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Abstract

Purpose of review—The medical management of Inflammatory Bowel Disease (IBD) remains
problematic with a pressing need for innovation in drug development as well as delivery of
personalized therapies. Both the disease’s inherent pathophysiologic complexity and its etiological
heterogeneity conspire in making it difficult to accurately model for either the purposes of basic
research or drug development. Multiple attempts at creating meaningful experimental models have
fallen short of adequately recapitulating the disease and most do not capture any aspect of the
cause or the effects of patient heterogeneity that underlays most of the difficulties facing
physicians and their patients. In vivo animal models, tissue culture systems, and more recent
synthetic biology approaches are all too simplistically reductionist for the task. However, ex vivo
culture platforms utilizing patient biopsies offer a system that more closely mimics end stage
disease processes that can be studied in detail and subjected to experimental manipulations.

Recent findings—Recent studies describe further optimization of mucosal explant cultures in
order to increase tissue viability and maintain a polarized epithelial layer. Current applications of
the platform include studies of the interplay between the epithelial, immune and stromal
compartment of the intestinal tissue, investigation of host-microbial interactions, pre-clinical
evaluation of candidate drugs and uncovering mechanisms of action of established or emerging
treatments for IBD.

Summary—~Patient explant-based assays offer an advanced biological system in IBD that
recapitulates disease complexity and reflects the heterogeneity of the patient population. In its
current stage of development, the system can be can be utilized for drug testing prior to the costlier
and time consuming evaluation by clinical trials. Further refinement of the technology and
establishment of assay readouts that correlate with therapeutic outcomes will yield a powerful tool
for personalized medicine approaches in which individual patient responses to available treatments
are assessed a priori, thus reducing the need for trial and error within the clinical setting.
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Introduction

Inflammatory bowel disease (IBD) includes ulcerative colitis (UC) and Crohn’s disease
(CD) which differ from each other in anatomical distribution, disease drivers and
susceptibility factors [1, 2]. There have been many attempts to develop disease models
(animal, ex-vivo, in-vitro) to understand disease mechanisms of pathophysiology and test
potential therapies. However, because of the underlying complexity, patient responses to
treatment vary and historically popular experimental systems fall short of being able to
predict efficacy of nascent therapies. Most commonly used animal models of experimental
colitis utilize dextran sodium sulfate, TNBS and CD45RB* T cell transfer or genetic
susceptibility (IL10 deficiency) to drive different types of intestinal inflammatory processes
that likely only mimic aspects of IBD pathobiology [3, 4]. Furthermore, these models vary
significantly from each other in biological responses depending on genetic background and
housing environment that affects their gut microbiome [5]. Most importantly, there are
notable differences between murine and human immune systems [6-8]. One other obvious
issue is that and inbreed laboratory mice fail to capture the genetic heterogeneity of the
disease state existing in diverse patient populations [8-11].

According to a report from the Centre for Medicines Research, the phase Il success rate for
new molecular entities is less than 20%. Part of the problem, and specifically for diseases
like IBD, obesity and cancer, is that efficacy data gathered from testing in animal models do
not necessarily translate to new therapies [3, 12]. On the other hand, cases have been
described in which drugs had shown little or no efficacy in animal models of IBD, but turned
out to be successful for the treatment of human disease [12]. Thus testing patient-derived
material in predictive assays might prove pivotal in minimizing the risk of drug failure [11,
13]. To attempt to address these concerns and the need for producing systems that are
tractable and allow for sufficient experimental control, assays using human material, often
patient-derived, have been developed. For instance, VanDussen et al. have isolated a large
panel of human gastrointestinal epithelial cell lines from patient biopsies (N=65) to study
host-microbial interactions and the ultimate goal to develop patient-based assays [14];
Pedersen developed an intestinal epithelium model for metabolic and immunological
functional analyses [15]; West et a/. discovered high level Oncostatin M expression by non-
hematopoietic mucosal stromal cells in IBD that correlated both with severity of disease and
resistance to anti-TNFa therapy [16]; and Dahlen et al used T-cells derived from UC
patients to interrogate underlying mechanisms of anti-TNF effects [17].

In more recent years, such studies are supported by an explosion of synthetic biology and
bioengineering methodologies including organoids derived from stem cells residing in the
intestinal crypts or inducd from pluripotent stem cells, and variations of a “gut on a chip”
platforms [18-20]. Each one of these approaches has advantages and disadvantages
compared to the others and represent an excellent test bed for exploring basic biology and
intestinal (patho)-physiology pertinent to constituent cells primarily in the areas of gut
development, epithelial barrier functions and epithelial-microbial interactions [21]. From a
drug development perspective, they can be used to study absorption of various drug
formulations and to a lesser extent drug toxicity. One major advantage is that they offer a
suitable platform for high throughput testing that can facilitate the drug discovery process.
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Current efforts focus on the introduction of more than one cell type in the above platforms
along with components of the microbiome in an attempt to mimic the complexity of the
system in-vivo [21]. However, in their current stage of development, such platforms do not
fully recapitulate the full multicellular gut architecture and the intimate functional
interactions between microflora, epithelial, immune and mucosal stromal elements, as well
as a constant blood flow that are necessary for physiologic intestinal function; the same ones
that have been pathologically perturbed in the disease state.

Biological and Technical Considerations for the utility of Patient-derived

Mucosal Explants

In an attempt to address the above-mentioned concerns of current research methodologies
and in particular the need for producing appropriate systems for preclinical drug testing and
proof-of-principle studies, experimental assays using ex-vivo culture and manipulations of
human tissues have been introduced for the gastrointestinal system almost 50 years ago [22]
and have been recently summarized by Russo et al. [23+¢] and Randal et al [24]. These
approaches are described in the literature as “gut explants”, “ex-vivo culture of colon or
ileum” and “human intestinal organ culture”. Samples can be derived from mucosal biopsies
of terminal ileum or colon obtained during an endoscopic procedure or from discarded
surgical specimens. In the latter, the mucosa layer is stripped off the muscle layers;
nevertheless, in rare reports aiming to prolonged culture or answer a specific research

question, epithelial cells are also depleted from the organ culture [25, 26].

Typical mucosal explants consist of intestinal epithelial cells, endothelium, stromal cells and
constituent immune cells that in the case of IBD possess an activation state often driven by
individual patient pathology. Particularly when the culture material is obtained from the
affected areas of the mucosa, immune activation and cytokine secretion GM-CSF, TNFa,
IFN~y, IL-1b, IL-10, IL17, IL18 is spontaneous and in proportion to the degree of
inflammation [27++-31]. Furthermore, we and others have found that biopsies originating
from the ileum secrete higher cytokine levels compared to colon [31]. In one study, muscle
layer explants from strictured ileum was investigated, IL-1b, TGFB1 and collagen were
found to be upregulated [29]. Spontaneous cytokine release constitutes a fundamental
advantage of mucosal explants for drug testing compared to cultures of patient-derived
peripheral blood cells, a more feasible approach but with the drawback that external cell
stimulation is required for cytokine release [32]. It is well recognized now that there is a
high degree of variability in immune responses among different individuals to various
stimuli and such system manipulations introduce stimulus-dependent bias in patient
responses to various drug treatments that might have nothing to do with their IBD [17, 19].

Often investigators use for IBD-related research explant culture biopsy material derived
from control subjects that subsequently are activated ex-vivo after incubation with various
proinflammatory cytokines, alone or in combination (TNFa, IFNvy, IL1b, IL17A) [33, 34,
35]. Others used stimulation (anti-CD3, pokweed mitogen, LPS, bacterial antigens) of IBD-
derived mucosal explants [27+¢, 28]. While such approaches are useful in illuminating

Curr Opin Gastroenterol. Author manuscript; available in PMC 2020 December 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

Page 4

specific signaling pathways in purely mechanistic studies, their contribution to drug testing
is limited in terms of relevance to disease underlying mechanisms and patient heterogeneity.

Typically, mucosal biopsies when kept on ice immediately after harvesting and placed in
culture within 1 hour of their procurement retain a good viability up to 24 hours, particularly
under high oxygenation conditions [23ee, 27+, 36, 37, 38]. Several investigators prefer to
use tissue support systems which allow polarized cultures and selective exposure of the
luminal surface of the biopsy to the various experimental manipulations. This technique has
been pioneered by Tsilingini et al. [39, 40] and has become the method of preference for the
study of gut microbiome effects in IBD [41, 42¢]. For instance, Llopis et al. used mucosal
explants derived from patients with CD to demonstrate that treatment with the probiotic
Lactobacillus casei decreased TNFa, IFNvy, IL-2, IL-6, IL-8 and CXCCL1 secretion in the
culture supernatant but did not modify expression of IL-12, IL-23 and IL-17F [43]. Using a
unique polarized explant culture system in which a cylinder is adhered to the apical surface
of the intestinal biopsy specimen in order to limit bacterial exposure to the luminal surface,
as is the case in-vivo, Tsilingiri et al. made the striking observation that treatment of biopsies
from patients with IBD with three probiotic strains, one previously shown by the same group
to be protective in a mouse model of experimental colitis resulted in worsening of
inflammation and pronounced tissue degradation [44, 45], further underscoring the fact that
studies in mice often do not translate to humans. Such findings suggest that while probiotics
might benefit IBD patients in remission they may not be beneficial and can even harm the
patient during the acute phase of the disease. The same study demonstrated that healthy
mucosal explant exposure to supernatant of Lactococcus paracasei could not only counteract
the deleterious effects of Salmonella infection, but also was capable to downregulate
spontaneous cytokine secretion (CCL2, CCL4, TNFa, IFNy, 1L23p40, but not IL10) and
NF-xB activity in IBD mucosal explants introducing thus the concept of post-biotics to IBD
therapeutics. Further support for the role of pre-biotics in IBD is provided by the study of
Terciolo et al. showing that treatment of colonic IBD explants with Saccharomyces boulardii
culture supernatant restored epithelial barrier function [42¢]. Along the same lines, Llopis et
al. by using inflamed mucosal explants from CD patients in bacterial co-cultures showed
that the presence of Lactobacillus casei could result in attenuation of commensal E.colF-
induced upregulation of various pro-inflammatory cytokines (IL6, 1L23p19, IL17F, IL8,
CXCL1, CXCL2) [43].

The role of mucosal explants in understanding IBD pathophysiology

In spite of the introduction of various anti-TNFs almost a decade ago and more recently of
vedolizumab (anti- integrin a.4f7), ustekinumab (anti-p40, the common subunit of 1L12 and
IL23) and tofacitinib (Janus kinase inhibitor), the medical management of IBD remains sub-
optimal [46]. This is due in part because the mechanisms of disease pathogenesis have not
been completely elucidated [1, 41, 47]. There are several ways to address this knowledge
gap particularly nowadays because of the rapid expansion of highly sophisticated
technologies like whole genome sequencing, single cell RNAseq, and mass cytometry
(CyTOF-Cytometry by Time-of-Flight) [48] that can be used to analyze human samples in
increasing detail. In our opinion, the study of tissue explants can complement other high
throughput approaches by offering a platform supporting functional interactions that can be
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used for testing hypotheses generated by other methodologies. So far, the power of such
testing has not fully materialized, but there are several important studies elucidating
important aspects of T-cell and non-T-cell mediated inflammatory cross-talk in IBD that
have identified key cell types and soluble mediators. The pioneering studies by Sabatino et
al. and Jarry et al. utilized mucosal explants from control patients to investigate how the
breakdown of immune tolerance to the components of the gut microbiota can lead to
immune hyper-reactivity as seen in CD [49, 50]. Depletion of TGFp or IL10 from the
explants elicited a pronounced Th1l response, upregulation of IFNy, TNFa, IL2, IL8 and
IL17 and concomitant epithelial barrier disruption. Building upon those findings, a follow-
up study by Jarry et al. further investigated the potential mechanisms of pathogenesis in CD
and found macrophage/epithelial cell-secreted IL18 and I1L12 as distinct drivers of IFN-y
surge upon IL-10 or TGFp neutralization, respectively [51]. Notably the study by Huff et al.
uncovered an innate regulatory function of the intestinal stromal compartment that is
compromised in CD resulting in expansion of Th1l and Th17 cells via secretion of IL-6 and
IL1B [52].

Another interesting concept that has emerged from the study of a non-reductionistic system
like the mucosal explant culture is the bi-directional communication between various cell
types (epithelial, immune, stroma) that maintains intestinal homeostasis. For example,
blocking IL21 reduced the production of MIP-3a., a chemokine produced by epithelial cells
that drives T cell gut homing [53] while exogenous administration of the colitogenic T-cell
expressed IL17 or IFNa in normal colonic mucosa caused alterations in epithelial cell
morphology, crypt disorganization, and upregulation of matrix metalloprotease (MMP)
activity [54, 55¢]. More relevant to IBD pathogenesis, two different studies showed that in
healthy mucosal explants, loss of the epithelial layer resulted in a pronounced inflammatory
response characterized by cytokine upregulation (IL1B, IL6, IL8, IL23, TNFa, MIP2a) and
induction of co-stimulatory molecules and pattern recognition receptors by resident lamina
propria cells [25, 26]. Taken together, the above studies demonstrate the utility for
investigating the distinct molecular pathways that have been found to be compromised in
IBD using explant cultures which resemble the most the situation in vivo.

Pre-clinical drug evaluation in IBD using mucosal explants

Proof-of-principle drug testing studies using patient-derived material are pivotal in
minimizing the risk of drug failure during clinical evaluation [11, 13, 56]. Therapeutic
antibodies directed against CD3 (otelixizumab) [56]; CB2R agonists [35]; a selective mu-
opioid receptor agonist [57]; a peptide derived from the kiwi fruit [58] and a SMAD7
antisense oligonucleotide (morgensen) that restores TGFp1 signaling [59] have been shown
to be effective in producing changes in explant cultures consistent with potential positive
clinical outcomes. The read-out of explant cultures treated with candidate drugs can be quite
versatile. One common approach is to measure the effect of treatment on the various disease-
related cytokines secreted in culture supernatant (i.e. (IL1p, IL2, IL10, 1L12p70, IL13,
IL17A, GM-CSF, IFNy and TNFa.,) often using a multiplex assay or cytokine array [27e,
56]. In Figure 1 we show a schematic representation of the set-up of explant cultures derived
from the inflamed mucosa of an IBD patient in an experiment aiming to evaluate a candidate
drug. Our group uses a panel of 16 cytokines as the assay read-out and for each patient the
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results are presented as % of cytokine inhibition in the presence of drug vs vehicle. In
addition to measuring secretion of various cytokines in the culture supernatant, the explant
tissue at the end of the experiment can be used for Western Blot, gene expression or
immunohistochemistry analysis, the latter of which that can go beyond the inflammatory
response and evaluate aspects of cellular architecture and epithelial barrier integrity [33, 36,
39, 42+, 44, 50, 55¢, 60], apoptotic pathways [59] or intracellular signaling [56]. However,
investigators should keep in mind that when the analysis is done at the end of the culture
period, results most likely represent secondary drug effects and perhaps earlier time points
are need to be studied to address immediate drug targets. Furthermore, culturing conditions
per se present the complication of artefactual alterations in the expression of certain genes,
particularly in epithelial cells [37].

Besides providing a platform for testing drug efficacy using human samples, explant cultures
present the opportunity to investigate mechanisms of action of partially characterized IBD
therapeutics or illuminate unexpected effects on pathways modulated by the more
established treatments. For example, Skikszai et al. using an intestinal organ culture model
demonstrated that dexamethasone inhibits migration and activation of lamina propria cells
and cytokine secretion (IL6, IL8, TNFa) [26]. Vossenkamper et al. treated 20 CD and 14
UC colonic mucosal explants with otelixizumab, an antibody against CD3 and showed
significant inhibition of IFN-y and IL-17A release in culture supernatant along with
significant reductions in their intracellular transcriptional regulators T-bet and RORyT,
respectively. Targeted cytokine analysis was extended in a fraction of patients (6UC and
6CD) patients with a cytokine array analysis which identified 29 potential targets for CD
treated samples and 22 for UC. In the same study, normalization of kinase activity in IBD
explants was achieved after treatment with otelixizumab. Mechanistically, the beneficial
anti-inflammatory effects of the drug were attributed at least in part to 1L-10 upregulation.
To our knowledge, more often IL-10 is observed to decrease, along with the down regulation
of its proinflammatory counterparts, with the exception of upregulation in response to
probiotics [44]. Based on our own explant-based studies, this is also true for treatment with
infliximab. Most importantly, by combining analysis of explant culture and of isolated
immune cells, the otelixizumab study clearly demonstrated that this particular anti-CD3
antibody did not induce T-cell death, in contrast to a previous ant-CD3 drug candidate,
visilizumab, suggesting distinct mechanisms of action of two different drugs targeting the
same molecule [11]. This might have significant translational implications not only for drug
efficacy but also for drug safety. In a previous clinical study, treatment of UC patients with
visilizumab was not only found to be ineffective, but caused increased cytokine release and
appeared to increase disease complications such as colectomy [61].

Marafini et al. provided another example in which mucosal explants of patients with CD
were used to demonstrate that MIP3a (CCL20) is a downstream target of mongersen, a
SMAD?7 anti-sense oligonucleotide [62¢]. MIP3a was subsequently demonstrated to be an
effective serum biomarker for monitoring therapeutic responses in patients treated with
mongersen and potentially other drugs targeting the same pathway [62¢].

Regarding additional mechanisms of action of anti-TNFa [63], of importance is the link
between TNFa and IL25 (IL17E), a rather counter-regulatory protein the synthesis of which
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is defective in IBD and can be restored upon treatment with infliximab ex-vivo [64]. At a
different level of regulation provided by tissue remodeling, Meijer et al. showed modulation
of MMP activity in IBD explant cultures by infliximab [38]. Petito et al. demonstrated that
infliximab treatment of UC mucosal explants affected more than one cell type, including
increased E-cadherin expression and ERK1/2 phosphorylation in epithelial cells; induction
of apoptosis in immune cells (CD3+, CD68+); and heterologous downregulation of various
pro-inflammatory cytokines (IFNvy, IL1p, IL6, IL8); observations that were subsequently
confirmed using isolated cell types [60]. Our own studies of mucosal explants from 45
patients with IBD (29CD/16UC) also confirm the broader effects of infliximab treatment on
spontaneous cytokine secretion.

Mucosal explants and precision Medicine

Vadstrup et al. noticed heterogeneity in downregulation of certain cytokines (IL1B, TNFa,
GM-CSF) in response to treatment with infliximab among the different patient explants
tested [27+¢]. In our experience as well, treatment with infliximab resulted in differences in
cytokine downregulation across patient samples. Interestingly, another study reported
variability in patient responses to a caspase inhibitor, which was reflected at the level of
pathway-specific cytokines (IL18, IFN+y, but not IL17A) [31]. Taken together, the above
findings confirm at the molecular level disease and patient heterogeneity in IBD that result
in differential responses to current and emerging therapies [65, 66]. Indeed, after more than
10 years of experience with anti-TNFa treatments it is well accepted now that “one size
does not fit all” in IBD therapeutics [67, 68]. It is estimated that over 30 novel compounds
are in development for IBD, and explant-based assays as the ones described in this review
can offer an invaluable tool for delivering in the future personalized therapies [69-72].
Standardization of the explant treatment methodology in formats for widespread use such as
“biopsy on a chip” [36¢] and their prospective validation as predictors of therapeutic
responses using FDA approved drugs, along with integration of newest OMICs technologies,
including RNAseq and metabolomics into the assay read-out hold great promise for
informing treatment decisions for each and every patient and for developing precision
medicine biomarkers. Moreover, by comparing the mechanisms of action of different drugs,
new drug combinations might emerge, with improved efficacy and fewer side effects.

Limitations of explant-based assays

In contrast to the significant progress in incorporating highly sophisticated bio-engineering
technologies to support the development of organoid culture systems (i.e. 3-D support
systems and special media) and “organ on a chip” related platforms, tissue explant based
systems still suffer from the lack of technological advancements that will optimize culture
conditions, improve tissue survival and reduce experimental variability among different labs
and efforts towards this direction has just started to emerge [36¢]. There will eventually be a
need for assay standardization within this space to enable results to be compared between
groups.

One of the major drawbacks in performing explant culture assays is the access and
availability of patient biopsy samples, constraints that reduce the capacity for a high
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throughput assay and its broader applicability unless appropriate tissue cryopreservation
techniques are implemented. Since IBD is heterogeneous in both its etiology and
pathophysiology, for preclinical drug evaluation a sufficiently large number of patients need
to be tested to account for interpatient variability, typically 15-20 patients. Inherent to this
paradigm is also the fact that the process of creating the explant culture produces
confounding wound healing responses due to tissue injury and disruption. Excising the
biopsy material also removes the tissues from their blood flow and interrupts neuron-
mediated interactions and the flux of immune cells to and from the inflamed tissue.
Together, these factors may influence the sensitivity or veracity of the assay and should be
considered for their potential as confounding variables when interpreting the test results.
Along the same lines, mucosal explant cultures cannot be used for testing drugs that target
cell trafficking processes involving migration of cells into sites of inflammation, as is the
case of vedolizumab. On the other hand, testing such classes of drugs using explant-based
platforms might reveal additional and previously unappreciated mechanisms of drug action.

Conclusion

Overall, the likelihood of explant culture systems more faithfully recapitulating disease
pathobiology, capturing patient heterogeneity and avoiding systematic biases is greater than
other existing systems at three different levels of patient care. i.e. drug development, drug
testing and drug selection for personalized treatments. The ultimate utility of tissue explant
based assays will depend on the refinement of culture conditions, standardization of the
testing platform and development of metrics that more accurately define responses that
mimic therapeutic efficacy.
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Key points

Patient-derived tissue explants afford several advantages over approaches
such as isolated cells or co-cultures of different types of cells, organoids and
gut-on-chip technologies in terms of approximation of the tissue complexity
in vivo and of capturing patient heterogeneity

Explants derived from the inflamed areas of the mucosa are in an activation
state and spontaneously secrete significant amounts of cytokines that can be
used to assess the efficacy of candidate drugs prior to phase Il clinical testing

Mucosal explant cultures offer a tractable platform for evaluating individual
patient responses to various treatments and selecting tailored therapies for
IBD

Tissue explants represent a non-reductionistic system that can be easily
manipulated in order to answer fundamental mechanistic questions related to
IBD pathogenesis and mode of action of various IBD therapeutics
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Figure 1:
Schematic representation of an assay for predicting therapeutic responses in IBD based on

treatment of mucosal explants
a-g: cytokines used for the assay read-out
g: cytokine targeted by the candidate drug
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