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Clostridium difficile is the leading cause of infectious nosocomial diarrhea. The pathogenesis of C. difficile infection (CDI) re-
sults from the interactions between the pathogen, intestinal epithelium, host immune system, and gastrointestinal microbiota.
Previous studies of the host-pathogen interaction in CDI have utilized either simple cell monolayers or in vivo models. While
much has been learned by utilizing these approaches, little is known about the direct interaction of the bacterium with a complex
host epithelium. Here, we asked if human intestinal organoids (HIOs), which are derived from pluripotent stem cells and dem-
onstrate small intestinal morphology and physiology, could be used to study the pathogenesis of the obligate anaerobe C. diffi-
cile. Vegetative C. difficile, microinjected into the lumen of HIOs, persisted in a viable state for up to 12 h. Upon colonization
with C. difficile VPI 10463, the HIO epithelium is markedly disrupted, resulting in the loss of paracellular barrier function. Since
similar effects were not observed when HIOs were colonized with the nontoxigenic C. difficile strain F200, we directly tested the
role of toxin using TcdA and TcdB purified from VPI 10463. We show that the injection of TcdA replicates the disruption of the
epithelial barrier function and structure observed in HIOs colonized with viable C. difficile.

Clostridium difficile is an anaerobic, spore-forming bacterium
that is the leading cause of infectious nosocomial diarrhea and

is responsible for over 14,000 deaths annually (1). Human expo-
sure to C. difficile results in a range of manifestations, from asymp-
tomatic colonization, to diarrhea, to lethal toxic megacolon. Var-
ious models have been used to study C. difficile infection (CDI),
including in vitro models using transformed cell lines and a
variety of in vivo models (2–5). In vitro cell culture models are
limited in their ability to recapitulate complexities of the hu-
man gastrointestinal tract, and detailed, real-time study of the
mucosal epithelium during infection in an animal model is
technically challenging.

Human intestinal organoids (HIOs) are three-dimensional
spheroids of human epithelium generated through directed dif-
ferentiation of human pluripotent stem cells (hPSCs), which in-
clude human embryonic stem cells (hESCs) and induced pluripo-
tent stem cells (iPSCs). HIOs contain both mesenchymal and
epithelial tissues that are structurally arranged around a central
luminal cavity. The epithelial compartment of the HIO possesses
an array of small intestinal cell types, including absorptive entero-
cytes and secretory Paneth, goblet, and enteroendocrine cells, in
addition to Lgr5� intestinal stem cells (6). HIOs have been used to
model features of embryonic development, viral infection, and
inflammatory bowel disease (7–9). Due to their similarity to the
human gastrointestinal tract, HIOs serve as a tractable and phys-
iologically relevant model of the human intestine.

We sought to use HIOs to study the interaction between C.
difficile and complex human epithelium. We developed a real-
time functional assay to demonstrate that HIOs have a robust and
effective epithelial barrier, which limits paracellular diffusion. In
addition, we developed microinjection techniques to introduce C.
difficile into the lumen of HIOs and found that viable C. difficile
persists within the HIOs. Colonization of HIOs with C. difficile

strain VPI 10463 results in disruption of the organoid epithelium.
These effects apparently were dependent on the primary virulence
factors of C. difficile, the toxins TcdA and TcdB (10), since colo-
nization with a nontoxigenic C. difficile strain did not disrupt the
HIO epithelium while microinjection of purified TcdA recapitu-
lated the effects mediated by toxigenic VPI 10463. These results
demonstrate that HIOs can be used for detailed molecular and
cellular investigation of the pathogenic interactions between C.
difficile and human intestinal epithelium.

MATERIALS AND METHODS
Manuscript. All authors had access to the study data and reviewed and
approved the final manuscript.

HIO growth/propagation. Three-dimensional HIOs were generated
by directed differentiation of human pluripotent stem cells (hPSCs) as
previously described (6, 9, 11). HIOs were generated from the H9 hESC
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line (WA09; NIH registry no. 0062), and all hESC work described was
approved by the University of Michigan human pluripotent stem cell
oversight committee (hPSCRO). Briefly, hESCs were differentiated into
endoderm using 100 ng/ml activin A for 3 days and then further differen-
tiated into CDX2� intestinal tissue using 2 �M Chir99021 (04-0004-10;
Stemgent) plus 500 ng/ml fibroblast growth factor 4 (FGF4) for 4 to 6
days. FGF4, used to differentiate the intestinal tissue, was either obtained
from R&D Systems (235-F4) or purified in the laboratory as previously
described (12). During intestinal specification, three-dimensional spher-
oids emerged in the culture dish. Spheroids were collected and embedded
in Matrigel (354234; BD Bioscience) and expanded for 30 to 60 days in
intestinal growth medium (IGM) containing advanced Dulbecco’s mod-
ified Eagle medium (DMEM)-F12 medium (12634-010; Gibco by Life
Technologies) supplemented with L-glutamine, 15 mM HEPES, B27 sup-
plement (17504-044; Gibco by Life Technologies), penicillin-streptomy-
cin, and growth factors containing 100 ng/ml Noggin (6057-NG; R&D
Systems), 100 ng/ml epidermal growth factor (EGF) (236-EG; R&D Sys-
tems), and 5% R-Spondin2 conditioned medium (13). The media were
replaced every 4 days. One- to 2-month-old cystic HIOs that were �1 mm
in diameter were used for experiments.

Clostridium difficile isolates. Two strains of C. difficile were used in
this study, strain VPI 10463 (ATCC 43255), a toxigenic strain which pro-
duces both TcdA and TcdB, and a nontoxigenic clinical isolate, F200,
described previously (4).

Growth of Clostridium difficile in vitro. For all experiments, both
strains were grown in a vinyl anaerobic chamber (Coy Laboratory Prod-
ucts) at 37°C in brain heart infusion (BHI) broth plus 100 mg liter�1

L-cysteine. For all microinjection experiments, overnight cultures were
back diluted 1:10 and grown for 3 h at 37°C. For strain VPI 10463, after 3
h the culture was further diluted to a starting optical density at 600 nm
(OD600) of 0.01. F200 did not grow well following a second dilution, so the
initial 1:10 back dilution was used to start the growth curve. The OD600 of
the cultures was measured in the anaerobic chamber using a handheld
spectrophotometer (WPA CO8000 cell density meter no. 80-3000-45;
Biochrom). After 6 h of growth from a starting OD of 0.01, the mean
OD600 of VPI 10463 used to colonize the HIOs was 0.5. After 9 h from the
first 1:10 dilution, the mean OD600 for F200 used to colonize the HIOs was
0.67. To prepare bacterial supernatants, the cultures described above of
either strain VPI 10463 or F200 were passed through a 0.22-�m-pore-size
filter to remove the bacterial cells, and then fluorescein isothiocyanate
(FITC)-dextran with an average molecular mass of 4 kDa (FD4) was
added to a final concentration of 1 mM.

Microinjection of HIOs. HIOs were gently removed from the Matri-
gel in which they were grown by cutting around each HIO using a 30-
gauge needle. A cut 1,000-�l pipette tip with a large bore that did not
mechanically disrupt the HIO was used to remove released HIOs from the
well and to transfer them to a petri dish. HIOs were divided into experi-
mental groups, and each group of HIOs was reembedded into fresh Matri-
gel in wells of a 24-well tissue culture plate. Thin-wall glass capillaries
(TW100F-4; World Precision Instruments) were pulled using a Narishige
PN-30 micropipette puller. The tips of the glass capillaries were cut with a
scalpel, and the capillaries were passed into an anaerobic chamber. In the
anaerobic chamber, the capillaries were filled with either C. difficile plus
FD4 or filtered supernatant plus FD4 using Eppendorf microloader tips
(5242956003; Eppendorf). The filled capillaries then were passed out of
the chamber and loaded onto the microinjector (BRI XenoWorks analog
microinjector; Sutter Instrument Company). FD4 was used in all micro-
injection experiments to aid in visualizing the injections. Even under am-
bient lighting, the green color of the FD4 was sufficient for us to ascertain
if each injection was successful. For example, if an HIO displayed a no-
ticeable outflow of green (FD4) immediately following injection, it was
excluded from the experiment. Once all of the HIOs were injected, the
wells were washed twice with DMEM-F12 medium (1263-028; Gibco by
Life Technologies). Following the washes, 500 �l of IGM with growth
factors was added to each well, and the HIOs were imaged using a fluo-

rescent stereomicroscope (SZX16; Olympus) at �1 magnification. The
HIOs were incubated at 37°C in a 5% CO2 humidified incubator. Images
were taken at the indicated time points postinjection. The disruption of
barrier integrity was visualized by the loss of FD4 in the lumen of the
HIOs.

Clostridium difficile quantitation from HIOs. For these experiments,
C. difficile was grown and individual HIOs were injected as described
above. At 0, 2, and 12 h postinjection, each HIO was removed with a
1,000-�l genomic tip (2079G; Art by Molecular BioProducts) and trans-
ferred into a sterile 1.7-ml Eppendorf tube. The tube was immediately
passed into an anaerobic chamber. In the chamber, 500 �l of anaerobic
1� phosphate-buffered saline (PBS) (10010-023; Gibco by Life Science)
was added to each tube, and the HIO was disrupted using a 1,000-�l tip.
This HIO-PBS mixture was used for subsequent dilutions. To determine
the level of vegetative C. difficile, samples were plated on BHI plus 100 mg
liter�1

L-cysteine. Plates were incubated in the anaerobic chamber for 24 h
a 37°C, at which point colonies were counted.

Vero cell cytotoxicity assay. The activity of the toxins used in the
barrier function assay was determined using a cell rounding-based cyto-
toxicity assay. African green monkey kidney (Vero) cells (ATCC CCL-81)
were grown to a confluent monolayer in T-75 flasks in DMEM (11965;
Gibco by Life Technologies), supplemented with 10% heat-inactivated
fetal bovine serum (16140; Gibco by Life Technologies) and 1% penicil-
lin-streptomycin (15140; Gibco by Life Technologies). To remove the
cells from the flask, they were washed with 1� PBS followed by treatment
with 1 ml of 0.25% trypsin. The trypsin was inactivated by the addition of
10 ml of the supplemented DMEM. The cells then were transferred to a
conical tube and spun at 1,000 rpm for 5 min to pellet the cells. For this
assay, 1 � 105 cells in 90 �l of DMEM were seeded in each well of a 96-well
plate (3596; Corning) and incubated for 4 h. Filtered culture supernatant
or purified TcdA or TcdB was serially diluted 1:10 in 1� PBS. As a control,
the diluted sample then was added to an equal volume of either a 1:25
dilution of anti-toxin serum (T5000; TechLab) or PBS and incubated at
room temperature for 1 h. Following the incubation, 10 �l of the sample
was added to the Vero cells and the plate was incubated overnight at 37°C
in a 5% humidified incubator. The next day, plates were viewed at �10
magnification for cell rounding. The cytotoxic titer was defined as the
reciprocal of the highest dilution that produced rounding in 80% of the
cells.

Injection of purified toxins. HIOs were prepared and injected as de-
scribed above. For these experiments, purified C. difficile toxin A (TcdA)
or B (TcdB) from strain VPI 10463 was purchased (152C or 155D, respec-
tively; List Biological Laboratories), reconstituted at a concentration of 1
�g/ml, aliquoted, and stored at �80°C. Due to lot-to-lot variation, each
new lot was tested for toxin activity using the Vero cell cytotoxicity assay.
Each HIO was injected with approximately 2 �l of either 12.8 ng/�l TcdA
or 25.6 ng/�l TcdB with 1 mM FD4. For each experiment, a new aliquot of
toxin was thawed and used.

Determining pixel intensity of FD4 in injected HIOs. To determine
the pixel intensity of the HIOs, ImageJ software was used (14). For each
well of HIOs, a bright-field and fluorescent image was taken. These two
images of the same well were used to determine pixel intensity. First, the
fluorescent image of the well was opened in ImageJ and converted to
16-bit gray scale, and then the bright-field image of the same well was
opened in ImageJ and synchronized to the gray-scale image. Using the
bright-field image, the perimeter of the HIO in the well was outlined
manually, and this region was used to determine the mean gray value of
the HIO in the fluorescent image. These steps were repeated for each HIO
in the well for all treatments. The percent pixel intensity is defined as the
mean gray value of an HIO at a given time point divided by the mean gray
value of that same HIO at time 0 (T � 0) multiplied by 100.

Basolateral barrier function assay. Intact HIOs were placed into wells
of a 24-well dish containing 500 �l IGM with growth factors. Purified C.
difficile TcdA or TcdB was diluted in IGM. The HIOs were incubated in a
well containing 400 ng/ml of either TcdA or TcdB for 2 h at 37°C. After 2
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h, the HIOs were exposed to 0.1 mM FD4 for an additional 1 h at 37°C.
Negative- and positive-control HIOs were processed in the same manner
as toxin-treated HIOs. For positive controls, 2 mM EGTA was added with
the FD4 in the final hour of incubation. Following the incubation, HIOs
were washed for 5 to 10 min with 1� PBS to remove excess FD4. Follow-
ing the wash, HIOs were imaged using a fluorescent stereomicroscope
(SZX16; Olympus). Disruption of barrier integrity was visualized by the
presence of FD4 in the lumen of the HIOs.

Immunofluorescence staining and confocal microscopy. HIOs col-
lected from the barrier function assays were fixed in 4% paraformalde-
hyde (PFA) at room temperature for 15 to 30 min and washed 3 times with
PBS. HIOs were placed in optimal-cutting-temperature (OCT) com-
pound (4583; Sakura) for 20 min and then placed at �80°C to freeze.
Frozen sections were cut at 10 �m for immunostaining, followed by con-
focal microscopy. Immunostaining was carried out as previously de-
scribed (6). Antibody information and dilutions can be found in Table S1
in the supplemental material. All immunofluorescence images were taken
on a Nikon A1 confocal microscope.

Induction of apoptosis with TNF-� and IFN-�. To induce apoptosis,
as detected by cleaved caspase 3, HIOs were incubated in 1,000 ng/ml of
tumor necrosis factor alpha (TNF-�) (AF-300-01A [PeproTech] or 210-
TA-010 [R&D Systems]; cytokines from either company were efficient in
this assay) plus 1,000 ng/ml of gamma interferon (IFN-	) (AF-300-02;
PeproTech) for 24 h. HIOs with disrupted barrier function were fixed,
embedded, and sectioned as described above.

Image processing and manipulation. Minimal image processing was
used. Image manipulation was limited to uniform changes of brightness
and/or contrast and to the use of a digital zoom in the inset of Fig. 3B.

Statistical analysis. Statistical analysis was performed using Prism 6
GraphPad software. The Mann-Whitney test was used to compare each
group to the control. Statistical significance was set at a P value of 
0.05.

RESULTS
HIOs have a functional epithelium with an intact paracellular
barrier. Beyond nutrient absorption, a key function of the gastro-
intestinal epithelium is as a barrier that prevents free passage of
antigens from the lumen of the gastrointestinal tract to the rest of
the body (15). To assess if HIOs possess a functional epithelial
barrier, we microinjected FD4 into the lumen of HIOs and mon-
itored fluorescence over the course of 18 h. FD4 is used to examine
the permeability of the epithelial paracellular barrier in a variety of
in vitro-polarized monolayers and in vivo assays (16, 17). In this
assay, an intact barrier confines the FD4 in the HIO lumen, main-
taining green fluorescence, while the loss of paracellular barrier
integrity results in the measurable loss of fluorescence due to the
diffusion of FD4 out of the lumen. We observed that FD4-injected
HIOs maintained fluorescence over the course of 18 h (n � 5)
(Fig. 1A).

To quantitate barrier function over time, we measured the flu-
orescence of each HIO throughout the assay and compared the
fluorescence at each time point to the initial fluorescence at time
zero (T � 0). The fluorescence of each HIO was defined as the
pixel intensity per HIO, normalized to the area of each HIO (pixel
intensity/area). Eighteen hours following the injection of FD4,
HIOs maintained a median of 58.8% of the fluorescence observed
at T � 0. As a control, we added 2 mM EGTA, a calcium chelator
known to disrupt tight junctions (TJs) and adherens junctions, to
the culture media 12 h after injecting HIOs (n � 5) with FD4.
HIOs in the EGTA treatment group maintained a median of
90.4% of the fluorescence at 12 h post-FD4 injection. However,
the addition of EGTA at this point resulted in a rapid loss of flu-
orescence such that the median fluorescence of the HIOs at T � 18
was 18.3% of the intensity at T � 0 (Fig. 1B). By the conclusion of

the experiment at 18 h post-FD4 injection, there was a statistically
significant loss of pixel intensity in the EGTA-treated HIOs com-
pared to control HIOs. These results strongly support the notion
that HIOs have a robust paracellular epithelial barrier that can be
disrupted by chemical means and also demonstrate that FD4 can
be used to measure paracellular barrier function over time.

To confirm these results, we also performed a second out-
side-in barrier function experiment (see Fig. S1 in the supplemen-
tal material). In this experiment, we added FD4 to the tissue cul-
ture media and reasoned that if the paracellular barrier was
disrupted, a leak would occur from the basal-to-apical (luminal)
direction in addition to the apical-to-basal leak demonstrated in
Fig. 1. Indeed, when control HIOs (n � 10) were incubated in
FD4, an intact barrier did not permit FD4 to diffuse into the HIO
lumen. In contrast, when EGTA was added to the media, 100% of
HIOs had a disrupted epithelial barrier, and FD4 was observed in
the lumen after 1 h (n � 12 individual HIOs) (see Fig. S1 in the
supplemental material). These results indicate that HIOs have a
robust paracellular barrier that restricts movement across the ep-
ithelium in both the luminal/basolateral and basolateral/luminal
direction.

FIG 1 Assessment of HIO epithelial barrier function. (A) Representative im-
ages of FD4 dynamics in HIOs following injection. HIOs (n � 5 per treatment)
were injected with FD4 and imaged at 0, 2, 10, 12, 14, 16, and 18 h postinjec-
tion. HIOs retained the majority of injected FD4 within the lumen over 18 h.
The addition of EGTA to the media 12 h after injection resulted in the rapid
loss of FD4 from the lumen, indicating the loss of epithelial paracellular barrier
function. Images represent the results from at least three independent experi-
ments. (B) Quantitation of barrier disruption by determination of the fraction
of initial FD4 fluorescence retained over time. Points represent the medians
and bars represent the interquartile ranges. Eighteen hours after injection,
control HIOs retained significantly more FD4 than the EGTA-treated HIOs
(P � 0.0079 by Mann-Whitney test).
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Viable C. difficile persists in the lumen of HIOs and damages
the epithelium. To investigate the interaction between C. difficile
and human epithelium, we microinjected C. difficile strain VPI
10463 into the lumen of HIOs. To assess the viability of vegetative
C. difficile in HIOs, injected organoids were mechanically dis-
rupted and cultured under anaerobic conditions. Immediately
following the injection (T � 0), the mean vegetative CFU per HIO
(CFU/HIO) was 2 � 104 (Fig. 2A). By 2 h postinjection, the mean
CFU/HIO ratio had decreased, as some of the initial inoculum
died. Twelve hours postinjection, the mean CFU/HIO ratio was
1 � 102, suggesting that viable, vegetative C. difficile was able to
persist within the HIOs for at least 12 h.

Histopathologic examination of HIOs 12 h postinjection re-
vealed the epithelium was markedly disrupted, with sloughing of
cells with pyknotic nuclei into the lumen (Fig. 2B). In addition,
there were numerous rod-shaped bacteria in the lumen with what
appear to be subterminal bacterial spores.

Epithelial damage is the hallmark of C. difficile infection in the
intestine, and this is mediated by the toxin A and B (TcdA and
TcdB, respectively) virulence factors. To investigate if the epithe-
lial damage observed in HIOs colonized with VPI 10463 was due
to toxin, we microinjected a nontoxigenic C. difficile strain (F200).
As with VPI 10463, viable F200 persisted within the HIO for 12 h.
However, the epithelium of HIOs colonized with F200 appeared
intact (Fig. 2C).

These results suggest that VPI 10463 produces toxin in the HIO
lumen. However, it is known that C. difficile can produce and
release toxin into the culture media during in vitro growth. Using
the barrier function assay as a readout of epithelial damage, we
determined if the toxigenic strain VPI 10463 was producing toxin
within the HIOs. HIOs injected with VPI 10463 lost barrier integ-
rity by 12 h postinjection, resulting in 22% of the starting fluores-
cence (Fig. 3A and B). Importantly, barrier function was main-
tained in HIOs injected with the nontoxigenic F200 isolate of C.
difficile. Similar to our previous observations (Fig. 1), 12 h after the
injection, the control HIOs (n � 5) maintained barrier integrity as
visualized by the presence of green fluorescence, retaining 66% of
the initial fluorescence. As a control for the release of toxins into
culture supernatant during in vitro growth, HIOs were injected
with a volume of filter-sterilized bacterial culture supernatant
equal to that used for the injection of intact bacteria. Filtered su-
pernatant from VPI 10463 or F200 culture media had no effect on

HIO barrier function (Fig. 3A and B). We did, however, measure
detectable cytotoxicity in VPI 10463 supernatant using an in vitro
Vero cell cytotoxicity assay, suggesting that this strain released
toxin into the supernatant but that quantities were not sufficient
to disrupt barrier function within the 12-h time frame of our assay
(Fig. 3; also see Fig. S2 in the supplemental material).

FIG 2 Vegetative C. difficile persists in the HIO lumen. (A) HIOs injected with either C. difficile strain VPI 10463 or F200 were collected at 0, 2, and 12 h
postinjection and plated on BHI with cysteine to quantitate the number of vegetative CFU per HIO. C. difficile was able to persist in the lumen of HIOs for 12 h.
Points on the graph represent individual HIOs, and the dashed line represents the limit of detection. Bars indicate the means and SEM. (B) Twelve hours after
colonization, HIOs injected with C. difficile were fixed and stained using hematoxylin and eosin. The epithelium of the HIO colonized with strain VPI 10463 is
severely disrupted, and large rods with what appear to be subterminal spores are visible (inset) within the HIO (inset is a 3.25� digital zoom of the boxed region).
(C) An HIO colonized with the nontoxigenic strain F200 has an intact epithelium despite the presence of large rod-shaped bacteria in the lumen of the HIO.

FIG 3 Injection of toxigenic but not nontoxigenic C. difficile results in loss of
HIO barrier function. (A) HIOs were injected with FD4 alone (control) (n �
5), a nontoxigenic strain (F200) of C. difficile (n � 5), filtered culture super-
natant from that strain (n � 6), a toxigenic C. difficile strain (VPI 10463) (n �
5), or filtered culture supernatant from the toxigenic strain (n � 5). Only VPI
10463-injected HIOs lost barrier function. Images are representative of three
independent experiments using 5 to 6 HIOs per group. (B) Quantification of
epithelial barrier disruption by measuring retention of injected FD4 after 12 h.
Bars represent the medians and the interquartile ranges. Only the HIOs colo-
nized with the toxigenic strain (VPI 10463) lost a significantly greater amount
of FD4 from the lumen, indicating significant epithelial damage (P � 0.0079 by
Mann-Whitney test).
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These results suggest that viable C. difficile persists within the
lumen of HIOs and that the epithelial damage associated with VPI
10463 is due to the in situ production of toxin.

Purified C. difficile toxins disrupt HIO paracellular barrier
function. Epithelial damage and loss of barrier function in HIOs
injected with C. difficile was dependent on the ability of the strain
to produce toxin. Since F200 is a naturally occurring nontoxigenic
strain and not an isogenic mutant of VPI 10463, we directly deter-
mined the effect of TcdA or TcdB purified from VPI 10463 on
HIO barrier function. FD4 was combined with purified TcdA or
TcdB, and the mixture was injected into the lumen of HIOs. Com-
pared to controls in which 100% of HIOs (n � 5) retained barrier
function, TcdA had a strong effect that resulted in a loss of barrier
function in 100% of HIOs (n � 5), while TcdB had a less potent
effect on the HIOs and did not appear to robustly disrupt the
epithelial barrier (n � 5) (Fig. 4A). Importantly, at the same con-
centration, TcdA and TcdB had similar cytotoxicity on Vero cells
in vitro (see Fig. S3 in the supplemental material). When we quan-
titated the relative fluorescence over time, HIOs injected with
TcdA lost a greater amount of fluorescence than HIOs injected
with either TcdB or FD4 alone (Fig. 4B).

C. difficile toxins are known to inactivate the Rho family
GTPases, leading to the disruption of the cytoskeleton and cellular
junctions. To determine if these effects were seen in the epithelium
of HIOs treated with C. difficile toxins, we examined several junc-
tional and cytoskeletal proteins. These include proteins of the ad-
herens junctions and tight junctions, which are crucial for the
maintenance of epithelial barrier function (18). In controls, E-
cadherin, a cellular transmembrane adherens junction protein, is
localized to the basolateral surfaces of epithelial cells and is absent
from the apical surface (Fig. 5A, top). In HIOs injected with TcdA,
E-cadherin is redistributed and can be seen on the apical surface of
the epithelium, where, as in HIOs injected with TcdB, E-cadherin
localization does not appear to be different from that of controls
(Fig. 5A, middle and bottom). In addition to E-cadherin, we also
examined the cellular localization of zonula occludens protein 1
(ZO-1) and occludin (OCLN), both components of cellular TJs.
In control HIOs, ZO-1 is present at the TJ near the apical surface
of the epithelium, whereas OCLN is seen at the TJ and along the
lateral surface of the cell (Fig. 5B, top). Similar to what was ob-
served with E-cadherin, TcdA-treated HIOs had dramatically re-
distributed tight junction proteins, whereas TcdB-treated HIOs
were not different from controls (Fig. 5B, middle and bottom).
Reports by others have demonstrated that OCLN is internalized
via endocytosis upon disruption of the TJ and can be visualized in
endocytic vesicles. We did not observe obvious endocytic vesicles
containing OCLN; however, this likely is due to differences in
tissue processing conditions that are required to visualize vesicles
(19). Lastly, we used phalloidin staining to assess the organization
of F-actin and acetylated alpha tubulin (AcTub) immunofluores-
cence to visualize stabilized microtubules within the cell (Fig. 5C).
In controls, F-actin was strongly localized to the apical surface of
the epithelium, and weak staining was seen along the lateral and
basal surface of the epithelium (Fig. 5C, top). Similarly, AcTub
staining was strongest on the apical side of the cell but also was
weakly present throughout the cell and on the basal surface (Fig.
5C, top). Compared to FD4-injected controls, HIOs treated with
TcdA had a marked reduction of F-actin with areas where staining
was undetectable. In addition, HIOs treated with TcdA displayed
a severe disruption of AcTub at the apical border of the epithelial

cells (Fig. 5, middle), consistent with previous reports (20). In
contrast, TcdB-treated HIOs showed F-actin distribution and api-
cal AcTub staining that was similar to that of the controls, whereas
AcTub immunofluorescence on the basal side of the cells appeared
to be disrupted, indicating that TcdB had a mild effect on the basal
side of the HIO epithelium (Fig. 5C, bottom). In conclusion, the
examination of the cellular effects of purified C. difficile toxin on
HIO epithelium demonstrated that this model recapitulates the
hallmark effects of toxin host epithelium.

Basolateral addition of purified toxins disrupts HIO barrier
function. Studies have suggested that TcdA acts to disrupt the

FIG 4 Purified TcdA and TcdB injected into the lumen of HIOs disrupt para-
cellular barrier function. (A) Representative images of FD4 leakage from the
lumen of HIOs treated with C. difficile toxin. HIOs (n � 5 per treatment) were
injected with FD4 alone (top), with purified TcdA (middle), or with TcdB
(bottom). In this system, TcdA is more potent than TcdB. Images are repre-
sentative of at least three independent experiments using 5 to 6 HIOs per
group. (B) Quantitation of fluorescence of each HIO relative to time zero.
Injection of purified TcdA into HIOs causes significantly greater loss of para-
cellular barrier function than injection with either TcdB (blue asterisk, P �
0.0159) or FD4 alone (red asterisks, P � 0.0079). Points represent the median
percentages, and bars represent the interquartile ranges. The data were ana-
lyzed using the Mann-Whitney test. Control data presented in panels A and B
are the same as those used in Fig. 1, as these assays were preformed at the same
time.
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localization of tight-junction proteins, which then allows for TcdB
to act on the basolateral side of the cell (21). Moreover, a fence-
and-gate model recently has been proposed whereby C. difficile
toxins cause a redistribution of basal-lateral proteins to the apical
surface so that the bacteria can bind to the cell surface (2). How-
ever, the receptors for TcdA and TcdB have not been definitively
identified, and it has not been shown conclusively that toxins pref-
erentially affect the apical versus basal surfaces of the epithelium.
Therefore, to test a differential effect of apical (Fig. 5) versus basal
exposure to toxin, we added FD4 along with TcdA or TcdB to the
tissue culture media in order to expose HIOs to toxin on the basal
side of the epithelium (Fig. 6). In this experiment, since FD4 was
added outside the HIO, inward leak and fluorescence inside the
HIO lumen indicates a disrupted epithelial barrier. Consistent
with apical exposure (Fig. 5) and compared to controls, TcdA
again was more potent than TcdB at disrupting barrier function
(Fig. 6). While barrier function remained intact in 100% of con-
trol HIOs (n � 10), TcdA disrupted barrier function in 100% of
HIOs (n � 13) and the barrier was disrupted in only 23% of
TcdB-treated HIOs (n � 22). Importantly, barrier disruption in
toxin-treated HIOs was not due to apoptosis (see Fig. S4 in the
supplemental material).

Taken together, these results indicate that the C. difficile toxins
TcdA and TcdB have the ability to interact with both the apical
and basolateral aspects of the epithelium of human intestinal or-
ganoids.

DISCUSSION

The pathogenesis of CDI is multifaceted and involves interactions
between the host, the gut microbiota, and C. difficile (22–24). In
order to study the effect of C. difficile colonization on human
epithelium, we developed techniques to colonize the HIO lumen

with viable vegetative C. difficile. The vegetative cell is sensitive to
oxygen, leading to the concept that the environmentally stable
spore is responsible for transmission (25). Our data suggest that
the vegetative cell can be tolerant of oxygen in the lumen of HIOs,
as viable C. difficile persists despite cultivating the HIOs in ambi-
ent oxygen conditions. While it may be surprising that C. difficile

FIG 5 Cellular effects of injection of HIOs with TcdA or TcdB. HIOs were injected with FD4 alone (control), TcdA, or TcdB and monitored for disruption of
barrier function. At 18 h postinjection, the HIOs were fixed and stained. (A) The normal basolateral distribution of the adherens junction protein E-cadherin
(ECAD) is disrupted following injection of TcdA. In these HIOs, ECAD is redistributed and can be seen on the apical surface of the epithelium. HIOs injected with
TcdB maintain a basolateral distribution of ECAD similar to that of the controls. (B) Altered localization of TJ proteins ZO-1 and OCLN following injection with
TcdA. In control HIOs, ZO-1 is present at the apical surface of the epithelium, whereas OCLN is seen at the lateral surface of the cell. In HIOs injected with TcdA,
apical ZO-1 at TJs is lost and OCLN no longer is restricted to the lateral surface, while TcdB-injected HIOs have ZO-1 and OCLN immunofluorescence similar
to those of the control. DAPI, 4=,6-diamidino-2-phenylindole. (C) HIOs were stained with phalloidin to assess the organization of F-actin and acetylated alpha
tubulin (AcTub) to visualize stabilized microtubules. In control HIOs, F-actin is strongly localized to the apical surface of the epithelium, while AcTub
immunofluorescence is strongest on the apical and basal sides of the cell. Compared to control HIOs injected with TcdA, epithelial cells displayed a reduction of
F-actin staining, with areas where staining was undetectable, and showed a severe disruption of AcTub at the apical border. In contrast, in HIOs injected with
TcdB, phalloidin staining was similar to that of the controls and AcTub immunofluorescence was mostly similar to that of the controls, with a mild reduction of
immunofluorescence on the basal side of the cells.

FIG 6 Basolateral exposure to purified toxins causes loss of barrier function.
Purified TcdA or TcdB was added to tissue culture media containing HIOs,
followed by the addition of FD4. In this assay, the loss of paracellular barrier
function was indicated by diffusion of FD4 into the lumen of HIOs, while
HIOs with an intact epithelium excluded FD4. Bright-field images show the
location of the HIOs. Images taken under fluorescent light indicate barrier
function status. None (0/10) of the untreated HIOs lost barrier function,
whereas 100% (13/13) of HIOs treated with TcdA lost barrier function, while
only 23% of HIOs treated with TcdB lost barrier function. The results shown
are representative of five independent experiments.
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can persist in HIOs grown at ambient oxygen levels, many anaer-
obes can tolerate oxygen under conditions that limit the toxicity of
reactive oxygen species (26, 27). Preliminary measurements using
an oxygen microsensor indicate that the lumen of HIOs has lower
than ambient oxygen levels, with the luminal oxygen concentra-
tions ranging from 5 to 15% (data not shown). A recent report
suggests that some strains of C. difficile are able to grow even at
these high levels of oxygen (28).

Recently, others have utilized mouse-derived enteroids (epi-
thelium-only organoids) to study host-microbe interactions (29,
30). A key difference between those reports and the data presented
here is that our system utilizes organoids derived from human
cells rather than mouse intestinal crypts. In addition, this is the
first report demonstrating that organoids can be colonized with an
obligate anaerobe.

A caveat of our model is that while HIOs are more similar to the
human small intestine, CDI manifests clinically as colitis. How-
ever, the small intestinal epithelium is relevant to the study of C.
difficile pathogenesis, as patients with ileal pouch anal anastomo-
ses will develop clinical CDI. Additionally, animal ileal loop mod-
els historically have been used to understand the pathogenesis of
this infection with respect to the activity of the toxins on the host.

Many previous studies of C. difficile virulence and pathogenesis
have focused on the glucosyltransferase toxins TcdA and TcdB.
Depending on which system has been used to study these toxins,
the relative activities of TcdA and TcdB differ. Previous studies in
cell culture lines demonstrate that TcdB has greater cytotoxicity
than TcdA (31, 32). However, TcdA has been reported to be more
potent than TcdB in animal models, which recapitulate the diverse
cell types and structure of the gastrointestinal tract (33, 34). The
greater activity of TcdA in the organoid may reflect the fact that
the organoid epithelium responds more like the intestinal epithe-
lium in situ instead of like in vitro-cultured cell lines. One caveat to
consider in light of our observations is the growth conditions for
the HIOs, which include media containing EGF, Noggin, and R-
Spondin2. Previous studies have shown the EGF can reduce
TcdA- and TcdB-induced damage in the colonic mucosa (35).
Thus, it is possible that EGF present in the media is able to atten-
uate the effect of one toxin (TcdB) more than another (TcdA), a
possibility that will be tested in the future. However, our finding
that TcdA caused greater disruption of HIO epithelial barrier
function than TcdB is consistent with the finding that TcdA (but
not TcdB) can inactivate the Ras family GTPase Rap, which regu-
lates cell-cell junctions (36). Our FD4-based assay measures the
disruption of intercellular junctions, which allows paracellular
leak and is consistent with the described activity of TcdA. Finally,
our results showing that TcdA can disrupt barrier function when
added apically and that both TcdA and TcdB can disrupt barrier
function when exposed to the basolateral surface demonstrate that
toxins can interact with receptors on both surfaces. As yet, the
definitive receptor for either of these toxins is not known; how-
ever, the basolateral activity of toxins have been reported previ-
ously, so it is possible that receptors exist on both apical and ba-
solateral cell surfaces (37). The HIO system may represent a new
avenue to search for this important molecular target.

The gastrointestinal epithelium is an interface between the host
and the environment and is crucial for many aspects of health,
including nutrient absorption, maintenance of immune homeo-
stasis, and forming a selective barrier against antigens (38, 39).
Defects in intestinal epithelial barrier function have been associ-

ated with the pathogenesis of inflammatory bowel diseases, celiac
disease, and enteric infections (40). Here, we demonstrated that
HIOs have an intact polarized epithelium with paracellular barrier
function, which can be used for detailed, real-time studies of both
normal physiological barrier function as well as barrier dysfunc-
tion in the context of chemical perturbations or infection. As such,
this system represents the first robust three-dimensional, non-
transformed, primary human intestinal system to study the effects
of C. difficile infection and will be a valuable tool to study epithelial
barrier defects in a variety of injury and disease contexts.
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