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Mechanisms of uropathogenic E. coli mucosal
association in the gastrointestinal tract
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Seonyoung Kim?, Henry L. Schreiber 4th', James W. Janetka®®, Andrew L. Kau®”’, Ashlee M. Earl®,
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Urinary tract infections (UTIs) are highly recurrent and frequently caused by Uropathogenic Escherichia coli (UPEC)
strains that can be found in patient intestines. Seeding of the urinary tract from this intestinal reservoir likely con-
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tributes to UTI recurrence (rUTI) rates. Thus, understanding the factors that promote UPEC intestinal colonization
is of critical importance to designing therapeutics to reduce rUTl incidence. Although E. coli is found in high abun-
dance in large intestine mucus, little is known about how it is able to maintain residence in this continuously se-
creted hydrogel. We discovered that the FimH adhesin of type 1 pili (T1P) bound throughout the secreted mucus
layers of the colon and to epithelial cells in mouse and human samples. Disruption of T1P led to reduced associa-
tion with colon mucus. Notably, this mutant up-regulated flagellar production and infiltrated the protective inner
mucus layer of the colon. This could explain how UPEC resists being washed off by the continuously secreted

mucus layers of the colon.

INTRODUCTION

Urinary tract infections (UTIs) are common, highly recurrent, and
a leading cause of antibiotic therapy among otherwise healthy adult
women, accounting for 15% of all outpatient antibiotic prescriptions
(1-4). Uropathogenic Escherichia coli (UPEC) causes more than
80% of community-acquired UTIs (2). When untreated, UPEC can
ascend the ureters to the kidney and access the bloodstream causing
sepsis, with up to 20% of sepsis cases resulting from infection by a
urinary isolate (5). Even when infection is cleared from the urine by
clinical antibiotic regimens, 27% of women will experience recur-
rent UTI (rUTI) within months of an initial UTI (2). Greater than
60% of rUTTs are caused by the same strain of E. coli that caused the
initial infection (2, 6), suggesting that one or more host-associated
reservoirs of UPEC can reinoculate the urinary tract in susceptible
women. The intestine is one such reservoir, with its resident micro-
biota acting as a major reservoir from which UPEC can be shed to
seed colonization of the lower urogenital tracts and urinary tract
(6). However, the mechanisms underpinning UPEC colonization
and persistence within the gut are not fully understood. A better
understanding of these mechanisms, including how UPEC strains
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colonize specific habitats of the gastrointestinal tract could inform
the design of therapeutics to reduce the rate of rUTI incidence.

Colon epithelium is protected from direct contact with bacteria
by the secreted mucus hydrogel organized around the Muc2 mucin
(7). The thickness and barrier function provided by this hydrogel
increases along the length of the intestinal tract, as does the number
of luminal bacteria. In the colon, the inner mucus layer (IML) is
anchored to crypt goblet cells, which continuously secrete mucus.
The IML is transformed by endogenous proteolytic activity into the
outer loose mucus layer (OML), expanding about three times in vol-
ume during this process. The OML is the habitat of a vast population
of microbial flora, while the IML is generally devoid of bacteria dur-
ing homeostasis (7-9).

Previous studies suggest that some E. coli strains preferentially
reside in the large intestine, where they are often found in the
mucus layers rather than in direct contact with the host (10, 11). In
some cases, E. coli has also been found to reside within the colonic
crypts (12). UPEC isolates carry an arsenal of proteinaceous, adhe-
sive fibers, called chaperone usher pathway (CUP) pili, each of
which is tipped with an adhesin thought to confer binding specific-
ity to host glycans (13). The pangenome of E. coli encodes 38 distinct
CUP pilus types and single E. coli genomes encode as many as 16
distinct, intact CUP operons, each likely mediating colonization of
a particular host or environmental habitat (13). Each operon en-
codes structural pilin subunits, a periplasmic chaperone, and an
outer membrane usher assembly protein (14). These operons also
encode a two-domain tip adhesin, consisting of an N-terminal re-
ceptor binding domain, which binds with stereochemical specifici-
ty to a host or environmental receptor, and a C-terminal pilin
domain, which links the adhesin to the rest of the pilus (14). On the
basis of usher phylogeny, CUP pili are categorized into six clades
(o, B, v> %, T, and ©) and five sub-clades (y1, y2, Y3, v4, and y*) (13).

In this study, we assess binding of three pili: type 1, Ucl, and Yeh.
Type 1 pili are tipped with the mannose binding FimH adhesin, are
in the y1 sub-clade, present in 89% of sequenced isolates, and facili-
tate UPEC pathogenesis in the bladder and persistence in the gut.
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Ucl pili are in the y4 sub-clade and promote UPEC colonization of
the mouse intestine. Yeh pili are also from the y4 sub-clade and are
found in 100% of sequenced isolates but have no known ligand or
function ascribed to them (14-16). We previously found that the
clinical cystitis isolate UTI89 can be depleted from the mouse intes-
tine following oral administration of high-affinity mannose analogs
that neutralize FimH function (17). Mannosides are in phase 1b hu-
man clinical trials for the treatment and prevention of UTI (I5).
However, the contribution of CUP pili to UPEC intestinal biogeog-
raphy remains largely uncharacterized. In the present study, we dis-
covered that adhesins from Yeh and Ucl pili bound exclusively to
fecal contents in the colon lumen, while type 1 pili were unique in
enabling access to the secreted mucus layers and underlying tissue.
In situ and ex vivo experiments that carefully preserved the IML
of the colon revealed a promiscuous binding pattern for the FimH
adhesin within the mucosa, including binding to both inner and
outer mucus layers, to the glycocalyx at the epithelial surface, as well
as to cells within the lamina propria. Notably, a UTI89 mutant lack-
ing functional type 1 pili up-regulated flagellar-mediated motility,
which, in turn, facilitates the infiltration of UPEC into the typically
impenetrable IML in an ex vivo model of bacterial-mucus interac-
tion. Our study illustrates the role of CUP pili in establishing radial
spatial organization within the gut microbiota and highlights the
importance of studying compensatory regulatory mechanisms that
exist between distinct colonization factors.

RESULTS

Luminal and mucosal binding of lectin domains from UTI89’s
repertoire of CUP adhesins

We purified and fluorescently labeled the lectin domains of Yeh, F17-
like, and type 1 pili (YehD, UcID, and FimH, respectively) and tested
binding of these lectin domains on cross sections of the mouse distal
colon, which were cut in the area where the fecal pellet was the thickest,
so that the luminal contents and mucosa could be imaged simultane-
ously through tiled imaging of the whole-colon section. Methanol-
Carnoy fixation was used to preserve the secreted mucus layers because
it limits dehydration and collapse of the mucus layers (16). YehD ap-
peared to bind to dietary fibers present in the intestinal lumen but did
not bind the mucosa (Fig. 1, A and B). UclD also bound within the
lumen, to a ligand visually distinct from the binding site of YehD, and
did not bind within the mucosa (Fig. 1, C and D). Conversely, FimH
bound promiscuously throughout the colon, with the strongest ob-
served signal coming from the outer edge of colon sections, which
includes the secreted mucus layers and mucosa (Figs. 1, E and E and
2A). UclD has previously been observed to bind to epithelial tissue (17).
Here, we found no binding of the lectin domain to colon sections. Bind-
ing differences may stem from variations in mouse strains, tissue prepa-
ration methods, or alterations in the mouse gut microbiota, which can
influence host glycosylation profiles (16, 18-21). Because glycosylation
patterns can differ between mice and humans, we confirmed the nega-
tive binding of YehD and UcID colon epithelium by staining donated
healthy human biopsy samples (fig. S1) (22, 23).

FimH binds to mouse and human colon mucosa in situ

Because the mucosa is a key component of host-microbe interac-
tions, we prioritized understanding the contribution of FimH to
colonization of the mouse colon. We performed high-magnification
imaging of the distal colon and found that FimH binds to several
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areas within the mucosa. FimH stained the surface of epithelial
crypts, both the inner and outer mucus layer, as well as mucus-
secreting goblet cells (Fig. 2A and fig. S2B). We used the fucose-
binding UEA1 lectin as a counterstain, because it is a specific
marker for goblet cells and secreted mucus in mice (24). In addition
to staining luminal components of the mucosa, FimH also stained
some cells within the lamina propria. We then translated these find-
ings to the human colon (Fig. 2B). Because these human biopsy
samples were fixed in paraformaldehyde, the secreted mucus layers
were not preserved before sectioning; however, we were able to reca-
pitulate binding to the epithelial crypts, mucus-secreting goblet
cells, as well as binding to the lamina propria in donated human
colon sections. To confirm that the observed binding did not result
from nonspecific interactions, we repeated the staining using a
FimH mutant incapable of binding mannose due to a known point
mutation generated in the mannose binding pocket (FimH::Q133K),
which resulted in no binding (fig. S3) (25). Further, we demonstrated
that mannoside FIM1033 prevented all binding by neutralizing
FimH (fig. S4). This demonstrates that the signal from bound FimH
is unlikely to result from nonspecific interactions.

FimH binds to the secreted IML of freshly explanted

mouse colon

Although FimH bound to multiple regions of the colon mucosa,
cross sections of fixed gut tissue necessarily expose ligands that may
not be available to bacteria originating from the lumen. Mannose is
prevalent in many tissues, because it serves as a building block to
many N-linked glycan structures and is known to decorate many
glycoproteins (26, 27). To better understand the ability of FimH to
bind to luminally to the colon mucosa, we used an ex vivo model in
which fluorescently labeled lectins can be added apically to visualize
the IML and underlying epithelium (28). In this model, the distal
mouse colon is flushed to remove the fecal contents and outer mucus
layer and subsequently mounted in a sealed imaging chamber, with
the mucus facing upward (Fig. 3A). We co-stained the explanted
tissue with fluorescently labeled FimH and UEA1, because UEA1
stains mucus well and specifically stains a substructure of the IML
called intercrypt mucus, which is secreted by a specialized popula-
tion of goblet cells at the top of colonic crypts (Fig. 3, B and D) (24).
Unlike UEA1, FimH bound to both intercrypt mucus and to the
typical plumes of secreted mucus (Fig. 3D, middle). In addition,
strong binding from FimH was observed below the IML, in the gly-
cocalyx at the surface of colonic crypts (fig. S5, A and B). The
FimH::Q133K mutant, which no longer binds mannose, did not
bind to secreted mucus ex vivo (fig. S5C). We also repeated the ex-
periment using UclD as a control, and, in agreement with our bind-
ing data in Fig. 1, we did not observe binding of UcID within the
IML, further confirming that mucus binding was a unique property
of the FimH adhesin. To quantify the interaction of FimH with se-
creted mucus, we performed protein binding assays using purified
FimH against commercially available bovine submaxillary mucin
(BSM) (fig. S6, A and B). Here, FimH demonstrated a strong dose-
dependent binding to immobilized BSM, and this binding was re-
versible by incubation with mannoside (fig. S6C).

Carriage of type 1 pili promotes UTI89 association with
colon mucus in vivo

The observation that purified FimH lectin domain can bind both
secreted mucus layers as well as the surface of colonic crypts may
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Fig. 1. Differential binding of UTI89 CUP adhesins to colon mucosa and lumen. (A, C, and E) Purified lectin domains of Yeh, (YehD), F17-like (UcID), and type 1 (FimH)
pili were bound to methacarn-fixed C57BL/6NJ (The Jackson Laboratory) female mouse colon sections. Lectin domain is labeled in red, and DNA is labeled in blue
(Hoechst stain). On the left of (A), (C), and (E) is a representative tile scan of the entire colon section, and on the right is a magnified view of the colon mucosa. The IML is
denoted by a yellow line. Left scale bars, 200 um; right scale bars, 100 um. (B, D, and F) Segmentation analysis was performed on whole-colon sections to quantify the
intensity of FimH binding signal in the colon mucosa and the lumen (fig. S2). [(A) and (B)] YehD binds in the colon lumen but does not bind within mucosa, n = 4 mice,
two sections per mouse. [(C) and (D)] UcID binds within the colon lumen but does not bind within mucosa, n = 4 mice, two sections per mouse. (C) FimH binds both the

mucosa and lumen of the colon, n = 5 mice, two sections per mouse.

explain why mannoside compounds are able to deplete UPEC from
the mouse intestine (17). However, the degree to which the promis-
cuous in situ and ex vivo binding phenotypes of FimH contribute to
mucus association of UPEC during active colonization is unknown.
Because mouse intestines are intrinsically resistant to colonization
by E. coli, we used a streptomycin pretreatment model that enables
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UPEC colonization in the gut to study the localization of UTI89 mu-
tants in the colon (17). Mice were colonized with wild-type (WT)
UTI8Y or a mutant with the type 1 operon replaced by an antibiotic
resistance marker (UTI89Afim:kanR, subsequently referred to as
UTI89Afim) by oral gavage, and distal colons were harvested and
fixed with methyl-Carnoy 4 days postinfection (dpi). We then
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Fig. 2. FimH binds broadly within the mouse and human colon mucosa. Fixed colon tissue was stained with FimH for high-resolution imaging of the mucosa.
(A) C57BL/6NJ (Taconic Biosciences) female mouse distal colon was stained with FimH (red), UEA1 (green), and Hoechst (blue). IML denotes the inner mucus layer, and
OML denotes the outer mucus layer, n = 3 mice, two sections each. (B) Fixed colon tissue sections from healthy human donors were stained with FimH (red) and Hoechst
(blue), n = 3 individuals, two sections each. [(A) and (B)] Black arrows mark FimH signal on goblet cells. Orange arrows mark FimH signal on the epithelial surface.

Magenta arrows mark FimH signal within the lamina propria.

localized UTI89 in situ using an antibody to the O18 lipopolysaccha-
ride (LPS) antigen, which specifically identified UTI89 in colon sec-
tions (fig. S6, A and B). WT UTI89 was found throughout the colon
lumen and between the outer mucus layer and the IML at 4 dpi, but
very few cells were found within the IML (Fig. 4A and fig. S7C).
When comparing the distribution of WT UTI89 and UTI89Afim
along the radial axis, we found UTI89Afim to be significantly depleted
from the mucus layers of the colon (Fig. 4, B and C). Mice were also
colonized with UTI89AucID as a parallel control, and there was no
difference in radial localization of the UTI89AucID mutant compared
to that of the WT strain.

UTI89Afim uses flagellar-mediated motility to penetrate the
mouse and human IML ex vivo

Although UTI89 was primarily found in the outer of the two secreted
mucus layers in vivo, a small number of cells were present in or very
near to the top of the IML of the colon. Having determined that
FimH binds throughout the IML of fresh colon explants, we exam-
ined the behavior of UTI89 in the colon explant model using WT
UTI89 and UTI89Afim carrying a plasmid with constitutive expres-
sion of a green fluorescent protein (GFP) (29). These strains were
grown in type 1 pili-inducing conditions (30) and added to the sur-
face of colon explants along with 1-pm fluorescent beads, which are
used to demarcate the top of the IML because the healthy IML is
physically impenetrable to bacteria-sized beads or bacteria (7). By
reconstructing the IML using confocal z-stacks, we showed that,
while WT UTI89 did not penetrate the IML, roughly half of the
UTI89Afim cells infiltrated beneath the beads 15 min after being
added to the explanted tissue (Fig. 5, A to C). Type 1 pili and flagella
expression are inversely regulated in UTI89 (31). Thus, UTI89Afim
overexpression of flagella may explain the observed penetration
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phenotype. We used two-photon (2P) microscopy to acquire real-
time videos of the mutants within the IML and deep within the
colonic crypts. UTI89Afim used active motility to dive into the
colonic crypts (fig. S8, A and B, and movie S1). The necessity of fla-
gella for mucus penetration was confirmed by testing UTI89 lacking
type 1 pilias well as the major flagellar subunit FliC (UTI89AfimAfliC).
This strain was incapable of penetrating the IML (Fig. 5, B and C).
Notably, an average of 25% of the mucus-penetrating FimH mutants
lodged themselves in the colon epithelium, where many remained
immotile (Fig. 5H and movie S2). The penetration phenotype was
also reproducible in explanted human colon tissue, where we found
that UTI89Afim swam through the IML and reached the epithelium
in equivalent as in mice numbers (Fig. 5, F to H). We confirmed that
the growth of type 1 mutants led to an up-regulation of flagellar ex-
pression (fig. S8, D and G). UPEC is an extremely genetically diverse
group of E. coli isolates, sharing only 60% of core genetic content,
exhibiting distinct phenotypes and unique transcriptional programs
of shared genes even when grown in identical conditions (32). To
determine whether the observed phenotype was specific to UTI89 or
could be a shared property of UPEC, we tested whether disruption of
type 1 pilus function in the clinical UPEC isolate CFT073 would en-
able mucus penetration through motility. CFT073AfimH penetrated
the IML similarly to UTI89Afim (Fig. 5, I and J). Unexpectedly, WT
CFT073 also penetrated the IML to a small degree, whereas WT
UTI89 was never found below the beads (Fig. 5K). Similarly to
UTI89, CFT073AfimH penetrated the IML to a greater degree than
WT CFT073 (Fig. 5]). While UPEC strains lacking type 1 pili are
rare, several environmental factors have been identified that may
affect regulation of type 1 pili (33-35). We simulated environmental
inhibition of type 1 pili by culturing UTI89 in the presence of
mannoside, which led to an up-regulation of flagellar expression and
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Fig. 3. FimH binds the IML and the colon epithelial surface ex vivo. (A) Experimental design of 3D ex vivo mucus imaging procedure with female C57BL6/NJ (The Jackson
Laboratory). (B) Representative side view (x/z projection) of FimH-stained reconstruction of the IML, n = 2 mice, and two pieces of colon per mouse. (C) Representative side
view (x/z projection) of UcID-stained reconstruction of the IML, n = 4 mice, and two pieces of colon per mouse. (D) Selected slices (x/y projections) of three areas of interest
(IML surface (red), IML middle (gray), and tissue (purple) representative of FimH-stained colon explants. Magenta arrow highlights UEA1-stained intercrypt mucus. Blue arrow
highlights FimH-bound main mucus plume. Black arrow and white box inset denote FimH binding within the glycocalyx at the epithelial surface beneath the IML (fig. S5,
A and B). (E) Selected slices (x/y projections) of IML surface (red), IML lower middle area (gray), and tissue (purple) representative of UcID-stained colon explants.

concomitant increase in the ability of wild-type UTI89 to penetrate
the IML (Fig. 5, D and E, and fig. S8, C and E to G).

DISCUSSION

The intestinal microbiota is increasingly recognized to be spatially
organized, with mouse studies demonstrating how a single gene can
have a major effect on the localization of colon colonizing bacteria
(36, 37). To date, CUP pili have been thought to promote infectious

Azimzadeh et al., Sci. Adv. 11, eadp7066 (2025) 31 January 2025

colonization by enabling attachment to host surfaces (13). We made
the unexpected discovery that UTI89 encodes at least two CUP ad-
hesins (YehD and UclD), which bind within the luminal or fecal
contents of the mouse colon. A glycan array of UclD binding re-
vealed affinity for more than one glycan, which may explain UclD
binding in other studies (38).

E. coli grows well on mucus-derived sugars and has been isolated
from secreted mucus layers of the large intestine (10, 39-44). How-
ever, few colonization factors have been identified which permit
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Fig. 4. UTI89Afim::kanR is defective for mucus association during colonization. Female C3H/HeN mice (Envigo) were colonized with WT, Afim, or Auc/D mutant UTI89
and euthanized 4 days postinfection (dpi). Fixed colons were stained for UTI89 by using an antibody specific for the 018 lipopolysaccharide (LPS) antigen (green) and
co-stained with fucose-binding UEA1 (red) and GlcNAc-binding WGA (pink) lectins to visualize mucus layers (fig. S7, A and B). DNA from epithelial cells was visualized by
Hoechst stain (blue). (A) WT UTI89 (green) is mainly found in the lumen and outer mucus layer of the colon at 4 dpi (fig. S7C). (B) Representative images from tiled mouse
colon sections were stained for UTI89 (green) and WGA (pink). (C) Quantification of radial distribution of UTI89Afim and UTI89AucID (red line) compared to WT UTI89 (blue

line). n = 5 mice per group, two sections per mouse. ***%P < 0.0001.

E. coli to reside within mucus. The secreted mucus layers of the in-
testine are structured around the highly glycosylated Muc2 protein
backbone (8). The abundant and extremely varied glycosylation pat-
terns of the Muc2 backbone are thought to play a dual role of provid-
ing a physical barrier from bacteria while also selecting for beneficial
microbes (21). In a healthy host, the IML of the colon restricts
bacteria from accessing the underlying epithelium. However, some

Azimzadeh et al., Sci. Adv. 11, eadp7066 (2025) 31 January 2025

bacteria are able to penetrate the IML generally by expressing muco-
lytic enzymes (37, 45), while others take advantage of disruptions of
the IML during inflammatory conditions to penetrate the IML (46).
Attachment to the top of the IML may also be a bacterial strategy to
avoid peristalsis-mediated removal from the intestine (21).
Mannose is key building block for N-linked glycosylation across
mammals and is found nearly ubiquitously throughout mammalian
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Fig. 5. Flagella-mediated motility permits UPEC penetration of the IML ex vivo. (A) Experimental design of ex vivo mucus imaging procedure, with GFP-expressing
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cent beads (white). Deletion of FliC allele from UTI89Afim restores non-penetration phenotype. (C) Quantification of the proportion of each mutant penetrating below
the bead-containing portion of the IML, n = 3 mice per group, two pieces of colon per mouse. (D) WT UTI89 cultures in the presence of compound FIM1033 recapitulate
penetration phenotype of UTIB9Afim, whereas vehicle control [dimethyl sulfoxide (DMSO)] does not. (E) Quantification of the proportion of each group from (D), which
penetrate below the bead-containing portion of the IML, n = 3 mice per group, two samples per colon. (F) UTI89Afim penetrates the IML of healthy human colon explants.
(G) Quantification of the proportion of WT UTI89 and UTI89Afim, which penetrated past the bead-containing portion of the human IML, represented in (I); WT and Afim:
n = 3 piece of colon from two individual donors. (H) The proportion of UTIB9Afim found below the bead-containing portion of the IML that is found in association with
epithelial tissue is equivalent between mouse and human colons, n = 3 mice, two pieces per colon. (I) CFTO73AfimH penetrates the IML to a greater degree than WT
CFT073. (J) Quantification of the proportion of WT CFT073 and CFTO73AfimH below the beads; WT: n = 3 mice, two pieces per colon; AfimH: n = 3 mice, two pieces per
colon. (K) Quantitative comparison of penetration of WT UTI89 and CFT073. [(D), (G), and (1) to (K)] *P < 0.05, **P < 0.005, and ****P < 0.00005. n.s., not significant.
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body sites (27). Terminal mannose residues, also known as high
mannose, have been found in several glycoproteins present on intes-
tinal epithelium (47, 48). Colonic mucus also reportedly consists of
a mannose-containing fraction (49). The major secreted intestinal
mucin Muc2 contains 30 N-linked glycan sites, and the von Wildeb-
rand factor domain of Muc2 is mannosylated (50, 51). While the
specific distribution of terminal mannose present on secreted Muc2
and glycocalyx is unclear, expression of glycosyltransferases by the
microbiota can expose underlying mannose residues (22). Com-
mensal Bacteroides species residing in the large intestine are able to
access host-derived mannose through their vast repertoire of man-
nosidases (52, 53). The degree to which these sources of mannose
are exploited by UPEC in the intestine is unknown. UPEC is poised
to take advantage of exposed mannose for adhesion, because suc-
cessful colonization and invasion of bladder epithelium depend on
type pilus-mediated binding to mannosylated glycoproteins (54).

Purified FimH adhesin bound throughout the entirety of colon
sections, including the lumen and throughout the secreted mucus
layers and underlying epithelium. On colon explants, FimH had a
diffuse staining pattern in secreted mucus and bound strongly at the
epithelial surface. Transmembrane mucins are embedded within the
epithelial cell membrane and have a critical role in tissue repair as
well as providing an additional layer of protection against bacterial
invasion (55). Our data suggest that UPEC may interact with trans-
membrane mucins within the glycocalyx of the colon. In coloniza-
tion studies, genetic disruption of type 1 pili led to a substantial
decrease in UTI89 found within the mucus layers, supporting the
notion that type 1-mediated adhesion promotes retention in the in-
testine through attachment to the top of the IML or within the
OML. We previously demonstrated that administration of mannose-
analog compounds, called mannosides, can reduce UPEC coloniza-
tion in the mouse intestine (17). In the present study, we demonstrate
that mannoside pretreatment removes the promiscuous in situ
binding of FimH from the entirety of the mouse mucosa and lumen.

UTI89Afim did not colonize mucus as efficiently as WT UTI89
in vivo. Intestinal mucus is turned over at a continuous and rapid
pace, with mouse colon IML capable of renewing itself within 1 hour
(56). Therefore, tight attachment to the secreted mucus layers by
bacteria may not be conducive to long-term colonization of the
mucosa. Nevertheless, our work demonstrates that UTI89 associates
with mucus in a type 1 pilus-dependent manner.

While intestinal mucus is often degraded during intestinal in-
flammation, penetration of the IML by bacteria or bacteria-sized
beads in healthy hosts is rare (7, 46, 57, 58). However, we found that
disruption of type 1 pili led to substantial flagellar-dependent infil-
tration of the normally impenetrable IML of the colon ex vivo.
Flagella-mediated motility by UTI89Afim and WT UTI89 grown in
the presence of mannoside was sufficient for ex vivo penetration of
the IML in our mouse and human colon explant experiments. These
results confirm previous observation in Salmonella Typhimurium,
demonstrating that flagella permit penetration of colon mucus (59).
Whereas WT UTI89 did not demonstrate motility without manno-
side, a small percentage of WT CFT073 E. coli penetrated the IML,
with several of the penetrating cells being motile. UPEC has exten-
sive genetic and functional diversity, with related UPEC isolates
often displaying strong heterogeneity in transcriptional output of
shared genes, even under identical culture conditions (32). Notably,
in a study of clinical isolates, chemotaxis and motility genes are among
the genes whose expression varies in similar culture conditions (32).

Azimzadeh et al., Sci. Adv. 11, eadp7066 (2025) 31 January 2025

Type 1 pili are under control of an invertible promoter controlling
ON and OFF states of expression whose orientation is flipped by the
expression of three recombinases in response to environmental
signals (60). Down-regulation of type 1 pili expression is correlated
with up-regulation of flagella (31). Therefore, the difference between
the penetration of WT UTI89 and CFT073 may reflect a difference
in regulation of the fimS promoter of type 1 pili between the two
strains (61). Although WT UTI89 and CFT073 expressed similar
number of flagella in type 1-inducing conditions, only CFT073 pen-
etrated the IML. CFT073 encodes a homolog to the pic mucinase,
which is commonly found in enteroaggregative E. coli (EAEC) (62).
Pic is a serine protease that permits EAEC access to intestinal epi-
thelium by degrading the Muc2 mucin, although this has only been
described in the small intestine (63, 64). UTI89 lacks mucinases,
which could further explain the difference in mucus penetration be-
tween UTI89 and CFT073. Note that a third of WT UTI89 cells were
flagellated, even when the bacteria displayed 0% penetration of the
IML. This difference highlights the need to better understand the
regulatory processes that license flagellar activity in UTI89.

Whether UPEC uses flagella to swim through the colon IML
in vivo is not known. The host dedicates considerable resources to in-
hibit flagellar activity in the intestine, including sensing the presence
of flagellar subunits and secreting antimicrobial peptides to coun-
teract bacterial motility (65, 66). Some older reports suggest that
highly motile E. coli variants may be selected out of the mouse intes-
tine, although these were performed using lab-adapted strains rath-
er than clinical isolates (67, 68). Recent work in the streptomycin
colonization model suggests that flagella-mediated motility is re-
quired for the commensal Nissle E. coli strain (EcN) to make use of
nitrate secreted in response to streptomycin treatment, finding that
an EcN flagellar mutant has a defect in colonizing the mucosa (36).
Traversing mucus likely represents a high-risk, high-reward pro-
gram that enables access to host derived glycans and electron accep-
tors such as oxygen and nitrate, at the cost of alarming the immune
system (69). Intestinal mucins and glycans can affect microbial viru-
lence factor expression and, in some cases, have been found to in-
duce flagellar-mediated dispersal of bacterial biofilms (70-72).

As expected, on the basis of prior observation, the IML of colo-
nized mouse colons remained mostly devoid of colonizing UTI89
(7). However, our ex vivo work demonstrates the capacity of UPEC
to easily penetrate the IML under conditions that down-regulate
type 1 pili and up-regulate motility. That IML penetration is not
seen in healthy hosts in vivo could be because it triggers host re-
sponses. In healthy hosts, the observation that flagella enable effi-
cient penetration of the IML may explain how UPEC reside in the
continuously secreted mucus layers of the colon without being
washed away. Although identifying the specific signals that affect
promoter inversion requires further study, our work suggests that
transient flagellar expression could enable E. coli to forage mucin in
the IML, unveiling strategies available for UPEC to maintain resi-
dence in the secreted mucus layers of the colon.

These findings highlight a potentially important balance in bind-
ing versus motility in allowing UPEC and other related strains
to colonize intestinal mucus. Perhaps in inflammatory conditions,
breaching the IML and directly attaching to the epithelium may be
more favorable because mucus is often already degraded, feces are
more fluid, and the immune system is dysregulated. Inflammation
can alter host glycosylation patterns and affect virulence signaling
in bacteria (72, 73). Given that the rUTT intestinal microbiota shares
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microbial signatures with that of inflammatory bowel disease pa-
tients, future studies on the effect of intestinal inflammation on UPEC
colonization factor expression may be particularly informative (74).

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions

Strains used in this study are presented in table S1. CUP adhesin and
flagellar deletions in UTI89 were created by replacing the gene of
interest with antibiotic-resistance markers using the A Red Recom-
binase system, as previously described (62, 75, 76). Type 1 pilus—
inducing growth conditions for UTI89 and CFT073 consist of
two rounds of bacterial growth in static flasks, serially at 37°C for
24 hours, as previously described (17, 30). The pcom-GFP plasmid
was transformed into UTI89 and CFT073 mutants for live imaging
with ex vivo colon explants, and fluorescent cultures were cultured
using ampicillin (100 pg/ml) to select for the plasmid (77).

Protein expression, purification, and labeling

FimH and UcID lectin domains were purified, as previously de-
scribed (17, 78). The lectin domain of yehD was cloned from UTI89,
tagged with a 6-his tag, and placed into a pTRC99a expression plas-
mid under the control of isopropyl-p-p-thiogalactopyranoside. Pro-
tein was expressed from C600 cells, and periplasm was harvested
through outer membrane digestion with lysozyme followed by cell
pelleting. The supernatant containing tagged protein was purified
via affinity chromatography with a cobalt resin. Lectin domains
were moved to 0.1 M NaHCO; (pH 8.3) buffer before fluorescent
labeling and then labeled using the Thermo Fisher Scientific Alexa
Fluor 647 NHS Ester (Succinimidyl Ester) kit (catalog number
A20006) per the manufacturer’s recommendations.

Lectin fluorescence studies of fixed colons

For mouse studies, 7- to 8-week-old female specific pathogen—free
C57BL6/NJ mice were euthanized, and distal colon segments were
fixed in methanol-Carnoy to preserve the intestinal mucus (16).
Fixed colon samples were embedded in paraffin, and sections were
cut to 5-pm thickness. Sections were then de-waxed with xylene and
rehydrated using sequential incubation into 100, 95, 70, 50, and 30%
EtOH. Sections were washed in phosphate-buffered saline (PBS)
and then blocked in 5% fetal calf serum for 30 min at room tem-
perature. A staining solution containing Hoechst (5 pg/ml; DNA
stain) and the relevant labeled adhesin lectin domain (10 pg/ml), or
Hoechst alone, was used to stain the sections for 10 min, followed by
washing the slides twice in PBS. For FimH, FimH::Q133K, and
YehD, the slides are dipped in 150 ml of PBS for the washing step,
whereas only 250 pl of PBS was used to wash the UclD adhesin off,
due to a lower binding affinity. For blocking experiment with man-
noside, compound FIM1033 was incubated at 10X molar excess
with FimH in PBS 0.05% Tween 20 for 30 min at room temperature
minutes before continuing with the staining protocol as above.
FIM1033 is referred to as 29R in a previous publication (79). For
human colon sections, sigmoid colon biopsies representative of
three healthy individuals (two males and one female), aged 56 to
70 years old, undergoing routine endoscopy screening were col-
lected at Sahlgrenska University Hospital (Gothenburg, Sweden)
and processed, as previously described (57). For high-resolution
imaging of FimH stains on mouse and human colon sections
(Fig. 2), female C57BL6/NJ mice from Taconic Biosciences were
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used, and experiments were performed in the Department of Medi-
cal Biochemistry and Cell Biology at the Institute of Biomedicine,
University of Gothenburg in Gothenburg, Sweden, and imaged us-
ing a Zeiss LSM700 confocal microscope with a 20X air objective
lens. Whole-colon tiled scans of FimH, UclD, and YehD binding,
FimH::Q133K binding, and mannoside blocking experiments were
performed on C57BL/6N]J mice from The Jackson Laboratory in the
Department of Molecular Microbiology, Washington University
School of Medicine, in Saint Louis, Missouri, using the confocal
function of a Zeiss Cell Observer Spinning Disk Confocal Micro-
scope with a 10X objective lens. Segmentation analysis was used to
compare the relative intensity of luminal versus mucosal lectin
binding signal. The surfaces tool of Imaris 9 software was used to
isolate the mucosa (lamina propria, epithelium, and IML) from the
colon muscle layer and the lumen contents (fecal matter and/or
outer mucus layer) (see fig. S2C). Measurements of surface area and
total intensity of the mucosa and lumen were measured in Imaris 9
and used to calculate the area-normalized intensity for each section.

In vitro protein binding studies

Purified FimH, FimH::Q133K, YehD, and UcID proteins were placed
in 1x PBS for biotinylation. Individual proteins were biotinylated
with a ratio of 20:1 biotin to protein. Biotinylation occurred at 4°C
with agitation for 2 hours, and proteins were subsequently dialyzed
into either 1x PBS or 20 mM MES and 5.79 and 50 mM NaCl. BSM
(Alfa Aesar) was diluted to 10 mg/ml, and 100 pul was used to coat to
each well of Immulon 4HBX plates (Thermo Fisher Scientific, 3855).
The wells were then blocked for >4 hours to overnight at 4°C with a
blocking buffer of 1x PBS and 1%. Protein was added to the top row
at 20 pg/ml, and seven serial twofold dilutions were performed on
the rest of the plate. The plate was then allowed to incubate with
adhered ligand overnight at 4°C diluted in a blocking buffer. Wells
were then washed three times with wash buffer of 1x PBS and 0.05%
Tween 20. Streptavidin-horseradish peroxidase was added at 1:1000
dilution in a blocking buffer and incubated for ~1 hour at 4°C. Wells
were washed two times with wash buffer and then one time with 1x
PBS. Wells were developed with 1:1 tetramethylbenzidine develop-
ment reagent and quenched with ~1 M H,SO,4. Wells were read
at 450 nm. For mannoside inhibition assays, proteins were added
at 5 pg/ml in all wells of the plate, and mannoside FIM-1033 was
added to top row at 1 pg/ml, and serial twofold dilutions were per-
formed to complete the dilution series.

Lectin fluorescence studies of ex vivo colon

Colon explants of specific pathogen—free 7- to 8-week-old female
C57BL6/NJ mice from Taconic Biosciences or female C57BL6/NJ
mice from The Jackson Laboratory were prepared, as previously de-
scribed, for the preservation of the IML (24, 28). Briefly, distal co-
lons were flushed with Krebs buffer to remove luminal content and
unattached mucus. The muscle layer was removed by microdissec-
tion, and the distal colon was mounted in a horizontal chamber sys-
tem and maintained with basolateral Krebs-glucose buffer and
apical Krebs-mannitol buffer. Calcein violet was used with Krebs-
glucose buffer to label epithelial tissue. Fluorescent beads (1 pm)
were used to verify the penetrability properties of the IML, ensuring
intact mucus layers. Rhodamine-labeled UEA1 lectin and Alexa
Fluor 647-labeled FimH were added on top of mucus preparations
at 50 pg/ml to label the IML. Z-stacks were acquired using LSM700
with a Plan-Apochromat 20x/1.0 differential interference contrast
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water objective (Zeiss) and the ZEN 2010 software. Imaging of the
FimH:Q133K mutant was performed on C57BL/6NJ mice from The
Jackson Laboratory in the Department of Molecular Microbiology,
Washington University School of Medicine, in Saint Louis, Missouri.

Immunohistochemistry of UTI89 in colon sections

Specific pathogen-free 7- to 8-week-old female C3H/HeN mice
from Envigo Laboratories were colonized in the streptomycin mod-
el as described above and euthanized at 4 dpi along with noninfect-
ed controls. Colons were freshly harvested, fixed in methanol-Carnoy;,
and processed as for lectin fluorescence studies, as previously de-
scribed (16). Antigen retrieval was performed at near-boiling tem-
perature using citrate buffer. A primary antibody specific to E. coli
O18 LPS was used at a dilution of 1:500 in 5% fetal bovine serum to
probe for UTI89, and a secondary antibody conjugated to Alexa
Fluor 488 was used to detect the primary. Tile scans acquired using
LSM700 20X air objective lens (8 X 8 tiles, 1024 X 1024 pixel resolu-
tion, averaging two layers).

Quantification of UTI89 biogeography

The epithelial surface of stained mouse colon sections was manually
mapped using Bitplane Imaris Software, and O18-positive cells were
mapped using the Imaris “surfaces” function. X/Y coordinate data
were extracted from each colon section, with the sample center de-
fined as the intersection of the minimum/maximum X/Y axis lines.
O18-positive cell counts were calculated along the center-mucus
radial line (scaled from 0 to 100% and binned into 5% groups). Ab-
solute cell counts were divided by relative bin area to account for the
fact that the sampling area for each bin decreases along the mucus-
center radial axis. Quantification of bacteria in the IML was done by
manually identifying bacteria present within IML structures stained
by wheat germ agglutinin (WGA) and unstained by Hoechst.

Ex vivo bacterial penetration assay and imaging

Colon explants of naive 7- to 8-week-old female C57BL6/N]J mice
were prepared preserve to structure of the IML, as previously de-
scribed. For human colon studies, freshly isolated sections of human
colon were obtained at ileocolonic resection surgery from the Di-
gestive Diseases Research Core Center at Washington University.
UTI89 mutants expressing the pCom-GFP plasmid were grown in
type 1-inducing conditions. UTI89 mutants were resuspended to
an optical density at 600 nm (ODggp) of 0.6 in PBS, mixed with
1-pm-sized FluoSpheres before being added on top of colon prepa-
rations for 15 min, and imaged. UTI89 bacterial mutants were first
imaged using an LSM700 confocal microscope and subsequently at
a higher rate of capture by 2P microscopy. 2P imaging was per-
formed with a custom-built dual-laser 2P microscope equipped
with a 1.0 numerical aperture 20X water dipping objective (Olym-
pus). Samples were excited with a Chameleon Vision II Ti:Sapphire
laser (Coherent) tuned from 750 to 980 nm depending on the ex-
periment and fluorescence emission detected by photomultiplier
tubes simultaneously using appropriate emission filters to separate
second-harmonic generation and the various fluorescence signals.
Three-dimensional (3D) images were collected (61 z steps, 400 pm
by 400 pm by 60pm) from the luminal side to assess bacterial pen-
etration of the mucus and attachment to the epithelium, as previ-
ously described (80, 81). For human tissue imaging, deidentified
colon biopsy specimens were obtained through the Wash U Digestive
Diseases Research Core Center. Tissue was placed in oxygenated
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Gibco CO,-independent medium at 37°C, otherwise treated simi-
larly to mouse colon tissue, with imaging performed within 2 hours
of tissue acquisition. For assessment of bacterial motility, 2P imag-
ing was used to capture time-lapse video images of GFP-expressing
mutants and FluoSpheres within mucus samples. Bacterial cells and
beads were tracked in Imaris 9 software, and motility was assessed
using celltrackR/MotilityLab (2Ptrack.net).

Quantification of E. coli mucus penetration

UTI89 and CFT073 penetration of the IML was measured on 3D
z-stacks captured using 2P microscopy of treated colon explants (as
described above). 3D images were manually segmented on the ba-
sis of regions of interest. Fluorescent beads (1 pm) were used to
define the “top” of the IML. The spot function of Imaris 9 software
was used to identify individual bacteria, and the elongation of the
point-spread function was modeled using default settings (5-pm
estimated XY diameter, and 11.7-pm estimated Z diameter). The
number of spots was gated using spot quality, using size and bright-
ness estimates of each spot. Each image was manually reviewed,
and glaring errors in identified spots, such as missing spots or ex-
traneous spots, were manually corrected. To calculate the degree of
penetration, the number of GFP-positive cells below the bead-
containing top of the mucus layer was divided by the total number
of bacteria. To calculate the number of mucus-penetrative E. coli
that entered the epithelial tissue, the number of bacteria in the re-
gion containing epithelial tissue was divided by the number of bac-
teria below the top of the mucus layer (below the beads). Spot
counts from three individual biological replicates of each mutant
were comparable across experiments, so the percentage of penetra-
tion for each mutant was averaged across all experiments from the
same mutant.

Transmission electron microscopy

For analyses by electron microscopy, bacterial cultures at ODggg of
0.6 were allowed to absorb onto freshly glow discharged formvar/
carbon-coated copper grids (200 mesh, Ted Pella Inc., Redding,
CA) for 10 min. Grids were then washed two times in dH,O and
stained with 1% aqueous uranyl acetate (Ted Pella Inc.) for 1 min.
Excess liquid was gently wicked off, and grids were allowed to air
dry. Samples were viewed on a JEOL 1200EX transmission elec-
tron microscope (JEOL USA, Peabody, MA) equipped with an
AMT 8 megapixel digital camera (Advanced Microscopy Tech-
niques, Woburn, MA).

Statistical analysis

Statistical comparison of mucosal versus luminal signal intensities
from stained colon sections was performed using a paired ¢ test for
each lectin domain. ***P < 0.0005 and ****P < 0.00005. To deter-
mine significance of radial distribution of bacterial mutants of im-
munohistochemistry colon stains, the absolute cell counts from
each binned decile of the colon surface area was analyzed by
two-way analysis of variance (ANOVA), and Fisher’s least signifi-
cant difference test was used to generate a P value for each bin.
##%%P < 0.0001. To determine statistical significance of bacterial
penetration in the ex vivo mucus model, significance was deter-
mined by performing Mann-Whitney U test on percentages of bac-
teria that penetrated below the level of 1-pm beads. When a piece
of colon was split to test two bacterial mutants separately, a paired ¢
test was performed.
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