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SUMMARY

Throughout a 24-h period, the small intestine (SI) is exposed to diurnally varying food- and microbiome-
derived antigenic burdens but maintains a strict immune homeostasis, which when perturbed in genetically
susceptible individuals, may lead to Crohn disease. Herein, we demonstrate that dietary content and rhyth-
micity regulate the diurnally shifting Sl epithelial cell (SIEC) transcriptional landscape through modulation of
the SI microbiome. We exemplify this concept with SIEC major histocompatibility complex (MHC) class I,
which is diurnally modulated by distinct mucosal-adherent SI commensals, while supporting downstream
diurnal activity of intra-epithelial IL-10* lymphocytes regulating the Sl barrier function. Disruption of this diur-
nally regulated diet-microbiome-MHC class II-IL-10-epithelial barrier axis by circadian clock disarrangement,
alterations in feeding time or content, or epithelial-specific MHC class Il depletion leads to an extensive mi-
crobial product influx, driving Crohn-like enteritis. Collectively, we highlight nutritional features that modulate
Sl microbiome, immunity, and barrier function and identify dietary, epithelial, and immune checkpoints along
this axis to be potentially exploitable in future Crohn disease interventions.

INTRODUCTION

Diet shapes intestinal physiology, through a variety of micro-
biome-dependent and -independent mechanisms. However,
most nutritional influences have been primarily studied in the
large intestine and in the context of metabolic health (Canfora
et al., 2015; Cani et al., 2009; Ridaura et al., 2013; Thaiss et al.,

2014, 2016, 2018; Thomas et al., 2009; Turnbaugh et al., 2006;
Vrieze et al., 2012). In contrast, mechanistic understanding of di-
etary modulation of small intestine (Sl) physiology, where the ma-
jority of dietary exposures and interactions take place remains
elusive. The Sl epithelial layer, comprising distinct S| epithelial
cells (SIECs) and resident intra-epithelial T cell lymphocytes
(IELs), is constantly challenged with extreme shifts in dietary
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influences throughout the course of a day. During waking hours,
peaking nutrient availability mandates rapid adaptation of SIEC
absorptive functions, balanced with immune tolerance toward
increased antigenic burdens associated with food intake. Oppo-
site conditions are present during the resting phase. The cross-
talk between SIECs and IELs includes SIEC uptake of luminal an-
tigens (BUning et al., 2005; Gonnella and Wilmore, 1993;
Ladinsky et al., 2019), their processing (Hershberg et al., 1997),
presentation to T cells (Vezys et al., 2000; Westendorf et al.,
2009), and, reciprocally, regulation of Lgr5* SIEC stem cell differ-
entiation by T cell-derived cytokines (Biton et al., 2018). Howev-
er, how SIECs and IELs cooperate in coping with the daily fluc-
tuations in food intake and related antigenic exposures,
maintaining the crucial equilibrium between the host’s nutritional
and immune demands, remains largely unknown.

A breakdown of this poorly understood SIEC circadian adap-
tation to changing environmental cues may lead to immune
dysregulation, culminating in immunopathology among individ-
uals with underlying genetic susceptibilities to auto-inflamma-
tory disorders. For example, Celiac disease is characterized
by an uncontrolled auto-inflammation in genetically predis-
posed individuals, which is driven by a gluten-containing diet
(Lazar-Molnar and Snyder, 2018) and ameliorated by gluten-
free diet (Cummins et al., 1991). Likewise, exclusive enteral
nutrition (EEN) has long served as an empiric management ther-
apy of pediatric Crohn disease (CD) (Ashton et al., 2019). How-
ever, the mechanism by which dietary interventions help in
shaping the S| immunity in homeostasis and in CD remains
unknown.

Likewise, most gut microbiome research has been predomi-
nantly focused on the large intestinal microbial community and
its proxy, the fecal microbiome, while modulatory dietary activ-
ities related to the distinct SI microbiome (Suez et al., 2018;
Zmora et al., 2018) remain understudied. In the large intestine,
circadian rhythm constitutes a major organizational principle of
homeostatic diet-host-microbiome cooperation (Chaix et al.,
2014; Gil-Lozano et al., 2016; Thaiss et al., 2014, 2016; Tognini
etal., 2017; Zarrinpar et al., 2014), while breach of large intestinal
microbiome circadian homeostasis leads to a concomitant mi-
crobial and host dysfunction, contributing to metabolic disease
(Thaiss et al., 2014; Zarrinpar et al., 2014). Whether similar circa-
dian organizational principles apply to Sl host-microbiome
cooperative adaptation to diurnally shifting environmental condi-
tions, including diet, remains unknown. In this study, we sought
to explore these interactions and their potential impacts on Slim-
mune homeostasis and risk of development of CD.

RESULTS

Determining Dietary Influences on SIEC Transcriptional
Landscape

Throughout this section, results pertaining to pooled
experiments derive from independent repeats performed under
identical conditions, available at https://data.mendeley.com/
datasets/wp2wt38pdg/draft?a=1bb5fe57-453f-4b05-b558-32
07bb705b8a. We began our investigation by characterizing the
transcriptomic landscape (by RNA sequencing) of sorted jejunal
small intestinal epithelial cells (SIECs, CD45~ EpCAM") of male

2 Cell 182, 1-19, September 17, 2020

Cell

12-week-old C57BL6 mice, kept in specific pathogen-free
(SPF) versus germ-free (GF) conditions, or collected at the
peak (ZT12) versus trough (ZT0) time points of Sl absorptive ac-
tivity (Pan and Hussain, 2009; Figure 1A). SIECs were further
compared to colonic intestinal epithelial cells (Figure 1A). Tran-
scriptome comparison between SIECs collected from SPF
mice at the peak (ZT12) versus trough (ZTO0) of Sl absorptive ac-
tivity revealed 114 changing Gene Ontology (GO) terms (q < 0.1),
suggesting a diurnal nature of SIEC gene expression (Fig-
ure S1A). Comparison between SIECs collected at SPF versus
GF conditions at ZT0 identified 254 GO terms (q < 0.1) to be
differentially regulated by the microbiome (Figure S1B). Compar-
ison between jejunal and colonic IECs at ZTO revealed 57 differ-
entially expressed Sl-specific GO terms (q < 0.1, Figure S1C).
The trilateral analysis of all three conditions (S| versus colon;
GF versus SPF and ZT0 versus ZT12) revealed 16 GO terms to
constitute common denominators that potentially represented
diurnally adapting transcriptomic pathways that were specific
to Sl and modulated by time and the microbiome (Figure 1A).
Among them were GO terms of circadian clock machinery, path-
ways responsible for absorption, intracellular transport, and anti-
microbial defense. Surprisingly, several of the common denom-
inator GO terms included pathways related to antigen
processing and presentation via major histocompatibility com-
plex (MHC) class Il complex (Figure 1A). Indeed, SIECs were pre-
viously suggested to act as non-classic antigen-presenting cells
that closely interact with lymphocyte populations of Sl through
MHC class I, thereby directing CD4*Foxp3* T-regulatory cell
differentiation (Westendorf et al., 2009), while reciprocally, T
helper cell-derived cytokines have been reported to direct the
development of MHC class II* Sl stem cells (Biton et al., 2018).
Furthermore, SIEC MHC-class-II-mediated activity was shown
to be induced by the gut microbiome and play a critical role in
graft versus host disease (Koyama et al., 2019).

SIEC MHC Class Il Expression Is Diurnally Regulated

We next examined the baseline frequency of MHC-class-Il-ex-
pressing mature intestinal cells (CD45~ EpCAM™) along the
gastro-intestinal tract of ad libitum normal chow (NC)-fed 8-
week-old male C57BL6 mice, at peak (ZT12) or trough (ZT0)
time points (Figures 1B-1D, pooled results, three independent
repeats). The frequency of MHC class II* SIECs was signifi-
cantly higher at ZT12 as compared to ZTO0. In contrast to the
Sl, the cecum and colon showed no such temporal expression
differences and a much lower MHC class II" SIEC frequency. To
exclude a vivarium-specific or a strain-specific effect, we
further compared the frequency of MHC II" SIECs between
wild-type (WT) male, 8-week-old C57BL6 mice that were
housed at our vivarium (Weizmann Institute of Science) for
more than ten generations, to that of 8-week-old C57BL6
mice purchased from two independent commercial vendors
(Jackson Laboratory, Figure S1D, and Envigo, Figure S1E), as
well as to gender- and age-matched outbred Swiss Webster
mice housed at our facility (Figure S1F). Indeed, the frequency
of MHC class II" SIECs exhibited a temporally shifting pattern
across vivaria and genetic strains. These results suggested
that a subpopulation of MHC class II* SIEC may feature a diur-
nally regulated MHC class Il expression profile.
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In vivo examination of the frequency of MHC class II* SIECs
collected every 4 h throughout two consecutive 24-h cycles in
male, 10-week-old C57BL6 mice confirmed that SIEC MHC class
Il protein expression features a diurnally oscillating pattern (meta
cycle Lomb-Scargle [LS] p = 0.0231, Figure 1E, pooled results,
four independent repeats; permutation test [PT] p = 0.0009, Fig-
ure 1F). Likewise, at the mRNA level, expression levels of a MHC
class Il representative gene H2-AB1 were highest at ZT4 and min-
imal at ZT20 and featured a diurnal pattern (LS p = 0.0438, PTp =
0.0009, Figures S1G and S1H). In contrast, SIEC expression of H1-
K1 gene, a MHC class | member (Figures S1l and S1J, LS p =
0.9882; PT p = 0.1904), as well as that of interferon (IFN)-y (Figures
S2A and S2B, LS p = 0.8053; PT p = 0.2121), and EpCAM (protein
level expression, Figures S2C and S2D, LS p = 0.9915; PT p =
0.5444; mRNA level expression, Figures S2E and S2F, LS p =
0.7460; PT p = 0.0766) did not exhibit diurnal oscillations. Overall,
these results suggest that, in contrast to colonic IECs, EpCAM™
SIECs express MHC class |l at steady state, and a large subpopu-
lation of SIECs exhibits diurnal patterns in levels of MHC class Il
expression on both protein and mRNA levels.

We next set out to spatially define the oscillating MHC class II*
SIEC subpopulation, since SIEC subsets specialize in various
tasks along a villus height, including anti-microbial defense at
the bottom of the crypt, absorptive function at the middle of the
villi, and immunomodulation at the top of the villi (Moor et al.,
2018). Single-molecule fluorescence in situ hybridization
(smFISH) performed at the trough (ZT0) and peak (ZT8) of SIEC
MHC class Il expression on the jejunum of WT male, 8-week-old
C57BL6 mice demonstrated that the distribution of H2-AB1
mRNA is zonated along the length of villiin a time-specific manner.
The highest concentration of MRNA molecules localized to the up-
per third of villi at ZT8, and to the middle of villi at ZTO (Figures 1G
and 1H), suggesting that the temporally oscillating SIEC MHC
class II" population may be involved in nutrient absorption, which
occurs within the same region at a similar time range (Moor et al.,
2017; Moor et al., 2018), together with the peak of SI matility (Goo
etal., 1987; Hoogerwerf et al., 2010; Kumar et al., 1986) and intes-
tinal blood outflow to the liver (Lemmer and Nold, 1991). Interest-
ingly, SIEC E-cadherin expression distribution mirrored that of H2-
AB1 (Figure 11; Figure S2G). Intracellularly, H2-AB1 mRNA mole-
cules were concentrated at the apical side of SIECs (Figures 1J
and 1K). Indeed, H2-AB1 was among the 30% most highly ex-
pressed polar localized mRNAs molecules within IECs (Moor
et al., 2018), with higher mRNA concentration noted in the ribo-
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some-enriched apical cell side, a subcellular locality previously
suggested to allow IECs to rapidly respond to external stimuli
such as food intake (Moor et al., 2017).

Dietary Composition and Feeding Rhythmicity Regulate
SIEC MHC Class Il Expression

Given the diurnal MHC class Il activity noted in SIECs, we next
set out to determine whether intact circadian clocks of the host
are required for diurnal fluctuations of SIEC MHC class Il expres-
sion. Toward this aim, we utilized both genetic and environ-
mental models of circadian clock disruption to examine the
SIEC MHC class II* population. The frequency of MHC class II*
SIECs was examined every 6 h throughout two consecutive
24-h cycles in male, 8-week-old Period 1/2 double knockout
(Per1/2 DKO) mice, which are deficient in core circadian clock
genes and characterized by arrhythmic feeding (Bae et al.,
2001), as compared to age- and gender-matched circadian
clock-sufficient WT C57BL6 mice. Indeed, diurnal pattern of
SIEC MHC class Il expression was opposite in Per1/2 DKO
mice compared to WT mice in both protein (Figures 2A and
2B, LS p = 0.1849; PT p = 0.0028, pooled results, two indepen-
dent repeats; Figure S2H) and mRNA levels (Figures S2l and S2J,
LS p = 0.147; PT p = 0.0013), with no diurnal changes noted in
expression of the epithelial marker EpCAM (Figures S3A and
S3B, LS p = 0.878; PT p = 0.6626). Similarly, examination of
MHC class II" SIEC frequency in jet-lagged mice, subjected to
4 weeks of regular re-adaptation to an 8-h phase shift in light/
dark cycle (Figure 2C), demonstrated a loss of diurnal pattern
of SIEC MHC class Il expression at ZT0 and ZT8 compared to
control mice (Figure 2D, pooled results, three independent
repeats).

As circadian clocks in mammals feature a hierarchical two-tier
structure, featuring central hypothalamic circadian clocks and
peripheral circadian clocks within each cell of the body, we
next examined whether the diurnal MHC class Il activity of SIECs
requires endogenous SIEC clocks. Toward this aim, we gener-
ated intestinal epithelial specific knockout of Bmall—a key
member of circadian clock machinery, which featured an intact
SIEC MHC class Il protein expression at both trough (ZT0) and
peak (ZT8) time points (Figure 2E, pooled results, three indepen-
dent repeats). We next examined whether feeding rhythmicity
might serve as the mechanism for the entrainment of diurnal
SIEC MHC class Il activity. Time-restricted feeding (TRF), limiting
food access of 8-week-old WT and arrhythmic Per1/2 DKO male

Figure 1. SIEC MHC Class Il Expression Undergoes Temporal and Biogeographical Diurnal Oscillations
(A) Venn diagram of shared and unique gene pathways in sorted SIECs comparing: S| germ-free versus SPF mice, SPF colon versus S, and SPF Sl at ZTO versus

ZT12.q < 0.1.

(B) Schematic showing sampling times and locations along the gastrointestinal tract for SIEC MHC class Il fluorescence-activated cell sorting (FACS) analysis.
(C and D) Frequency of MHC class II*CD45 EpCAM™ SIECs at ZT0 versus ZT12 across differential gastrointestinal regions.

(E and F) Frequency of MHC class II"CD45 EpCAM™ SIECs over 48 h (E) or 24 h (F). Isolated SIECs from distal jejunum were examined every 4 h across two
consecutive 24-h cycles. Data presented as sine curve fit and p values were calculated by LS test for 48 h (E) or by PT for 24 h (F).

(G) H2-AB1 mRNA distribution alongside the length of villi in distal jejunum at ZTO versus ZT8.

(H) Distribution of H2-AB1 mRNA alongside the length of villi from distal jejunum at ZTO versus ZT8. Scale bar, 20 um.

(l) Distribution of E-cadherin protein alongside the length of villi from distal jejunum at ZTO versus ZT8. Scale bar, 20 um.

(J) Mean fluorescence intensity of H2-AB1 mRNA intracellular distribution in the distal jejunum at ZTO versus ZT8.

(K) Intracellular distribution of H2-AB1, E-cadherin, and EPCAM in SIECs of distal jejunum at ZTO versus ZT8. Dotted line highlights the borders between the

epithelium and lamina propria.

Scale bar, 10 um. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 by Mann-Whitney U test; Figure 1G: 2-way ANOVA test. See also Figures S1 and S2.
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mice exclusively to the dark phase (night-fed group, NF) or to the
light phase (day-fed group, DF) of a 24-h cycle for 4 weeks, un-
covered a feeding-dependent phase-shift in diurnal MHC class ||
expression in WT mice, and a restored rhythmic SIEC MHC class
Il expression in Per1/2 DKO mice (Figure 2F, pooled results, two
independent repeats). These results suggested that feeding
rhythmicity may contribute to diurnal rhythmicity entrainment
of SIEC MHC class Il expression.

To uncover whether compositional dietary alterations, comple-
mentary to the above temporal dietary cues, may shape the
diurnal expression pattern of SIEC MHC class Il, we determined
the in vivo SIEC MHC class Il expression pattern in C57BLS6,
male 12-week-old mice fed ad libitum high-fat diet (HFD), contain-
ing 60% of calories in fat versus NC for 4 weeks at ZT0 and ZT8.
Indeed, a dietary switch from NC to HFD led to a marked reduction
on the protein frequency of MHC class II" SIECs at ZT8 to ZT0
levels (Figure 2G, pooled results, four independent repeats). Like-
wise, a repetitive 4-h measurement of MHC class Il expression
throughout a 48-h period upon transition to HFD demonstrated
an overall reduction of SIEC MHC class Il expression and a loss
of the diurnal pattern on both protein (Figures 2H and 2I, HFD
LS p=0.9999; PT p = 0.5030 pooled results, two independent re-
peats) and mRNA levels (Figures S3C and S3D, HFD LS p =
0.5584; PT p = 0.2679), with no changes noted in expression of
the epithelial marker EpCAM (Figures S3E and S3F, HFD LS p =
0.8519; PT p = 0.5887). To dissociate indirect effects of HFD on
diurnal MHC class Il expression mediated by its impact on the
timing of feeding in mice, from its direct effects on rhythmic
MHC class Il expression, we applied time-restricted feeding
(TRF) to HFD-fed mice (Figures 2J and 2K). While TRF induced
weight loss (Figure 2J), it did not reverse the HFD-mediated sup-
pression of SIEC MHC class Il expression (Figure 2K), suggesting
that the effects of HFD on SIEC MHC class Il can be predomi-
nantly attributed to its dietary composition rather than its indirect
effects on feeding behavior. Collectively, these results suggest
that feeding rhythmicity and dietary content both act as regulators
of diurnal SIEC MHC class Il expression.

Dietary Regulation of SIEC MHC Class Il Expression Is
Dependent on the Microbiome

We next sought to decode the mechanism by which dietary inter-
ventions modulate SIEC MHC class |l expression. One such
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mechanism may include regulation by the intestinal microbiome
(Thaiss et al., 2015, 2016). Indeed, we found that, similarly to
large intestinal community (Thaiss et al., 2014), the SI micro-
biome undergoes time-of-day-specific changes in its composi-
tion, both in the lumen (Figures S3G and S3I) and mucosal
fraction (Figures S3H and S3J). To test whether the SI micro-
biome participates in regulation of SIEC MHC class Il, we exam-
ined diurnally shifting SIEC MHC class Il expression under micro-
biome disruptive conditions, in either 12-week-old C57BL6 male
GF mice or gender-and age-matched mice treated with a broad-
spectrum antibiotics cocktail consisting of ampicillin, vancomy-
cin, metronidazole, and neomycin (AVMN) in drinking water for
4 weeks. In both conditions, the frequency of MHC class II*
SIECs was reduced, and the diurnal pattern of expression lost,
as compared to non-microbiome-disrupted controls (Figure 3A,
pooled results, two independent repeats; Figure S4A). To
corroborate these findings, we examined SIEC MHC class I
expression every 4 h throughout two consecutive 24-h cycles
in 12-week-old GF male mice and in age- and gender-matched
AVMN-treated male mice compared to non-microbiome-disrup-
ted controls. While control SPF mice exhibited a SIEC MHC class
Il diurnal pattern (LS p = 0.0496; PT p = 0.0009), GF mice (LS p =
0.9574; PT p = 0.7474) and AVMN-treated mice (LS p = 0.3578;
PT p = 0.1730) featured a reduced MHC class II* SIECs fre-
quency and an absent diurnal pattern of expression on both pro-
tein (Figures 3B and 3C, pooled results, two independent re-
peats) and mRNA levels (Figures S4B and S4C).

To further delineate the microbiome members involved in SIEC
MHC class Il induction, we examined SIEC MHC class Il expres-
sion in 12-week-old C57BL6 male mice treated for 4 weeks with
individual components of the AVMN broad-spectrum antibiotics
regimen. Importantly, vancomycin treatment, but none of the
other three antibiotics, induced a substantial decrease in MHC
class II* SIEC frequency (Figure 3D, pooled results, three inde-
pendent repeats), suggesting that gram-positive vancomycin-
sensitive bacteria may drive SIEC MHC class Il expression at
our vivarium. In agreement, mice treated for 4 weeks with metro-
nidazole retained a diurnal pattern of SIEC MHC class Il expres-
sion at ZT8 versus ZT0, while this pattern was lost upon vanco-
mycin treatment (Figure 3E, pooled results, three independent
repeats). To further prove that the microbiome directly impacts
SIEC MHC class Il expression, we transferred microbiomes

Figure 2. SIEC MHC Class Il Diurnal Oscillations Are Regulated through Diet Composition and Rhythmicity

(A and B) Frequency of MHC class II*CD45 EpCAM" SIECs across 48 h (A) and summarized for two consecutive 24 h (B) in Per1/2 DKO mice versus control mice.
Data presented as sine curve fit and p values were calculated by LS test for 48 h (A) or by PT for 24 h (B).

(C) Schematic illustrating model of chronic environmental circadian cycle disruption (jet lag) in which mice are subjected to an 8-h shift in light/dark cycle every

3 days for 4 weeks.

(D) Frequency of MHC class II"CD45 EpCAM™ SIECs at distal jejunum of jet-lagged mice versus controls at ZTO versus ZT8.
(E) Frequency of MHC class II"CD45 EpCAM" SIECs at distal jejunum of Villin-cre Bmal1 fl/fl mice versus Bmal fl/fl littermate controls at ZTO versus ZT8.
(F) Frequency of MHC class II"CD45"EpCAM" SIECs at distal jejunum of mice of WT or PER1/2 DKO mice that were either day or night fed (DF or NF, respectively)

at ZTO versus ZT8.

(G) Frequency of MHC class II*CD45 EpCAM"™ SIECs at distal jejunum of mice fed with NC versus HFD at ZTO versus ZT8.

(H and ) Frequency of MHC class [I"*CD45 EpCAM™ SIECs at distal jejunum of mice fed with NC versus HFD across 48 h (H) and summarized for two consecutive
24-h periods (l). Data presented as sine curve fit and p values were calculated by LS test for 48 h (H) or by PT for 24 h (l).

(J) Body weight of WT mice fed with NC, HFD ad libitum (AD), and HFD day or night fed (HFD DF or HFD NF, respectively).

(K) Frequency of MHC class II"*CD45 EpCAM" SIECs at distal jejunum of mice of WT mice fed with NC, HFD AD, and HFD day or night fed (HFD DF or HFD NF,

respectively). All data represent at least two independent experiments.

Means + SD are plotted. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 by Mann-Whitney U test. See also Figures S2 and S3.
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Figure 3. Dietary Modulation of SIEC MHC Class Il Is Mediated by SI Microbiome

(A) Frequency of MHC class II*CD45 EpCAM™ SIECs at distal jejunum of control mice versus AVMN antibiotic cocktail-treated and germ-free (GF) mice at ZTO
versus ZT8.

(B and C) Frequency of MHC class II"CD45 EpCAM™ SIECs from distal jejunum of control mice versus antibiotics-treated mice (ABX) or germ-free mice (GF)
examined every 4 h across 48 h (B) and average of two consecutive 24 h (C). The line represents the sine fit curve, and p values were calculated by LS test for 48 h
(B) or by PT for 24 h (C).

(D) Frequency of MHC class II"CD45 EpCAM™ SIECs at distal jejunum of mice treated with ampicillin (AMP), vancomycin (VAN), metronidazole (MET), or
neomycin (NEO) examined at ZT8.

(E) Frequency of MHC class II*CD45 EpCAM" SIECs at distal jejunum of mice treated with vancomycin (VAN) or metronidazole (MET) at ZTO versus ZT8.

(F) Schematic illustrating reconstitution of recipient germ-free (GF) mice with luminal microbiome transfer from the distal jejunum of HFD-fed specific pathogen-
free (SPF), SPF mice treated with vancomycin (VAN) or metronidazole (MET), or SPF mice subjected to chronic jet lag (JL).

(legend continued on next page)
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from either metronidazole or vancomycin-treated mice into 8-
week-old C57BL6 GF male mice (Figures 3F and 3G, pooled re-
sults, three independent repeats) and examined, 2 weeks later,
SIEC MHC class Il expression in recipient mice. While micro-
biomes from metronidazole-treated mice successfully induced
SPF control levels of SIEC MHC class Il expression, micro-
biomes from vancomycin-treated mice failed to induce such
levels of SIEC MHC class I, suggesting that the vancomycin-
impacted microbiome is deficient in its SIEC MHC-class-II-
inducing capacity for at least 2 weeks after antibiotic exposure.

Having separately linked either the gut microbiome or diet as
regulators of SIEC MHC class Il expression, we set out to explore
whether the observed dietary effect on MHC class II* SIEC fre-
quency acts upstream to the microbiome. To this aim, we trans-
ferred microbiomes from either HFD or NC ad libitum fed male
mice into 8-week-old C57BL6 GF male mice and examined,
2 weeks later, MHC class II* SIEC frequency (Figures 3F and
3H, pooled results, three independent repeats) in recipient mice.
While the microbiome from NC-fed mice induced a high SIEC
MHC class Il expression, the microbiome from HFD-fed donors
failed to do so, demonstrating that the effect of HFD on SIEC
MHC class Il expression is mediated, at least partially, by the mi-
crobiome. However, while the HFD microbiome induced low SIEC
MHC class Il expression, it remained significantly higher than the
GF baseline SIEC MHC class Il expression level, suggesting that
some commensals in the HFD microbiome configuration retain
an ability to induce low and temporally stable level SIEC MHC
class Il expression. Concordantly, “low” SIEC MHC class Il
expression of 16-week-old C57BL6 HFD-fed male mice could
be further inhibited by the AVMN antibiotic regimen (Figures
S4D and S4E). To further explore whether the observed effect of
circadian clock disruption on SIEC MHC class Il expression is
mediated through dietary impacts on the microbiome, we trans-
ferred the microbiome from 12-week-old C57BL6 jet-lagged or
control mice into 8-week-old C57BL6 GF male mice (Figures 3F
and 3, pooled results, three independent repeats) and examined,
2 weeks later, SIEC MHC class Il expression in recipient mice.
Indeed, the microbiome from jet-lagged mice failed to induce
SIEC MHC class Il expression, thereby demonstrating that the ef-
fect of circadian clock disruption on SIEC MHC class Il population
is mediated, at least partially, by the microbiome. Together, these
results suggest that the SI microbiome serves as a signaling hub
integrating dietary composition and timing inputs and entrains di-
urnality of MHC class Il expression in SIECs.

Distinct Small Intestinal Commensals Induce SIEC MHC
Class Il Expression through Contact-Dependent
Mechanisms

We next sought to identify which members of the SI microbiome
orchestrate diurnal regulation of the MHC class II* SIEC popula-
tion at our vivarium. To this aim, we examined Sl luminal and
mucosal microbiome compositions under the conditions featuring
low SIEC MHC class Il expression, namely, treatment of 12-week-
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old C57BL6 male mice with vancomycin (Figures S4F-S4l), or
exposure to HFD (Figure S4J). Overall, we identified 6 bacterial
taxa (Lactobacillus, Sutterella, Curtobacterium, Parabacteroides,
Desulfovibrio, Aggregatibacter) to be enriched at the SI mucosa
in conditions characterized by low SIEC MHC class Il expression
(HFD and vancomycin), while 9 bacterial taxa (Coprococcus, Ru-
minococcus, Allobaculum, Akkermansia, Candidatus Arthromitus,
Streptococcus, Oscillospira, Dorea, Christensenella) were over-
represented when SIEC MHC class Il expression was high (NC,
metronidazole, Table S1). To further pinpoint potential SIEC
MHC class Il modulators, we treated 8-week-old C57BL6 male
mice with either metronidazole, vancomycin, or their combination,
to induce a reduction in SIEC MHC class Il expression upon van-
comycin exposure, followed by a 2-week recovery period in which
SIEC MHC class Il expression concomitantly returned to control
levels (Figures 4A and 4B, pooled results, two independent re-
peats). SI microbiome 16S rDNA composition and SIEC MHC
class Il protein expression were concomitantly assessed at base-
line, after completion of antibiotic intervention, and at the time of
reversion of SIEC MHC class |l to baseline levels. Cross-correla-
tion analysis identified 3 potential “inducers” (Candidatus Arthro-
mitus, Lachnospiraceae, Akkermansia) and 5 potential “suppres-
sors”  (Lactobacillus,  Sutterella, Erwinia, Allobaculum,
Ruminococcus) at our vivarium, whose relative abundance posi-
tively or negatively correlated with all phases of changes of
SIEC MHC class Il expression (Figure 4C). As this culture-inde-
pendent search may be susceptible to PCR bias toward more
abundant species (Lau et al., 2016), we complemented it with
“culturomics” analysis of SI mucosal microbiome samples from
metronidazole- or vancomycin-treated mice (Figure 4D) by
growing them aerobically or anaerobically on 31 types of media
(Lau et al., 2016). 16S rDNA analysis of grown colonies (Figure 4D)
identified a list of 3 potential “inducers” (Erwinia, Lachnospira-
ceae, Akkermansia) and 7 potential “suppressors” (Lactobacilla-
ceae, Pseudomonas, Streptococcus, Ruminococcus, Allobacu-
lum, Helicobacteraceae, Chromatiaceae) of SIEC MHC class Il
expression that could be isolated from mice in vivo. Importantly,
results of the culturomics approach were mostly consistent with
those of the culture-independent approach.

In order to directly test the predicted associations between the
SIEC MHC class Il and potential “inducers” and “suppressors,”
we then mono-colonized 8-week-old C57BL6 GF male mice for
2 weeks with predicted “inducers” and one of the predicted “sup-
pressors” as compared to heat-inactivated strains. Indeed, we
demonstrated that live “inducers” such as Akkermansia (AKK),
Lachnospiraceae (LH), and segmented filamentous bacteria
(SFB) induced SIEC MHC class Il expression, while the live pre-
dicted “suppressor” Lactobacillus Murinus (LBM) as well as
heat-inactivated “inducers” failed to do so (Figures 4E and 4F;
Figure S5A). As the “inducer” genera Akkermansia, Lachnospira-
ceae and SFB belong to a group of mucosa-associated bacteria
that actively attach to the SIECs as part of their natural behavior,
we determined whether attachment to SIECs by an inducer strain

(G-1) Frequency of MHC class II"CD45"EpCAM™ SIECs at distal jejunum of ex-GF mice reconstituted with luminal microbiome from the distal jejunum of either
mice treated with vancomycin (VAN) or metronidazole (MET) compared to SPF mice (G), mice fed HFD versus NC (H), and mice subjected to chronic jet lag (JL) (1)
compared to control donor mice. All data represent at least two independent experiments.

Means + SD are plotted. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 by Mann-Whitney U test. See also Figures S3 and S4 and Table S1.
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is important for the induction of MHC class Il expression. Toward
this aim, we mono-colonized 8-week-old C57BL6 GF male mice
with either mouse SFB (mSFB) or rat SFB (rSFB), with only the
former being able to effectively colonize the mouse SI mucosa
(Atarashi et al., 2015; Thaiss et al., 2016). Indeed, only mSFB
was able to induce SIEC MHC class Il expression in GF mice,
while rSFB failed to do so, indicating that epithelial attachment
may be required for the induction of SIEC MHC class Il expression
by mSFB (Figures 4G and 4H, pooled results, three independent
repeats). We next sought to determine whether previously
described mechanisms downstream of SFB attachment to IECs,
namely, CDC42-mediated microbial adhesion triggered endocy-
tosis (MATE) (Ladinsky et al., 2019) and Serum Amyloid A (SAA)-
mediated signaling (Atarashi et al., 2015), modulate SIEC MHC
class Il expression. Indeed, chemical inhibition of several endocy-
tosis pathways in SIECs (Figure 41) suggested that CDC42-depen-
dent, clathrin-independent, dynamin-dependent endocytosis
contributed to regulation of SIEC MHC class Il expression. Simi-
larly, the absence of epithelial CDC42 resulted in the loss of diurnal
pattern in SIEC MHC class Il expression (Figure 4J). Moreover,
mucosal Sl microbiome of Villin-Cre-CDC42"" mice was depleted
of MHC class Il inducer bacteria, such as SFB and Akkermansia,
akin of other SIEC MHC class Il disruptive conditions (Figure S5B),
while whole body deletion of SAA genes 1, 2, and 3 (SAA triple-
knockout mice) was associated with an absence of SIEC MHC
class Il diurnal activity as compared to co-housed controls (Fig-
ure 4K). Collectively, these results suggest that rhythmic feeding
entrains distinct diurnal SI commensals, which, in turn, induce
diurnal fluctuation of SIEC MHC class Il through the CDC42 and
SAA pathways. Disruption of homeostatic SI microbiome compo-
sition by dietary changes (HFD) or antibiotic perturbation leads to
depletion of SIEC MHC-class-ll-inducing microbial species.

SIEC MHC Class Il Expression Supports Diurnal Activity
of Intra-epithelial T Cell IL-10* Lymphocytes

We next aimed to uncover downstream impacts of diet and mi-
crobiome-regulated SIEC MHC class Il expression on SIEC im-
munity. To this aim, we generated conditional knockout mice
lacking a functional beta chain of the MHC class Il complex
(I-Ab) (Hashimoto et al., 2002) specifically in mature entero-
cytes (Villin-Cre-I-Ab™", Figures S5C-S5E) and explored MHC
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class Il contribution to interactions of SIECs with Sl intra-
epithelial lymphocytes (IELs), as was previously described in
the large intestine (Biton et al., 2018; Westendorf et al., 2009).
Surprisingly, we found that 8-week old Villin-Cre I-Ab™" mice
featured a significant reduction in the frequency of CD4* T
IELs (Figure 5A, pooled results, three independent repeats) as
compared to littermate controls, suggesting that SIEC MHC
class Il is required for the Sl IEL homeostasis. Furthermore,
SIECs in Villin-Cre 1-Ab™"Rag1~~ mice, adoptively transferred
with 0.5 x 10° OVA-specific (OTIl) T cells, failed to induce
CD4* IEL proliferation following systemic introduction of an
OVA antigen (Figure 5B). In contrast to MHC-class-ll-express-
ing SIECs, “professional” antigen-presenting subpopulations
and lamina propria CD4* lymphocytes remained unaltered in
frequency in WT mice upon induction of HFD, a SIEC MHC-
class-ll-suppressing condition (Figures S5F-S5J). The SIEC-
IEL MHC-class-ll-mediated interaction seems to be unidirec-
tional, as no difference in SIEC MHC class Il was observed in
CD47~ mice comparing to littermate WT controls (Figure 5C)
as well as in Rag1™™ mice lacking the adaptive immune arm
(Figure S5K). In support of the SIEC MHC class Il role in modu-
lating homeostasis of the CD4" IEL population, conditions
featuring impaired SIEC MHC class |l expression, such as
administration of vancomycin, but not ampicillin, neomycin, or
metronidazole treatment, were associated with a diminished
IEL CD4* T cell population (Figure 5D, pooled results, three in-
dependent repeats; Figure 5G). Similarly, GF mice reconsti-
tuted with microbiome from HFD-fed donors failed to increase
their IEL CD4* T cell population compared to NC-microbiome-
transferred GF mice (Figure 5E, pooled results, three indepen-
dent repeats; Figure 5G), while GF mice mono-colonized with
mSFB, but not with rSFB, featured an increase in their IEL
CD4* T cell population (Figures 5F and 5G, pooled results,
three independent repeats). Together, these findings indicate
that SIEC MHC class Il expression is linked to Sl IEL expansion,
while genetic or environmentally induced ablation of SIEC MHC
class Il expression leads to a diminished presence of Sl IELs.

As several Sl IEL populations, such as CD4* CD8RFOXP3™ IL-
4~ cells, were previously shown to play an immune-tolerogenic
role mediated in part through IL-10 secretion (Carton et al.,
2004; Das et al., 2003; McDonald et al., 2018; Senju et al.,

Figure 4. Sl Microbiome Induces SIEC MHC Class Il through Diurnal Attachment

(A) Schematic illustration of experimental design.

(B) Frequency of MHC class II"*CD45" EpCAM™ SIECs at distal jejunum of mice treated with vancomycin (VAN), metronidazole (MET), or their combination
(VAN+MET) followed by a treatment switch in all groups to water. The frequency was assessed at baseline, at the end of antibiotic treatment and after the recovery
period.

(C) Abundance of luminal S bacterial taxa that were significantly correlated to MHC class II"CD45 EpCAM™ SIECs (Meta_Cycle p < 0.05 and q < 0.1).

(D) Significantly variable bacterial taxa between the luminal distal jejunum microbiome of vancomycin (VAN) versus metronidazole (MET)-treated mice based on
culturomics experiments. Highlighted are the candidate SIEC MHC class Il suppressors (red) and inducers (blue) taxa confirmed by an intervention experiment (E
and F). Significance: (q < 0.1) Wilcoxon rank-sum with FDR correction.

(E and F) Schematic illustrating the intervention experimental design (E) and frequency of MHC class II*CD45 EpCAM™ SIECs (F) of germ-free (GF) mice mono-
colonized with bacteria based on the culturomics results composition (16S-rDNA Sequencing).

(G and H) Frequency of MHC class II"*CD45 EpCAM" SIECs at distal jejunum (G) and and representative FACS plots (H) of germ-free (GF) mice reconstituted with
distal jejunum microbiome from control SPF mice or mono-colonized with mouse or rat segmented filamentous bacteria (MSFB and rSFB, respectively).

(I) Frequency of MHC class II"*CD45 EpCAM" SIECs at distal jejunum in mice treated with inhibitors of several endocytosis pathways.

(J and K) MHC class II"CD45 EpCAMM SIECs frequency in mice with epithelial deficiency of CDC42 (J) or in SAA triple-knockout mice (K) at ZTO versus ZT8.
All data represent at least two independent experiments. Means + SD are plotted. “p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001 by Mann-Whitney U test,
Figure 4B: 2-way ANOVA test. See also Figures S4 and S5.
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Figure 5. SIEC MHC Class Il Shapes Diurnal Tolerogenic Activity of CD4*CD8a TCR-a.3*TCR-y3 Foxp3TIL-47IL-10" IELs

(A) Frequency of S| CD4*CD8a TCR-a*TCR-y™ intraepithelial ymphocytes in Villin-Cre MHC class 1" (Villin-cre I-Ab fI/fl) mice versus MHC class I11°¥/1ox (|-
Ab fI/fl) littermates.

(B) Proliferation of adoptively transferred OTII CD4* T cells (OTII) in Villin-cre I-Ab fI/fl Rag1~~ versus I-Ab fl/fl Rag1™~ mice upon oral administration of oval-
bumin (OVA).

(legend continued on next page)
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1991; Sujino et al., 2016), we next investigated potential effects
of SI MHC class Il on Sl IEL IL-10 protein expression at peak
and trough of SI MHC class Il expression in either Villin-Cre |-
Ab™ mice or littermate controls. In vivo, S| CD4 |EL IL-10 protein
expression in WT I-Ab™ littermates was significantly elevated at
ZTO compared to ZT8, while this diurnal shift in IL-10 protein
expression was lost in Villin-Cre 1-Ab™" mice (Figure 5H, pooled
results, three independent repeats). These results were corrobo-
rated by measurements of CD4* IEL-derived IL-10 levels every
6 h throughout a 24-h cycle (Figures S6A-S6C), in which IEL-
derived IL-10 levels featured a diurnal pattern in untreated SPF
WT C57BL6 control mice (Figure S6B, PT p = 0.0026) but not
in broad-spectrum antibiotic (AVMN)-treated mice. Concor-
dantly, environmental disruption of circadian clocks in a model
of chronic jet lag negated diurnal fluctuations of S| CD4" IEL pop-
ulation frequency (Figures S6D-S6F). In support of the hypothe-
sis that SIEC MHC class Il expression is located downstream to
mucosal bacterial attachment, we did not detect statistically sig-
nificant differences in the mucosal microbiome of 8-week-old,
male Villin-Cre 1-Ab™" mice versus I-Ab™ littermates (Fig-
ure S6G). SI CD4* IEL IL-10 protein expression in Villin-Cre
CDC42 ¥ mice was similar between ZT8 and ZTO (Figure 51), re-
flecting a potential role of CDC42 in regulating SIEC diurnal con-
trol of downstream mucosal immunity. In contrast, SI CD4* IEL
IL-10 protein expression in SAA TKO mice maintained its differ-
ences between ZT8 and ZTO0, similar to WT controls (Figure 5J).
Collectively, these results suggest CDC42 may be required,
while SAA1, 2, and 3 are dispensable, for the diurnal production
of IL-10 by SI CD4™ IELs.

SIEC MHC Class Il and Downstream IEL-Derived IL-10
Diurnally Regulate the Sl Barrier Function

We next explored the physiological consequences of diurnal
SIEC MHC-class-lI-induced IL-10 expression on downstream
Sl function. One of the well-established roles of IEL-derived IL-
10 is regulation of gut permeability, also termed barrier function
(Carton et al., 2004; Das et al., 2003; McDonald et al., 2018;
Senju et al., 1991; Sujino et al., 2016). To determine whether
this physiologically critical function is diurnally regulated at
steady state, we first examined Sl ion permeability and trans-
epithelial resistance every 4 h throughout two consecutive 24-
h cycles (Figure S6H) and found both measures of gut barrier
function to exhibit diurnal fluctuations (Figures 6A and 6B for
ion permeability, LS p = 0.0717; PT p = 0.0009; pooled results,
two independent repeats; Figures S61-S6J for resistance, LS
p =0.0587; PT p = 0.0010). Importantly, the presence of an intact
intestinal microbiome was necessary to support this homeostat-
ic diurnal barrier function and was diminished by 4 weeks of
broad-spectrum antibiotic (AVMN) treatment (Figures 6A and
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6B for ion permeability, ABX (AVMN): LS p = 0.9999; PT p =
0.5888; pooled results, two independent repeats; Figures S6l
and S6J for resistance, ABX (AVMN): LS p = 0.9999; PT p =
0.5416). We corroborated these barrier diurnal fluctuations by
oral administration of fluorescein isothiocyanate (FITC)-coated
4 kDa dextran beads to mice at different time points across a
24 h period. This enabled generation of a time course quantifica-
tion of barrier function (reflected by FITC MFI of peripheral blood
samples) across the course of a 24 h period. Indeed, results sug-
gested a diurnal pattern of SI permeability (Figure S6K, PT p =
0.0035). Similarly, quantification of pattern recognition receptors
(PRRs) ligand concentrations (Thaiss et al., 2018) in the portal
vein (Figure 6C), peripheral blood (Figure S6L), and the liver (Fig-
ure S6M) demonstrated a diurnal fluctuation of barrier function.
Dietary rhythmicity was a potent regulator of diurnal S| barrier
function. Disruption of circadian clocks by both genetic (Per1/2
deficiency) and environmental (chronic jet lag) perturbations
led to a significant disruption in Sl barrier function, as featured
in Sl ion permeability, epithelial resistance, FITC-dextran sys-
temic influx and (PRR) ligand concentrations (Figure 6D, pooled
results, three independent repeats; Figure SEN; Figure S7A).
These effects were mediated by circadian modulation of feeding
rhythmicity, as restoration of periodic feeding rhythmicity in
Per1/2 DKO mice by TRF either during the light (day fed, [DF])
or dark phase (night fed [NF]) reversed the altered diurnal pattern
of the Sl barrier function in these mice (Figures S7B and S7C).
Similarly, feeding-time restriction could shift the temporal dy-
namics of S| permeability in WT controls by 12 h (Figure 6E,
pooled results, independent repeats; Figure S7D).

Dietary content was also a regulator of the Sl barrier function,
as HFD feeding of 12-week-old C57BL6 males impaired SI
permeability, as featured in Sl ion permeability, epithelial resis-
tance, FITC-dextran systemic influx, and PRR ligand concentra-
tions (Figure 6F, pooled results, three independent repeats; Fig-
ures S7E and S7F). Expectedly, TRF of HFD-fed 12-week-old
C57BL6 male mice, either during the light or dark phases, had
no effect on Sl barrier function (Figures S7G-S7I). This dietary ef-
fect was driven by the HFD-induced altered microbiome, as fecal
transplantation of microbiome from HFD-fed donors into GF
mice significantly impaired Sl permeability, as compared to re-
cipients of microbiome from NC-consuming donors (Figure 6G,
pooled results, three independent repeats; Figure S7J). SIEC
MHC class Il expression downstream of diet composition,
feeding rhythms, and the associated S| microbiome likewise
was demonstrated to regulate the S| barrier function, as Villin-
Cre I-Ab™" mice featured a 3-fold increase in gut permeability
and loss of the diurnal pattern, compared to I-Ab™" littermate
controls (Figure 6H, pooled results, three independent repeats;
Figures S7K and S7L). Systemic supplementation of

(C) Frequency of MHC class II"*CD45 EpCAM™ SIECs at distal jejunum in CD4~/~ versus WT mice.

(D-G) Frequency (D-F) and representative FACS plot (G) of SI CD4*CD8c TCR-aB*TCR-v3~ intraepithelial lymphocytes of (D) mice treated with vancomycin
(VAN), metronidazole (MET), or their combination (VAN+MET), (E) germ-free (GF) mice reconstituted with luminal SI microbiome of HFD-fed mice (GF+HFD)
versus microbiome from control SPF (GF+SPF) mice at ZT2 and (F) GF mice mono-colonized with mouse/rat segmented filamentous bacteria (GF+M.SFB and

GF+R.SFB, respectively) at ZT2.

(H-J) Frequency of S| CD4*CD8a TCR-af*TCR-yd~ Foxp37IL-47IL-10" IELs of (H) Villin-cre I-Ab fl/fl mice versus I-Ab fl/fl littermates, (I) Villin-cre CDC42 fI/fl
versus CDC42 fl/fl, and (J) SAA KO versus WT at ZT8 and ZTO0. All data represent at least two independent experiments.
Means + SD are plotted. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 by Mann-Whitney U test. See also Figures S5 and S6.
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recombinant IL-10 (rlL-10) to Villin-Cre I-Ab™™ mice (Figure 6,
pooled results, three independent repeats; Figures S8A and
S8B), to HFD fed mice (Figure 6J, pooled results, three indepen-
dent repeats; Figure S8C), or to Per1/2 DKO mice and jet-lagged
mice (Figure 6K, pooled results, three independent repeats; Fig-
ure S8D) significantly improved gut barrier dysfunction in these
settings. CDC42-mediated endocytosis potentially participated
in regulation of Sl barrier function, as PRR ligand concentrations
at ZT2 and ZT10 in peripheral blood (Figure S8E) and liver (Fig-
ure S8F) of Villin-Cre CDC42"" mice were increased as
compared to CDC42"" Jittermate controls. Collectively, the
aforementioned studies suggest that the dietary-microbiome-
SIEC MHC class lI-IL-10 axis contributes to control of a diurnally
variating Sl barrier function.

Impairment in the Dietary-Microbiome-SIEC MHC Class
Il Barrier Integrity Axis Exacerbates Crohn-like Enteritis
Finally, we explored potential physiological roles of SIEC MHC
class Il in modulating a murine model of SI CD. To this aim, we uti-
lized a CD4" T cell transfer-mediated model of IBD that manifests
in Sl as Crohn-like enteritis by transferring 1.5*10° naive T cells
(CD4*CD25°CD44-°"CD62L"CD45RB") into 8-week-old male
Villin-Cre-1-Ab™-Rag1™~ mice or into I-Ab™ Rag1™~ littermate
controls (Figure S8G). Four weeks later, mice were sacrificed
and Sl histology, barrier function, and MHC class Il expression
were assessed. Importantly, recipient Villin-Cre-1-Ab™"-Rag1~~
mice featured an enhanced weight loss compared to recipient
littermate 1-Ab™"-Rag1~~ mice (Figure 7A, pooled results, two in-
dependent repeats), driven by worsened inflammation by histo-
logical score, characterized by transmural inflammation, dense in-
filtrates involving neutrophils, and crypt abscesses (Figure 7B,
exemplary histology panels, Figure 7C, histological quantification,
pooled results, two independent repeats). These histopatholog-
ical changes were coupled with increased S| permeability (Fig-
ure 7D, pooled results, two independent repeats) and reduced fre-
quency of IL-10"CD4* IELs (Figure 7E, pooled results, two
independent repeats), collectively suggesting that SIEC MHC
class Il plays a protective role in this Sl inflammatory setting.

To further delineate the role of SIEC MHC class Il diurnal regula-
tion, we next implemented the chronic jet-lag protocol in the
context of T cell transfer-mediated enteritis in 1-Ab™" -Rag1™~
mice. Indeed, jet lag resulted in an accelerated weight loss (Fig-
ure 7F), reduced SIEC MHC class Il expression (Figure 7G),
increased Sl ion permeability (Figure 7H), and reduced frequency
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of IL-10*CD4" IELs (Figure 71) in recipient mice, suggesting that
temporal regulation of SIEC MHC class Il is necessary in regulating
Slimmune response and barrier function. Supplementation of rlL-
10 to Villin-Cre 1-Ab™"-Rag1~~ mice upon induction of adoptive
T cell transfer-mediated enteritis ameliorated weight loss (Fig-
ure 7J), decreased Slion permeability (Figure 7L), but had no effect
on SIEC MHC class Il expression (Figure 7K) or the frequency of IL-
10*CD4" |IELs (Figure 7M), supporting the notion that IL-10 activity
is downstream of SIEC MHC class Il. Collectively, these results
suggest that the aforementioned dietary-microbiome-host
mucosal immune axis regulates SI immune homeostasis, while
its disruption contributes to Sl auto-inflammation.

DISCUSSION

In this study, we uncover how feeding composition and
rhythmicity modulate the Sl barrier function, by shaping the SI
microbiome, and regulating SIEC crosstalk with IEL across a
24-h cycle. We highlight diurnally shifting MHC class Il expres-
sion (Christ and Blumberg, 1997) in SIECs to be a signaling
conduit, interconnecting extrinsic microbial and dietary cues
with diurnal activity of CD4*CD8a TCR-af*TCR-y3 IL-10*IL-
4"Foxp3~ IELs, which, in turn, diurnally secrete IL-10 (Das
et al., 20083; Sujino et al., 2016), ultimately driving a higher SI
permeability and tissue tolerance during the active phase and
a lower permeability and tissue tolerance during the resting
phase (summary schematic available at https://data.mendeley.
com/datasets/wp2wt38pdg/draft?a+1bb5fe57-453f-4b05-b558-4
3207bb705b8a). Disruption of this diurnally regulated diet-mi-
crobiome-SIEC MHC class II-IL-10 axis by host circadian clock
disruption, dietary alterations, or epithelial-specific MHC class
Il depletion leads to commensal-dependent impairment of the
S| barrier function and extensive microbial product influx,
contributing to exacerbated Crohn-like enteritis. This axis, to
be further explored in future studies, may present a mechanistic
explanation for the observed reduction of IELs noted in patients
with Celiac disease (Carton et al., 2004) and supports the IEL tol-
erogenic role observed in experimental models of IBD (McDo-
nald et al., 2018).

Additionally, our study identifies the SI microbiome as a cen-
tral module responding to nutritional inputs, such as feeding
composition and rhythmicity, by altering its composition, to
enable relay of environmental signals to host SIECs across a
24-h cycle. Through this activity, one may speculate that the

Figure 6. Dietary Composition and Rhythm Regulate SI Permeability through SI Microbiome

(A and B) Distal jejunum trans-epithelial ion permeability of mice treated with AVMN antibiotics cocktail versus control mice every 4 h across 48 h (A) and in an
average of two consecutive 24-h cycles (B). The line represents the sine fit curve, and p values were calculated by LS test for 48 h (A) or by PT for 24 h (B).
(C) Heatmap of pattern recognition receptors (PRR) stimulation by portal vein serum collected every 4 h across two consecutive 24-h cycles. n = 4-6 mice per

time point.

(D-F) Distal jejunum trans-epithelial ion permeability and resistance of (D) Per1/2 DKO mice versus jet-lagged mice (JL) versus controls at ZT2 versus ZT14, (E)

day fed versus night fed, and (F) HFD fed versus NC fed mice.

(G) Distal jejunum trans-epithelial ion permeability and resistance of germ-free (GF) mice reconstituted with luminal SI microbiome of HFD-fed mice (GF+HFD)

versus microbiome from control SPF mice (GF+NC) at ZT2.

(H) Distal jejunum trans-epithelial ion permeability and resistance of Villin-cre I-Ab fl/fl mice versus I-Ab fl/fl littermates at ZT2 versus ZT14.
(I-K) Distal jejunum trans-epithelial ion permeability and resistance of (|) Villin-cre I-Ab fl/fl mice versus I-Ab fl/fl littermates, (J) HFD fed versus NC fed mice, and (K)
Per1/2 DKO mice versus jet-lagged mice (JL) versus controls at ZT2. All groups were systemically administered rIL-10 versus PBS. All data represent at least two

independent experiments.

Means + SD are plotted. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 by Mann-Whitney U test. See also Figures S6, S7, and S8.
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dynamically shifting SI microbiome enables the host to antici-
pate incoming nutrient availability, accordingly adapt its SI
absorptive machinery, and synchronize the tolerogenic activity
of intra-epithelial first line immune responders to an anticipated
increase in antigenic burden. We envision a diurnal SIEC reac-
tivity to nutritional and microbiome signals as potentially consti-
tuting an important organizational principle of host-microbiome
meta-organismal cooperation, jointly orchestrating the Sl barrier
function and associated mucosal immunity. Disruption of any of
the components of this metaorganismal SI host-microbiome axis
can deleteriously impact Sl barrier integrity. Such disruption, in
turn, may contribute to an exacerbated Sl inflammation culmi-
nating in Crohn-like enteritis in susceptible hosts.

Future animal and human studies may delineate the relevance
of the principles highlighted by our study to increased risk of CD
exacerbation upon disruption of the sleep-wake cycle (Liu et al.,
2017; Palmieri et al., 2015; Sobolewska-Wtodarczyk et al., 2016;
Swanson and Burgess, 2017), and the observed efficacy of nutri-
tional interventions in some CD patient subsets, including
elemental enteric nutrition (Ashton et al., 2019), specific carbohy-
drates (Brandes et al., 1982; Brandes and Lorenz-Meyer, 1981;
Cohen et al., 2014; Jarnerot et al., 1983; Ritchie et al., 1987), pro-
tein and poly-unsaturated fatty acids (Feagan et al., 2008; Stange
et al., 1990), and fiber (Ananthakrishnan et al., 2014; Ananthak-
rishnan et al., 2013; Brotherton et al., 2014). Such mechanistic in-
sights may help delineate new person-specific dietary, micro-
biome, and SIEC-targeted interventions, aimed at utilizing
checkpoints along this axis toward restoring barrier function and
tissue tolerance in Sl auto-inflammatory disorders.

Limitations of Study

Our study focused on exploring the effects of nutrition and the
microbiome on SIEC interactions with IEL, which may impact
downstream barrier function and inflammatory capacity in both
direct and indirect manners. Other IEC-immune interactions
may indirectly affect downstream barrier function and inflamma-
tion and merit further studies. Additionally, a residual 40% SIEC
MHC class Il expression noted upon exposure to HFD (Figure 3B)
may point to the presence of SIEC subsets that feature a stable,
rather than diurnally shifting MHC class |l expression pattern and
merit further studies. Likewise, the intricate details of molecular
machinery regulating SIEC MHC class Il expression and its inter-
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play with microbial adhesion events constitute promising ave-
nues of future research.
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Figure 7. Disruption of Diet-Microbiome-MHC Class II-IL-10 Axis Exacerbates Crohn-like Enteritis
(A-C) Weight change (A), representative histological samples, scale bar 100 um (B) and histological score (C) of Villin-cre I-Ab fl/fl Rag1‘/’ versus I-Ab fl/fl Rag1’/’

littermate mice systemically administered CD4*CD45RB" lymphocytes.

(D and E) Distal jejunum trans-epithelial ion permeability (D) and frequency of IL-10" cells from SI CD4*CD8a TCR-a*TCR-y3™ intraepithelial lymphocytes (E) of
Villin-cre I-Ab fl/fl Rag1™~ versus I-Ab fI/fl Rag1™" littermate mice systemically administered with CD4*CD45RB" lymphocytes.
(F) Weight change of jet lag versus control mice systemically administered CD4*CD45RB" lymphocytes.

(G-1) Frequency of MHC class II"CD45 EpCAM™ SIECs (G), distal jejunum trans-epithelial ion permeability (H), and frequency of IL-10* cells from SI
CD4*CD8a TCR-aB*TCR-y3™ intraepithelial lymphocytes (l) of jet-lagged mice versus littermate mice systemically administered with CD4*CD45RB"
lymphocytes.

(J) Weight change of Villin-cre I-Ab fI/fl Rag1~~ versus I-Ab fl/fl Rag1™" littermate mice treated with of rlL-10 systemically every 3 days for 2 weeks. Arrows
represent IL-10 treatment.

(K-M) Distal jejunum trans-epithelial ion permeability (K), frequency of MHC class II*CD45"EpCAM" SIECs (L), and frequency of IL-10 derived from SI
CD4*CD8a TCR-aB*TCR-v3 intraepithelial ymphocytes (M) of Villin-cre I-Ab fl/fl Rag1"‘ versus |-Ab fl/fl Rag1"‘ littermate mice treated with rlL-10 systemically.
All data represent at least two independent experiments.

Means + SD are plotted. *p < 0.05, “*p < 0.01, ***p < 0.001, ***p < 0.0001 by Mann-Whitney U test unless stated otherwise. Two-way ANOVA test was used for
Figures 7A, 7F, and 7J. See also Figure S8.
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Lead Contact
Further information and requests for reagents may be directed to and will be fulfilled by Eran Elinav (eran.elinav@weizmann.ac.il).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The accession number for the sequence data reported in this paper is European Nucleotide Archive PRJEB38869.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6 mice were purchased from Envigo and allowed to acclimatize to the animal facility environment for 2 weeks before used for
experimentation. Germ-free C57BL/6 and Swiss Webster mice were born in the Weizmann Institute germ-free facility and routinely
monitored for sterility. Villin-Cre (B6.Cg-Tg(Vil1-cre)1000Gum/J), OTII (OT-1IB6.CgTg(TcraTcrb)425Cbn/J), CD4 KO (Cd4™™Mak) and
Rag1™~ (B6.129S7-Rag1tm1Mom/J) mice were obtained from the Jackson Laboratory. I-Ab fl/fl on a C57BL/6 background were
kindly provided by Steffen Jung (Weizmann Institute) and Pandelakis A. Koni (Augusta University). Per1/2 DKO mice on a C57BL/
6 background were kindly provided by Gad Asher (Weizmann Institute). SAA (1,2,3) triple knockout mice were kindly provided by
Kenya Honda (Keio University). Villin-Cre CDC42 " mice were kindly provided by Nan Gao (Rutgers University). In all experiments,
age- and gender-matched mice were used. Mice were 8-12 weeks of age at the beginning of experiments. All mice were kept at a
strict 24-hour light-dark cycle, with lights being turned on from 6am to 6pm. For circadian experiments circadian cabinets (ActiMet-
rics) and software: ClockLab Analysis 6 (ActiMetrics); ClockLab Data Collection (ActiMetrics); ClockLab Chamber Control (ActiMet-
rics) were used to facilitate around the clock sample collection throughout two consecutive 24-hour cycles. In timed feeding exper-
iments, food access was limited to the dark phase or light phase where indicated. Prior to any interventions, mice were randomized to
ensure that no incidental pre-intervention differences in body weight existed between the different groups. Mice were exposed to
high-fat diet for 4 weeks (Research Diets D12492) or normal chow diet (Envigo, Teklad 2018) as indicated. For antibiotic treatment,
mice were given a combination of vancomycin (0.5 g/I), ampicillin (1 g/l), kanamycin (1 g/l), and metronidazole (1 g/l) in their drinking
water for four weeks as previously described (Levy et al., 2015). All antibiotics were obtained from Sigma Aldrich. All experimental
procedures were approved by the Weizmann Institute of Science IACUC.
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METHOD DETAILS

Taxonomic Microbiome Analysis

Frozen Sl luminal and mucosal microbiome samples were processed for DNA isolation using the DNeasy PowerlLyzer PowerSoil kit
(QIAGEN) according to the manufacturer’s instructions. For the 16S rDNA gene PCR amplification, 1 ng of the purified fecal DNA was
used for PCR amplification. Amplicons spanning the variable region V4 of the 16S rDNA gene were generated by using the following
primers:Fwd 515F- AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCCAGCMGCCGCGGTAA, Rev 806R-CAAG
CAGAAGACGGCATACGAGATXXXXXXXXXXXXAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT, where X represents a barcode
base. The reactions were subsequently pooled and cleaned (PCR clean kit, Invitrogen), and the PCR products were then sequenced
on an lllumina MiSeq with 500 bp paired-end reads. Overlapping paired-end FASTQ files of 16S amplicon sequencing data were
matched and analyzed using the Qiime2 pipeline (g2cli version 2019.7.0) (Bolyen et al., 2019). Data were demultiplexed according
to sample-specific barcodes, poor quality bases were trimmed, sequences were denoised and binned to amplicon sequence
variants (ASVs) using the dada2 plugin for Qiime2 (Callahan et al., 2016). Sequences were aligned using Mafft, masked and a
phylogenetic tree was reconstructed with fasttree. Taxonomic assignment was performed using naive Bayes feature classifier
and Greengenes 13_8 database. Community ecology analyses were carried out in R (v3.5.0). Data normalization was carried out
by subsampling to the lowest sequencing depth in the respective experiment using the vegan package (v2.5-6, https://cran.
r-project.org/web/packages/vegan/index.html) function rrarefy. Weighted UniFrac distances for ordination and clustering were
calculated using the GUniFrac R package (v1.1, hitps://cran.r-project.org/web/packages/GUniFrac/index.html). Hierarchical clus-
tering was performed using hclust function and Ward’s minimum variance method. Differential abundance testing of individual bac-
terial genera was carried out with Mann-Whitney U test using the wilcox.test function, and log2 fold changes were calculated.

Library preparation for mcSCRB-seq

Library preparation of sorted SIEC was performed based on a previously published protocol (Bagnoli et al., 2018) with minor modifica-
tions. Specifically, 10,000 cells were collected and were resuspended in 20ul RLT buffer (QIAGEN, 79216) supplement with 40mM DTT.
The cells solution was cleaned with 2X AM pure beads (Beckman Coulter) and reverse transcription was directly done on the cells with
the beads using 20 u/pl Maxima H reverse transcriptase (Thermo, EP0753), 1mM dNTPS (Thermo R0182), 7.5% PEG 8000 (Sigma),
2 pM TSO E5VENEXT (IDT) and 1 uL of 4nM barcoded RT primer for each reaction. The reaction was incubated at 42°C for 90 minutes
inactivated at 80°C for 10 minutes. Finally, 1 uL of the reaction was diluted 1:20 with Tris-EDTA buffer (pH 8.0) and measured by real-time
PCR using GAPDH primers as a house keeping gene to determine the Ct values of each sample. Samples with similar Ct values were
pooled together, cleaned with 1X AM pure beads (Beckman Coulter) and eluted with 17 uL Tris-EDTA buffer (pH 8.0). The samples were
then incubated with 1 pL of exonuclease | (20 u/ul) and 2 pL exonuclease buffer (Thermo, EN0582) and incubated 20 minutes at 37°C
followed by 10 minutes at 80°C. cDNA amplification was performed by adding 1 pL of Terra polymerase (1.25u/ul) and 25 L of Terra
direct 2x buffer (Clontech, 639270), 1 uL of SINGV6 primer (10 uM, IDT) and 3 uL nuclease free water (Sigma, W4502). The PCR was
done by 3 min 98°C, followed by 13-15 PCR cycles (for 0.5-3 ng/pl cDNA after amplification) of 15 s 98°C, 30 s 65°C, 68°C 4 min. Final
elongation was performed for 5 minutes, 72°C. The cDNA products were cleaned using 0.8X AM pure beads (Beckman Coulter) and
eluted with 10 pL Tris-EDTA buffer (pH 8.0). cDNA (0.8-2 ng/ul) was further used to construct Nextera XT DNA libraries (lllumina, FC-
131-1024) following manufacturer’s instructions and 3’ ends were enriched with a custom P5 primer (PSNEXTPT5, IDT) and amplified
with i7 index primers from Nextera XT Index Kit v2 (lllumina, FC-131-1002). Finally, the amplified libraries were cleaned using 0.6X AM
pure beads (Beckman Coulter) and eluted with 20 pL of Tris-EDTA buffer (pH 8.0). The quality control of the resulting libraries was per-
formed with an Agilent High Sensitivity D1000 ScreenTape System (Agilent, 5067- 5584). Libraries that passed quality control were
loaded with a concentration of 2 pM on 75 cycle high output flow cells (lllumina, FC-404-2005) and sequenced on a NextSeq 500 (lllu-
mina) with the following cycle distribution: 8bp index 1, no index 2, 16bp read 1, 66bp read 2.

mcSCRB-seq analysis

Raw files were converted to fastq files using the bcl2fatq package (lllumina). i7 barcodes were then used for pool demultiplexing.
zUMIs package (https://doi.org/10.1101/153940) was used for samples demultiplexing, STAR alignment to the mouse genome
(GRCm38.84), and unique UMI counting. For each comparison, genes with #reads > 10e-4 of total reads, expressed in at least
1/5 of one group in each comparison were included for the analysis.

DE genes were found using DESeq2 models fitted separately for each comparison (Figure 1A; Figures S1B-S1D, Figure S2A).
Normalized gene expression values (Figures S1B-S1D; Figure S2A) were calculated using the regularized log transformation
(rlog). Gene assignment to GO terms was done in the following manner: For each gene, -log(padj) sign(log2FoldChange) scores
were calculated. Then the bulk.gsea function (liger package http://ge-lab.org/gskb/2-MousePath/MousePath_GO_gmt.gmt) was
used as the universe model.

Single-molecule fluorescence in situ hybridization (smFISH)

Collected murine tissues were flushed with PBS, fixed in 4% paraformaldehyde (PFA) in PBS for 3 hours and subsequently agitated in
30% sucrose, 4% PFA in PBS overnight at 4°C. Fixed tissues were embedded in OCT (Tissue-Tek), 8 um sections were used for
smFISH staining. Probe libraries (Tables S2 and S3) were designed using the Stellaris FISH Probe Designer (Biosearch Technologies,
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Inc., Petaluma, CA). The intestinal sections were hybridized with smFISH probe sets according to a previously published protocol.
Dapi (Sigma-Aldrich, D9542) and a FITC-conjugated antibody against E-Cadherin (BD Biosciences, 612131) were utilized as nuclear
and cell-membrane counterstains, respectively. SmFISH imaging was performed on a Nikon-Ti-E inverted fluorescence microscope
with a 100 X oil-immersion objective and a Photometrics Pixis 1024 CCD camera using MetaMorph software as previously reported .
The epithelial cell fragments were manually segmented based on nuclear and cell-membrane counterstains and mRNA density (num-
ber of mMRNA per unit cell segment volume) was computed using custom MATLAB program (28, MATLAB Release 2016a, The Math-
Works Inc., USA). We used FIJI software to extract the intensity profiles along manually marked lines spanning the basal to apical cell
axis. A previously reported FIJI script was used to extract the intensity profiles along these lines for each channel and for each stack
using the getProfile command. Using MATLAB, we identified the basal and apical parts of the line segments according to the line
intensity profile of the DAPI channel, where the proximal and distal line segments that were below 0.7 of the maximum were defined
as basal and apical sides respectively. We next removed background intensity, defined as the lower percentile of the line profiles and
computed the ratio between the maximal intensities in the apical and basal sides.

Image analysis

Images of tissue sections were taken with a confocal microscope Fluorview FV1200 using Kalman and sequential laser emission to
reduce noise and signal overlap. Scale bars were added to each image using the confocal software FV10-ASW 3.1 Viewer. Images
were analyzed and visualized using Imaged software (Schneider et al., 2012).

Flow Cytometry Analysis (FACS)

Sl samples were extensively washed from the luminal content and opened longitudinally. The tissue was then cut into pieces of 1cm
length and incubated in HBSS containing 2mM EDTA and 1mM DTT at 37°C for 15 minutes while shaking at 180 rpm. Epithelial cells
were collected, filtered, centrifuged, and subsequently stained with the Zombie-UV viability dye at room temperature protected from
light for 15 minutes, followed by a wash with PBS containing 1% BSA (FACS buffer), FC-receptors blocking and surface markers
staining on ice for 30 minutes. Following the separation from epithelium, the lamina propria samples were digested using DNAase
| and Collagenase Il (Sigma). The isolated cells were washed with cold PBS and resuspended in FACS buffer for direct cell surface
staining. Intracellular staining with antibodies against transcription factor targets was performed on cells fixed using Foxp3 Intracel-
lular Staining Kit (eBioscience) according to the manufacturer’s instructions, while intracellular staining with antibodies against cy-
tokines was performed on in vitro re-stimulated cells using Cell Activation Cocktail with Brefeldin A (Biolegend) and fixed with 4%
PFA in PBS for 15 minutes at room temperature protected from light. Multiparameter analysis was performed on a LSR Il or LSR For-
tessa (BD) and analyzed with FlowJo software (Tree Star).

Ussing chamber

Transepithelial resistance was measured a modular Ussing chamber system (Warner Instruments, P2300) according to the manu-
facturer’s instructions as in Thaiss et al. (2018). In brief, EasyMount chambers were calibrated, Sl tissue was excised from mice
and immediately mounted, and voltage clamp measurements were performed. Tissues were maintained at 37°C in physiological
salt solution throughout the duration of the recordings.

Measuring Colonic Epithelial Barrier Permeability by FITC-dextran

On the day of the assay, 4 kDa fluorescein isothiocyanate (FITC)-dextran was dissolved in phosphate buffered saline (PBS) to a con-
centration of 40 mg/ml. Mice were fasted for 4 hours prior to gavage with 200 pL of dextran. Mice were anesthetized and 3 hours
following gavage peripheral blood was collected, excitation wavelength of 485 nm and emission wavelength of 535 nm.

Quantification of microbial products at systemic sites

The following PRR reporter cell lines were obtained from InvivoGen (HEK-Blue TLR and NLR Reporter cell lines): TLR2, TLR3, TLR4, TLR5,
TLR7, TLR9, NOD1, NOD2. Extracts from liver, portal vein serum and peripheral blood serum were homogenized and added to reporter
cell lines incubated with HEK-Blue detection medium (InvivoGen) according to the manufacturer’s instructions as in Thaiss et al. (2018).

Purification of intestinal epithelial cells for RNA isolation

Intestinal tissue was excised from mice, thoroughly rinsed with ice-cold PBS to clean the tissue from luminal content and opened
longitudinally. The tissue was then cut into pieces of 1cm length and incubated in HBSS containing 2mM EDTA and 1mM DTT at
37°C for 15 minutes while shaking at 180 rpm. Epithelial cells were collected, filtered, centrifuged, and subsequently stained with
the Zombie-UV viability dye at room temperature protected from light for 15 minutes, followed by a wash with FACS buffer, FCR
blocking and anti-EpCAM, anti-CD45 staining on ice for 30 minutes. Cells were then washed, resuspended, filtered and sorted
into lysis/binding buffer (Life Technologies) using a FACS-Fusion cell sorter (BD).

Treatment with chemical inhibitors in externalized intestinal loops

Perfusion of extra-intestinal loops was done as previously described (Ladinsky et al., 2019). Briefly, mice were anesthetized using
ketamine (40 mg/kg) and xylazine (5 mg/kg). A 6 cm portion of the distal jejunum was exteriorized and the contents flushed. The exter-
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nalized portion was perfused with the inhibitors for 30 min using a syringe pump. Animals were perfused with 20 mM Pitstop 2 (SIGMA
SML1169), 10 mM CASIN (SIGMA SML 1258), 50 uM Dynasore (SIGMA D7693), or buffer. Mice were anesthetized throughout the
experiment and kept warm by heating pads linked to thermoregulators (Harvard Apparatus Homeothermic Monitoring System Model
55-7020) that sense and maintain body temperature. After perfusion, the perfused section, were collected and processed for FACS.

Bacterial isolation

Fresh anaerobic mucosal distal jejunum samples from metronidazole- and vancomycin- treated mice (Figure 1C) were cultured
anaerobically and aerobically using 31 media (Table S4) for culture-enriched molecular profiling as described previously (Lau
et al., 2016). The cultivable portion of the mucosal microbiota was determined by comparing the operational taxonomic units
(OTUs) recovered by 16S sequencing of the culture plates to OTUs from culture-independent sequencing of the microbiome sample.

Fecal Microbiome Transplantation (FMT)

All FMT procedures were carried out as fast as possible to avoid prolonged exposure to oxygen. All collections were carried out within
a laminar flow hood. Microbiome sample collection: Microbiome samples were collected in 2ml tubes (Eppendorf) containing sterile
20% glycerol. Following sample transfer into glycerol solution, the microbiome matter was homogenized. After homogenization the
samples were immediately placed on dry ice prior to long-term storage at —-80°C. Microbiome transfer: Following thawing, 0.1g of
fecal sample was mixed in 1 mL sterile PBS, filtered and immediately placed in a Gaspak EZ Anaerobe System (BD) prior to oral
gavage with 200 pL of a diluted microbiome sample per mouse.

Adoptive T cell transfer mediated enteritis

Spleen T effector cells (CD4*CD25"CD45RB"!) were sorted and 0.3ml of the cell suspension was injected i.p. at the concentration
5*10° cells/ml into Villin-Cre MHCI" Rag1™~ versus MHCII" Rag1™~ littermate mice, as described previously (Powrie et al.,
1994), to trigger pan enteritis (Eri et al., 2012). Weight measurements were conducted twice weekly. Three weeks post T cell transfer
intestinal permeability was assessed using FITC-dextran. In the IL-10 rescue experiment mice were intraperitoneally injected with
4 ng of recombinant IL-10 (Sigma) in 100 pL of PBS or with vehicle alone (Flannigan et al., 2014; Kunisawa et al., 2013). Injections
were performed every three days starting from day 21 on days 21, 24, 27, 30, 33 and 36 post adoptive transfer. Mice were euthanized
four weeks post T cell transfer and histological, Ussing chamber measurements and FACS analysis of the ileum and distal jejunum
were performed.

Treatment with riL-10

Intraperitoneal injections of 4 png of recombinant IL-10 (Sigma) in 100 pL of PBS or with vehicle alone (Flannigan et al., 2014; Kunisawa
etal., 2013) were carried out twice weekly for two weeks prior to mice euthanization, Ussing chamber measurements and FACS anal-
ysis of the ileum and distal jejunum. Measurements of FITC-dextran concentration in peripheral blood samples were done 3 days
prior to mice euthanization.

Histology

lleum sections were fixed in paraformaldehyde and embedded in paraffin for staining with H&E. Subsequently, sections were exam-
ined by a blinded veterinary pathologist and scored for transmural inflammation, dense infiltrates involving neutrophils, and crypt ab-
scessation on a scale from 0 (healthy) to 4 (most severe).

Data integrity check
Figure and supplementary figure panels were checked for data integrity using the Proofig pipeline.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean + SD. Comparisons made between two groups were performed using Mann-Whitney U-test. ANOVA
with Tukey’s post hoc test were used for comparisons between multiple groups. Cycling behavior was assessed using the
Meta_cycle package (Wu et al., 2016), with oscillations tested for a 24-hour period length. For experiments shorter than 30 hours,
we evaluated the significance of the periodic trend using 100 cross validations (CV), in which the data was spilit to train (70%) and
test (30%) groups, a periodic model A sin(T + C) was trained on the training dataset (where T represents the time variable, and pa-
rameters A and C are learned by minimizing the L2 norm of the objective from the ground truth). For the test dataset, we set T, as the
mean square error (MSE) from the fitted model, then for 1000 permutations we set T; to hold the MSE of the shuffled testing group
from the fitted model. For each CV round, we set p; < #{i such that T; <Tops} /1001 and report the mean p; across all CV rounds. To
test for rhythmicity in experiments longer than 30 hours, for pulled experiments we used the Lomb-Scargle (LS) method (Glynn et al.,
2006; Lomb, 1976), and for individual repetitions we used JTK_CYCLE (Hughes et al., 2010), both implemented in MetaCycle pack-
age. The data was averaged per time point. Linear regression was used to assess correlations between two datasets. Unless stated
otherwise, elements with p < 0.05 and g < 0.1 were considered significant. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001
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Figure S1. SIECs MHCII Expression Adapts to Dietary and Microbiome Cues in a Time of Day-Specific Manner, Related to Figure 1

(A-C) Significantly different expression of GO terms in sorted epithelial cells in the following conditions: ZTO0 versus ZT 12 (A), GF versus SPF (B) and SPF Sl versus
colon (C). Significance: q < 0.1. Wilcoxon rank sum with FDR correction. (D-F) Frequency of MHCII*CD45 EpCAM™ SIECs (D) from distal jejunum of C57BL6 mice
housed in WIS, Israel versus Jackson Laboratory, USA vivaria at ZTO versus ZT8; (E) from distal jejunum of C57BL6 mice housed in WIS, Israel versus Envigo,
Israel vivaria versus Envigo, Israel at ZTO and ZT8; (F) from distal jejunum of C57BL6 versus Swiss Webster outbred mice housed in WIS vivarium, Israel at ZTO
versus ZT8. All data represents at least two independent experiments. (G-F) mRNA expression of MHCII* (H2-Ab1, G-H), H1-K1 (I-J) in isolated CD45 EpCAM"
SIECs from distal jejunum examined every 4 hours across 48h (G,l) and in an average of two consecutive 24h (H,J). The line represents the sine fit curve and p
values were calculated by LS test for 48h (G,|) or by PT for 24h (H,J). Means + SD are plotted. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001 by Mann-Whitney
U test.
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Figure S2. SIECs MHCII, but Not MHCI, Exhibit a Diurnal Pattern of Expression, Related to Figures 1 and 2

(A-B) mRNA expression of Ifng, (C-D) frequency of EpCAMMCD45~ cells and (E-F) mRNA expression of EPCAM in isolated CD45 EpCAM™ SIECs from distal
jejunum examined every 4 hours across 48 h (A,C,E) and in an average of two consecutive 24 h (B,D,F). The line represents the sine fit curve and p values were
calculated by LS test for 48 h (A,C,E) or by PT for 24 h (B,D,F). (G) MFI of E-Cadherin alongside the length of villi in distal jejunum at ZTO versus ZT8. p < 0.05, **p <
0.01, **p < 0.001, ***p < 0.0001 by 2-way ANOVA. (H) FACS plots of SIEC isolated from Per1/2DKO and WT mice across 48 h. (I-J) mRNA expression of H2-AB1
of SIECs isolated from distal jejunum of Per1/2 DKO versus WT mice examined every 4 hours across 48 h (I) and in an average of two consecutive 24h (J). The line
represents the sine fit curve, p values were calculated by LS test for 48 h (I) or by PT for 24 h (J).
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Figure S3. The Luminal and Mucosal S| Microbiome Undergoes Time of Day-Specific Compositional Changes, Related to Figures 2 and 3
(A-B) frequency of EpCAM™CD45™ cells of SIECs isolated from distal jejunum of Per1/2 DKO versus WT mice examined every 4 hours across 48 h (A) and in an
average of two consecutive 24 h (B). The line represents the sine fit curve, p values were calculated by LS test for 48 h (A) or by PT for 24 h (B). (C-D) mRNA
expression of H2-AB1, and (E-F) frequency of EpCAMMCD45™ cells of SIECs isolated from distal jejunum of HFD versus NC fed mice examined every 4 hours
across 48 h (C,E) and in an average of two consecutive 24 h (D,F). The line represents the sine fit curve, p values were calculated by LS test for 48 h (C,E) or by PT
for 24 h (D,F). (G-H) Heatmap representation of the most significantly oscillating bacterial OTUs, MetaCycle, luminal SI microbiome (G), mucosal SI microbiome
(H). (I-J) Temporal clustering of luminal SI microbiome (I), mucosal SI microbiome (J).
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Figure S4. Diurnal Pattern of SIECs MHCII Expression Is Sustained through Interactions with Distinct Mucosal Bacteria, Related to Figures 3
and 4

(A) FACS plots of SIEC isolated from antibiotics-treated mice (ABX, AVMN cocktail) and germ- free (GF) and control SPF mice at ZTO versus ZT8. (B-C) mRNA
expression of H2-AB1 of SIECs isolated from distal jejunum of ABX-treated versus control mice across 48 h (B) and in an average of two consecutive 24 h (C). (D-
E) Frequency of CD45-EpCAM™ SIECs from distal jejunum of HFD mice treated with ABX (AVMN cocktail). All data represents at least two independent ex-
periments. Means + SD are plotted. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 by Mann-Whitney U test. (F-J) Volcano plots of SI luminal microbiome
composition upon various antibiotics treatment (F-I), and HFD (J) collected at ZTO.
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Figure S5. Populations of "Professional" Sl Antigen Presenting Cells Remain Unaffected by High Fat Diet, Related to Figures 4 and 5

(A) Representative FACS plots of MHCII+CD45-EpCAM™ SIECs of germ-free (GF) mice mono-colonized with different microbiome content based on the cul-
turomics results composition (16S-rDNA Sequencing). (B) A volcano plot of luminal microbiome composition of Villin-cre CDC42 fl/fl versus CDCA42 fl/fl littermate
controls. (C-E) Frequency of MHCII+CD45-EpCAM" cells (C), MHCII expression in SI villi with arrows highlighting expression by SIECs at the periphery of the villi
and “professional” APC at the center of villi (D) and representative FACS plots (E) of SIECs isolated from the distal jejunum of Villin-cre I-Ab fl/fl versus I-Ab fl/fl
control mice at ZT0 versus ZT8. (F-J) Frequency of CD103+ of CD11c+CD11b~ (F), F4/80+ of CD11c+ (G), CD19+ of CD45+ (H) CXCR1+ CD11c+CD11b~(l), and
CD4+ TCRp (J) were tested in the lamina propria of NC- and HFD-fed WT mice at ZT2 and ZT14. (K) Frequency of MHCII+CD45-EpCAMM SIECs from the distal
jejunum of RAG1-/- mice versus Rag1+/— and WT littermate controls. All data represents at least two independent experiments. Means + SD are plotted. *p <
0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 by Mann-Whitney U test.
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Figure S6. Small Intestinal Permeability Oscillates in a Time of Day-Specific Manner, Related to Figures 5 and 6

(A-C) Frequency of CD4+ IEL (A), frequency IL-10+ IELs (B) and IL-10 MFI of CD4+ IEL (C) every 4 hours throughout a 24-hour cycle. The line represents the sine fit
curve, p values were calculated by permutation test (A-C). (D-F) Frequency of MHCII (D), CD4+ IEL (E) and EpCAM™ cells (F) in jet-lag (JL) mice compared to WT
controls at ZT0 versus ZT8. (G) Mucosal SI microbiome composition of Villin-Cre I-Abfl/fl mice versus I-Abfl/fl littermate control mice. (H) Schematic presentation
of Sl ion permeability and trans-epithelial resistance measurement by the Ussing chamber every 4 hours throughout two consecutive 24 h cycles. (I-J) Trans-
epithelial resistance of ABX-treated mice (AVMN cocktail) versus WT control mice examined for 48 h (l) and in an average of two consecutive 24 h (J). (K) SI
permeability measured by concentration of FITC-coated 4kDa dextran beads examined every 4 hours for a period of 24 hours. (L-M) PRR ligand concentrations
utilizing a reporter cell assay examined in the peripheral blood serum (L) and the liver (M). Samples were collected every four hours for two consecutive 24-hour
cycles. (N) Concentration of FITC- dextran beads of jet-lag and PER1/2 DKO mice versus their littermate WT controls at ZT2 versus ZT14. All data represents at
least two independent experiments. Means + SD are plotted. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 by Mann-Whitney U test.
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Figure S7. Temporal Pattern of SI Permeability Is Regulated by the Timing of Food Intake and Food Content, Related to Figure 6

(A) PRR ligand concentrations of jet lag mice versus control mice in the portal vein. (B-C) lon permeability and trans-epithelial resistance (B) and concentration of
FITC- dextran beads (C), of PER1/2 DKO mice day fed (DF) or night fed (NF) at ZT2 versus ZT14. (D) Concentration of FITC-coated 4kDa dextran beads of WT mice
fed during the day (DF) or night (NF) at ZT2 versus ZT14. (E) Concentration of FITC- dextran beads of HFD versus NC mice examined at ZT2 versus ZT14. (F) PRR
ligand concentrations of NC versus HFD mice in the portal vein. (G-I) Sl ion permeability (G), PRR ligand concentrations (H) and MFI of FITC- dextran beads (1) of
HFD mice fed ad libitum (AD), night-fed (NF) or day-fed (DF). (J) Concentration of FITC- dextran beads of germ-free mice colonized with fecal content of HFD, NC
mice or gavaged with PBS. (K) Concentration of FITC- dextran beads of Villin-Cre I-Abfl/fl mice versus I-Abfl/fl littermate control mice at ZT2 versus ZT14. (L)
Portal vein PRR ligand concentrations of Villin-Cre |-Abfl/fl mice versus I-Abfl/fl littermate controls. All data represents at least two independent experiments.
Means + SD are plotted. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 by Mann-Whitney U test.
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Figure S8. IL-10 Regulates S| Permeability Related to Figures 6 and 7

(A-B) Concentration of FITC- dextran beads (A) and portal vein PRR ligand concentrations (B) of Villin-Cre |-Abfl/fl mice versus |-Abfl/fl littermate controls
supplemented with recombinant IL-10 (rIL-10). (C), (D) Concentration of FITC- dextran beads of HFD versus NC mice (C), jet-lag and PER1/2 DKO mice (D)
supplemented with recombinant IL-10. (E), (F) PRR ligand concentrations from peripheral blood serum (E) or liver (F) of Villin-cre CDC42{l/fl mice versus CDC42fl/fl
littermate control mice. (G) Frequency of MHCII+CD45-EpCAMM SIECs in Villin-cre I-Ab fi/fl Rag1—/- versus I-Ab fl/fl Rag1-/- littermate mice systemically
administered with CD4+CD45RB" lymphocytes. All data represents at least two independent experiments. Means + SD are plotted. *p < 0.05, **p < 0.01, ***p <
0.001, ***p < 0.0001 by Mann-Whitney U test.
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