used to
find the clades most likely to explain the difference. The threshold
on the logarithmic LDA score was set to 3.
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2.9. Real-time polymerase chain reaction (PCR)

Real-time PCR was performed using SYBR Green Master Mix
(Transgen, Beijing, China) on a LightCycler 96 (Roche) to quantify
the abundance of Ureaplasma and Parasutterella. The following
primers were used [27]:

Parasutterella — forward: 5 - AACGCGAAAAACCTTACCTACC - 3/;

Parasutterella - reverse: 5’ - TGCCCTTTCGTAGCAACTAGTG - 3/;

Ureaplasma - forward: 5' - ATGTGTAGCGGTAAAATGCGTAA - 3/;

Ureaplasma - reverse: 5 - CMTACTTGCGTACGTACTACT - 3/;

16S universal - forward: 5 - AAACTCAAAKGAATTGACGG - 3';

16S universal - reverse: 5" - CTCACRRCACGAGCTGAC - 3'.

2.10. Cell survival analysis

Cells were first stained with fluorophore-labeled monoclonal
antibodies. After washing, Annexin-V/7-AAD Kit (MultiScience,
Hangzhou, China) was then used to detect the survival of cells
according to manufacturer’s instruction.

2.11. Listeria monocytogenes infection

Mice were orally gavaged with approximately 5 x 10°
colony-forming units (CFU) of Listeria monocytogenes (L. monocyto-
genes) on day 0. For the quantification of bacterial load, feces, liv-
ers, MLNs, and spleens were homogenized in PBS, plated on
MacConkey agar (Thermo Scientific) for 2 d at 37 °C, and colonies
with white halos were counted at indicated dilution ratio.
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2.12. Fecal supernatant collection and cell stimulation

Fecal supernatant was prepared as previously described with
minor changes [28]. In brief, mice feces were collected freshly
and homogenized in PBS (0.4 g/mL). Suspensions underwent 3
serial centrifugations at 3000, 10,000, and 15,000 r/min for
15 min at 4 °C. Supernatant was passed through 0.22 pm filters
and stored at —80 °C.

For cell stimulation, spleen cells were isolated as previously
described and seeded on a 24 well plate with Opti-MEM (Gibco,
Waltham, USA) containing 1% FBS and penicillin/streptomycin.
PBS or fecal supernatant was added to the well with a ratio of
1:30. After incubating at 37 °C for 4 h, cells were collected and
stained for survival analysis.

For heat treatment experiment, fecal supernatant was boiled at
95 °C for 10 min. After that, cell stimulation was performed as
described above.

2.13. Statistical analysis

GraphPad Prism (version 8.0.0, GraphPad, San Diego, USA) was
used for statistical analysis. Data are expressed as
mean * standard error of the mean (SEM). Student’s t-test or
Mann-Whitney U-test was used for two groups comparison. One-
way analysis of variance (ANOVA) or Kruskal-Wallis test was used
for multiple comparison analysis. P < 0.05 were considered
significant.
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Fig. 1. Immune cells were dramatically reduced in the small intestine (SI) of 1118/~ mice. (a, b) Total number of CD45" SI-IELs and SI-LP in WT and 118/~ mice. (c)
Representative flow cytometry plots of CD45" SI-IELs and SI-LP in WT and 1118/~ mice. (d) Representative immunofluorescence staining of jejunum and colon sections from
indicated mice. DAPI, blue; CD45, red. Scale bar represents 50 um. (e) Quantification of CD45" immunofluorescence as in (d), n = 50. (f, g) Total number of CD45" C-IELs and
C-LP in WT and 1118/~ mice. Data from 2 to 3 independent experiments are shown. Each dot represents one mouse (a, b, f, and g) or villus (e). Data represent mean + SEM.

**** P < 0.0001 and NS, not significant.
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3. Results
3.1. Immune cell loss in the SI of 1118/~ mice

To explore the role of inflammasomes and IL-18 in intestinal
immune homeostasis, we first assessed the number of immune
cells in the intestine of Il118 7~ mice. In the SI, the numbers of
CD45* SI-IELs and SI-LP cells were significantly decreased in [118 7/~
mice compared with WT mice (Fig. 1a, b). The proportion of CD45*
cells was also dramatically reduced in [118 7~ mice (Fig. 1c). Anal-
ysis of sections of the SI further confirmed the reduced numbers of
CD45* cells in 1118/~ mice (Fig. 1d, e). Such alterations were not
observed in the colon of I118 7~ mice (Fig. 1f, g). Moreover, the
number of major immune cell subsets in the colon of Il18/~ mice
(C-IELs or C-LP cells) was similar to that in the colon of WT mice
(Fig. S1a, b online). We also examined the changes in the number
of immune cells in the SI of I18/~ mice at an early age. The num-
bers of CD45+ SI-IELs and SI-LP cells were comparable between WT
and 11187~ mice at the age of 2 weeks (Fig. S1c, d online). Few
1118/~ mice showed decreased numbers of CD45"* SI-IELs and SI-
LP cells at the age of 3 weeks, while all 1187~ mice exhibited sig-
nificantly decreased numbers of CD45" SI-IELs and SI-LP cells at the
age of 4 weeks (Fig. S1c, d online). Thus, the loss of immune cells in
1118/~ mice started at approximately 3 weeks of age.

Because changes in intestinal immune homeostasis could affect
the systematic immune response [3], we next assessed the num-
bers of immune cells in gut-associated lymphoid tissues (GALTSs),
including MLNs and Peyer’s patches (PPs), and in peripheral tis-

(a)
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sues, including the spleen, thymus, and liver, of WT and 1118/~
mice. The total number of CD45" cells, as well as major immune
cell subsets, in 118/~ mice was similar to that in WT mice among
all tissues examined (Fig. S2 online). Thus, the loss of immune cells
in 1118/~ mice was confined to the SI. These results indicate that
IL-18 is important for immune cell homeostasis in the SI

3.2. Immune cell loss in the SI of 1118/~ mice is independent of
inflammasomes

Bioactive IL-18 is generally considered to be generated via the
cleavage of precursor IL-18 upon inflammasome activation [29].
We therefore assessed the changes in the number of immune cells
in inflammasome component-deficient mice. Surprisingly, in the
SI, the numbers of CD45"* SI-IELs and SI-LP cells from Nlrp3~~, Nir-
p6~/~, Asc”/~, or Casp1/~ mice were comparable to those from WT
mice (Fig. 2a-c). This discrepancy in small intestinal immune cell
numbers between 1118/~ mice and mice deficient in the remaining
inflammasome components (Nlrp3~~, Nlrp6~/~, Caspl™~, and
Asc™7) led us to assess the amount of IL-18 expressed in intestinal
tissues. We measured the expression of active IL-18 in small
intestinal tissues from WT, Caspl™~, Asc”/~, and 1118/~ mice.
Intriguingly, WT, Casp1~/~, and Asc/~ mice had similar expression
levels of active IL-18 (Fig. 2d), indicating that IL-18 could be
cleaved in an inflammasome-independent manner. Collectively,
these results suggest that IL-18 maintains immune cell homeosta-
sis in the SI in an inflammasome-independent manner.
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Fig. 2. Immune cells loss in the small intestine (SI) of 118/~ mice is independent of inflammasomes. (a—c) Total number of CD45" SI-IELs and SI-LP in indicated mice. (d) IL-18
expression in jejunum of indicated mice by Western blotting. Data from 2 to 3 independent experiments are shown. Each dot represents one mouse (a-c). Data represent
mean + SEM. NS, not significant.
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3.3. Immune cell loss in the SI of 1118/~ mice is dependent on the
microbiota

We next examined the possible cause of the loss of immune
cells in the SI in 1118/~ mice. 1118/~ mice have been reported to
have an imbalanced gut microbiota [12]. Considering that the gut
microbiota exerts a variety of structural and protective effects on
the gut [30], we first assessed whether there were any structural
defects in the [118 7~ mouse intestine that may lead to an excessive
immune response, resulting in intestinal inflammation and
immune cell death [31]. H&E staining showed no autoinflamma-
tion in the intestines of 1118/~ mice (Fig. S3a online). Goblet cells
and Paneth cells secrete mucins and antimicrobial peptides,
respectively, both of which are essential components of the intesti-
nal barrier [32]. The numbers of goblet cells and Paneth cells in the
SI of 1118/~ mice were similar to those in WT mice, although goblet
cells were dramatically increased in the colon (Fig. S3b, c online).
These results suggest that the small intestinal barrier function of
1118/~ mice was comparable to that of WT mice.

We next examined whether the loss of immune cells in the SI of
1118/~ mice was due to a dysbiotic microbiota by cohousing 1118/~
mice with WT mice for 4 weeks. Consistent with our hypothesis,
the numbers of CD45" SI-IELs and SI-LP cells were dramatically
reduced in cohoused WT (WT(I1187/~)) mice (Fig. 3a, b). Analysis
of SI sections confirmed the loss of CD45" cells in WT (1118 /")
and 1118 /~(WT) mice (Fig. 3¢, d). To further investigate the role
of the gut microbiota, we cross-fostered newborn WT mice with
1118/~ mothers (CF-WT) and vice versa (CF-1118 /). CF-WT mice

(a) (b)
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had significantly reduced CD45" cells in the SI; however, the num-
ber of CD45* cells in the SI of CF-II18 /- mice was comparable to
that of WT mice (Fig. 3e-h). Moreover, the immune cells in Il18 7~
mice could be recovered by feeding the mice ABX water for 4 weeks
(Fig. 3i, j). Thus, the microbiota is responsible for the loss of
immune cells in 1178/~ mice.

3.4. Identification of microbiota components that are associated with
the loss of immune cell phenotypes

To identify the specific microbiota that are responsible for the
loss of immune cells, we performed 16S rRNA amplicon sequencing
analysis of feces and small intestinal contents from single-housed
and cohoused WT and 178/~ mice. Microbiome communities from
WT and [118 /- mice featured distinct clusters in the principal coor-
dinates analysis (PCoA) plot (Fig. 4a), suggesting that the micro-
biota composition of these mice was different. Importantly, the
microbiota of cohoused WT mice were normalized to those of
11187/~ mice. We also assessed the diversity of feces and small
intestinal microbiomes. The alpha diversity of 1118/~ mouse feces
was significantly higher than that of WT mouse feces. No signifi-
cant differences were detected in the SI (Fig. 4b). The microbiome
differences between WT and 1118/~ mice were also evident at the
phylum level. Specifically, the relative abundance of Verrucomicro-
bia in 1118/~ mice was dramatically decreased, while Proteobacte-
ria and Tenericutes were notably increased (Fig. 4c, Table S1
online). Moreover, we found several bacterial taxa at the genus
level, such as Akkermansia and Macellibacteroides, that were
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Fig. 3. Immune cells loss in the small intestine (SI) of [118 7~ mice is transmissible to cohoused or cross-fostered WT mice. (a, b) Total number of CD45* SI-IELs and SI-LP in
WT, WT cohoused with 1118/~ (WT(Il18 /-)), 118/~ cohoused with WT(I[18 /~(WT)) and I[18 /- mice. (c) Representative immunofluorescence staining of jejunum sections
from indicated mice. DAPI, blue; CD45, red. Scale bar represents 50 um. (d) Quantification of CD45" immunofluorescence as in (c). n = 50. (e, f) Total number of CD45" SI-IELs
and SI-LP in WT, WT cross-fostered with 11787/~ mother (CF-WT), Il118 7/~ cross-fostered with WT mother (CF-1118~~) and 1118/~ mice. (g) Representative immunofluorescence
staining of jejunum sections from indicated mice. DAPI, blue; CD45, red. Scale bar represents 50 pum. (h) Quantification of CD45" immunofluorescence as in (g), n = 50. (i, j)
Total number of CD45" SI-IELs and SI-LP in indicated mice. Data from 2 to 3 independent experiments are shown. Each dot represents one mouse (a, b, ¢, f, i, and j) or villus (d,

h). Data represent mean + SEM. **** P < 0.0001 and NS, not significant.
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Fig. 4. Microbiota profiling in WT and 1118/~ mice. (a) Diversity (Shannon index) of gut microbiota from indicated mice. (b) Unweighted UniFrac PCoA of ileum and fecal
microbiota harvested from separately housed or cohoused mice. (c) Relative abundance of bacterial phylum from indicated mice. (d) Linear discriminant analysis (LDA) scores
of differentially abundant taxa in the ileum microbiomes from WT (green) and 1118/~ (red) mice. Length indicates effect size associated with a taxon. P = 0.05 for the Kruskal-
Wallis H statistic; LDA score >3. (e) Relative abundance of top differentially abundant taxa identified by LDA from indicated mice. Each dot represents one mouse (a, b, and e).
Data represent mean = SEM. * P < 0.05, *** P < 0.001, **** P < 0.0001, and NS, not significant.

significantly enriched in WT mice, as well as a few other taxa,
including Ureaplasma and Parasutterella, that were significantly
enriched in 1118/~ mice (Fig. 4d, e, and Fig. S4 online) using LEfSe.

We next sought to determine the bacteria that cosegregated
with the loss of immune cells in the SI by combining the LEfSe
results and their relative abundances in cohoused mice. Consider-
ing that CD45" cells were recovered in 1118/~ mice after treatment
with ABX (Fig. 3i, j), we focused on the ASVs that were overrepre-
sented in 1178/~ mice. The results showed that Ureaplasma and
Parasutterella were significantly increased in WT (118 /") mice,
while Rhodospirillaceae only showed an increase in [118 7~ mice
(Fig. 4d, e, and Fig. S4a-g online). Collectively, these results suggest
that the bacterial taxa Ureaplasma and Parasutterella might be the
main causes of immune cell loss in 118/~ mice.

3.5. Microbiota from 1118/~ mice induce immune cell death through
the receptor-interacting protein kinase 3 (RIP3)-mixed lineage kinase
domain like pseudokinase (MLKL) pathway

Given the marked reduction in CD45" cells in the SI of 1187/~
mice, we performed cell survival analysis of these cells from WT

and 1118/~ mice. Surprisingly, almost all the immune cells isolated
from the SI of I118/~ mice were necrotic (Fig. 5a, b). Considering
the predominant phenotype of the microbiota of 11187/~ mice
(Fig. 4a), we sought to determine the mechanisms of immune cell
death by cohousing 1118/~ mice with mice deficient in several
types of cell death. Pyroptosis and necroptosis are the two most
common forms of necrotic cell death [33]. We first assessed the
possible role of pyroptosis in immune cell death using Gsdmd/~
mice [34]. While the numbers of CD45"* SI-IELs and SI-LP cells in
Gsdmd~/~ mice were also comparable to those in WT mice, the
numbers were significantly reduced after the mice were cohoused
with 1118/~ mice (Fig. S5 online). Thus, the loss of immune cells in
11187/~ mice does not occur through pyroptotic cell death.
Receptor-interacting serine-threonine kinase 3 (RIP3) and mixed
lineage kinase domain-like protein (MLKL) are two critical regula-
tory proteins associated with necroptosis [35]. The numbers of
CD45" SI-IELs and SI-LP cells in Rip3~~ or Mikl~/~ mice were sim-
ilar to those in WT mice and were unaltered even after the mice
were cohoused with [118 7~ mice (Fig. 5¢c, d). Moreover, the real-
time PCR results showed significant increases in the relative 16S
rRNA copies of Ureaplasma or Parasutterella in both cohoused
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Rip3~/~ and cohoused Mikl~/~ mice (Fig. S6 online). Therefore, the
dysbiotic microbiota in 118/~ mice induces immune cell death
through the RIP3-MLKL pathway.

To further confirm this hypothesis, we assessed the ability of
WT and 118/~ mouse fecal supernatant (FS) to induce immune cell
death in vitro. Briefly, isolated splenic immune cells were cultured
with FS from WT or 1118/~ mice for 4 h, and the viability of the
cells was analyzed by flow cytometry. Consistent with the above
findings, the frequency of necrotic cells was significantly increased
in WT mice after culture with J118 /- mouse FS compared to WT
mouse FS, and it was comparable in MlklI”/~ and Rip3~/~ mice
(Fig. 5e, f). Moreover, adding Q-VD-OPh, a pancaspase inhibitor,
to the FS of 1118/~ mice did not decrease the frequency of necrotic
cells (Fig. S7 online), indicating that the immune cells in the SI of
1118/~ mice indeed undergo necrotic cell death. Collectively, these
findings indicate that the dysbiotic microbiota of 1118/~ mice
induce necrotic immune cell death through the RIP3-MLKL
pathway.

3.6. Microbiota dysbiosis contributes to the increased susceptibility of
1118~/ mice to Listeria infection

Because the gut microbiota plays an important role in helping
the body control pathogen expansion [36,37], we next investigated
whether dysbiosis in 1118~ mice could affect host defense against
orally administered L. monocytogenes. 1118/~ mice exhibited
reduced clearance of Listeria, as evidenced by markedly increased

(a) (b)
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body weight loss (Fig. 6a) and Listeria CFU in the spleen, liver
and MLNs (Fig. 6b-d) after 72 h of infection compared to those
of WT mice. Moreover, these trends resembled those in WT
(I118~/~) mice (Fig. 6a-d). Collectively, these results suggested that
a dysbiotic microbiota increases the susceptibility of 1118/~ mice
to Listeria infection.

4. Discussion and conclusion

In the present study, we investigated the impacts of dysbiosis
on the homeostasis of the immune system in the gut. Mice defi-
cient in IL-18 developed a dysbiotic microbiota in the gut, causing
immune cell death in the SI via the RIP3-MLKL pathway. Moreover,
dysbiosis and disruption of the immune system increased the vul-
nerability of the host to infection. Thus, our data provided evidence
that dysbiosis could strongly influence the homeostasis of the
immune system.

Our data showed that JI18 7~ mice lost immune cells in the SI in
a microbiota-dependent manner but had a normal number of
immune cells in the colon. Furthermore, the main microbial com-
position of the colon was similar to that of the intestine. One pos-
sible explanation for this discrepancy in immune system changes
may be the anatomical differences between the SI and colon. The
SI only has one easily removable layer of mucus; in contrast, the
colon has a two-layer mucus system, with dense inner mucus
and loose outer mucus [38,39]. The dense inner mucus in the colon
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Fig. 5. Immune cells loss in the small intestine (SI) of 18/~ mice depends on the RIP3-MLKL pathway. (a) Representative flow cytometry plots and (b) frequency of apoptotic
(ANNEXIN V*7-AAD ") and necrotic (ANNEXIN V*7-AAD*) CD45" cells from SI of WT and 1118/~ mice. (c, d) Total number of CD45* SI-IELs and SI-LP in indicated mice. (e)
Representative flow cytometry plots and (f) frequency of necrotic spleen CD45" cells from indicated mice after culturing in WT or 1/18 7/~ mice fecal supernatant for 4 h. Data
from 2 to 3 independent experiments are shown. Each dot represents one mouse (b-d). Data represent mean + SEM. **** P < 0.0001 and NS, not significant.
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could prevent the pathogenic microbiota from accessing immune
cells in the epithelium and lamina propria.

IL-18 is generally considered to be processed by caspase 1 and
becomes active; however, we detected active IL-18 in the intestine,
even in Casp1~/~ and Asc/~ mice. Active IL-18 was also detected in
the colon of Casp1/11~/~ mice [40], suggesting an inflammasome-
independent form of IL-18 activation. Indeed, Fas stimulation could
induce the release of active IL-18 in caspase 1-deficient macro-
phages but not in caspase 8-deficient macrophages, indicating that
caspase 8 could process IL-18 [29]. However, the enzyme responsi-
ble for active IL-18 production in the intestine still needs to be
explored.

Using 16S rRNA sequencing technology, we identified two types
of bacteria at the genus level that were highly likely to be the cause
of the loss of immune cells in the 1118/~ mouse SI: Ureaplasma and
Parasutterella. Indeed, both Ureaplasma and Parasutterella have
been recognized as opportunistic pathogens [41-43], that could
potentially disturb immune cell homeostasis. Notably, CF-1118 7/~
mice have a similar number of CD45" cells in the SI as WT mice.
Real-time PCR analysis revealed that the relative 16S rRNA copies
of Ureaplasma and Parasutterella in CF-1118/~ mice were similar
to those in normally reared WT mice (Fig. S8 online). We hypoth-
esized that IL-18 deficiency in mice leads to increased vulnerability
to the colonization and expansion of the opportunistic pathogens
Ureaplasma and Parasutterella. Additionally, isolating and transfer-
ring Ureaplasma and Parasutterella into SPF mice would provide
more direct evidence to support this conclusion.

Considering that the microbial compositions of the SI and colon
were similar, fecal supernatant (FS) was used to confirm the necro-
tic death of immune cells in the SI of 118/~ mice. However, the
molecules that induce immune cell death are still unclear. The
immunotoxic phenotype of FS from 118/~ mice was abolished
when subjected to heat treatment (Fig. S9 online). Thus, we
hypothesized that the toxin proteins secreted by these bacteria
are probable candidates [44]. For example, one species from the
genus Parasutterella, Parasutterella excrementihominis, could pro-
duce the virulence factor hemolysin, which is toxic to erythrocytes
and leukocytes [45]. This property of the virulence factor could also
explain why the epithelial structure of the SI in [/18 7~ mice was
comparable to that in WT mice.

Previous studies have shown that inflammasomes contribute to
host protection against infection by inducing the secretion of IL-1B
and IL-18 [46-48]. However, the role of dysbiotic microbiota devel-
opment in these gene knockout mice during infection remains
unknown. Our results indicated that the dysbiotic microbiota from
1118/~ mice could exacerbate intestinal Listeria infection, possibly
through disrupting the immune system in the SI.
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Collectively, our findings demonstrate that dysbiotic microbiota
could have a profound impact on intestinal immune system home-
ostasis. Understanding how microbiota influence the immune sys-
tem, whether under homeostasis or imbalance, could provide new
insights for the treatment of intestinal diseases, such as infectious
diseases, cancer, or IBD.
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