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Intestinal epithelial c-Maf expression determines
enterocyte differentiation and nutrient uptake

in mice

Catalina Cosovanu'@®, Philipp Resch'®, Stefan Jordan'@®, Andrea Lehmann?®, Markus Ralser?3@®, Vadim Farztdinov*®, Joachim Spranger>*®,

Michael Miilleder*@®, Sebastian Brachs>¢@®, and Christian Neumann'@®

The primary function of the small intestine (SI) is to absorb nutrients to maintain whole-body energy homeostasis.
Enterocytes are the major epithelial cell type facilitating nutrient sensing and uptake. However, the molecular regulators
governing enterocytes have remained undefined. Here, we identify c-Maf as an enterocyte-specific transcription factor
within the SI epithelium. c-Maf expression was determined by opposing Noggin/BMP signals and overlapped with the zonated
enrichment of nutrient transporters in the mid-villus region. Functionally, enterocytes required c-Maf to appropriately
differentiate along the villus axis. Specifically, gene programs controlling carbohydrate and protein absorption were
c-Maf-dependent. Consequently, epithelial cell-specific c-Maf deletion resulted in impaired enterocyte maturation and
nutrient uptake, including defects in the adaptation to different nutrient availability. Concomitantly, intraepithelial
lymphocytes were less abundant, while commensal epithelial cell-attaching SFB overgrew in a c-Maf-deficient environment,
highlighting the close interdependence between the intestinal epithelium, immune system, and microbiota. Collectively, our
data identified c-Maf as a key regulator of S| enterocyte differentiation and function, essential for nutrient, immune, and

microbial homeostasis.

Introduction

The intestinal epithelium forms the major barrier that separates
our body from the external environment. Intestinal epithelial
cells (IEC) line the surface of the intestinal epithelium, where
they aid the digestion of food and absorption of nutrients, and
maintain the symbiotic relationship with commensal microbiota,
while protecting the host from pathogens (Peterson and Artis,
2014). To carry out this variety of functions, small intestine (SI)
IECs have specialized into distinct IECs lineages e.g., for mucus
production (goblet cells), hormone production (enteroendocrine
cells), chemosensation (tuft cells), host defense (Paneth cells),
and absorption (enterocytes; Peterson and Artis, 2014).

All IECs originate from intestinal stem cells at the base of the
crypts. These stem cells constantly give rise to progenitor cells
that migrate upward along the villus to terminally differentiate
into the various specialized IEC lineages until they are shed from
the villus tip 3-5 d later (Baulies et al., 2020). Obviously, this
complex process of multilineage differentiation and rapid cell
turnover needs to be strictly regulated. Indeed, different signaling

pathways, such as Wnt, Notch, bone morphogenetic protein
(BMP), and EGF, were shown to control the maintenance
and cell-type specification of intestinal stem cells (Baulies et al.,
2020).

The majority of SI IECs are adsorptive enterocytes (~80%)
that are specialized for metabolic function. To efficiently take up
macronutrients from the lumen, enterocytes possess a brush-
border structure at their apical side across which nutrients are
absorbed (Crawley et al., 2014). Nutrient absorption itself is
mediated by the expression and coordinated activity of specific
brush-border enzymes and nutrient transporters, which facili-
tate the terminal digestion and absorption of dietary macro-
molecules (Hooton et al., 2015).

An important aspect of nutrient absorption is the ability of
enterocytes to perceive and dynamically adapt to fluctuating
concentrations of different dietary constituents to maximize
absorptive efficiency. This adaptation is achieved by dynami-
cally matching the expression of specific types of brush-border
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enzymes and nutrient transporters to the availability of the
respective dietary substrates (Diamond and Karasov, 1987;
Mochizuki et al., 2010; Sullivan et al., 2021). Similarly, enter-
ocytes also exhibit regionality in nutrient function along the
intestine as well as along the crypt-villus axis (Moor et al., 2018;
Seiler et al., 2019; Gebert et al., 2020; Wang et al., 2020; Burclaff
et al., 2022). Especially, the spatial differentiation and com-
partmentalization of enterocytes along the SI villus axis, in-
cluding the zonated expression of many nutrient transporters,
have highlighted the complexity of differentiated enterocytes
and their role in nutrient sensing and absorption (Moor et al.,
2018; Harnik et al., 2021).

Importantly, although optimal nutrition requires enterocytes
to appropriately sense and absorb dietary nutrients, the un-
derlying molecular mechanisms have remained poorly under-
stood. Moreover, enterocyte-mediated nutrient uptake and its
interconnection to whole-body metabolism is relevant to a va-
riety of diseases, such as malabsorption/malnutrition syn-
dromes or metabolic disorders, including obesity and type 2
diabetes, which constitute a global health concern (Hoffman
et al,, 2021). Therefore, identification of the signals and molec-
ular mediators regulating nutrient sensing and absorption have
significant therapeutic potential.

The transcription factor c-Maf (encoded by Maf) belongs to
the AP-1 family of basic region and leucine zipper transcription
factors, and has been shown to be involved in the regulation of a
broad array of biological processes, including lens and bone
development, apoptosis, oncogenesis, and the immune response.
As shown by us and others, c-Maf is particularly important for
the maintenance of intestinal immune homeostasis by regulat-
ing diverse innate and adaptive gut-resident immune cells, such
as macrophages, ILC3s, Th17 cells, y8 T cells, and Foxp3* regu-
latory T (Treg) cells, both in mouse and human (Kikuchi et al.,
2018; Tizian et al., 2020; Parker et al., 2020; Rutz et al., 2011;
Aschenbrenner et al., 2018; Zuberbuehler et al., 2019; Neumann
et al,, 2019; Xu et al., 2018). Recently, Maf and Mafb expression
has also been detected in SI IECs but not funtionally explored
(Sumigray et al., 2018). Here, we discover a novel role of c-Maf
for the differentiation and function of SI enterocytes.

Results and discussion

c-Maf expression specifically marks Sl enterocytes of the mid-
villus region

To define c-Maf expression throughout the intestinal epithelium,
we isolated IECs from distinct intestinal locations (duodenum,
jejunum, ileum, caecum, proximal, and distal colon) of naive
C57BL/6 mice and stained for c-Maf by flow cytometry. This
analysis revealed the presence of a distinct c-Maf-expressing IEC
population that was detectable along the small intestine but not
in the cecum and colon (Fig. 1, A and B). Immunofluorescence
(IF) staining of cross-sections of the SI mucosa confirmed the
ubiquitous expression of c-Maf in SI IECs (Fig. 1 C).

To identify the distinct IEC subsets expressing c-Maf in the
SI, we costained c-Maf with different IEC subset-specific
markers, such as Chromogranin A (ChgA; enteroendocrine
cells), DCLKI1 (tuft cells), and UEA-1 (goblet and Paneth cells) by
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IF. However, ChgA-, DCLK1-, or UEA-1-positive IECs were
negative for c-Maf (Fig. 1 D). Moreover, we did not detect c-Maf
staining in the crypts of the SI (Fig. 1, C and D), indicating that
c-Maf was expressed by IECs other than stem cells, tuft cells,
Paneth cells, enteroendocrine cells, and goblet cells. To gain
deeper insight into the identity of c-Maf-expressing IECs, we
made use of publicly available single-cell RNA sequencing
(scRNA-Seq) data from murine SI IECs (Haber et al., 2017). This
resource dataset revealed that c-Maf expression specifically
marked mature enterocytes (Fig. 1 E). Importantly, the specific
expression of c-Maf in SI enterocytes was recently confirmed by
different scRNA-Seq studies investigating human IECs (Wang
et al., 2020; Burclaff et al., 2022), indicating a conserved func-
tion of c-Maf in SI enterocytes across different species.

Based on the emerging concept that enterocytes display a
broad spatial and functional compartmentalization along the SI
villus axis (Moor et al., 2018), we investigated whether c-Maf
also displayed a zonated expression in SI IECs. Strikingly, IF
showed that c-Maf exhibited a highly specific expression pattern
along the crypt-villus axis. While mid-villus IECs stained
strongly positive for c-Maf, crypt/bottom- and tip-villus IECs
showed only weak to no c-Maf expression (Fig. 1 F), indicating a
distinct position-related function of c-Maf. Importantly, the SI
mid-villus region has been shown to be enriched for different
nutrient transporters (Moor et al., 2018), especially carbohy-
drate and amino acid transporters, suggesting a potential role of
c-Maf in the nutrient absorption machinery of SI enterocytes.

Intestinal epithelial c-Maf expression is driven by BMP
signaling

The abundant expression of c-Maf in SI mid-villus enterocytes
raised the question about the specific signals regulating c-Maf.
Potential extrinsic signals included microbial and dietary cues,
which act on enterocytes from the lumen, or lamina propria
(LP)-derived signals, such as cytokines produced by intestinal
immune cells. Therefore, we systematically assessed epithelial
c-Maf expression in several mouse strains deficient for either
microbiota (germ-free mice), immune cells (Rag2~/-I12rg~/~
mice), or particular cytokines, such as the epitheliotropic cyto-
kine IL-22 (I1227/~ mice) and its downstream mediator STAT3
(Stat3flox/flox VjllinCre mice). We also fasted mice to explore the
role of dietary signals for regulation of c-Maf expression. In
summary, the absence of none of these extrinsic signals signif-
icantly influenced epithelial c-Maf expression (Fig. S1 A).

Next, we tested IEC-intrinsic BMP signaling because BMP
activity is highest in the mid-/top-villus region, and BMP was
shown to be an upstream regulator of Maf proteins during ep-
idermal and lens fiber development (van Eijl et al., 2018; Pandit
et al,, 2011). Indeed, treatment of small intestinal organoid cul-
tures with recombinant BMP4 resulted in an upregulation of
Maf along with the BMP target Id! (Fig. S1 B). Importantly, ad-
ditional enhancement of BMP signaling by withdrawal of the
BMP-antagonist Noggin from the culture medium (ENR [EGF/
Noggin/R-Spondin] vs. ER medium) further increased Maf and
Id1 expression (Fig. S1 B).

Thus, epithelial c-Maf expression was determined by the
opposing activity of Noggin and BMP signaling. Given that
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Figure 1. c-Maf expression marks mature Sl enterocytes of the mid-villus region. (A) Schematic representation of the murine gastrointestinal tract
depicting distinct intestinal segments. (B) Analysis of c-Maf expression in IECs isolated from different intestinal locations of WT C57BL/6 mice. Representative
flow cytometric plots of EpCAM vs. c-Maf staining are shown. Pregated on live CD45~ cells. Numbers in the plots indicate percentage. (C) Representative IF
staining of c-Maf and DAPI on cross-section of the Sl of WT C57BL/6 mice. Scale bar, 50 um. (D) IF co-staining of c-Maf with different secretory IEC marker on
cross-section of the SI of WT C57BL/6 mice. Scale bar, 50 um. (E) Maf expression among distinct SI IEC subsets as determined by scRNA-Seq (Haber et al,,
2017). (F) Intensity of c-Maf IF staining along the SI crypt-villus axis. Scale bar, 50 um. Data are representative of at least two independent experiments.

Noggin and BMP form counter gradients at the crypt/villus
border, this finding provided a plausible explanation for the
specific zonated expression pattern of c-Maf among SI
enterocytes. Notably, Suppressor of Mothers against Decap-
entaplegic (SMAD)-like binding motifs were shown to be enriched
in transcriptionally active regions around Maf (van Eijl et al., 2018),
suggesting that c-Maf expression is directly regulated by BMP/
SMAD signaling in enterocytes.

IEC-specific c-Maf-deficient mice show signs of malnutrition
To specifically study the function of c-Maf in IECs, we crossed
mice carrying floxed Maf alleles to Villin®™® mice to generate
conditional c-Maf-deficient mice (Mafflox/flox VillinCre, referred
to as Maf*™®C hereafter) with a constitutive c-Maf deficiency in
villus and crypt epithelial cells of the small and large intestines
(E1 Marjou et al., 2004; Wende et al., 2012). Indeed, analysis of
IECs from Maf*=€ mice by IF and flow cytometry confirmed the
absence of c-Maf expression as compared to control animals
(Ctrl, Mafflox/flox; Fig 2 A and B).

Generally, Maf*™¢ mice were viable and born in expected
Mendelian ratios. However, Maf*E¢ mice appeared smaller and
exhibited reduced body weight as compared to their control
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littermates (Fig. 2 C). Specifically, the lean body mass, a key
parameter of the nutritional status, especially of the somatic
protein store (Thibault et al., 2012), was reduced in Maf®™=¢ mice
(Fig. 2 D). At the same time, the relationship of energy expen-
diture to lean mass was comparable between Maf*C and control
mice (Fig. 2 E), as was the water/food intake (Fig. 2 F), sug-
gesting intestinal malabsorption causing insufficient food effi-
ciency and an overall negative energy balance as the main driver
of the reduced nutritional phenotype of Maf®*E€ mice. In
agreement with this, Maf*™¢ mice also had a lower body tem-
perature (Fig. 2 G). Consistently, thermogenic interscapular
brown adipose tissue (iBAT), but not gonadal white adipose
tissue, was reduced in Maf*E€ mice, and no compensation for
the loss of iBAT mass by, e.g., increased thermogenic iBAT ac-
tivity, as measured by Ucpl expression, could be detected in
Maf*™®¢ mice (Fig. 2, H and I).

The reduced nutritional phenotype of Maf*EC mice led us to
examine the SI in more detail. Overall, we did not observe
substantial differences in SI length and villus architecture in the
absence of epithelial c-Maf expression (Fig. 2 J). In line with the
absence of c-Maf in secretory IECs, goblet and tuft cell numbers
were comparable between Maf*'®¢ and control mice (Fig. 2, K
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Figure 2. Maf®'eC mice exhibit a reduced nutritional phenotype. (A) Representative IF staining of c-Maf and DAPI on cross-section of the SI of Maf®'e€ and
control mice. Scale bar, 50 um. (B) Analysis of c-Maf expression in SI IECs from Maf~'EC and control mice. Representative flow cytometric plots of EpCAM vs.
c-Maf staining are shown. Pregated on live CD45™ cells. Numbers in the plots indicate percentage. (C) Body weight development over time of male and female
Maf®EC and littermate control mice (n = 6-7 [males], n = 3-16 [females], mean + SEM; *, P < 0.05; **, P < 0.01). (D) Fat and lean mass of Maf®'tC and littermate
control mice as assessed by NMR (n = 7-8, mean + SEM; **, P < 0.01). (E) Regression plot of energy expenditure (EE) vs. lean mass for Maf®EC and littermate
control mice (n = 7-8). (F) Accumulated amount of food and water taken up by Maf®'E€ and littermate control mice over 60 h, two light and three dark phases in
metabolic cages (n = 7-8, mean + SEM). (G) Body temperature of 8-wk-old Maf®' € and littermate control mice (n = 11-14, mean + SEM; *, P < 0.05).
(H) Percentage of iBAT and gonadal white adipose tissue (gWAT) of total body weight of Maf®'EC and littermate control mice (n = 6-15, mean + SEM; *, P <
0.05). (1) gPCR analysis of Ucpl, Prdm16, and Pparg expression in iBAT from Maf®EC and littermate control mice (n = 9-15, mean + SEM; *, P < 0.05). (J) Sl length
of Maf™EC and littermate control mice (n = 22-17, mean + SEM). (K) Representative periodic acid-Schiff staining on cross-section of the Sl of Maf2'E¢ and
control mice. Quantification of goblet cell numbers per 100 IECs (right, n = 67, mean + SEM). Scale bar, 50 um. (L) Representative IF staining of DCLK1 and
DAPI on cross-section of the SI of Maf2'E€ and control mice. Quantification of tuft cell numbers per villus (right, n = 6-7, mean + SEM). Scale bar, 50 um. (M) Sl
Villus length of Maf®'®¢ and littermate control mice (n = 6-7, mean + SEM; *, P < 0.05). Data are pooled from at least two independent experiments.
Quantification of tuft cells and villus length is based on the analysis of ~100-150 individual villi per mouse. Statistical differences were tested using an unpaired

Student’s t test (two-tailed).

and L). However, morphometric measurements of villus height
revealed shortening of SI villi in Maf*™E¢ mice, indicative of a
reduced absorptive surface area (Fig. 2 M).

Collectively, these data demonstrated a reduced nutritional
phenotype of Maf*E€ mice, suggesting an important role of c-Maf
in controlling the nutrient uptake capacity of SI enterocytes.

c-Maf controls intestinal carbohydrate and protein uptake
To better define the c-Maf-dependent molecular mechanisms
underlying the nutritional phenotype of MafE€ mice, we per-
formed RNA-Seq analysis of IECs (CD45- Epcam* cells, sorting
strategy see Fig. S2 A) isolated from the SI of Maf®E€ and control
mice. Principal component analysis (PCA) showed that
c-Maf-deficient IECs clustered separately from their WT coun-
terparts, demonstrating a unique role of c-Maf in shaping the
transcriptome of IECs (Fig. S2 B)

We identified 1,063 genes as differentially expressed (DE; false
discovery rate [FDR] <0.1) between c-Maf-deficient and control
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IECs, the majority of which (648 genes) were downregulated in
the absence of c-Maf (Fig. 3 A and Table S1). This group included
several genes involved in intestinal carbohydrate and protein
absorption, such as the prominent glucose transporters, Slc2a2
(GLUT2), Slc2a5 (GLUTS), and Slc5al (SGLTI1); the main peptide
transporter Slci5al (PEPT1); and the amino acid transporters
Slc6a19 (B(0)AT1), Slc7a7 (y+LAT1), Slc7a8 (LAT2), Slc7a9 (b(0,+)
AT1), Slc7al5 (ArpAT), and Slcl6al0 (TAT]; Fig. 3, A and B; and Fig.
S2, C and D). We also found many brush-border enzymes re-
sponsible for the final stage of carbohydrate and protein diges-
tion, such as Lct, Ace, Ace2, Anpep, Enpep, Dpp4, and Mme to be
downregulated in c-Maf-deficient IECs (Fig. 3, A and B). Con-
sistently, predefined Kyoto Encyclopedia of Genes and Genomes
gene sets for carbohydrate and protein digestion and absorption
were significantly downregulated in IECs from MaffEC mice
(Fig. 3 C), demonstrating that c-Maf globally governs gene pro-
grams of carbohydrate and protein uptake in IECs. Notably, key
genes involved in lipid uptake were not differentially regulated in

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220233

40f14


https://doi.org/10.1084/jem.20220233

A RNA-Seq of SI IECs B Carbohydrate Protein C KEGG mmu04973: KEGG mmu04974:
8- digestion & absorption  digestion & absorption Carbohydrate digestion and absorption Protein digestion and absorption
Plet1 Rhoj Ctrl Maf“Ec Ctrl Maf“Ec o’ =
* L = Slc2a2 Slc3at o o 0
£ si_yea Saat Siozas Sicdaz S .02 S04
o lc2a7 Ic6a (%] D 0.2
% (J) Duoxa2 Red3 Slcsat Slc6a18 .04 = 8
2 °.d , Duox2 %930 Regab Sicsada Sic6at9 5 50
2 0de) Slc5adb Slc6a20a £ 6| NES:-1.70 £ -04| NES: -1.48
< Slc5a11 Slc6a20b 5 50
IS} Sic5a12 Slc7a2 = =
s Let Sic7a7 & &
5 G6pc Slc7a8 ] |
Q Slc7a9
S g}gg;\;’ Upin Down in Upin Down in
J >
S e Ace ™ Sic15a1 Sic16a10 Maf&¢ Maf&¢ Maf= Maf=¢
Lct rowmax  row min 2 Ic43a2
SIc7a15 Sic6a19 s
-8 e Anpep
Dpp4
oMaf Enpep
Mme
r y T y
0 5 10 15 20
Mean Expression . GSEA. GOBP terms with p.adjust <= 0.01
E Proteome Screening of SI IECs F p-ad
D ] tRNA metabolic process
Ctrl Mar4'E¢ Anpe : :
o PeP o gie7a7 : : tRNA aminoacylalign for pr&exr, translation Den_g}” i SrArE
6 ' ° amino acid activation
1 actin filament-based movement @ 5
H \ tRNA aminoacylation °
] sulfur compound transport
Slc2a2 H |
: : tissue remodelin
SIC4382 ! ' mitochondrial translation g
' [ cation transport "
1 1 clathrin depends.nl endocytosis Slza
4 o : ! import across plasma membrane T ‘mnspu: @40
o~ Ace ' ' lon transmembrane transport @0
= SlcSaZ‘ : ggLEreport sl mlacgtabolc process @120
g Enpep, : : 160
B ) transmembrane transport ] "
; Sic7a9 organic acid metabolic process
° o S|C361 i oxoacid metabolic proces
Sic6a19 ' anion transport monocarboxylic acid metabolic process
IO <L < L DR . 1 R - O snion trenamembgid ‘in5® carboxylic agidmetabolic process .
D 4: | lorganic anion transport 1
2 e i IV 4N e — fatty acid metabolic process
s 1 i i amino acid ranspot, ~camoxyic acid transmembrane transport 1
c15atl; . organic acid transmembrane transport .
g g L-alpha-amino aclglransmem transport -2
Ace2: it L-amino acid transport @amino acid transmembrane transport
Let : i ] leukocyte cell-cell adhesion
Mme? : neltraliaming; epid ransport regulation %ceuu\ar component movement
0 SIC7anS|dsas ) Gell adhesion-@@)
: T : v W’E“"" T cell activation
1 0 1 locomotior biological adhesion
@ ce!l motiity
Log, FC (Maf“= vs Ctrl) [ocahz?ion of cell
| Ctrl Maf“'=
G H P FIT stine
—Ctrl = Maf*'t¢ e
~ 200 *  _gCtrl 9 12 *kk o Ctrl
]
£ ® o \MafliEC B ® Maf2IEC
k] o & °
= £ 08
< 150 1 2E
b O =
3 EgT 04
o w ~
B 100 9 E)
8 |
& agree Ty 0.0
0 30 60 o 1% 10! 10°
Minutes FITC-Cystine —— >

Helix Green

J . . K Slc2a2 Sicsat
High carb (Low protein) 0.12 n 301«  ectl
7 ® MafEC
Maf®"¥¢ vs. Ctrl @5 19 72 3 0.08 ; 2019 @ *
b i
. : ()
\ Low carb (High protein) : 0.04 104 ® % i-
N - ¥ 1
% 20 31 49 °s
) e 0.00 - 0 I
Low  High Low  High
carb  carb carb  carb

Rel. expression

Figure 3. c-Maf controls intestinal nutrient uptake and sensing. (A) CD45~ EpCAM* IECs were sorted from the SI of Maf*'€C and control mice and
subjected to RNA-Seq. MA plot showing comparison of gene expression between c-Maf-deficient and control IECs. Data represent the combined analysis of
three biologically independent samples. Genes considered significant (FDR < 0.1) are highlighted in red, while selected genes are highlighted in light blue.
(B) Heat map plots of genes associated with carbohydrate and protein digestion that are differentially expressed (FDR < 0.1) between Maf®'£ and control IECs.
(C) Gene set enrichment plots showing downregulation of gene sets associated with carbohydrate and protein digestion in c-Maf-deficient IECs. NES, nor-
malized enrichment score. (D) Representative IF staining of SGLT1 (Slc5a1) and PEPT1 (Slc15a1) on cross-section of the Sl of Maf®E€ and control mice. Scale bar,
50 um. (E) Volcano plot showing comparison of protein expression between c-Maf-deficient and control IECs. Data represent the combined analysis of eight
and five biologically independent samples from control and Maf®'E mice, respectively. Proteins involved in carbohydrate or protein uptake, whose corre-
sponding genes showed differential expression in our RNA-Seq data, are highlighted. (F) GSEA of whole proteome comparison between c-Maf-deficient and
control IECs with a focus on biological processes (GOBP). The size of each circle represents the weighted number of proteins involved in the term. (G) Increase
of blood glucose level after oral administration of glucose following 7 h of fasting (n = 6, mean + SEM; *, P < 0.05). (H) Uptake of FITC-Cystine by primary IECs from
Maf*"®¢ and control mice. Representative histogram of FITC-Cystine within CD45- Epcam* IECs (left). Gray peak represents control IECs incubated without FITC-
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Cystine. Graph on the right shows quantification of FITC-Cystine geometric mean fluorescence intensity (gMFI). Data are normalized to the mean gMFI of the control
samples (n = 4-5, mean + SEM; ***, P < 0.001). (I) Representative IF microscopy analysis of ex vivo Sl whole-tissue uptake assays with fluorescent Biotracker FITC-
Cystine or D-Ala-Lys-AMCA. Scale bar, 100 um. (J) Scheme depicting feeding of Maf>'=¢ and control mice with purified diets enriched for carbohydrates (C) or protein
(P). F, fat. (K) Relative expression of glucose transporters Slc2a2 and Slc5al by IECs from Maf®'®C and control mice after 3 wk of feeding purified diets with high or low

carbohydrate content (n = 3, mean + SEM; *, P < 0.05).

c-Maf-deficient IECs (Fig. S2 E). Importantly, since mRNA-
protein correspondence can be poor (Maier et al., 2009), we
validated our RNA-Seq data by IF protein staining of SGLT1 and
PEPT1, which were both expressed at reduced levels in MaffE©
mice (Fig. 3 D). Additionally, we performed an unbiased proteome
screening of c-Maf-deficient and control IECs, which similarly
confirmed the broad downregulation of proteins involved in
carbohydrate and protein breakdown and transport (Fig. 3, E and
F; and Table S2).

Next, we functionally tested whether the reduction of nu-
trient absorption-related genes in Maf*®C mice also translated
into an impaired capacity to take up carbohydrates and/or
proteins. Indeed, despite normal homeostatic blood glucose
levels (Fig. S2 F), Maf*"®¢ mice exhibited a diminished increase
in blood glucose upon oral glucose administration, demonstrat-
ing that in vivo intestinal glucose uptake was impaired in these
mice (Fig. 3 G).

Similarly, we also checked amino acid concentrations in
blood serum as a read-out of in vivo protein uptake. However,
systemic amino acid concentrations were not altered in Maf*EC
mice in steady state (Fig. S2 G). Therefore, we tested amino acid
uptake with a more simplistic experimental approach. Ex vivo
incubation of primary SI IECs with the fluorescently labeled
amino acid biotracker FITC-Cystine (Siska et al., 2016), which is
preferentially taken up by, e.g., Slc7a9 (Feliubadalo et al., 2003),
showed reduced uptake into c-Maf-deficient IECs compared
with controls, as determined by flow cytometry (Fig. 3 H).
Likewise, we detected impaired ex vivo uptake of FITC-Cystine
into intact SI tissue from Maf*™®C mice by IF (Fig. 3 I). Using the
same assay, we also found the fluorescently labeled dipeptide
D-Ala-Lys-AMCA to be taken up less efficiently into
c-Maf-deficient IECs (Fig. 3 I), which is in agreement with the
downregulation of the peptide transporter Slcl5al (PEPT1) in
Maf*EC mice (Groneberg et al., 2001). Accordingly, unbiased
proteome screening of liver from Maf*’E€ mice showed systemic
metabolic changes, including the downregulation of “peptide
biosynthesis” and “protein translation,” while catabolic pro-
cesses and lipid handling were increased as compared with
controls (Fig. S2 H and Table S2).

Collectively, these data demonstrated that SI enterocytes
required c-Maf to globally express gene programs essential for
carbohydrate and protein uptake. Consequently, c-Maf defi-
ciency impaired the capacity of SI enterocytes to absorb these
essential nutrients.

c-Maf regulates enterocyte adaptation to dietary
carbohydrate availability

Enterocytes are capable of dynamically adapting their gene ex-
pression profile to different nutrient availability, thereby en-
abling flexible and efficient nutrient uptake (Diamond and
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Karasov, 1987; Sullivan et al., 2021; Mochizuki et al., 2010).
Therefore, we asked whether enterocytes also required c-Maf to
sense and adapt to selective nutrient availability. Feeding ex-
periments with purified isocaloric diets that were either en-
riched for carbohydrates (high carb/low protein) or proteins
(low carb/high protein) revealed that the adaptive upregulation
of prominent glucose transporters (Slc2a2, Slc5al) in response to
high dietary carbohydrate availability was abrogated in the ab-
sence of c-Maf (Fig. 3, ] and K; Sullivan et al., 2021). In contrast,
despite being consistently downregulated in Maf*E¢ mice, the
expression of several peptides and amino acid transporters was
largely unaffected by dietary protein availability, as previously
shown (Fig. S3 A; Sullivan et al., 2021). We also did not detect
changes in c-Maf expression itself upon differential carbohy-
drate/protein feeding (Fig. S3 B).

The “on demand” induction of the carbohydrate absorptive
machinery was recently shown to depend on a complex inter-
play between IEC and intestinal immune cells, in which the
epithelial expression of glucose transporters is indirectly regu-
lated by y8 T cells via IL-22 produced by ILC3s (Sullivan et al.,
2021). Based on this concept, we explored whether epithelial
c-Maf deficiency somehow affected this IEC-lymphocyte circuit.
However, immune cell phenotyping of SI LP lymphocytes did
not show quantitative differences in y8 T cells and ILC3s, as well
as in ILC3-derived IL-22 production between Maf*E¢ mice and
littermate controls (Fig. 4, A and B). We also did not detect
differences in other major SI LP immune cell types, such as
Foxp3* regulatory T cells, Th17 cells, and IgA* plasma cells in
Maf*®€ mice (Fig. 4 C), excluding a major contribution of im-
mune cell-derived signals to the impaired expression of nutrient
transporters in Maf*EC¢ mice.

Yet, we found intraepithelial lymphocytes (IELs) to be less
abundant within the c-Maf-deficient epithelium (Fig. 4 D), in-
dicating an unexpected role of c-Maf-expressing enterocytes in
maintaining the SI IEL pool. Further characterization of Maf*EC
IELs did not reveal differences in subset composition (Fig. 4 E,
gating strategy in Fig. S3 C) or expression of genes determining
cell proliferation and survival (Fig. S3 D). However, the IEL
chemoattractant CxlI0 was significantly downregulated in
c-Maf-deficient IECs (Table S1; Shibahara et al., 2001), sug-
gesting defects in IEL recruitment in Maf*E¢ mice. Functionally,
Maf*EC [ELs exhibited reduced expression of Grzmb, but not of
Ifng, Tnfa, and Il17, as compared to IELs from controls (Fig. 4 F
and Fig. S3 E).

In summary, our data identified c-Maf as a central regulator
of the molecular adaptation of SI enterocytes to the nutritional
environment. Importantly, homeostatic intestinal immunity
was largely uncompromised by epithelial c-Maf deficiency, ex-
cept for SI IELs, which were quantitatively and qualitatively
reduced in Maf*EC mice.
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Figure 4. Epithelial c-Maf deletion affects IELs and SFB colonization. (A) Frequency of y& T cells among CD45* SI LP lymphocytes and ILC3s among
Lin- CD127* cells of Maf*¥€ and control mice (n = 4, mean + SEM). (B) Frequency of IL-22* ILC3s among Lin~ CD127* cells of Maf®'®¢ and control mice after
ex vivo restimulation with PMA/ionomycin and IL-23. Representative flow cytometric profiles are shown on the left; quantification on the right (n = 4-6, mean +
SEM). Numbers in the plots indicate percentage. (C) Frequency of SI LP Treg cells (CD4* TCRB* Foxp3*), Th17 cells (CD4* TCRB* Foxp3~ RORyt*), and IgA*
cells in MafE€ and control mice (n = 5, mean + SEM). (D) Frequency of Sl IELs (CD45* Epcam=) from Maf®EC and control mice. Representative flow cy-
tometric profiles are shown on the left; quantification on the right (n = 4, mean + SEM; *, P < 0.05). Numbers in the plots indicate percentage. (E) Frequency
and total numbers of different SI IEL subsets from Maf® € and control mice (n = 4, mean + SEM; *, P < 0.05). (F) gPCR analysis of Grzmb expression in FACS-
sorted SI IELs (n = 4, mean + SEM; ***, P < 0.001). (G) Gene set enrichment and heat map plot showing upregulation of genes induced in IECs upon SFB
colonization and attachment in c-Maf-deficient IECs (Atarashi et al., 2015). NES, normalized enrichment score. (H) qPCR analysis of SFB abundance in ileal
mucosal samples from Maf2' ¢ and control mice. (1) Representative bacterial FISH staining of SFB on cross-section of the ileum of Maf®'t¢ and control mice.
Scale bar, 20 um. Data are representative of or pooled from at least two independent experiments. Statistical differences were tested using an unpaired

Student’s t test (two-tailed).

Aberrant expansion of commensal segmented filamentous
bacteria (SFB) in IEC-specific c-Maf-deficient mice

As diet and nutrition have emerged as pivotal determinants of
gut microbiota composition (Dahl et al., 2020), we wondered
whether the c-Maf-dependent defects in enterocyte nutrient
sensing and uptake also affected intestinal microbial homeo-
stasis in Maf®EC¢ mice. Indeed, our RNA-Seq data from
c-Maf-deficient IECs (Fig. 3 A) revealed a striking upregulation
of genes linked to SFB colonization and attachment to IECs, such
as Saal, Saa2, Saa3, Duox2, Duoxa2, Reg3g, and Cebpd (Fig. 4 G;
Atarashi et al., 2015). Indeed, quantitative PCR (qPCR) from ileal
mucosal samples and bacterial FISH analysis demonstrated a
substantial increase in the abundance of SFB in MaffE¢ mice
(Fig. 4, H and I). Interestingly, SFB in Maf*"® mice also showed
differences in morphology, exhibiting long segmented fila-
ments, while SFB in control animals had fewer segments and
appeared stubble-like (Fig. 4 I).

Thus, intestinal epithelial c-Maf expression was also essential
for the containment of a key commensal bacterium, which has
coevolved to intimately associate with the gut epithelium. Due to
their reduced genome, SFB are known to highly depend on their
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host for essential nutrients (Sczesnak et al., 2011; Prakash et al.,
2011; Kuwahara et al.,, 2011). Therefore, superior access to lu-
minal nutrients caused by incomplete nutrient uptake in Maf®EC
mice might serve as an explanation for the overgrowth of SFB.

c-Maf deficiency perturbs the spatial differentiation and
maturation of enterocytes

Despite the downregulation of genes involved in nutrient uptake,
our RNA-Seq data showed that c-Maf deficiency also globally
perturbed the differentiation and functional zonation of SI en-
terocytes (Moor et al., 2018; Harnik et al., 2021). Zonation clusters
based on the spatial gene expression profiles of enterocytes along
the SI villus axis were significantly dysregulated in Maf*'E€ mice
(Fig. 5 A; Moor et al., 2018). Specifically, crypt- and bottom-villus
gene clusters (cluster 1 and 2) were upregulated, whereas mid-
and top-villus gene clusters (cluster 3 [including c-Maf], 4, and 5)
were downregulated in Maf®EC IECs (Fig. 5 A). Importantly, the
de-enrichment of mid- and top-villus gene clusters was paralleled
by downregulation of signature genes for mature enterocytes,
whereas genes specific for immature enterocytes were upregu-
lated in IECs from Maf*'¢ mice (Fig. 5 B; Haber et al., 2017). Thus,
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Figure 5. c-Maf governs the spatial differentiation and maturation of enterocytes. (A) Left panel: Visualization of zonation clusters based on the spatial
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zonation clusters in c-Maf-deficient IECs. NES, normalized enrichment score. (B) Gene set enrichment plots showing up- and downregulation of genes specific
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organoid cultures from Maf2EC and control mice (n = 3, mean + SEM). (D) Representative microscopy pictures of SI organoids from Maf2EC and littermate
control mice at day 4 of culture. Scale bar, 100 pm. (E) qPCR analysis of Lgr5, Cd44, Hesl, and Alpi expression by S| organoids from Maf®'E€ and littermate
control mice at day 4 of culture (n = 3, mean + SEM; *, P < 0.05). Data are representative of or pooled from at least two independent experiments. Statistical

differences were tested using an unpaired Student’s t test (two-tailed).

SI enterocytes required c-Maf expression to appropriately mature
and differentiate along the villus axis. In the absence of c-Maf,
enterocytes exhibited an impaired maturation status and spatial
transcriptome that was characterized by a shift toward immature
enterocyte and crypt/bottom-villus gene clusters at the expense
of mature enterocyte and mid-/top-villus gene profiles.

The perturbations in enterocyte maturation and zonation in
Maf*EC mice prompted us to analyze the role of c-Maf for en-
terocyte differentiation more closely. In vitro modeling of IEC
differentiation using small intestinal organoids demonstrated
that c-Maf was dispensable for overall organoid growth, and
viability as assessed by crypt expansion and morphology of
c-Maf-deficient and control organoids (Fig. 5, C and D). Further,
gPCR analysis of organoids confirmed the broad downregulation
of carbohydrate and protein transporters in the absence of
c-Maf, supporting a cell-intrinsic and direct role of c-Maf in the
regulation of these genes (Fig. S3, F and G). Consistent with the
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absence of c-Maf expression in epithelial crypts, c-Maf-deficient
organoids showed unaltered expression of stem cell-related
genes, Lgr5 and Cd44 (Fig. 5 E). However, we detected dimin-
ished expression of Alpi, a marker for mature enterocytes, while
Hesl, which labels absorptive progenitor cells, was not differ-
entially expressed in Maf*™®¢ organoids (Fig. 5 E).

Collectively, these results indicated that c-Maf was essential
to license SI enterocyte maturation and differentiation. Without
c-Maf, enterocytes remained in an immature state and exhibited
a skewed zonation profile. Accordingly, a recent study by Pet-
rova and colleagues in this issue similarly reported a role for
c-Maf in maintaining enterocyte zonation (Gonzalez-Loyola
et al., 2022). Interestingly, in their study, inducible deletion of
c-Maf in IECs in adult mice additionally disrupted the balance
between SI enterocytes and secretory cell types, thereby im-
pairing the regenerative epithelial response to acute intestinal
injury.
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Thus, overall, the precisely timed BMP-mediated upregula-
tion of c-Maf expression in newly formed enterocytes exiting
the crypt represents a key step in their developmental trajec-
tory. In this manner, c-Maf facilitates the spatial and functional
specialization of enterocytes, including the acquisition of gene
programs controlling intestinal nutrient uptake.

Materials and methods

Mice

To generate conditional c-Maf-deficient mice (Maf>=€), Vil-Cre
mice (Madison et al., 2002; kindly provided by A. Diefenbach,
Berlin, Germany) were crossed to Maf-flox mice (Wende et al.,
2012; own breeding). Rag2~/-Il2rg~/~, 1227/-, and Stat3flox/flox
Villin®r® mice were also kindly gifted by A. Diefenbach, Berlin,
Germany. Germ-free mice were kindly provided by Ahmed
Hegazy, Berlin, Germany. All mice were on a C57BL/6 back-
ground and bred and maintained under specific pathogen-free
conditions at our animal facilities (FEM Charité Berlin, Ger-
many). All mice used were 7-10 wk old. Body weight and tem-
perature were determined using a laboratory scale and an
infrared thermometer (FT-100C). All animal experiments were
in accordance with the ethical standards of the institution or
practice at which the studies were conducted and were reviewed
and approved by the responsible ethics committees of Germany
(LAGeSo).

Nuclear magnetic resonance (NMR) analysis

For the determination of body composition, fat and lean mass
were assessed by 1H-magnetic resonance spectroscopy using a
Minispec LF50 Body Composition Analyzer (Bruker BioSpin).

Indirect calorimetry analysis

Basal metabolic parameters were analyzed in a TSE LabMaster
System (TSE Systems). Mice were acclimated to the metabolic
cages individually housed 8 h before starting and supplied with
regular diet. Data on gas exchanges, activity, and food/water
intake were collected for 60 h, two light and three dark phases,
and analyzed as average over 24 h. Calorimetry was performed
with a computer-controlled open circuit calorimetry system
composed of 10 metabolic cages. Each cage was equipped with a
special water bottle and a food tray connected to a balance as
well as an activity monitor. Parameters were measured for each
mouse at 2.42-min intervals, and respiratory quotient was cal-
culated as the ratio of CO, production to O, consumption. Energy
expenditure was adjusted for mouse body weight. Data were
analyzed as described (Tschop et al., 2011).

IEC and IEL isolation

IECs were isolated using an adapted protocol from Gracz et al.
(2012). Briefly, small intestinal tissue was collected, cut longi-
tudinally, and washed two times in cold PBS before incubating in
PBS containing 30 mM EDTA and 1.5 mM dithiothreitol for
20 min on ice. The tissue was then transferred to PBS containing
30 mM EDTA and incubated under constant stirring for 10 min
at 37°C. The epithelium, containing IELs, was released from the
basement membrane by shaking and a single cell suspension
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was obtained by incubating in HBSS buffer (without calcium
and magnesium) containing 5 U/ml Dispase (Corning) con-
stantly stirring for 10 min at 37°C. The resulting suspension was
supplemented with 5% FCS and 0.25 mg/ml of DNase I (Sigma-
Aldrich), homogenized by inversion, and passed through a 70-
pm cell strainer. Finally, cells were washed with 3% FCS/PBS
before staining for flow cytometry or resuspended in TRIzol
reagent for RNA isolation.

FACS sorting and RNA-Seq analysis of IECs

CD45- Epcam* IECs were sorted from the SI of 8-wk-old Maf*EC
and littermate Maff/# control mice using a BD FACSAria sorter
(sorting strategy Fig. S2 A). RNA was isolated with the RNeasy
Micro Kit from Qiagen according to the manufacturer’s protocol.
RNA libraries were generated and sequencing was performed by
Novogene (Cambridge, UK). Three biological replicates of each
genotype were sequenced. Raw sequence reads were mapped to
the mouse GRCm38/mml0 genome with Hisat2 v2.0.5 (Kim
et al., 2015). featureCounts v1.5.0-p3 (Liao et al., 2014) was
used to count the reads numbers mapped to each gene, and
differential gene expression analysis was performed using DE-
Seq2 (Love et al., 2014). A cut-off (p adj-value <0.1) was applied
for calling differentially expressed genes. Differential gene ex-
pression data were plotted as MA plots using Prism 9 software
(GraphPad) and for selected genes as heatmaps using Morpheus
software (Broad Institute). The RNA-Seq data have been de-
posited to the NCBI GEO platform (GSE199191).

Gene set enrichment analysis (GSEA)

GSEA was performed using the GSEA tool from the Broad In-
stitute (Subramanian et al., 2005). Gene sets used in this study
were taken from the Kyoto Encyclopedia of Genes and Genomes
database or published studies (Haber et al., 2017; Moor et al.,
2018; Atarashi et al., 2015).

Sample preparation for amino acid analysis

Samples were extracted with 100% ethanol containing a uni-
versally labeled 13C, 15N internal standard mix of free amino
acids (40 pg/ml; Cambridge Isotope Laboratories, Inc.; MSK-
CAA). Serum samples were defrosted, diluted 1:5 with the ex-
traction solvent, and agitated for 10 min at 1,000 rpm at room
temperature (RT; Thermomix Eppendorf). For external cali-
bration, a series of six dilutions (1:3) was prepared in 90% eth-
anol using a mix of amino acid standards (all from Sigma Aldrich
at >98% purity) before addition of the extraction solvent at one-
third the volume. All samples and standards were cooled on ice
for 20 min before insoluble matter was removed by centrifu-
gation (2 min, 4°C, 16,100 rcf). 70 pl of the supernatant was
transferred to HPLC vials or conical 96-well plates.

Amino acid liquid chromatography-mass spectrometry
(LC-MS) and data analysis

Amino acids were resolved on a Waters ACQUITY UPLCBEH
Amide column (2.1 x 100 mm, 1.7 pm) using an Agilent 1290
HPLC with the flow directed to an Agilent 6470C triple quad-
rupole mass spectrometer operating in dynamic multiple reac-
tion monitoring positive mode. The elution program (solvent A:
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50:50 acetonitrile [ACN]/water, 10 mM NH,COOH, 0.176%
formic acid; solvent B: 95:5:5 ACN/MeOH/water, 10 mM
NH,COOH, 0.176% formic acid) was as follows: 85% B for 3 min
before a linear gradient to 5% over 7 min, followed by a wash for
1 min (5% B) and column equilibration with 85% B for 1.7 min.
Column temperature was 25°C, flow rate 0.6 ml/min, injection
volume 1 pl, and the autosampler temperature controlled at 4°C.
Precise source settings and multiple reaction monitoring tran-
sitions can be provided upon request. Compounds were iden-
tified by matching retention times and fragmentation patterns
with analytical pure standards. Data analysis was performed
with Agilent Masshunter software. Signals were integrated and
quantified by calibrating with the ratios of natural to isotope-
labeled internal standards and adjusted for dilution. Serum
amino acid concentrations are reported in micromolars.

Sample preparation for proteomic analysis

IECs were resuspended in 100 pl radioimmunoprecipitation
assay (RIPA) buffer with protease inhibitor and shaken at RT for
15 min (Eppendorf thermomixer) at 600 rpm. Mouse liver was
homogenized in M-Tubes (130-093-236; Miltenyi Biotec) with
5 ml RIPA buffer and protease inhibitor in a GentleMacs in-
strument. 40 pl from the cell lysate plus 35 pl RIPA and 75 pl
from tissue lysate were transferred to AFA-TUBE TPX 8-Strips
(PN 520292) with caps (PN 500639). Samples were treated in a
Covaris LE220Rsc to shear DNA (temperature 20°C, duty factor
25%, and plate definition dithering 1 mm Y-dither @ 20 mm/s;
peak power 350, 300 s duration, two repeats). The protein
concentration was determined (23225; Pierce Protein Assay Kit),
and a volume corresponding to 25 pg was transferred to a
TwinTec plate (Eppendorf), topped up to 50 ul with RIPA before
SP3 protein digestion on a Beckmann Biomek i7 workstation as
previously described with one-step reduction and alkylation
(Muller et al., 2020). Briefly, 16.6 pl of reduction and alkylation
buffer (40 mM Tris(2-carboxyethyl)phosphine hydrochloride,
160 mM chloroacetamide, 200 mM ammonium bicarbonate, 4%
SDS) was added and the samples were incubated at 95°C for
5 min. Protein was bound to paramagnetic beads (1:1 mix of GE
Healthcare, PN 45152105050250, 65152105050250) at a bead to
protein ratio of 10:1 (wt/wt) with ACN at a final concentration of
50%. The samples were incubated for 18 min before placing on a
magnetic rack for 3 min to pull down the beads with protein. The
supernatant was discarded and the sample was washed twice
with 80% ethanol and once with 100% ACN before reconstitu-
tion in 35 pl 100 mM ammonium bicarbonate. Trypsin/LysC
(V5072; Promega) was added at an enzyme to protein ratio of
1:50 (wt/wt) and the samples were incubated at 37°C for 17 h
(MP4; Benchmark Scientific Incu-Mixer). The reaction was
stopped by adding formic acid to a final concentration of 0.1%.
Peptide concentration was determined (23290; Pierce) and
samples transferred to a new plate and frozen at -80°C until
analysis by LC-MS/MS without further conditioning or cleanup.

Proteomics LC-MS

Peptide separation was accomplished in a 100-min water to
acetonitrile gradient (solvent A: 0.1% formic acid [85178; Pierce]
in LC-MS-grade water; solvent B: 0.1% formic acid in 80%
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acetonitrile) on an Ultimate 3000 RSLnanoHPLC coupled to a
Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific)
operating in data-independent acquisition (DIA) mode. 1.25 ug of
peptides were concentrated on a trap column (PepMap C18,
5 mm x 300 pm x 5 pm, 100 A; Thermo Fisher Scientific, buffer
containing 2:98 [vol/vol] acetonitrile/water containing 0.1%
[vol/vol] trifluoroacetic acid, flow rate of 20 pl/min) for 3 min
and separated on a C18 column (Acclaim PepMap C18, 2 pm;
100 A; 75 pm; Thermo Fisher Scientific, gradient flow rate 200
nl) in a linear gradient from 5 to 28% buffer B for 63 min fol-
lowed by 28-95% B in 2 min and washing for 5 min with 95%
buffer B before equilibration for 20 min with initial conditions
flow 300 nl. The Orbitrap worked in centroid mode with a duty
cycle consisting of one MSI scan at 70,000 resolution with
maximum injection time 300 ms and 3e6 AGC target followed by
40 variable MS2 scans using an 0.5Th overlapping window
pattern. The window length started with 25 MS2 scans at 12.5
daltons; followed by seven windows with 25 daltons and eight
windows at 62.5 daltons. Precursor MS spectra (m/z 378-1,370)
were analyzed at 17,500 resolution after 110 ms accumulation of
ions to a 3e6 target value in centroid mode. The background ions
m/z 391.2843 and 445.1200 were used as lock mass. MS source
settings were as follows: spray voltage 2.0 kV; no sheath and
auxiliary gas flow; heated capillary temperature at 275°C; and
normalized HCD collision energy 27%.

Proteomics data analysis

The raw data was processed using DIA-NN 1.8 (Demichev et al.,
2020) with the ion mobility module for diaPASEF (Demichev
et al., 2021 Preprint). MS2 and MS1 mass accuracies were both
set to 15 ppm and the scan window size was automatically op-
timized. DIA-NN was run in library-free mode with standard
settings (fasta digest and deep learning-based spectra, retention
time and ion mobility prediction) using the Uniprot mouse re-
viewed (Swiss-Prot, downloaded on 2021-01-27) annotations
(UniProt Consortium, 2019) and the match-between-runs op-
tion. Peptide normalized intensities were subjected to quality
control with all samples passing acceptance criteria. Peptides
with excessive missing values (>34 % per group) were excluded
from analysis. The missing values of remaining peptides were
imputed group-based using the PCA method (Josse and Husson,
2016). Normalization was performed with LIMMA (Ritchie et al.,
2015) implementation of cyclic loess method (Bolstad et al.,
2003) with option “fast” (Ballman et al., 2004). To obtain a
quantitative protein data matrix, the log,-intensities of peptides
were filtered, and only peptides belonging to one protein group
were kept and then summarized into protein log intensity by
“PLM” method (Cox et al., 2014), implemented in R package
preprocessCore (Pham et al., 2020). Statistical analysis of pro-
teomics data was carried out using internally developed R scripts
based on publicly available packages. Linear modeling was based
on the R package LIMMA (Ritchie et al., 2015). The following
model was applied to each tissue data set (log[p] is log, trans-
formed expression of a protein): log(p) ~ 0 + Class. The cate-
gorical factor Class had two levels: Ctrl and Maf*EC IECs. For
finding regulated features, the following criteria were applied:
significance level a was set to 0.01, which guaranteed for
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contrast Ctrl vs. Maf*EC IECs, and the Benjamini-Hochberg
(Benjamini and Hochberg, 1995) FDR <30%. The log fold-change
criterion was applied to guarantee that the measured signal is
above the average noise level. As such we have taken the median
residual SD of linear model: logy(T) = median residual SD of
linear modeling (= log,[1.18]). Functional GSEA analysis was
carried out using R package clusterProfiler (Yu et al., 2012). For
selecting the most (de)regulated GO terms, we applied filter: 10<
term size <500. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al., 2022) partner repository with the
dataset identifier PXD034829.

Oral glucose administration

Maf*EC and littermate control mice were fasted for 7 h with
water ad libitum. Then the body weight of the mice was mea-
sured and a total volume (in ul) of 7.5 x body weight (in grams) of
sterile 20% glucose (in PBS) was administrated via oral gavage.
The amount of glucose in blood was measured before and 30 and
60 min after gavage with a glucometer (ACCU-CHEK Mobile).

Feeding of purified diets

For diet experiments, Maf*EC littermate control mice were fed
with specific isocaloric diets (“High protein” and “Low protein,”
purchased from Ssniff) for 3 wk before analysis.

LP cell isolation

SI tissue was treated with HBSS buffer (without calcium and
magnesium) containing 5 mM EDTA and 10 mM Hepes (pH 7.5)
at 37°C for 30 min to remove epithelial cells, minced, and di-
gested in HBSS buffer (with calcium and magnesium) containing
10 mM Hepes, 4% FCS, 0.5 mg/ml collagenase D, 0.5 mg/ml
DNasel (Sigma-Aldrich), and 0.5 U/ml Dispase (Corning) with
constant stirring at 37°C for 30 min. The supernatant was fil-
tered, and the remaining tissue was mashed through a 70-um
mesh. siLP cells were separated using a 40/80% step-gradient
(Percoll solution; GE Healthcare). Recovered cells were counted
and stained with different antibodies (Table S4). For cytokine
analysis, cells were restimulated with PMA (Sigma-Aldrich,
10 ng/ml), ionomycin (Sigma-Aldrich, 1 ug/ml), and IL-23
(50 ng/ml) for 4 h in TexMACS medium (Miltenyi Biotec) con-
taining 10% FCS. After 1 h of stimulation, Brefeldin A (Sigma-
Aldrich, 5 pg/ml) was added to block cytokine secretion.

Flow cytometry

For flow cytometry, cells were stained with surface antibodies
including a viability dye suitable for fixation if required at 4°C
for 20 min. ILC3s were defined as viable CD45* Lin~ CDI127*
KLRGI™ NK1.1" cells. Lineage includes anti-CD5, anti-CD8a, anti-
CD3, anti-Gr-1, anti-TCRYS, anti-FceRIa, anti-CD19, and anti-
CDllc. For intracellular staining of cytokines and transcription
factors, cells were fixed in Fix/Perm buffer (eBioscience) at 4°C
for 1 h, followed by permeabilization (eBioscience) at 4°C for 2 h
in the presence of antibodies. Cells were acquired with a BD
LSRFortessa X-20, and analysis was performed with Flow]o
(Tree Star) software.
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FITC-Cystine uptake assay

To measure the uptake of Cystine by primary epithelial cells,
IECs were isolated as described above and incubated with 5 uM
BioTracker FITC-Cystine (Sigma-Aldrich) for 15 min in PBS.
Then cells were stained with surface antibodies containing a
viability dye, and EpCAM* FITC-Cystine* cells were measured
by flow cytometry.

Whole-tissue FITC-Cystine and D-Ala-Lys-AMCA uptake assay
The SI was isolated from Maf*E¢ and littermate control mice.
Afterward, a section of 7 cm of distal small intestine was lon-
gitudinally cut and thoroughly washed in cold PBS followed by
incubation in PBS containing 5 pM BioTracker FITC-Cystine
(Sigma-Aldrich) for 15 min or 25 pM D-Ala-Lys-AMCA (Hycul-
tec) for 10 min at 37°C with constant horizontal agitation at 120
rpm. Then, SI tissue was washed three times in PBS, and Swiss
rolls were prepared and fixed in 4% PFA as described below (see
Materials and methods: IF staining). Finally, nuclei were stained
with DAPI for 30 min at RT in combination with FITC-Cystine
assay, or with Helix NP Green (BioLegend) for 15 min at RT in
combination with D-Ala-Lys-AMCA assay. Images were taken
on a Zeiss Axio Observer 7 (Carl Zeiss) and analyzed with
Image].

Organoid culture

For organoid cultures, 20 cm of the proximal SI was collected,
cut longitudinally, and washed two times with cold PBS. The
tissue was cut into 2-mm pieces, placed in cold PBS containing
5 mM EDTA, and pipetted up and down 10 times with a dis-
posable pipette coated with 0.1% BSA/PBS. Then supernatant
was discarded, and the tissue was incubated twice in 5 mM
EDTA in PBS for 10 and 30 min at 4°C with constant agitation.
After EDTA solution removal, fresh PBS was added and the tis-
sue was pipetted up and down 15 times with a disposable pipette
coated with 0.1% BSA/PBS, and the supernatant was collected in
cold sterile RPMI medium. This procedure was repeated four
more times to obtain a total of five fractions. The fraction with
higher crypt enrichment was identified under the microscope
and passed through a 70-um cell strainer. Then crypts were
counted and seeded on a 24- or 48-well plate at a density of 80
crypts/well in Matrigel (Corning). After polymerization was
achieved by incubation for 30 min at 37°C, ENR medium was
added (Advanced DMEM/F12 [Thermo Fisher Scientific] sup-
plemented with 10 mM Hepes, 1x B27, 1x N2, 1 mM N-acetyl-
cysteine [Sigma-Aldrich], 2 mM L-glutamine [Thermo Fisher
Scientific], 100 pg/ml penicillin/streptomycin, 50 ng/ml EGF
[Thermo Fisher Scientific], 100 ng/ml Noggin [Peprotech], and
500 ng/ml murine R-spondinl [R&D]) and refreshed every 2 d.
Crypts were cultured at 37°C in 5% CO,. For Noggin removal
experiments, organoids were cultured in ENR medium for 2 d
and then ENR was substituted for ER (ENR without Noggin). For
stimulation with BMP-4, ENR or ER medium were supple-
mented with 100 ng/ml BMP-4 (Peprotech) and added to the
culture for 6 h before organoids were resuspended in 500 pl
Trizol (Life Technologies) and homogenized using MP FastPrep-
24 (MP Biomedicals) for posterior RNA isolation.
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Organoid crypt expansion index

For crypt expansion index, images of Maf*E€ and control orga-
noids were taken for 4 consecutive days after seeding. Buds and
total organoids were then counted (at least 40 organoids per
well) using ImageJ software, and crypt expansion index was
calculated and shown as the number of crypts per organoid.

RNA isolation

mRNA from sorted cells was isolated with the RNeasy Plus
Micro Kit according to the manual of the manufacturer
(QIAGEN). RNA from cell suspensions, organoids, or tissues was
extracted using TRIzol reagent following the protocol from
ImmGen (Heng et al., 2008). The isolated RNA was quantified
using Nanodrop 2000 before qPCR performance.

IF staining

For IF staining, 5-7 cm of the distal jejunum were taken and
Swiss rolls were prepared as previously described with minor
adaptations (Bialkowska et al., 2016). Briefly, Swiss rolls were
fixed in 1% BD Cytofix/Cytoperm buffer in PBS for c-Maf, Slc15al
(PEPT1), and Slc5al (SGLT1) staining or 4% PFA for DCLKI,
ChgA, and UEAI staining overnight at 4°C. After fixation, Swiss
rolls were incubated in 30% sucrose in PBS overnight, embedded
in 0.C.T. Compound (Tissue-Tek, Sakura), and frozen with lig-
uid nitrogen. O.C.T. blocks were cut into 5-pum sections for IF or
conventional periodic acid-Schiff staining. For c-Maf, DCLKI,
ChgA, and UEALI staining, first, slides were rehydrated in cold
PBS, then blocked and permeabilized in 0.5% Triton X-100 in
PBS containing 10% Donkey serum (blocking buffer) at RT for 1 h
and then incubated with primary antibodies (DCLK1, ChgA, and
UEA1) in blocking buffer at RT for 1 h. Next, slides were incu-
bated with c-Maf antibody in blocking buffer at RT overnight.
For PEPT1 and SGLTI staining, after rehydration of the slides in
cold PBS, heat-induced epitope retrieval in Tris-EDTA buffer
(pH = 9) for PEPTI or in citrate buffer (pH = 6; Dako) for SGLTI1
at 95°C for 20 min was performed. Then slides were cooled
down at RT for 30 min and washed three times in PBS and
blocked and permeabilized in blocking buffer at RT for 1h. Next,
primary antibody staining was performed at RT for 1 h in
blocking buffer. Finally, slides were stained with secondary
antibodies and DAPI in blocking solution at RT for 1 h and
mounted with ProLong Diamond Antifade Mountant (Thermo
Fisher Scientific). Images were taken on a confocal microscope
LSM780 (Carl Zeiss), a Zeiss Axio Observer 7 (Carl Zeiss), and
analyzed with Image].

SFB quantification

For the quantification of SFB, ileal mucosal DNA was isolated. To
specifically isolate the DNA from ileal mucosa, 2 cm of the ileum
was taken, cut longitudinally, and washed thoroughly in cold PBS
to remove the fecal content. The clean tissue was washed thor-
oughly in 0.1% Tween 80 in PBS, and the resulting solution was
collected and spun down at 4°C, 16,000 g for 20 min to pellet the
mucosal content. Bacterial DNA was then isolated from mucosal
content with the ZymoBIOMICS DNA Miniprep Kit (Zymo Re-
search), and bacterial load was measured by qPCR. The SFB
abundance is presented relative to the abundance of eubacteria.

Cosovanu et al.

Role of c-Maf in small intestinal enterocytes

FISH of SFB

RNA-FISH for SFB was performed as previously described
(Johansson and Hansson, 2012). Briefly, 5 cm of the ileum was
fixed in Methacarn solution (60% absolute methanol, 30%
chloroform, and 10% glacial acetic acid), paraffin-embedded, and
cut into sections of 8 um. Then slides were rehydrated and
stained with 1 pg/ul of an SFB-specific 16S Cy3-labeled probe (5'-
GCGAGCTTCCCTCATTACAAGG-3') in hybridization buffer (0.9
M NaCl, 20 mM Tris-HCl [pH 7.4], 0.1% SDS) at 50°C overnight.
Finally, slides were counterstained with 1 ug/ml DAPI and
mounted in ProLong Diamond Antifade Mountant (Thermo
Fisher Scientific). Images were taken on Zeiss Axio Observer 7
(Carl Zeiss) and processed using Image].

qPCR analysis

Total reverse transcription of isolated RNA was done with the
High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems) as it is described in the manufacturer’s protocol. gPCR
was performed using a Quant Studio 5 system (Applied Bio-
systems) and the SYBR Green PCR Master Mix Kit (Applied
Biosystems). The mRNA expression is presented relative to the
expression of the housekeeping gene hypoxanthine-guanine
phosphoribosyltransferase. Real-time qPCR primer used in
this study can be found in Table S3.

Antibodies
A list of antibodies used in this study is provided in Table S4.

Statistical analysis

Data are represented as the means with SEM and summarize or
are representative of independent experiments as specified in
the text. Statistical analysis was performed using Prism 9 soft-
ware (GraphPad) with two-tailed unpaired Student’s t test (ex-
cept RNA-Seq data).

Online supplemental material

Fig. S1 shows data, which demonstrate that intestinal epithelial
c-Maf expression is driven by BMP signaling. Fig. S2 confirms
that the expression of epithelial carbohydrate and protein
transporters is reduced in Maf*E¢ mice. Fig. S3 shows that
c-Maf-deficient organoids also express reduced levels of car-
bohydrate and protein transporters. Table S1 shows DE genes
between c-Maf-deficient and control IECs as identified by RNA-
Seq. Table S2 shows differentially expressed proteins between
c-Maf-deficient and control IECs and liver tissue as identified by
proteomics. Table S3 shows real-time qPCR primers used in this
study. Table S4 lists all antibodies used in this study.
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Figure S1. Intestinal epithelial c-Maf expression is driven by BMP signaling. (A) Frequency of c-Maf-expressing IECs in different mouse strains lacking
key signals that extrinsically act on IECs, such as the microbiota (GF, germ free), immune cells (Rag2~/~ I[2rg~/-), IL-22 (Il22-/-), STAT3-activating cytokines
(Stat32'EC), and diet (24-h fasting) as compared to respective controls (n = 4, mean + SEM). (B) Sl organoid cultures from Maf®'E and littermate control mice
were cultured in ENR medium for 2 d. Afterwards, ENR was refreshed or substituted for ER (ENR without Noggin) medium. In addition, organoids were
stimulated with BMP-4 for 6 h at day 4 of culture before organoids were harvested for qPCR analysis. Graphs show relative expression of Maf and Id1 (n = 4,
mean + SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Data are representative of at least two independent experiments. Statistical differences were tested

using an unpaired Student’s t test (two-tailed).
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Figure S2. Reduced expression of carbohydrate and protein transporters in Maf2'E¢ mice. (A) Gating strategy for FACS-sorting of SI IECs (CD45~
EpCAM*) for RNA-Seq analysis. Numbers in the plots indicate percentage. (B) RNA-Seq based PCA of FACS-sorted IECs. Each dot represents an individual
biological replicate. (C) Relative expression of different amino acid and peptide transporters by IECs isolated from Maf®'E< and control mice (n = 12, mean
SEM; **, P < 0.01; ***, P < 0.001). (D) Relative expression of different glucose transporters by IECs isolated from Maf*'€€ and control mice (n = 12, mean + SEM;
*, P < 0.05; **, P < 0.01). (E) Relative expression of different genes important for lipid uptake by IECs isolated from Maf2'EC and control mice (n = 7-12, mean
SEM). (F) Steady-state blood glucose level of Maf2E€ and control mice (n = 6-11, mean + SEM). (G) Steady-state plasma amino acid concentrations of Maf®!E
and control mice (n = 3). Data are pooled from at least two independent experiments. Statistical differences were tested using an unpaired Student’s t test
(two-tailed). (H) GSEA of whole proteome comparison between liver tissue isolated from Maf*EC and control mice with a focus on biological processes (GOBP).
The size of each circle represents the weighted number of proteins involved in the term. NES, normalized enrichment score. Data represent the combined
analysis of six and three biologically independent samples from control and Maf*'E¢ mice, respectively.
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Figure S3. Reduced expression of carbohydrate and protein transporters in c-Maf-deficient organoids. (A and B) Relative expression of amino acid and
peptide transporters and Maf by IECs from Maf2'EC and control mice after 3 wk of feeding purified diets with high or low carbohydrate content (n = 3, mean
SEM; **, P < 0.01). (C) Gating strategy for flow cytometric analysis of SI IEL subsets. Numbers in the plots indicate percentage. (D) qPCR analysis of Mki67, Bcl2,
Bcl212, and Bim in FACS-sorted Sl [ELs from Maf®'E< and control mice (n = 4, mean + SEM). (E) qPCR analysis of Tnfa, Ifng, and Il17 in FACS-sorted S IELs from
Maf*E¢ and control mice (n = 4, mean + SEM). (F and G) Relative expression of glucose, amino acid, and peptide transporters by S| organoids derived from
Maf™"€€ and control mice (n = 3, mean + SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Data are representative of least two independent experiments. Statistical
differences were tested using an unpaired Student’s t test (two-tailed).

Provided online are four tables. Table S1 shows DE genes between c-Maf-deficient and control IECs as identified by RNA-Seq. Table
S2 shows differentially expressed proteins between c-Maf-deficient and control IECs and liver tissue as identified by proteomics.
Table S3 shows real-time qPCR primers used in this study. Table S4 lists all antibodies used in this study.
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