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Shiga toxins (Stx) are a family of cytotoxic proteins that can cause hemolytic-uremic syndrome (HUS), a thrombotic microangi-
opathy, following infections by Shiga toxin-producing Escherichia coli (STEC). Renal failure is a key feature of HUS and a major
cause of childhood renal failure worldwide. There are currently no specific therapies for STEC-associated HUS, and the mecha-
nism of Stx-induced renal injury is not well understood primarily due to a lack of fully representative animal models and an in-
ability to monitor disease progression on a molecular or cellular level in humans at early stages. Three-dimensional (3D) tissue
models have been shown to be more in vivo-like in their phenotype and physiology than 2D cultures for numerous disease mod-
els, including cancer and polycystic kidney disease. It is unknown whether exposure of a 3D renal tissue model to Stx will yield a
more in vivo-like response than 2D cell culture. In this study, we characterized Stx2-mediated cytotoxicity in a bioengineered 3D
human renal tissue model previously shown to be a predictor of drug-induced nephrotoxicity and compared its response to Stx2

exposure in 2D cell culture. Our results demonstrate that although many mechanistic aspects of cytotoxicity were similar be-
tween 3D and 2D, treatment of the 3D tissues with Stx resulted in an elevated secretion of the kidney injury marker 1 (Kim-1)
and the cytokine interleukin-8 compared to the 2D cell cultures. This study represents the first application of 3D tissues for the

study of Stx-mediated kidney injury.

higa toxin (Stx) is a family of AB; protein cytotoxins expressed

by Shigella dysenteriae and Shiga toxin-producing Escherichia
coli (STEC) (1). Infections by Stx-producing organisms can result
in the onset of a disease termed the hemolytic-uremic syndrome
(HUS) that is characterized by renal failure, hemolytic anemia,
and thrombocytopenia. Shiga toxins are considered the key STEC
virulence factor required for the onset of HUS with Stx2 being the
toxin most often associated with severe disease (2—4). In the
United States, HUS is the most common cause of acute renal fail-
ure in children under 5 years of age (5-7). The majority of HUS
cases are caused by STEC, and in the United States, the O157:H7
serotype is most frequently associated with this severe disease (7).
Although the underreporting of cases precludes precise calcula-
tion of the incidence of STEC infection, the Centers for Disease
Control and Prevention (CDC) has estimated that 73,000 cases
of O157:H7 infection occur annually in the United States (http:
/Iwww.cdc.gov/pulsenet/pathogens/ecoli.html) (8).

Approximately two-thirds of children who develop HUS will
require dialysis (9), and many will go on to permanent renal in-
sufficiency or renal failure. Excluding supportive therapies such as
hemodialysis and volume expansion with intravenous fluids,
there are no specific therapies for STEC-associated HUS. While
Stxs are the primary STEC pathogenicity factors responsible for
the onset of HUS by STEC, the mechanism(s) by which Stxs pro-
mote this deadly thrombotic microangiopathy in patients is still
not well understood.

Shiga toxins are AB; toxins composed of five B-subunits which
bind to the host-cell surface receptor globotriaosylceramide
(Gbs), and a single A-subunit with a specific N-glycosidase activity
that affects protein synthesis (10-12). After binding to Gb3, Stx
undergoes endocytosis and retrograde trafficking to the endoplas-
mic reticulum (ER), where the A-subunit separates from the B-
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subunits and is then transported across the ER membrane to the
cytosol (13). Once in the cytosol, the A-subunit catalyzes the cleavage
of an adenine from the 28S rRNA, thus inhibiting protein synthesis
and activating proinflammatory signaling (11, 12). Certain types of
protein synthesis inhibitors, including Stx, which interact with
and/or damage the 28S rRNA have been shown to activate the mito-
gen activated protein kinases (MAPKSs), jun-N-terminal kinases
(JNKs), and p38 (14, 15). This activation of MAPKSs by Stx and other
protein synthesis inhibitors has been termed the ribotoxic stress re-
sponse (RSR). Stx-mediated activation of the RSR has been shown to
contribute to induction of cytokines such as interleukin-8 (IL-8) at
both the transcriptional and the posttranscriptional level in intestinal
epithelial cells (16, 17).

While renal failure is a key feature of HUS and renal samples
from patients with HUS show extensive damage (2), the temporal
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Exposure of 3D Renal Tissue to Shiga Toxin
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FIG 1 Shiga toxin-mediated cytotoxicity. (A) Representative image of the interconnecting tubules present in the 3D bioengineered human kidney tissue model.
(B) Timeline of tissue formation, treatment, and sampling. (C) A [*H]leucine incorporation assay was used to determine the sensitivity of 2D and 3D cultures to
overnight (24- to 26-h) treatment with Stx2 (LPS not removed). (D) H&E image of representative 3D tissues after 72 h of no treatment or treatment with noted
concentrations of Stx2. Arrows indicate the hematoxylin-stained cells within the matrix. (E) IC,, values at specific time points for 2D and 3D tissues.

pattern of Stx-mediated renal damage has not been determined,
and it remains unclear which renal cells are the primary targets
during disease. This is largely due to an inability to monitor renal
damage on a molecular and cellular level during the course of
disease in human patients and to access patients during the early
stages of disease progression. To overcome these limitations, in-
vestigators have used either animal models (18, 19) or two-dimen-
sional (2D) monolayer cell cultures to study Stx-mediated disease
(20-22). 2D cell culture systems, while simple and low in cost, lack
the architecture required to play a major role in cell-cell and cell-
extracellular matrix (ECM) interactions and are thus incapable of
recapitulating the complexity of the in vivo environment (23, 24),
as well as inadequate at predicting cellular toxicity (25, 26). Stud-
ies using 2D human renal proximal tubule cells have demon-
strated that Stx increases apoptosis in a time- and dose-dependent
manner, along with the secretion of IL-1B, IL-6, and IL-8, the
inhibition of protein synthesis, and water absorption (20, 21, 27,
28). Animal models are incapable of fully recapitulating human
disease for numerous reasons, including differences in physiology
and experimental conditions (29). Importantly, differences in Stx
receptor expression patterns between mice and humans contrib-
ute to the failure of murine models of HUS to completely mimic
human sequelae (30). Although nonhuman primates have been
shown to recapitulate the clinical manifestation of HUS and re-
spond to therapeutics (31), these models are expensive and re-
quire specialized staff and facilities.
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The advantages of using 3D human tissues over 2D cell culture
have already been demonstrated in studies of cancer progression,
signal transduction, and drug toxicity (23, 32-35). These studies
have revealed advantages of 3D tissue models over 2D cell cultures
due to differences in cell-cell signaling, ECM interactions, ECM
composition, gene expression, and epigenetic gene regulation (23,
36). Bioengineered 3D kidney tissues produced in our lab using
human cells have been shown to better reflect human renal phys-
iology than 2D cell culture (37). These tissues are composed of
human telomerase reverse transcriptase (W\TERT) immortalized
human renal proximal tubule cells embedded within a hydrogel.
After 2 weeks of culture, they form an interconnecting network of
tubules (Fig. 1A). These bioengineered kidney tissues are capable
of revealing toxic effects of both acute and chronic exposure to
insult since they are viable for up to 8 weeks, unlike 2D cell cul-
tures, which are viable and relevant for only days before increased
cell density results in cell death.

The goal of the present study was to adapt our 3D bioengi-
neered human renal tissue model for the study of Stx-induced
renal toxicity and to compare the responses with responses by 2D
cultures. We examined cytotoxicity, activation of the RSR, renal
injury biomarker expression, and inflammatory cytokine secre-
tion. Although the overall cytotoxicity profile, protein synthesis
inhibition, and RSR activation were similar between 2D and 3D
cultures, there were differences in the 1C, (the dosage at which
50% toxicity was achieved) at different time points, the secretion
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of renal injury biomarkers, and cytokine secretion between the
two systems. Importantly, treatment of the 3D tissues with Stx
resulted in an elevated secretion of the kidney injury marker 1
(Kim-1) and the cytokine IL-8 compared to the 2D cell cultures.
IL-8 secretion levels have been shown to significantly increase in
the urine of baboons after Stx2 treatment (31) and from intestinal
epithelial cells exposed to Stx2 (38). Kim-1 has been shown to be
induced upon infection of mice with Stx-producing Citrobacter
rodentium, a murine model for enterohemorrhagic E. coli-related
disease (39); the present study is the first to show a Kim-1 renal
injury biomarker response to Stx2 in vitro. This study is also the
first utilization of a 3D renal tissue model for the study of Stx-
mediated nephrotoxicity and reveals significant benefits of a 3D
tissue model compared to 2D cell culture.

MATERIALS AND METHODS

Cell culture. The NKi-2 cells used in all studies were derived by the serial
passage in low-serum media of hTERT-immortalized human renal corti-
cal cells. Cells were grown in high-glucose Dulbecco modified Eagle me-
dium (DMEM)/F-12 (Invitrogen) containing 2% fetal bovine serum (In-
vitrogen), 20 ng/ml hEGF (Invitrogen), 72 ng/ml T3 (Sigma), 1% ITS
(Invitrogen), 100 ng/ml hydrocortisone (Sigma), and 1% penicillin-strep-
tomycin (Invitrogen). For 2D studies, cells were seeded at a density of
25,000 cells per well of a 12-well tissue culture plate 24 h prior to exposure
to Stx2. Every effort was taken to ensure that matching passages were used
for 2D and 3D cultures.

Shiga toxin. Stx2 was purchased from Anne Kane of the Phoenix Lab-
oratory at Tufts Medical Center. The toxin is purified by P1 glycoprotein
affinity chromatography based on the method of Donohue-Rolfe et al.
(40). Lipopolysaccharide (LPS) was removed by using Pierce high-capac-
ity endotoxin removal resin (Thermo) on a column with a 4-h incubation.
LPS removal was confirmed by using a ToxinSensor chromogenic LAL
endotoxin assay kit (GenScript). As a control, Stx2 was inactivated by
boiling for 8 h. For dosing, Stx2 was reconstituted in sterile phosphate-
buffered saline (PBS) at 1 mg/ml and then diluted in cell culture medium
in concentrations ranging from 1 fg/ml to 1 pg/ml. For 2D cultures, 2 ml
of Stx2-containing medium was applied to each well, and 350 pl was
removed at each time point. For 3D cultures, 1.5 ml of Stx2 culture me-
dium was applied below the tissue, and 0.5 ml was applied on top of the
tissue. Then, 350 pl of medium was removed from the bottom at each
time point. The cellular supernatants were stored at —80°C and used for
lactate dehydrogenase (LDH), Kim-1, neutrophil gelatinase-associated li-
pocalin (NGAL), and cytokine assays.

3D tissue constructs. 3D tissue constructs were formed as previously
describes (37). Briefly, 100,000 NKi-2 cells were combined with a 50:50
mix of Matrigel and rat tail collagen I at a final concentration of 1 mg/ml
in a 12-well transwell insert. The tissues were allowed to polymerize at
37°C for 1 h, after which NKi-2 cell culture medium was added to both the
bottom well of the transwell and inside the insert. Tissues were grown at
37°C in 5% CO,, with medium changes every 2 days.

Cytotoxicity. LDH secretion was assayed in 100 pl of cell culture
supernatant from both 2D NKi-2 cells and 3D tissues using an LDH cy-
totoxicity assay from Clontech and according to the manufacturer’s in-
structions. We used 2% Triton as a positive control for cell death. The
percent cytotoxicity was calculated as follows: % cytotoxicity = (Stx2
treated — untreated)/(2% Triton treated — untreated) X 100. Samples
from three independent experiments were analyzed and graphed using
GraphPad Prism 5 software. The data are expressed as averages * the
standard errors of the mean (SEM).

IC,, calculations. The IC,, i.e., the dosage at which 50% toxicity was
achieved, was calculated using LDH data after 48 and 72 h of treatment for
2D cells and 3D tissues. Values were calculated with GraphPad Prism 5
software by using nonlinear regression analysis.
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Protein synthesis inhibition. Protein synthesis inhibition was deter-
mined by measuring the decrease in [*H]leucine incorporation. For 2D
cultures, cells were plated in 96-well plates at a density of 0.6 X 10° to 1 X
10° cells/well. The following day, the medium was removed, fresh me-
dium without toxin or with Stx2 at concentrations ranging from 1 pg/ml
to 1 pg/ml was added, and the cells were incubated overnight. The next
day (i.e., at 24 to 26 h after intoxication), the medium was removed, and
the cells were gently washed twice with prewarmed PBS. To the cells,
medium made 1:1 with RPMI with 25 mM HEPES without leucine
(Chemicon International, catalog no. R-078-B) and low-glucose DMEM
without Leu, Lys, and Arg (Sigma, catalog no. SLBH1080) and containing
5 wl/ml [*H]leucine (leucine [3,4,5-3H(N)], Perkin-Elmer, catalog no.
NGT460001MC [1 mCi, 106.2 Ci/mmol]) was added, and the cells were
incubated at 37°C in 5% CO, for 1 h. After this incubation, the medium
was removed, and the cells were washed twice with 200 .l of PBS. Then, 50
wl of 0.2 M KOH was added to each well containing cells, followed by
incubation at room temperature for 15 min, followed by the addition of
150 pl of 10% trichloroacetic acid (TCA). The plates were then incubated
at room temperature for 30 min, followed by transfer of the well contents
to a 96-well vacuum manifold-coupled filter plate (Millipore, catalog no.
MAHVN4550). Wells were washed twice with 200 wl of 5% TCA, trans-
ferring each wash to the appropriate filter well on the vacuum manifold.
The filters were washed once with 5% TCA (200 w.l/filter), followed by a
wash with 200 pl of 1% acetic acid. The filters were allowed to dry and
then punched into vials for scintillation counting.

The 3D tissues in 12-well plates were treated similarly to the 2D cul-
tures, with the following four exceptions. (i) After the removal of toxin-
containing media from the wells, the tissues were washed twice in pre-
warmed PBS and then incubated in leucine-free medium for 90 min to
dilute out the leucine-containing medium from the matrix prior to add-
ing the [*H]leucine-containing medium. (ii) The [*H]leucine-containing
medium was incubated for 7.5 h to allow for sufficient detectable incor-
poration of radioactivity. The tissues were then washed twice with PBS.
(iii) A total of 300 wl of Dispase (BD Scientific, catalog no. 354235) con-
taining 100 g of collagenase type I/ml was added to the upper chamber of
the tissue-containing transwell to break down the tissue-containing ma-
trix. This sample was incubated for 1.5 h at 37°C in 5% CO.,. (iv) Lastly,
the protein in the upper chamber was precipitated by adding 100% TCA
to a final concentration of 25%, incubating the sample at 4°C for 30 min,
and spinning the sample in a microcentrifuge for 5 min at maximum
speed. One milliliter of ice-cold acetone was added to the pellet, and the
tubes were centrifuged at maximum speed for 5 min. The resulting pellet
was allowed to dry and suspended in scintillation fluid prior to being
transferred to a scintillation vial for counting.

Immunohistochemistry. After 72 h of Stx2 exposure, tissues were
fixed with 10% buffered formalin for 48 h at 4°C and embedded in paraf-
fin. Hematoxylin-eosin (H&E) staining was performed on 8-pm tissue
sections, and images were captured with Leica Application Suite v4, using
a Leica DMIL microscope equipped with a Leica DFC340FX camera for
fluorescent images and a Leica DFC295FX camera for bright-field images.

Kidney injury biomarkers. Kim-1 and NGAL secretion was assayed in
50-pl portions of the cell culture supernatant from both NKi-2 cells and
3D tissues by performing enzyme-linked immunosorbent assays (R&D
Systems) according to the manufacturer’s instructions. All measurements
were performed with Softmax Pro 5.4 software on a SpectraMax M2 plate
reader (Molecular Devices). Experiments were analyzed and graphed us-
ing GraphPad Prism 5 software and are expressed as the mean concentra-
tion = the SEM. The statistical significance was assessed at P < 0.05 by
two-way analysis of variance (ANOVA) with a Bonferroni posttest.

Cytokine secretion. Cytokine secretion was measured in 25 pl of cell
culture supernatant using a human cytokine/chemokine Milliplex MAP
kit from Millipore customized to measure IL-13, IL-6, IL-8, tumor necro-
sis factor alpha (TNF-a), and monocyte chemotactic protein 1 (MCP-1)
and performed according to the manufacturer’s instructions. Experi-
ments were analyzed and graphed using GraphPad Prism 5 software and
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are expressed as the mean concentration * the SEM. Statistical signifi-
cance was assessed at P < 0.05 by two-way ANOVA with a Bonferroni
posttest.

MAPK assays. Phospho-JNKs and phospho-p38 levels were deter-
mined by using immunoprecipitation-based assays (Cell Signaling Tech-
nology, catalog numbers 8794 and 9820 for phospho-JNKs and phospho-
p38, respectively) according to the manufacturer’s instructions. To 200
g of protein-containing cell lysates, were added phospho-specific INKs
or p38 antibody-conjugated beads, followed by incubation overnight. The
beads were then washed twice in lysis buffer and twice in kinase reaction
buffer, followed by resuspension of the beads in kinase reaction buffer
containing 200 wM ATP and 1 pg of kinase substrate (c-Jun fusion pro-
tein for phospho-JNKs and ATF-2 fusion protein for phospho-p38).

MTT assay. Cells were plated in 96-well tissue culture plates at a den-
sity of 0.6 X 10° cells/well. The next day, Stx2 was added at concentrations
from 1 pg/ml to 1 pug/ml. After 24 and 48 h of incubation at 37°C in 5%
CO,, the medium was removed, and 100 pl of a 0.5-mg/ml concentration
of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] in PBS was added to each well. After incubation at 37°C and 5%
CO, for 1 h, the MTT solution was removed, and 50 pl of isopropanol
containing 4 mM HCI and 0.1% Nonidet P-40 was added, followed by
gentle shaking at room temperature for 15 min. Optical density measure-
ments were then made at 550 and 620 nm.

RESULTS

Shiga toxin-induced nephrotoxicity. In order to validate our bio-
engineered 3D human renal model for the study of Stx-induced
nephrotoxicity, we began by comparing cytotoxicity in 3D to cy-
totoxicity in the same cells grown in 2D (Fig. 1). 3D tissues con-
taining immortalized renal proximal tubule cells (NKi-2) were
formed and allowed to grow for 2 weeks prior to treatment with
Stx2, whereas 2D cultures of the NKi-2 cells were seeded 24 h prior
to Stx2 treatment. For virtually all experiments (Fig. 1C), Stx2 was
purified free of LPS, which has been used as a costimulus in a
murine model of HUS (41, 42) and may potentiate an Stx response
by increasing the inflammatory response or increasing Gb3 recep-
tor on the cell surface (43-46). Both the cells and the tissues were
treated with a range of Stx2 concentrations (1 fgto 1 wg/ml) for up
to 72 h with supernatant sampling occurring at 6, 24, 48,and 72 h
posttreatment (Fig. 1B).

To first test whether Stx2 had the predicted inhibitory effect on
protein synthesis, we added increasing concentrations of the toxin
to either 2D or 3D cultures. Protein synthesis of both cultures,
measured by determining the [*H]leucine incorporation (see Ma-
terials and Methods), was inhibited in a similar dose-dependent
manner (Fig. 1C). The predicted Stx2-induced cytotoxicity was
demonstrated for 3D cultures by H&E staining, which revealed
the loss of nuclei at 72 h postexposure (Fig. 1D), and for 2D cul-
tures by an MTT cell viability assay (see Fig. S1 in the supplemen-
tal material). Importantly, cell viability at 24 h after Stx2 exposure
was >50% for all Stx2 concentrations tested, indicating that the
inhibition of protein synthesis observed at 24 h (Fig. 1C) was not
simply a reflection of cell death. Heat treatment of purified Stx2
abrogated the cytotoxic effect (data not shown), suggesting that
cytotoxicity was not a reflection of possible contamination by LPS.
To discern possible dramatic differences in the kinetics or dose
dependence of cytotoxicity between 2D and 3D cultures, we mea-
sured the IC;, for LDH release at various times after Stx2 expo-
sure. We found that at 48 h postexposure, 3D cultures were some-
what (7-fold) less sensitive than 2D cultures; at 72 h, 3D cultures
were somewhat (3-fold) more sensitive (Fig. 1E). We conclude
that although the cytotoxic responses of the two cultures may
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differ somewhat in kinetics and relative sensitivity, Stx2 inhibits
protein synthesis and triggers cytotoxicity similarly in both 2D
and 3D cultures.

Finally, since Stx-mediated damage to actively translating ri-
bosomes results in activation of the RSR, we investigated whether
aRSR was induced in 2D and 3D renal cultures. Whole-cell lysates
were made from 2D and 3D cultures that were untreated or
treated with heat-inactivated Stx2, Stx2 without LPS removed,
and Stx2 after LPS removal for 6 h. Phospho-JNKs were immuno-
precipitated from whole-cell lysates, the immunoprecipitates
were incubated with c-Jun substrate, and the levels of phosphor-
ylated c-Jun were determined by Western blotting. The activation
of JNKs (Fig. 2A) was increased in Stx2-treated 2D and 3D sam-
ples but not in heat-inactivated samples. Similarly, immunopre-
cipitation of phosphorylated p38 (Fig. 2B) demonstrates that p38
activation was also increased by Stx2 in both 2D and 3D cultures.
Taken together, these data indicate that there are similarities in the
general cytotoxic response to Stx2 between 2D and 3D cultures in
terms of dose response, protein synthesis inhibition, and activa-
tion of the RSR.

Kidney injury marker secretion in response to Stx2 treat-
ment. A number of biomarkers have been identified to monitor
kidney damage. These include both Kim-1 and NGAL. Kim-1 se-
cretion in the urine of patients or by kidney epithelial cells in
response to Stx2 has not been examined, and only two studies have
examined the secretion of NGAL in patient urine and serum in
response to Stx (47, 48). NGAL has been examined for its ability to
predict renal injury in HUS (48) and the need for renal replace-
ment therapy after Stx exposure (47). We have previously shown
its utility as a marker of drug-induced nephrotoxicity in 3D tissues
and that it was predictive of renal proximal tubule cytotoxicity for
highly toxic agents at high doses but incapable of distinguishing
more subtle differences in toxicity in vitro due to high expression
from untreated controls (37). None of the Stx2 doses resulted in
NGAL secretion in excess of untreated controls in either 3D or 2D
cultures (Fig. 3A). Interestingly, the highest doses of Stx2, 1 pg/ml
and 1 ng/ml, which resulted in almost 100% cytotoxicity in 3D
cultures by LDH secretion (Fig. 1C), resulted in a significant de-
crease in NGAL secretion (P < 0.001) by 72 h posttreatment. This
may be due to the almost complete inhibition in protein synthesis
seen at these doses by 24 h posttreatment. These data raise the
possibility that low levels of NGAL, rather than high levels, may be
predictive of Stx-induced cytotoxicity in vitro.

Kim-1 has been shown to be a very sensitive biomarker of
kidney injury and we have previously shown its utility in measur-
ing cytotoxicity in 3D with highly nephrotoxic compounds (37).
However, we have also shown that secreted Kim-1 increases over
time in untreated control cultures (37) making it only useful at
extremely toxic concentrations and not sensitive or precise
enough to reveal subtle changes in cytotoxicity in vitro. Consistent
with these previous findings, Kim-1 increased in expression in
both the 2D and 3D untreated controls over time (data not
shown). When assayed at 72 h after exposure to 1 pg/ml Stx2 or
greater, Kim-1 production by 2D cultures was inhibited, perhaps
due to the protein synthesis inhibition induced by the toxin,
whereas 3D cultures were largely unaffected by Stx2 exposure (Fig.
3B). When assayed at an earlier time point, i.e., 24 h after expo-
sure, 1 pg/ml Stx2 induced Kim-1 production increased almost
2-fold above the untreated controls (Fig. 3C). In contrast, at 24 h
postexposure no induction of Kim-1 was observed for 2D cultures
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at any Stx2 concentration (Fig. 3B). The Stx2-induced Kim-1 se-
cretion response by 3D but not 2D cultures suggests that 3D tis-
sues may provide a better experimental model for examining renal
damage using this marker.

Stx2-induced cytokine secretion. Since cytokines have been
shown to play a role in Stx2-induced renal damage (for a review,
see reference 49), are secreted by a number of different cell types in
response to Stx2 (17, 20, 50-52), and are differentially secreted
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based upon the toxin sensitivity of the cell (20, 53), we examined
whether 3D culturing would elicit a different response compared
to 2D in the secretion of a set of cytokines previously shown to be
secreted by cells in response to Stx, IL-13, IL-6, IL-8, MCP-1, and
TNF-a (Fig. 4) (20,21, 31, 54-56). All cytokines were measured at
24 and 48 h after treatment with increasing concentrations of Stx2.
IL-1B was not detectable in either 2D or 3D cultures (data not
shown), and untreated controls had baseline secretions of IL-6,
IL-8, TNF-a, and MCP-1 that increased between 24 and 48 h for
both 2D and 3D cultures (Fig. 4, see open and filled bars, “un-
treated”).

Upon intoxication of either model with increasing concentra-
tions of Stx2, MCP-1 secretion was not induced. However, MCP-1
production exhibited a dramatic difference between the two mod-
els. MCP-1 was almost undetectable in 2D cultures, and while the
secreted levels did increase over time, the levels never exceeded the
levels of the untreated controls (Fig. 4A). In striking contrast,
MCP-1 was produced at levels 20- to 40-fold higher in 3D cul-
tures, a result that may reflect the observation that increased
MCP-1 is detected in the urine of children with HUS (57).

For both 3D and 2D cultures, the secretion of IL-6 (Fig. 4B),
TNF-a (Fig. 4C), and IL-8 (Fig. 4D) were each induced 48 h after
exposure to Stx2 at 1 pg/ml. Cytokines were not induced by 1
ng/ml or 1 pg/ml Stx2. The fact that a significant change in ex-
pression was only seen at 1 pg/ml may be due to the fact that at the
higher concentrations protein synthesis inhibition prevented cy-
tokine production immediately. In contrast, 1 pg/ml is most sim-
ilar to the IC5,s determined in Fig. 1B and may not intoxicate cells
rapidly enough to prevent the production and secretion of inflam-
matory factors. That Stx2 induces cytokine production despite
promoting protein synthesis inhibition is consistent with the abil-
ity of Stx to induce gene expression and protein production via
signaling pathways not directly activated by protein synthesis in-
hibition (16, 58, 59).

The 3D tissue IL-8 responses to Stx2 deserves particular note.
First, unlike IL-6 and TNF-a, but like MCP-1, the basal produc-
tion of IL-8 in the absence of Stx2 was 4- to 8-fold higher in 3D
tissues than in 2D cells (Fig. 4D). Second, this already high level of
secretion of IL-8 was further induced ~1.8-fold by 1 pg/ml Stx2,
resulting in IL-8 levels higher than that induced in 2D cultures by
Stx2. This increase in 3D versus 2D could indicate a property of
the 3D culture system that upregulates both basal and induced
IL-8 levels, or it could reflect a difference in cell numbers able to
secrete IL-8 at this time point. Importantly, while the exact role of
IL-8 in HUS is unknown, increases in concentration have been
noted in the urine of children with HUS, the urine of Stx2-treated
baboons, and in human intestinal epithelial cells after Stx2 expo-
sure (31, 38, 57).

DISCUSSION

In this study, we have shown the utility of a 3D bioengineered
human renal tissue model for the examination of the mechanisms
of Stx-induced renal cytotoxicity. Although many responses were
similar between the 2D and 3D cultures, including overall cyto-
toxicity, the ICs,, protein synthesis inhibition, RSR, and IL-6 and
TNF-a secretion, there were also differences indicating that a 3D
system may provide a more physiologically relevant model than a
2D system for examination of cellular responses to Stx2. Two dis-
tinct and notable differences were observed between the 2D and
3D systems. First, higher basal levels of Kim-1, NGAL, MCP-1,
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FIG 4 Cytokine expression. MCP-1 (A), IL-6 (B), TNF-a (C), and IL-8 (D) secretion into the cell culture supernatant after 24 and 48 h of Stx2 treatment of 3D
and 2D cultures. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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and IL-8 were observed from the 3D tissues compared to the 2D
cells, indicating that these inflammatory or renal injury markers
may be better expressed in the 3D tissues. Second, higher induc-
tion levels of Kim-1 and IL-8 were observed from the 3D tissues
compared to the 2D cells, indicating that the 3D tissues may be a
better system for monitoring Stx2-mediated renal injury in vitro
through renal biomarker secretion (Kim-1) and characteristic cy-
tokine secretion (IL-8). Taken together, these data suggest differ-
ential cellular mechanisms functioning between 2D and 3D cul-
tures in response to Stx2.

Initially, the general features of cytotoxicity of Stx2 appeared to
be very similar between the 2D and 3D cultures. For example,
several studies have demonstrated that intoxication with Stx acti-
vates proinflammatory and proapoptotic signaling pathways (60,
61), in part through the activation of the MAPK pathway (62-64).
This activation of the RSR contributes to both proinflammatory
and proapoptotic signaling in cultured cells (62, 63, 65, 66). We
showed that human renal 2D and 3D tissue both underwent an
RSR after Stx2 treatment, suggesting that this signaling cascade
may participate in Stx-associated inflammation and cell death in
the human kidney. Whether the kinetics of the RSR in 2D and 3D
models differs will be a subject of future studies, as will defining
the relative contribution of the RSR to cytokine production and
cell death.

A second similarity was the general trend of inflammatory cy-
tokine expression in the cell culture supernatant. Inflammatory
signaling is associated with HUS, since patients show increased
urinary levels of proinflammatory cytokines, and renal biopsy
specimens have revealed infiltration of neutrophils and mono-
cytes into the kidney during disease (57, 67-69). In 2D cell culture
models, Stx treatment of human proximal tubular cells has been
shown to induce the secretion of IL-1B, IL-6, and IL-8 (27), and
evidence suggests that IL-1, IL-8, TNF-a, and IL-6 may be ele-
vated in the serum of D+HUS patients (55, 56). Also, IL-1 and
TNF have been shown to upregulate the Stx cell surface receptor
globotriaosylceramide (Gbs) and increase cellular sensitivity to
Stx cytotoxicity in endothelial cells (70, 71). In nonhuman pri-
mates treated with Stx, kidney tissue had upregulated levels of
IL-8, MCP-1, and TNF-a mRNA, along with increased urinary
levels of IL-6, IL-8, and MCP-1 (31). Our studies revealed an in-
crease in IL-6, IL-8, and TNF-« over time after Stx2 treatment in
both 2D and 3D models. The three detectable cytokines all showed
an increase above untreated controls at 48 h with 1 pg/ml Stx2,
while the higher concentrations did not secrete any cytokines
above the level of the untreated control. This was most likely due
to the relatively high rate of cytotoxicity and protein synthesis
inhibition seen with the higher doses; in contrast, the 1-pg/ml
dose was close to the calculated IC5, and therefore did not result in
complete cytotoxicity of the cultures. Studies designed to examine
cytokine secretion at earlier time points after Stx2 treatment may
reveal increased secretion at higher doses. However, studies of
cytokine secretion from HK-2 cells at early time points (<4 h) did
not reveal an increase in IL-1(3, TNF-a, or IL-8 protein levels,
although increases in mRNA transcripts were observed (20).

Examination of the ICs, at both 48 and 72 h revealed a differ-
ence between the 2D and 3D culture systems. In particular, there
was a difference in the response rate to Stx2 between the 2D and
3D cultures. The 2D cultures were 7-fold more sensitive to Stx2
than the 3D cultures at 48 h posttreatment, but by 72 h the two
cultures exhibited roughly similar Stx2 sensitivity. This difference
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does not simply reflect delayed diffusion of Stx2 into the 3D cul-
ture because, at 24 h posttreatment, Stx2 induced a similar degree
of protein synthesis inhibition in both the 2D and the 3D cultures.
Thus, it may be that the difference in cellular organization and
structure has an impact upon Stx2-mediated cytotoxicity. Inter-
estingly, HK-2 cells, an HPV-immortalized human renal proximal
tubule cell line, were shown to have an ICs, of 20 pg/ml at 72 h
posttreatment with Stx2, compared to 2.2 pg/ml and 0.7 pg/ml at
the same time point for 2D and 3D NKi-2 cells, respectively, in the
present study. HK-2 cells have also been shown to lack sensitivity
to drug-induced toxicity (26), indicating that they may not be the
best cell line for studying renal cytotoxicity.

A second significant difference between the 2D and 3D cultures
was the inability to detect MCP-1 in the 2D cultures, and while it
was detectable in the 3D cultures and increased with time, after
Stx2 treatment it was secreted at levels significantly lower than the
untreated controls. Interestingly, while MCP-1 mRNA has been
shown to be elevated in the kidneys of nonhuman primates ex-
posed to Stx2 and the protein has been shown to be elevated in the
urine, its mMRNA was barely detectable in cultured renal endothe-
lial cells (31). This may indicate that the secreted MCP-1 is origi-
nating from a different cell type or the specifically high basal levels
of MCP-1 might also reflect a physiologic response to the accu-
mulation of metabolic waste products. In vivo, tubules exist adja-
cent to both a vasculature and a lumen through which metabolites
can be either taken up into the bloodstream or discarded through
the urine. Since our current 3D tubule system is not perfused, it is
reasonable to hypothesize that the increase in MCP-1 over the
course of 48 h reflects a normal physiological response to the ac-
cumulation of metabolic waste products. In this scenario, the tu-
bular epithelium is signaling for resident tissue phagocytes to aid
in the removal of these waste products in an effort to maintain a
homeostatic environment. Furthermore, the high basal MCP-1
level does not appear to be part of an inflammatory response since
neither TNF-a nor IL-6 appear to be upregulated in our model in
the absence of Stx. This hypothesis is supported by the observation
that the kidney maintains distinct populations of resident mono-
nuclear phagocytes that produce anti-inflammatory and homeo-
static factors (72), and the high basal levels of MCP-1 might there-
fore represent a homeostatic response not present in 2D cell
culture.

A third significant difference between the 2D and 3D cultures
was the secretion of IL-8. Although the secretion of IL-8 increased
from 24 to 48 h for both the 3D tissues and the 2D cells, the
amounts were ~4-fold higher from the 3D tissues compared to
the 2D cells. Importantly, this induction occurred in response to 1
pg/ml Stx2, which may be present in sera of STEC-infected pa-
tients at very low levels, i.e., often lower than the 6-pg/ml limit of
detection (73). IL-8 has been shown in the urine of nonhuman
primates 48 h after exposure to Stx2 at ~600 pg/ml (31). Our cells
in 2D culture did not reach that amount at any time or dose,
whereas the 3D tissues more than doubled that amount at 48 h
with a 1-pg/ml dose. Thus, the 3D tissue system may be more
representative of the in vivo response than the cells in 2D.

Biomarkers of renal injury are extremely important for the
prediction of drug-induced nephrotoxicity and the early assay of
acute renal injury. A number of potential markers have been iden-
tified and are in different stages of validation and use. Kim-1 and
NGAL are two such markers. Although they have been shown to
be predictive of drug-induced nephrotoxicity in vivo and have

iai.asm.org 35


http://iai.asm.org

DesRochers et al.

been examined as biomarkers for HUS (47, 48, 74), we have pre-
viously shown that they may only be minimally useful to assess
toxicity in cultured renal cells in vitro primarily due to the high
levels secreted by untreated controls (37). What was notable in our
studies was an increase in Kim-1 secretion at 1 pg/ml Stx2 com-
pared to the untreated controls at 24 h that then later decreased.
This spike was only evident in the 3D cultures. The 2D cultures
never reached a secretion level above the untreated controls. This
may indicate an initial early spike in secretion in relation to Stx2-
mediated cytotoxicity that then decreases due to the inhibition of
protein synthesis that we show occurred by 24 h posttreatment.
Further studies at early time points need to be conducted. This
spike would never have been noticed if we had only been examin-
ing the cells in 2D culture. Our 3D studies indicate that Kim-1 has
the potential to act as an early biomarker of renal injury for in-
fected patients and in vivo studies need to be performed to confirm
this. Ifit is confirmed in vivo, then our studies also indicate a larger
relevance of the 3D system over 2D cell culture in mimicking
Stx2-mediated renal injury.

In conclusion, we have presented the first use of a 3D bioengi-
neered human kidney tissue model to study renal damage upon
Stx2 exposure. We have shown that the 3D tissue responds to Stx2
with a dose- and time-dependent cytotoxicity that is related to the
inhibition of protein synthesis. We have also shown changes in
renal injury biomarkers in a dose-dependent manner along with
changes in the secretion of cytokines and activation of the RSR.
Key differences between the 3D tissue over 2D cell culture in-
cluded differences in the IC;, and the ability to measure signifi-
cantly high levels of kidney injury biomarkers and cytokines, par-
ticularly IL-8, MCP-1, and Kim-1. Further use of this model may
save on the use of inaccurate animal models while making in vitro
studies more relevant to in vivo conditions.
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