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SUMMARY
Human susceptibility to Shiga toxin is not well modeled in
traditional cell culture or experimental animals. Human
stem cell–derived intestinal organoids show complex, tissuelevel responses to Shiga toxin not previously described,
including epithelial mesenchymal cross-talk.

BACKGROUND & AIMS: Shiga toxin (Stx)-producing Escherichia coli (eg, O157:H7) infection produces bloody diarrhea,
while Stx inhibits protein synthesis and causes the lifethreatening systemic complication of hemolytic uremic syndrome. The murine intestinal tract is resistant to O157:H7 and
Stx, and human cells in culture fail to model the complex tissue
responses to intestinal injury. We used genetically identical,
human stem cell–derived intestinal tissues of varying
complexity to study Stx toxicity in vitro and in vivo.
METHODS: In vitro susceptibility to apical or basolateral
exposure to Stx was assessed using human intestinal organoids
(HIOs) derived from embryonic stem cells, or enteroids derived
from multipotent intestinal stem cells. HIOs contain a lumen,
with a single layer of differentiated epithelium surrounded by
mesenchymal cells. Enteroids only contain epithelium. In vivo
susceptibility was assessed using HIOs, with or without an
enteric nervous system, transplanted into mice.
RESULTS: Stx induced necrosis and apoptotic death in both
epithelial and mesenchymal cells. Responses that require

protein synthesis (cellular proliferation and wound repair) also
were observed. Epithelial barrier function was maintained even
after epithelial cell death was seen, and apical to basolateral
translocation of Stx was seen. Tissue cross-talk, in which
mesenchymal cell damage caused epithelial cell damage, was
observed. Stx induced mesenchymal expression of the epithelial
marker E-cadherin, the initial step in mesenchymal–epithelial
transition. In vivo responses of HIO transplants injected with
Stx mirrored those seen in vitro.
CONCLUSIONS: Intestinal tissue responses to protein synthesis
inhibition by Stx are complex. Organoid models allow for an
unprecedented examination of human tissue responses to a
deadly toxin. (Cell Mol Gastroenterol Hepatol 2020;10:171–190;
https://doi.org/10.1016/j.jcmgh.2020.02.006)
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S

higa toxin (Stx) producing Escherichia coli, including
O157:H7, cause approximately 3 million cases of
acute bloody diarrheal disease each year. In addition,
approximately 4000 patients develop the life-threatening
systemic complication of hemolytic uremic syndrome
(HUS),1 characterized by clot formation, destruction of red
blood cells, platelet depletion, and acute kidney failure.2 Stx
is an AB5 toxin.3,4 The A subunit enzymatically inactivates
ribosomes,5 halting protein synthesis. The B-pentamer
promotes entry of the A subunit into the mammalian cytoplasm. The glycolipid globotriaosylceramide (Gb3) serves as
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the receptor for Stx,6–9 and mice deleted for Gb3 synthase
gene (A4GALT) are totally resistant to Stx.10 However, not
all cells that express Gb3 are sensitive to Stx, and proper
cytoplasmic trafﬁcking to the ribosomes is required for
toxin sensitivity.11
Responses to Stx-mediated inhibition of protein synthesis
vary by cell type. Cell death can occur by apoptosis or
necrosis.12–14 The mechanism of cell death can inﬂuence
adjacent tissue. Apoptosis does not elicit inﬂammation when
cells are cleared by phagocytosis. However, loss of membrane
integrity in necrosis can release toxic cellular contents (eg,
lysosomal enzymes) and cause bystander cell damage.15,16
Systemic damage can occur in the absence of cellular death
(eg, when injured cells release cytokines and chemokines).
Platelet activation by Stx-treated endothelial cells triggers the
clot formation in the microvasculature that deﬁnes HUS.17
Developing effective interventions for disease resulting
from Stx is exacerbated by a lack of tractable model systems.
Mice do not develop the symptoms characteristic of HUS,
and the murine intestinal tract is resistant to Stx.18 Advances in stem cell biology have allowed for generation of
genetically normal, differentiated human intestinal tissues.
Human intestinal organoids (HIOs) are generated by the
directed differentiation of pluripotent stem cells.19,20 HIOs
represent human tissue from the small bowel,19 the tissues
favored for initial attachment of Escherichia coli O157:H7.21
The HIO epithelium possesses different cell types (enterocytes, Paneth cells, enteroendocrine cells, and goblet cells),
and expresses the brush-border marker villin; however
deep crypt structures are not seen. The epithelial layer is
surrounded by mesenchymal cells with myoﬁbroblast and
smooth muscle cell markers.19 HIOs grown in vitro have a
relatively immature tissue structure, however, on transplantation under the mouse kidney capsule HIOs form
highly structured villi, proliferating progenitor zones, and
crypts.22 In addition, incorporation of enteric neuronal
precursors into developing HIOs results in the formation of
intestinal tissues with a functional enteric nervous system
(ENS) capable of peristalsis.23 Multipotent intestinal
epithelial stem cells obtained from the transplanted HIOs
have been used to derive enteroids, which contain differentiated epithelium, but lack mesenchymal cells. We used
these human stem cell–derived intestinal tissues to study
human intestinal tissue responses to Stx in vivo and in vitro.

Results
HIO Express Gb3, the Stx Receptor
Expression of glycolipid Gb3, the Stx receptor, was
assessed. HIO cryosections stained with a monoclonal antibody to Gb3 showed strong staining of the epithelial cells,
with weak staining of some mesenchymal cells (Figure 1A).
The presence of the transcript for Gb3 synthase (A4GALT)
also was detected by RNA sequencing (Table 1).

the infecting E coli, while addition to the surrounding tissue
culture media resembles the interstitial exposure, which
would occur after loss of epithelial barrier function or
exposure to circulating toxin. To determine whether luminal
exposure to Stx disrupts epithelial barrier function, HIOs
were microinjected with various doses of Stx in the presence of the ﬂuorescent dye ﬂuorescein isothiocyanate
(FITC). HIO epithelial barrier function was assessed by
monitoring retention of ﬂuorescence over time.
Two major forms of Stx include Stx1 and Stx2.24 The Stx2a
variant is approximately 100 times more potent than Stx1 in
mice,25,26 and is expressed more commonly by strains isolated from human disease.27–30 Both Stx1 and Stx2a were
tested. The distribution and intensity of ﬂuorescence did not
change in HIOs injected with saline (Figure 1B–D), suggesting
the process of microinjection does not disrupt the integrity of
the epithelial barrier. In contrast, signiﬁcant time- and dosedependent decreases in ﬂuorescence were observed in HIOs
injected with either Stx2a (Figure 1B and C) or Stx1
(Figure 1D), suggesting both forms of Stx mediate leakage
from the luminal compartment. We also characterized susceptibility to Stx added to the tissue culture medium, or
basolateral exposure, which models interstitial exposure
(Figure 1C and D, interstitial). Statistically signiﬁcant timedependent decreases in ﬂuorescence were seen for both
Stx1 and Stx2a when 30 ng toxin was added to the media, and
the magnitude of the response was very similar to 30 ng
delivered into the lumen. A total of 10 ng Stx2a and Stx1
microinjected into the lumen caused a statistically signiﬁcant
loss of ﬂuorescence. Because Stx2a is more relevant to human
disease, further studies were performed using Stx2a.

Stx2a Treatment Induces Changes in
Transcription
RNA sequencing was performed on HIOs at 4 hours
(Supplementary Table 1) and at 24 hours (Supplementary
Table 2) after injection with phosphate-buffered saline
(PBS) (control) or 30 ng Stx2a. HIOs are tissues containing
differentiated epithelial cells and mesenchymal cells, and
RNA sequencing includes reads from all cells present in the
tissues. Even though Stx2a is associated with inhibition of
protein synthesis, signiﬁcant up-regulation in transcription
was observed. Setting signiﬁcance at a P value less than .05
and using a 4-fold change compared with the PBS controls
as the cut-off level, 4 hours after treatment with Stx2a
resulted in 669 differentially expressed genes (414 upAbbreviations used in this paper: ENS, enteric nervous system; FITC,
ﬂuorescein isothiocyanate; Gb3, globotriaosylceramide; GO, Gene
Ontology; HIO, human intestinal organoid; HUS, hemolytic uremic
syndrome; IP, intraperitoneal; LPS, lipopolysaccharide; NSG, NOD scid
gamma; OGMH, Organoid Growth Media Human; PBS, phosphatebuffered saline; Stx, Shiga toxin; Tcd, C difﬁcile toxins; TEER, transepithelial electrical resistance.
Most current article

HIOs Are Susceptible to Stx by Luminal or
Basolateral Delivery
HIOs are polarized intestinal tissues. Stx introduced into
the lumen resembles intestinal exposure to Stx produced by
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Figure 1. HIOs express the Stx receptor Gb3 and are susceptible to Stx by luminal or basolateral delivery. (A) HIOs
express the Stx receptor Gb3. Cryosections were stained for DNA (40 ,6-diamidino-2-phenylindole, blue), and antibody to Gb3
(red). Intense staining was observed on epithelial cells. Scale bar: 50 mm. (B) Stx causes loss of epithelial barrier function.
Representative images of intact HIOs loaded with the ﬂuorescent dye FITC, and exposed to Stx2a (30 ng) introduced by
microinjection (luminal exposure) or added to the medium (interstitial exposure) over time. Scale bar: 100 mm. (C and D) Timeand dose-dependent responses to Stx. Toxin was delivered by microinjection (luminal exposure) or added to the medium
(interstitial exposure). Epithelial barrier function was assessed by ﬂuorescence retention, quantiﬁed by ImageJ, and plotted as
the percentage mean at time zero ± SD, n ¼ 3. Values at 72 hours compared with time zero were assessed using 1-way
analysis of variance, Dunnett’s posttest. (C) HIO sensitivity to Stx2a. (D) HIO sensitivity to Stx1.

regulated and 255 down-regulated). Of the 18,207 genes
identiﬁed by RNA sequencing, 15,411 were associated with
a Gene Ontology (GO) term. For the up-regulated genes, 347
could be assigned to a GO term. The gene families upregulated most signiﬁcantly (P < 10-9) by Stx2a were

involved primarily in transport (organic hydroxy compound
transport [GO:0015850], lipid transport [GO:0006869], and
anion transport [GO:0006820]), or metabolic processes
(lipid metabolic process [GO:0006629], small-molecule
metabolic process [GO:0044281], steroid metabolic
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Table 1.Stx2a Expression Relative to Controls for Select Intestinal and Lineage-Speciﬁc Genes

Symbol

Name

Epithelial/mesenchymal proteins
CDH1
Cadherin 1, type 1, Ecadherin
KLF4
Kruppel-like factor 4 (gut)

OCLN

Catenin b 1 (cadherinassociated protein)
Lectin, galactosidebinding, soluble, 4
Tight junction protein 2
(ZO-2)
Occludin

CLDN1

Claudin 1

VIL1

Villin 1

ALPI
LYZ

Alkaline phosphatase,
intestinal
Lysozyme

CHGA

Chromogranin A

MUC2

TFF1

Mucin 2 oligomeric mucus/
gel-forming
Mucin 13, cell surface
associated
Mucin 17, cell surface
associated
Trefoil factor 1

TFF2

Trefoil factor 2

TFF3

Trefoil factor 3 (intestinal)

VIM

Vimentin

CTNNB1
LGALS4
TJP2

MUC13
MUC17

Immune response
IL18
Interleukin 18
CCL15
Chemokine (C-C motif)
ligand 15
Shiga toxin receptor, proliferation, apoptosis
A4GALT
Gb3 synthase
EGFR
Epidermal growth factor
receptor
MKI67
Marker of proliferation Ki67
XBP1
X-box binding protein 1
DNAJB9
DnaJ (Hsp40) homolog,
subfamily B, member 9
DDIT3
CHOP, DNA-damageinducible transcript 3
BCL2
B-cell CLL/lymphoma 2
TNFRSF10B
DR5, tumor necrosis factor
receptor superfamily,
member 10b
NLRP3
NLR family, CARD
domain–containing 4
PYCARD
PYD and CARD domain
containing
CSP4
Caspase-4

ER, endoplasmic reticulum.
a
Adjusted for false-discovery rate.

Cellular distribution or function

Stx2a 4 h fold
change (P value
adjusted)a

Stx2a 24 h fold
change (P value
adjusted)a

Epithelial
Adherens junction
Transcription factor, up-regulates
E-cadherin
Epithelial
Adherens junction
Epithelial
Adherens junction
Epithelial
Tight junction
Epithelial
Tight junction
Epithelial
Tight junction
Epithelial
Brush border
Epithelial
Enterocytes
Epithelial
Paneth cells
Epithelial
Enteroendocrine cells
Epithelial
Goblet cells
Epithelial
Mucus
Epithelial
Mucus
Epithelial
Mucosal layer
Epithelial
Mucosal layer
Epithelial
Mucosal layer
Mesenchyme

0.89 (.8)

0.92 (.93)

Immune response
Immune response

12 (6E-08)
32 (1E-08)

0.40 (.41)
0.9 (.95)

Shiga toxin receptor
Cellular growth

0.10 (.3)
0.37 (9E-06)

1.9 (.86)
2.1 (.02)

Cellular growth

0.30 (2E-08)

1.7 (.50)

ER stress
ER stress

1.5 (.19)
1.3 (.53)

0.69 (.53)
1.1 (.97)

ER stress

1.5 (.60)

1.1 (.94)

Anti-apoptotic
Pro-apoptotic

0.32 (.17)
0.97 (.96)

0.69 (.79)
0.89 (.88)

Interacts with the apoptosis-associated
speck-like protein PYCARD
Promotes caspase-mediated apoptosis

0.55 (.88)

0.52 (.76)

2.2 (.43)

0.61 (.68)

2.3 (.04)

0.83 (.87)

Inﬂammatory caspase, promotes
pyroptosis through gasdermin D
cleavage

2.4 (.03)

0.94 (.95)

5.9 (.00023)

0.86 (.90)

1.1 (.9)

0.96 (.97)

17 (6E-08)

0.67 (.68)

2.0 (.03)

0.91 (.90)

2.4 (.007)

1.2 (.80)

2.8 (.0006)

0.74 (.73)

6.3 (.0005)

0.82 (.80)

55 (.02)

1.3 (.89)

7.3 (.0001)

0.64 (.52)

0.99 (1.0)

0.37 (.26)

11 (.0005)
10 (8E-06)

2.7 (.008)
0.94 (.98)

14 (.001)

3.1 (.97)

32 (3E-11)

1.4 (.80)

58 (4E-10)

2.0 (.60)

15 (5E-07)

1.3 (.83)
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process [GO:0008202], and organic hydroxy compound
metabolic process [GO:1901615]). For down-regulated
genes, 216 could be assigned to a GO term. No gene families were down-regulated signiﬁcantly at P < 10-9.
Stx2a expression relative to PBS controls of select intestinal and lineage-speciﬁc genes are shown in Table 1.
Stx2a caused a statistically signiﬁcant up-regulation of
epithelial structural proteins (adherens junction proteins
and tight junction proteins), and lineage-speciﬁc proteins
(epithelial brush-border villin 1, enterocyte intestinal alkaline phosphatase, Paneth cell lysozyme, and goblet cell
MUC2). Other up-regulated factors include mucins (MUC13
and MUC17) and trefoil factors (TFF1, TFF2, and TFF3),
which are involved in forming and stabilizing the mucus
layer. Two cytokine factors, interleukin 18 and CCL15,
were up-regulated signiﬁcantly. RNA sequencing performed at 24 hours after Stx2a injection showed few
differentially regulated genes (Supplementary Table 2).
Compared with control, only 25 genes were up-regulated
signiﬁcantly (P < .05) 4-fold or more, and 25 were
down-regulated signiﬁcantly.

Stx2a Induces Cellular Death and Proliferation
Transcription of both epidermal growth factor receptor
and a marker of proliferation, Ki-67, were down-regulated
signiﬁcantly compared with PBS controls at 4 hours after injection of Stx2a (Table 1). However, 24 hours after injection,
both were up-regulated, with epidermal growth factor receptor expression reaching signiﬁcance. To determine if there
was a population of proliferating cells, we stained HIOs with
Ki-67 to assess proliferation and Sytox-green (Invitrogen,
Waltham, MA) to assess cellular necrosis. Sytox-green is a
membrane-impermeable DNA dye. Staining with Sytoxgreen indicates loss of membrane integrity, consistent
with cellular necrosis. Control HIOs appeared to be
quiescent; a few proliferating Ki-67–positive cells
(Figure 2A, red) were seen distributed in both the
epithelial and mesenchymal layers. Very few necrotic cells
were visible (Figure 2A, green). In the Stx2a-treated HIOs,
separate clusters of numerous necrotic (green-stained
cells) and proliferating (red-stained cells) were observed.
Cellular staining for proliferating cells and necrotic cells
was quantiﬁed. Stx2a treatment from either surface
resulted in signiﬁcantly increased staining for cellular necrosis (Figure 2B) and proliferation (Figure 2C). Although
cellular death resulting from Stx2a was anticipated,
cellular proliferation was unexpected, and likely represents an adaptive response to repair tissue damage.
Necrotic responses were similar regardless of whether
Stx2a was injected into the lumen or introduced into the
medium (interstitial); however, more proliferation was
seen with interstitial exposure.

Time-Dependent Responses to Stx2a
We imaged HIOs engineered to express mRuby2 under
control of the E-cadherin gene (CDH1-mRuby2) in the
presence of SYTOX green up to 148 hours after exposure to
evaluate cellular death (Figure 2D). In control HIOs, the
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diffuse mesenchymal layer is distinct from the compact
epithelial layer where mRuby2 E-cadherin is expressed
(Figure 2D, control). E-cadherin expression increased with
time in untreated control HIOs (Figure 2D and E). In the
Stx2a-treated HIOs, mRuby2 E-cadherin expression
increased for up to 72 hours, then decreased, and E-cadherin ﬂuorescence accumulated in the lumen, likely owing
to extrusion of dead epithelial cells. Very little cell death, as
evidence by green-stained cells, was noted in the absence of
Stx2a, whereas necrosis increased with time in the Stx2atreated HIOs (Figure 2D and F).

Stx2a Induces Apoptosis and Necrosis in
Mesenchymal Cells
To assess mesenchymal responses in the absence of the
epithelium, mesenchyme from the CDH1-mRuby2 HIOs was
separated mechanically from the epithelial layer. Treatment
with Stx2a resulted in a statistically signiﬁcant increase in
apoptosis, as evidenced by staining for activated caspase 3
(Figure 3A and B). As seen in Figure 2D, mesenchymal cells
treated with Stx2a were stained with Sytox Green
(Figure 3C), and pretreatment with Necrox-5 before addition of Stx2a greatly reduced necrosis (Figure 3D). Necrox-5
(Enzo Life Sciences, Inc, Farmingdale, NY) is a cellpermeable inhibitor of necrosis. It acts by localizing in the
mitochondria and blocking oxidative stress–induced cell
death. Similarly, co-injection of HIOs with Necrox-5 with
Stx2a signiﬁcantly reduced necrosis in both mesenchymal
and epithelial cells (Figure 4).

Stx2a Induces E-cadherin Expression in
Mesenchymal Cells
In HIOs, the mesenchymal region, as evidenced by
staining with vimentin, is completely distinct from the
epithelium, which stains with E-cadherin. In Stx2a-treated
HIOs, in some areas the cells expressed only 1 marker,
however, in other areas the cells were stained for both
vimentin and E-cadherin (Figure 5A, circle), as evidenced by
the yellow signal in the co-stained images. Similarly, serial
sections stained for the individual markers also showed
staining for both markers.
Co-expression of 2 different lineage-speciﬁc markers is
consistent with mesenchymal–epithelial transition, a response
to wounding in which mesenchymal cells convert to epithelial
cells. Evidence for mesenchymal–epithelial transition also was
seen in puriﬁed mesenchymal cells. In untreated mesenchymal
cells, expression of vimentin was detected, while expression of
E-cadherin protein or mRuby2 from the E-cadherin fusion was
not detected (Figure 5B–D). In contrast, after Stx2a treatment,
the puriﬁed mesenchymal cells showed a statistically signiﬁcant increased expression of mRuby2 reporter and staining
with antibody to E-cadherin (Figure 5B–D). Regulation of Ecadherin transcription by the transcription factor Kruppel-like
factor 4 plays a key role in interconversion of epithelial and
mesenchymal cells.31 RNA sequencing (Table 1) showed that
Stx2a up-regulated expression of E-cadherin and Kruppel-like
factor 4.
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Figure 2. Epithelial and mesenchymal cells are sensitive to Stx2a. (A) Stx2a induces necrosis and cellular proliferation.
HIOs were incubated for 27 hours with Stx2a (30 ng) by microinjection (luminal exposure) or addition to the medium (interstitial
exposure). Cryosections were stained for necrosis (Sytox-green), proliferation (Ki-67, red), and DNA (40 ,6-diamidino-2phenylindole [DAPI], blue). Scale bar: 50 mm. (B and C) Fluorescence intensity was quantiﬁed using ImageJ software and
plotted as means ± SD, n ¼ 3. Statistical signiﬁcance compared with saline control was assessed using 1-way analysis of
variance, Dunnett’s posttest. *P ¼ .01 to .05; ***P < .001. (B) Cellular death by necrosis (Sytox-green ﬂuorescence). (C) Cellular
proliferation (Ki-67 ﬂuorescence). (D) Time course of cellular death. Serial images of intact HIOs with mRuby2 fused to the
promoter of E-cadherin grown in the presence of 5 mmol/L Sytox-green. Saline (control, top) or 30 ng Stx2a (bottom) were
added to the medium at time zero and imaged at the indicated times (hours). Representative images of experiments performed
in triplicate. Scale bar: 100 mm. (E and F) Fluorescence intensity quantiﬁed using ImageJ software, plotted as means ± SD, n ¼
3. Statistical signiﬁcance at 148 hours compared with saline control was assessed using a 2-tailed, unpaired t test. (E) Stx2a
causes loss of mRuby2 (E-cadherin expression). (F) Stx2a causes necrosis (Sytox-green). L, lumen; M, mesenchyme.

Mesenchymal–Epithelial Transition Is a
Generalized Response to Intestinal Tissue
Damage by Bacterial Toxins
Puriﬁed mesenchymal cells were treated with different
bacterial toxins, including microcystin-LR, which inactivates

protein phosphatases, Clostridioides difﬁcile toxins A and B
(TcdA and TcdB), which inactivate small guanosine triphosphatases, and bacterial lipopolysaccharide (LPS). Ecadherin (m-Ruby) expression was induced in mesenchymal
cells treated with the bacterial toxins, but not LPS (Figure 6).
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Figure 3. Stx2a induces apoptosis and necrosis in isolated mesenchymal cells. (A) Stx2a induces apoptosis in isolated
mesenchymal cells. Mesenchymal cells derived from mRuby2 E-cadherin HIOs challenged by addition of Stx2a (30 ng) were
incubated for 27 hours. Cells were stained for apoptosis (Caspase 3). Scale bar: 100 mm. (B) Caspase 3 quantiﬁcation.
Fluorescence intensity was quantiﬁed using ImageJ software and plotted as means ± SD, n ¼ 3. Statistical signiﬁcance was
assessed using a 2-tailed, unpaired t test. (C) Stx2a induces necrosis in isolated mesenchymal cells. Mesenchymal cells
derived from mRuby2 E-cadherin HIOs were pretreated with or without 2 mmol/L antinecrotic factor Necrox-5 for 1 hour before
addition of Stx2a (30 ng). The cells were incubated for 27 hours and stained for Sytox-green. Scale bar: 50 mm. Representative
images of experiments performed in triplicate. (D) Sytox-green quantiﬁcation. Fluorescence intensity was quantiﬁed using
ImageJ software and plotted as means ± SD, n ¼ 3. Statistical signiﬁcance was assessed using a 2-tailed, unpaired t test.

Stx2a Induces Necrosis and Apoptosis in
Epithelial Cells
Enteroids, propagated from differentiated multipotent
epithelial stem cells, possess different epithelial cell lineages,
but unlike HIOs they lack mesenchymal cells. An enteroid
line developed from the H1 HIO line after transplantation
into a mouse was used to examine responses to Stx2a in the
absence of mesenchymal cells. Stx2a was introduced into the
enteroids by microinjection (luminal exposure) or added to
the media (interstitial exposure), followed by staining with
Sytox to assess necrosis, and activated caspase 3 to assess
apoptosis (Figure 7). Both necrosis and apoptosis were
observed (Figure 7B and C). Interestingly, in contrast to the

HIOs, which were susceptible to Stx2a via luminal or interstitial exposure (Figures 1 and 2) at 27 hours after microinjection, enteroid cell death was seen only when Stx2a was
injected into the lumen.

Epithelial Cells Transport Stx From the Lumen to
the Basolateral Surface
Mesenchymal necrosis (Figure 2A) was seen in HIOs
microinjected with Stx before the epithelial barrier function
was lost (Figure 1C), suggesting luminal toxin can access the
mesenchymal cells. Previous studies using the human small
intestinal cell line Caco-2 showed that Stx can cross the
epithelial barrier by intracellular transcytosis.32 To
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Figure 4. Necrox protects HIOs from Stx-induced necrosis. (A) HIOs were microinjected with Stx2a (30 ng) and Necrox 5 (2
mmol/L) and incubated for 27 hours. Cryosections were stained for necrosis (Sytox-Green). Scale bar: 100 mm. Representative
images of experiments performed in triplicate are shown. (B) Cellular death by necrosis was quantiﬁed by ﬂuorescence using
ImageJ software, and plotted as means ± SD, n ¼ 3. Statistical signiﬁcance compared with saline control was assessed using
1-way analysis of variance, Bonferroni posttest; ***P < .0001. DAPI, 40 ,6-diamidino-2-phenylindole; L, lumen; M, mesenchyme.

determine if transcytosis was occurring in the human
epithelial tissues, enteroids were grown as 2-dimensional
monolayers in Transwells. Establishment of epithelial barrier
function (Figure 8A) was assessed by monitoring transepithelial electrical resistance (TEER). After 25 days, when the
TEER plateaued, the monolayer was challenged by addition of
30 ng Stx2a to the upper chamber, corresponding to luminal
exposure. Barrier function was veriﬁed by adding FITCdextran to the upper chamber 24 hours before adding Stx2a
(Figure 8B). After 48 hours, FITC ﬂuorescence was detected in
the lower chamber in wells lacking epithelial cells, but not in
wells with the untreated or Stx2a-treated monolayers. TEER
remained fairly constant in both control and Stx2a-treated
monolayers for an additional 15 days (Figure 8A), showing
that the epithelial barrier remained intact. However, starting
at day 37 and going to day 40, the Stx2a-treated monolayers
showed a small but statistically signiﬁcant (P < .04 to .009)
loss of TEER compared with the untreated control monolayers. At day 40, the monolayers were examined by confocal
microscopy. Differences were observed between the control
and Stx2a-treated monolayers. The Stx2a-treated monolayers
showed signiﬁcantly more cell death (Sytox staining)
compared with the control (Figure 9A–C). In addition, the
Stx2a-treated monolayer had signiﬁcantly reduced levels of
polymerized actin (Figure 9D–F).

To assess transcytosis (Figure 8C), the culture media from
the lower chamber was recovered 24 hours after Stx2a was
added to the luminal side. Toxin activity was assessed by
adding the medium to cultures of puriﬁed mesenchymal cells
(Figure 8D). Addition of media from the Stx2a-treated cultures
resulted in signiﬁcantly increased staining with Sytox-green,
indicating necrotic cell death (Figure 8D). To determine
whether cell death was caused by Stx2a, neutralizing monoclonal antibodies to the Stx2a A and B subunits were added to
the media. Sytox staining was decreased signiﬁcantly in the
presence of neutralizing antibody (Figure 8D), suggesting the
necrotic response was caused by Stx2a, which was transferred
from the apical to the basolateral surface in the absence of
loss of epithelial barrier function.

In Vivo Susceptibility to Stx2a Using Human
Organoids Transplanted Into Mice
Human intestinal organoids implanted under the kidney
capsule of immunodeﬁcient NOD scid gamma (NSG) mice
become vascularized, grow, and acquire a more mature intestinal phenotype than HIOs grown in vitro.22 Furthermore,
HIOs integrated with stem cells differentiated along the
neuronal pathway can form intestinal tissue with an ENS,
and these HIO þ ENS tissues show peristalsis.23
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Figure 5. Stx2a induces E-cadherin expression in mesenchymal cells. (A) Cellular co-localization of vimentin and Ecadherin. HIOs were incubated for 27 hours with Stx2a. Serial cryosections were co-stained for DNA (40 ,6-diamidino-2phenylindole [DAPI], blue), vimentin (red) to identify mesenchymal cells, and E-cadherin (green) to detect epithelial cells
(left, co-stained) or stained for DNA and vimentin (center), or DNA and E-cadherin (right). White circles indicate the region
where cells were stained with both markers. Scale bar: 50 mm. Representative images of experiments performed in triplicate.
(B) Isolated mesenchymal cells derived from mRuby2 E-cadherin HIOs were treated with Stx2a (30 ng) in 500 mL medium for 27
hours, and stained for vimentin (green), E-cadherin (blue), or mRuby2 (red). Representative bright-ﬁeld images merged with
indicated ﬂuorescent stains of experiments performed in triplicate. Scale bar: 50 mm. (C and D). Fluorescence intensity at 27
hours was quantiﬁed using ImageJ software, and plotted as means ± SD, n ¼ 3. Statistical signiﬁcance was assessed using a
2-tailed, unpaired t test. (C) Quantiﬁcation of mRuby2 expression in isolated mesenchymal cells. (D) Quantiﬁcation of Ecadherin in isolated mesenchymal cells. L, lumen; M, mesenchyme.

Susceptibility of Mice to Stx2a Is Dependent on
Mode of Delivery
To determine whether HIO and HIO þ ENS organoids transplanted into mice could serve as an in vivo
system to study the human intestinal responses to Stx,
we ﬁrst assessed the susceptibility of NSG mice to Stx.
Outbred mice are extremely sensitive to Stx2a delivered
systemically by intraperitoneal (IP) injection,4 and 10
ng typically is lethal; however, they are highly resistant
to Stx2a delivered orally by gavage.18 To determine if
this also is true for the immunodeﬁcient NSG mice,
mice were challenged by IP injection or gavage with

Stx2a at 10 ng, 100 ng, or 1000 ng (Figure 10A).
Consistent with immunocompetent mice, all NSG mice
receiving 100 or 1000 ng of Stx2a systemically by IP
injection died, and 1 of 4 mice receiving 10 ng died. In
contrast, NSG mice were highly resistant to oral delivery of Stx2a by gavage, only 1 mouse challenged at
the highest dose (1000 ng) died.

Injection of Stx2a Into Transplanted Human
Organoids Caused Weight Loss in Mice
To investigate in vivo susceptibility to Stx2a, HIO and
HIO þ ENS organoids were transplanted under the mouse
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Figure 6. Mesenchymal–epithelial transition is induced by other bacterial toxins. (A) Isolated mesenchymal cells derived
from mRuby2 E-cadherin HIOs were challenged by addition of LPS (10 ng), microcystin-LR (10 ng), TcdA (100 ng), or TcdB
(100 ng) in 500 mL gut media. Scale bar: 100 mm. Left: ﬂuorescent (mRuby2) image shown alone. Right: merged with bright-ﬁeld
(BF) image. Representative images of experiments performed in triplicate are shown. (B) Quantiﬁcation of E-cadherin–mRuby2
expression in isolated mesenchymal cells. Fluorescence intensity at 72 hours after exposure was quantiﬁed by ImageJ
software, and plotted as means ± SD, n ¼ 3. Statistical signiﬁcance was assessed using 1-way analysis of variance, Dunnett’s
posttest; **P ¼ .001 to .01; ***P ¼ .0001.

kidney capsule and allowed to mature for 2 months. PBS or
Stx2a was injected into the graft and the mice were weighed
daily. Mice injected with PBS appeared healthy and did not
show weight loss (Figure 10B and C). Mice injected with 1 ng
Stx2a also appeared healthy (data not shown). Injection of 10
ng Stx2a caused statistically signiﬁcant weight loss when

injected into the HIO and HIO þ ENS transplants. Some, but
not all, animals showed symptoms of disease, including huddling in the corner, slow movements, hunched, heavy breathing, lethargy, or loss of body hair (Table 2). Mice with HIO þ
ENS transplants appeared to be more susceptible to Stx2a than
mice with HIO transplants, and were studied in greater detail.
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Figure 7. Stx2a induces necrosis and apoptosis in epithelial cells. (A) Enteroids derived from a transplanted HIO were
challenged with Stx2a by luminal or interstitial exposure, stained for necrosis (Sytox-green), and whole-mount tissues were
stained for apoptosis (caspase 3, red). Scale bar: 100 mm. Representative images of experiments performed in triplicate. (B and
C) Cellular death quantiﬁed by ﬂuorescence using ImageJ software, and plotted as means ± SD, n ¼ 3. Statistical signiﬁcance
compared with saline control was assessed using 1-way analysis of variance, Bonferroni posttest; **P ¼ .001 to .01; ***P <
.0001. (B) Death by apoptosis (caspase 3). (C) Death by necrosis (Sytox).

In Vivo Exposure to Stx2a-Damaged Organoid
Transplants
Mice were killed 4 days after injection, kidneys were
harvested, and then examined histologically. As reported
previously, a mature intestinal phenotype with welldeveloped crypts was seen in the PBS-injected mice

(Figure 10D). For HIO þ ENS injected with Stx2a, moderate to signiﬁcant blood accumulation was seen in the
villi and mesenchyme of the transplants (Figure 10E), and
epithelial damage was observed in all 3 mice (Table 2).
The mouse kidney tissue appeared to be healthy, although
regions of ﬁbrosis were seen in both control and Stx-
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Figure 8. Epithelial cells transport Stx from the lumen to the basolateral surface. (A) TEER measurements in enteroid
monolayers formed in Transwells. Stx2a (30 ng) was added to the apical media (upper chamber) of the Transwell on day
25. Means ± SD of experiments performed in triplicate is plotted. (B) Epithelial barrier function was veriﬁed. FITC-dextran
(0.5 mmol/L) was added to the upper chamber on day 24 and Stx2a (30 ng) was added on day 25. Fluorescence in the
lower chamber was assessed 24 hours later (day 26). Fluorescence was quantiﬁed using ImageJ software, and plotted as
means ± SD. Statistical signiﬁcance compared with saline control was assessed using 1-way analysis of variance,
Dunnett’s posttest. ***P < .0001, n ¼ 3. (C) Schematic representation of the Stx2a toxicity assay to detect transcytosis.
Stx2a (30 ng) was added to the luminal side of the enteroid monolayer (upper chamber) on day 25. The basolateral
medium was isolated from the lower chamber 24 hours later and added to mRuby2-expressing mesenchymal cells
isolated from HIOs. (D) Stx2a added to the apical surface was recovered in the basolateral medium. Mesenchymal cells
were incubated for 27 hours with basolateral medium (lower chamber) from the Stx2a-treated epithelial monolayers and
stained with Sytox green, with or without neutralizing monoclonal antibodies to the Stx2a A and B subunits. Statistical
signiﬁcance compared with saline control was assessed using 1-way analysis of variance, Bonferroni multiple comparison posttest. ***P < 0.0001, n ¼ 3.

treated kidneys, likely resulting from healing after the
initial implantation surgery.

Stx2a Induces Apoptosis In Vivo
Induction of apoptosis was assessed by staining for
activated caspase 3 and co-staining with E-cadherin.
Little caspase 3 staining was seen in the control, PBS-

injected HIO þ ENS (Figure 10F). In contrast, extensive caspase 3 staining was seen in the HIO þ ENS
challenged with Stx2a, and this difference was statistically signiﬁcant (Figure 10G). The method for harvesting and ﬁxing the kidneys damages cell permeability,
and it was not possible to assess cellular necrosis using
the SYTOX stain.
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Figure 9. Microscopic characterization of Stx2a-treated monolayers. (A and B) Stx2a induces necrosis. Day 40 HIE
monolayers from Figure 8 were stained for necrosis (SYTOX-orange) and DNA (40 ,6-diamidino-2-phenylindole, blue). Top:
Confocal X-Y images are shown. Bottom: Z-stack is shown. Representative images of experiments performed in triplicate are
shown. Scale bar: 20 mm. (A) Control monolayer. (B) Stx2a-treated monolayer. (C) Stx causes necrosis. Fluorescence intensity
was quantiﬁed using ImageJ software and plotted as means ± SD, n ¼ 3. Statistical signiﬁcance compared with saline control
was assessed using a 2-tailed, unpaired t test. (D and E) Stx2a disrupts actin expression. Day 40 HIE monolayers from Figure 8
were ﬁxed and stained for polymerized actin (phalloidin, red) and DNA (40 ,6-diamidino-2-phenylindole, blue). Top: Confocal X-Y
images are shown. Bottom: Z-stack is shown. Representative images of experiments performed in triplicate are shown. Scale
bar: 20 mm. (D) Control monolayer. (E) Stx2a-treated monolayer. (F) Stx alters actin expression. Fluorescence intensity was
quantiﬁed using ImageJ software and plotted as means ± SD, n ¼ 3. Statistical signiﬁcance compared with saline control was
assessed using a 2-tailed, unpaired t test.

HIO þ ENS Transplants Show Evidence of Coexpression of E-Cadherin and Vimentin
Cryosections of the transplanted organoids were costained for the epithelial marker E-cadherin, and the
mesenchymal marker vimentin. In control HIO þ ENS, deep
crypt structures were seen, bordered by green-staining
epithelial cells expressing E-cadherin, with red vimentinstained areas in the interior of the crypt (Figure 10H, control). In contrast, in HIO þ ENS tissues challenged with
Stx2a, signiﬁcant yellow-stained regions, corresponding to
co-staining with E-cadherin and vimentin, were seen

(Figure 10H, Stx2a), similar to the co-expression of E-cadherin and vimentin seen in Figure 5, suggesting that cellular
transition, perhaps mesenchymal–epithelial transition, was
occurring in vivo as well as in vitro.

Discussion
Reports regarding expression of glycolipid Gb3, the Stx
receptor, on human intestine have been inconsistent. For
negative reports, the inability to detect Gb3 could be owing to
technical limitations. Zumbrun et al33 showed speciﬁc binding
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Figure 10. Modeling human responses to Stx in vivo in mice. (A) Susceptibility of mice to Stx2a is dependent on mode of
delivery. Mice were challenged with 10, 100, or 1000 ng of Stx2a delivered orally by gavage (3 mice per group) or by IP injection (4 mice per group), and viability was followed up for 5 days. (B and C) Injection of Stx2a into transplanted human
organoids causes weight loss in vivo. HIOs transplanted under the kidney capsule of NSG mice were injected with PBS or
Stx2a (10 ng). Mice were weighed daily, and the mean percentage of initial weight is plotted ± SEM, n ¼ 3. Statistically
signiﬁcant difference in weight, control vs Stx2a-treated on same day, *P < .05, **P < .01 by 2-tailed unpaired t test. (B) Stx2a
injection into HIO transplants. (C) Stx2a injection into HIO þ ENS transplants. (D and E) Stained sections of mouse HIO þ ENS
transplants. Transplants were injected with PBS or Stx2a, harvested on day 4, and stained with H&E. ***Injected lumen. Black
arrows, regions of damage. Representative images of experiments performed in triplicate. (D) PBS-injected HIO þ ENS. (E)
Stx2a-injected (10 ng) HIO þ ENS. (F) Stx2a induces apoptosis in HIO þ ENS transplants. Sections of control (top) and Stx2a
challenged HIO þ ENS (bottom) kidneys stained for apoptotic marker caspase 3 (red), E-cadherin (green), and DNA (40 ,6diamidino-2-phenylindole [DAPI], blue). Scale bar: 50 mm. (G) Quantiﬁcation of caspase 3. Fluorescence intensity was
quantiﬁed using ImageJ software, and plotted as means ± SD, n ¼ 3. Statistical signiﬁcance was assessed using a 2-tailed,
unpaired t test. (H) Co-staining for mesenchymal and epithelial markers. Sections of control or Stx2a-challenged HIO þ ENS
kidneys were stained for vimentin (red) to identify mesenchymal cells, E-cadherin (green) to identify epithelial cells, and DNA
(DAPI). Co-staining for E-cadherin and vimentin (yellow) was seen in HIO þ ENS challenged with Stx2a. Scale bar: 50 mm. K,
kidney.
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Table 2.Summary of Transplanted Mice
Graft injection
(mouse ID)

Weight,
%

Appearance at
death

Cyst

Injection
point

Epithelial damage

Blood accumulation in graft

HIO PBS (6471)

101

Ok

1

Not visible None

Minor: in villi and mesenchyme

HIO PBS (6472)

99

Ok

1.5

Visible

None

Minor: in villi and mesenchyme

HIO PBS (6473)

101

Ok

2

Not visible None

Minor: in villi and mesenchyme

HIO þ ENS PBS (6603)

105

Ok

2

Visible

Moderate: in villi and mesenchyme

HIO þ ENS PBS (6604)

101

Ok

2

Not visible None

HIO þ ENS PBS (6605)

102

Ok

Uncertain

HIO 10 ng Stx2a (6464)

97

Huddled in corner

1

HIO 10 ng Stx2a (6465)

96

Ok

HIO 10 ng Stx2a (6474)

82

Slow movement

HIO þ ENS 10 ng
Stx2a (6597)

81

Sick, hunched,
heavy breathing,
lethargic, loss of
body hair

1

Not visible Signiﬁcant epithelial Moderate: in villi
loss in cyst
Signiﬁcant: in mesenchyme

HIO þ ENS 10 ng
Stx2a (6598)

88

Ok

1

Not visible Signiﬁcant epithelial Signiﬁcant: in mesenchyme
loss in cyst

HIO þ ENS 10 ng
Stx2a (6599)

84

Sick, hunched,
heavy breathing,
lethargic, lost
body hair

1

visible

–

None

Minor: in mesenchyme

No engraftment

Not visible None

Minor: in villi
Moderate: in mesenchyme

3

Not visible None

Minor: in villi and mesenchyme

3

Visible

of Stx1 and Stx2 toxin to human colonic epithelial cells, and
detected transcripts for Gb3 synthase. Sensitivity to Stx2a has
been observed in human intestinal explants treated with Stx2a,
suggesting they must express the receptor.34 By using HIOs,
we showed staining with antibody to Gb3, the presence of the
Gb3 synthase transcript, and, more importantly, susceptibility
of epithelial and mesenchymal cells to Stx.
In this study, we examined genetically identical human
intestinal tissues of varying complexity, both in vitro and
in vivo, and uncovered intimate communication between the
epithelium and supporting mesenchyme in response to intestinal damage. Necrotic and apoptotic cell death was seen
for both mesenchymal and epithelial cells. Wound responses,
including changes in transcription and cellular proliferation,
also were seen. The presence of both necrotic and apoptotic
death could explain results from a study in which inhibition
of apoptosis by the proteasome inhibitor bortezomib
extended the survival time of mice challenged with Stx2 by
approximately a day, but did not prevent death.35 If preventing cellular death is to be an effective intervention, it is
likely that both necrosis and apoptosis need to be targeted.
Maintenance of the intestinal epithelial barrier is critical
for preventing life-threatening bloodstream infections. The
epithelial barrier was remarkably resistant to Stx treatment.
HIOs did not lose epithelial barrier function until approximately 48 hours after Stx treatment (Figure 1C and D), and
enteroid monolayers maintained epithelial barrier function
for 10–15 days (Figures 8A and 9), even though cellular
death and loss of polymerized actin was observed. The
dramatic differences in time to loss of epithelial barrier
function between HIOs (2 days) and the epithelial

Loss of epithelium in Minor: in villi
injected cyst
Moderate: in mesenchyme

Minor epithelial loss Moderate: in villi
in cyst
Minor: in mesenchyme

monolayer (15 days) likely is owing to mesenchymal cells,
which are present in the HIOs, but not the enteroids. Puriﬁed mesenchymal cells were highly sensitive to Stx.
Epithelial cell sensitivity depended on the route of exposure; they were sensitive to luminal exposure, but resistant
to Stx added to the medium if mesenchymal cells were absent. Necrox-5, an agent that blocks necrosis, reduced cellular
death in both mesenchymal and epithelial cells. It is possible
that necrosis of mesenchymal cells releases toxic compounds
that cause bystander injury to the epithelial cells. Alternatively, loss of Wnt production by mesenchymal cells could
result in epithelial cell death.36
Epithelial and mesenchymal cells are able to interconvert,
and we observed evidence for mesenchymal epithelial transition. The intestinal epithelium is only a single-cell-layer
thick. If there is widespread epithelial damage, regeneration
from epithelial stem cells in adjacent crypts may be impractical, and mesenchymal cells could be recruited to repair the
epithelium. Mesenchymal–epithelial transition has been reported to occur after bacterial infection with Citrobacter
rodentium.37 Expression of the epithelial marker E-cadherin
is the initial step in mesenchymal–epithelial transition.31 We
observed E-cadherin expression in mesenchymal cells treated
with Stx (which inhibits protein synthesis), other toxins
including microcystin-LR (which inhibits protein phosphatases), and C difﬁcile toxins (which inactivate small guanosine
triphosphatases). Interestingly, LPS did not induce
mesenchymal–epithelial transition. Bacterial toxins target key
cellular processes and cause pathologic disruption of cellular
homeostasis, and mesenchymal–epithelial transition appears
to be a general response to epithelial damage. In contrast, the
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response to LPS is highly scripted. LPS is detected by Toll-like
receptors, molecules evolved to recognize pathogens and
activate innate immunity. Mesenchymal–epithelial transition
does not appear to be wired into this pathway.
Life-threating HUS results when Stx enters the circulation
and accesses susceptible targets in the human vasculature,
kidney, and brain. To do this, Stx must escape from the
lumen. Transcytosis by enterocytes moves macromolecules
from the lumen to the interstitial space, while maintaining
the epithelial barrier. Our studies showed that Stx2a was
transported rapidly and efﬁciently across enteroid monolayers without loss of epithelial barrier function (Figure 8).
Recently, the ﬂuid-ﬁlled subepithelial interstitium has been
shown to be a prelymphatic compartment where ﬂuid drains
into the lymph nodes,38 and, ultimately, the bloodstream. Stx
transcytosed to the interstitial space would be able access
the circulation via this route. Although mice are resistant to
Stx2a delivered by the intestinal route, they are highly susceptible to Stx injected IP and rapid weight loss is seen.39
Stx2a injected into HIO transplants in mice lead to signiﬁcant weight loss as early as day 2 after injection (Figure 10B
and C), very similar to what is seen after direct IP injection in
mice. Although we were unable to assess maintenance of the
epithelial barrier in the transplanted HIOs, transcytosis of
Stx to the interstitial space could allow Stx to enter the circulation and access the sensitive tissue targets in the mice. It
is important to note that the dose of Stx2a injected into the
HIO transplants, which caused weight loss (10 ng), is
equivalent to the minimal lethal dose for direct IP injection,
suggesting transcytosis is an efﬁcient process.
It is not entirely clear how Stx causes death in mice.
Although vascular and kidney involvement is prominent
in human disease, in mice lethal disease occurs in the
absence of gross pathologic changes to the vasculature or
kidney.39 However, lethal doses of Stx in mice are associated with neurologic changes,39–41 and these could cause a
decrease in feeding and drinking behaviors that result in
weight loss. Neurologic complications also are seen in HUS,
and are associated with more severe outcomes. In the Germany outbreak in 2011, 48% of the hospitalized patients
developed severe neurologic symptoms,42 sometimes after
the vascular symptoms had resolved.
Currently, there are few treatment options for infection
with Stx-producing E coli. Intravenous ﬂuid administered
early when diarrhea is present can reduce the risk of renal
failure; however, antimicrobial and antidiarrheal agents may
increase the risk of developing hemolytic uremic syndrome.43
Mice do not model O157:H7 infection or susceptibility to
Shiga toxin. The advent of stem cell–derived human tissue
models, both in vitro and in vivo, has a tremendous potential
to increase our understanding of Stx disease and lead to
development of therapeutic interventions.

Materials and Methods
Culture of HIOs
H1 HIOs obtained from the Pluripotent Stem Cell Facility
and the Organoid Core at Cincinnati Children’s Hospital and
Medical Center were grown as previously described.44 H1

HIOs CDH1-mRuby2 (E-cadherin reporter) were obtained
from the Wells laboratory.45 HIOs typically were used at day
24 of development. Sytox (SYTOX Green Nucleic Acid Stain;
cat. S7020, lot 26797W or Orange cat. S11368, lot 1846590;
Invitrogen, Thermo Fisher Scientiﬁc, Waltham, MA) were
used to assess necrosis. Necrox-5 (cat. ALX-430-167; Enzo
Life Sciences Inc, Farmindale, NY) was used to block necrosis.
Toxins and antibodies were obtained from the following
sources: Stx2a (cat. NR-4478, lot 62905537; BEI Resources,
Manassas, VA), Stx1 (cat. NR-857, lot 58338341; BEI Resources), TcdA (cat. 152C, lot 15215A5; List Biological
Laboratories, Inc, Campbell, CA), TcdB (cat. 155L, lot
15521A2; List Biological Laboratories Inc), microcystin-LR
(cat. ALK-350-012-C100, lot L30360; Enzo Life Sciences),
LPS (cat. tlrl-3pelps, lot L3P-32-02; InvivoGen, San Diego,
CA); monoclonal Stx2, subunit A (cat. NR-845, lot 4469047;
BEI Resources), monoclonal Stx2, subunit B (cat. NR-9352,
lot 57845852; BEI Resources).
For time course studies Stx2a (30 ng) and Sytox Green
were added to the media of day 8 CDH1-mRuby2 spheroids
with media changes every 2–3 days.
Preparation of mesenchymal cells. CDH1-mRuby2 HIOs
were gently pipetted with large-oriﬁce pipette tips separating the mesenchymal layer, keeping the epithelial layer
intact. Free-ﬂoating mesenchymal cells were embedded in
Matrigel (cat. 354234; Corning, Corning, NY), and incubated
in gut medium (advanced Dulbecco’s modiﬁed Eagle
medium/F-12, cat. 12634-010; Life Technologies, Carlsbad,
CA), B27 supplement (cat. 12587-010; Life Technologies),
N2 supplement (cat. 17502-048; Life Technologies), HEPES
buffer (cat. 15630-106; Life Technologies), penicillin and
streptomycin (cat. 15140-122; Life Technologies), L-glutamine (cat. 25030-081; Life Technologies), and Recombinant
Human Epidermal Growth Factor (cat. 236-EG; R&D Systems, Minneapolis, MN), with changes every 4 days.
Culture of enteroids. Enteroids derived from mouse H1
HIOs transplants were maintained in IntestiCult Organoid
Growth Media (OGMH) (cat. 06010; Stemcell Technologies,
Cambridge, MA), OGMH component A (cat. 06011; Stemcell),
and OGMH component B (cat. 06012; Stemcell) with daily
medium changes until they were approximately 1–2 mm.
Spheroids were fragmented by passage through a 1-mL insulin syringe, centrifuged at 3800  g for 1 minute, suspended in Matrigel, and plated in 500 mL OGMH for 4 days,
followed by media changes every 2 days. To induce differentiation, the medium was replaced with differentiation
medium (OGMH component A and Dulbecco’s modiﬁed Eagle medium/F-12 media with 15 mmol/L HEPES in a 1:1
ratio) with daily media changes.
Enteroid monolayers. Enteroid monolayers were prepared using the modiﬁed protocol of Zou et al46 on 24-well
Transwell plates. OGMH component A and component B
were mixed in equal volumes containing 10 mmol/L Y27632 (cat. 72302; Stemcell), and added to both sides of
Transwells coated with collagen type IV from Human
Placenta (cat. C5533; Sigma-Aldrich). The medium was
replaced by differentiation media on day 2 until the end of
the experiment. TEER was measured daily using the ERS-2
volt–ohm meter (Millicell).
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Assessment of Stx Toxicity
Stx was diluted in saline and microinjections were performed as previously described.44 For epithelial barrier assays, HIOs were injected with saline mixed with 2.5 mg/mL
of ﬂuorescent dye, FITC (cat. F-1906, lot 1104-3; Molecular
Probes Thermo Fisher Scientiﬁc), FITC dextran (cat. FD4;
Sigma Aldrich) (average molecular weight, 3000–5000).
Sytox was added to the medium at 0.5 mmol/L for a minimum
of 45 minutes before analysis. For time course experiments,
Sytox was allowed to remain in the media continuously.
Mesenchymal cells embedded in Matrigel grown in 500
mL gut medium were treated with puriﬁed Stx2a (30 ng),
basolateral medium from Transwells, or other toxins
including LPS (10 ng), microcystin-LR (20 ng), C difﬁcile
toxin TcdA (100 ng), and TcdB (100 ng) for the indicated
times. To assess necrosis, isolated mesenchymal cells were
incubated for 1 hour with 2 mmol/L Necrox-5. Fresh gut
media containing Stx (30 ng) was added and the cells were
incubated for 27 hours.
Stx2a (30 ng) was added to the apical side, or the upper
chamber of the Transwell plate. The basolateral media
(lower chamber) was collected 24 hours later and toxicity to
isolated mesenchymal cells was assessed. To verify the
contribution of Stx2a to toxicity, neutralizing antibody
against Stx2a subunits A and B was added to the medium.

Immunohistochemistry and Cell Staining
Cryosectioning and immunohistochemical staining (rabbit
antivimentin monoclonal antibody, cat. AB92547; Abcam,
Cambridge, UK; mouse anti–E-cadherin monoclonal antibody,
cat. AB1416; Abcam; rabbit anti–Ki-67 polyclonal antibody,
cat. AB5580; Abcam; rabbit anti-active Caspase 3 polyclonal
antibody, unconjugated, cat. AB13847; Abcam; rat monoclonal anti-human CD77 antibody (Gb3), cat. YSRTMCA579;
Accurate Chemical, Westbury, NY; 40 ,6-diamidino-2phenylindole, cat. D3571; Invitrogen; Texas Red-X phalloidin (F-actin), cat. T7471, lot 40025A; Molecular Probes; Alexa
Fluor–488 goat anti-rabbit IgG (HþL), cat. A11012, lot
1678831; Life Technologies; Alexa Fluor–488 goat antimouse IgG (HþL), cat. A11001, lot 1726530; Life Technologies; Alexa Fluor–594 goat anti-mouse IgG (HþL), cat.
A11005, lot 1890858; Life Technologies; Alexa Fluor–594
goat anti-rat IgG IgM (m chain), cat. A21213, lot 1458639; Life
Technologies; goat serum, cat. S-1000; Vector Laboratories,
Burlingame, CA) was performed as previously described.44
For whole-mount staining, organoids were permeabilized
with 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO) during
initial blocking for 3 hours at room temperature.

Microscopy
For cyrosectioned organoids and whole-mount enteroids, images were obtained on a Zeiss LSM710 Live Duo
Confocal Microscope (Oberkochen, Germany). For live imaging in time course studies, CDH1-mRuby2 HIOs were
placed on the Ibidi gas incubation system (cat. 11922;
Fitchburg, WI) and imaged on the Zeiss LSM510 NLO TwoPhoton Microscope. Isolated mesenchymal cells were
observed under the Zeiss LSM510 NLO Two-Photon
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Microscope. For FITC-injected intact organoids, ﬂuorescent
images were obtained using a stereomicroscope (Eclipse
TE2000-U; Nikon, Tokyo, Japan). Fluorescent signal was
quantiﬁed using ImageJ software (National Institutes of
Health, Bethesda, MD).
Bioinformatics RNA sequencing data analysis. RNA
sequencing was performed by the University of Cincinnati
Genomics, Epigenomics and Sequencing Core.44 Results are
deposited in GEO (GEO submission: GSE144633; geo@ncbi.
nlm.nih.gov). Three independent HIOs were used for each
experimental condition. Sequence reads were performed
using the TopHat aligner,47 reads for known transcripts
were counted using Bioconductor packages,48 and differential expression analysis was performed for each using the
edgeR package.49 Statistical signiﬁcance of differential
expression, indicated in the padj columns in Supplementary
Tables 1 and 2), is based on the false-discovery
rate–adjusted P values.50 Gene ontology analysis was performed with GOrilla.51
In vivo studies. To assess susceptibility of the NSG line to
Stx, NSG mice (cat. 005557; Jackson Laboratory, Bar Harbor,
ME) were challenged with 10, 100, or 1000 ng of Stx2a
delivered orally by gavage (3 mice per group) or by IP injection (4 mice per group), and viability was followed up for
4 days. To assess human intestinal susceptibility to Stx
in vivo, HIO and HIO þ ENS were transplanted under the
kidney capsule of NSG mice and allowed to grow for 6
weeks as previously described.22,23 Transplants were
accessed surgically and the lumen was injected with 20 mL
PBS or PBS with 1 or 10 ng Stx2a. Incisions were closed. The
mice were weighed daily and killed on day 4. The kidneys
were harvested, ﬁxed, and sectioned for histology. Protocol
IACUC2018-0092 was approved by the CCHMC Institutional
Animal Care and Use Committee.
Quantiﬁcation and statistical analysis. Statistical analyses were performed using GraphPad Prism 5. Speciﬁc tests
are indicated in the ﬁgure legend.
All authors had access to the study data and have
reviewed and approved the ﬁnal manuscript.
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