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The mammalian gut harbours trillions of commensal bacteria that interact with their
hosts through various bioactive molecules'. However, the mutualistic strategies that
hosts evolve to benefit from these symbiotic relationships are largely unexplored.
Here we report that mouse enterocytes secrete apolipoprotein L9aand b (APOL9a/b)
inthe presence of microbiota. By integrating flow cytometry sorting of APOL9-binding
bacterial taxa with 16S ribosomal RNA gene sequencing (APOL9-seq), we identify

that APOL9a/b, as well as their human equivalent APOL2, coat gut bacteria belonging

to the order of Bacteroidales with a high degree of specificity through commensal
ceramide-1-phosphate (CerlP) lipids. Genetic abolition of ceramide-1-phosphate
synthesis pathways in gut-dominant symbiote Bacteroides thetaiotaomicron
significantly decreases the binding of APOL9a/b to the bacterium. Instead of lysing
the bacterial cells, coating of APOL9a/b induces the production of outer membrane
vesicles (OMVs) from the target bacteria. Subsequently, the Bacteroides-elicited outer
membrane vesicles enhance the host’s interferon-y signalling to promote major
histocompatibility complex class Il expressionin the intestinal epithelial cells. In mice,
theloss of Apol9a/b compromises the gut major histocompatibility complex class
Il-instructed immune barrier function, leading to early mortality from infection

by intestinal pathogens. Our data show how a host-elicited factor benefits gut
immunological homeostasis by selectively targeting commensal ceramide molecules.

The microorganisms inhabiting the mammalian gut live in symbiosis
with their host. These microorganisms facilitate nutrient absorption
and metabolism, as well as directing the development of the host
immune system through various metabolites or structural molecules
they produce. For instance, short-chain fatty acids or bile acids pro-
duced by microorganisms induce the differentiation of regulatory T
(T, cells in the colonic lamina propria®®, whereas indole derivatives
and linoleic acid isomers derived from microorganisms promote the
accumulation of CD4'CD8aa’ intraepithelial lymphocytes (IELs) in
the small intestine®°. Microbial membrane-associated molecules,
suchaspolysaccharide Aand a-galactosylceramides derived from the
human symbiont Bacteroides fragilis, have also been shown to have
immunomodulatory activities on colonic T, cells and natural killer
T cells, respectively™*,

As the intestinal immune system matures, it develops sophisti-
cated defence mechanisms to cope with various immunological chal-
lenges from both endogenous microbiota and invading pathogens.
The intestinal epithelial barrier is coated with glycosylated mucins to
form a gel-like protective layer that contains antimicrobial proteins

(AMPs) produced by specialized intestinal epithelial cells (IECs) or
secretory antibodies from intestinal plasma cells™*. Recently, it has
been discovered that stromal cells associated with intestinal lymphoid
follicles secrete complement component 3 (C3) into the intestinal
lumen for bacterial deposition and pathogen clearance®. The binding
of theseintestinal defence factors to certain microbial species belong-
ing to either Gram-positive or Gram-negative species allows them to
segregate symbionts from the mucosal surface, thereby maintaining
host-microbiota mutualistic interactions'® 22, However, their target-
ing specificities do not seem to exhibit a phylogenetic preference.
Itis therefore of interest to investigate whether the host can evolve
tactics to selectively target specific members of a complex microbial
consortium, and how thisimmune-microbial mutualism benefits the
development and functionality of the intestinal immune system.

Gut enterocytes produce apolipoprotein L9a/b

Previous studies have demonstrated that microbial colonization
induces transcriptional changesintheileal IECs of the host'**. To further
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Fig.1|Identification of Bacteroidales asdominant APOL protein-binding
symbionts. a, Schematic of proteomic analysis comparingileal mucus proteins
from conventionally raised (CR) and germ-free (GF) mice, alongsideileal
microbiota-binding host proteins from CRmice. b, Proteins with increased
levelsin CR (n =3) versus GF mice (n = 3) were identified by proteomic analysis.
¢, Venn diagram showing overlap candidates between upregulated mucus
proteinsin CRmice (n=3) and microbiota-binding proteins. d,e, Immunoblot
analysis of APOL9 levelsin enriched ileal mucus proteins from wild-type (WT)
CRand GF mice (d, n = 3) or total ileal microbiotalysates from Apol9a**Apol9b**
(Apol9a/b™*) and Apol9a™Apol9b™ (Apol9a/b™") littermates (e, n =3).f, Schematic
diagram showing the flow sorting strategy of APOL9-bound ileal faecal bacteria
for16SrRNA gene sequencing. Samples fromileal lumen contents, purifiedileal
microbiota (pre-sorting supernatants) and APOL9-bound positive or negative
ilealmicrobiota after flow cytometric sorting were analysed. g, The bacterial
relative abundances at the order level are shown. h, Representative human
commensal bacterial species fromsix phyla were individually incubated with

understand how the host’s intestinal mucosal barrier responds to
microbial stimuli, we first used label-free quantitative proteomics
to identify host secretory factors whose levels in ileal mucus are
altered in germ-free mice lacking microbiota (Fig. 1a). In parallel, the
microbiota-binding host factors were also analysed through proteom-
ics after enriching the microbial compartment from the ileal mucus
of conventionally raised mice (specific pathogen-free (SPF)) (Fig. 1a).
Using this strategy, we identified 219 proteins that are upregulated in
theilealmucosal layer of conventionally raised mice and 244 proteins
thatadhereto theileal microbiota of these mice (Fig. 1b,cand Supple-
mentary Tables 1and 2). We also observed seven proteins that meet
bothcriteria (Fig.1c), including bacterial-coating IgA, whose level was
induced by microbial colonization®. Notably, inaddition to immuno-
globulinmolecules, we noticed that apolipoprotein L9a/b (APOL9a/b),
two uncharacterized microbiota-binding proteins, are also enriched
inthe conventionally raised ileal mucus (Fig. 1b,c).

recombinant mouse (rm) APOL9a, and the bacteria-APOL9abinding efficiencies
were determined by flow cytometry. The representative flow cytometry plots
areshown (n=3). For fullnames and abbreviations of each bacterial strain,
see Supplementary Table 3.1, Three representative Bacteroides species

(B. thetaiotaomicron, B. fragilis, Bacteroides stercoris) and one Clostridium
species (Clostridium perfringens) were individually incubated with rmAPOL9a
andrmAPOL9b or recombinant human (rh) APOL1,APOL2,APOL3 and APOL4
protein. The binding efficiencies were determined by flow cytometry and the
representative flow cytometry plots are shown (n=3). Dataare pooled from
twoor threeindependent experiments (b,c,h) or are representative of two
(g,i) orthreeindependent experiments (d,e). nrepresents biologically
independent samples (h,i) or biologicallyindependent animals (b-e). Data
arepresented as mean + s.e.m. Statistical analysis was performed using one-
way analysis of variance (ANOVA) followed by the false discovery rate (FDR)
procedure (b). For gel source data, see Supplementary Fig. 2. FC, fold change;
NS, not significant.

Apol9a/b belong to the APOL family and have been identified as
interferon-stimulated genes®?*. However, they have not been associ-
ated with targeting commensal microorganisms. In mice, high expres-
sionlevels of Apol9a/bwere observed inboth gut and liver tissues, with
aparticularly high abundance in various segments of the smallintestine
(Extended DataFig.1a).Inthe smallintestine, Apol9a/b were selectively
expressedinIECs rather than lymphoid compartments (Extended Data
Fig.1b). Consistent with our proteomics data (Fig. 1b), both transcripts
of Apol9a/bwerereducedin IECs from germ-free mice (Extended Data
Fig.1c). The APOL9 antibody can recognize both gene products as
the coding sequences of both genes are almost identical. Thereby, a
consistently decreased detection of APOL9 proteins was observed in
germ-free or SPF mice treated with antibiotics (ABX) (Extended Data
Fig.1d,e). Furthermore, our findings indicated that the expression of
Apol9a/b was compromised in both IfnarI- and Ifngri-deficient IECs,
suggesting microbiota-dependent interferon signalling pathways
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areinvolved inregulatingileal APOL9a/b production (Extended Data
Fig.1f-i). To further dissect their cellular sources and functions in the
smallintestine, we generated Apol9a/b-deficient mice using CRISPR-
Cas9-mediated genome editing (Extended Data Fig. 2a). Aninsertion
mutationwasintroducedinto bothgeneloci, resultingin aloss of pro-
teinproduction forbothgenesinileal IECs (Extended Data Fig.2b-d).
Unlike many AMPs that are produced by Paneth cells located at the
bottomof intestinal crypts, we demonstrated that Apol9a/b were selec-
tively expressed in enterocytes at the top of intestinal villi,as shownin
apreviously published single-cell RNA sequencing (scRNA-seq) study
of IECs” (Extended Data Fig. 2e). The validation of this observation
was further confirmed through immunofluorescence staining of ileal
APOL9 in SPF wild-type, germ-free wild-type and Apol9a/b-deficient
mice (Extended Data Fig. 2f).

Gut APOL9a/b target Bacteroidales

Next, we aimed to determine the functions of secreted APOL9. We
validated adecreaseinthelevel of ilealmucus APOL9 in Fig. 1b by immu-
noblotting with APOL9 antibody (Fig. 1d). A deficiency of Apol9a/b
also blocked the deposition of APOL9 on microbiota located in the
ileal mucus (Fig. 1e). To profile APOL9a/b microbial recognition, we
purified recombinant APOL9a protein (Extended Data Fig. 3a) and
developed aflow cytometry/16S taxonomy-based APOL9-seq strategy
to evaluate the binding selectivity of APOL9a to a complex mouse
gut microbiota (Fig. 1f). The recombinant APOL9a protein showed a
remarkable preference for binding to mouse gut commensal bacteria
from the Bacteroidales order (Fig. 1g). We also assessed the binding
of APOL9ato 52 human gut microbial strains from six major bacterial
phyla (Supplementary Table 3) by flow cytometry, and observed similar
binding preference of APOL9ato human Bacteroides, Parabacteroides,
Prevotella and Alistipes strains (Fig. 1h). Consistently, the recombinant
APOL9b also bound to the same catalogue of human microbial strains
(Fig. li and Extended Data Fig. 3b). To determine whether humans
evolved a conserved microbial binding selectivity, we searched for
the human equivalent of mouse APOL9 proteins and purified the cor-
responding recombinant proteins (Extended DataFig. 3c-e). We found
that human APOL1-APOL4 were structurally homologous to mouse
APOL9a/b and were expressed in human enterocytes® (Extended Data
Fig.3c,d,f). We then sought to assess their microbial binding speci-
ficity by flow cytometry and we found that the recombinant human
APOL2 could bind to Bacteroidales strains as efficiently as mouse
APOL9a/b (Fig. 1i). These data suggest that both mouse and human
gut APOL molecules bind to microorganisms in a conserved manner
and have a preference for engaging Bacteroidales species within the
gut microbiome.

Commensal Cer1Ps mediate the binding
Togainmolecularinsightintohow APOL9abinds to commensal Bacte-
roidales, we selected Bacteroides thetaiotaomicron for the mechanistic
studies, as this species dominates the human gut and is genetically
tractable®. A previous study reported that APOL members can bind
to eukaryotic anionic phospholipids®. One unique feature of Bacte-
roidetes is their ability to synthesize sphingolipids de novo using a
serine-palmitoyltransferase (SPT) homologous to mammalian ortho-
logues®*, leading us to speculate that the microbial sphingolipid
biosynthesis and its products might be involved in APOL9a binding
(Fig. 2a).

To test this hypothesis, we generated a series of gene knockout
strains for the sphingolipid biosynthesis pathways in B. thetaiotaomi-
cron (Fig. 2a). These included knockout strains for SPT (BT_0870
(refs. 31,32)), ceramide synthase (BT_3032, orthologue to ccna_01212
in Caulobacter crescentus®), ceramide kinase (BT_0871, orthologue
to ccna_01218 in C. crescentus), phosphoinositol dihydroceramide
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(PI-DHC) synthase (BT_1522 (ref. 35)) and myo-inositol phosphate
(MIP) synthase (BT_1526 (ref. 35)). Loss of the getaway enzyme of
sphingolipid biosynthesis, SPT or the subsequent ceramide synthasein
B. thetaiotaomicron completely abolished the binding of APOL9a to
the bacterium (Fig. 2b,c), indicating that downstream bacterial cera-
mide molecules are probably involved in mediating the APOL9 binding.
More importantly, we elucidated that the ceramide kinase, but not
PI-DHC and MIP synthase, was required for the bacterium to bind to
APOL9a (Fig. 2b,c). Furthermore, we found that the ceramide kinase
was also required for mouse APOL9b and human APOL2 to bind to
B.thetaiotaomicron (Fig.2d,e). A recent study has shown the presence
ofabacterial ceramide kinase in C. crescentus™, and we found that the
B.thetaiotaomicron ceramide kinase orthologue was also responsible
for the biosynthesis of microbial ceramide-1-phosphate (Cer1P) mol-
ecules (Fig. 2f and Supplementary Table 4). In addition, we investigated
the presence of the Cer1P biosynthetic pathway in other Bacteroidales
species used in our study, as well as datasets from the Human Micro-
biome Project®. From the phylogenetic analysis, we found that the
CerlPbiosynthetic pathway genes (homologues to BT_0870, BT_3075,
BT_3032 and BT_0871) were predominantly present in Bacteroidales
(Extended Data Fig. 4a,b and Supplementary Table 5). However, the
CerlP biosynthetic pathway was less conserved in Alistipes species,
which was consistent with their relatively weak binding to APOL9a in
all the relevant Bacteroidales species we tested (Fig. 1h and Extended
DataFig.4a,b). Thus, our findings suggest that both mouse and human
APOL proteins are likely to bind to commensal Bacteroidales species
through their membrane anionic Cer1Ps rather than other lipids.

We next sought to determine whether APOL proteins could bind
directly to microbial Cer1P molecules. Using a lipid immunoprecipi-
tation-mass spectrometry approach, we showed that recombinant
APOL9abound to B. thetaiotaomicron Cer1Ps with high affinity (Fig.2g
and Supplementary Table 6). To further test the direct binding between
APOL proteins and B. thetaiotaomicron Cer1Ps, we obtained ceramide
extracts from the bacteriumby thin-layer chromatography (TLC) and
performed a ceramide kinase reaction to generate Cer1Ps in vitro
(Fig. 2h,iand Supplementary Table 7). We found that the recombinant
ceramide kinase (BT_0871) converted B. thetaiotaomicron ceramides
to their phosphorylated forms, whereas a kinase-dead protein failed
to convert in the kinase assay (Fig. 2h,i and Extended Data Fig. 4c).
Lastly, we found that both mouse APOL9a/b and human APOL2 strongly
bound to re-extracted B. thetaiotaomicron Cerl1Ps, but not to their
ceramide precursors, using an in vitro protein-lipid overlay assay
(Fig. 2j). Together, our data demonstrate that BT_0871is a ceramide
kinase for Cer1P biosynthesis in B. thetaiotaomicron and that host APOL
proteinsbind to this bacteriumthrough adirectinteraction with Cer1P
molecules.

APOL9a/binduce OMVreleasing

As members of the APOL family have been shown to have membrane
pore-forming properties®* and mediate the clearance of intracellular
pathogens®, we assessed the bactericidal activity of APOL9 deposi-
tion on B. thetaiotaomicron. Through immunofluorescence staining,
it was observed that both APOL9a/b and APOL2 can deposit onto the
membrane of B. thetaiotaomicron (Fig. 3a). To test whether APOL9
showsbactericidal activity in vivo inthe gut, we investigated the micro-
biota compositions at different ileal loci by 16S ribosomal RNA gene
sequencing (Fig.3b-d). We observed comparable relative abundances
and compositions of Bacteroidales and other bacteriainboth theileal
luminal contents and mucus layers of wild-type and Apol9a/b-deficient
mice (Fig.3b-d).Inaddition, in vitro exposure to APOL9a or APOL9b did
notinterfere with the growth of B. thetaiotaomicron (Fig. 3e), although
high doses of APOL9 proteins showed minor growth inhibitory effects
on the strain (Extended Data Fig. 5a). We also found that adjusting
culture parameters such as pH or NaCl concentration did not affect
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Fig.2|APOL proteins bind to gut commensal Bacteroidales through
CerlPs. a, Schematic diagram of sphingolipid biosynthesis pathways in
B.thetaiotaomicron.b,c, WT or different sphingolipid biosynthesis gene mutant
strains of B. thetaiotaomicron were individually incubated withrmAPOL9a,
followed by flow cytometric analysis. The representative flow cytometry
plots (b) or binding efficiencies (c) (n=3) areshown.d,e, WT or BT_0871

B. thetaiotaomicron were individually incubated withrmAPOL9b (d) or
rhAPOL2 (e), followed by flow cytometric analysis. The representative flow
cytometry plots or binding efficiencies (n =3) are shown. f, Total lipids were
extracted from WT or BT_0871B. thetaiotaomicron and the levels of ceramides
and CerlPs were determined by lipidomics analysis. The relative abundance
ofeachindicated sphingolipidis showninthe heatmap (n =3). g, Relative
abundance of therepresented lipid species in the total lipid composition of
intact (input) or APOL9a-immunoprecipitated (IP) B. thetaiotaomicron lipid

the survival of B. thetaiotaomicronin the presence of either APOL9a or
APOL9b (Extended Data Fig. 5b,c). Altogether, these data suggest that
APOL9 may not have strong bactericidal activity against commensal
bacteria under physiological conditions.

However, we observed a bacterialmembrane bubbling phenomenon
in APOL9a-incubated B. thetaiotaomicron, as shown by transmission
electron microscopy (TEM) (Fig. 3f). Similar phenomena were also
observed in other APOL9a-incubated Bacteroidales species such
as B. fragilis, Bacteroides vulgatus, Parabacteroides distasonis and
Parabacteroides goldsteinii (Extended Data Fig. 5d). This indicates
that APOL9a deposition triggers membrane stress and subsequently
enhances outer membrane vesicle (OMV) productioninthese bacteria.
As APOL9a did not bind to Escherichia coli (Fig.1h), its incubation did

CL
0.18%

extracts by lipidomics analysis (n = 2). h,i, Ceramides from B. thetaiotaomicron
were separated by TLC, visualized with primuline staining (h) and subjected
toinvitrolipid kinase assays with recombinant CerK (BT_0871) or kinase-
dead CerK as control (i). j, Lipid-protein overlay assays were then performed
to evaluate the binding of APOL9a, APOL9b and APOL2 (Flag-tagged) to
ceramides (Cer) or the resulting CerlPs. Data are representative of two (f-j) or
threeindependent experiments (b-e). nrepresents biologicallyindependent
samples (c-g). Data are presented as mean + s.e.m. Statistical analysis was
performed using two-tailed Student’s t-test (d,e) or one-way ANOVA followed
by Bonferroni post hoctest (c). For gel source data, see Supplementary
Fig.2.CerS, ceramide synthase; CerK, ceramide kinase; MIPS, MIP synthase;
PIP-DAG synthase, CDP-diacylglycerol-inositol 3-phosphatidyltransferase;
PIPPh, phosphatidylinositol phosphate phosphatase.

notinduce OMV productionin this species (Extended Data Fig. 5e). We
also made consistent observations when APOL9b or APOL2 was incu-
bated with Bacteroidales species or E. coli (Fig. 3f and Extended Data
Fig. 5d,e). To quantify the OMV release upon incubation with mouse
APOL9a/b orhumanAPOL2, OMVs were collected from the B. thetaio-
taomicron cultural supernatants and counted under TEM. The results
showed that all three APOL proteins can promote OMV productionin
B.thetaiotaomicron (Fig.3g,h). However, loss of Cer1P synthesisin the
bacterium blocked excessive OMV productioninduced by APOL mol-
ecules (Fig.3g,h). Inaddition, host APOL proteins also promoted OMV
production from four other Bacteroidales species tested (Extended
DataFig. 5f), suggesting a conserved role for OMV release upon APOL
protein deposition.
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Fig.3|Targeting gut Bacteroidales by APOL proteinsinduces commensal
OMVrelease.a, RmAPOL9a, rmAPOL9b or rhAPOL2 were conjugated with Cy3
(red), followed by incubation with SYTO BC pre-labelled B. thetaiotaomicron.
Thebacterial coatings by indicated APOL proteins were mounted under

the microscope. Representative immunofluorescence images are shown.

b-d, 16SrRNA gene sequencing of microbial compositions of theileal lumen
or mucus contents fromApol9a/b™* (n=4) and Apol9a/b™" (n=4) mice. Relative
abundances (b), principal component analysis (PCA) plots (c) or weighted
UniFracdistances (d) of bacterial orders are shown. e, Growth curves of

B. thetaiotaomicronincubated with BSA, rmAPOL9aor rmAPOL9b under
anaerobic conditions (n=3).f, B. thetaiotaomicron was incubated with BSA,
rmAPOL9a, rmAPOL9b or rhAPOL2 for 3 hunder anaerobic conditions, followed
by TEM observation. Representative images of single B. thetaiotaomicron-
producing OMVs are shown.g,h, WT or BT_0871B. thetaiotaomicron were

To investigate how host APOL proteins induce OMV release, we
incubated mouse APOL9a or human APOL2 with either wild-type or
Cer1P-deficient B. thetaiotaomicron and performed RNA sequencing
(RNA-seq) onthese bacteria. The transcriptomic datashowed thatboth
APOL9a and APOL2 exposure significantly induced genes involved in
microbial cell membrane biogenesis and defence processes, includ-
ing RpoE (BT_4647), OmpA family (BT_1194, BT_1391) and TolC fam-
ily (BT_1267, BT_0954, BT_1695), in wild-type but not Cer1P-deficient
B. thetaiotaomicron (Extended DataFig. 5g-j). These findings show the
microbial pathwaysinvolved in APOL protein-induced OMV production
andlead usto furtherinvestigate whether APOL proteins can modulate
host gut barrier functions through commensal OMVs.

OMVs promote IEC MHC-II expression

Symbiont-derived OMVs have demonstrated bioactivity under
various immune contexts*®*%, We first compared the size and com-
position of B. thetaiotaomicron OMVs released under steady-state
or APOL9-incubated conditions. However, we did not observe sig-
nificant differences in OMV size distribution, protein, DNA,/ RNA,

214 | Nature | Vol 643 | 3 July 2025

individually incubated with BSA, rmAPOL9a, rmAPOL9b orrhAPOL2for6 h
under anaerobic conditions. The OMVs produced in the bacterial culture
supernatant were collected by ultracentrifuge and counted under TEM. The
representative TEMimages (g) or OMV numbers per view (n = 8) are shown (h).
Dataarerepresentative of two (a,e) or three independent experiments (b-d,f-h).
nrepresents biologicallyindependent animals (b-d) or biological replicates
(e,h).Dataarepresented as mean = s.e.m. Thebox shows the respective 25th
and 75th percentiles, the line within the box represents the median value and
the whiskers show the lowest and highest data pointsstill within1.5 times the
interquartilerange of the respective lower and upper quartiles (d). Statistical
analysis was performed using two-tailed Student’s t-test (d,e) or one-way
ANOVA followed by Bonferroni post hoc test (h).Scalebars, 1 pum (a), 500 nm (f),
200 nm (g).PC, principal component.

lipopolysaccharide (LPS) or peptidoglycan cargo levels or membrane
lipid composition between the groups (Extended Data Fig. 6a-c and
Supplementary Table 8), suggesting that APOL9 depositionleads only
to excess OMV production but does not affect its composition.

Next, we performed a transcriptome profiling of ileal IECs and
found that APOL9 deficiency led to a downregulation of epithelial
major histocompatibility complex class Il (MHC-1I) moleculesin these
mice (Fig. 4a). The RNA-seq results were also validated by PCR with
reverse transcription and flow cytometry quantification on ileal epi-
thelial MHC-Il levels of both wild-type and Apol9a/b-deficient mice
(Fig. 4b,c). To test whether commensal-derived OMVs may modulate
immune pathways in intraepithelial cells that are involved in MHC-II
inductionin IECs, we applied a dendritic cell (DC)-IEL-IEC Transwell
co-culture system incubated with OMV stimulus (Fig. 4d). We found
that OMVs derived from B. thetaiotaomicron significantly increased the
production of interferon-y (IFNy), a key cytokine for inducing MHC-II
in the gut epithelium®, in the DC-IEL co-culture scenario (Fig. 4€).
Consistently, we found that incubating OMVs with DCs and IELs in
the Transwell insert significantly enhanced the expression of MHC-II
molecules in basolateral co-cultured IECs (Fig. 4f). In addition, we
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Fig.4 |Bacteroidales-derived OMVs promote MHC-II gene expressionin
ileal ECs. a, Bulk RNA-seqanalysis of ileal epithelial cell (ECs) from Apol9a/b**
(n=3)and Apol9a/b™" (n=3) mice. Heatmap showing the downregulation of
MHC-llgenesinileal ECs from Apol9a/b™ mice compared with Apol9a/b** mice.
b,c, Quantitative PCR (QPCR) (b, n = 6) and flow cytometry (c, n=7) validation
ofthe downregulation of representative MHC-lgenes inileal ECs from Apol9a/
b7~ mice.d, Schematic of co-cultures of primary ileal ECs with IEL-DC contacts
under B. thetaiotaomicron-derived OMV incubationina Transwell system.
ef,ELISA analysis of supernatant IFNy production (e, n=3) and qPCR analysis
of MHC-ll gene expression (f,n=3) inileal ECs are shown. g, ELISA analysis of
supernatant IFNy production (left) or gPCR analysis of MHC-Il gene expression
inileal ECs (right) ina Transwell co-culture of WT, Myd88 ™", Tlr4”~ or Tlr27"
DCswith IELs under B. thetaiotaomicron-derived OMV incubation (n=3).

showed OMVs derived from both steady-state and APOL9 incubation
induced similar levels of IFNy production and MCH-Il expression in
the co-culture system (Extended Data Fig. 6d,e). As bacterial OMVs
are sensed by innate pathways in DCs***?, we also demonstrated that
B. thetaiotaomicron-derived OMVs stimulate gut IFNyand MHC-Ilina
TLR2-MyD88ssignalling-dependent manner, whereas the TLR4 signal-
ling was less necessary under the setting (Fig. 4g).

To examine whether the loss of MHC-1l expression in Apol9a/b-
deficient ileal epithelial cells was caused by a reduced level of
microbial OMVs, we orally treated Apol9a/b-deficient mice with
B. thetaiotaomicron-derived OMVs (Fig. 4h). Consistent with our
in vitro observation, in vivo administration of OMVs rescued ileal
IFNy levels comparable to wild-type counterparts (Fig. 4i) and con-
sequently restored the expression of epithelial MHC-1l molecules in

h, Schematic diagram of Apol9a/b™ mice administered orally with OMVs derived
from B. thetaiotaomicron. Tissues or cells were analysed on day 14. i, ELISA
analysis of ileal IFNy production from Apol9a/b*"*, Apol9a/b” and Apol9a/b™
miceadministered with OMVs (n=6).j,k, qPCR (j) and flow cytometry (k) analysis
of representative MHC-1l molecule expressioninileal ECs from Apol9a/b™*,
Apol9a/b” and Apol9a/b™ mice administered with OMVs (n = 8). Dataare
pooled fromtwo independent experiments (a,i,j) or are representative of two
(g,k) orthreeindependent experiments (b,c,e,f). nrepresents biologically
independent samples (e-g) or biologically independent animals (a-c,i-k).
Dataare presented as mean +s.e.m. Statistical analysis was performed using
two-tailed Student’s ¢-test (b,c) or one-way ANOVA followed by Bonferroni post
hoctest (e-g,i-k). MFI, mean fluorescence intensity.

Apol9a/b-deficientilea (Fig. 4j,k). Thus, our results suggest that APOL9
caninducetherelease of Bacteroides OMVs, which promotes epithelial
MHC-Il expression through multicellular interactions.

APOL9a/b modulate gut IELs and infection

As epithelial MHC-Il molecules have a crucial role in maintaining
immunological homeostasis in the gut*, we conducted an scRNA-seq
survey of CD45" immune cells from the ileal intraepithelial region of
both wild-type and Apol9a/b-deficient mice (Fig. 5a and Extended
Data Fig. 7a,b). The deletion of Apol9a/b in mice did not affect the
general composition of intraepithelial immune cells (Fig. 5a). How-
ever, we observed a significant reduction in ileal CD4"'CD8aa " IELs
as well as lymphocyte signature gene expression in these IELs upon
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Fig.5|APOL9a/b controlintraepithelial CD4'CD8««’ cellsand mucosal
infection.a-d, scRNA-seq of flow cytometry-sorted ileal intraepithelial
CD45"immune cells pooled from Apol9a/b** (n=7) or Apol9a/b™ (n = 6) mice.
a, t-distributed stochastic neighbour embedding (¢-SNE) plots of intraepithelial
immune cells from Apol9a/b** or Apol9a/b™ mice are shown. Individual points
correspondtosinglecells. b, Histogram showing the proportion ofintraepithelial
CD45"immune cells between groups. ¢,d, Volcano plot (c) and Gene Ontology
(d) analysis of the downregulated genesin CD4*CD8aa’ IELs from Apol9a/b™"
mice versus Apol9a/b*™* mice are shown. e,f, Flow cytometry analysis of ileal
CD4'CD8aa’ IELs fromApol9a/b™*, Apol9a/b” and Apol9a/b” mice administered
with OMVs. Therepresentative flow cytometry plots (e), CD4*CD8aa” cell

Apol9a/b deficiency (Fig. 5a-d and Extended Data Fig. 7c). Using flow
cytometry, we confirmed that the deficiency of Apol9a/b resulted in
areduced level of ileal CD4"CD8aax” IELs, whereas the proportions
of other IEL or lamina propria lymphocyte (LPL) compartments
remained unaffected (Fig. Se,f and Extended Data Fig. 7d,e). We also
observed that the decrease of CD4*CD8act" IELs occurred mainly inthe
ileum, with no change in the duodenum and amodest decrease in the
jejunum (Extended Data Fig. 7f). In addition, we found that OMV
administration in Apol9a/b-deficient mice not only restored epithe-
lial MHC-Illevels but also rescued CD4"CD8aat” IEL levels in these mice
(Figs.4j,kand 5e,f). This observationis consistent with a previous study
that found a decrease inileal CD4"'CD8a«” IEL levels owing to loss of
epithelial MHC-II (ref. 44).

To further investigate the in vivo APOL9-Bacteroides interac-
tion and its impact on ileal intraepithelial immunity, we first used
abroad-spectrum combination of ABX to deplete the endogenous
microbiota of either Apol9a/b-deficient mice or their wild-type lit-
termates, and then reconstituted their microbiota by faecal material
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percentages and cellnumbers (f) are shown (n=9). g-i, STminfection of
Apol9a/b**, Apol9a/b™ and Apol9a/b™ mice administered with OMVs. Survival
curves (g, n=9or8),ileal histology (day 5) (h, n = 8) and bacterial quantification
(day5)inthespleenand liver (i, n=>5) are shown. Data are pooled from two
independent experiments (a-d) or arerepresentative of three independent
experiments (e-i). nrepresents biologically independent animals (a-i). Data
arepresented as mean + s.e.m. Statistical analysis was performed using a
Wilcoxontest (c), one-way ANOVA followed by Bonferroni post hoc test (f,h,i)
orlog-rank (Mantel-Cox) test (g). Scale bar, 10 um. c.f.u., colony-forming
units; cDC, conventional dendritic cells; pDC, plasmacytoid dendritic cells;
ILC, innate lymphoid cells; NKT cell, natural killer T cells.

transfer (FMT) of amouse microbiota largely devoid of Bacteroidales
species (Extended Data Fig. 8a,b). We found that ABX treatment sig-
nificantly impaired the levels of ileal epithelial MHC-Il molecules and
CD4"CD8aa” IELs, whereas reconstitution of Bacteroidales-lacking
microbiotarestored theseintraepithelialimmune parametersto com-
parable levels between the groups, although the levels were compro-
mised compared with mice normally harbouring Bacteroidalesin our
facility (Figs. 4i-k and 5e,f and Extended Data Fig. 8c-g). These data
suggest that theimmunomodulatory function of APOL9 in vivois likely
to be Bacteroidales-dependent.

We nextsought to determine whether APOL9 proteins modulate ileal
intraepithelialimmunity in vivo through Bacteroides-deposition. To test
this, we reconstituted the microbiota of ABX-treated Apol9a/b-deficient
mice and their wild-type littermates with FMT of Bacteroidales-lacking
microbiota plus either wild-type or BT_0871-deficient B. thetaio-
taomicron strain. We found that both B. thetaiotaomicron strains
colonized the intestines of both Apol9a/b-deficient mice and their
wild-type littermates to acomparable extent (Extended Data Fig. 9a).



However, only reconstitution of the wild-type B. thetaiotaomicron
strain in Apol9a/b-sufficient mice elicited higher levels of ileal IFNy,
MHC-Il and CD4°CD8aa* IELs, whereas neither the wild-type B. the-
taiotaomicron strain reconstituted in Apol9a/b-deficient mice nor
the BT_0871-deficient B. thetaiotaomicron strain reconstituted in
Apol9a/b-sufficient or -deficient mice could further induce these
intraepithelialimmune parameters (Extended Data Fig. 9b-f). Thus,
consistent with our in vitro observations, these results suggest that
the in vivo effect of APOL9 proteins onileal intraepithelial immunity
isalso dependent on their binding to Bacteroides and the subsequent
release of OMVs.

lleal CD4"'CD8ax” IELs have been shown to possess both cytotoxic
and regulatory properties, and are crucial for maintaining immune
tolerance and anti-infection responses in the gut'®*. Therefore, we
examined whether APOL9a/b affect gut defence responses in a Sal-
monella typhimurium (STm) oral infection model. Our findings indi-
cated that APOL9a/b neither directly bound to and killed STm nor were
required fortheintracellular clearance of the organism (Extended Data
Fig.10a-d). However, mice deficientin Apol9a/b exhibited higher mor-
tality rates (Fig. 5g), more severe gutinflammation (Fig. 5h), and greater
gutbacterial burden and dissemination to non-gut organs (Fig. 5iand
Extended Data Fig. 10e), whereas OMV administration ameliorated
STminfectionin Apol9a/b-deficient mice (Fig.5g-i). Furthermore, we
did not observe a protective role of APOL9 against STm oral infection
inthe Bacteroidales-lacking microbiota reconstituted mice (Extended
Data Fig. 10f-h), or against STm systemic infection (Extended Data
Fig.10i,j). Together, these results suggest that APOL9a and APOL9b
have a protective role during enteric infection through their immu-
nomodulatory function in the gut.

Discussion

Proper intestinal-microbial mutualism is critical to maintaining
organ homeostasis. To prevent tissue perturbations caused by gut
microorganisms, the host develops strategies to target microbiota
forimmunological defence. For example, specialized intestinal cells
secrete AMPs", immunoglobulins®*®?2 and complements® to remove
harmful microorganisms and restrict the symbiotes to the intestinal
lumen. Inresponse, gut commensal bacteria evolve adaptation tactics
tomaintain their stability in the mammalian gut for extended periods.
A previous study demonstrated that members of the Bacteroidetes
phylumdevelop resistance to AMPs by dephosphorylating their LPSs,
which allows them to thrive in the host gut*®. Our study delineates a
new mechanism for tackling mutual coexistence in the scenario of
host-Bacteroidales interactions.

Unlike other known bacterial-coating proteins, we have identified
that mouse APOL9a/b and their human equivalent APOL2 preferentially
target commensal Bacteroidales species. Although many AMPs are
secreted by intestinal Paneth cells or goblet cells, these APOL proteins
are predominantly produced by enterocytes. Despite that they could
weakly affect thein vitro survival of B. thetaiotaomicron, deficiency of
Apol9a/b in mice does not disturb the overall composition of the gut
microbiota, indicating that they do not exhibit strong bactericidal
activity under static conditions. Instead, APOL9a/b bind to specific
bacterial ceramide molecules to trigger bacterial membrane defence
and biogenesis, leading to subsequent OMV production in B. thetaio-
taomicron.

Bacterial OMVs have been shown to have immunomodulatory func-
tions in several biological contexts*°*?, whereas our data show that
both mouse and human APOL proteins can induce excessive OMV
production in different Bacteroides species, suggesting a conserved
host-modulating role of this phenomenon. We extend the current
understanding of OMV biology by showing that these Bacteroides-
derived OMVs can activate innate signalling in DCs, thereby promot-
ing IFNy productioninIELs and subsequent MHC-Il expressioninileal

epithelial cells. This multicellular communication gives rise to a dis-
tinct population of ileal CD4" IELs expressing CD8ca, which mediate
mucosal immunity against infection with enteric pathogens; how-
ever, future work is needed to understand how these CD4*CD8aot” IELs
control enteric infection. In summary, our study demonstrates that
Bacteroides-derived OMVs canimprove gut barrier function by mediat-
ing IEC-immune crosstalk at the mucosal interface. These findings also
improve our understanding of how hosts benefit from mutualistic rela-
tionships with commensal bacteria through the microbiota-targeting
proteins they deploy.
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Methods

Mice

C57BL/6) mice maintained under SPF or germ-free conditions were pur-
chased from Shanghai SLAC Laboratory Animal or Cyagen Biosciences.
Apol9a™”Apol9b™ (Apol9a/b™") double-deficient mice were generated
by CRISPR-Cas9 by the Shanghai Model Organisms Center. [fnarI” and
IfngrI” mice were obtained from wild-type mice intercrossed with
Ifnar1” Ifngr1”” double-deficient mice which were provided by Q. Leng.
Myd88” mice were obtained from the Model Animal Research Center of
Nanjing University (Nanjing, China). Tir2”” mice were purchased from
Cyagen Biosciences. Tir4”" mice were provided by S. Zhu. A C57BL/6)
mouse strain largely devoid of gut Bacteroidales was purchased from
Shanghai LINGCHANG Biotech. All genetically modified mice and their
control mice on the C57BL/6) background were subjected to experi-
ments at the age of 6-12 weeks. Both male and female mice were used in
this study. Allanimals were maintained under a12-h/12-h light/dark cycle
andreceived gamma-irradiated (50 kGy) pellet chow. A temperature of
20-24 °Cand a humidity of 40-60% were used as housing conditions.
All animal studies were conducted under the Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Bio-
medical Research Ethics Committee of the Shanghai Institute of Nutri-
tion and Health (SINH-2023-QYC-1), the Institutional Animal Care and
Use Committee of the Center for Excellence in Molecular Cell Science
(SIBCB-S748-2108-031, SIBCB-S748-2308-30) or the Shanghai Institute
of Immunity and Infection (A2023018), Chinese Academy of Sciences.

Antibodies and recombinant cytokines

Rabbit polyclonal anti-GAPDH (AP0063, 1:2,000) was obtained from
Bioworld. Rabbit polyclonal anti-transferrin (17435-1-AP, 1:500) was
obtained from Proteintech. Rabbit monoclonal anti-His tag (12698,
1:500) and rabbit monoclonal anti-Flag tag (14793,1:500) were obtained
from CST. Anti-mouse APOL9 antibody (1:1,000) was raised in rab-
bits (Shanghai Ango Biological Technology) immunized with purified
His-tagged APOL9a protein. Recombinant mouse IL-15 (566302) and
mouse IL-3 (575502) were obtained from BioLegend. Recombinant
mouse IL-2 (212-12), mouse IL-7 (217-17) and mouse EGF (315-09) were
from Peprotech. Transferrin (T8158) was obtained from Sigma.

Bacterial strains and growth conditions

Anaerobic bacteria were grown on Brucella agar plates (Oxoid) sup-
plemented with 5% sheep blood, 5 mg I hemin and 2.5 mg 1 vitamin
K1, and then subculturedin Brain Heart Infusion Medium (Oxoid) sup-
plemented with 5 mg 1 hemin and 2.5 mg I vitamin K1 (BHIS). Lacto-
bacillus strains were cultured on MRS agar plates or in MRS broth (BD
Difco). All bacteria were then cultured under anaerobic conditions
(80%N,,10% H, and 10% CO,) at 37 °C in an anaerobic chamber. The
bacterial strains used are listed in Supplementary Table 3.

Genetical manipulation of bacteria

Deletion mutants were created inthe B. thetaiotaomicron VPI-5482 back-
ground and constructed using previously described counter-selectable
allele exchange methods”. Inbrief, approximately 1-kb fragments cor-
responding to the upstream and downstream regions of the target
genes were PCR amplified and then fused by fusion PCR to generate
approximately 2-kb products using the following primers: BT_0870
up forward: 5’-GTAAGATTAGCATTATGAGTGGATCCCCCTCGAATAC
ACAACTTC-3’; BT_0870 up reverse: 5-AGCTTTTCAGAGATGCTGCGA
ATTATAATTTATTATACTC-3’; BT_0870 down forward: 5’-GCAGCATC
TCTGAAAAGCTAT-3’;BT_0870 downreverse: 5-GAAGATAGGCAATTA
GTCGACGGTATAATTATATATGTATCATT-3’; BT_0871 up forward:
5-GTGTAAGATTAGCATTATGAGTGGATCCAGAAGAATCAGCAGCGATA
A-3’; BT_0871up reverse: 5-ACAATAAATCAGAAATCGGCATTTATTT
CTTTCGTTCATGCTAATCTT-3’; BT_0871down forward: 5’-AATAAATG
CCGATTTCTGATTTATTGTG-3’; BT_0871 down reverse: 5-TGGAAGA

TAGGCAATTAGTCGACCAGAGAAACCATGACCTTTCAT-3’; BT 1522 up
forward: 5-GTGTAAGATTAGCATTATGAGTGGATCCAAACGCATGTT
GCTGTAAAATT-3’; BT_1522 up reverse: 5-ATATATTGCGGTATTTGTTC
TTCATTGAATTGTTTTTATCATTAAG-3’; BT_1522 down forward: 5’-TCA
ATGAAGAACAAATACCGCAATATATTC-3’; BT_1522 down reverse:
5’-CTGGAAGATAGGCAATTAGTCGACATAGTAAAATAAGGCTACTTTTTA
TT-3’; BT_1526 up forward: 5-TAAGATTAGCATTATGAGTGGATCCC
ACAAGCAAAGACAATGTCTTCCTT-3’; BT_1526 up reverse: 5-AAC
TTTCAACTCTCCACTTATTTAATTCTATTCTATTAAAATTAAACT-3';BT_
1526 down forward: 5-AATTAAATAAGTGGAGAGTTGAAAGTTGA-3;
BT_1526 down reverse: 5-ACTGGAAGATAGGCAATTAGTCGACGATG
ATGAAGAAGTCACCGA-3’; BT_3032 up forward: 5-GGTGTAAGATTA
GCATTATGAGTGGATCCTGTATCTTCACAAGGAATTGT-3’; BT_3032
up reverse: 5-CAATTCGTTCTCTTCCATAGCTGATCTCGTATTTATGA
TTGAG-3’; BT_3032 down forward: 5-AGATCAGCTATGGAAGA
GAACGAATTGA-3’;BT_3032downreverse: 5-GATAGGCAATTAGTCGA
CGGAGTCATGTTGGTAGATCCCAGT-3'. The approximately 2-kb PCR
products were cloned into the fragment of the pLGB13 vector using
the Hieff Clone Plus One Step CloningKit (YEASEN). The resulting plas-
mids were transformed into £. coli S17-1 A pir and then conjugated into
B. thetaiotaomicron VPI-5482. The single crossover integrated Bac-
teroides strains were selected on BHIS plates containing 200 pg ml™*
gentamicinand 15 pg ml™ erythromycin and plated on BHIS plates sup-
plemented with 100 ng ml™ anhydrotetracycline. Cross-out mutants
were determined by PCR using primers targeting the two flanking
regions of the indicated genes. PCR of an intact gene plus its flanking
regions yielded a product of approximately 1,150-1,500 bp, whereas
successful deletion of the gene of interest resulted in a PCR amplicon
of only 350-450 bp of'its two flanking regions.

Proteome analysis of ileal contents

Proteinsintheileal contents were extracted by pipetting and inverting
in Tris-buffered saline with Tween 20 (TBST) with protease inhibitors
(APEXBIO, K1007). Insoluble material was removed by centrifugation
at12,000g for 20 min at 4 °C. The supernatant was then transferred
to aseparate tube and 25% trichloroacetic acid (final concentration
12.5% (v/v)) was added. The mixture was incubated for1 hat 4 °C. After
centrifugation at 12,000g for 15 min at 4 °C to remove the superna-
tant, the precipitate was cleaned twice withacetone and allowed todry
with the lid open. Using a water bath sonicator, the dried material was
redissolvedin 0.5% sodium dodecanoate and 100 mM Tris-HCI, pH 8.5.
The redissolved sample was assayed for protein concentration using
the BCA assay and the protein concentration was adjusted to1 pg pl™.
Peptides were then collected after protein digestion by trypsin and
desalination. Nanoflow liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis of tryptic peptides was conducted on
aquadrupole Orbitrap mass spectrometer (Q Exactive HF-X, Thermo
Fisher Scientific) coupled to an EASY nLC 1200 ultra-high pressure
system (Thermo Fisher Scientific) by means of a nano-electrospray
ionsource. Peptides (500 ng) were loaded ona 25-cm column (150-pum
inner diameter, packed using ReproSil-Pur C18-AQ 1.9-umsilicabeads).
Peptides were separated using agradient from 8% to12%Bin 5 min, then
12% to 30 % B in 33 min and stepped up to 40% in 7 min followed by a
15-minwash at 95% B at 600 nl min™, in which solvent Awas 0.1% formic
acid inwater and solvent Bwas 80% acetonitrile (ACN) and 0.1% formic
acid in water. The total duration of the run was 60 min. Column tem-
perature was kept at 60 °C using anin-house-developed oven. Briefly,
the mass spectrometer was operated in ‘top-40’ data-dependent mode,
collecting mass spectrometry (MS) spectra in the Orbitrap mass ana-
lyser (120,000 resolution, 350-1,500 m/z range) with an automatic gain
control target of 3 x 10° and a maximum ion injection time of 80 ms.
The mostintenseions fromthe full scan were isolated with anisolation
width of 1.6 m/z. Following higher-energy collisional dissociation with a
normalized collision energy of 27, MS/MS spectrawere collected in the
Orbitrap (15,000 resolution) with an automatic gain control target of



Article

5x10*and amaximum ioninjection time of 45 ms. Precursor dynamic
exclusion was enabled with aduration of 16 s.

RAW datafiles were processed and quantified using Proteome Discov-
erer softwarev.2.4.1.15 (Thermo Fisher Scientific) and searched against
the RefSeqmouse protein database (UPO00000589, 55,260 sequences,
release 2023_03) using the SEQUEST algorithm. The following search
parameters were used: fixed modifications, including carbamidometh-
ylation of cysteine (+57.02146 Da); variable modification, including oxi-
dation of methionine (+15.99492 Da). The mass tolerance for precursor
ions was 20 ppm, and fragment ions were set to £0.05 Da. Trypsin was
set as the enzyme, allowing for two missed cleavages. Searches used a
reverse sequence decoy strategy to control peptide false discovery, and
identifications were validated using Percolator software (v.3.06.1), with
anFDR of 0.01for proteins and peptide spectrum matches. For protein
quantification, background correction was checked and then median
normalization was applied. For quantification, proteins with at least
one unique peptide were considered for further analysis.

Recombinant protein purification

Mouse APOL9a, APOL9Db or B. thetaiotaomicron ceramide kinase
(BT_0871), including either the wild-type form or a catalytic domain
deletion mutant lacking the conserved GGDG motif (A65-68)*%, was
expressed as a C-terminal 6 x His-tagged fusion protein using the
pET-28a vector in BL21 (DE3) chemically competent cells (TSINGKE,
TSC-EO1). Bacteria were cultured in Luria-Bertani (LB) supplemented
with kanamycin (50 pg ml™) overnight, then the cultures were diluted
1:100 in fresh LB to grow to optical density (OD),, = 0.6, followed by
induction with 1 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG)
(Sango Biotech, A100487) for 20 hat 20 °C. Bacteria were then collected
by centrifugation and resuspended in binding buffer 20 mM sodium
phosphate, 0.5 M NaCl,100 pg ml™ lysozyme, 10 U ml™ DNasel,1 mM
phenylmethylsulfonyl fluoride (PMSF), 20-40 mMimidazole, pH 7.4)
for 30 min on ice and lysed by sonication. Insoluble material was pel-
leted at 20,000g, and the solubilized protein in the supernatant was
affinity purified using HisTrap FF crude (cytiva, 11000458), followed
by elution using a 50-500 imidazole gradient. After the binding buffer
was replaced with PBS supplemented with 1 mM PMSF by extensive
dialysis (more than 3 buffer changes of at least 1,000-fold v/v), the
dialysed protein was preserved in PBS supplemented with10% glycerol
and 1 mM PMSF and then stored at —80°C.

For purification ofhuman APOL1-APOL4 proteins, full-length APOL1,
APOL2, APOL3 and APOL4 protein sequences were cloned into pFast-
Bac plasmids with a C-terminal Flag tag. Individual plasmids were
transformed into DH10Bac competent cells (Biomed, BC112-01) and
plated on an LB agar plate containing 50 pg ml™ kanamycin, 7 pg ml™
gentamicin, 10 pg ml™ tetracycline, 100 pg ml™ X-gal and 40 pg mi™*
IPTG. After 48 h of incubation at 37 °C, the white spot colonies were
picked for colony PCR identification. Positive colonies were cultured
in liquid LB medium containing 50 pg ml™” kanamycin, 7 pg ml™ gen-
tamicin and 10 ug ml™ tetracycline. Bacmid DNA was extracted using
the TIANprep Mini Plasmid Kit (TIANGEN, DP103) and precipitated with
isopropanol. Sf9 cells were cultured using ESF921 Insect Cell Culture
Medium (Expression Systems, 96-001-01). Bacmid DNA was transfected
into Sf9 insect cells using X-tremeGENE 9 DNA Transfection Reagent
(Roche, 6365779001). Transfected cells were incubated at 28 °Cina
shaker incubator at 135 rpm for 72 h and the supernatant containing
recombinantbaculovirus (PO) was collected. For baculovirus amplifica-
tion, 3 mlof PO was infected into 30 mlof Sf9 cells (2-2.5 x 10° cells per
ml) andincubated at28 °Cinashakerincubatorat135 rpmfor48 h,and
the supernatant (P1) was collected. For protein expression, 10 ml of P1
wasinfected into110fSf9 cells (2-2.5 x 10® cells per ml) and incubated
at 28 °Cin a shaker incubator at 135 rpm for 48 h. Infected cells were
collected by centrifugation and resuspended in lysis buffer (50 mM
HEPES, 150 mMNaCl,1mMDTT,10 U mI™ DNasel, 1 x protease inhibitor
cocktail, 1% n-dodecyl-B-p-maltopyranoside (DDM)). Cells were lysed

at4°Cat140 rpm for 2 h and centrifuged at 40,000g for 30 min, and
the supernatant was collected. Then,1 ml of anti-flag beads (GenScript,
L00432) wasadded to the supernatantandincubatedat4 °Cat140 rpm
for 2 h, and the indicated APOL protein was eluted with FLAG peptide
(200 pg ml™) in competitive elution buffer (50 mM HEPES, 150 mM
NaCl,1mM DTT, 1 x protease inhibitor cocktail, 1% DDM, 0.1% choles-
terylhemisuccinate Tris salt). Protein concentrations were determined
by BCA assay. The purified protein was stored in Tris-buffered saline
(TBS) with10% glycerol at =80 °C until further use.

Faecal microbiota collection for mass spectrometry or flow
cytometry

Forthe collection of ileal microbiota for mass spectrometry analysis or
flow cytometry after APOL9 binding, procedures were performed as pre-
viously described with minor modifications?. In brief, an approximately
6-8-cm-long ileum was isolated from killed mice. Mucus and luminal
contents were collected and transferred to the homogenization tube,
followed by incubation with 1 ml of PBS oniice for 15 min (the protease
inhibitor cocktail was required for MS analysis). Then, 0.25 pg of grind-
ingbeads were added and vortexed continuously for atleast3 min until
the stool sample was thoroughly homogenized. After homogenization,
large insoluble particles were removed by centrifugation for 10 minat
50g,4 °C.For MS analysis, the faecal bacteriain the supernatants were
transferred to new tubes and centrifuged for 5 min (8,000g, 4 °C) before
being resuspendedin1 mlof PBS and then filtered through 5-um filters
(Millipore, SVLP02500). Bacterial pellets were then further collected
andlysedin1x SDS loading buffer (2% SDS, 10% glycerol, 100 mM DTT,
0.1% bromophenol blue and 50 mM Tris-HCI pH 6.8). These samples
were then subjected to SDS-PAGE and in-gel digestion.

For flow cytometry analysis, faecal bacteriain the supernatants were
centrifuged for 3 min (8,000g, 4 °C) and washed with1 ml of PBS con-
taining 1% (w/v) BSA (staining buffer, YEASEN). This step was repeated
twice before resuspensionin1ml of staining buffer. One sample of this
bacterial suspension (100 pl) was saved as a presort sample for 16S
sequencing analysis. The remaining faecal bacterial suspensions were
dividedinto 100 pl per sample and stained withSYTO BC (5 uM, Thermo
Fisher Scientific, S34855) for 15 min onice, followed by incubation with
recombinant APOL9a protein (0.1 ug ml™) for 30 min onice. After wash-
ingwith500 pl of PBS, the bacterial pellets were stained with 100 pl of
staining buffer containing anti-APOL9 antibody (1 ug mI™) for 30 min
onice. After afurther wash, the bacterial pellets were resuspended in
100 pl of staining buffer containing PE-conjugated donkey anti-rabbit
IgGantibody (1:50, BioLegend). Samples were then washed three times
with1mlof staining buffer before flow cytometric analysis or cell sepa-
ration (see Supplementary Fig. 1for detailed gating strategies).

Phylogenetic analysis of Cer1P biosynthesis genes in the gut
microbiome

Amino acid sequences of four enzymes involved in CerlP synthesis
(Kyoto Encyclopedia of Genes and Genomes (KEGG) IDs: BT_0870,
BT 3075,BT 3032 and BT_0871) wereretrieved fromthe KEGG database.
These sequences were used to search the genomes of 52 gut-derived
bacterial strains using BLASTp (v.2.16.0), with an e-value threshold of
less than 107 and aminimum identity of 20% or 40%. To assess their dis-
tributionin human populations, the healthy human gut metagenomic
datasets (n =361) from the iHMP dataset were analysed®. Quality con-
troland assembly of raw sequencing readsinto contigs were performed
using the Sunbeam pipeline*. Genomic binning was performed using
MetaBAT2%°, and taxonomy was assigned using CheckM*. Homologous
genes within the metagenome-assembled genomes were identified
using BLASTp with the same search criteria.

Lipid extraction and lipidomics analysis
Lipids were extracted from B. thetaiotaomicron using a modified ver-
sion of that previously described®. In brief, B. thetaiotaomicron were



homogenized in 900 pl of chloroform/methanol/MilliQ H,0 (3:6:1)
(v/v/v). Thehomogenate was thenincubated at 1,500 rpm for 30 min at
4 °C.Attheendoftheincubation, 350 plof deionized water and 300 pl
of chloroform were added to induce phase separation. The samples
were then centrifuged and the lower organic phase containing lipids
was extracted intoaclean tube. Lipid extraction was repeated once by
adding 500 pl of chloroformto the remaining aqueous phase, and the
lipid extracts were combined inasingle tube and dried inthe SpeedVac
in OH mode. The samples were stored at —80 °C until further analysis.

Lipidomicanalyses were performed at LipidALL Technologies using
aShimadzu Nexera20AD-HPLC coupled to aSciex QTRAP 6500 PLUS
as previously reported®?. Separation of individual lipid classes of polar
lipids by normal phase HPLC was performed using a TUP-HBssilica col-
umn (internal diameter 150 x 2.1 mm?, 3 um) with the following condi-
tions: mobile phase A (chloroform/methanol/ammonium hydroxide,
89.5:10:0.5) and mobile phase B (chloroform/methanol/ammonium
hydroxide/water, 55:39:0.5:5.5). Multiple reaction monitoring (MRM)
transitions were set up for comparative analysis of different polar lipids.
Individual lipid species were quantified by reference to spiked internal
standards. Cer d18:1/15:0-d7, d3-LacCer d18:1/16:0 were purchased
from Avanti Polar Lipids.

Affinity isolation of lipids by recombinant APOL9a protein

Lipid immunoprecipitation was performed as previously described
with modifications®. In brief, 100 pl of Ni-charged MagBeads (Gen-
Script, L00295) were washed three times with sterile, filtered PBS and
resuspended in binding buffer (20 mM Tris-HCI, 150 mM NacCl, 5 mM
imidazole, 0.1% Triton X-100, 1 mM PMSF and protease inhibitors).
His-tagged recombinant APOL9a (5 pg ml™) was added to the beads,
followed by incubation at 4 °C for 4 h with gentle shaking. Dried lipid
extracts (10 pg) from B. thetaiotaomicron were rehydrated in 800 pl
of the binding buffer by gentle sonication and then added to the
protein-bound beads. The mixture wasincubated for1 hatroomtem-
perature with gentle rotation. Beads without protein binding were
used as anegative control. The resin was washed three times with wash-
ing buffer (binding buffer + 20 mM imidazole) to remove unbound
components. Lipid-protein complexes were eluted with200 pl of PBS
containing 500 mMimidazole. The eluted fractions were collected, and
lipids were extracted by adding 600 pl of chloroform/methanol (2:1,
v/v). The samples were vortexed for 5 minand then spunat2,000g for
15 minto separate the aqueous and organic phases. The lower organic
phase wastransferred to a pre-weighed thin-walled glass vial and dried
in a vacuum concentrator and resuspended in a suitable solvent for
subsequent LC-MS/MS analysis.

Ceramide kinase assay

The ceramide kinase assays were performed similarly as previously
described for human CERK>**#%, In brief, the reaction was performed
ina 60-pl buffer containing 20 mM HEPES (pH 7.4),10 mM KCl, 15 mM
MgCl,,10% glycerol,1 mM DTT,1 mMATP, 0.2 mg ml*fatty acid-free BSA
and 50 ng pl™ purified B. thetaiotaomicron ceramide. The reaction was
started by adding 0.025 pg pl™ of the recombinant B. thetaiotaomicron
ceramide kinase enzyme (BT_0871). Kinase-dead BT_0871enzyme was
used asacontrol. Tubes wereincubated inawater bathat30 °Cfor1h.
After theincubation, reactions were stopped and lipids were extracted
by adding 180 pl of chloroform/methanol (2:1, v/v). After vortexing,
the phases were separated by centrifugation. The lower solvent layer
was collected, transferred to anew tube and dried using a high-speed
vacuum concentrator.

TLC of lipids

Lipid extracts were applied tosilica HPTLC plates (silicagel HSGF254,
2.5x5cm? 0.2-mm layer thickness), with loading volumes normalized
to the ODg,, of the original cultures. The plates were developed using
astandard lipid extraction solvent system of 70:20:5 (v/v/v, for total

lipid extracts) or 65:25:4 (v/v/v, for lipid extracts after kinase assay)
chloroform/methanol/ammonium hydroxide (25% NH; basis). The
d18:1/16:0 ceramide (Cayman, 10681) was used as a lipid standard.
After development, the plates were sprayed with primuline solution
(0.1mg ml™in4:1v/vacetone/distilled H,0) and visualized under ultra-
violetlight at 365 nm (ref. 35). For further lipid separation and analysis
by LC-MS/MS or protein-lipid overlay assays, lipid bands were stained
with iodine vapour (for ceramides) or phosphomolybdic acid stain-
ing (for Cer1Ps). After visualization, lipid fractions were scraped from
the plate with razor blades and transferred to 2-ml round-bottomed
Eppendorftubes. Lipids were re-extracted by the method as described
above. To remove potential phospholipid contaminants and obtain
relatively purified ceramides, the ceramide extracts were subjected to
mild alkaline hydrolysis using 0.1 M methanolic potassium hydroxide
at37 °Cfor1hinawater bath before extraction. The dry weight of the
lipid extracts was determined using an electronic analytical balance
before and after lyophilization.

Protein-lipid overlay assay

Lipid binding assays were performed using lipid-coated nitrocellu-
lose membranes as previously described®. Membranes pre-spotted
with different lipid species (50 ng pl™) were blocked with 3% fatty
acid-free BSAin TBST for1 hatroom temperature. After blocking, the
membranes were incubated with recombinant APOL9a, APOL9b or
APOL2 protein (~100 ng ml™) prepared in 3% fatty acid-free BSA in TBST
for 3 h at room temperature. Binding was detected using a primary
anti-APOL9 or anti-Flag (for Flag-tagged APOL2) antibody, followed
by an HRP-conjugated goat anti-rabbit secondary antibody. Signals
were visualized using enhanced chemiluminescence and imaged
accordingly.

IECisolation and culture
For RNA or protein collection, ileal tissues were isolated from killed
mice. After removal of the remaining mesentery/fatand Peyer’s patches,
thetissues were opened longitudinally and washed three times with cold
PBS. The tissues were then cut into 1-cm pieces and then shaken with
pre-warmed 1640 RPMI containing1 mM DTT, 5mM EDTA, 100 U ml™
penicillin, 100 pg ml™ streptomycin and 5% fetal bovine serum (FBS)
for 15 min at 200 rpm, 37 °C. The supernatants were then collected
and filtered through 70-pm cell strainers before being further used.
For in vitro culture, small intestine tissues were isolated from
4-week-old killed mice and opened longitudinally. The mucosal villi
were carefully scraped off and the remaining tissues were washed three
times with ice-cold PBS. After the small intestine was cut into 2-cm
pieces, the tissues were placed in a50-ml centrifuge tube and remixed
with 25 ml of ice-cold PBS containing 1% v/v FBS, 100 U mI™ penicil-
lin, 100 pg ml™ streptomycin and 2 mM EDTA. The tubes were then
immersed inice and shaken twice at 120 rpm for 12 min in an orbital
shaker. After discarding the supernatant, the remaining tissues were
resuspended in 20 ml of ice-cold PBS and then shaken vigorously by
hand for1min. The supernatants were then collected and transferred
to anew 50-ml centrifuge tube. Cells and small sheets of intestinal
epitheliumwere separated from the denser intestinal fragments by col-
lecting supernatants after two 60-s sedimentations at1g. To discard the
monodispersed IECs, non-IECs and debris, cells were centrifuged three
times at 150g for 3 min in DMEM plus 2% sorbitol. After the final cen-
trifugation, the IEC-containing pellets were resuspended in complete
growth media (Advanced DMEM/F-12, 5% v/v FBS,100 U mI™ penicillin,
100 pg ml™streptomycin, 10 ng ml™ mouse epidermal growth factor,
2 mM GlutaMAX, 10 mM HEPES, 1 x N2 supplement, 1 x B27 supplement
and 50% L-WRN conditioned medium). Then, 200 pl of cell suspen-
sionwas seeded into the 48-well plate precoated with 2% Matrigel and
cultured in a cell incubator (5% CO,, 37 °C). The culture medium was
changed after 3-6 hto remove non-adherent cells. Adherent cells were
incubated overnight for follow-up experiments.
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GutIEL, LPL and spleen DCisolation

IELs and LPLs were isolated as previously described with modifica-
tions®. In brief, the small intestine was opened longitudinally and
washed three times with PBS containing 0.1% BSA,100 U ml™ penicillin
and 100 pg ml™ streptomycin. After removal of the remaining mesen-
tery/fatand Peyer’s patches, the specimen was cut into 1-cm pieces and
then shaken with pre-warmed1 x Hanks’ balanced salt solution media
(without Ca** and Mg*") containing1mM DTT, 5 mM EDTA, 100 U mI™
penicillin, 100 pg ml™ streptomycin and 5% FBS for 30 minat 200 rpm,
37 °C.The supernatants were then collected and filtered through 70-um
cell strainers before separation on a40-80% Percoll density gradient
(GE Healthcare, 17-0891-01). Cells layered between the 40-80% frac-
tions were collected as IELs. For LPL isolation, the epithelial cell layer
was removed as described above and the remaining intestinal tissues
were washed twice with RPMI1640 culture medium. The tissues were
then digested in RPMI1640 supplemented with 1 mg ml™ collagenase
typel (17100017, Thermo Fisher Scientific), 0.1 mg ml DNasel (Roche,
10104159001) and 5% FBS at 200 rpm at 37 °C for 30 min. The released
cellswere thenfiltered through 40-um cell strainers, followed by Percoll
fractionation toisolate LPLs as described above.

Forisolation of splenic DCs, whole spleens were cut into 2-mm? pieces
and digested at 200 rpm for 30 min at 37 °Cin 2 ml of RPMI1640 con-
taining 0.5 mg ml™ collagenase IV (Sigma, C5138),10% v/v FBS and
0.01mg ml” DNase . The cell suspension was then passed through a
40-pMfilter and centrifuged at 500g for 3 min. DCs were first enriched
with CD11c microbeads (Miltenyi, 130-125-835).

Flow cytometry and cell sorting

Suspensions of lymphocytes, DCs or IECs were prepared by siev-
ing and gentle pipetting. Cells were then washed with ice-cold FACS
buffer (2% FBS and 2 mM EDTA in PBS) and subsequently stained
with appropriate antibodies for 30 min. Antibodies for flow cytom-
etry were purchased from Thermo Fisher Scientific or BioLegend
as follows: CD45-FITC (11-0451-82, 30-F11,1:200) and -EFLUOR 450
(48-0451-82,30-F11,1:200); TCR-yS-PE (12-5711-82, GL3,1:200) and
-PE-Cy7(25-5711-82,GL3,1:200); TCR-B-FITC (11-5961-82,H57-597,1:200)
and -PerCP-Cyanine5.5 (45-5961-82, H57-597,1:200); CD8«-FITC (11-
0081-82, 53-6.7,1:200), -PE-Cy7 (25-0081-82, 53-6.7,1:200) and -APC
(17-0081-82, 53-6.7,1:200); CD8-FITC (11-0083-82, EBIOH35-17.2,
1:200), -PE (12-0083-82, EBIOH35-17.2,1:200) and -APC (17-0083-81,
EBIOH35-17.2,1:200); CD4-PE (12-0042-82, RM4-5,1:200) and -APC
(17-0042-82, RM4-5, 1:200); CD11c-APC (17-0114-82, N418, 1:200);
CD3e-FITC (11-0031-82, 145-2Cl11, 1:200), -PE (12-0031-82, 145-2Cl11,
1:200) and -APC (17-0031-82, 145-2C11, 1:200); FOXP3-PE (12-5773-82,
FJK-16s,1:100); RORyt-APC (17-6981-82, B2D, 1:100); IL-17-APC (17-7177-
81, eBiol17B7,1:100); IFNy-PE (12-7311-82,XMG1.2,1:100); MHC-1I-PE-Cy7
(25-5321-82, M5/114.15.2,1:200); Epcam-APC (17-5791-82, 2E7, 1:200).
After washing twice with FACS buffer, DAPI (1:1,000) was added to
single-cell suspensions 5 min before sorting to exclude dead cells.
Stained cells were analysed on a Beckman Gallios flow cytometer or
sorted on a Beckman Moflo Astrios. Intracellular staining was per-
formed according to the protocol of the Foxp3/Transcription Factor
Staining Buffer set (Thermo Fisher Scientific, 00-5523-00). FlowJo_V10
software (v.10.0.7) was used for data analysis. The gating strategy for
different cell sorting was shown as follows: DAPI"Epcam*CD45 for total
smallintestine epithelial cells; DAPI"CD45'CD3" for total small intestine
IELs; DAPI"CD45*CD11c*MHC-II* for DCs (see Supplementary Fig.1for
detailed gating strategies).

Co-housing, microbiota depletion and reconstitution

The procedures for the co-housing and microbiota reconstitution
experiments were performed as previously reported®. For co-housing
experiments, germ-free and SPF wild-type mice, age- and sex-matched
to approximately 4 weeks of age, were randomized and housed in the

same room in an isolator cage with the same diet for at least 4 weeks.
For microbiota reconstitution experiments, GF mice were transferred
tonewisolator cages and given orally 200 pl of faecal bacteria obtained
by homogenizing the entire contents of the faeces of matched donor
micein50 mlofwater. For microbiota depletion, the drinking water of
the indicated mice was supplemented with a weekly mixture of 1g 1™
ampicillin, metronidazole, neomycin sulfate and 0.5 g I vancomycin
hydrochloride (Sangon Biotech) for 4 weeks. Changes in caecum size
caused by bacterial death and a stool DNA extraction kit to assess fae-
cal bacterial 16S rDNA were used to measure ABX activity. For FMT in
SPF mice, the mice were pre-treated with the same broad-spectrum
ABX for 1-2 weeks before transplantation of donor ileal microbiota
lacking Bacteroidales. FMT with either wild-type or BT_0871-deficient
B.thetaiotaomicron was performed using bacteriagrown anaerobically
for48 honblood agar plates from frozen stocks. Single colonies were
inoculated into BHIS medium, and the cultures were collected after
18 h. Bacterial cultures were quantified by OD measurement, pelleted
andresuspendedin PBS (5 ml of culture resuspendedin 500 pl of sterile
PBS). The bacterial suspension was then mixed with faecalbacteriaatan
ODratio of approximately 2:3 and administered to mice by oral gavage
(200 pl per mouse). Colonization status was verified by qPCR analysis.

Immunoblotting

For protein extraction from primaryIECs, cells were collected from the
indicated mice as described above, washed twice withice-cold PBS and
thenlysed for30 minonice with RIPAlysis solution (Beyotime, PO013)
containing1 mM PMSF and protease inhibitors. The lysates were then
centrifuged at 13,000g for 15 min at 4 °C. Protein concentration was
determined by the Bradford method. During the pre-run, the superna-
tant was boiled with 2 x PAGE loading buffer 1:1 (v/v) containing 125 mM
Tris-HCIpH 6.8,30% glycerol and 0.1% bromophenol blue in ddH,0 for
10 min, and then followed by SDS-PAGE analysis (see Supplementary
Fig. 2 for uncropped immunoblotting images).

Real-time PCR

RNAswere extracted from cells or tissues using RNAiso reagent (Takara,
9109) according to the manufacturer’sinstructions, and then reverse
transcribed into complementary DNA using the One-Step PrimeScript
RT-PCRKit (Takara, RRO37A). The cDNAs were used for real-time PCR
analysis with the indicated primer sets and SYBR Green PCR Master
Mix (YEASEN, 11202ES03). PCR was performed using Step One Plus
Real-Time PCR Systems (VIIA7, Applied Biosystems). The PCR condi-
tions were 95 °C for 1 min, followed by 40 cycles of denaturation at 95 °C
for5 sand annealing and extensionat 60 °Cfor 30 s. The primers used
are listed in Supplementary Table 9.

Immunofluorescence

For tissue immunofluorescence, unwashed mouse ileal tissues (includ-
ing luminal contents) were fixed in Carnoy’s fixative consisting of 60%
methanol, 30% chloroform and 10% acetic acid at 4 °C overnight, fol-
lowed by embedding in paraffin as described®. Next, 8-um sections
were cut,dewaxed and hydrated. The sections were then blocked with
1% BSA in PBS for 1 h and subjected to immunostaining. The antibod-
ies and stains used for immunofluorescence were as follows: rabbit
anti-APOL9 (1:200), donkey anti-rabbit IgG secondary antibody, Alexa
Fluor 594 (Thermo Fisher Scientific, A21207,1:1,000), DAPI (1:1,000,
Beyotime), rhodamine-conjugated UEA1 (Ulex Europaeus Agglutinin1,
Vector Laboratories, 1:500). Tissues were visualized by fluorescence
microscopy (Zeiss Axio Imager A2). To visualize APOL9/APOL2 bind-
ing to B. thetaiotaomicron by immunofluorescence, recombinant
mouse APOL9a/b or human APOL2 was labelled with sulfo-Cyanine3
NHS ester (D10016, Duofluor) and overnight bacterial cultures were
stained with SYTO BC Green dyes (5 pM) according to the manufac-
turer’sinstructions. Cy3-labelled APOL9 or APOL2 was thenincubated
with SYTO-labelled B. thetaiotaomicron at a final concentration of



5pg mi*for 20 minin an anaerobic chamber. The mixture was centri-
fuged, washed once with PBS and resuspended in PBS. Slides were then
mounted and observed using a Zeiss LSM88ONLO FLIM microscope.
Data were analysed by ZEN software (Zeiss, black edition, v.1.1.0.0).

Bacterial killing assays

Bacterial killing assays were performed as previously described with
minor modifications. Briefly, 5 ml of bacterial cultures were grown
to the midlogarithmic phase, and then pelleted and washed in 5 ml of
standard assay buffer (10 mM MES pH 5.5 and 25 mM NacCl). Purified
APOL9 proteins were added at various concentrations (0-30 pg mi™)
toaround 5 x 10° c.f.u. per ml of bacteria. Bacteria were incubated at
37°C for 2 h and then washed in PBS, and stained with 1 pg ml™ pro-
pidiumiodide in PBS for 20 min. The cells were then centrifuged and
washed in PBS. A flow cytometer was used to determine the percentage
of propidium iodide-positive cells (CytoFLEX, Beckman).

16S rRNA gene sequencing

Total genomic DNA from microbial samples was extracted using the
QIAamp Fast DNA Stool Mini Kit (QIAGEN) according to the manufac-
turer’s protocols. DNA concentration was monitored using the Qubit
dsDNA HS Assay Kit. Next-generation sequencing libraries and lllumina
sequencing were performed by the company (AZENTA). The sequenc-
ing library was prepared using the MetaVX Library Preparation Kit.
Briefly,20-50 ng of DNA was used to generate amplicons covering the
V3 and V4 hypervariable regions of the bacterial 16S rRNA gene (the
forward primer: 'CCTACGGRRBGCASCAGKVRVGAAT’; and the reverse
primer: ‘'GGACTACNVGGGTWTCTAATCC’). The amplicon concentra-
tionwas detected by amicroplate reader (Tecan, Infinite 200 Pro) and
the approximately 600-bp amplicon fragment was detected by 1.5%
agarose gel electrophoresis. Then, 250/300-bp paired-end sequencing
was performed using an Illumina MiSeq/NovaSeq platform (Illumina)
following the manufacturer’s protocols. After dual-indexed sequenc-
ing, paired-end reads were merged and filtered to remove sequences
containing ambiguous bases (N), retaining sequences with lengths
greater than 200 bp. Following quality filtering and chimera removal,
the remaining sequences were clustered into operational taxonomic
units (OTUs) using VSEARCH (v.1.9.6) at a 97% similarity threshold, with
the SILVA 138 database as the 16S rRNA reference. The representative
OTU sequences were taxonomically classified using the RDP classi-
fier (Ribosomal Database Program) with a Bayesian algorithm, and
the community composition of each sample was analysed at different
taxonomiclevels. Betadiversity was assessed by means of unweighted
UniFracanalysis to evaluate significant differences between microbial
communities. Visualization was performed using PCA on the basis
of OTU abundance. Hierarchical clustering was conducted using the
UPGMA (unweighted pair group method with arithmetic mean) algo-
rithm with the group average linkage method.

RNA-seq of B. thetaiotaomicron

RNA purification, cDNA library preparation and sequencing. Total
bacterial RNA was extracted from each sample using the RNeasy Mini
Kit (Qiagen). The extracted RNA was quantified and assessed for quality
using an Agilent 2100/2200 Bioanalyzer, aNanoDrop spectrophotom-
eter (Thermo Fisher Scientific) and 1% agarose gel electrophoresis.
Approximately 300-500 ng of total RNA was then hybridized with a
single-stranded DNA probe designed to target rRNA. After hybridiza-
tion, both the rRNA and the bound DNA probe were digested to remove
them from the mixture. The remaining RNA was purified using RNA
Clean Beads for recovery. The purified RNA was fragmented using
divalent cations to generate suitable templates for library prepara-
tion. Reverse transcription was performed using random primers to
synthesize cDNA from the fragmented RNA. During the second-strand
synthesis, dUTP (deoxyuridine triphosphate) was incorporated, while
5 phosphorylationand 3’ adenylation were performed simultaneously

in the same reaction. Sequencing adaptors were then ligated to both
ends of the double-stranded cDNA to allow identification and sequenc-
ing during downstream processes. The adaptor-ligated fragments were
purified and size selected using DNA Clean Beads to enrich the desired
library fragments. Next, PCR amplification was performed using P5
and P7 primers to generate the final library. Uracil-DNA glycosylase
was included in the PCR mix to degrade the dUTP-containing second
strand and ensure strand specificity. Rigorous quality control checks
were performed to confirm the suitability of the library for sequencing.
Finally, libraries from different samples, each uniquely indexed, were
pooled and sequenced using paired-end 150-bp (PE150) sequencing
onan lllumina NovaSeq 6000 platform following the manufacturer’s
instructions.

Data analysis. To remove technical sequences, such as adaptors, PCR
primers or their fragments, and poor quality bases (Phred score <20),
theraw FASTQ data were processed using Cutadapt (v.1.9.1). The param-
etersusedincluded aPhred cutoff of 20, anerror rate of 0.1,aminimum
adaptor overlap of 1 bp, aminimumread length of 75 bp and amaximum
Nratio of 0.1. First, reference genome sequences and gene model anno-
tation files for the relevant species were downloaded from the genome
databases of UCSC,NCBIand ENSEMBL. The reference genomes were
then indexed using Bowtie2 software (v.2.2.6). Clean reads were then
aligned to the indexed reference genome using Bowtie2 with default
parameters. For transcript quantification, transcripts in FASTA format
were generated from known GFF annotation files and properly indexed.
Using this as areference, gene expression levels were estimated from
the paired-end clean databy HTSeq (v.0.6.1p1). Differential expression
analysis was performed using the DESeq2 package in Bioconductor,
which uses amodel based on the negative binomial distribution. To
control the FDR, Pvalues were adjusted using the Benjamini-Hochberg
method, and genes with adjusted Pvalues <0.05 were considered differ-
entially expressed. For functional enrichment analysis, GOSeq (v.1.34.1)
was used to identify Gene Ontology terms associated with enriched
genes, with asignificance threshold of P< 0.05.

Bulk RNA-seq. Total RNA was extracted from the tissues using TRIzol
reagent accordingto the manufacturer’sinstructions. RNA quality was
then determined using the 5300 Bioanalyzer (Agilent) and quantified
using the ND-2000. Only high-quality RNA samples (RNA Integrity
Number >8) were used for sequencing library construction. RNA puri-
fication, reverse transcription, library construction and sequencing
were performed at Shanghai Majorbio Bio-pharm Biotechnology
(Shanghai, China) according to the manufacturer’s instructions (Illu-
mina). The transcriptomelibrary was prepared according to Stranded
mRNA Prep and Ligation from Illumina using 1 ug of total RNA. Briefly,
messenger RNA was isolated using the polyA selection method with
oligo (dT) beads and then fragmented using a fragmentation buffer.
Second, double-stranded cDNA was synthesized using a SuperScript
double-stranded cDNA synthesis kit (Invitrogen) with random hexamer
primers (Illumina).

The synthesized cDNA was then subjected to end repair, phospho-
rylationand ‘A’ base addition according to lllumina’slibrary construc-
tionprotocol. Libraries were size selected for cDNA target fragments of
300 bpon2%Low Range Ultra Agarose, followed by PCR amplification
using Phusion DNA Polymerase (NEB) for 15 PCR cycles. After quantifica-
tionusing Qubit 4.0, the paired-end RNA-seq library was sequenced on
the NovaSeq 6000 sequencer (2 x 150-bp read length). Raw paired-end
reads were trimmed and quality controlled using fastp with default
parameters. Cleanreads were then aligned separately to the reference
genomein orientation mode using HISAT2 software. The mapped reads
of each sample were assembled using StringTie in a reference-based
approach. Toidentify differential expression genes between two differ-
entsamples, the expression level of each transcript was calculated using
the transcripts per million reads method. RSEM was used to quantify
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gene abundance. Essentially, differential expression analysis was per-
formed using DESeq2 or DEGseq. Differential expression genes with
[log,FC | >1and FDR < 0.05 (DESeq2) or FDR < 0.001 (DEGseq) were
considered significantly differentially expressed genes.

scRNA-seq. The prepared cell suspension was counted using a TC20
Automated Cell Counter (Bio-Rad) to obtain information on cell size,
concentration and viability, and to determine the sample loading
volume. Libraries were constructed using Chromium Single Cell 3’
Library (10x Genomics) & Gel Bead Kit V2 (10x Genomics) according
to the manufacturer’s instructions. Subsequently, libraries with dif-
ferentindices were multiplexed and loaded onto anlllumina NovaSeq
instrumentaccordingto the manufacturer’sinstructions. Sequencing
was performed using a 2 x 150-bp paired-end configuration; image
analysis and base calling were performed using the NovaSeq Control
Software + OLB + GAPipeline-1.6 (Illumina) on the NovaSeq instrument.

The pipelines of CellRanger (v.7.1.0) were used to analyse the
sequencing datagenerated by Chromium Single Cell Gene Expression.
Datanormalization, dimensional reduction, cell clustering and differ-
ential expression analysis were performed using the R package Seurat
(v.4.1.1). For quality control, genes detected in fewer than three cells
were excluded fromthe merged counting matrix. Cell filtering thresh-
oldswere determined on the basis of datadistributionand expression
patterns. Cells with expressed genes below 800 or above 6,000 were
excluded to avoid empty droplets or doublets. Cells with amitochon-
drial gene count greater than 10% were also excluded to ensure cell
quality. Cell clusters overexpressing markers of two cell types were
considered potential doublet clusters and removed from the analysis.

The filtered expression matrix contained 25,178 cells and 21,033
genes. Data normalization was performed using the Seurat Normal-
izeData function. Identification of 2,000 highly variable genes was
performed using the FindVariableFeatures function, followed by data
scaling using the ScaleData function. PCA was performed using the
RunPCA function for linear dimension reduction. The ¢-SNE was then
performed using the top 50 principal components using the RunTSNE
function. For cell clustering, ashared nearest neighbour graph was gen-
erated using the FindNeighbors function, and clustering was performed
using the FindClusters function with aresolution of 1.2. Annotation of
cell clusters was achieved by referencing known marker genes from
the Lusis lab publication® and the CellMarker database. To identify
differentially expressed genes between cell types and between treat-
mentand control within each cell type, Wilcoxon tests were performed
using the FindMarkers function.

Isolation, quantification and size measurement of bacterial OMVs.
B. thetaiotaomicron VPI-5482 was cultured in BHIS broth overnight at
37 °C under anaerobic conditions. The culture supernatant was then
collected by centrifugation at 11,000g for 10 min at 4 °C to remove
bacterial pellets. The supernatant was then filtered through 0.45-pum
filters and ultracentrifuged at 400,000g for 1hat4 °Cin a70-Tirotor
(Beckman). The concentrated pellets were resuspended in PBS and
stored at —-80 °Cfor further use. The number and average size of B. the-
taiotaomicron OMVs were measured by nanoparticle tracking analysis
(RESUN-EO3).

Bacteroides OMV production induced by recombinant APOL pro-
teins. B. thetaiotaomicron VPI-5482, B. fragilisNCTC 9343, B. vulgatus
ATCC 8482 or P.goldsteinii ATCC BAA-1180 was cultured in BHIS broth
overnightat 37 °Cunder anaerobic conditions, theninoculatedinto 5 ml
of BHIS broth medium at a1:50 dilution and grown at 37 °C to mid-log
phase (OD4,,, approximately 1). After centrifugation at 8,000g for
3 min, the cells were resuspended with fresh 37 °C BHIS broth, and
400 pl of bacterial suspension was transferred to new 1.5-ml Eppen-
dorftubes. BSAwas added as a negative control, and mouse APOL9a/b
and human APOL2 were added to final concentrations of 5 ug ml™.

Thebacteriawere then cultured inan anaerobic environment at 37 °C
forafurther2h. The OMVs were then collected by ultracentrifugation
ina90-Tirotor (Beckman) as previously described.

TEM. For negative staining and analysis by TEM, bacteria cultures or con-
centrated OMVs were allowed to absorb onto freshly glow-discharged
Formvar/carbon-coated copper grids for 10 min. The grids were then
washed withddH,0 and stained with 1% phosphotungstic acid for 2 min.
Excess liquid was gently blotted off and the grids were air-dried. Sam-
pleswere examined onaTalos L120C transmission electron microscope.

Quantification of B. thetaiotaomicron OMV cargoes. The protein
cargo associated with B. thetaiotaomicron OMVs was quantified using
Qubit protein assay (Invitrogen) by the Qubit 4.0 Fluorometer accord-
ing to the manufacturer’s instructions. For the analysis of OMV-
associated DNA or RNA, the OMVs were first incubated with DNase
(4 U pl™) orRNase (10 pg pl™) at 37 °C for 1 hto degrade extravesicular
DNA or RNA, followed by extraction using a minimal DNA and RNA
extractionkit (Tiangen). The extracted DNA and RNA were quantified
using the Qubit Broad-Range DNA Assay and the Qubit High-Sensitivity
RNA Assay, respectively, on a Qubit 4.0 Fluorometer according to
the manufacturer’s instructions. LPS levels associated with OMVs
were quantified using the Limulus Amebocyte Lysate assay (XIAMEN
BIOENDO) according to the manufacturer’s instructions. Quantifi-
cation of OMV-associated peptidoglycan was performed as previ-
ously described®. Briefly, OMV samples and L-18 muramyl dipeptide
standards (Invivogen) were diluted to a final volume of 0.5 mlin1M
NaOH and incubated at 38 °C for 30 min. The reaction was neutral-
izedby adding 0.5 mlof 0.5 MH,SO, and 5 ml of concentrated H,SO,,
followed by incubation at 95 °C for 5 min. The samples were rapidly
cooled under running water, and 50 pl of 4% (w/v) CuSO, solution
and 100 pl of 1.5% (w/v) 4-phenylphenol solution (prepared in 96%
ethanol) were added. The mixture wasincubated at 30 °C for 30 min,
and absorbance was measured at 560 nm using a spectrophoto-
meter. Peptidoglycan content was determined using a standard curve
generated with muramyl dipeptide standards.

In vitro DC-IEL-IEC co-culture. DCs and IELs were first sorted by
flow cytometry as described above and then resuspended in complete
RMPI1640 growth media (10% v/v FBS,100 U ml™ penicillin, 100 pg ml™
streptomycin, 10 mM HEPES, 2 mM GlutaMAX, 10 ng mIIL-2,10 ng ml ™
IL-3,10 ng mI™IL-7,10 ng mI™IL-15,and 0.1 ug ml™ anti-CD3¢). DCs and
IELs were mixed at aratio of 1:1and atotal of 200,000 cells were seeded
inaround-bottomed 96-well plate. OMVs were added ata final concen-
tration of 4 pg ml™ and co-cultured for 15 h. After careful removal of
the culture supernatant, cells were resuspended with fresh complete
RMPI1640 medium and transferred to Transwellfilter inserts (0.4-pum
pore, Corning), followed by co-culture with pre-seeded primary ileal
epithelial cells for 12 h. Cell supernatants from the indicated cell cul-
tures were collected, and then assayed for IFNy ELISA (R&D Systems)
according to the manufacturer’sinstructions.

Administration of B. thetaiotaomicron OMVs. For in vivo OMV rec-
onstitution, mice were orally administered B. thetaiotaomicron OMVs
(20 pg per200 plof PBS) ondays 0,1, 2, 3,4 and 10, with PBS used as the
control. On day 14, the mice were analysed for MHC-Il expression and
IEL populations, or subjected to S. typhimuriuminfection experiments.

STm infection model. STm strain SL1344 was grown overnight in
an LB medium containing streptomycin (100 pg ml™®) and then sub-
cultured (1:100) into a fresh LB medium for 4 h. For survival assays,
Apol9a/b*"*, Apol9a/b™ and Apol9a/b™ mice administered with OMVs
were orally infected with 1 x 107 c.f.u. of STm. Mice were monitored
throughout the experiment, and mortality was recorded daily. To
calculate the bacterial load in the liver and spleen of infected mice,



Apol9a/b*"*, Apol9a/b” and Apol9a/b™ mice administered with OMVs
wereinfected with1x 10%c.f.u. of STm by oral gavage, and the liver and
spleenwereisolated and homogenized on day 5 after infection. Bacte-
rialloads of liver and spleen were determined by plating serial dilutions
on LB plates containing streptomycin (100 pg miI™). In parallel, ileal
tissues were collected for histological analysis.

For histopathological analysis, slides were scored blindly by a pathol-
ogistat the Department of Gastroenterology, Shanghai Tenth People’s
Hospital. The overall pathological score was assessed on the basis of five
criteria as previously reported®’: the mucosal thickness, crypt shape
and size, spacing between crypts and goblet cell loss.

For systemic infection, mice were injected intraperitoneally with
approximately 1x 10* c.f.u. of the STm strain. Mortality was recorded
daily and monitored for 20 d. To assess bacterial burden in the liver
and spleen, infected mice were euthanized on day 4 after infection.
The liver and spleen were then collected, homogenized inice-cold
PBS, serially diluted and plated on LB agar containing streptomycin
to determine c.f.u. counts.

STm infection of IECs. STminfection of primary IECs was performed
as previously described with minor modifications® 2, Briefly, overnight
bacterial cultures were grown in LB medium at 37 °C with shaking for
18 hto the late stationary phase. Cultures were diluted 1:100 in fresh
LB medium andincubated to an OD,, 0f 0.6. Bacteriawere pelleted by
centrifugation, washed twice with PBS and resuspended in complete
growth medium (without penicillin/streptomycin) to aconcentration
of around 5 x 108 c.f.u. per ml. The culture was further serially diluted
and added to epithelial cell monolayers at a multiplicity of infection
of10. Plates were centrifuged at 1,000g for 5 min to synchronize infec-
tion. After 30 min of incubation at 37 °C with 5% CO,, cells were washed
three times with PBS and supplemented with fresh complete growth
medium containing 100 pg ml™ gentamicin for 2 h to eliminate extra-
cellular bacteria. The medium was then replaced with a complete
growth medium containing 10 pg ml™ gentamicin for the remainder
of the experiment. At specified time points, infected cells were lysed
with 1% Triton X-100, and intracellular bacteria were enumerated on
LB agar plates by c.f.u. analysis.

Statistical analyses

Data are presented as the mean + s.e.m. Differences between groups
were evaluated by ANOVA followed by aBonferroni post hoctest orbya
two-tailed Student’s t-test with 95% confidence intervals. Survival differ-
ences were evaluated by the log-rank (Mantel-Cox) test. To determine
the enrichment of certain gene signatures in RNA-seq datasets, we used
aWilcoxon test. Pvalues < 0.05 were considered statistically significant.
GraphPad Prism 8.0 (v.8.0.0) was used for statistical analysis.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The 16S rRNA-seq, bulk RNA-seq and scRNA-seq data generated in
this study are available in the NCBI database under BioProject IDs
PRJNA1107192, PRJNA1107183, PRJNA1107279, PRJNA1108888 and
PRJNA1198673. The public datasets used in this study are available in
the NCBI database under the GEO accession numbers GSE92332 and
GSE125970 (refs. 27,28). All other data supporting the findings of this
study are included in this manuscript. Source data are provided with
this paper.

Code availability
No custom code was created for this paper.
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