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Foxol controls gut homeostasis and commensalism
by regulating mucus secretion

Zuojia Chen?@®, Jialie Luo’®, Jian Li?@®, Girak Kim?@®, Eric S. Chen'®, Sheng Xiao'®, Scott B. Snapper*®, Bin Bao®®, Dingding An°®,
Richard S. Blumberg®®, Cheng-hui Lin’®, Sui Wang’®, Jiaxin Zhong®®, Kuai Liu®®, Qiyuan Li¥@®, Chuan Wu?®, and Vijay K. Kuchroo*®

Mucus produced by goblet cells in the gastrointestinal tract forms a biological barrier that protects the intestine from
invasion by commensals and pathogens. However, the host-derived regulatory network that controls mucus secretion and
thereby changes gut microbiota has not been well studied. Here, we identify that Forkhead box protein 01 (Foxol) regulates
mucus secretion by goblet cells and determines intestinal homeostasis. Loss of Foxol in intestinal epithelial cells (IECs) results
in defects in goblet cell autophagy and mucus secretion, leading to an impaired gut microenvironment and dysbiosis.
Subsequently, due to changes in microbiota and disruption in microbiome metabolites of short-chain fatty acids, Foxol
deficiency results in altered organization of tight junction proteins and enhanced susceptibility to intestinal inflammation. Our
study demonstrates that Foxol is crucial for IECs to establish commensalism and maintain intestinal barrier integrity by

regulating goblet cell function.

Introduction
In the gut, the epithelial barrier forms the front line in en-
countering different environmental insults and protecting host
tissues from bacterial invasion. The physical and biochemical
barrier functions of the gut epithelium and its associated mucus
layer are important not only for colonization of commensal
bacteria but also for maintenance of mucosal immune homeo-
stasis. The intestinal epithelium has developed multiple strate-
gies against bacterial adhesion and invasion, including secretion
of antimicrobial peptides (AMPs), mucus construction, tight
junction (TJ) formation, and innate pathogen sensing (Perez-
Lopez et al., 2016; Peterson and Artis, 2014). As one major
component of the intestinal barrier, intestinal epithelial cells
(IECs) can both sense and respond to external stimuli to maintain
barrier integrity. These different methods are reported not only
to intrinsically modulate IEC function but also to alter the gut
microenvironment, particularly with regard to commensalism.
The gut epithelium regulates the development and colonization
of microbiota, and commensal bacteria, in turn, modulate immune
responses at mucosal surfaces (Belkaid and Tamoutounour, 2016;
Buffie and Pamer, 2013; Marsland and Gollwitzer, 2014). For

instance, it has been reported that enteric IL-17 receptor signaling
regulates segmented filamentous bacteria colonization via modu-
lation of AMP production, which in turn influences the develop-
ment of autoimmunity (Kumar et al., 2016). Similarly, IEC-derived
NLRPé6 is found to be crucial for clearing enteric pathogens by
regulating IL-18 secretion (Elinav et al., 2011). However, the pre-
cise molecular mechanisms of how host genes regulate IEC barrier
development and function, shaping the gut microbial community
and intestinal homeostasis, are not well illustrated.

Goblet cells, a specialized subset of IECs, are mainly re-
sponsible for mucin production and secretion (Johansson and
Hansson, 2016). The mucus layer, which plays a host-protective
role by segregating the microbiota from the intestinal epithelium,
is made up predominantly of the highly glycosylated mucin pro-
tein Muc2 stored in the secretory granules of goblet cells (Specian
and Oliver, 1991; Tytgat et al., 1994). Secretion of mucin from the
goblet cells (Artis and Grencis, 2008) is linked to autophagy
pathways (Patel et al., 2013; Wlodarska et al., 2014). The secreted
mucin proteins form the mucus layer, which in the small intestine
is formed of a single layer but in the colon forms a double layer.
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The outer mucus layer of the colon, a loose matrix structure,
serves as the habitat for gut microbiota, while the inner mucus
layer is firmly associated with epithelium to prevent bacterial
invasion, thereby preventing hyperimmune responses to com-
mensal gut microbiota (Johansson and Hansson, 2016; McGuckin
et al., 2011; Shan et al., 2013). Loss of Muc2 leads to a disrupted
intestinal mucus layer in mice, diminishing the segregation of
bacteria from the epithelial cell layer, and increases susceptibility
to intestinal inflammation and infection (Gill et al., 2011; Shan
et al,, 2013; Van der Sluis et al., 2006). While it is clear that gob-
let cells play a critical role in gut homeostasis, the molecular
mechanisms of how goblet cell-derived mucus secretion reg-
ulates gut commensalism and intestinal homeostasis are not
fully understood.

Forkhead box O (Foxo) proteins have been shown to play
important roles in regulating gut dysbiosis and epithelial dys-
plasia in Drosophila (Guo et al., 2014). Foxo transcription factors
are also known to be critical for cell survival, cell division, and
energy use (Eijkelenboom and Burgering, 2013; Hedrick et al.,
2012; van der Horst and Burgering, 2007). We and others pre-
viously reported that one of the Foxo family members, Foxol,
plays a critical role in T cell development and function, directing
mucosal immune responses and development of intestinal in-
flammation (Ouyang et al., 2012; Wu et al., 2018a). However, the
role of Foxol in regulating intestinal barrier function and ho-
meostasis has not been investigated. In this study, we deleted
Foxol specifically in IECs and demonstrated that Foxol plays a
critical role in mucin protein secretion by regulating goblet cell
autophagy. Loss of Foxol in IECs disrupts colonic mucus layer
construction, leading to gut microbiome dysbiosis and dysre-
gulated microbial metabolites of short-chain fatty acids (SCFAs).
Consequently, Foxol-deficient mice exhibit impaired intestinal
barrier integrity and enhanced susceptibility to gut inflamma-
tion. Altogether, our data reveal that IEC-derived Foxol shapes
intestinal commensalism and epithelial homeostasis by modu-
lating the gut microenvironment of mucus secretion.

Results

IEC-derived Foxol is critical for intestinal barrier integrity
Within the gastrointestinal tract, Foxol was evenly distributed
through the intestinal IECs (Fig. S1, A and B). Using an acute
colon tissue inflammation model of dextran sulfate sodium
(DSS)-induced colitis, we first examined Foxol expression in
IECs during inflammation and following recovery. We found
decreased Foxol expression during acute disease development
and increased Foxol expression during the recovery phase (Fig. 1
A), suggesting a potentially important role of Foxol in IEC
function. To understand the role of Foxol in IECs for intestinal
homeostasis and inflammation, we generated IEC-specific
Foxol-deficient mice (Vili®"Foxol/l). Given the known role of
Foxol in cellular proliferation and apoptosis (Eijkelenboom and
Burgering, 2013), we examined the IEC renewal rate and found
no defects in IEC proliferation and apoptosis in Vill®*Foxo1f/1
mice (Fig. S1, C and D). We next found that loss of Foxol in IECs
resulted in more severe DSS-induced colitis than that in Foxol/
mice (Fig. 1, B and C). These results suggest that the absence of
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Foxol selectively in IECs leads to increased susceptibility to in-
testinal inflammation.

Because one of the major functions of IECs is to maintain
epithelial barrier integrity (Peterson and Artis, 2014), we in-
vestigated the role of Foxol in IECs for intestinal barrier integ-
rity. We discovered that under the steady state, epithelial barrier
permeability was significantly increased in Vill°"*Foxol com-
pared with Foxol?/f mice (Fig. 1 D). Although Vili®*Foxo1®/? mice
showed normal intestinal tissue morphology when the mice
were young (8 wk; Fig. S1 E), they exhibited increased cellular
infiltration throughout the intestines as the mice aged (40 wk;
Fig. 1, E and F), indicating that the loss of Foxol in IECs leads to
compromised barrier function and low-grade inflammation
in both the small and large intestines. Although TJs are critical
for maintaining intestinal epithelial barrier integrity (Turner,
2009), we found no differences in expression of TJ proteins
between Foxol/f! and Vili®Foxol/f! mice (Fig. S1 F). These data
suggest that Foxol plays an important role in epithelial barrier
integrity, which is not due to altered expression of TJ proteins
at steady state.

IEC-derived Foxol regulates goblet cell mucus secretion

It is known that Paneth cells are a key IEC subset that is crucial
for maintaining epithelial homeostasis and barrier function by
limiting bacterial invasion (Adolph et al., 2013; Bel et al., 2017).
To first evaluate the role of Foxol in Paneth cells in intestinal
barrier function, we examined the small intestine and found no
abnormal expression of lysozyme or Regllly in Vill°*Foxol/
mice (Fig. S2, A-C). Moreover, we found no difference in the
expression of various AMPs in small intestine IECs between
Foxol and Vili®*Foxol/? mice (Fig. S2 D). We further em-
ployed mouse models with a Foxol conditional deficiency in
Paneth cells (Defa6°"Foxolf/; Adolph et al., 2013) and in en-
teroendocrine cells (Ngn3°*eFoxoI/l). We found no difference in
barrier function and DSS-induced colitis between Foxor/? and
Defa6S eFoxol/ or Ngn3®*eFoxol! mice, indicating that loss of
Foxol selectively in Paneth cells or enteroendocrine cells did not
affect epithelial barrier function and susceptibility to colitis (Fig.
S2, E-H). Additionally, given that Mathl is known to be critical
for goblet cell development (Noah et al., 2011), we generated
Mathi®*Foxol? mice. Mathi®*eFoxol?/fl mice exhibited impaired
intestinal barrier integrity and enhanced susceptibility to DSS-
induced colitis, phenocopying VilIS*Foxolf/fl mice (Fig. S2, I and
J). Since we have ruled out Foxol’s role in other secretory IECs,
the phenotype of Mathi®*Foxo1?fl mice could be convincingly
attributed to goblet cells. We therefore focused our effort back
on the Vili®Foxol’f model, which showed enhanced suscepti-
bility to DSS-induced colitis. To further characterize the intes-
tinal epithelium in the absence of Foxol, we next examined
colonic tissues using periodic acid-Schiff (PAS) staining, which
mainly stains the glycosylated proteins in goblet cell mucins. We
found that Vili®"Foxol? mice contained larger areas of cyto-
plasmic mucin within goblet cells as compared with controls,
while the number of goblet cells per crypt was comparable
(Fig. 2, A and B). This result was consistent with Math1®**Foxo1/
mice, confirming that lack of Foxol in the intestinal epithelial
secretory lineages results in mucus secretion defects (Fig. S2, K
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Figure 1. 1EC-derived Foxol plays a protective role in colonic homeostasis. (A) Top: Body weight of WT mice during DSS-induced colitis. Bottom: Im-
munoblot analysis of Foxol protein in colon IECs from WT mice administered DSS at different time points. (B) Body weight of Foxol and Vil1cFoxo1/ mice
during DSS-induced colitis. (C) Histological score (left) and colon lengths (right) of Foxol and VillcFoxo1"" mice during DSS-induced colitis as in B,
measured from the colocecal junction to the anal verge. (D) Intestinal barrier permeability was assessed by serum FITC-dextran (FITC-Dex) fluorescence, fecal
albumin concentration, and LPS levels in mesenteric LNs from Foxolf and Vil1®eFoxo1! mice. (E) H&E staining of sections of the small intestine (SI) and
colon of 40-wk-old FoxolM and Vil1cFoxo1/ mice. Scale bar, 100 pum. (F) Quantification of the histological analysis in the Sl and colon for mice 40 wk of age
on a scale of 0 (no mononuclear infiltration) to 3 (considerable mononuclear infiltration). Data are representative of three independent experiments (A, D, and
E) or are pooled from two independent experiments (B, C, and F). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test; error bars represent SD).

and L). Whole-mount colonic tissue analysis stained with Ulex enhanced mucin accumulation in Vili*¢Foxo1/f! organoids
europaeus agglutinin I (UEA) also revealed larger mucin granules  compared with controls without altering Muc2 expression (Fig.
in Vili°Foxol/! mice (Fig. 2 C). Interestingly, although it isa  S2, M-0). These results indicate the intrinsic effect of Foxol for
signature gene of goblet cells, Muc2 showed no differences the goblet cell function of mucin secretion.

in mRNA expression between Foxol and Vili®**Foxo1/f mice

(Fig. 2 D). There were also no significant changes in expression  Cytosolic Foxol regulates mucus secretion via autophagy

of other key genes for goblet cell development and differentia-  To investigate the molecular mechanisms of how Foxol regulates
tion between Foxol and Vill®Foxol/? IECs (Fig. 2 E). It is  epithelial barrier function, we performed mRNA sequencing of
known that goblet cells are mainly responsible for mucin  Foxol"? and Vili®“Foxol’f colonic IECs isolated from naive
protein secretion and mucus layer construction in the lumen mice. We reanalyzed published microarray data of regulatory T
of the gastrointestinal tract (Johansson and Hansson, 2016). (T reg) cells from Foxp3¢*Foxolf/f mice (Ouyang et al., 2012) and
Using transmission electron microscopy (TEM), we found compared them with our mRNA-sequencing (mRNA-seq) data
that Vili®Foxol/® goblet cells contained significantly larger from IECs. We noticed that while WT and Foxol-deficient T reg
mucin granules than did Foxol?/? controls (Fig. 2, F and G). Given  cells exhibited markedly different mRNA expression, Foxol/1 and
the normal levels of Muc2 expression and the increased accu-  Vill°Foxol/f! IECs under steady state had nearly identical mRNA
mulation of intracellular mucin granules in Vill®**Foxol?/l IECs, profiles (Fig. 3 A). These results suggest that, under steady state,
we hypothesized that there might be a mucus secretion defectin ~ Foxol does not regulate IEC function by affecting transcription.
goblet cells in the absence of Foxol, which may in turn affect the Indeed, instead of Foxol localizing in the nucleus as in naive CD4*
formation of the mucus layer. Indeed, by performing bacterial T cells (Ouyang et al., 2012), we found that Foxol mostly localized
16S rDNA fluorescence in situ hybridization (FISH), we found in the cytoplasm of IECs (Fig. S3 A and Fig. 3 B). More important,
that Vili®eFoxoI/!! mice lack a thick, continuous, overlaying quantitative studies confirmed it was goblet cells that mainly ex-
inner mucus layer in the colon (Fig. 2, H and I, dotted line is  pressed cytosolic Foxol (Fig. 3, C and D; and Fig. S3 B). These data
the inner mucus layer). Additionally, we generated goblet suggest that Foxol may use alternative mechanisms other than
cell-enriched colonic organoids (Patel et al., 2013) and found transcriptional regulation to control goblet cell function.
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Figure 2. Foxol regulates colonic goblet cell function of mucin secretion. (A) PAS staining of colons from 8-wk-old Foxol" and Vil1<eFoxo1" mice.
Scale bar, 100 um. (B) Quantification of the average mucin area/goblet cell (left) and quantification of the average number of goblet cells per crypt (right) in
Foxo1™M and Vil1¢¢Foxo1™" mice from A. >100 crypts per mouse were measured. (C) Immunolabeling-enabled three-dimensional imaging of solvent-cleared
organs staining from the colonic tissues stained with UEA isolated from Foxol/f and Vil1°Foxo1™" mice. Scale bar, 50 um. (D) qPCR analysis of Muc2 mRNA in
IECs isolated from the small intestine (SI) and colon of Foxo1 and Vil1Foxo1"" mice. (E) qPCR analysis of the indicated genes in IECs from the colons of
FoxolVM and Vil1ceFoxo1 mice. (F) TEM images of upper crypt goblet cells from FoxoI"" and Vil1“eFoxoI"® murine colons. Scale bar, 2 um. (G) Quanti-
fication of average mucin granule area from F. (H) Representative immunofluorescence staining for mucus of colons from Foxo1¥ and Vil1<eFoxo1f mice
using MUC2 (green) and EUB338 (EUB) probe (red) with DAPI (blue). The white dashed lines outline the inner mucus layer. Scale bar, 50 um. (1) Quantification
of inner mucus layer thickness in the colon as in H (>10 fields measured per mouse). Data are representative of three independent experiments (A, C, F, and H)

or are pooled from two independent experiments (B, D, E, G, and I). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test; error bars represent SD).

Cytosolic Foxol has been reported to be essential for the in-
duction of autophagy during tumor suppression via interactions
with the autophagy factor ATG7 (Zhao et al., 2010). Autophagy
has been linked to the goblet cell function of mucus secretion,
raising the question whether loss of Foxol affects the process of
autophagy in goblet cells (Patel et al., 2013). Although ATG5 and
ATG7 protein levels were not altered, the autophagy marker
LC3-II was reduced in IECs from the colon of Vili®**Foxolf/ mice
compared with Foxol? mice (Fig. 3 E). We also found protein-
protein interactions between Foxol and ATG5 but not ATG7 in
IECs (Fig. 3 F). Because ATGS is known to control goblet cell mucus
secretion via the production of ROS (Patel et al., 2013), we hy-
pothesized that interaction between Foxol and ATG5 promoted
ROS generation. Indeed, we observed less ROS production from
colonic IECs of Vill®Foxol/! mice than from those of Foxor/f
mice (Fig. 3, G and H), indicating that Foxol is required for ATG5
to promote autophagy and mucin secretion in goblet cells.

To further characterize the role of cytosolic Foxol in epi-
thelial barrier function, we employed a mouse strain expressing
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a mutant form of Foxol that is refractory to Akt-targeted in-
hibition (Rosa26-flox-STOP-FoxolAAA; Foxol**4; Ouyang et al.,
2012). Upon breeding the Foxol*A% allele to Vill®**Foxolfl/fl
mice, we were able to restore Foxol expression while restricting
it within the IEC nucleus (Fig. S3 C). Interestingly, despite the
restored Foxol expression, Vill®*®Foxolf/fiIFoxol*AA/+ mice ex-
hibited larger areas of cytoplasmic mucin within goblet cells
than did Foxol’/?! mice (Fig. S3, D and E), as well as more ac-
cumulated mucin granules (Fig. S3, F and G). Similar to
Vili€reFoxo1f/fl mice, VillcreFoxolf/fIFoxo1AAA/+ mice showed
a thinner inner mucus layer than seen in Foxolf/f! control
mice (Fig. 3, I and J). We also noticed that IECs from
Vili®*Foxol"Foxo1*44/+ mice showed less ROS generation than
IECs in Foxol? mice (Fig. S3, H and I). Functionally, we ob-
served compromised barrier integrity and severe DSS-induced
colitis in Vili®"Foxolf/IFoxo1*44/* mice compared with Foxol/f
mice (Fig. 3, K and L; and Fig. S3 J). By using Foxol*** mice,
we show that, regardless of restored Foxol expression, nu-
clear Foxol is dispensable for goblet cell mucin secretion,

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20210324

40f 18


https://doi.org/10.1084/jem.20210324

A Naive Naive B S o & D
Vil 1S Foxo 1 Foxp3cre Foxo 1t X ¥
. : O = MUC2
® 50 70 A ) M Foxo1
=2 - Foxo1 d - -70 M None
2 . Double
le) B-Tubulin . -55
X
Lamns I B -7°
Foxo1" (logy) Histone 3 -_1 5 Total = 405
E 0,(\\?\\ F O,\«\?\\ G Foxo1t H mm Foxoi™
& o* & ot w=_/j/10re Foxo 11 O Vil1CreFoxo 1
& o © o107 _*
(,01~ & KD IP: Foxo1 ﬁ? W KD
Foxo1 e -70 INfeyd -70

ATGS [ 55

Foxo1 - E -70

Max%

ATG7 S
ATG5 — - 55

LC3-

LG5 15
actn .

Fluorescence
intensity (x10

oONPh O

= Foxo1"
03 Vil1CeFoxo 1"
B3 1S Foxo 1" Foxo 1AAA+

Foxo1™"®

Vil1¢re Foxo 1"t

e 3 i

MUC2 / EUB probe

DAPI/

K FITC-Dex  Albumin LPS o Foxofi L 110 = Foxo 1
29 * 8 ** 4 ** O3 Vi1 Foxo 1M g 100 - Vil1°e Foxo 17/
S 6 3 O3 vil1cre Foxo 1M Foxo 1AM+ & -+ Vil1°e Foxo 1" Foxo 1AAA+
£6 3 o o 90
S 4{ 21 1) D
23 5 1 = 80
o

0 0 T 0 T 70 T T T T

0 4 8 12

Days after DSS

Figure 3. Cytosolic Foxol regulates autophagy in IECs. (A) Left: RNA-seq analysis of Foxol™f and Vil1®FoxoI"" mice colonic IECs under steady state.
Right: Microarray analysis of FoxoI™ and Foxp3¢reFoxol"/f mice natural T reg cells under steady state (Gene Expression Omnibus accession no. GSE40657).
WT-specific sites (blue) and KO-specific sites (red). Log, fold change >1and P < 0.05. (B) Immunoblot analysis of Foxol, B-tubulin, lamin B, and B-actin in WT
colonic IECs. (C) Foxol (red), MUC2 (green), and DAPI (blue) staining of WT colonic IECs. Red arrowhead: MUC2 single positive; white arrowhead: MUC2 and
Foxol double positive. Scale bar, 500 um. (D) Quantitative analysis of Foxol colocalization with MUC2 in colonic I[ECs. MUC2, Muc2 single-positive cells; Foxol,
Foxol single-positive cells; None, DAPI single-positive cells; Double, MUC2 and Foxol double-positive cells. (E) Immunoblot analysis of Foxol, ATG7, ATG5, LC3,
and B-actin in colonic IECs from FoxoI and Vil1crFoxo1™® mice. (F) Coimmunoprecipitation (IP) with antibody to Foxol of proteins from FoxoI® and
Vil1€eFoxo1/ murine colonic IECs detected by immunoblot analysis (IB) with anti-ATG7, anti-ATGS5, or anti-Foxol. (G) Expression of ROS (DCFDA) in Foxo1M/f
and Vil1<eFoxo1™/f colonic IECs assessed by flow cytometry. (H) Expression of ROS (DCFDA) in Foxol"f and Vil1¢eFoxoI™ colonic IECs assessed by fluorescent
plate reader. (I) Representative immunofluorescence staining for mucus of the colons from Foxo1™f, Vil1ceFoxo1™/f, and Vil1reFoxo1"iFoxo1A*4/+ mice using
MUC2 (green) and EUB338 probe (red) with DAPI (blue). The white dashed lines outline the inner mucus layer. Scale bar, 50 um. (J) Quantification of inner
mucus layer thickness in the colon as in | (>10 fields measured per mouse). (K) Intestinal barrier permeability was assessed by FITC-dextran (FITC-Dex),
albumin, and LPS assays between Foxol1™f, Vil1€reFoxoI™f, and Vil1<¢Foxo1™/fFoxol1***/* mice. (L) Body weights of Foxol™/f, Vil1ceFoxo1™/f, and
Vil1°reFoxo1/fFoxo1A**/+ mice during DSS-induced colitis. Data are representative of three independent experiments (A-C, E-I, and K) or are pooled from
two independent experiments (D, J, and L). *, P < 0.05 (Student’s t test; error bars represent SD).

demonstrating the importance of cytoplasmic Foxol in main- control inflammation (Buffie and Pamer, 2013; Perez-Lopez

taining IEC homeostasis.

IEC-derived Foxol regulates intestinal barrier integrity via gut
microbiota

It has been shown that IECs and microbiota reciprocally regulate
each other in order to maintain intestinal homeostasis and
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et al., 2016; Peterson and Artis, 2014). To determine whether
Foxol modulates intestinal barrier function intrinsically
via goblet cells or extrinsically via gut microbiota, we examined
intestinal barrier function in Foxol?/l and Vili®*Foxo1"/fl mice
under either separated housing or cohousing conditions. We
used Vill®eFoxolf/* and Foxolfl/f! as breeders and used their
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offspring of Vili®**Foxol’f and Foxol? for our experiments. For
cohousing experiments, 4-wk-old mice originating from the
same breeders were divided to be either housed singly or co-
housed with age- and sex-matched mice for 6 wk. To our sur-
prise, after 6 wk of cohousing, while barrier function in
Vili®Foxoll mice remained the same as that of mice in the
separated housing condition, we observed elevated barrier per-
meability in FoxoI? mice compared to Vill“Foxol? mice
(Fig. 4 A). Furthermore, we found that cohoused Foxol"? mice
exhibited enhanced susceptibility to DSS-induced colitis, similar
to that in Vili°"FoxoI!’f! mice, as compared with Foxolf! sepa-
rated mice (Fig. 4 B and Fig. S4 A), suggesting that impaired
intestinal barrier function and enhanced colitis in Vill®"Foxo1f/f
mice may be microbiota dependent. We also found that under
the cohousing condition, Vill®*Foxol/! mice still exhibited
larger areas of cytoplasmic mucin within goblet cells compared
with cohoused FoxoI? mice (Fig. S4, B and C). Moreover, co-
housing did not alter the mucin granule accumulation in either
FoxoI or Vili®*Foxo1®/ goblet cells compared with the sepa-
rated housing condition (Fig. 4, C and D), indicating that mi-
crobiota did not impact the cell-intrinsic effect of Foxol. We then
found diminished host-microbiota segregation in Vill“**Foxolf/f
mice compared with Foxol/f! mice under separated housing con-
ditions. A similar reduced segregation was also observed in Foxo1?/1
mice when they were cohoused with Vill®*Foxol mice (Fig. S4, D
and E). Consistent with this observation, we found thinner mucus
layers in the colons of both cohoused Foxol! and Vili®*Foxorf/f
mice than in separately housed mice (Fig. 4, E and F), indicating that
barrier integrity in Vill®®Foxol’ mice is compromised due to
dysbiosis caused by altered goblet cell function.

Then, we asked why cohousing reduced the Foxol? colon
mucus thickness. It has been reported that gut microbiota uses
mucinase to digest glycoproteins from the mucus layer to obtain
nutrition (Desai et al., 2016; Marcobal et al., 2013). Additionally,
dysbiosis has been reported to induce dysregulated mucus
consumption (Desai et al., 2016). Indeed, we found that fecal
microbiota from separately housed Vili®"Foxol/ mice ex-
hibited markedly enhanced mucus digestive activity compared
with those from Foxol? mice. Using fecal bacteria grown on
Brucella plates containing 0.5% bovine submaxillary mucin fol-
lowed by amido black staining (Nesta et al., 2014), we found
reduced mucin protein abundance after culturing with fecal
microbiota from separately housed Vill®Foxol’? mice, sug-
gesting enhanced mucus digestive activity as compared with
fecal microbiota from Foxol/? mice. Furthermore, cohousing
resulted in bacteria with elevated mucinase activity within
the Foxol? feces (Fig. 4 G). Next, we rederived Foxol?/ and
Vili®reFoxol®/% mice in germ-free (GF) conditions to eliminate the
effects of the microbiota. Similarly to the specific pathogen-free
mice (Fig. 2), we found greater areas of cytoplasmic mucin
within goblet cells in GF Vili®Foxolf/? mice than GF WT mice
by PAS staining (Fig. 4, H and I). TEM revealed that GF
Vili®reFoxol/ goblet cells also contained significantly larger
mucin granules than those in controls (Fig. 4, ] and K). These
data indicate the intrinsic effect of Foxol for mucus secretion.
Importantly, we found equal levels of epithelial permeability in
GF FoxoI and Vili®Foxol/f mice (Fig. 4 L), suggesting that the
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gut microbiota but not mucus secretion determines intestinal
barrier function. Therefore, altered gut microbiota is responsi-
ble for enhanced susceptibility to DSS in Vill®**Foxo1/1 mice.

IEC-derived Foxol governs bidirectional regulation of mucus
and the gut microbiota

To further understand the role of the microbiota in Foxol-
mediated epithelial homeostasis, we performed microbiota
transfer studies in GF host mice. We first reconstituted GF mice
with either Foxol! or Vili®**Foxol/f! gut microbiota by fecal
transplant (Fig. 5 A). We found that in the GF host, Vili®*Foxo1%/
microbiota reconstitution resulted in a thinner mucus layer than
seen after reconstitution with FoxoI/ microbiota (Fig. 5, B and
C), consistent with the in vitro data (Fig. 4 G). As a consequence,
GF mice with Vili®*Foxol/ bacteria reconstitution exhibited
enhanced intestinal barrier permeability and more severe colitis
than those reconstituted with Foxol! mouse bacteria (Fig. 5, D
and E; and Fig. S4 F). We next pretreated Vill®"Foxol"/?! mice
with an antibiotic cocktail and then supplemented these mice
with gavaged mucin (Fig. 5 F). After mucin protein treatment,
we observed enhanced mucus thickness compared with control
treatment (Fig. S4, G and H). We also found that mucin treat-
ment did, in fact, modify the gut microbiota composition (Fig. S4
I) and reduced levels of mucinase active bacteria, which were
previously identified as having the ability to produce mucin-
degrading enzymes targeting a wide range of mucin carbohy-
drates (Bell et al., 2019; Hoskins et al., 1997; Katayama et al.,
2005; Fig. S4 J; and Fig. 5 G). In fact, VilI®*FoxoI/? mice that
were administered supplementary mucus exhibited improved
barrier function and attenuated DSS-induced colitis compared
with PBS-treated mice (Fig. 5, H and I; and Fig. S4 K). We con-
cluded that in Vili€Foxolf/l mice, mucin treatment-derived
concurrent mucus layer and microbiota changes resulted in
reduced sensitivity to DSS-induced colitis. Altogether, our re-
sults indicate that Foxol is required for the secretion of mucus
and the formation of a functional mucus layer, which then
contributes to defining the commensal organisms. Consequently,
the reciprocal regulation between the mucus and the gut mi-
crobiota determines intestinal barrier integrity.

IEC-derived Foxol deficiency results in colonic dysbiosis

To better understand the mechanisms of how the microbiota
alter epithelial barrier function and inflammation susceptibility
in Vili®Foxol’l mice, we examined fecal bacteria in Foxo1f/fl
and Vili®*Foxol!/l mice under either separate housing or
cohousing conditions. From fecal samples of Foxol/fl and
Vili®Foxol?!/?! mice before and after weaning, we noticed clear
microbiota divergence related to mouse development and
separation, suggesting that the host gene of Foxol determines
microbiota development (Fig. 6 A). 16S rDNA sequence analysis
showed that adult Foxol’/f! mice harbored a microbiome with a
different community composition and less diversity as com-
pared with Vili®cFoxol!/?! mice in separate housing (Fig. 6, B
and C). Additionally, after 6 wk of cohousing, the microbial
composition of both FoxoI’fl and Vili®Foxo1/f! mice became
similar to the composition of separately housed Vili®*¢Foxo1/f
mice (Fig. 6, B and C).
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Figure 4. IEC-derived Foxol regulates intestinal barrier integrity via gut microbiota. (A) Intestinal barrier permeability was assessed by FITC-dextran
(FITC-Dex), albumin, and LPS assays between Foxol™" and Vil1<eFoxo1" mice under either separated (Sep) housing or cohousing (Co) conditions. (B) Body
weights of FoxoI" and Vil1ceFoxoI™™ mice under either separated housing or cohousing condition during DSS-induced colitis. (C) TEM images of upper crypt
goblet cells from Foxo1/ and Vil1<eFoxo1" murine colons under either the separated housing or cohousing condition. Scale bar, 2 um. (D) Quantification of
average mucin granule area from C. (E) Representative immunofluorescence staining of colons from Foxo1® and Vil1¢eFoxo1™" mice for mucus using MUC2
(green) and EUB338 probe (red) with DAPI (blue) under either separated housing or cohousing conditions. The white dashed lines outline the inner mucus layer.
Scale bar, 50 um. (F) Quantification of inner mucus layer thickness in the distal colon between FoxoI™ and Vil1<eFoxo1™/® mice under either separated housing
or cohousing conditions (>10 fields measured per mouse). (G) Mucin lysis activity of fecal bacteria from Foxo1"Tand Vil1<eFoxo1"" mice under either separated
housing or cohousing conditions was assessed by amido black staining under aerobic or anaerobic conditions. (H) PAS staining of colons from 8-wk-old GF
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FoxolV and Vil1¢eFoxo1" mice. Scale bar, 100 um. (I) Quantification of average mucin area/goblet cell (left) and quantification of the average number of
goblet cells per crypt (right) from H. >100 crypts were measured per mouse. (J) TEM images of upper crypt goblet cells from GF Foxo1 and Vil1<reFoxo1/f
mice. Scale bar, 2 um. (K) Quantification of average mucin granule area from J. (L) Intestinal barrier permeability was assessed by FITC-dextran and albumin
assays between GF Foxol and Vil1¢¢Foxol"" mice. Data are representative of three independent experiments (A, C, D, F, G, H, and J) or are pooled from two
independent experiments (B, E, I, K, and L). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test; error bars represent SD).

Broad population changes were found, ranging from the
phylum to genus levels, in comparisons of fecal microbiota from
separately housed Foxol™/ and Vili®*eFoxol?/l mice (Fig. 6, D and
E). Taxonomic classifications at the phylum level also suggested
similar changes when we compared fecal microbiota from
Foxol’f mice under separated housing and cohousing conditions
(Fig. 6 F). Notably, the altered microbiome in Foxol-deficient
mice, such as increased Deferribacteres (Sun et al., 2019b),
Proteobacteria (Gophna et al., 2006; Lo Presti et al., 2019; Lupp
et al., 2007; Vester-Andersen et al., 2019), Actinobacteria (Alam
et al., 2020; Lo Presti et al., 2019), and dampened Verrucomi-
crobia (Lo Presti et al., 2019; Salem et al., 2019), has been re-
ported to be associated with either inflammatory bowel disease
(IBD) patients or animal colitis models (Fig. 6 G). Additionally,
detailed analysis revealed highly enriched mucin-degrading
bacteria in the Vill“Foxol? and cohoused mice compared
with separately housed Foxol/l control mice (Bell et al., 2019;
Hoskins et al., 1997; Katayama et al., 2005; Wright et al., 2000;
Fig. 6 H). This is consistent with the elevated mucinase activity
in fecal bacteria found in VillS*Foxol/l mice (Fig. S4 J and
Fig. 5 G).

IEC-derived Foxol maintains epithelial T)s through bacterial
SCFA metabolism

From the 16S rDNA-sequencing data, we further noticed that the
abolished bacteria in Vili®*FoxoI"! mice are known to be critical
for production of SCFAs (Hugenholtz et al., 2018; Wang et al.,
2019; Zhong et al., 2015; Fig. 7 A). In fact, our metabolomics
study of SCFAs showed marked reduction of acetate, butyrate,
and propionate in Vili®**Foxol/l compared with WT fecal sam-
ples (Fig. 7 B). It has previously been reported that loss of SCFAs
in the intestines affects barrier function and enhances inflam-
mation via disruption of TJs (Koh et al., 2016; Miyoshi et al.,
2008; Ohata et al., 2005; Peng et al., 2009; Zheng et al., 2017).
Changes in the expression levels of TJ proteins or delocalization
of TJ proteins, such as occludin, also induce enhanced intestinal
barrier permeability (Clayburgh et al., 2005; Lee et al., 2015). In
fact, we observed disassociated occludin and F-actin at the co-
lonic crypts of IECs in Vill®Foxol?f mice, while these two
proteins were clearly colocalized in Foxol mice (Fig. 7, C and
D). Foxol’ mice exhibited a loss of colocalization of occludin
and F-actin when cohoused with Vili®**Foxo1"/fl mice (Fig. 7, C
and D), consistent with compromised barrier permeability as
compared with the separate housing condition (Fig. 4 A).

To further determine whether SCFAs were responsible for
disrupted epithelial barrier function in Vili®**Foxol/l mice, we
fed mice diets with supplementary acetate, propionate, butyrate,
or succinate. We found that diet supplementation for 4 wk with
the SCFAs acetate, propionate, and butyrate improved intestinal
barrier function and reduced DSS-induced colitis severity in
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Vili®reFoxol!/? mice, whereas succinate did not (Fig. 7, E and F).
Furthermore, occludin and F-actin association in colonic TJs was
restored in Vili®**Foxol?/!l mice by dietary supplementation with
acetate, propionate, and butyrate but not with succinate (Fig. S5,
A and B). These results illustrate that the dysregulated micro-
biota observed in Vill®**Foxol/ affect production of metabolites,
including SCFAs, that impair cellular localization of TJs, leading
to disrupted barrier integrity and enhanced susceptibility to
inflammation.

Lastly, to show a causal relationship between a specific spe-
cies of microbiota and susceptibility to DSS-mediated colitis, we
examined the alteration of a specific bacterium, Akkermansia
muciniphila, between Foxol/fl and Vili®*Foxol/f mice, given the
abolished Akkermansia in Foxol-deficient mice (Fig. 7 A). A.
muciniphila has previously been demonstrated to protect the
host from intestinal inflammation (Bian et al., 2019; Kang et al.,
2013). We found that A. muciniphila was indeed diminished in
the feces of separated Vill®*Foxol’/? mice by quantitative PCR
(qPCR; Fig. S5 C). We treated mice with A. muciniphila (BAA-835;
American Type Culture Collection) for 2 wk by oral gavage as
previously described (Bian et al., 2019), and we found enhanced
acetate, butyrate, and propionate levels in the feces from
Vili®*Foxo1"/f mice with A. muciniphila treatment compared with
control mice (Fig. S5 D). Moreover, administration of A. muci-
niphila also improved intestinal barrier function and attenuated
DSS-induced colitis in Vili**Foxol?/f mice (Fig. S5, E and F).
These results indicate that decreased A. muciniphila contributes
to enhanced susceptibility to colitis in Vill*Foxol/? mice.

Discussion

The mutual interactions between IECs and gut microbiota form
a dynamic ecosystem that maintains intestinal homeostasis.
However, exactly how IECs regulate commensalism, leading to
intestinal tolerance, is not yet fully elucidated. Our work dem-
onstrates that cytosolic Foxol within goblet cells plays a critical
role in promoting mucus layer formation by regulating mucin
secretion in a process linked to autophagy. Formation and
maintenance of mucus layer integrity is required for stabili-
zation of the commensal microbiota and maintenance of in-
testinal barrier integrity. Loss of Foxol in IECs causes impaired
mucus layer formation and subsequent dysbiosis, resulting in
disrupted intestinal barrier integrity and enhanced suscepti-
bility to infection and tissue inflammation.

Foxol function is regulated by post-transcriptional mod-
ifications, and phosphorylation of Foxol results in its nuclear
export and relocation to the cytoplasm (Hedrick et al., 2012;
Huang and Tindall, 2007). In our studies, nuclear retention of
Foxol prevented normal mucus layer secretion from goblet cells.
Activated Akt, which induces Foxol phosphorylation, is found in
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Figure 5. IEC-derived Foxol governs bidirectional regulation of mucus and the gut microbiota. (A) Schematic illustration of fecal transplant and DSS
treatment from WT GF hosts. (B) Representative immunofluorescence staining in the colon of GF WT mice with fecal transplant for mucus using MUC2 (green)
and EUB338 probe (red) with DAPI (blue). The white dashed lines outline the inner mucus layer. Scale bar, 50 um. (C) Quantification of inner mucus layer
thickness in the colon of GF FoxoI mice with fecal transplant as in B (>10 fields measured per mouse). (D) Intestinal barrier permeability was assessed by
FITC-dextran (FITC-Dex), albumin, and LPS assays of GF Foxol™ mice with fecal transplant. (E) Body weights of GF WT mice after FoxoI"" or VilIceFoxo1™/
fecal transplant during DSS-induced colitis. (F) Schematic illustration of mucin protein and DSS treatment in Vil1“FoxoI" mice. ABX, antibiotics. (G) Mucin
lysis activity of fecal bacteria from Foxo1/" and Vil1creFoxo1™/f mice under either separated housing or cohousing conditions was assessed by amide black
staining under aerobic or anaerobic condition. (H) Intestinal barrier permeability was assessed by FITC-dextran, albumin, and LPS assays in VilI-"*Foxo1/ mice
with indicated treatment. (1) Body weights of VilI“®Foxol"" mice with indicated treatment during DSS-induced colitis. Data are representative of two in-
dependent experiments (B, D, G, and H) or are pooled from two independent experiments (C, E, and I). *, P < 0.05 (Student’s t test; error bars represent SD).

constitutively high levels within goblet cells and extruding cells
in the intestine, which can lead to restriction of Foxol to the
cytoplasm (Gessain et al., 2015). The microbial danger signals
detected by TLRs promote phosphorylation of Akt/PI3K (Kieser
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and Kagan, 2017). Hence, gut commensal bacteria may contrib-
ute to maintenance of phosphorylation of Foxol within IECs,
regulating goblet cell autophagy and mucus secretion. Con-
sistent with our observations, constitutive activation of Foxo
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Figure 6. IEC-derived Foxol deficiency results in colonic dysbiosis. (A) Principal coordinate (PC) analysis (PCoA) of weighted unique fraction metric
(UniFrac) distances for 16S rDNA of the fecal bacteria composition from Foxol/fl and Vil1¢eFoxol"f mice before weaning (3 wk old) and after weaning (6 wk
old). (B) PCoA of weighted UniFrac distances for 16S rDNA of the fecal bacteria composition from Foxo1/ and Vil1cFoxo1™" mice under separated (Sep)
housing or cohousing (Co) conditions. (C) Rarefaction curve constructed on the basis of phylogenetic distance (PD_whole_tree) from Foxol™f and
Vil1€eFoxo1 mice under either separated housing or cohousing conditions. (D) Cladogram representing taxa enriched in fecal samples in Foxo1™® and
Vil1€eFoxo1"/ mice under separated housing condition. (E) Cladogram representing taxa enriched in fecal samples in Foxo1" mice under separated housing or
cohousing conditions. (F) Taxonomic classifications at the phylum level for 165 rDNA of indicated bacteria in fecal samples from FoxoI® and Vil1<eFoxo1/f
mice under separated housing or cohousing conditions. (G) Relative abundance of indicated bacterial phyla in fecal samples from different groups. (H) Relative
abundance of indicated bacterial genera in fecal samples from different groups. Data are representative of two independent experiments (A-H). **, P < 0.01;

*** P < 0.001 (Student’s t test; error bars represent SD).

within IECs in Drosophila induces disruption of innate immune
signals, leading to dysbiosis (Guo et al., 2014). Foxol is also
critical for endothelial cell quiescence via restriction of cell
metabolism. Forced expression of nuclear Foxol restricts endo-
thelial cell proliferation and results in vessel thinning (Wilhelm
et al., 2016). Additionally, continued nuclear Foxol expression
within T cells induces Akt activation and disrupts mTORC1
signaling, inducing cell death (Newton et al., 2018). Therefore,
although we observed impaired intestinal barrier integrity in
both Vili®*cFoxolFoxo1244/+ and Vill®**Foxol/ mice, it is pos-
sible that enforced nuclear Foxol expression in Foxol*A% mice led
to disruption of the intestinal barrier not only by affecting goblet
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cell autophagy but also by interfering with IEC survival and di-
vision. Moreover, while it has been reported that Foxo family
members have certain redundancies (Furuyama et al., 2000; Paik
et al,, 2007), our mRNA-seq data showed no up-regulated expres-
sion of other Foxo family members in the Foxol-deficient IECs. Also,
considering that both Foxo3- and Foxo4-deficient mice exhibit en-
hanced susceptibility to DSS-induced colitis (Snoeks et al., 2009;
Zhou et al., 2009), there is unlikely to be a compensatory effect of
Foxo3 or Foxo4 in the absence of Foxol for IEC homeostasis.
Autophagy as a biological process is critical for granule
content secretion in primary IEC types, including goblet cells,
Paneth cells, and osteoclasts (DeSelm et al., 2011; Patel et al.,
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Figure 7. IEC-derived Foxol maintains epithelial TJs through bacterial SCFA metabolism. (A) Relative abundance of indicated bacterial genera in fecal
samples from different groups. (B) Quantification of indicated SCFAs from feces of Foxolf and Vil1ceFoxoI™™ mice under separated (Sep) housing and
cohousing (Co) conditions. (C) Representative immunofluorescence staining for mucus using occludin (red) or F-actin (green) with DAPI (blue) distal colon
segments between FoxoI"® and VilI°rFoxo1™" mice under separated housing (left) or cohousing (right) condition. The right column represents a magnified
image from the white box in the left column. Scale bar, 15 um. (D) Quantitative analysis of occludin colocalization with F-actin in colonic IECs as in G. Occludin,
occluding-positive cells, no colocalization; F-actin, F-actin single-positive cells, no colocalization; Double, occludin and F-actin double-positive cells. (E) In-
testinal barrier permeability was assessed by FITC-dextran (FITC-Dex) assay between Foxo1/fand Vil1<Foxo1™/f mice under the indicated treatment. (F) Body
weights of Vil1<eFoxoI"f mice with the indicated treatment during DSS-induced colitis. Data are representative of two independent experiments (A, C, E, and
F) or are pooled from two independent experiments (B and D). *, P < 0.05 (Student’s t test; error bars represent SD).
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2013; Wlodarska et al., 2014). The molecular mechanisms by
which autophagy regulates the function of different cells are
distinct (Cadwell et al., 2008; DeSelm et al., 2011; Marifio et al.,
2010; Ushio et al., 2011). Foxo family members have been shown
to regulate autophagy in multiple species, ranging from flies to
mammals, and in different ways (Eijkelenboom and Burgering,
2013). Foxo3 and Foxo4 regulate the induction of autophagy by
promoting glutamine synthetase (van der Vos and Coffer, 2012),
while cytosolic Foxol interaction with ATG7 is critical for autophagy
induction in tumor cells, resulting in cell death (Zhao et al., 2010).
Our findings indicate that ATG5, an E2-like protein, interacts with
Foxol in IECs. ATG5 has been reported to participate in autopha-
gosome formation, which is required for epithelial secretory func-
tion by regulating ROS generation and calcium signaling (Patel
et al, 2013). Although our results indicate that Foxol facilitates
autophagy by interacting with ATG5 for mucin granule release,
specifically how this interaction influences the autophagy process
still requires further investigation. Meanwhile, autophagy has been
linked to development of IBD in humans (lida et al., 2017). Both
human and mouse studies suggest that epithelial autophagy is re-
quired for intestinal homeostasis and host defense against patho-
genic bacteria. Consistent with previous studies (Benjamin et al.,
2013; Burger et al., 2018; Lavoie et al., 2019), we demonstrate here
that compromised intestinal epithelial autophagy causes dysbiosis
as well as disruption of immune regulation and barrier integrity.
The mucus layer is highly related to microbial colonization
and motility (Caldara et al., 2012; Juge, 2012). Loss of mucus
results in disrupted intestinal homeostasis and enhanced sus-
ceptibility to bacterial invasion (Shan et al., 2013). In addition,
mucus has been shown to be critical for host defense by segre-
gating and dissociating bacteria from the intestinal mucosa
(McGuckin et al., 2011). In the colon, bacteria can use mucin
glycans for anchor sites and as nutritional sources for growth
(Marcobal et al., 2013; Pudlo et al., 2015). It has also been re-
ported that the specific mucus component Lypd8 modulates
flagellated bacteria motility and subsequently influences bacte-
rial invasion into intestinal tissue (Okumura et al, 2016).
Moreover, mucin glycosylation could be distinct in different
mouse strains and living conditions. This could lead to selective
bacterial colonization in different hosts (Ley et al., 2008; Rawls
et al., 2006). Defects in the mucus layer are known to promote
pathogenic bacterial invasion, such as Citrobacter rodentium, which
invades the epithelium by producing virulence factors with mu-
cinase activity (Bergstrom et al., 2010). We found that loss of Foxol
impairs mucin secretion and inner mucus layer construction,
which partially explains an increase in the abundance of bacteria
with high mucinase activity. Additionally, it is known that AMPs
are enriched in the mucus layer and are critical for tissue pro-
tection from bacterial invasion (Vaishnava et al., 2011). Although
AMPs were expressed at similar levels in IECs from Foxol?/f and
Vili®Foxol mice, a failure to sequester AMPs in the disrupted
mucus layer may contribute to dysbiosis in Vill®®Foxol/? mice.
Similar to Foxol-deficient mice, mucus defect-derived dys-
biosis in Muc2~/~ mice exhibits an enhanced bacterial diversity
and elevated bacterial genera of Ruminococcus and Bacteroides
(Wu et al., 2018b). Recent studies show that mice with disrupted
mucus glycosylation display a compromised mucus barrier,
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associated with decreased A. muciniphila and Turicibacter sp.
H121 and with increases in the genus Bacteroides (Bergstrom
et al., 2020), which is also in line with our findings of Foxol
deficiency-induced dysbiosis. Additionally, we observed ele-
vated Proteobacteria in the Foxol-deficient mice, which usually
can be found in mice with an increased inflammatory tone
(Huang et al., 2015; Jakobsson et al., 2015). These studies support
our conclusion that Foxol-mediated mucus secretion is critical
for commensalism and gut homeostasis. On the other hand, it
has been reported that IBD patients exhibit thinner mucus layers
due to impaired mucin production, secretion, or composition
(Birchenough et al., 2019; Cornick et al., 2015; Etienne-Mesmin
et al., 2019; Johansson and Hansson, 2016). However, there is a
disproportionate amount of mucin-degrading bacteria in pa-
tients, which we also observed in Foxol-deficient mice, includ-
ing an increase in Ruminococcus gnavus and Ruminococcus torques,
but a decrease in A. muciniphila (Liu et al., 2021; Salem et al.,
2019), suggesting that the expansion of mucin-degrading bac-
teria does not depend entirely on the availability of mucus.

Bacteria-derived metabolites of SCFAs are known to regulate
TJ permeability in different ways. For example, butyrate has
been reported to enhance the expression of various TJ genes,
including cingulin, zonula occludens 1 (ZO-1), ZO-2, claudin-1,
claudin-3, and claudin-4, via regulation of histone acetylation
(Waldecker et al., 2008). SCFAs are also known to be important for
the assembly of TJs by enhancing adenosine monophosphate-
activated protein kinase activity (Peng et al., 2009; Wang et al.,
2012; Zhang et al., 2006). On the other hand, Foxol is found to
restrict expression of ZO-1, claudin-3, and claudin-5 (Haines et al.,
2016; Sun et al., 2019a; Taddei et al., 2008), which counteracts the
effect of SCFAs on TJ expression. This could explain why we de-
tected no differences in expression but found misplacement of oc-
cludin in Vili*Foxol!’ mice. Furthermore, bacterial SCFAs are
known to promote mucus production and secretion (Barcelo et al.,
2000; Cornick et al., 2015; Willemsen et al., 2003). The loss of SCFA-
producing bacteria may further dampen the mucus defect in Foxol-
deficient mice. Although it is known that SCFAs are critical for
regulating intestinal immune responses (Arpaia et al., 2013; Mao
et al., 2018; Olszak et al., 2014; Sun et al., 2018), we did not observe
any defects in immune cell frequency in Vill®*Foxol/? mice under
the steady state (data not shown). Therefore, our data suggest that
loss of Foxol induces a primary defect in mucus secretion by goblet
cells and also has secondary effects, including dysbiosis, which may
further amplify the dysregulation of intestinal barrier function.

In conclusion, we show in this study that IEC-derived cyto-
solic Foxol regulates mucus secretion, controlling gut com-
mensalism and epithelial barrier integrity. Our data suggest that
the host Foxol gene not only regulates goblet cell function but
also influences gut bacterial composition, thereby identifying a
novel host-microbiota positive feedback loop that is critical for
maintaining intestinal homeostasis.

Materials and methods

Animals

C57BL/6 (WT), Ngn3Sre, Mathi®, and Vili®® mice were pur-
chased from The Jackson Laboratory. Defa6™ mice have been
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described previously (Adolph et al., 2013). Foxol/fl and Foxo1*44
mice were from Dr. Ming Li. All experiments were performed in
accordance with guidelines prescribed by the institutional ani-
mal care and use committee at Harvard Medical School and the
institutional animal care and use committee at the National
Cancer Institute. All the experiments were restrictedly per-
formed with littermate controls. Vill°*Foxol"* and Foxol1®/f
were used as breeders, and their offspring of Vili®*Foxo1/
(FoxoI*™®C) and Foxol/ were used for our experiments. For
cohousing experiments, 4-wk-old mice originating from the
same breeders were divided to be either housed singly or co-
housed with age- and sex-matched mice for 6 wk. The GF mice
were generated in the GF animal facility in the Boston Children’s
Hospital.

Intestinal barrier function assays

Mice were fasted overnight, and 3-5 kD FITC-dextran (Sigma-
Aldrich) diluted in PBS was gavaged the following day. Fluo-
rescence intensity in the serum was measured (excitation 485
nm/emission, 535 nm) 4 h after gavage. For fecal albumin as-
says, fecal pellets were weighed and homogenized. Albumin
levels were quantified by ELISA according to the manufacturer’s
protocol (Bethyl Laboratories). LPS levels in mesenteric LN ho-
mogenates were assayed via the Limulus amebocyte lysate test
according to the manufacturer’s protocol (Lonza). Albumin and
LPS levels were normalized to fecal pellet or tissue weight and
presented as fold differences relative to WT mice.

IEC isolation

The mouse intestine tissues were isolated and opened longitu-
dinally. After washing, the tissues were cut into small pieces and
shaken in HBSS containing 5% FBS, 5 mM EDTA, and 1 mM dithi-
othreitol for 30 min. The remaining tissue was discarded, and epi-
thelial cells in the supernatant were spun down at 150 g for 5 min.

Mouse MUC2 isolation

Mucus was gently scraped off with a microscope slide from the
mouse intestine, collected into 10-mm Petri dishes together with
an equal volume of ice-cold PBS containing protease inhibitors,
stirred gently at 4°C for 1 h, and centrifuged at 23,000 g for
45 min at 4°C. The extraction residue was incubated for 5 h at
37°C with 6 M guanidinium hydrochloride buffer supplemented
with 10 mM of the reducing agent dithiothreitol. Overnight in-
cubation with 25 mM iodoacetamide in the dark at room tem-
perature was followed by centrifugation at 23,000 g for 45 min.
The gel phase MUC2 was dialyzed with PBS at 4°C overnight using
a Slide-A-Lyzer MINI dialysis cup. After removing LPS with the
ToxinEraser Endotoxin Removal Kit, gel-forming mucins were
concentrated with a SpeedVac apparatus and resuspended in PBS.

Immunofluorescence and confocal microscopy

The isolated epithelial cells were fixed, blocked with 5% goat
serum, and then incubated with anti-Foxol (Cell Signaling
Technology) or anti-Muc2 (Santa Cruz Biotechnology). Slides
were washed, incubated in Alexa Fluor 488- or Alexa Fluor
568-conjugated secondary antibodies (Invitrogen) containing
DAPI and examined on an LSM 710 Zeiss confocal microscope.
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Intestinal organoid generation

The mice aged 6-10 wk were used to generate intestinal orga-
noids as previously reported (Sato et al., 2009). Briefly, the small
intestine was isolated and washed with cold PBS, and crypts
were isolated following dissociation in EDTA. Isolated crypts
were suspended in Matrigel. Following polymerization, In-
testiCult Organoid Growth Medium (STEMCELL Technologies)
was added and refreshed every 3-4 d. Organoids were main-
tained at 37°C and 5% CO, and propagated weekly.

For the induction of goblet cell-enriched differentiation, orga-
noids were cultured in standard culture conditions and plated
in Matrigel for 2 d. The organoids were then differentiated
with the addition of IWP2 (N-[6-methyl-2-benzothiazolyl]-
2-[(3,4,6,7-tetrahydro-4-oxo-3-phenylthieno[3,2-d] pyrimidin-
2-yl)thio]-acetamide; 1.5 mM; Sigma-Aldrich) and DAPT
(N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester; 10 mM; Sigma-Aldrich) for 7 d. The organoid cells were re-
leased from Matrigel and fixed for immunofluorescence staining.

Western blotting

The cells were lysed in radioimmunoprecipitation assay buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% sodium deoxy-
cholate, 0.2 mM EDTA, 10 mM NazVO,, 10% glycerol, protease
inhibitors) and centrifuged at 15,000 g for 15 min at 4°C. Then
SDS loading buffer was added to the samples, and the samples
were boiled for 10 min before the SDS-PAGE electrophoresis.
Proteins were separated by PAGE using 4-12% NuPAGE Bis-Tris
gels (Thermo Fisher Scientific) followed by transfer to nitro-
cellulose membranes. Membranes were incubated with 5% milk
in TBST (0.5 M NacCl, Tris-HCl, pH 7.5, 0.1% [vol/vol] Tween-20)
for 60 min and washed once with TBST. Proteins of interest
were detected by incubating membranes overnight at 4°C in 5%
BSA/TBST with anti-Foxol (Cell Signaling Technology), anti-
REG3y (Abgent), anti-lysozyme (Abcam), anti-ATG5 (Santa
Cruz Biotechnology), anti-ATG7 (Abcam), anti-LC3 (Novus Bio-
logicals), anti-B-tubulin (Thermo Fisher Scientific), anti-lamin B
(Santa Cruz Biotechnology), anti-histone 3 (Cell Signaling Tech-
nology), or anti-B-actin (Sigma-Aldrich), washing with TBST
three times for 10 min, and incubating with HRP-conjugated anti-
rabbit or anti-mouse antibody (Cell Signaling Technology). Bound
antibody was detected using Immobilon Western Chemilumines-
cent HRP Substrate (Thermo Fisher Scientific).

Immunoprecipitation

Cell lysates were prepared as described above, and proteins were
immunoprecipitated by incubation of lysates with 1 ug anti-
Foxol antibody (Cell Signaling Technology) overnight at 4°C
and pull-down of antibody-protein precipitates with Protein
A/G Dynabeads (Invitrogen). Beads were washed extensively,
and proteins were eluted with NuPAGE LDS sample buffer (10%
2-ME). The presence of immunocomplexed proteins was de-
termined by Western blot analysis with the indicated antibodies.

Quantitative RT-PCR

For gene expression detection, total RNA was isolated from
whole cells using the Qiagen Mini RNA extraction kit following
the manufacturer’s instructions. RNA was quantified, and cDNA
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was reverse transcribed using the iScript kit (Bio-Rad Labora-
tories) following the manufacturer’s instructions. The cDNA
samples were used at 20 ng/well in a 384-well plate and run in
triplicate. PCRs were set up using TagMan Universal PCR Master
Mix (Applied Biosystems) on an ABI Prism 7500 Sequence De-
tection System. Quantification of relative mRNA expression was
normalized to the expression of B-actin.

ROS production measurement

The isolated epithelial cells were incubated with DCFDA dye
(2,7’ -dichlorofluorescin diacetate) from the Cellular ROS Assay
Kit (Abcam) following the manufacturer’s instructions. The
quantification of ROS was detected by flow cytometry and with a
fluorescent plate reader.

Murine colitis model

Experimental colitis was initiated by treatment of mice with
2.5% DSS (36,000-50,000 mol wt; MP Biomedicals) in drinking
water for 6 d. DSS was then replaced with normal water for
another 6-7 d. Body weight was monitored daily. For mucin
gavage, the mice were treated with an antibiotic cocktail (1 g/
liter ampicillin, 1 g/liter neomycin, 1 g/liter metronidazole,
0.5 g/liter vancomycin) in drinking water for 3 wk. Then the
mice were given normal water and gavaged with 200 pl con-
centrated mucin at 1 mg/ml in PBS every other day for 10 d, and
then DSS treatment was initiated. For fecal transplant, the GF
mice were colonized via oral gavage twice with a stool sus-
pension from the strains in the specific-pathogen-free condi-
tion, and after 4 wk, the DSS-induced colitis model was tested.
For SCFA supplementation, 200 mM sodium acetate, 200 mM
sodium propionate, or 200 mM sodium butyrate (Sigma-
Aldrich) was administered in the drinking water for 3 wk
before the DSS treatment.

A. muciniphila culture and administration

A. muciniphila (BAA-835; American Type Culture Collection) was
cultured in brain heart infusion medium (Gibco) plus 0.5% bo-
vine submaxillary mucin at 37°C for 48 h under an anaerobic
environment. Vill°*Foxol!" mice were administered 0.2 ml
A. muciniphila (~10° CFU) once daily by oral gavage for 14 d. For
the colitis model, the mice were given DSS in the drinking water
after the first 7-d administration.

Histology

Mouse intestine tissues were fixed in 10% formalin and pre-
served in 70% ethanol. Samples were then embedded in paraffin
and cut into 10-um longitudinal sections, and H&E, PAS, and
terminal deoxynucleotidyl transferase dUTP nick end labeling
staining were performed by Histoserv Inc.

Pathology was scored from O to 5 in a blinded fashion. A score
of 0 indicated no changes observed. A score of 1 indicated
minimal scattered mucosal inflammatory cell infiltrates, with or
without minimal epithelial hyperplasia. A score of 2 indicated
mild scattered to diffuse inflammatory cell infiltrates, some-
times extending into the submucosa and associated with ero-
sions, with minimal to mild epithelial hyperplasia and minimal
to mild mucin depletion from goblet cells. A score of 3 indicated
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mild to moderate inflammatory cell infiltrates that were some-
times transmural, often associated with ulceration, with mod-
erate epithelial hyperplasia and mucin depletion. A score of 4
indicated marked inflammatory cell infiltrates that were often
transmural and associated with ulceration, with marked epi-
thelial hyperplasia and mucin depletion. A score of 5 indicated
marked transmural inflammation with severe ulceration and
loss of intestinal glands.

For immunofluorescence staining, slides were deparaffinized
by xylene, and antigen retrieval was conducted for 20 min in a
95°C water bath in 10 mM sodium citrate, pH 6.0, followed by a
15-min incubation at room temperature. Slides were washed,
blocked in 5% BSA, and stained with the primary antibodies
anti-Ki67 (eBioscience), anti-lysozyme (Abcam), and anti-REG3y
(Abgent) and secondary antibodies conjugated to Alexa Fluor
488, 633, or 594 (Thermo Fisher Scientific). Slides were moun-
ted in Fluoromount-G medium (Thermo Fisher Scientific), and
3-15 images were taken per slide at 20x or 40x magnification
along transections of the intestinal crypts for each biological
replicate (Zeiss).

For bacterial 16S rDNA FISH, the colon tissues were fixed in
Carnoy’s buffer (60% methanol, 30% chloroform, 10% acetic
acid). The paraffin sections were incubated with EUB338 probe
conjugated with Alexa Fluor 555 at 50°C followed by anti-MUC2
(Santa Cruz Biotechnology) staining.

For TJ protein staining, tissues were embedded in Tissue-Tek
0.C.T. compound (Sakura Finetek) in cryomolds and snap frozen
in liquid nitrogen for cryosectioning. Cryosections were pre-
pared on a Leica Cryostat (Leica Microsystems) at -21°C and
5-pm thickness. Sections were mounted on glass slides and
fixed in 100% ethanol at 4°C for 30 min followed by 3 min of -20°C
acetone fixation at room temperature. The tissue sections
were stained with a monoclonal occludin antibody (OC-3F10;
Life Technologies) and Alexa Fluor 546 phalloidin (Life
Technologies).

Whole-mount intestinal immunofluorescence

The experiment was performed according to the protocol on a
continuously updated website (https://idisco.info/). Briefly, the
colon tissues were cut longitudinally and fixed with 4% para-
formaldehyde. After washing and methanol dehydration steps,
whole-mount samples were permeabilized first in 0.2% Triton
X-100 followed by 0.2% Triton X-100/20% DMSO/0.3 M glycine.
The samples were blocked for 1-2 d in 1x Dulbecco’s PBS with
0.2% Triton X-100/10% DMSO/6% donkey serum at 37°C with
gentle agitation. Fluorescein-conjugated UEA was added to the
blocking buffer at appropriate concentrations and incubated
1-2 d at 37°C. Samples were then washed in 1x Dulbecco’s PBS
with 0.2% Tween-20 and heparin (100 mg/ml), mounted in
agarose, and cleared using dichloromethane followed by benzyl
ether. Images were obtained using a confocal microscope (Zeiss)
and analyzed using Imaris software.

Transmission EM

Mouse distal colon tissues were fixed with 2.5% glutaraldehyde
and 2.0% paraformaldehyde in 0.1 M sodium cacodylate buffer,
pH 7.4. The samples were processed in the Harvard Medical

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20210324

14 of 18


https://idisco.info/
https://doi.org/10.1084/jem.20210324

School Electron Microscopy Facility. The sections were observed
with a JEOL 1200EX 80-kV electron microscope.

Mucinase activity assay

Fecal bacteria from WT and Foxol*E¢ mice under either the
separated housing or cohousing condition were grown on Bru-
cella plates containing 0.5% bovine submaxillary mucin for 48 h
under aerobic or anaerobic condition, and the plates were
stained with 0.1% (wt/vol) amido black in 3.5 M acetic acid for
30 min and destained with 1.2 M acetic acid.

RNA-seq

Total RNA was used for preparing RNA-seq libraries with the
Mumina TruSeq RNA Sample Preparation Kit. Libraries were
sequenced with single-end 75-bp reads on an Illumina NextSeq
system. All analyses were performed in Partek Flow software
version 5.0 (Partek Inc.). Fastq files were uploaded into Partek
Flow software for processing, aligned using the STAR aligner,
and quantified to the transcriptome (Partek E/M using mm10
Ensembl Transcripts release 94 as the reference index). The raw
counts were further analyzed using the R package DESeq2.
Adjusted P values <0.05 were deemed significant.

16S rRNA quantification and sequencing

Fecal samples were collected from live mice, snap frozen, and
stored at -80°C. DNA was extracted using the QIAamp DNA
Stool Mini Kit (Qiagen). 0.1 ug DNA was used for relative
quantification by gPCR with the following primers: forward: 5'-
GACCGGCATGTTCAAGCAGACT-3' and reverse: 5-AAGCCG
CATTGGGATTATTTGTT-3' PCR for A. muciniphila; forward: 5'-
TCCTACGGGAGGCAGCAGT-3' and reverse: 5'-GGACTACCA
GGGTATCTATCCTGTT-3' for total bacteria. The PCRs were set
up using SYBR PCR Master Mix (Applied Biosystems) on an ABI
Prism 7500 Sequence Detection System. For sequencing, DNA
samples were amplified using barcoded V4 region primers tar-
geting the bacterial 16S rRNA gene and sequenced using an II-
lumina MiSeq sequencer. Sequence analysis was performed
using the QIIME pipeline (Caporaso et al., 2010) with default
settings. Linear discriminant analysis effect size (Segata et al.,
2011) was used via the Galaxy Browser (Blankenberg et al., 2010)
to detect significant changes in relative abundance of microbial
taxa.

SCFA measurement

The fecal samples were sent to the Protein Characterization Core
at the National Cancer Institute. The SCFA concentrations were
quantified by liquid chromatography/mass spectrometry ac-
cording to a previous report (Han et al., 2015).

Statistical analysis

Statistical analyses were performed with GraphPad Prism 5.0
software (GraphPad Software) using an unpaired two-tailed
Student’s t test. Statistical significance was defined as P < 0.05.

Online supplemental material
Fig. S1 shows that Foxol does not affect IEC proliferation and
apoptosis. Fig. S2 shows that Foxol deficiency in goblet cells
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impairs intestinal barrier integrity. Fig. S3 shows that cytosolic
Foxol regulates goblet cell autophagy. Fig. S4 shows that IEC-
derived Foxol governs bidirectional regulation of mucus and gut
microbiota. Fig. S5 shows that IEC-derived Foxol maintains
epithelial TJs through bacterial SCFA metabolism.

Data availability

RNA-seq data from this study are publicly available from the
National Center for Biotechnology Information Gene Expression
Omnibus database (accession no. GSE178650).
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