
ORIGINAL RESEARCH
Highly Sensitive, Flow Cytometry-Based Measurement of
Intestinal Permeability in Models of Experimental Colitis

Kevin Tsai,1,2 Caixia Ma,2 Xiao Han,2 Joannie Allaire,2 Genelle R. Lunken,2 Shauna M. Crowley,2

Hongbing Yu,2 Kevan Jacobson,1,2 Lijun Xia,3 John J. Priatel,1,4 and Bruce A. Vallance1,2

1British Columbia Children’s Hospital Research Institute, Vancouver, British Columbia, Canada; 2Department of Pediatrics,
University of British Columbia, Vancouver, British Columbia, Canada; 3Cardiovascular Biology Research Program, Oklahoma
Medical Research Foundation, Oklahoma City, Oklahoma; and 4Department of Pathology and Laboratory Medicine, University
of British Columbia, Vancouver, British Columbia, Canada
SUMMARY

We show that a flow cytometry–based assay of orally gav-
aged ovalbumin passage via the gut and into the plasma
provides great sensitivity and utility for the measurement of
intestinal permeability in experimental models of intestinal
infection and colitis.

BACKGROUND & AIMS: Increased intestinal permeability is
seen in a variety of inflammatory conditions such as enteric
infections and inflammatory bowel disease. Because barrier
function can provide a key biomarker of disease severity, it
often is assayed in animal models. A common methodology
involves gavaging mice with fluorescein
isothiocyanate–conjugated dextran (FITC-D), followed by
cardiac puncture to assay plasma fluorescence on a spec-
trophotometer. Although the FITC-D method is relatively
simple, its sensitivity is limited and enables only a single
measurement because the test requires killing the subject.
Herein, we describe a novel flow cytometry–based method
of intestinal permeability measurement based on detection
of orally gavaged ovalbumin (OVA) that leaks out of the
gut. Our approach uses minute blood volumes collected
from the tail vein, permitting repeated testing of the same
subject at multiple time points. By comparing this assay
against the gold standard FITC-D method, we show the
expanded utility of our OVA assay in measuring intestinal
permeability.

METHODS: We directly compared our OVA assay against the
FITC-D assay by co-administering both probes orally to the
same animals and subsequently using their respective meth-
odologies to measure intestinal permeability by detecting
probe levels in the plasma. Permeability was assessed in mice
genetically deficient in intestinal mucus production or glyco-
sylation. In addition, wild-type mice undergoing dextran so-
dium sulfate–induced colitis or infected by the enteric bacterial
pathogen Citrobacter rodentium also were tested.

RESULTS: The OVA assay showed very high efficacy in all an-
imal models of intestinal barrier dysfunction tested. Besides
identifying intestinal barrier dysfunction in mice with impaired
mucin glycosylation, the assay also allowed for repeated
tracking of intestinal permeability within the same animal over
time, providing data that cannot be easily acquired with other
currently applied methods.
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CONCLUSIONS: The OVA assay is a highly sensitive and effec-
tive method of measuring intestinal permeability in mouse
models of barrier dysfunction and experimental colitis. (Cell
Mol Gastroenterol Hepatol 2023;15:425–438; https://doi.org/
10.1016/j.jcmgh.2022.10.004)

Keywords: Cytometric Bead Assay; Intestinal Permeability
Assay; ELISA; Leaky Gut; Inflammatory Bowel Disease.

he gastrointestinal (GI) tract is lined by a single
Abbreviations used in this paper: CML, carboxylate modified latex;
DSS, dextran sulfate sodium salt; EDAC, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide; F(ab)2, divalent antibody frag-
ments; FACST, 13 PBS, 2% heat inactivated fetal bovine serum, 2
mmol/L EDTA, and 0.05% Tween 20; FITC-D, fluorescein
isothiocyanate–conjugated dextran; GI, gastrointestinal; IBD, inflam-
matory bowel disease; IEC, intestinal epithelial cell; LM, lactulose
mannitol; MES, 2-(N-morpholino) ethanesulfonic acid; OVA, ovalbumin;
PBS, phosphate-buffered saline; PE, phycoerythrin; pi, postinfection;
WT, wild-type.
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Tlayer of intestinal epithelial cells (IECs), that pro-
vide several key functions such as nutrient absorption and
the secretion of antimicrobial peptides and mucins.1 The
mucus barrier overlying the IECs is produced by goblet cells
(an IEC subset) and is largely composed of the highly gly-
cosylated mucin-2 (Muc2) that is released apically into the
intestinal lumen.1 Together, the epithelial and mucus layers
form a semipermeable, protective mucosal barrier that al-
lows for nutrient absorption while also segregating luminal
microbes away from the epithelium to limit their contact
with the epithelial lining. Correspondingly, any perturbation
to the structure or function of this mucosal barrier resulting
from genetic mutations or noxious dietary or microbial
factors may result in the leakage of luminal contents (mi-
crobes, microbial products, dietary antigens) out of the GI
tract, and cause acute activation of the underlying immune
system. Such leakage can lead to local immune cell activa-
tion, further damage to the mucosal barrier, and, in some
cases, chronic inflammation or even sepsis, as seen in pa-
tients with inflammatory bowel disease (IBD).2,3

Intestinal permeability, commonly defined as the
measurable diffusion rate of luminal contents across the
mucosal barrier into the circulation, is the parameter typi-
cally used to assess the integrity of the intestinal mucosal
barrier.4–6 Recent studies have shown that increased in-
testinal permeability precedes Crohn’s disease, and often is
associated with the development of this form of IBD.7

Moreover, increased intestinal permeability can serve as a
biomarker for disease activity in IBD patients.8–11 In addi-
tion to IBD, significant increases in intestinal permeability
have been associated with heightened susceptibility to a
variety of autoimmune conditions such as type 1 diabetes,
systemic lupus erythematosus, rheumatoid arthritis, and
multiple sclerosis.12–14 Consequently, the importance of in-
testinal permeability in these pathologic conditions high-
lights its potential use as a biomarker for early detection of
disease activity and/or disease relapse.

Aside from their applicability in the clinic, intestinal
permeability measurements also commonly are used with
preclinical models.4,5 Current methodologies can be broadly
divided into 2 categories. The first involves the detection of
orally ingested probe(s) in the blood or urine, with lactu-
lose/mannitol or 51Chromium measured in patients, while
fluorescein isothiocyanate–conjugated dextran (FITC-D) is
commonly used in mouse models of intestinal barrier
dysfunction.4,6 These approaches permit an in vivo assess-
ment of the GI tract as a whole. By contrast, the second
category relies on an ex vivo assessment of electrical
conductivity across excised intestinal tissues (Ussing
chambers).15 Although these methods are highly useful for
measuring intestinal permeability, their cost, complexity, or
invasiveness,16,17 limits their broad applicability. Moreover,
the FITC-D and Ussing chamber assays are both unable to
measure intestinal permeability across multiple time points
within the same animal or biospecimen.

In this report, we describe and validate a novel flow
cytometry–based method to measure intestinal permeability
in several well-characterized mouse models of intestinal
inflammation and barrier dysfunction. By gavaging mice
with chicken ovalbumin (OVA), and collecting tiny volumes
of blood, we used immunoprecipitation-based flow cytom-
etry to quantitate OVA in their plasma at a sensitivity level
far surpassing the FITC-D method. Furthermore, there was
no need to kill the test animals, allowing repeated mea-
surements of intestinal permeability over several hours or
days in the same animal. Because our methodology requires
a minute fraction of the blood volume typically needed for
standard permeability assays, and because the OVA probe, a
common dietary protein, is relatively harmless, we believe
our approach is a strong candidate for future adaptation to
the clinic.

Results
The Construction, Validation, and Workflow of
the Cytometric Bead Assay

The OVA assay protocol uses antibody-conjugated
carboxylate modified (CML) beads to capture the probe
antigen OVA (Figure 1A–D). To perform the assay, the ani-
mal was first gavaged with 1 mg OVA suspended in 100 mL
phosphate-buffered saline (PBS). Heparin-coated capillary
tubes were premarked to ensure sampling consistency
(Figure 1C), and, as indicated in Figure 1D, they were used
to collect 2.5 mL blood by poking the tail with a 25-gauge
needle. Blood cells within the samples were first lysed
with 10 mL Tween 20 containing fluorescence-activated cell
sorter buffer, cellular debris was removed by centrifugation
at 3000 � g for 5 minutes, and the supernatant then
transferred into a 96 well U-bottom plate. The OVA-specific
CML beads were added to the blood samples and incubated
at 4�C on a plate shaker. The OVA–CML bead complexes
were pelleted via centrifugation and detected using a rabbit
anti-OVA polyclonal antibody in conjunction with
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Figure 1. Components, workflow, and sensitivity of the OVA assay. (A) Principle of the OVA assay for intestinal permeability
measurement by flow cytometry. (B) The workflow of the OVA assay. (C) Production of capillary tubes with a set volume for
blood sampling. (D) A 25-gauge needle was used to puncture the tails of anesthetized mice for blood collection. The tail
puncture was performed at a shallow angle, parallel to the tail as illustrated. Blood samples were collected using marked
capillary tubes produced in panel C. (E) Comparison of dynamic ranges of the OVA and FITC-D assays using standard curves.
Each data point represents a triplicate of readouts obtained from serially diluted probes of the respective assays. (F) Per-
centage error of 3 separate standard curve readouts of the OVA assay or FITC-D assay across all concentrations. The per-
centage error is calculated by dividing the SEM derived from a triplicate of readings by the average value of the triplicates. (G)
Comparison of the errors between 3 separate experiments of panel A across all concentrations. SEM values were generated
from the 3 separated percentage error values in panel A and plotted as bar graphs. (H) Comparison of the background noise of
the respective assays (C57/BL6 mice, n ¼ 4). MFI, mean fluorescent intensity. **** P � .0001.
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phycoerythrin-conjugated donkey anti-rabbit IgG polyclonal
F(ab)2 fragments (preabsorbed to serum proteins of multi-
ple species to minimize cross-reactivity to other Ig
molecules).

To compare the sensitivity and dynamic range of the
OVA assay with the FITC-D assay, we first compared the
OVA standard curve with the FITC-D standard curve. The
FITC-D assay has a dynamic range roughly from 10-3 to 10-8

g/mL of FITC-D whereas the OVA assay has a dynamic range
from 10-6 to 10-12 g/mL of OVA (Figure 1E). The detection
limit of the OVA assay (10-12 g/mL) suggests that the OVA
assay is potentially far more sensitive than the FITC-D assay
(Figure 1E). Next, we analyzed the amount of variance that
existed within triplicate readings from standard curves of 3
separate experiments by comparing the percentage of error
derived from the readings. We found the percentage error of
the OVA assay was approximately 5% at all concentrations
whereas the percentage error was higher, approximately
10%, at the lower concentrations of the FITC-D assay
(Figure 1F and G, upper panel). We then analyzed the
variance between each assay by comparing the variance of
errors within these 3 separate experiments. We found that
the OVA generated more consistent results across all con-
centrations as indicated by the less than 2% error between
experiments compared with the FITC-D assay, which varied
between 2% and 8% error (Figure F and G, lower panel).
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Next, we compared the background signals of the respective
assays by converting and comparing fluorescence values of
the probe-free blood samples into their respective concen-
tration values. We found that compared with the negligible
background signal of the OVA assay, the FITC-D assay
showed much higher background in the absence of the
probe (Figure 1H) (OVA, 7.9 � 10-12 g/mL vs FITC-D, 2.6 �
10-7 g/mL). Taken together, these data suggest that the OVA
assay is potentially more consistent and sensitive at
measuring target concentrations and shows lower back-
ground noise compared with the FITC-D assay.
Orally Gavaged OVA Is Found Lining the Lumen
Throughout the Distal GI Tract

We next sought to determine the localization of OVA
postgavage. Healthy, female C57BL/6 mice, aged 6–10
weeks, were gavaged with 100 mL PBS solution containing 1
mg OVA. Based on our previous finding that OVA levels in
the blood peaked at approximately 6 hours postgavage,18

we killed mice at this time point, collecting their blood as
well as small intestinal and colonic tissues. As expected for
unmanipulated wild-type (WT) C57BL/6 mice,18 minimal
levels of OVA were detected in their plasma (1.2 � 10-12 g/
mL; n ¼ 4) (Figure 2A). We next stained formalin-fixed in-
testinal tissue sections using the same rabbit anti-OVA
Figure 2. Detection of the OVA protein within blood and vario
in blood samples of C57BL/6 mice (n ¼ 4), either before or 6
localization in the small intestine. Histology samples were obt
stained for OVA (red), as well as intestinal epithelium (E-cadherin
(Ulex Europaeus Agglutinin I [UEA-1] lectin, green), and nuclei (D
and colon. Histology samples were obtained from the same mic
outlined for panel B. DAPI, 40,6-diamidino-2-phenylindole. *P �
antibody used in the OVA assay. Very little, if any, OVA
signal was found within the small intestine (duodenum,
jejunum, and ileum) because this protein likely had passed
into the distal GI tract by this time point, or had been
digested into small undetectable fragments and absorbed
(Figure 2B). By contrast, staining of the cecum and colon
(proximal, medial, and distal) showed very strong OVA
signals localized to the lumen and the mucosal surface
(Figure 2C). These findings suggest that much of the orally
gavaged OVA remained partially digested or undigested,
passing out of the small intestine and localizing to the cecal
and colonic lumen. Thus, the localization of gavaged OVA
appears to be well suited to assess barrier function within
the distal GI tract.
The OVA Assay Enables Sensitive Measurement
of Gut Permeability During Dextran Sodium
Sulfate Colitis

Based on the earlier-described findings, we chose the
dextran sodium sulfate (DSS) model of colitis to further
investigate the utility of our OVA assay in measuring in-
testinal permeability. The model reflects the ability of DSS to
act as a chemical irritant on the colonic epithelium, with the
resulting damage precipitating colitis and increasing intes-
tinal permeability.19 We first treated cohorts of female
us regions of the GI tract. (A) OVA concentrations detected
hours postgavage with 1 mg OVA. (B) Visualization of OVA
ained from the earlier-mentioned mice, processed, and then
, white), fucosylated residues of mucin granules of goblet cells
API, blue). (C) Visualization of OVA localization in the cecum
e outlined in panels A and B, processed, and then stained as
.05
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C57BL/6 mice with 3% DSS in their drinking water to
damage their mucosal barrier and increase intestinal
permeability.20 On day 3 or day 6 of DSS exposure, subsets
of mice were gavaged with 100 mL PBS solution containing 1
mg OVA and 12 mg FITC-D. Mice then were killed 3 or 6
hours postgavage to collect their blood via cardiac puncture.
The amount of FITC-D present within the blood then was
assessed immediately, using a fluorimeter, whereas OVA
was measured using the OVA assay.

We found that both methods detected statistically sig-
nificant increases in barrier permeability in the colitic mice
over that of healthy untreated controls. Baseline FITC-D
levels (5.07 ± 0.86 � 10-7 g/mL) doubled to 1.78 ±
0.31 � 10-6 by day 3 DSS, and doubled again to 1.06 ±
0.10 � 10-6 by day 6 of colitis. Meanwhile, the increases in
permeability were even easier to detect with the OVA assay,
with the baseline signal of 2.50 ± 0.43 � 10-11 g/mL
increasing by 100-fold to 2.62 ± 1.24 � 10-9 on day 3 of
DSS, and a further 15-fold increase to 3.90 ± 1.04 � 10-8 by
day 6 (Figure 3A). This is in keeping with previous obser-
vations that extended exposure to DSS leads to greater in-
testinal pathology and barrier dysfunction.21 Notably, the
OVA assay could detect statistically significant changes
Figure 3. The OVA assay shows high sensitivity and specificit
of DSS-induced colitis. (A) OVA or FITC-D assay readouts from
8) mice co-administered FITC-D (12 mg/mouse) and OVA (1 m
dependent experiments. Statistical significance was determined
(B) Visualization of OVA localization in the distal colon of nontre
mice. Mice were orally gavaged with 1 mg/100 mL OVA and tissu
the same rabbit anti-OVA antibody used in the OVA assay. The
along with stains for epithelium (E-cadherin, green), and nuclei (D
�.01, *** P� .001, **** P � .0001.
between the day 3 and day 6 DSS-treated groups with great
confidence (P ¼ .0004), whereas the FITC-D assay could not
(P ¼ .13) (Figure 3A). Thus, the OVA assay is at least as
sensitive as the FITC-D assay in discriminating varying de-
grees of barrier dysfunction induced by DSS treatment.

Because these results indicate that OVA can readily
cross the mucosal barrier in DSS-treated mice, we sought
to visualize its translocation by immunofluorescence. We
stained formalin-fixed distal colon sections from OVA
gavaged (control or DSS-treated) mice as outlined earlier.
We confirmed that in untreated WT mice, OVA lined the
apical surface of the colonic epithelium, with no indication
that it crossed the intact epithelial barrier (Figure 3B, up-
per panel). By contrast, this outline of the mucosal surface
was no longer observed in OVA gavaged, DSS-treated mice
(Figure 3B, lower panel). Instead, OVA could be seen within
colonic epithelial cells, as well as within the lamina propria
and occasionally in the submucosa. At high magnification,
OVA could be seen localized between IECs as well as within
IECs, suggesting it crosses the colonic epithelium through
both paracellular and transcellular routes (Figure 3B,
lower panel). These findings confirm that DSS-induced
damage to the colonic epithelium enables orally gavaged
y to detect intestinal barrier dysfunction in a mouse model
the plasma samples of nontreated (n ¼ 8) or DSS-treated (n ¼
g/mouse). Data presented are representative of at least 3 in-
by 1-way analysis of variance using the Tukey post hoc test.

ated (upper panel) or DSS-treated for 6 days (lower panel) WT
es were harvested 3 hours later for histology and stained with
localization of OVA (red) is highlighted with white arrowheads,
API, blue). DAPI, 40,6-diamidino-2-phenylindole. *P �.05, **P
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OVA to translocate across the epithelium in this model of
colitis.
The OVA Assay Can Detect Subtle Permeability
Defects in Mice With Impaired Mucus Structure/
Function

Aside from the intestinal epithelium, the overlying
colonic mucus layer also contributes to mucosal barrier
function, both directly, as well as indirectly through the
promotion of healthy IECs. Because formalin does not pre-
serve the mucus layer effectively, to clarify whether mucus
impacts the localization of OVA we stained colonic tissues
fixed with Carnoy’s fixative and found that, indeed, the
majority of the OVA appeared to be segregated within the
colonic lumen by the mucus layer (Figure 4A). These data
suggest that under physiological conditions, the mucus layer
also acts as a barrier to restrict OVA within the colonic
lumen.

We and others have shown that when intestinal mucus is
deficient (ie, Muc2-/- mice), gut barrier permeability is
increased modestly, as assessed using the FITC-D meth-
od.22–24 To directly compare the sensitivity of the OVA and
FITC-D assays in measuring increases in barrier perme-
ability owing to defects in mucus production, we bred het-
erozygous Muc2þ/- mice to generate experimental Muc2-/-

mice along with littermate Muc2þ/- and Muc2þ/þ control
mice.

Cohorts of 10- to 12-week-old female Muc2þ/þ (WT),
Muc2þ/-, and Muc2-/- mice were gavaged with 100 mL PBS
containing 120 mg/mL FITC-D and 10 mg/mL OVA. Cardiac
puncture was performed 6 hours later to collect plasma for
independent measurements of the respective probes.
Although both methods showed increased plasma probe
concentrations in Muc2-/- mice relative to WT (Muc2þ/þ)
mice, in a manner consistent with our previous report,23 the
FITC-D method only showed statistical significance, as
assessed by 1-way analysis of variance, between Muc2þ/þ

and Muc2-/- mouse strains (log transformed concentration
of Muc2þ/þ vs Muc2-/-, -6.37 ± 0.11 vs -6.04 ± 0.05; P ¼ .02)
(Figure 4B). By contrast, the same samples measured for
OVA concentrations showed highly significant differences
between all genotypes (log transformed concentration of
Muc2þ/þ vs Muc2þ/-, -10.58 ± 0.06 vs -9.77 ± 0.24; P ¼ .05;
Muc2þ/þ vs Muc2-/-, -10.58 ± 0.06 vs -8.06 ± 0.33; P ¼
.0002; Muc2þ/- vs Muc2-/-, -9.77 ± 0.24 vs -8.06 ± 0.33; P ¼
.002) (Figure 4B), indicating that loss of function of even 1
Muc2 allele significantly weakens intestinal barrier function.

We next tested if the OVA assay could be used to mea-
sure intestinal permeability over a time course by repeat-
edly sampling the same mouse. This approach cannot be
used humanely with the FITC-D assay because it requires a
large blood volume (100–200 mL) that necessitates killing
the test animal. To track intestinal permeability in Muc2-/-

mice over a period of 5 days, cohorts of Muc2-/- mice were
gavaged with 100 mL of 10 mg/mL OVA in PBS and 2.5 mL
blood samples obtained from tail pokes performed at the
indicated time points. As soon as the blood (OVA) readings
neared baseline, we gavaged the animals again with the
same amounts of OVA (1 mg/100 mL) and collected blood
samples again as indicated. As shown in Figure 4C, we found
that Muc2-/- mice within a single cage showed different
degrees of intestinal permeability. This variation in intesti-
nal permeability between mice likely reflects the stochastic
nature of the spontaneous colitis that can slowly develop in
these mice.25 Interestingly, over the course of 5 days, the
leakiness of each individual mouse relative to its cage mates
remained the same as indicated by the order of symbols
indicated by the 2 rectangular boxes in Figure 4C. Taken
together, these data suggest that the OVA assay can detect
subtle changes in intestinal permeability and can be tracked
reliably within the same animal over time.

Notably, the Muc2 protein is heavily glycosylated, with as
much as 80% of its weight comprising O-linked glycans,26

through the actions of O-glycan branch forming core 1 b1,3
and core 3 b1,3-N glycosyltransferases (Figure 4D). Signifi-
cantly, mice lacking functional core-1 or core-3 glycosyl-
transferases show thinner intestinal mucus layers, and those
lacking the core 1 enzyme can develop spontaneous colitis by
4–6 months of age.27 Even so, it is unclear whether these
mice also show increased baseline intestinal permeability at
time points before overt colitis development. To address this
question using our OVA bead assay, we gavaged cohorts of 8-
to 10-week-old IEC–core 1 b1,3-galactosyltransferase-defi-
cient mice (VillinCre-C1galt1-/-) and core 3 b1,3-N-acetylglu-
cosaminyltransferase-deficient (C3GnT-/-) mice with 1 mg
OVA suspended in 100 mL PBS, and measured amounts of
OVA translocated to the plasma as outlined earlier.

We found that IEC–C1galt1-/- mice showed increased
intestinal permeability compared with their flox controls
(Core 1fl/fl) (Figure 4E), with the C3GnT-/- mice showing an
intermediate phenotype (Figure 4F). Although the leakiness
of their intestines was not as severe as what we had
observed in Muc2-/- mice (500 times higher than WT
[Muc2þ/þ]18), IEC–C1galt1-/- mice did show blood concen-
trations of OVA approximately 100-fold higher than seen in
C1galt1fl/fl controls 6 hours postgavage (C1galt1fl/fl 4.0 �
10-11 vs IEC-C1galt1-/- 3.4 � 10-9 g/mL) (Figure 4E),
whereas C3GnT-/- mice had approximately 60-fold higher
levels of OVA in their plasma compared with their controls 6
hours postgavage (B6 6h 2.6 � 10-11 vs C3GnT-/- 1.6 � 10-9

g/mL) (Figure 4F). Interestingly, when the permeability of
IEC–C1galt1-/- and C3GnT-/- mice were compared, they were
found to be significantly different only at the 1-hour time
point (Figure 4G), suggesting that although both enzymes
play important roles in promoting mucus barrier function,
the core 1 enzyme may play a larger role than core 3 in
more proximal regions of the murine GI tract.

The OVA Assay Can Detect Increased Intestinal
Permeability During Infectious Colitis

Enteric infections also can cause increases in intestinal
permeability. Among the various mouse models of GI
infection, we and others have shown that the attaching and
effacing bacterial pathogen Citrobacter rodentium causes
increased intestinal permeability28,29 in concert with



Figure 4. Muc2 and its glycosylation are critical for limiting OVA interactions with the intestinal epithelium and
regulating intestinal permeability. (A) Visualization of OVA localization in the colon. Colonic tissue samples containing
fecal matter from C57BL/6 mice were harvested and fixed with methyl-Carnoy’s fixative, and then stained for OVA (red),
fucosylated residues on mucins (Ulex Europaeus Agglutinin I [UEA-1] lectin, green), epithelial cells (E-cadherin, white), and
nuclei (DAPI, blue). (B) OVA or FITC-D assay readouts form the plasma samples of Muc2þ/þ (WT) (n ¼ 6), Muc2þ/- (n ¼ 7),
and Muc2-/- mice (n ¼ 6) co-administered OVA and FITC-D. Data are representative of at least 3 independent experiments.
Statistical significance was determined by 1-way analysis of variance, using the Tukey post hoc test. (C) A cohort of 10-
week-old female Muc2-/- mice (n ¼ 5) was gavaged with 1 mg/mouse OVA as indicated and 2.5 mL blood samples were
taken as indicated to track intestinal permeability changes within each animal. (D) Mechanistic actions of core 1 and core 3
synthases in the glycosylation of mucins. (E) Representative intestinal permeability data using the OVA assay on 8- to 10-
week-old IEC–C1galt1-/- mice (n ¼ 5) and (F) C3GnT-/- mice (n ¼ 3) (denoted Core 1-/- and Core 3-/- mice, respectively)
relative to control IEC–C1galt1fl/fl (Core 1fl/fl) (n ¼ 5) and C57BL/6 mice (n ¼ 5). (G) Comparison of intestinal permeability
from OVA assay readouts between IEC–C1galt1-/- and C3GnT-/- mice in panels E and F 1 hour after OVA gavage. Mice
were gavaged with 1 mg/mouse OVA and 2.5 mL blood samples were taken at the indicated time points. Data are
representative of 3 separate experiments. C1GALT1, core 1 b1,3-galactosyltransferase; DAPI, 40,6-diamidino-2-
phenylindole; Gal, galactose; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; S, serine; T, threonine;
b3Gn-T6, b1,3-N-acetylglucosaminyltransferase 6. *P � .05, **P � .01, ***P � .001.
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modest tissue pathology and inflammation. To test the
applicability of the OVA assay to this model, C57BL/6 mice
were infected with 2 � 108 CFU of C rodentium and gavaged
with 100 mL of 10 mg/mL OVA on day 6 postinfection (pi).
This is the earliest time point at which we previously have
observed intestinal barrier dysfunction in this model.30 At 6
hours postgavage, the mice blood samples were collected
and assayed for the presence of OVA. We detected a sta-
tistically significant approximately 850-fold change in in-
testinal permeability within the same animals using the OVA
assay, with baseline levels (2.50 ± 0.43 � 10-11) increasing
to 2.13 ± 0.56 � 10-8 on day 6 pi (P ¼ .0001) (Figure 5A).
These results suggest the OVA assay can detect subtle
changes in intestinal permeability within the C rodentium
infection model.
Figure 5.C rodentium infection of the GI tract causes le
epithelium. (A) Representative data on OVA assays of cohorts (n
–uninfected female WT C57BL/6 mice. Mice were gavaged with 1
Data are representative of 3 separate experiments. A 2-tailed St
(B) Distal colon tissues from mice infected with C rodentium for
near adherent C rodentium (green), as well as deep in heavily in
(blue) also were stained. (C) Representative OVA assay data trac
C rodentium infection. Cohorts (n ¼ 4) of numbered 6- to 8-week
assay performed just before infection, and, subsequently, again
that any residual circulating OVA from an earlier OVA assay may
to establish pre-existing baselines, and these values then were s
of 3 independent experiments. Blood samples were taken 6 hour
Pathogen stool burdens of mice described in panel C. Mice we
0), or on days 4 or 6 pi. Stool samples were collected immediat
after OVA gavage. Stool samples were plated in triplicate on
Statistical significance for panels C and D were determined by 1
Citrobacter rodentium; DAPI, 40,6-diamidino-2-phenylindole; NI
Attaching and effacing bacterial pathogens such as C
rodentium cause IEC barrier disruption by adhering to
the apical surface of IECs and translocating effector
proteins into these cells through their type 3 secretion
system.31 To address the localization of C rodentium vs
OVA in this system, we co-stained distal colon tissue
sections with the anti-OVA antibody and with antisera
against Escherichia coli lipopolysaccharide (Poly 8),
which has been shown to recognize C rodentium,32

which expresses one of the targeted O-antigens (O152).
We readily detected C rodentium adherent to the colonic
mucosal surface and frequently found OVA signal
nearby, as well as penetrating deep into infected crypt
lumens (Figure 5B, highlighted by arrowheads). These
data confirm that C rodentium infection leads to barrier
sions that allow OVA to penetrate across the intestinal
¼ 12) of 6- to 8-week-old C rodentium–infected (6 days pi) or
mg OVA and blood samples were taken 6 hours postgavage.

udent t test was used to determine the statistical significance.
6 days were stained to identify OVA (red). OVA was detected
fected crypts (arrowheads), while E-cadherin (white) and DAPI
king intestinal permeability both before and during a course of
-old female C57BL/6 mice had the intestinal permeability OVA
on days 4 and 6 pi with C rodentium. To address the concern
affect the results, blood was sampled just before OVA gavage
ubtracted from the day 6 readings. Results are representative
s after OVA gavage (1 mg/mouse) on the indicated days pi. (D)
re gavaged with OVA either before C rodentium infection (day
ely after gavage, while blood samples were collected 6 hours
Luria broth agar plates containing 100 mg/mL streptomycin.
-way analysis of variance using the Tukey post hoc test. CR,
, Not infected. *P � .05, ***P � .001, ****P � .0001.
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disruption, allowing luminal factors (such as OVA) to
enter colonic crypts and translocate across the epithelial
barrier

Although we expect that intestinal permeability will in-
crease as C rodentium infection progresses, researchers
have been unable to track this in the same mice over a time
course because the FITC-D and Ussing chamber approaches
necessitate killing the mice. To test this hypothesis, we
gavaged heathy mice with OVA, and, 6 hours later, 2.5 mL
blood samples were tested using the OVA assay to establish
a baseline. Subsequently, these mice were infected with 2 �
108 colony-forming units of C rodentium and gavaged with
OVA on day 4 pi, going through the same procedure as
described earlier, and then again on day 6 pi. As shown in
Figure 5C, baseline blood OVA levels before infection were
extremely low, but they showed a large statistically signifi-
cant increase (w240-fold) when the assay was repeated on
day 4 pi (day 0, 5.45 ± 3.78 � 10-12 vs day 4, 1.30 ± 3.78 �
10-9; P < .0133). By day 6 pi, after a new gavage of OVA,
plasma OVA levels were increased further by another 2-fold
(2.98 ± 3.78 � 10-9; P < .0002). In addition, we observed
that those mice with the highest C rodentium stool burdens
(on days 4 or 6 pi), showed the highest intestinal perme-
ability to OVA (Figure 5D). Thus, the OVA assay appears
useful in assessing intestinal barrier dysfunction and dis-
ease (pathogen burden) during enteric infection and colitis.
Discussion
The FITC-D and Ussing chamber assays are the most

common methods used by researchers to measure intestinal
permeability in mice. The FITC-D assay is relatively simple
to establish and offers reasonable sensitivity. Unfortunately,
the blood volume typically needed for the assay (100–200
mL) requires the test animal to be killed, therefore providing
only a snapshot of what is a highly dynamic process. Simi-
larly, Ussing chambers can accurately measure intestinal
permeability ex vivo, but also require the test animal to be
killed. Moreover, the cost of the equipment, as well as its
technical challenges, have reduced Ussing chamber use in
recent years.

Although the OVA assay is a flow cytometry–based assay,
and thus slightly more complex than the FITC-D assay, it still
Table 1.Cost Comparison Between the FITC-D and OVA Assa

Component (Manufacturer) Unit price

5-mm CML beads (ThermoFisher) $461

Goat anti-OVA antibody (MP Biomedicals) $240

Rabbit anti-OVA antibody (Bethyl Laboratory) $122

PE anti-rabbit antibody (Jackson
Immunoresearch Laboratories)

$255

Total

FITC-D (Sigma) $452

Total

NOTE. Beads generated per conjugation reaction, 1.80 � 107; nu
conjugation reaction, 900.
is relatively simple because it uses a single color (requiring
no fluorescence compensation). Moreover, expertise in the
use of flow cytometers is widespread in universities and
research centers. Another feature is that the OVA assay uses
a well-characterized antigen and therefore a large selection
of OVA antibodies are available for further analysis. In terms
of cost, the OVA assay is surprisingly cheap ($0.1/sample)
compared with FITC-D ($5.45/sample), even with the cost
of operating the flow cytometer factored in (Table 1). The
most beneficial feature of the OVA assay is that it can be
performed without killing the animal, allowing intestinal
permeability to be tracked over an extended time period.
Not only does this reduce experimental variation, but it also
significantly can reduce the number of animals used in each
experiment. In this report, we performed a series of
benchmarking experiments to compare the background
noise level, detection limit, and sensitivity of the OVA and
FITC-D assays relative to one another in several mouse
models of intestinal barrier dysfunction and/or colitis.

We first examined the detection limit of the respective
assays by comparing the standard curves to determine
their dynamic ranges. The dynamic range of the OVA assay
is 6 orders of magnitude (ie, 10-6 to 10-12 g/mL) whereas
the FITC-D assay covers 10-4 to 10-9 g/mL. Although
differing by only 1 order of magnitude, the OVA assay is
sensitive down to 10-12 g/mL, a level 1000-fold lower than
that of the FITC-D assay. We posit that this enhanced
sensitivity is owing to OVA being a large (45 kilodalton)
protein,33 carrying many different epitopes, thus allowing
OVA to be effectively captured and bound by the 2 poly-
clonal anti-OVA antibodies. The epitopes contained in the
rabbit polyclonal antibodies then are amplified further by
the donkey anti-rabbit polyclonal antibody, generating a
robust signal even at low concentrations. Next, we
compared the background noise of the respective assays by
obtaining a reading from the plasma of untreated C57BL/6
mice using the respective assays. We found that the back-
ground noise reading of the OVA assay is approximately 8
times above the lower detection limit whereas the FITC-D
assay is roughly 35 times. This suggests that the OVA
assay is more sensitive but also raises the question of why
the background noise of the FITC-D assay is so high? We
suspect the background signal may arise from components
ys

Number of tests per unit Cost per test

3.6 � 105 $0.001

4.5 � 104 $0.005

2000 $0.06

10,000 $0.03

$0.1

83 $5.4

$5.4

mber of beads used per test, 20,000; and number of tests per
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of the plasma, which is known to contain biological mole-
cules excitable by the same wavelength of light used to
excite the FITC-D molecules.34

We began our benchmarking experiment with the DSS
colitis model by co-administering OVA and FITC-D to
C57BL/6 mice provided drinking water containing DSS for 3
or 6 days. We found that in healthy mice there was very
little OVA detected in their plasma, suggesting that very
modest levels of OVA cross the intact epithelial barrier. This
was corroborated by the immunostaining of intestinal sec-
tions of control mice, where OVA could be seen in the cecal
and colonic lumen and lining the epithelial surface, but none
detectable penetrating the epithelium. In the DSS-treated
mice, both assays were able to detect increased perme-
ability on day 3 post-DSS, however, the sensitivity was
dramatically different. Despite the overt colonic pathology,
the FITC-D assay showed only a 2-fold increase in intestinal
permeability after 3 days of DSS treatment, and another 2-
fold increase from day 3 to day 6. In contrast, the OVA
assay showed a 100-fold increase from baseline after 3 days
of DSS and another 15-fold increase (1500-fold higher than
before DSS) from day 3 to day 6. These results suggest that
the OVA assay has superior resolving power compared with
the FITC-D assay.

A defective mucus barrier is a defining feature of IBD27

as well as most murine IBD models, although its impact
on intestinal permeability is poorly defined.35 Therefore, we
performed additional benchmarking experiments using
mouse strains suffering varying degrees of structural/
functional impairment of their mucus barrier. It has been
shown previously that the severity of DSS colitis in mice is
correlated negatively to their copy number of Muc2 genes
(ie, Muc2þ/þ mice develop mild colitis, Muc2þ/- mice
develop moderate colitis, and Muc2-/- mice develop severe
colitis).25 Whether the heightened susceptibility of Muc2þ/-

mice to DSS is associated with impaired baseline barrier
function was unknown. To test this hypothesis, we co-
administered OVA and FITC-D to Muc2þ/þ, Muc2þ/-, and
Muc2-/- mice and found their intestinal permeability corre-
lated with the number of functional Muc2 alleles. Notably,
we observed statistically significant differences using the
OVA assay, but not with the FITC-D assay. Our results were
consistent with our previous findings that the intestinal
permeability of Muc2-/- mice was increased,22 although with
the OVA assay, we identified a 600-fold increase in perme-
ability over that of Muc2þ/þ mice. Moreover, we also dis-
cerned a 14-fold higher level of OVA in the plasma of
Muc2þ/- mice compared with WT Muc2þ/þ mice.

Because intestinal permeability under disease conditions
could be dynamic, being able to repeatedly sample an in-
dividual could prove highly informative. Taking advantage
of the ability to sample several small volumes of blood from
the same animal, we investigated the intestinal permeability
of Muc2-/- mice over the course of a week by repeatedly
gavaging and sampling the same mice. We found that over
the week, the intestinal permeability of a given cohort of
Muc2-/- mice remained fairly consistent, showing the reli-
ability of the assay. Given that we could detect a significant
difference in intestinal permeability between the Muc2þ/þ
and Muc2þ/- mice, we speculated that other defects in
mucus structure or function also could lead to increased
intestinal permeability, and sought to test this using the OVA
assay. As previously noted, the core 1 and core 3 glycosyl-
transferases are important for properly glycosylating O-
linked glycans of the Muc2 mucin, with their loss rendering
a host more susceptible to chemically induced or sponta-
neous colitis.36–39 We found that both IEC–C1galt1-/- and
C3GnT-/- mice showed significantly increased permeability
when compared with their WT controls using the OVA assay.
These results illustrate the importance of the intestinal
mucus and its appropriate glycosylation in regulating in-
testinal permeability. Furthermore, our study also highlights
the utility of the OVA assay in detecting more subtle changes
in barrier function.

Lastly, we investigated whether the OVA assay has utility
in tracking barrier function in the C rodentium infection
model because this is a well-established model in which
barrier disruption has been shown using the FITC-D assay.
Using the OVA assay, we showed that C rodentium infection
increased intestinal permeability by 850-fold above baseline
on day 6 pi. Moreover, we were able to assess intestinal
permeability over a time course of infection, showing within
the same mice that barrier dysfunction was increased
drastically over baseline by day 4 pi, and further increased
at day 6 pi. Thus, by using the OVA assay, we can study
changes in intestinal permeability as they develop through
the course of disease, and potentially into recovery.

A possible caveat to repeated OVA assays (ie, repeated
OVA oral gavages) is its potential to elicit an immune
response resulting in the production of autologous anti-OVA
antibodies, which may impede the capture and detection
antibodies used in the assay. Because host blocking anti-
bodies may be a complication with the repeated adminis-
tration of any antigen, it may be necessary to use a variety of
probes to assess barrier function in longer-term studies. In
this same vein, we previously showed that bovine b-lacto-
globulin also could be used as a probe to track intestinal
permeability in Muc2-/- mice.18 Given the potential for host
antiprobe antibodies to confound results, we suggest
caution when using the same probe for experiments lasting
longer than a week and testing for probe-specific adaptive
immune responses. For extended studies, exploring the use
of synthetic molecules that are comparatively less immu-
nogenic yet show similar chemical and physical properties
as OVA or b-lactoglobulin is suggested. Such probes would
permit repeated permeability readings for a longer period of
time without the interference of autologous antibodies.

Although the current study focuses on mouse models,
intestinal permeability also significantly is increased in pa-
tients with IBD. Whether a causal relationship exists is un-
clear, however, increased permeability has been associated
strongly with increased susceptibility to IBD,3 its disease
activity,4–7 as well as susceptibility to other autoimmune
and autoinflammatory disorders.8–10 The lactulose mannitol
(LM) test is the clinical gold standard for measuring intes-
tinal permeability in patients suffering conditions involving
barrier dysfunction.11 The LM test is performed in fasted
patients who drink a solution containing defined amounts of
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the 2 nonmetabolizable sugars. Urine samples then are
collected and analyzed for the presence of the sugars. Pa-
tients undertaking the LM test are confined to the testing
facility, limiting its attractiveness to patients and clinicians.
The OVA assay may prove a potential alternative to the LM
test, given that the assay requires a very small volume of
blood to perform. Moreover, the finger prick procedure is
safe, easy, and relatively painless, while food-grade,
pasteurized ovalbumin is cheap and readily available. We
also will assess whether ovalbumin can be detected after the
consumption of eggs, or egg-containing foods such as baked
goods. In addition, we also have shown that increases in
intestinal permeability can be monitored by quantitating
OVA in urine.18 Moreover, this alternative sampling
approach may prove valuable for widespread adoption in
the clinic given that many young patients suffer from needle
phobia. Moreover, there is no need for test subjects to be
confined for the duration of the test. We will explore this
possibility by investigating the safety profile and clinical
utility of the OVA assay to pave the way for its translation
into clinical use.

Material and Methods
Mice

The IEC-specific C1galt1 deficient (IEC–C1galt1-/-) mice
were generated by crossing the C1galt1–flox mice with Vil-
linCre mice as previously described.40 The core 3
transferase-deficient (C3GnT-/-), C57BL/6, and Muc2-/-

mice41 were bred under specific pathogen-free and Heli-
cobacter-free conditions at British Columbia Children’s
Hospital Research Institute. Both male and female mice
were used in the experiments unless specified. To ensure
age and sex were consistent in the DSS and C rodentium
infection experiments, female C57BL/6 mice also were
purchased from the Jackson Laboratory. All experiments
were conducted in accordance with the protocols and
guidelines approved by the Animal Care Committee at the
University of British Columbia and Canadian Council on
Animal Care.

Preparation of Ovalbumin-Specific CML Beads
for the OVA Assay

The anti-OVA polyclonal antibodies were conjugated to
CML (#C37255; ThermoFisher) beads using the carbodiimide
method as previously described.42,43 The 2-(N-morpholino)
ethanesulfonic acid (MES) buffer and the 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC) were prepared
immediately before the conjugating reaction to ensure
maximum activity. To prepare the MES buffer, MES was first
dissolved in distilled H2O. EDTA was added to create a buffer
with a final concentrations of 50 mmol/L MES and 1 mmol/L
EDTA, with the pH adjusted to 6.0. The EDAC powder was
first weighed in a 15-mL conical tube (0.01–0.015 g) and
dissolved in sufficient MES buffer for the EDAC–MES solution
to have a final concentration of 50 mg/mL.

To prepare the CML beads, 5 beads were first resus-
pended by vortexing at maximum speed for 1 minute.
Several drops of the beads were transferred into a 1.5-mL
Lobind Eppendorf tube (#0030108442; Eppendorf). The
beads were pelleted by centrifugation at 15,000 � g for 3
minutes at room temperature. The supernatant was
removed by careful aspiration using a pipette. The CML
beads were washed with 500 mL PBS 2–3 times and finally
resuspended in 100 mL MES buffer by pipetting. A 10-mL
aliquot of the CML beads was diluted 5000–10,000 times
using PBS for enumeration on a hemocytometer. After the
bead concentration was determined, 1.8 � 107 CML beads
were transferred into a 1.5-mL Lobind Eppendorf tube and
increased to a 50mL volume using the MES buffer. The CML
beads were activated by adding 20 mL EDAC–MES solution,
mixed by pipetting and placed on a shaker set at 800 RPM
for 15 minutes at room temperature to ensure the beads did
not settle. Alternatively, the beads could be kept suspended
by pipetting every 1–2 minutes if a shaker was not available.
After 15 minutes of activation, the CML beads were pelleted
by centrifugation at 15,000 � g for 3 minutes at room
temperature followed by two–three 500 mL PBS washes.
The CML beads were pelleted by centrifugation, PBS was
removed by careful aspiration, and the beads were ready for
antibody conjugation.

To conjugate the antibody to the beads, activated CML
beads were resuspended in 100 mL goat anti-OVA polyclonal
antibodies (#0855303; MP Biomedicals) and incubated on a
shaker set at 800 RPM for 4 hours at room temperature. The
CML beads were pelleted at 15,000 � g after incubation,
washed 2–3 times with 500 mL PBS, and resuspended in 100
mL Quenching, Blocking, and Storage buffer (1% bovine serum
albumin, 0.02% NaN3 in PBS) to inactivate any remaining
chemical groups on the bead surfaces. The CML beads were
enumerated and stored at 4�C for up to 6 months. Bead ac-
tivity should be checked every month to ensure reliable results
are obtained. It should be noted that the antibody concentra-
tions (rabbit and goat anti-OVA and donkey anti-rabbit
Phycoerythrin [PE]) described in this study were optimized
empirically using serially diluted antibodies and ovalbumin.
Should the end user decide to use other preparations of anti-
ovalbumin antibodies and/or detection antibodies, optimiza-
tion experiments are strongly recommended.

Measurement of Intestinal Permeability Using
FITC-D

FITC-D (#68059; Sigma-Aldrich) was dissolved in either
sterile PBS or PBS containing 10 mg/mL OVA (for co-
administration experiments) to a working concentration of
120 mg/mL. Each mouse was given 100 mL FITC-D solution
via oral gavage (12 mg per mouse). Animals were fasted for
the duration of the assay and killed 6 hours later by cervical
dislocation, and blood samples were collected using cardiac
puncture. Plasma was isolated using centrifugation and the
plasma concentration of FITC-D was measured using a
fluorimeter (ThermoFisher Scientific).

Measurement of Intestinal Permeability Using the
OVA Assay

Buffer (1� PBS, 2% heat inactivated fetal bovine serum,
2 mmol/L EDTA, and 0.05% Tween 20) (FACST) was freshly
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prepared before the assay. To detect the presence of OVA in
mouse blood, 2.5- to 5-mL aliquots of blood were collected
using heparinized microhematocrit capillary tubes (Fisher)
using the tail poke technique illustrated in Figure 1. Blood
samples were mixed with 10 mL PBS containing 0.5%
TWEEN 20 and 50 mmol/L EDTA for antigen linearization.
Blood samples could be stored at -20�C while samples at
other time points were collected. Samples could be stored at
-20�C for up to 2 weeks. After sample collection was com-
plete, blood samples were thawed at room temperature for
5 minutes, topped up to 100 mL with FACST buffer, and
centrifuged at 2000 � g at 4�C for 3 minutes to pellet cell
debris. Supernatants were aspirated carefully, transferred
into 96-well U-bottom plates (BD Falcon), and 20,000 CML
beads suspended in 10 mL FACST buffer were added into
each of the wells and mixed by pipetting using a multi-
channel pipette.

Samples were incubated overnight on a plate shaker set
at 800 rpm and 4�C. The next morning, CML beads were
pelleted at 750� g for 5 minutes at 4�C and the supernatant
was removed. Rabbit anti-ovalbumin polyclonal antibody
(100 mL, #GTX21221; GeneTex) diluted in FACST buffer (10
mg/mL final concentration) was added into each well and
mixed using a multichannel pipette. The plate was incubated
at room temperature on a plate shaker set at 800 rpm for
1.5–2 hours. After incubation, beads were pelleted by
centrifugation at 750 � g for 5 minutes at 4�C and the su-
pernatant was removed. The beads were stained with 100
mL PE conjugated-F(ab’)₂ fragment donkey anti-rabbit IgG
polyclonal antibody (#711-116-152; Jackson Immunor-
esearch Laboratories) that has minimal cross-reactive anti-
bodies against IgG of various species including human
beings, mice, rats, hamsters, and sheep. Subsequently, the
secondary antibody was diluted in FACST buffer to a final
concentration of 0.5 mg/mL and mixed by pipetting using a
multichannel pipette. The plate was wrapped in tinfoil to
protect it from light and incubated at room temperature on
a plate shaker set at 800 rpm for 15 minutes. The beads
were pelleted after incubation by centrifugation at 750 � g
for 5 minutes at 4�C and the supernatant was removed,
washed once with 200 mL FACST buffer, and resuspended in
200 mL FACST buffer for data acquisition. Data were ac-
quired using BD Fortessa or BD LSR II flow cytometers in
conjunction with BD FACSDiva software (BD Biosciences) as
soon as the staining was complete, and analyzed using
FlowJo software (FlowJo, LLC).
Tissue Processing and Immunostaining
For formalin-fixed sections, harvested tissue samples

were fixed in buffered 10% formalin solution (#HT501128-
4L; Sigma-Aldrich) at 4�C overnight before being trans-
ferred into 70% ethanol for paraffin embedding and
sectioning. For mucus staining, harvested tissues were fixed
in methacarn (60% methanol, 30% chloroform, and 10%
glacial acetic acid) at 4�C for 1 hour before transfer into
100% methanol for embedding and sectioning.

For immunostaining, sections were deparaffinized by
heating to approximately 60�C for 15 minutes, cleared with
xylene, rehydrated through a decreasing ethanol gradient to
water, steamed for 30 minutes in buffer (10 mmol/L sodium
citrate, 0.05% Tween 20, pH 6.0) for antigen retrieval, and
blocked with blocking buffer (donkey serum in PBS, con-
taining 1% bovine serum albumin, 0.1% Triton X-100 [Sigma
Alderich], 0.05% Tween 20 [Sigma Alderich], and 0.05% so-
diumazide) for 1 hour. For visualizing of OVA crossing the IEC
barrier, rabbit anti-OVA polyclonal antibody (#GTX21221,
1:1000; GeneTex) or goat anti-OVA polyclonal antibody
(#0855303, 1:100; MP Biomedicals) and mouse monoclonal
anti-mouse E-cadherin antibody (#610182, 1:400; BD
Transduction Laboratories) were used. APC-con-
jugated–F(ab’)₂ fragment donkey anti-rabbit IgG polyclonal
antibody (#711-116-152; Jackson Immunoresearch Labora-
tories), donkey AlexaFluor 568–conjugated anti-goat IgG
(HþL) high cross-adsorbed secondary antibody (#A-11057;
Thermal Fisher), and AlexaFluor 488–conjugated anti-mouse
IgG (HþL) high cross-adsorbed secondary antibody
(#R37114; Thermal Fisher) at a concentration of 1:2000
each. For the visualization of Muc2, antigen-retrieved and
blocked slides were stained with FITC-conjugated Ulex
Europaeus Agglutinin I (#FL-1061-5; Vector Laboratories)
was used in a concentration of 1:2000). For the visualization
of C rodentium, an antisera that previously has been shown to
recognize E coli O152, the same O-antigen expressed on C
rodentium32 was used at a concentration of 1:1000 (#81449;
SSI Diagnostica).
DSS Salt in Drinking Water Administration
DSS salt (#160110; MP Biomedicals) was dissolved in

drinking water to generate a 3% (w/v) DSS solution. Mice
were provided DSS drinking water exclusively for the indi-
cated periods of time. Weight and stool consistency were
monitored daily for clinical signs of colitis.
C rodentium Infection
A frozen stock of C rodentium biotype 4280 strain

DBS100 (ATCC 51459; American Type Culture Collection,
Manassas, VA) was streaked onto a Luria broth agar plate
and a colony was used to inoculate an overnight culture into
Luria broth at 37�C. On the day of the infection, 6- to 8-
week-old female C57BL/6 mice were orally gavaged with
100 mL overnight culture containing approximately 2.5 �
108 colony-forming units of C rodentium. Mice were moni-
tored for 6 days after the infection and the OVA assay was
performed on the infected mice on day 6 pi.
Pathogen Burden Assessment of C rodentium
Infection

Stool samples were collected immediately after OVA was
gavaged and solubilized in 1 mL sterile PBS using a vortexer.
Samples were serially diluted in sterile PBS and plated onto
Luria broth agar plates containing 100 mg/mL streptomycin
in triplicate. The agar plates were incubated at 37�C over-
night and colonies were enumerated to assess pathogen
burden.
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Curve Fitting and Statistical Analyses
Statistical significance determination, standard curve

fitting, and correlative analysis was performed using
GraphPad Prism 6 software. Data were first tested with
normality to determine whether parametric or nonpara-
metric tests were required. Statistical significance was
determined by unpaired, 2-tailed Student t tests or 1-way
analysis of variance tests. The Tukey or Bonferroni
methods were used as post hoc tests. A P value of .05 or less
was considered significant, with asterisks denoting signifi-
cance in the figures. Details on which statistical test and
post hoc tests were used are indicated in the Figure legends.
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