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Abstract: Shiga toxins (Stxs) produced by ingested E. coli can induce hemolytic uremic syndrome
after crossing the intact intestinal barrier, entering the bloodstream, and targeting endothelial cells in
the kidney. The method(s) by which the toxins reach the bloodstream are not fully defined. Here,
we used two polarized cell models to evaluate Stx translocation: (i) a single-layer primary colonic
epithelial cell model and (ii) a three-cell-layer model with colonic epithelial cells, myofibroblasts,
and colonic endothelial cells. We traced the movement of Stx types 1a and 2a across the barrier
models by measuring the toxicity of apical and basolateral media on Vero cells. We found that
Stx1a and Stx2a crossed both models in either direction. However, approximately 10-fold more Stx
translocated in the three-layer model as compared to the single-layer model. Overall, the percentage
of toxin that translocated was about 0.01% in the epithelial-cell-only model but up to 0.09% in the
three-cell-layer model. In both models, approximately 3- to 4-fold more Stx2a translocated than Stx1a.
Infection of the three-cell-layer model with Stx-producing Escherichia coli (STEC) strains showed
that serotype O157:H7 STEC reduced barrier function in the model and that the damage was not
dependent on the presence of the eae gene. Infection of the three-layer model with O26:H11 STEC
strain TW08571 (Stx1a+ and Stx2a+), however, allowed translocation of modest amounts of Stx
without reducing barrier function. Deletion of stx2a from TW08571 or the use of anti-Stx1 antibody
prevented translocation of toxin. Our results suggest that single-cell models may underestimate
the amount of Stx translocation and that the more biomimetic three-layer model is suited for Stx
translocation inhibitor studies.

Keywords: tissue model; translocation; Shiga toxin; Escherichia coli

Key Contribution: This study demonstrated a notable difference in the in vitro translocation of Stx
between a three-layer intestinal tissue model and an epithelial monolayer.

1. Introduction

Shiga-toxin (Stx)-producing E. coli (STEC) are typically ingested from contaminated
food or water or, in limited cases, transmitted directly from an infected individual [1]. The
most serious STEC infections are characterized by severe abdominal pain, bloody diarrhea,
and in 5–15% of cases, hemolytic uremic syndrome (HUS) [1]. HUS consists of hemolytic
anemia, thrombocytopenia, and renal failure. Both the bloody diarrhea and the renal
damage are likely caused by direct effects of Stx action on the endothelial cells that line
small blood vessels as well as the indirect effects of the inflammatory response [2]. STEC
are not invasive, so the Stxs induce systemic disease by traveling from the intestine through
the bloodstream to localize to sites such as the kidney or central nervous system where the
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toxin receptor is abundantly expressed. There are two immunologically distinct types of Stx
produced by E. coli, Stx1 (same as Stx from Shigella dysenteriae type 1) and Stx2. STEC may
produce either toxin or both toxin types. Because there are several subtypes of each toxin,
the prototype toxin for each group is designated Stx1a or Stx2a [3]. The Stxs are composed
of a single enzymatically active A subunit that is responsible for the cytotoxic activity and
a non-covalently linked pentamer of B subunits that mediates receptor binding [4]. Stx1a
and Stx2a use globotriaosylceramide (Gb3) as the preferred receptor to enter host cells [5].
Gb3 is present on endothelial cells in the kidney, central nervous system, and, in limited
quantities, on human colonic epithelial cells [5,6]. The Stxs also exhibit a limited capacity to
bind alternate receptors such as globotetraosylceramide, Gb4 [7] and Toll-like receptor 4
(TLR4) [8].

Although a few therapeutic approaches to inhibit Stx activity have advanced to clinical
trials, no specific therapy is currently available to treat STEC-induced HUS [9]. A further
understanding of the mechanism(s) by which Stx crosses the intestinal epithelial barrier may
lead to additional approaches to treat those infected with STEC, particularly since antibiotic
therapy is contraindicated due to the increased risk for HUS [10]. Trans-cellular transport is
the most common mechanism reported for Stx movement through the intestinal epithelium:
purified Stxs move transcellularly across polarized colonic Gb3-negative T84 cells and Gb3-
positive HCT-8 cells without disruption of the epithelial cell barrier [6,11–15]. In addition,
infection of polarized T84 cells with an O157:H7 E. coli strain under microaerobic conditions
was found to significantly increase the amount of Stx2a transported transcellularly [14].
Studies using intestinal epithelial cells also suggest that Stx1a can cross T84 cells after
uptake by macropinocytosis [16,17]. This latter conclusion has been contested, however, as
Tran et al. observed no evidence of toxin uptake by macropinocytosis [14]. Two distinct
paracellular transport pathways have also been hypothesized for Stx translocation. The
first method involves direct damage to the mucosa and epithelial barrier, as infection of
polarized T84 cells with O157:H7 STEC strain CL56 (Stx1a+Stx2a+) caused increases in
permeability for Stx, as noted by decreased transepithelial electrical resistance (TEER)
values and disruption of zonula occludin (ZO-1) staining [18]. The second method entails
paracellular trafficking of Stx by immune cells through the epithelial barrier as Stx has
been shown to be taken up by polymorphonuclear leukocytes [19] and has been found
in blood cell-derived microvesicles [20]. Collectively the literature suggests that the Stxs
may employ different methods to traverse the intestinal epithelium. The contrasting results
from the different studies points to the inherent variability of the experimental models
that are used to study Stx translocation in vitro. Historically, most of the knowledge of Stx
transport has been derived using monolayers of immortalized intestinal epithelial cells
(e.g., Caco-2, HCT-8, T84). It has been difficult to detect Stx in mice after oral infection
with STEC and oral gavage with Stxs requires 1000-fold greater levels of toxin than are
required for lethal intoxication [21]. However, it is noteworthy that both Stx1a and Stx2a
are disseminated from the gut of orally intoxicated mice and found in the kidneys [22].

The evolution of in vitro tissue models in recent years, however, has offered evidence
that Stx behavior is modified in tissue models with greater physiological complexity than
cultured monolayers. Recent work with human intestinal organoids (HIOs) composed
of stem-cell-derived epithelial and mesenchymal cells demonstrated that exposure to
purified Stx1a or Stx2a from either the luminal or medium side diminishes barrier function
48 h after Stx addition [23]. In contrast, enteroids grown as two-dimensional monolayers
were only susceptible to Stx2a when overlaid on the apical side and barrier function was
maintained for 15 days after Stx addition [23]. These results indicate that mesenchymal cells
(e.g., myofibroblasts) in the HIOs play an important physiological role for the epithelial
barrier. The same study demonstrated that both mesenchymal monolayers and enteroids
were susceptible to cytotoxic damage from Stx through apoptotic and necrotic pathways,
whereas HIOs demonstrated clusters of both necrosis and cell proliferation [23]. Similar
physiological responses have also been demonstrated with STEC in HIOs, as a study
comparing STEC versus commensal strains of E. coli found no barrier damage in the
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presence of the commensal strain [24] but showed a loss of epithelial structural integrity
when exposed to an O157:H7 E. coli strain that produced Stx2a [24]. Such results highlight
the need for advanced in vitro intestinal models to gain a more thorough understanding of
Stx translocation mechanics, which will in turn advance studies of therapeutic strategies
against Stx.

In this study, we assessed the capacity of purified Stx1a or Stx2a to translocate across in-
testinal epithelial cell barriers in two different in vitro tissue models (Figure 1): (i) a human
primary colonic epithelial cell monolayer (Figure 1B) and (ii) a three-layer model consisting
of human primary colonic epithelia, human mesenchymal-stem-cell (MSC)-derived my-
ofibroblasts, and human primary colonic microvascular endothelia (Figure 1C). In model
(i), the primary epithelial cell monolayer simulates the luminal layer of the intestine and
provided cellular-level insights into Stx travel through and/or disruption of epithelial
barriers. In model (ii), the three cellular layers were designed to simulate a simplified
section of intestinal tissue, with an apical intestinal epithelial layer, a connective layer of
myofibroblasts and extracellular matrix (ECM), and a basolateral vascular endothelial layer
(Figure 1A). This model complements the former by providing insights into both cellular-
and tissue-level interactions of Stx, including translocation through the ECM. We observed
that purified Stx1a and Stx2a translocated across both model systems when applied to
either the apical side or the basolateral side. Addition of an O26:H11 STEC strain that
makes both Stx1a and Stx2a also resulted in modest toxin translocation. However, an
O157:H7 isolate caused destruction of the model within 6 hours, so toxin translocation
could not accurately be measured.
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Figure 1. Conceptual illustrations of colonic transwell models. (A) Schematic depiction of a villus
with key tissue layers of interest: the epithelial barrier (green), the extracellular matrix layer (ECM,
yellow) with integrated myofibroblasts (blue), and the capillary bed (red to blue). The epithelial cell
monolayer model (B) is composed of colonic epithelia (green) atop a deposited ECM (yellow) on the
apical side of a tissue culture transwell. The three-layer model (C) is composed of colonic epithelia
(green), myofibroblasts (blue), and ECM (yellow) on the apical side and ECM (yellow) and colonic
microvascular endothelia (red) on the basolateral side of the transwell.

2. Results

In designing a cellular intestinal model to investigate Stx translocation, we selected
three human-derived cell populations (i.e., colonic epithelia, myofibroblasts, and colonic
microvascular endothelia) to represent three sections of tissue that play key roles in Stx
translocation and tissue targeting (i.e., intestinal luminal lining, mesenchymal connective
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layer, vascular lining; see Figure 1 [4,5,25]). Prior to assembling the cells into multi-layer
transwell cultures, our first steps were to ensure the cells could be co-cultured and could
express appropriate genotypic and phenotypic markers in vitro.

2.1. Cell Model Validation
Quantitative Reverse Transcription PCR (RT-qPCR)

As a preliminary performance metric for the in vitro cultured cells, we used RT-qPCR
to compute the relative expression of several expected genetic markers for each cell line
(see Supplementary Table S1 for gene names and primer sequences). Expression of each
genetic sequence was computed relative to that of an undifferentiated induced pluripotent
stem cell (iPSC) population. We used the beta (β)-actin (ACTB) gene as a control sequence
that is conserved between all four cell populations. We also measured expression of
Gb3 synthase which acts on lactosylceramide to generate Gb3, the Stx receptor. For each
cell line, we found that nearly all the predicted markers were expressed at a higher rate
than the reference population; see Figure 2. For the epithelial cell population, we found
significant increases in gene expression for 15 of the 20 expected markers, and, notably,
saw an over 0.5 log-fold increase in Gb3 synthase expression. This latter result agrees with
previous findings of low levels of Gb3 on intestinal epithelial cells [6]. In the myofibroblast
population, we saw increased expression of six expected myofibroblast markers which
suggested proper differentiation, while the relative expression for Gb3 synthase was found
to be negligible. Results for the endothelial cell population demonstrated an increased
expression of all five genetic markers, with evidence of modest expression of Gb3 synthase
at a 2 log-fold greater expression compared to the reference sample.
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control. The full names of the referenced genes are defined in Supplementary Table S1.

Beyond genotypic expression, we also leveraged immunostaining and histological
staining to study the phenotypic expression of each of the cultured cell lines. Immunostain-
ing of epithelial monolayers at confluence (Figure 3A,B) confirmed that mucin 5B (Muc5B),
a mucin precursor common to intestinal epithelia, was expressed by the primary human
colonic cells. A confluent monolayer of MSC-derived myofibroblasts (Figure 3C,D) demon-
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strated significant alpha-smooth muscle actin (α-SMA), expression, which is a marker of a
mature myofibroblast [26]. As expected, we found that the myofibroblasts did not express
Muc5B in monoculture, while the epithelial cells did exhibit some staining for α-SMA; see
Supplemental Figure S1. Both cell types expressed ZO-1 in monoculture; see Supplemental
Figure S1. We also used immunostaining to further evaluate the expression of Stx receptor
Gb3 in colonic epithelial and endothelial cell monolayer cultures. Faint positive staining
for Gb3 was observed for both cell types, consistent with the RT-qPCR results shown in
Figure 2 and Supplemental Figure S2.

Toxins 2023, 15, x FOR PEER REVIEW 5 of 15 
 

 

Figure 2. Log fold-change in gene expression relative to iPSCs. (A) Primary colonic epithelial cells, 
(B) MSC-differentiated myofibroblasts, and (C) primary colonic endothelial cells. ActB was used as 
a control. The full names of the referenced genes are defined in Supplementary Table S1. 

Beyond genotypic expression, we also leveraged immunostaining and histological 
staining to study the phenotypic expression of each of the cultured cell lines. Im-
munostaining of epithelial monolayers at confluence (Figure 3A,B) confirmed that mucin 
5B (Muc5B), a mucin precursor common to intestinal epithelia, was expressed by the pri-
mary human colonic cells. A confluent monolayer of MSC-derived myofibroblasts (Figure 
3C,D) demonstrated significant alpha-smooth muscle actin (α-SMA), expression, which is 
a marker of a mature myofibroblast [26]. As expected, we found that the myofibroblasts 
did not express Muc5B in monoculture, while the epithelial cells did exhibit some staining 
for α-SMA; see Supplemental Figure S1. Both cell types expressed ZO-1 in monoculture; 
see Supplemental Figure S1. We also used immunostaining to further evaluate the expres-
sion of Stx receptor Gb3 in colonic epithelial and endothelial cell monolayer cultures. Faint 
positive staining for Gb3 was observed for both cell types, consistent with the RT-qPCR 
results shown in Figure 2 and Supplemental Figure S2.  

  
Figure 3. Cells used for the intestinal model express appropriate markers in monoculture. (A) Phase-
contrast image and (B) fluorescence image of primary human colonic epithelial cells incubated with 
anti-Muc5B (green). (C) Phase-contrast and (D) fluorescence image of hMSC-derived myofibro-
blasts incubated with anti-αSMA (red) and counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI, blue). Scale bars indicate 100 µm. 

To evaluate the capacity of the myofibroblast and epithelial cell lines to be co-cul-
tured in direct contact, we seeded differentiated myofibroblasts onto a transwell mem-
brane, cultured them to 80–90% confluence, and then seeded primary colonic epithelia 
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Figure 3. Cells used for the intestinal model express appropriate markers in monoculture. (A) Phase-
contrast image and (B) fluorescence image of primary human colonic epithelial cells incubated with
anti-Muc5B (green). (C) Phase-contrast and (D) fluorescence image of hMSC-derived myofibroblasts
incubated with anti-αSMA (red) and counterstained with 4′,6-diamidino-2-phenylindole (DAPI,
blue). Scale bars indicate 100 µm.

To evaluate the capacity of the myofibroblast and epithelial cell lines to be co-cultured
in direct contact, we seeded differentiated myofibroblasts onto a transwell membrane,
cultured them to 80–90% confluence, and then seeded primary colonic epithelia directly
over top. A 3:1 mixture of epithelial cell media and myofibroblast differentiation media
was found to sustain cell viability during co-culture for a minimum of 2 weeks. Growth
and expansion of the epithelial layer was tracked with phase-contrast microscopy. The
microscopy indicated successful co-culture methods as the epithelial cells readily generated
a cobblestone-like monolayer; see Figure 4A. Myofibroblasts were also distinguishable from
epithelia in the first 3–5 days following seeding and were found to maintain a consistent
stretched morphology as in monoculture. We consistently observed that the epithelial cells
assembled into clustered structures upon confluence (Figure 4A) which may represent
an early form of assembly into microvilli as seen with other colonoids [27,28], though we
cannot rule out some cell overgrowth. To confirm that these two cell types retain their
phenotypic expression when grown together, we performed immunostaining of the co-
cultures for Muc5b, ZO-1, and α-SMA; see Figure 4B,C. The fluorescence images depicted
in Figure 4B demonstrated the presence of Muc5b (red) and ZO-1 (green) with a blue 4′,6-
diamidino-2-phenylindole (DAPI) counterstain of the nuclei. Similarly, the fluorescence
images in Figure 4C demonstrated the presence of α-SMA (red) and ZO-1 (green) with a
blue DAPI counterstain of the nuclei. Taken together these data suggest the presence of both
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cell types. Next, we expanded the co-culture to a three-layer model system in transwells,
with myofibroblasts and epithelia on the apical side and primary colonic endothelia seeded
on the basolateral side. Following a roughly two-week culture protocol, the three-layer
models were fixed, paraffin embedded, mounted, and stained with hematoxylin and eosin
(H&E) (Figure 5) to verify the presence of the three cultured layers. We evaluated the
histological samples by brightfield and fluorescence imaging and observed a dual cell
layer on the apical side of the transwell that represented the epithelial and myofibroblast
layers. We also observed a thin layer that verified the presence of endothelial cells on the
basolateral side of the membrane.
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Figure 4. Co-cultured human colonic and human adipose-derived mesenchymal stem-cell (hAD-
MSC)-derived myofibroblasts express appropriate markers. Phase-contrast image (A), and fluores-
cence images of cells incubated with antibodies specific for (B) Muc5b (red) and ZO-1 (green) or
(C) αSMA (red) and ZO-1 (green). The cell nuclei were counterstained with DAPI (blue) and merged
images of all three channels are displayed on the right.
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depict the three layers of cells, while (B) fluorescence imaging of the stained cells offers greater
resolution to visualize the endothelial layer.

2.2. Exposure of Cell Models to Purified Stxs

Previous studies showed that Stxs are cytotoxic to intestinal epithelial cells such as
HCT-8s at high doses [6]. Therefore, we determined the threshold for cytotoxicity of Stx1a
and Stx2a on epithelial and endothelial monolayer cultures. Although we detected modest
Gb3 levels on the primary epithelial cells by immunostaining and Gb3-synthase transcript
by RT-qPCR, we found that the cells were not susceptible to a dosage more than 106-times
the Vero cell cytotoxic dose 50% (CD50) of Stx1a or Stx2a. The endothelial cells were also
insensitive to Stx2a but, in contrast, were sensitive to Stx1a at high toxin concentrations.
Approximately 200 ng Stx1a was required to observe one Vero cell CD50 on the endothelial
cells, an amount that represents more than 105 CD50s for Vero cells. Given the relative
resistance of the cell lines in monoculture to the toxins, we proceeded to the translocation
assays without concern for excessive cell death and barrier breakdown in the presence of
purified Stx.
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2.2.1. Response of Primary Colonic Epithelial Monolayer to Purified Stx

To understand Stx translocation through the intestinal epithelial barrier, we first
leveraged a primary colonic epithelial cell monolayer as a comparator to published data
with immortalized cell monolayers as well as data from our three-layer tissue model. When
polarized primary epithelial cells were exposed to 400 ng purified Stx1a or Stx2a, both
toxins translocated across the cells without significant change in the TEER. Unexpectedly,
we observed that both Stx1a and Stx2a translocated across the monolayer regardless of
the side (apical or basolateral) to which the toxin was applied, Figure 6. Similar levels of
Stx1a and Stx2a as measured by CD50/mL translocated across the epithelial monolayers
in either direction, which represented about 0.01% of the total toxin added to the model.
The remainder of the toxin was detected in the compartment to which it was added,
approximately 107 CD50/mL.
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Figure 6. Stx1a and Stx2a translocated similarly across polarized primary epithelial cells when added
to either the apical or basolateral side of the transwell. A-B: toxin was added to the apical side and
measured from the basolateral side. B-A: toxin was added to the basolateral side and measured on
the apical side. Each symbol represents the mean of two technical replicates. The experiment was
performed three times. The bar is the overall mean. LOD = limit of detection. One-way analysis of
variance (ANOVA) indicated no statistical differences among the values.

2.2.2. Response of Three-Layer Colonic Co-Culture Model to Purified Stx

As with the colonic epithelial monolayer, we exposed the three-layer tissue model to
400 ng purified Stx1a or Stx2a and found that both Stx1a and Stxa2 translocated across
the model; see Figure 7. Over three biological replicates, a mean of 103.8 CD50 of Stx1a
translocated from the apical to the basolateral side of the model, a value that represents
approximately 0.1 ng Stx1a or about 0.025% of the input. For Stx2a, the mean translocated
was 103.6 CD50 as measured on the Vero cells, a value that represents about 0.32 ng of
Stx2a or about 0.09% of the input. Similar to the single-layer model, we measured toxin
translocation in both directions, and found that almost all of the toxin stayed in the com-
partment to which it was added (107.4 CD50/mL for Stx1a and 106.7 CD50/mL for Stx2a on
the apical side for this study). We were surprised that about a log more of Stx translocated
across the three-layer model as crossed the single-layer model. This latter result suggests
that the more complex model is more efficient at translocating toxin than the epithelial
cell-only monolayer.
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Figure 7. Translocation of purified Stx1a or Stx2a was similar across the three-layer tissue model as
measured by total CD50 translocated. Each symbol represents the mean of two technical replicates.
The experiment was repeated three times. The bar is the overall mean. One-way analysis of variance
(ANOVA) indicated no statistical differences among the values.

2.3. Exposure of the Three-Layer Model to STEC

To determine if we could measure toxin translocation in the presence of STEC, we
exposed the three-layer model to O157:H7 STEC Stx2a+ strain 86-24 or O26:H11 Stx1a+
and Stx2a+ strain TW08571. At 6 h of exposure to the STEC, no toxin was detected in the
basolateral compartment. We found over multiple studies that strain 86-24 and an intimin
(encoded by eae) deletion derivative of 86-24 caused destruction of the model as evidenced
by flow-through of fluorescein isothiocyanate (FITC)-dextran and recovery of bacteria in
the basolateral compartment after 18 h of exposure to the STEC. Therefore, the rest of the
bacterial exposure studies were performed with just strain TW08571. We incubated the
model with TW08571, TW08571 plus anti-Stx1 antibody cαStx1, or TW08571∆stx2a, for
14 h. In these preliminary studies, we observed low levels of Stx translocation across the
three-layer model when TW08571 was added; see Figure 8. When we added either antibody
to Stx1a along with TW08571 or used the stx2a mutant strain, we observed no translocation
of toxin. In one study not included in Figure 8, we observed an excess of FITC translocation,
but we still found that toxin only translocated in the wells that had the wild-type strain,
even though the toxin levels in the apical compartment were the same.
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3. Discussion

In this study we developed a three-layer tissue model that consists of colonic epithelial
cell, myofibroblast, and colonic endothelial cell layers to study the translocation of Stxs. We
found that Stx1a and Stx2a translocated similarly across polarized primary epithelial cells
in terms of the number of CD50s that were detected on the opposite side of the transwell
systems. However, because Stx2a is less toxic to Vero cells by 5–10 fold than Stx1a [29], these
data suggest that overall, more Stx2a translocated in this model, a finding that contrasts
with findings on polarized CaCo2A and HCT-8 cells in which 3- to 9-fold more Stx1a
than Stx2a translocated [12]. Overall, we observed that approximately 0.01% of the toxin
added to the epithelial cell model translocated, while about 0.09% of Stx2atranslocated in
the three-layer model. Our results suggest that single-cell models may underestimate Stx
translocation. The fact that we observed more Stx2a translocation than Stx1a is consistent
with epidemiological data that Stx2a is more highly associated with the development of
HUS than Stx1a [3]. Although it is unclear why only a small percentage of toxin translocates
in the intestinal models, the data are consistent with the low level of HUS (which is the
result of systemic intoxication) in people and consistent with the finding of toxin in the
feces of animal models infected with STEC [30,31].

We observed over several studies that infection of the three-layer model with O157:H7
STEC strain 86-24 or 86-24∆eae caused destruction of the model, but infection with O26:H11
strain TW08571 (eae+) did not. These results indicate that intimin (encoded by eae) is not
necessary for model destruction. Taken together, our data also suggest that Stxs are not
required for tissue destruction in the model since we did not observe destruction with
purified toxins or with TW08571, which makes both Stx1a and Stx2a. It is possible that other
genes such as espB_O157 and etpD, which are associated with more severe clinical outcome
of STEC infection in children [32] and which are encoded by 86-24 but not TW08571, are
required for the loss of model integrity. Consistent with our findings, Philpott et al. further
found that infection of polarized T84 cells in Ussing chambers with an O157:H7 STEC
altered barrier function in an Stx-independent manner after a 15 h incubation [13]. The
authors of the latter study concluded that toxin was translocating by a transcellular route
as toxin translocation was not found to increase even when barrier function was reduced.
We similarly found that even when we observed a loss of barrier function in the three-layer
model neither Stx1a nor Stx2a translocated as measured from TW08571⊗stx2 or TW08571 in
the presence of cαStx1, respectively. We are not sure why Stx translocation from TW085781
seemed to require the presence of both toxins. We do not think that it is due to a higher
level of toxin in the basolateral compartment because the overall toxin measured on the
basolateral side was the same from TW08571 and TW08571⊗stx2 (not shown). It is also
possible that translocation requires a certain level of toxin which was not reached under
the conditions tested.

We found that the Stxs translocated both the apical direction and the basolateral
direction in our model, something also observed in other studies [11,12,23]. The meaning of
the bi-directional movement is unclear but may simply indicate that the cellular mechanism
of translocation is functional in either direction. We observed only low levels of the
Stx receptor Gb3 on the colonic epithelial cells and endothelial cells, and both cell types
were resistant to toxin action. These findings may indicate that the movement of toxin is
independent of Gb3.

Taken together, the three-layer system shows movement of functional toxin and could
serve as a model system to test inhibitors of toxin trafficking from the intestine to system
sites. In future studies, additional expansion of the tissue model could be performed to
clarify the roles of specific physiological factors in the translocation of Stx. Such factors
include (i) the microaerobic state of the intestinal lumen, which has been shown previously
to modify cellular responses to Stx in vitro [14]; (ii) pulsatile flow, since the intestines
undergo fluidic movement; or (iii) a system that integrates both microaerobic conditions
and pulsatile flow in a single device. Finally, in future investigations, we could explore
modifications to the methods from HIO studies [23,24] to generate a stem cell-derived
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enteroid layer with the requisite cell populations. Given the data generated in this study and
the potential for enhancement of our in vitro intestinal model in the future, we anticipate
this work will provide valuable contributions to advance the fields of Stx research, intestinal
modeling, and in vitro modeling beyond the intestines.

4. Materials and Methods
4.1. Cell Culture
4.1.1. Primary Cell Culture

Human primary colonic epithelial cells and human primary colonic microvascular en-
dothelial cells were cultured following manufacturer’s instructions (Cell Biologics, Chicago,
IL, USA). Cells were thawed and cultured in a T75 flask coated with gelatin-based coating
solution (Cell Biologics) with either complete human epithelial cell media (Cell Biologics) or
EGM-2 MV microvascular endothelial cell growth medium-2 BulletKit (Lonza, Walkersville,
MD). Media was changed after initial plating, every 48 h when cells were <70% conflu-
ent and every 24 h when cells were >70% confluent. Cells were harvested at confluency
for experimentation.

4.1.2. Human Adipose-Derived Mesenchymal Stem/Stromal Cells

The hAD-MSC (RoosterBio, Inc. Frederick, MD, USA) were cultured following manu-
facturer’s instructions. Cells were thawed and cultured in a T225 flask in RoosterNourish-
MSC medium. The medium was changed on day 4 at 70% confluency and the cells
harvested on day 5 at >80% confluency.

4.1.3. Myofibroblast Differentiation from hAD-MSCs

The myofibroblast differentiation protocol was derived from Desai et al. [26]. Briefly,
6-well tissue culture plates were coated with 10 µg/mL bovine collagen solution (Sigma-
Aldrich, St. Louis, MO, USA) in 1X phosphate-buffered saline (PBS) for 1 h at 37 ◦C.
After coating, the solution was removed and hAD-MSCs were plated at a density of
26,000 cells/cm2 in myofibroblast differentiation media consisting of DMEM:F12 (Invit-
rogen, Waltham, MA, USA), 0.1 mM MEM non-essential amino acids (ThermoFisher,
Rockville, MD, USA), 1% penicillin/streptomycin (ThermoFisher), 1X GlutaMAX (Ther-
moFisher), 1X RPMI 1640 vitamins solution (Sigma), 1X ITS liquid media supplement
(Sigma), 1 mM sodium pyruvate (Sigma), and 1 µg/mL glutathione (Sigma) for 1 h at 37 ◦C.
After the cells were plated for 1 h, 1 ng/mL recombinant human TGF-β1 (R&D Systems,
Minneapolis, MN, USA) was added to the media. Differentiation occurred over 4 days with
media being changed (myofibroblast differentiation media + 1 ng/mL TGF-β1) after 48 h.
Cells were then maintained in myofibroblast differentiation media without TGF-β1 while
waiting for experimentation.

4.2. Transwell Model Systems
4.2.1. Human Primary Colonic Epithelial Cell Monolayer Model

All epithelial model transwell experiments were conducted using 1.0 µm pore size
polyethylene terephthalate (PET) membrane 12-well Millicell hanging cell culture inserts
(MilliporeSigma, Rockville, MD, USA) in 12-well tissue culture plates. Culture inserts were
coated with gelatin-based coating solution (Cell Biologics) for 10 min at 37 ◦C. After human
primary colonic epithelial cells were grown to confluency and harvested for experimen-
tation (as described in Section 4.1.1), coated inserts were seeded with 295,000 cells/cm2.
Complete human epithelial cell media (Cell Biologics) was changed every 24 h until epithe-
lial models were ready for experimentation on day 7. TEER measurements were collected
using an EVOM2 Epithelial Volt/Ohm Meter (World Precision Instruments).

4.2.2. Colonic 3-Layer Tissue Model

All tissue model transwell experiments were performed on 1.0 µm pore size PET
membrane 12-well Millicell hanging cell culture inserts (MilliporeSigma) or on 1.0 µm pore
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size PET membrane 24-well Millicell hanging cell culture inserts (MilliporeSigma) in 12-
or 24-well cell culture plates. Apical sides of culture inserts were coated with 10 µg/mL
bovine collagen solution (Sigma) in gelatin-based coating solution (Cell Biologics) for 1 h at
37 ◦C and basal sides were coated with gelatin-based coating solution (Cell Biologics) for
10 min at 37 ◦C. The colonic tissue models were seeded in a step-wise fashion. First, the cell
culture inserts were inverted and human primary colonic microvascular endothelial cells
were seeded at a density of 194,000 cells/cm2 on the basal side. After incubation for 2 h at
37 ◦C, the inserts were placed right-side up and seeded with myofibroblasts at a density of
52,000 cells/cm2. Myofibroblast differentiation media without TGF-β1 as well as EGM-2
MV microvascular endothelial cell growth medium-2 Bullet Kit (Lonza) was changed every
24 h for 5 days. On day 5, human primary colonic epithelial cells were seeded at a density
of 295,000 cells/cm2 on the cell culture insert apical side. A media change occurred every
24 h and consisted of a 3:1 mixture of complete human epithelial cell media (Cell Biologics)
and myofibroblast differentiation media without TGF-β1 for the apical side and EGM-2
MV microvascular endothelial cell growth medium-2 BulletKit (Lonza) for the basal side.
Experiments with tissue models were conducted 7–10 days after human primary colonic
epithelial cell seeding.

4.3. Immunohistochemistry, Histology, and Microscopy

Tissues and cells were fixed in their specific culture environment for continuity. Single-
layer monolayers were fixed and stained in 12-well cell culture plates and tissue models
were fixed and stained on 1.0 µm pore size PET membrane transwell inserts in 12- or
24-well cell culture plates. Standard immunohistochemistry protocols were followed.
Briefly, cells were rinsed in 1X PBS to remove culture media. They were then fixed with
4% paraformaldehyde in PBS for 10 min at room temperature before washing three times
with PBS. For intracellular proteins, permeabilization was performed with 0.1% Triton
X-100 in PBS for 10 min before washing samples in PBS three times at 5 min intervals.
Non-specific binding of antibodies was blocked with a solution of 1% BSA, 22.52 mg/mL
glycine, and 0.1% Tween 20 in PBS for 30 min. Samples were then incubated with the
diluted primary antibody (Supplementary Table S2) in 1% BSA PBS overnight at 4 ◦C, then
washed, and incubated with secondary antibody (Supplementary Table S2) in 1% BSA for
1 h. If samples were stained using multiple primary and secondary antibody solutions
it was performed in a sequential manner. Samples were then counterstained with DAPI
(Invitrogen) for 1 min before washing and visualization. Samples in cell culture plates were
imaged as such. Transwell samples were removed from the cell culture insert and placed
on a standard glass slide and coverslip. All images were taken using a Nikon Eclipse Ts2
epifluorescence microscope at either 10× or 20×, then captured using NIS-Elements BR
(Nikon, Minato City, Tokyo, Japan) software, and analyzed using ImageJ (NIH, Bethesda,
MD, USA). Three-layer tissue models were prepared for histology using standard protocols.
Cell culture media was aspirated from either side of the transwell and cells were rinsed
with 1X PBS for 30 s. They were then fixed with 4% paraformaldehyde in PBS for 10 min
at room temperature before washing three times with PBS. Following a dehydration step,
fixed samples were embedded with paraffin wax and sectioned using a microtome. Sections
were stained with hematoxylin and eosin and mounted on glass microscope slides with
glass coverslips. Images of mounted samples were collected using a Nikon Eclipse Ts2
epifluorescent microscope at 40×magnification and analyzed using ImageJ.

4.4. RT-qPCR

RNA was extracted from the non-differentiated iPS cells, primary epithelial cells, hAD-
MSC-derived myofibroblasts, and primary endothelial cells with the Zymo Research Quick-
RNA Miniprep Kit following the manufacturer’s instructions. The RNA was converted to
cDNA with the Qiagen QuantiTect Reverse Transcription Kit. Finally, reactions were set
up in triplicate with the Qiagen QuantiTect SYBR green PCR kit. The RT-qPCR reactions
were performed in a Rotor-Gene Q PCR Cycler (Qiagen, Hilden, Germany). Analysis of the
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relative fold gene expression of each sample was performed by calculating the ∆∆CT for
each primer set with cDNA from the undifferentiated iPS cells as the control.

4.5. Stx Purification and Cytotoxicity Assay

The Stxs were purified by immuno-affinity as described previously [33]. The Vero
cell cytotoxicity assay was performed as described previously [34]. Briefly, Vero cells were
seeded into 96-well plates (105 cells/mL), then overlaid with toxin 18–24 h later. After 48 h
of incubation the plates were fixed in formalin, stained with crystal violet, washed with
water and allowed to air dry. Absorbance readings were obtained at 590 nm. The CD50
for each sample was calculated as the inverse of the dilution that caused 50% cell killing
relative to untreated cells.

4.6. Exposure of Transwells to Purified Stxs or to STEC

Purified Stx1 or Stx2 were diluted in appropriate media to a final concentration of
500 ng in 800 µL to add to the transwells. Fresh media was added to the apical and
basolateral sides of the transwells and TEER measurements were taken and recorded. The
fresh media was removed and the toxin samples were added in duplicate. Transwells were
incubated at 37 ◦C, 5% CO2 for 5 h, then a final TEER measurement was taken and recorded.
Samples were removed and stored at −20◦C until the Vero cell cytotoxicity assay could
be performed.

STEC strains used for this study are listed in Table 1. The bacteria were grown in
Luria broth overnight and approximately 103 CFU were added to the transwells. After
6, 14, or 18 h of incubation, samples were taken from the apical and basolateral compart-
ments for CFU enumeration and measurement of Stx levels. STEC strains 86-24, TW08571,
TW08571∆stx2a were used for these studies. STEC strain TW08571∆stx2a was generated
by amplifying an stx2a gene with an internal deletion and an inserted chloramphenicol
resistance cassette from strain JH2010 [31] with primers 2aSacIF (ATGCGAGCTCACT-
CATAATCGCCAGGTCGC) and 2aSacIR (ATGCGAGCTCCCCTGCTATGAGAGGCCTTG).
After digestion with SacI, the PCR product was ligated to similarly digested suicide vector
pCVD442 and the mutant strain generated by the method described [35]. We were unable to
generate an stx1a mutant derivative of TW08571 despite numerous attempts. An antibody
to Stx1, cαStx1 [36], was used in some studies at a concentration of 0.5 mg/mL.

Table 1. STEC strains used in this study.

Strain Serotype, Toxin Type(s), eae
Presence Reference

86-24 O157:H7, Stx2a, eae+ [37]
86-24eae∆10 O157:H7, Stx2a, eae- [38]

TW08571 O26:H11, Stx1a + Stx2a, eae+ [34]
TW08571∆stx2a O26:H11, Stx1a; eae+ This study

For colonic tissue models, FITC-dextran with an average molecular weight of 3000–5000
was used to test permeability in addition to TEER measurements. FITC-dextran was diluted
to 78 µg/mL in 800 µL of the Stx2 toxin sample that was applied to the transwells. When
the assay was complete, 100 µL from each sample (both apical and basolateral sides) were
added to a Corning 96-well solid black U-bottomed plate. Samples were read using a
GloMax-Multi+ Detection System (Promega Corp., Madison, WI, USA) with a Blue optical
kit (Ex: 490 nm, Em: 510–570 nm).

4.7. Statistical Analyses

All statistical analysis was performed with GraphPadPrism v9.4.1 for Windows
(GraphPad Software, LLC, La Jolla, CA, USA).
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins15030207/s1, Figure S1: Immunofluorescence images showing
Muc5B, αSMA, and ZO-1 staining in colonic epithelial cells and hMSC-derived myofibroblasts.
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