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Summary

Interactions between the microbiota and mammalian host are essential for defense against
infection, but the microbial-derived cues that mediate this relationship remain unclear. Here, we
find that intestinal epithelial cell (IEC)-associated commensal bacteria, Segmented Filamentous
Bacteria (SFB), promote early protection against the pathogen, Citrobacter rodentium,
independent of CD4* T cells. SFB induced histone modifications in IECs at sites enriched for
retinoic acid receptor motifs, suggesting SFB may enhance defense through retinoic acid (RA).
Consistent with this, inhibiting RA signaling suppressed SFB-induced protection. Intestinal RA
levels were elevated in SFB mice despite inhibition of mammalian RA production, indicating
that SFB directly modulate RA. Interestingly, RA was produced by intestinal bacteria and loss of
bacterial-intrinsic aldehyde dehydrogenase activity decreased RA levels and increased infection.
These data reveal RA as an unexpected microbiota-derived metabolite that primes innate defense
and suggests that pre- and probiotic approaches to elevate RA could prevent or combat infection.
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Interactions with the microbiota alter host defense against pathogens. Woo et a/. report

that commensal bacteria, including segmented filamentous bacteria, can express aldehyde
dehydrogenase (aldh) enzymes, producing retinoic acid in the intestine. Bacterial-derived retinoic
acid primes epithelial defense and promotes innate protection against intestinal infection.
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Introduction

The mammalian intestine is inhabited by trillions of commensal microbes, collectively
referred to as the microbiota. In addition to innocuous commensals, the gastrointestinal
tract is constantly at risk of invasion and infection by pathogenic microbes. Interactions
between the intestinal microbiota and the mammalian host are essential for effective defense
against pathogens, as loss of the microbiota in germ-free and antibiotic-treated animals
leads to increased susceptibility to enteric and non-enteric infection (Abt and Pamer, 2014;
Benson et al., 2009; Ganal et al., 2012; Ivanov et al., 2009). Intestinal epithelial cells (IECs)
reside at the direct interface between the host and commensal microbes and, therefore,
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carry the potential to critically respond to signals from the microbiota. Besides functioning
as a physical barrier, these cells actively respond to microbial challenges by secreting
antimicrobial peptides, mucins, chemokines and cytokines that prime and regulate innate
and adaptive immunity (Gallo and Hooper, 2012; Peterson and Artis, 2014; Ramanan

and Cadwell, 2016). IECs are also equipped to sense microbial stimuli through various
membrane and cytoplasmic pattern-recognition receptors (Price et al., 2018).

In addition to canonical microbial sensing pathways, epigenetic mechanisms enable
environmental signals to instruct cellular responses and represent another interface by
which microbiota can impact mammalian cells (Amatullah and Jeffrey, 2020; Woo and
Alenghat, 2017). Consistent with this, epigenetic-modifying enzymes in IECs integrate
microbiota-derived signals to regulate intestinal homeostasis and immunity (Ansari et al.,
2020; Navabi et al., 2017; Takahashi et al., 2009; Wu et al., 2020). Epigenetic-modifying
enzymes mediate covalent chromatin modifications that alter DNA accessibility and gene
expression. Thus, epigenetic modifications that are sensitive to the microbiota may identify
regulatory pathways that can enhance host defense to infection (Arrowsmith et al., 2012;
Kelly et al., 2018).

Increasing evidence highlights that microbiota-derived metabolites mediate the host-
microbiota relationship (Lavelle and Sokol, 2020; McCarville et al., 2020; Rooks and
Garrett, 2016). Commensal bacteria generate a variety of metabolites through either direct
synthesis or breakdown of dietary components that can be absorbed in the intestine and
potentially travel systemically (Matsumoto et al., 2018; Wikoff et al., 2009). For example,
well-characterized bacterial-derived short-chain fatty acids that are produced by bacteria in
the intestine can regulate local cells as well as distant tissues (Chang et al., 2014; Dalile et
al., 2019; Fellows et al., 2018; Furusawa et al., 2013; Kaiko et al., 2016; Yang et al., 2020).
However, despite the appreciation that commensal bacteria prime enhanced innate defenses,
the underlying pathways and microbiota-derived cues that decrease host susceptibility to
pathogenic infection remain poorly defined.

Citrobacter rodentium is a well-characterized murine bacterial pathogen that causes similar
pathology to human enteropathogenic Escherichia coli (Mundy et al., 2005). C. rodentium
initiates intestinal infection by adhering to the apical surface of IECs in the large intestine.
Defense against C. rodentium requires signals from commensal microbes, as microbiota-
depleted animals exhibit higher C. rodentium levels and impaired ability to clear the
infection compared to microbiota-replete counterparts (Kamada et al., 2012; Osbelt et al.,
2020; Woo et al., 2019). Segmented Filamentous Bacteria (SFB) are commensal bacteria
(Jonsson et al., 2020) that protect against enteric pathogens such as C. rodentium (Chung et
al., 2012; Garland et al., 1982; Heczko et al., 2000; lvanov et al., 2009; Shi et al., 2019).
Unlike the majority of commensal bacteria that are spatially separated from the epithelium,
SFB directly binds to IECs in the distal small intestine (Atarashi et al., 2015; Ivanov et

al., 2009; Ladinsky et al., 2019). SFB protects against C. rodentium infection, despite
colonizing a distinct anatomical region of the intestine. Therefore, SFB likely modulates
mammalian pathways rather than directly competing with C. rodentium, as has been shown
for commensal £. coliand Bacteroides thetaiotaomicron (Kamada et al., 2012).
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Previous studies have described that decreased C. rodentium infection in mice colonized
with SFB were associated with SFB-induced expansion of CD4* Th17 cells that produce
IL-17 and IL-22 (Goto et al., 2014; Ivanov et al., 2009). Here, we discovered that SFB also
decreases initial susceptibility to C. rodentium infection prior to regulation by CD4* T cells.
ChlIP-seq analyses in uninfected mice revealed that SFB colonization induced epigenetic
modifications in IECs at retinoic acid receptor (RAR) motifs. Consistent with enhanced
transcriptional potential, IECs from SFB-colonized mice exhibited greater induction of RAR
targets relative to IECs from germ-free mice post-C. rodentium infection, suggesting that
SFB may enhance innate defense through the RAR ligand, retinoic acid (RA). Interestingly,
intestinal RA levels were increased in mice colonized with SFB and inhibiting RA

signaling in SFB-colonized mice increased pathogen burden. However, SFB-dependent RA
accumulation was not dependent on mammalian RA production. Instead, SFB and other
commensal bacteria expressed dehydrogenase genes homologous to a microbial enzyme that
converts vitamin A to RA. Remarkably, these enzymes are highly prevalent in the human
microbiota, and their enzymatic activity alters RA levels and host regulation in the intestine.

Commensal SFB protects against early infection independently of CD4" T cells.

C. rodentium is an enteric pathogen that follows a similar pathogenesis to human
enteropathogenic £. coliand establishes initial colonization within 2-3 days, reaching peak
of infection around days 8-10 post-infection (Symonds et al., 2009). The presence of SFB
in the intestinal microbiota protects against C. rodentium infection (lvanov et al., 2009).
Furthermore, we found that colonizing germ-free (GF) mice with SFB alone was sufficient
to significantly lower pathogen burdens compared to GF mice (Figure 1A). Interestingly,

C. rodentium protection in SFB-colonized mice was already evident within the early phase
of infection (days 3-6), suggesting that SFB may promote innate responses that decrease
C. rodentium burden. SFB-colonization has previously been shown to induce CD4* Th17
differentiation. In mice, Th17 cells activated during the peak of C. rodentium infection
(day 10-14) mediate clearance of the pathogen by producing IL-22 and IL-17 (Ivanov et
al., 2009; Omenetti et al., 2019). However, it is unclear whether Th17 cells are involved

in SFB-dependent defense against C. rodentium during initial stages of infection. To test
the involvement of Th17 cells and other CD4" T helper cell populations in SFB-dependent
protection against early phase C. rodentium infection, anti-1L-17A or anti-CD4 depleting
antibodies were administered prior and during infection (Figure 1B). Mice receiving IL-17A
blocking antibodies exhibited similar pathogen levels early post-infection (Figure S1A).
Anti-CD4 treatment effectively depleted CD4* T cells systemically (Figure S1B) as well as
in the colon where C. rodentium infects (Figure 1C). Interestingly, SFB colonization led to
decreased C. rodentium burden even when mice lacked CD4" T cells (Figure 1D), indicating
that CD4* T cells are not required for initial SFB-dependent protection.

Intestinal epithelium is transcriptionally primed by SFB at retinoic acid receptor motifs.

Given that enhanced initial defense against C. rodentium was not reliant on SFB-induced
CD4™* T cells (Figure 1D), we hypothesized that IECs may be important mediators of
SFB-driven defense. IECs are critically poised to respond to the microbiota and pathogens
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and thus play an important role in innate defense. To investigate whether SFB alters the
transcriptional state of IECs, we first performed chromatin-immunoprecipitation sequencing
(ChlP-seq) on primary IECs isolated from ileum of GF and SFB-monoassociated mice for
the histone modification H3 lysine 27 acetylation (H3K27Ac) that characterizes primed

and active chromatin (Creyghton et al., 2010). These global analyses revealed many genes
that exhibit increased levels of histone H3K27Ac in response to SFB colonization, as
indicated by differential peaks at multiple representative genes (Figure 1E). The majority

of the sites with differential H3K27Ac in IECs from SFB-colonized mice occurred in
regulatory gene elements (Figure 1F), consistent with the known link between H3K27Ac
and transcriptionally primed genes (Creyghton et al., 2010; Rada-Iglesias et al., 2011).

To determine whether regions of increased histone acetylation were regulated by a shared
transcription factor and/or pathway, motif enrichment analyses were performed. Sites with
elevated H3K27Ac in IECs of SFB-colonized mice were significantly enriched for retinoic
acid receptor (RAR) motifs (Figure 1G). RARs are a family of nuclear hormone receptors
that regulate chromatin accessibility and gene expression by recruiting epigenetic modifiers
and cofactors. Interestingly, expression of a large proportion of RAR targets with increased
H3K27Ac were significantly upregulated in IECs from SFB mice during C. rodentium
infection, compared to IECs from infected GF mice (Figure 1H). Pathway analyses further
revealed that the majority of the SFB-sensitive epigenetically primed RAR targets were
enriched in host defense pathways (Figure 11). These data demonstrate that commensal SFB
modifies the epigenetic and transcriptional state of the intestinal epithelium and suggest that
SFB-dependent regulation of RAR in IECs may prime innate defense against infection.

Retinoic acid improves C. rodentium defense through Nos2 regulation.

RARs are a family of transcription factors that bind as heterodimers with retinoid x
receptors to retinoic acid response elements in the DNA. These receptors are activated

by binding to the vitamin A metabolite, retinoic acid (RA). Ligand binding results in
recruitment of molecular machinery that modifies local chromatin and promotes active
transcription. RA and vitamin A availability can modulate C. rodentiumand E.coli infection
in mice and humans, respectively (Cabrera et al., 2014; McDaniel et al., 2015), provoking
the hypothesis that RA may mediate the SFB-induced decrease in C. rodentium. Therefore,
to first test whether RA is protective against C. rodentium in an SFB-deficient context, GF
mice were treated with exogenous RA prior to and throughout the duration of infection.
Administration of RA to GF mice was sufficient to protect GF mice against C. rodentium
(Figure 2A), similar to protective effects described for RA-treated microbiota-sufficient
mice (Snyder et al., 2019). C. rodentium growth and viability was not directly impaired

by RA in vitro (Figure S2A), indicating that decreased C. rodentium infection from RA
supplementation in mice required the mammalian host.

Nitric oxide synthase 2 (Nos2, iINOS) is an enzyme that is highly expressed in the intestinal
epithelium and generates nitric oxide (NO), which has potent antimicrobial activity against
C. rodentium (Vallance et al., 2002). SFB significantly increased histone H3K27Ac at an
RAR site within the Nos2 gene (Figure 2B). This epigenetic alteration was localized to

the small intestine where SFB colonizes (Figure S2B). SFB also induced ileal epithelial
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Nos2 expression in relation to GF mice (Figure 2C) and similar induction of Nos2 mRNA
occurred in IECs harvested from GF mice following treatment with exogenous RA (Figure
2D). Consistent with previous work (Vallance et al., 2002), C. rodentium survival in vitro
was impaired with the NO-donor sodium nitroprusside (SNP) (Figure 2E). Furthermore,
SFB colonization increased luminal NO levels in the small and large intestine (Figure 2F).
These data collectively provoked the hypothesis that Nos2 functions downstream of RA

to decrease C. rodentium levels. To test this mechanism, C. rodentium infection levels
were compared in mice lacking Nos2 (Nos2~/~) and WT mice in the absence or presence
of exogenous RA. As expected, Nos2~/~ mice exhibited elevated infection relative to WT
mice (Figure 2G). Interestingly, RA administration decreased C. rodentium infection in WT
mice but did not alter pathogen levels in Nos2~/~ mice (Figure 2G). Collectively, these
data highlight Nos2 as an SFB-sensitive, epigenetically regulated RAR target in IECs that
mediates RA-induced protection against C. rodentium.

IEC-intrinsic RAR activation enhances defense against C. rodentium.

The role of RA in infection has been extensively investigated in immune cells (Hall et

al., 2011a) and recent studies demonstrated that loss of RAR expression or impaired RAR
responsiveness in IECs alters intestinal development and defense (Gattu et al., 2019; lyer

et al., 2020; Jijon et al., 2018). To test whether IEC-intrinsic RA signaling specifically
contributes to RA mediated protection against C. rodentium infection, we generated an
IEC-specific dominant-negative RAR (dnRAR) transgenic mouse (Figure 3A) that expresses
non-responsive RAR specifically in IECs (dnRAR'EC) (Figure 3B). Mice expressing dnRAR
did not exhibit significant differences in intestinal length (Figures S3A and S3B), histology
(Figures S3C and S3D) or barrier function (Figure S3E). Furthermore, SFB and 16S DNA
levels were similar in dnRARFF and dnRAR'EC mice (Figures 3C and 3D). Interestingly,
dnRAR'EC mice exhibited significantly higher C. rodentium infection compared with floxed
controls (dnRARFF) (Figures 3E and 3F), similar to the effect previously described for
Salmonella Typhimurium infection (Gattu et al., 2019; lyer et al., 2020). To next decipher
whether RA-driven protection requires epithelial RAR activation, control and dnRAR'EC
mice were treated with RA and infected with C. rodentium. As described above, RA-
treatment decreased infection in control dnRARFF mice (Figure 3G); however, this RA-
induced protection was greatly reduced in dnRAR'EC mice (Figure 3G), indicating that
epithelial-intrinsic RAR activity significantly contributes to RA-dependent defense against
C. rodentium.

SFB increases intestinal retinoic acid levels despite inhibition of host production.

Our initial findings demonstrated that SFB increased histone acetylation at RAR target genes
in IECs (Figures 1E-1G) and that the timing and magnitude of RA-induced protection
against C. rodentium parallels the phenotype observed with SFB colonization (Figures 1A
and 2A). Thus, we hypothesized that RA may mediate SFB-dependent defense against this
pathogen. In order to test whether SFB promotes protection from infection by activating
RAR, GF and SFB-colonized mice were treated with an RAR-inverse agonist (RARi:
BMS493) that blocks RA-RAR activation (Metzler et al., 2018). RARI treatment did not
alter SFB colonization (Figure S4A). Remarkably, impaired RA-RAR activation abrogated
the protective effect of SFB against C. rodentium, whereas pathogen levels in GF mice were
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largely unaffected (Figure 4A). Given that RARs are activated by their RA ligand, intestinal
levels of RA were compared between GF and SFB-colonized mice. Interestingly, SFB mice
exhibited significantly elevated RA in intestinal contents and IECs compared to GF mice
(Figures 4B and 4C). Consistent with increased local RA, expression of the RA-sensitive
gene Serum amyloid A-1/2 (Saal/2) was increased in IECs from SFB-colonized mice
(Figure 4D).

RA is generated from the vitamin A-derivative retinol in a two-step oxidation reaction
involving retinol dehydrogenases (ADH, RDH) and retinaldehyde dehydrogenases (ALDH,
RALDH) (Figure 4E). IECs are equipped to generate RA, and it was recently reported

that microbiota modulates intestinal tissue RA levels by regulating expression of Rdh7

in IECs (Grizotte-Lake et al., 2018). However, we found that expression of key enzymes
involved in the conversion of vitamin A to RA (Aldhla2 and Rdh7) were similarly expressed
in IECs of GF and SFB mice (Figure 4F). Furthermore, ALDH activity was similar in

IECs and ileal tissue of GF and SFB-colonized mice (Figures 4G and 4H), suggesting

that host-intrinsic enzymes required for RA production in the intestine are not primarily
impacted by SFB alone. To further investigate the contribution of host RA synthesis on
intestinal RA levels in SFB colonized mice, mice were treated with an Aldhla2 inhibitor,
WIN18446, that blocks mammalian RA production (Arnold et al., 2015; Paik et al., 2014;
Seamons et al., 2020). As predicted, administration of WIN18446 decreased mammalian
ALDH enzymatic activity (Figure S4B) and downstream gene expression (Figure SAC).
However, despite host ALDH inhibition, RA levels and IEC-expression of Saal/2 remained
elevated in SFB colonized mice (Figures 41 and 4J). SFB levels in the intestine were similar
following WIN18446 administration (Figure S4D). To directly interrogate the epithelial
Saal/2 response to SFB without other cellular contributions, intestinal organoids were
examined in the absence or presence of SFB. As expected, inhibition of mammalian
Aldhla2 decreased basal Saal/2 expression in intestinal organoids (Figure 4K). However,
consistent with our findings /n vivo, SFB-exposure induced Saal/2 expression in intestinal
organoids despite pharmacological inhibition of mammalian Aldhla2 (Figure 4K). Taken
together, these findings suggest that the SFB-dependent increase in intestinal RA and
regulation of epithelial responses is largely bacterial-dependent.

Commensal bacteria provide a direct source of retinoic acid in the intestine.

Intestinal RA levels did not reflect altered mammalian RA synthesis in SFB-colonized mice
(Figures 4F-4K), suggesting a distinct source of RA. Therefore, to investigate whether

SFB directly generates RA by metabolizing vitamin A, explant cultures containing SFB
were treated with vitamin A (retinol). Surprisingly, RA levels were significantly increased
in supernatants following retinol supplementation of SFB explant cultures (Figure 5A).

To further examine vitamin A metabolism by SFB, RA levels were compared in GF and
SFB mice fed vitamin A-deficient diet. Interestingly, removal of vitamin A from the diet
decreased intestinal RA levels in SFB mice to the amount observed in GF mice (Figure 5B).
Furthermore, vitamin A-deficiency resulted in elevated C. rodentium infection burdens as
compared to SFB-colonized mice fed vitamin A-sufficient diet (Figure 5C), indicating that
SFB requires dietary vitamin A to increase luminal RA and protect against C. rodentium.
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The bacterial strain, Bacillus cereus, has been described to express a bacterial aldehyde
dehydrogenase enzyme (bcALDH1A1, KFL74159.1) that produces RA from vitamin A in
vitro (Hong et al., 2016). Consistent with this work, we found that B. cereus produced RA
when incubated with retinol (Figure 5D), without altered growth (Figure S5A). Furthermore,
retinol increased 6cALDH1A1 expression by B. cereus (Figure 5E), supporting that

this bacterial RA-producing enzyme is sensitive to local retinol levels. Therefore, to
investigate whether SFB and potentially other bacterial species express similar aldehyde
dehydrogenases that generate RA, we compared protein sequences using 6cALDH1A1

as reference. Glutamate-266 and Cysteine-300 are necessary for the catalytic activity of
bcALDH1AL (Hong et al., 2016). Interestingly, SFB, along with the well-known probiotic
bacteria Bifidobacterium bifidum, encode bacterial ALDH enzymes that share these critical
catalytic amino acid residues (Figure 5F). Furthermore, the predicted protein structures of
ALDH enzymes from SFB and B. bifidum both exhibited marked overlap with bcALDH1A1
(Figure 5F).

Similar to SFB and B. cereus, B. bifidum cultured with retinol increased RA levels without
impacting bacterial growth (Figures 5G and S5B). Therefore, to test whether B. bifidum
generates RA /n vivo, GF mice were colonized with B. bifidum (Figure S5C) and compared
to GF controls. Mice colonized with ALDH-expressing B. bifidum demonstrated increased
luminal RA relative to GF mice (Figure 5H) and enhanced protection against C. rodentium
infection (Figure 51). Thus, B. bifidum mono-colonized mice exhibited early protection
against C. rodentium, similar to SFB. These results indicate that a subset of commensal
bacterial populations, including SFB and B. bifidum, can provide a direct source of RA in
the intestine. Given that SFB and B. bifidum both convert retinol to RA and express ALDH
enzymes, the prevalence of ALDHs in the human intestinal microbiota was evaluated by
aligning SFB and B. bifidum ALDH genes against microbiome sequencing from healthy
human patients (Lewis et al., 2015). Interestingly, these analyses revealed that both genes
were detected in nearly all samples analyzed (23/24 patients) (Figure 5J) with an average
read count of approximately 80 counts per million reads (Figure 5K), indicating broad
prevalence of homologous genes in the human intestinal microbiota.

SFB dehydrogenase activity produces retinoic acid and improves host defense.

While direct genetic manipulation in SFB or B. bifidum would be ideal to test the functional
role of the microbial ALDH gene, this approach is technically limiting in both species.
Therefore, to directly examine the contribution of bacterial ALDH enzymes in producing
RA, ALDHSs from SFB or B. bifidum were expressed in £. coli as the wild-type enzyme
(ALDHWT) or a catalytic domain mutant variant (ALDHMUYT) (Figure 6A). ALDHWT and
ALDHMUT enzymes were similarly expressed for both strains (Figure 6B). Importantly,
ALDHWT strains exhibit significant ALDH activity whereas ALDHMUYT strains showed no
enzymatic activity (Figure 6C). When cultured with vitamin A, both SFB-ALDHWT and

B. bit ALDHWT strains produced elevated RA relative to non-ALDH expressing control
(Figure 6D). Importantly, this RA induction with ALDHWT bacteria was lost in ALDHMUYT
strains (Figure 6D), demonstrating that RA levels are indeed dependent on the bacterial
enzyme. In addition, intestinal organoid cultures containing retinol exposed to ALDHWT
bacteria exhibited increased Saal/2 (Figure 6E) and Nos2 (Figure 6F) expression relative to
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organoids incubated with ALDHMUT bacteria, demonstrating that microbial ALDH activity
increases expression of RA-sensitive targets in mammalian epithelium.

To next test whether bacterial ALDH enzymes generate RA in vivo, GF mice were colonized
with SFB-ALDH expressing strains. Interestingly, colonization of GF mice with the SFB-
ALDHWT strain increased intestinal RA levels relative to GF mice, whereas RA levels

in ALDHMYT_colonized mice remained relatively unchanged (Figure 6G). Furthermore,
following C. rodentium infection, GF mice colonized with ALDHWT also exhibited lower
pathogen levels relative to infected mice colonized with ALDH-inactive bacteria (Figures
6H and 61). Collectively, these new data demonstrate a direct contribution of bacterial
ALDH enzymes in the production of RA in the intestine, and that this microbial enzymatic
activity enables improved pathogen control.

Discussion

In this study, we discovered that SFB and other beneficial commensal bacteria generate RA
in the intestine and regulate epithelial RAR signaling to enhance defense against a pathogen
(Figure 6J). RA is a fat-soluble metabolite derived from carotenes and vitamin A that is
known for its immunomodulatory effects and role during infectious disease (Hall et al.,
2011a). Vitamin A deficiency in humans is linked to increased susceptibility to numerous
bacterial and viral pathogenic infections (Sommer, 2008; World Health Organization, 2009),
whereas vitamin A supplementation reduces incidence and mortality of diarrheal diseases
commonly caused by intestinal pathogens (Green and Mellanby, 1928; Huang et al., 2018;
Semba, 1999). Although vitamin A has been used as a clinical health intervention for
diarrheal disease and other health conditions, the reported outcomes have been inconsistent
(Dibley et al., 1996; Long et al., 2007). This variability has been attributed to range of
factors such as varying degrees of baseline vitamin A deficiencies and differences in vitamin
A dosing strategies (Dibley et al., 1996; Long et al., 2007). In mice, vitamin A availability
alters the severity of infection and regulates repair of infection-induced epithelial damage
(McDaniel et al., 2015; Mielke et al., 2013; Snyder et al., 2019).

IECs in the small intestine express both RA-generating enzymes and RARs that are
activated by RA, thereby playing a central role in vitamin A-dependent regulation. Our
transcriptional analyses showed that induction of RAR targets during infection was higher
with SFB-colonization and indicated RAR targets are enriched in host defense pathways.
Consistent with this, recent studies have discovered that IEC-intrinsic RAR expression
promotes defense by regulating antimicrobial peptide production (Gattu et al., 2019; Jijon
et al., 2018). A potential increase in goblet cells has been described in the intestine of
dnRAR'EC mice (lyer et al., 2020). While we did not observe significant differences in
goblet cells, an increase in goblet cells would be expected to limit C. rodentium infection
(Bhinder et al., 2014), as opposed to the elevated burden that occurs in dnRAR'EC mice.
Furthermore, the ability of IECs to sense RA is necessary for defense against Sa/monella
Typhimurium (Gattu et al., 2019; lyer et al., 2020). Using a transgenic mouse model

where IECs are unable to respond to RA, we observed that IEC-intrinsic activation of
RAR by RA is necessary for defense against C. rodentium. Specifically, RA administration
significantly lowered pathogen burdens in control mice compared to mice lacking the ability
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to activate RAR in IECs. Although we did not observe significant early protection against

C. rodentium from RA-administration in mice with defective RAR specifically in IECs,

RA also likely activates mucosal immune cells, consistent with studies showing dendritic
cells, macrophages and innate-lymphoid cells also respond to RA during infection (Erkelens
and Mebius, 2017; Gundra et al., 2017; Kim et al., 2015; Zeng et al., 2016). Additionally,
while our studies indicate Nos2 as one downstream target in IECs that mediates RA-induced
protection against C. rodentium, we cannot exclude that other factors, such as ILCs or IL-22,
also contribute.

SFB-dependent defense initially occurred independently from CD4" T cells, however,

both SFB and RA are known to regulate development and function of adaptive immune
cells, particularly Th17 cells which promote C. rodentium clearance (Symonds et al.,
2009). Th17 cell regulation by RA appears to be largely context and dose dependent. RA
supplementation at pharmacological levels has been shown to suppress Th17 differentiation
and promote regulatory T cells (Benson et al., 2007; Mucida et al., 2007). In contrast,
others have found that physiological concentrations of RA stimulation instead promote Th17
skewing of CD4* T cells both /in vitroand in vivo (Takahashi et al., 2012; Uematsu et al.,
2008; Wang et al., 2010). Consistent with this evidence, RARa-deficient T cells are also
unable to differentiate into Th17 cells /n vitro under Th17-polarizing conditions (Hall et al.,
2011b). Importantly, mice fed vitamin-A deficient diet are deficient in Th17 cells, further
indicating that RA is required for /n vivo development and/or maintenance of these cells
(Chaet al., 2010; Wang et al., 2010). The presence of SFB in the intestinal microbiota

of mice was shown to drive Th17 cell expansion by inducing epithelial expression of
Serum Amyloid A (SAA) proteins (lvanov et al., 2009; Sano et al., 2015). Intestinal SAA
expression requires dietary vitamin A and is directly regulated by epithelial RARs (Gattu et
al., 2019).

These findings, in combination with our current work, support a model in which increased
RA levels and enhanced epithelial RAR activation by SFB promotes innate epithelial
defense, and simultaneously drives Th17 cell differentiation, potentially through RA-
dependent transcriptional regulation of SAAs. Considering that SFB directly interacts with
IECs and even undergoes vesicle-mediated communication (Ladinsky et al., 2019), we
suspect that SFB may provide a local dose of RA that transcriptionally primes host epithelial
cells. Interestingly, SFB does not induce similar H3K27Ac levels within the Saal/2 and
Nos2 genes of colonic IECs, suggesting tissue site specificity. SFB colonizes the terminal
ileum, however C. rodentium infects the colon. While we cannot exclude that a subset of
epigenetic changes will overlap at distinct locations, it is unlikely to be identical given

the localization of SFB to the ileum. The spatial separation of SFB and C. rodentium
colonization implies that SFB does not directly block the pathogen niche. Our mechanistic
analyses identified Nos2 as an epigenetically modified SFB-sensitive RAR target in the
ileum that is necessary for RA-induced protection against C. rodentium. Interestingly we
found that NO, the antimicrobial metabolite generated by Nos2, was increased in both ileum
and colonic contents from SFB-colonized mice relative to GF mice. Thus, we suspect that
NO production through microbiota-dependent regulation of Nos2 and NO may affect the
pathogen as it travels in the ileum or during colonic colonization.
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Despite the abundance of evidence linking host immunity and RA, relatively little is known
about how the microbiota regulates RA. It was recently shown that intestinal tissue RA
levels were lower in conventionally-housed mice compared to GF mice due to decreased
expression of Rdh7, an enzyme that oxidizes retinol to retinal (Grizotte-Lake et al., 2018).
This downregulation was found to be driven primarily by Clostridial species. Furthermore,
expansion of Proteobacteria following antibiotic depletion of Clostridia correlated with
induction of host Rdh7 expression, suggesting that distinct commensal bacterial species may
differentially regulate RA. Our data describe a mechanism in which epithelial expression

of RA-sensitive factors in mice mono-colonized with SFB, or intestinal organoids exposed
to SFB, is largely bacterial-dependent. SFB induced RA-target genes Saal/2 expression in
organoids despite inhibition of mammalian Aldhla2. Further, bacterial ALDH was necessary
to produce RA, and mutation of this enzyme inhibited RA production. Taken together, these
findings indicate a role for bacterial-derived RA in epithelial regulation. Thus, in addition

to mammalian-produced RA, SFB also contributes RA in the intestinal environment and
microbial generated RA is relevant to regulation of IECs and C. rodentium. However, the
magnitude of induction /n vitro was not as large as that observed /n vivo, which supports
that other factors not present in culture, such as IL-22, can also contribute to activation

of RA-sensitive pathways in the host. Given this regulation, we anticipate that commensal
bacterial species likely differentially modulate intestinal RA levels through microbe-intrinsic
mechanisms and/or distinct host-dependent pathways.

Investigation of vitamin A metabolism has largely focused on mammalian enzymes, as

RA production has generally been considered a mammal-specific reaction (Biesalski et

al., 2007). Whether bacteria directly contribute to vitamin A metabolism has been largely
unexplored. Prior studies demonstrated that £. coli were capable of generating retinal and
retinyl acetate, and potentially retinoic acid, in culture (Jang et al., 2011, 2015). Genetic
manipulation of putative endogenous genes in £.colf involved in converting retinol to retinal
(ybbo) and RA (puuC, eutC) altered retinoid production by £. coli (Jang et al., 2011,

2015). Furthermore, a bacterial ALDH expressed in B. cereus, a gram-positive bacterium
commonly found in the gastrointestinal tract of mammals, was able to directly convert
retinal to RA /n vitro (Hong et al., 2016). We demonstrate that commensal SFB and 5.
bifidum express ALDH proteins that produce RA J/n vitro and in vivo, and that mammalian
intestinal epithelial regulation is sensitive to the catalytic activity of these bacterial enzymes.
In addition, dietary vitamin A and enzymatically active bacterial ALDH are required for
SFB to increase luminal RA concentrations and protect against C. rodentium. Together these
findings indicate that bacteria inherently harbor retinoid metabolism pathways and revealed
important dietary implications for bacterial metabolism of vitamin A in host defense.

In addition to the protective effects of bacterial RA on the host, we anticipate that there

are likely bacterial-intrinsic benefits to metabolizing vitamin A. While we did not observe
obvious differences in cultured bacterial growth with short-term vitamin A exposure, it

is possible that metabolizing vitamin A entails a competitive advantage in the intestine.
Vitamin A availability affects cellular zinc absorption, and vice versa (Christian and West,
1998; Rahman et al., 2002; Smith, 1980). Zinc is an essential micronutrient for all organisms
including bacteria and is required for normal cellular physiology. However, excess zinc

is toxic to bacteria and thus must be tightly controlled (Hantke, 2005; McDevitt et al.,
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2011). Zinc is most abundant in the intestine, so it is plausible that bacterial metabolism

of retinoids improves absorption of zinc to maintain non-bactericidal levels in the intestinal
environment. Alternatively, oxidation of vitamin A to retinol may provide bacteria with
important reducing equivalents in the form of NADH and NADPH that are needed for
energy metabolism (Spaans et al., 2015; Sporer et al., 2017).

Collectively, this work reveals a new level of regulation in which microbiota-derived RA
enhances host defense to a bacterial pathogen. To our knowledge, the ability of commensal
bacteria, such as SFB, to provide a direct source of RA in the intestine that physiologically
regulates the mammalian host has not been described. Expansion of analyses to other human
cohorts and dissecting upstream and downstream factors in this pathway will form the basis
for further investigations into commensal bacterial RA production. In addition to SFB and
B. cereus, we found that microbial RA regulation extended to another beneficial bacterial
strain, the probiotic Bifidobacterium bifidum, and that microbial ALDH enzymes are indeed
prevalent in healthy human microbiota. Thus, these findings support development of pro-
and prebiotic approaches that induce elevated intestinal RA in order to decrease enteric
infection.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Theresa Alenghat
(Theresa.Alenghat@cchmc.org).

Materials availability—Mouse strains, bacterial strains and plasmids used in this study
are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

. ChiIP-seq and RNA-seq data have been deposited to the Gene Expression
Omnibus (GEO) with the study accession numbers GSE182628 and GSE182630
and are publicly available as of the date of publication. This paper also analyzes
existing, publicly available human stool metagenomic sequencing data (NCBI
SRA: SRP057027)(Lewis et al., 2015). Accession numbers for these datasets are
also listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Germ-free (GF) C57BL/6 mice were maintained in sterile isolators (Class
Biologically Clean) or sealed positive pressure I\VC racks (Allentown) in the CCHMC
Gnotobiotic Mouse Facility. For mono-association studies, GF mice were colonized with
singular commensal species suspended in sterile PBS via oral gavage (Bifidobacterium
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bifidum ATCC 29521) or by pre-colonized bedding (SFB). For SFB ALDH-expressing
strains, GF mice were orally gavaged with a single dose of 10° CFU SFB-ALDHWT or SFB-
ALDHMVUT strains and maintained on water containing ampicillin (1g/L) and isopropylthio-
B-galactoside (IPTG, 1mM) refreshed every 7 days. All GF and monoassociated mice

were fed autoclaved food and water, and routinely monitored to ensure the absence of
microbial contamination and/or assess level of colonization. C57BL/6 floxed dnRAR (Rajaii
et al., 2008) mice were crossed to villin-Cre-recombinase expressing mice (Madison et

al., 2002) to generate dnRAR'EC mice. For all experiments, mice were used at 8-16

weeks old, age- and sex-matched and paired with littermates when possible. Animals were
housed in ventilated cages up to 4 per cage in 12 hr light/dark cycles with unrestricted
access to food and water. Nos2~~ mice (Laubach et al., 1995) were bred on site. For
FITC-dextran intestinal permeability studies, mice were fasted for 4 hr and gavaged with
FITC-dextran (0.6 mg/g body weight) diluted in PBS. Serum was collected 4 hr post-gavage
and fluorescence intensity was measured at 485/530 nm using a micro-plate reader (Biotek
Synergy 2). For vitamin A-deficiency studies, mice were fed irradiated vitamin A-deficient
(Teklad, TD.86143, 0 IU vitamin A/g diet) or control (Teklad, TD.91280, 20 IU vitamin A/g
diet) purified diets for at least 4 weeks. All mouse experiments were conducted according

to the Institutional Animal Care and Use Committee (IACUC). Animals were cared for by

a licensed veterinarian and proper steps were taken to ensure the welfare and minimize the
suffering of all animals in the conducted studies.

Bacterial strains and culture—C. rodentium were cultured in vitro in 96-well round
bottom plates with DMSO (Sigma), 1nM-10uM all-trans retinoic acid (RA, Sigma), 10—
1000uM sodium nitroprusside (SNP, Sigma) or 40 pug/ml Kanamycin (Gibco) at 37°C
shaking at medium speed in a microplate reader (Biotek Synergy 2). Bacterial density
(OD600) was measured hourly over 16 hr. For bacterial retinol culture studies, bacteria were
grown in liquid cultures (B. cereus. Brain-Heart Infusion broth (BHI, Sigma); B. bifidum.
MRS broth (Sigma) with 0.05% cysteine (Sigma), in anaerobic chamber; ALDH-expressing
E.coli BL21(DE3) strains: LB with ampicillin (Sigma, 1mg/ml)) overnight at 30°C or

37°C at 180 rpm for 16 hr. Bacterial suspensions were then washed in PBS and diluted
1:3in fresh LB (Sigma) and incubated with 1uM all-trans retinol (Sigma) for 3 hrin a
24-well plate at 37°C with gentle shaking at 120 rpm under light-restricted conditions.

To determine bacterial levels, fecal or cultured bacterial DNA was isolated using QlAamp
Fast DNA Stool Mini Kit (Qiagen) following the kit protocol. Bacterial DNA was assessed
by quantitative PCR (QuantStudio3; Applied Biosystems) using bacterial-specific or 16S
primer pairs (Table S1).

Intestinal Organoids—Murine organoids were generated from ileal IECs isolated from
male WT C57BL/6J mice as previously described (Woo et al., 2019; Wu et al., 2020).
Dissected terminal ileums (12 cm) were opened longitudinally, scraped to remove intestinal
contents and outer cells, washed repeatedly in ice-cold PBS, and cut into 1 cm pieces.
Ileum pieces were incubated in Chelation Buffer (2 mM EDTA in PBS) for 30 min at

4°C with rotation. Tissues were subsequently transferred into new tubes containing Shaking
Buffer (PBS, 43.3 mM sucrose, 54.9 mM sorbitol) and gently shaken by hand for 2—4

mins. lleal crypts were resuspended and plated in Matrigel (Corning) overlaid with 500
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ul organoid culture media (60% Advanced DMEM/F12 media supplemented with 10 mM
HEPES, 2 mM L-glutamate, 40% L-WRN conditioned media, 1x N2 supplement, 1x B27
supplement, 50 ng/mL murine EGF, and 10 pM Y-27632 ROCK inhibitor). Culture media
was refreshed every 3—4 days. Organoid cultures were treated with 1uM Aldhla2 inhibitor
WIN 18446 (Cayman Chemical) for 12 hours and then stimulated with 100 ul of SFB
contents at 150mg/ml PBS for 24 hours. For bacterial culture treatments in organoids, 100
ul of liquid cultures were directly added to organoids containing 1uM retinol for 24 hours.
After incubation, organoids were washed 3 times in PBS and lysed using the RNeasy kit

(Qiagen).

METHOD DETAILS

C. rodentium infections—Mice were orally infected with 109 colony-forming units
(CFUs) of C. rodentium suspended in sterile PBS. Post-infection CFUs were measured in
stool homogenized in 500 pl PBS in a Tissue Lyser Il at 30 Hz for 3 min. Homogenates
were serially diluted 10-fold on MacConkey agar (BD) and CFUs were counted after 16 hr
incubation at 37°C, normalized to fecal weight. For RA studies, mice were orally gavaged
with 300ug RA or vehicle (DMSO) in 100ul corn oil g.d. 5 days prior to and during the
infection. For RAR inhibitor (RARI) studies, 400ug BMS493 (Torcis Bioscience) suspended
in 10% DMSO/corn oil was administered to mice via oral gavage g.0.d. over 6 days pre-
infection and 6 days post-infection. For Aldhla2 inhibition, mice were orally gavaged with
400 mg/kg of WIN 18446 (Cayman Chemical) or vehicle (DMSO) in 100 pl corn oil for 8
days g.o.d.

CD4* T cell depletion and flow cytometry—CD4™ cells were depleted using anti-CD4
monoclonal depletion antibody (clone: GK1.5) or matching isotype control (Rat 1gG2B).
IL-17A neutralization was performed using anti-IL-17A monoclonal antibody (clone: 17F3)
or matching isotype control (Mouse IgG1). Antibodies were administered intraperitoneally,
500pg per day every 3 days for a total of 3 doses. Efficacy of CD4" depletion was
determined in colonic lamina propria and spleen by flow cytometry. For intestinal lamina
propria lymphocytes isolation, tissue pieces were washed with cold PBS and incubated in
RPMI with 1 mg/ml Collagenase/Dispase for 30 min at 37°C with shaking at 200 rpm.
Splenocytes were disrupted into single cell suspension by passing the organ through 70 pm
filter and RBCs were lysed in ACK lysis buffer (Invitrogen) for 3 min. Cells were stained
using the following monoclonal fluorescence-conjugated antibodies: BUV395 anti-CD45.2
(Clone: 104, BD Biosciences), APC-eFluor 780 anti-CD4 (Clone: RM4-5, eBioscience),
and APC anti-CD8a (Clone: 53-6.7, eBioscience). All antibodies were diluted in FACS
buffer (2% FBS, 0.01 Sodium Azide, PBS). Dead cells were gated out by using the Fixable
Violet Dead Cell Stain Kit (Invitrogen). Samples were acquired on the BD LSRFortessa (BD
Biosciences) and analyzed with FlowJo Software (Treestar).

IEC isolation and RNA analyses—IECs were isolated from distal small intestine (12
cm) or large intestine by shaking tissue in ImM EDTA/ImM DTT 5% FBS at 37°C for 10
min as described previously (Alenghat et al., 2013). Bacteria were treated with RNAprotect
Bacteria Reagent (Qiagen) for 5 min prior to RNA isolation. RNA was extracted from

cells using the RNeasy Kit (Qiagen) according to manufacturer’s instructions. For RT-
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gPCR, RNA was treated with DNase | (Invitrogen) and reverse-transcribed with Verso
reverse transcriptase (Thermo Scientific). Expression was compared using SYBR (Applied
Biosystems) and analyzed in the linear range of amplification. Target gene expression was
normalized to an unaffected control gene. All primers used this study are found in Table
S1. For global expression analyses, 3—4 biological replicates of IECs from C. rodentiun~
infected GF and SFB-monoassociated mice were compared. Following removal of primers
and barcodes, raw reads were processed using Kallisto, which employs pseudoalignment to
assess compatibility between raw reads and genomic targets. Annotations were provided

by UCSC with transcripts per million (TPM) as output, which were log2-transformed

and baselined to the median of all samples. Further, transcripts were filtered to include
only those with TPM >3 in 100% of samples in at least one condition. Differential
expression was assessed with a moderated t-test with p<0.05 and fold-change>1.5. For gene
ontology analyses, differential gene lists were submitted to DAVID bioinformatics database
(david.ncifcrf.gov)(Huang et al., 2009). Pathway enrichment significance are displayed as
log10-transformed p-values.

ChlP-seg—ChlP-seq on IECs was performed as described previously (Wu et al., 2020)
with a few modifications. Briefly, cells were fixed for 10 min in 1% formaldehyde at room
temperature, followed by quenching with 125mM glycine for 10 min. After a two-step wash
with cold PBS, fixed cells were lysed, and nuclear extracts were washed in TE 0.1% SDS
with protease inhibitors and sonicated using a S220 Focused-ultrasonicator (Covaris). Prior
to immunoprecipitation, sheared chromatin was precleared for 20 min at 4°C using Protein
G Dynabeads (Thermo Fisher Scientific). Immunoprecipitations were performed using fresh
beads and anti-Histone H3 acetyl K27 (H3K27Ac) antibody (Abcam: ab4729) using a
SX-8G IP-STAR automated system (Diagenode) with the following wash buffers: (1) RIPA
150mM NaCl, (2) RIPA 250mM NacCl, (3) LiCl 250mM, 0.5% sodium deoxycholate, NP40
0.5%, and (4) TE 0.2% Triton X-100. Immunoprecipitated chromatin were treated with
Proteinase K (Thermo Fisher Scientific) at 42°C for 30 min, 65°C for 4 hr, and 15°C

for 10 min in elution buffer (TE 250mM NaCl 0.3% SDS). Phenol:chloroform isoamyl
alcohol with Tris-HCI (pH 8.0) and chloroform phase-separation were used to isolate DNA,
followed by overnight ethanol precipitation. ChIP DNA was sequenced using Illumina
HiSeq 2500 platform. ChIP-seq data were processed using analytic pipelines in galaxy
(usegalaxy.org). Following raw read alignment to mm10, MACS2 was used for peak calling
and differential peak detection. Peaks were visualized by the UCSC genome browser in
Biowardrobe (Kartashov and Barski, 2015). Transcription factor-binding site motifs were
identified within 150 bp of the center of the differential peaks using PscanChIP (JASPAR
2018 database)(Zambelli et al., 2013), displayed as the global p-value.

Nitric Oxide Quantification—Dissected mouse ileum and colon tissues were opened
longitudinally and scraped using a clean microscope slide to collect mucosal scrape.
Samples were homogenized in Nitric Oxide (NO) Assay Buffer (Biovision, K262) and
treated with perchloric acid (PCA) and potassium hydroxide (KOH) to precipitate interfering
proteins. Deproteinized samples were run on a Nitric Oxide Assay kit (Biovision, K262)
according to manufacturer instructions. Briefly, samples were added to a 96-well plate and
incubated with Nitrate Reductase and enzyme cofactor for 1 hr at room temperature and
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incubated with enhancer for an additional 10 min. 50 pl of Griess Reagent R1 and R2 were
sequentially added to each well. Color was developed for 10 min at room temperature and
absorbance was read at 540 nm using a micro-plate reader (Biotek Synergy 2).

Histological tissue analyses—Sections of intestine were fixed in 4% paraformaldehyde
overnight at 4°C, paraffin embedded, sectioned, and stained with hematoxylin and eosin

or periodic acid-Schiff/Alcian blue. For immunofluorescence, distal large intestine was
fixed in 4% paraformaldehyde overnight at 4°C and then placed in 30% sucrose for

24 hr. Tissues were embedded in OCT compound and cut as frozen sections (10 pum).

Frozen sections were thawed and blocked with 1% BSA for 1 hr at room temperature.

The following antibodies were diluted in 0.5% BSA and incubated with the tissue for

1.5 hr at room temperature: Alexa Fluor 488-anti-GFP (5.0 pg/ml, Invitrogen) and Alexa
Fluor 594-Phalloidin (1:200, Invitrogen). Nuclei were stained with DAPI (4’,6-Diamidino-2-
Phenylindole, Dihydrochloride, 0.5 ug/ml, Life Technologies). Slides were washed and then
mounted using Fluoromount-G (Invitrogen) and imaged on a Nikon A1R LUN-V inverted
confocal microscope.

SFB and B. bifidum ALDH constructs—SFB ALDHWT (WP_007440235.1) and

B. bifidum ALDHWT (WP_015438559.1) genes were codon-optimized for expression in
E. coli and cloned into the Ndel/BamHI site of the pET-21a(+) plasmid (GenScript).
ALDHMUYT variants were generated by substituting the catalytic glutamate [E] with an
alanine [A] residue at amino acid position 209 and 244 of SFB ALDH and B. bifidum
ALDH, respectively. Plasmids were transformed into BL21(DE3) £. coli Competent Cells
(Thermo Scientific) and positive transformants were selected using ampicillin (Sigma,
Img/ml) and screened by PCR. Successfully transformed clones were grown in LB broth
(Sigma) containing Ampicillin (Sigma, 1mg/ml) at 37°C 180 rpm until optical density at
600 (OD600) reached 0.4-0.6, and further cultured in presence of 0.5mM isopropylthio-p-
galactoside (IPTG, Invitrogen) for 4 hours to induce protein expression.

Retinoic acid quantification—Intestinal contents and IECs pellets were collected under
dark conditions and homogenized in PBS. Extracts were run on a retinoic acid ELISA

kit (MyBiosource, MBS706971) according to manufacturer instructions. Briefly, samples
were incubated with 50 Ul HRP-conjugated antibody for 40 min at 37°C, washed 5 times
with wash buffer, and incubated with TMB substrate for 20 min at 37°C. The reaction

was quenched, and absorbance was measured of each well using a micro-plate reader
(Biotek Synergy 2) set to 450 nm. For explant experiments, equal sections of terminal ileum
were taken from GF and SFB-monoassociated mice and cultured in a 24-well plate with
1uM all-trans retinol (Sigma) for 3 hr at 37°C without light. RA was measured in culture
supernatant or bacterial culture media after incubation. For RA quantification of ALDHWT
and ALDHMUT strains, cultures were treated with 1M all-trans retinol (Sigma) and IPTG
for 4 hours.

Aldehyde dehydrogenase activity—Samples were homogenized in ice-cold ALDH
assay buffer (Sigma, MAK082) for 3 min at 30 Hz and spun down at 13,000 x g for 10 min.
ALDH activity was measured according to manufacturer’s instructions (Sigma, MAK082).
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Briefly, 50 pl of supernatants with equal protein concentrations determined using Pierce
BCA Protein Assay Kit (Thermo Scientific) were combined with ALDH substrate and
acetaldehyde in 96-well plates. Background controls were performed in parallel by omitting
acetaldehyde from the reaction. Reactions were incubated at room temperature for 5 min and
absorbance at 450 nm was measured in 5 min intervals using a micro-plate reader (Biotek
Synergy 2). Enzymatic activity was calculated as a function of amount NADH generated
over time.

Protein modeling and sequence alignment—To predict 3D structures, protein
sequences were submitted to the Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2) (Kelley
et al., 2015) and modeled after existing Protein Data Bank templates (bDcALDH1A1:

PDB c4pt3C; SFB ALDH: PDB c6k0zA; B. bifidum ALDH: PDB c4f9iA). Figures were
generated using the PyMOL Molecular Graphics System, Version 2.4 Schrodinger, LLC
(https://pymol.org/). The superimpose function was used to determine structural similarity
to bcALDH1AL, reported as the overall root-mean-square deviation (RMSD) value.
Microbiome shotgun sequencing data obtained from the stool of 24 healthy patients that had
not received antibiotics within 6 months prior to the study (Lewis et al., 2015) were aligned
against the SFB ALDH (WP_007440235.1) and B. bifidum ALDH (WP_015438559.1)
sequences using Bowtie2. Prevalence of these genes are expressed as ALDH counts per
million mapped bacterial reads.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 8.0. Statistical significance
was determined by Student’s t-test or ANOVA. All data meet the assumptions of the
statistical tests used. Results are shown as mean + SEM and considered significant at
p<0.05 (*); p<0.01 (**); p<0.001 (***). Additional quantification and statistical information
(including exact value of n, and what n represents) are included in the figures or figure
legends where appropriate

DATA AND CODE AVAILABILITY

Datasets from this study have been deposited in the NCBI Gene Expression Omnibus
(GEOQ) database under the following accession identifiers: RNA-seq (GSE182630), ChiP-seq
(GSE182628).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Commensal Segmented filamentous bacteria protect against C. rodentium
infection
. Commensal bacteria express enzymes that generate retinoic acid in the
intestine
. Commensal bacterial-derived retinoic acid promotes epithelial defense in the
host
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Figure 1: Commensal SFB primes the intestinal epithelium at retinoic acid receptor sites.
(A) Colony-forming units (CFUSs) of C. rodentium in stool of infected germ-free (GF)

and SFB-monoassociated mice, normalized to sample weight, days 3-6 post-infection
(p.i.). (B) Experimental approach. (C) Percent CD4" T cells in colon from isotype and
anti-CD4 treated mice (n = 3). Gated on CD45" cells. (D) C. rodentium CFUs in stool,
normalized to sample weight, day 6 p.i. (n = 3). (E) Representative sequence tracks for
H3K27Ac ChIP-seq from IECs isolated from ileum of GF and SFB-monoassociated mice,
normalized to reads per million mapped reads. (F) Genomic distribution of H3K27Ac
peaks increased in IECs of SFB versus GF mice, shown as percent of total number of
differential peaks. (G) Motif enrichment of retinoic acid receptor (RAR) binding elements
at SFB-induced H3K27Ac sites using JASPAR. (H) Heatmap of relative mMRNA expression
in ileal epithelium harvested from C. rodentium-infected GF and SFB mice at day 6 p.i.,
represented as relative fold change. (1) Gene ontology for RAR targets that are differentially
induced in SFB-infected vs GF-infected from (H). Results are mean + SEM. Data are
representative of at least two independent experiments. *p < 0.05, “"p < 0.01. See also
Figure S1.
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Figure 2: Retinoic acid improves C. rodentium defense through Nos2 regulation.
(A) C. rodentium CFUs in stool of GF mice treated with all-trans retinoic acid (RA), day

6 p.i. (n = 3-4). (B) ChIP-gPCR for H3K27Ac at Nos2 RAR site, shown as percent of
input (n = 3). (C, D) mRNA expression levels in ileal epithelium, normalized to GF or
vehicle-treated mice (n = 3-4). (E) Bacterial cell density of C. rodentium (n = 3). (F) Nitric
oxide levels (NO3™ + NO5™) in lumen of small (SI) and large (L) intestine (n = 3). (G) C.
rodentium CFUs in stool, normalized to sample weight, day 6 p.i. (n = 3). Results are mean
+ SEM. Data are representative of three independent experiments. *p < 0.05, " p < 0.01.
n.s., not significant. See also Figure S2.
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Figure 3: IEC-intrinsic RAR activation enhances defense against C. rodentium.
(A) Control mice with a floxed stop-codon upstream of a dominant-negative RAR

(dnRARFF) were crossed to mice expressing IEC specific villin-cre recombinase to generate
IEC-specific dnRAR expressing mice (dnRAR'EC). (B) dnRAR mRNA expression in IECs
of dnRARFF and dnRAR'EC mice (n = 3-4), normalized to dnRARFF. (C, D) Relative level
of (C) SFB and (D) 16S rRNA DNA by gPCR in feces from dnRARFF and dnRAR'EC mice
(n = 4), normalized to dnRARFF. (E) C. rodentium CFUs in stool, normalized to sample
weight, day 6 p.i. (n = 3-4). (F) Immunofluorescent staining of distal large intestine from
dnRARFF and dnRAR'EC mice infected with GFP-expressing C. rodentium (Green: GFP-C.
rodentium, red: Phalloidin, blue: DAPI). (G) C. rodentium CFUs in stool, normalized to
sample weight, day 6 p.i. (n = 5-6). Results are mean + SEM. Data are representative of
three independent experiments. *p < 0.05, **p < 0.01. n.s., not significant. See also Figure
S3.
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Figure 4: SFB increases intestinal retinoic acid levels despite inhibition of host production.
(A) C. rodentium CFUs in stool of GF and SFB mice —/+ RAR inhibitor (RARi; BMS493),

normalized to sample weight, day 6 p.i. (n = 4-6). (B, C) Retinoic acid concentration in (B)
fecal samples and (C) IECs collected from GF and SFB mice (n = 4), normalized to sample
weight. (D) mRNA expression in IECs of GF and SFB mice (n = 4), normalized to GF. (E)
Schematic of mammalian vitamin A metabolism to retinoic acid. (F) mRNA expression in
IECs of GF and SFB mice (n = 4), relative to GF. (G, H) ALDH activity in (G) IECs and (H)
terminal ileum (TI) tissue (n = 3). (I) Retinoic acid concentration in stool of GF and SFB
mice treated with Aldhla2 inhibitor, normalized to sample weight (n = 4). (J, K) mRNA
expression in (J) IECs (n = 4) or (K) intestinal organoids (n = 4-6). Results are mean *
SEM. Data are representative of three independent experiments. *p < 0.05, " p< 0.01. n.s.,
not significant. See also Figure S4.
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Figure 5: Commensal bacteria provide a direct source of retinoic acid in the intestine.
(A) Retinoic acid concentration in supernatants from intestinal explants from GF and SFB

mice incubated with vehicle or all-trans retinol (ROL) (n = 3). (B) Retinoic acid levels

in intestinal lumen of mice pre and post vitamin A-deficient diet. (C) C. rodentium CFUs
in stool, normalized to sample weight, day 6 p.i. (n = 3) (D) Retinoic acid concentration

in media from B. cereus cultured with ROL, per 108 CFU of bacteria (n = 3). (E)
Expression of ALDH by B. cereus cultured —/+ ROL (n = 3). (F) Protein structure of B.
cereus ALDH1A1 (KFL74159.1), SFB ALDH (WP_007440235.1) and B. bifidum ALDH
(WP_015438559.1). Conserved catalytic glutamate [E] and cysteine [C] residues shown
as magenta-colored spheres. Root-mean-square deviation of atomic positions (RMSD)
compared to bcALDH1A1 for SFB ALDH = 2.059 A; B. bifidum ALDH, RMSD =

1.514 A. (G) Retinoic acid concentration following incubation with ROL, per 108 CFU

of bacteria (n = 3). (H) Retinoic acid concentration in intestinal contents of GF mice
monoassociated with B. bifidum, normalized to sample weight (n = 3). (1) C. rodentium
CFUs in stool, normalized to sample weight, day 6 p.i. (n = 4-5) (J) Percent of patients
containing intestinal microbiome reads that align to SFB or B. bifidum ALDH. (K) ALDH
counts per million reads. Results are mean = SEM. Data represent at least two independent
experiments. *p < 0.05, **p< 0.01.
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Figure 6: SFB dehydrogenase activity produces retinoic acid and improves host defense.
(A) Protein sequence for wildtype (WT) SFB and B. bifidum ALDH demonstrating

conserved catalytic glutamate [E] that has been replaced by alanine [A] in the mutant
(MUT). SFB and B. bifidum ALDH-pET-21a(+) plasmids were expressed in £.coli
(ALDHWT or ALDHMUT) (B, C) ALDH (B) expression and (C) activity in ALDHWT or
ALDHMUT strains (n = 3). (D) Retinoic acid concentration of ALDHWT or ALDHMUT
cultures incubated with retinol (ROL) (n = 3). (E, F) mRNA expression in intestinal
organoids stimulated with ALDHWT or ALDHMVYT strains for 24h in 1uM retinol,
normalized to vehicle control (n = 3). (G) Retinoic acid concentration in intestinal
contents of GF mice monoassociated with SFB, SFB-ALDHWT or SFB-ALDHMUT (n =
3), normalized to sample weight. (H) Experimental design. (1) C. rodentium CFUs in stool,
normalized to sample weight, day 6 p.i. (n = 3). (J) Microbiota-derived retinoic acid in
the intestine boosts host defense against enteric infection. Results are mean + SEM. Data
are representative of at least two independent experiments. *p < 0.05, **p < 0.01. See also
Figure S5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Histone H3 (ac-K27) Abcam Cat# ab4729

Rat monoclonal anti-CD4 Bio X Cell Cat# BE0003-1; Clone: GK1.5
Rat monoclonal IgG2B Bio X Cell Cat# BE0090; Clone: LTF-2
Mouse Monoclonal anti-1L17A Bio X Cell Cat# BE0173; Clone: 17F3
Mouse monoclonal IgG1 Bio X Cell Cat# BE0083; Clone: MOPC-21

Mouse Anti-CD45.2 BUV395

BD Biosciences

Cat# 564616; Clone: 104

Rat Anti-CD4 APC-eFluor 780 eBioscience Cat# 47-0042-02; Clone: RM4-5
Rat Anti-CD8a APC eBioscience Cat# 17-0081-82; Clone: 53-6.7
Anti-GFP Alexa Fluor 488 Invitrogen Cat# A21311

Bacterial and virus strains

Segmented filamentous bacteria (SFB) Yakult Central Institute N/A

GFP-Citrobacter rodentium Dr. Bruce A. Vallance N/A

Bacillus cereus ATCC ATCC 10876

Bifidobacterium bifidum ATCC ATCC 29521

Escherichia coli BL21(DE3) Thermo Scientific Cat# EC0114

Biological samples

Chemicals, peptides, and recombinant proteins

Difco™ MacConkey Agar BD Cat# 212123

LB Broth (Lennox) Tablet microbial Sigma Aldrich Cat# L7275

All-trans retinoic acid (atRA) Sigma Aldrich Cat# R2625

DMSO (Dimethyl sulfoxide) Sigma Aldrich Cat# D8418

Corn oil Fisher Scientific Cat# S25271

RARI (BMS 493) Torcis Bioscience Cat# 3509

Aldhla2 inhibitor (WIN 18,446) Cayman Chemical Cat# 14018

All-trans retinol Sigma Aldrich Cat# R7632

Vitamin A-deficient diet

Envigo Teklad Diets

Cat# TD.86143

Vitamin A-control diet

Envigo Teklad Diets

Cat# TD.91280

Brain Heart Infusion broth Sigma Aldrich Cat# 53286
MRS broth Sigma Aldrich Cat# 69966
L-Cysteine Sigma Aldrich Cat# C7352

Cell Host Microbe. Author manuscript; available in PMC 2022 December 08.

Page 31



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Woo et al.

REAGENT or RESOURCE SOURCE IDENTIFIER
Kanamycin sulfate Gibco Cat# 1866779
Ampicillin sodium salt Sigma Aldrich Cat# A0166
Fluorescein isothiocyanate(FITC)—dextran Sigma Aldrich Cat# 46944
IPTG (Isopropyl p-D-1-thiogalactopyranoside) Thermo Scientific Catt# 15529019

Fixable Violet Dead Cell Stain Kit Invitrogen Cat# L34964
RNAprotect Bacteria Reagent Qiagen Cat# 76506
Power SYBR Green PCR Master Mix Thermo Scientific Cat# 4367659
Alexa Fluor™ 594 Phalloidin Invitrogen Cat# A12381
DAPI (4°,6-diamidino-2-phenylindole) Life Technologies Cat# D1306

Fluoromount-G

Invitrogen

Cat# 00-4958

Sodium Nitroprusside (SNP)

Sigma Aldrich

Cat# PHR1423

Critical commercial assays

Mouse Retinoic Acid ELISA Kit

MyBiosource

Cat# MBS706971

RNeasy Mini RNA Kit Qiagen Cat# 74104
Pierce™ BCA Protein Assay Kit Thermo Scientific Cat# 23225
DNase I, Amplification Grade Invitrogen Cat# 18068015
Verso cDNA Synthesis Kit Thermo Scientific Cat# AB1453A
Nitric Oxide Assay Kit Biovision Cat# K262
QlAamp Fast DNA Stool Mini Kit Qiagen Cat# 51604
ALDH Activity Assay Kit Sigma Aldrich Cat# MAK082
Deposited data

ChlIP-seq raw and analyzed data This Paper GEO: GSE182628
RNA-seq raw and analyzed data This Paper GEO: GSE182630

Human stool metagenomic shotgun sequencing data

Lewis et al., 2015

SRA: SRP057027

Experimental models: Cell lines

Experimental models: Organisms/strains

Mouse: WT: C57BL/6J The Jackson Laboratory JAX: 000664
Mouse: dnRARM: G{(ROSA)2650rmURARA)Soc)Hsy] | The Jackson Laboratory JAX: 029812
Mouse: Nos2™~: B6.129P2- Nos2miLau| The Jackson Laboratory JAX: 002609
Mouse: Villin-Cre: B6.Cg-Tg(Vill-cre)997Gum/J The Jackson Laboratory JAX: 004586
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Primers for ChIP-gPCR and RT-gPCR, see Table S1 This Paper N/A
Recombinant DNA

pET-21a(+)-SFB-ALDHWT This Paper N/A
pET-21a(+)-SFB-ALDHMUT This Paper N/A
pET-21a(+)-B. bifidum-ALDHWT This Paper N/A
pET-21a(+)-B. bifidum-ALDHMUT This Paper N/A

Software and algorithms

Prism 8.0 Graphpad graphpad.com/scientific-software/prism/
FlowJo BD flowjo.com/

Biowardrobe

Kartashov and Barski, 2015

biowardrobe.cchmc.org/ems/

PscanChlIP

Zambelli et al., 2013

159.149.160.88/pscan_chip_dev/

DAVID Bioinformatics Resources

Huang et al., 2009

david.ncifcrf.gov

Phyre2

Kelley et al., 2015

shg.bio.ic.ac.uk/phyre2

PyMOL Molecular Graphics System, 2.4

Schrondinger, LLC

pymol.org/

Other
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Page 34

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Snail Cell Signaling Technology Cat#3879S; RRID:
AB_2255011

Mouse monoclonal anti-Tubulin (clone DM1A) Sigma-Aldrich Cat#T9026; RRID:
AB_477593

Rabbit polyclonal anti-BMAL1 This paper N/A

Bacterial and virus strains

pAAV-hSyn-DI0O-hM3D(Gq)-mCherry

Krashes et al., 2011

Addgene AAV5; 44361-
AAV5

AAV5-EF1a-DIO-hChR2(H134R)-EYFP Hope Center Viral Vectors N/A
Core
Cowpox virus Brighton Red BEI Resources NR-88
Zika-SMGC-1, GENBANK: KX266255 Isolated from patient (Wang | N/A
etal., 2016)
Staphylococcus aureus ATCC ATCC 29213
Streptococcus pyogenes. M1 serotype strain: strain SF370; M1 GAS ATCC ATCC 700294
Biological samples
Healthy adult BA9 brain tissue University of Cat#UMB1455
Maryland Brain &
Tissue Bank; http://
medschool.umaryland.edu/
btbank/
Human hippocampal brain blocks New York Brain Bank http://

nybb.hs.columbia.edu/

Patient-derived xenografts (PDX)

Children’s Oncology Group
Cell Culture and Xenograft
Repository

http://cogcell.org/

Chemicals, peptides, and recombinant proteins

MK-2206 AKT inhibitor

Selleck Chemicals

$1078; CAS:
1032350-13-2

SB-505124 Sigma-Aldrich S4696; CAS:
694433-59-5 (free base)

Picrotoxin Sigma-Aldrich P1675; CAS: 124-87-8

Human TGF-B R&D 240-B; GenPept: P01137

Activated S6K1 Millipore Cat#14-486

GST-BMALL1 Novus Cat#H00000406-P01

Critical commercial assays

EasyTag EXPRESS 35S Protein Labeling Kit PerkinElmer NEG772014MC

CaspaseGlo 3/7 Promega G8090

TruSeq ChIP Sample Prep Kit Illumina IP-202-1012

Deposited data

Raw and analyzed data This paper GEO: GSE63473

B-RAF RBD (apo) structure This paper PDB: 5J17
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human reference genome NCBI build 37, GRCh37 Genome Reference http://
Consortium www.ncbi.nlm.nih.gov/
projects/genome/

assembly/grc/human/

Nanog STILT inference

This paper; Mendeley Data

http://dx.doi.org/
10.17632/wx6s4m;j7s8.2

Affinity-based mass spectrometry performed with 57 genes

This paper; Mendeley Data

Table
S8; http://dx.doi.org/
10.17632/5hvpvspw82.1

Experimental models: Cell lines

Hamster: CHO cells

ATCC

CRL-11268

D. melanogaster. Cell line S2: S2-DRSC

Laboratory of Norbert
Perrimon

FlyBase: FBtc0000181

Human: Passage 40 H9 ES cells

MSKCC stem cell core
facility

N/A

Human: HUES 8 hESC line (NIH approval number NIHhESC-09-0021)

HSCI iPS Core

hES Cell Line: HUES-8

Experimental models: Organisms/strains

C. elegans. Strain BC4011: srl-1(s2500) I1; dpy-18(e364) I1I; Caenorhabditis Genetics WB Strain:
unc-46(e177)rol-3(s1040) V. Center BC4011; WormBase:
WBVar00241916

D. melanogaster. RNAI of SxI. y[1] sc[*] v[1]; P{TRiP.HMS00609}attP2 Bloomington Drosophila BDSC:34393; FlyBase:
Stock Center FBtp0064874

S. cerevisiae. Strain background: W303 ATCC ATTC: 208353

Mouse: R6/2: B6CBA-Tg(HDexon1)62Gpb/3J The Jackson Laboratory JAX: 006494

Mouse: OXTRFI/fl: B6.129(SIL)-Oxtrimi-1Wsy/] The Jackson Laboratory RRID:

IMSR_JAX:008471

Zebrafish: Tg(Shha:GFP)t10: t10Tg

Neumann and Nuesslein-
Volhard, 2000

ZFIN: ZDB-
GENO-060207-1

Arabidopsis. 35S::PIF4-YFP, BZR1-CFP

Wang et al., 2012

N/A

Arabidopsis. JYB1021.2: pS24(AT5G58010)::cS24:GFP(-G):NOS #1 NASC NASC ID: N70450
Oligonucleotides

siRNA targeting sequence: PIP5K | alpha #1: ACACAGUACUCAGUUGAUA This paper N/A

Primers for XX, see Table SX This paper N/A

Primer: GFP/YFP/CFP Forward: GCACGACTTCTTCAAGTCCGCCATGCC This paper N/A

Morpholino: MO-pax2a GGTCTGCTTTGCAGTGAATATCCAT Gene Tools ZFIN: ZDB-

MRPHLNO-061106-5

Resource Center

ACTB (hs01060665_g1) Life Technologies Cat#4331182
RNA sequence: hnRNPA1_ligand: This paper N/A
UAGGGACUUAGGGUUCUCUCUAGGGACUUAGGGUUCUCUCUAGGGA

Recombinant DNA

pLVX-Tight-Puro (TetOn) Clonetech Cat#632162
Plasmid: GFP-Nito This paper N/A

cDNA GH111110 Drosophila Genomics DGRC:5666;

FlyBase:FBcl0130415

AAV2/1-hsyn-GCaMP6- WPRE

Chenetal., 2013

N/A

Mouse raptor: pLKO mouse shRNA 1 raptor

Thoreen et al., 2009

Addgene Plasmid #21339

Software and algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER
ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/
Bowtie2 Langmead and Salzberg, http://bowtie-
2012 bio.sourceforge.net/
bowtie2/index.shtml
Samtools Li et al., 2009 http://

samtools.sourceforge.net/

Weighted Maximal Information Component Analysis v0.9

Rau et al., 2013

https://github.com/
ChristophRau/wMICA

ICS algorithm This paper; Mendeley Data | http://dx.doi.org/
10.17632/5hvpvspw82.1

Other

Sequence data, analyses, and resources related to the ultra-deep sequencing of the | This paper http://

AML31 tumor, relapse, and matched normal aml31.genome.wustl.edu

Resource website for the AML31 publication This paper https://github.com/

chrisamiller/
amlI31SuppSite
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PHYSICAL SCIENCE TABLE WITH EXAMPLES FOR AUTHOR REFERENCE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

QD605 streptavidin conjugated quantum dot Thermo Fisher Scientific Cat#Q10101MP
Platinum black Sigma-Aldrich Cat#205915
Sodium formate BioUltra, 299.0% (NT) Sigma-Aldrich Cat#71359
Chloramphenicol Sigma-Aldrich Cat#C0378
Carbon dioxide (13C, 99%) (<2% 80) Cambridge Isotope Laboratories CLM-185-5
Poly(vinylidene fluoride-co-hexafluoropropylene) Sigma-Aldrich 427179

PTFE Hydrophilic Membrane Filters, 0.22 pm, 90 mm Scientificfilters.com/TischScientific SF13842

Critical commercial assays

Folic Acid (FA) ELISA kit

Alpha Diagnostic International

Cat# 0365-0B9

TMT10plex Isobaric Label Reagent Set Thermo Fisher A37725
Surface Plasmon Resonance CM5 kit GE Healthcare Cat#29104988
NanoBRET Target Engagement K-5 kit Promega Cat#N2500
Deposited data

B-RAF RBD (apo) structure This paper PDB: 5J17

Structure of compound 5

This paper; Cambridge
Crystallographic Data Center

CCDC: 2016466

Code for constraints-based modeling and analysis of
autotrophic E. coli

This paper

https://gitlab.com/elad.noor/sloppy/tree/
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