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Lab-on-chip technologies for exploring the gut-
immune axis in metabolic disease

Alexandra E. Wheeler, Verena Stoeger@ and Roisin M. Owens ®*

The continued rise in metabolic diseases such as obesity and type 2 diabetes mellitus poses a global health
burden, necessitating further research into factors implicated in the onset and progression of these
diseases. Recently, the gut-immune axis, with diet as a main regulator, has been identified as a possible role
player in their development. Translation of conventional 2D in vitro and animal models is however limited,
while human studies are expensive and preclude individual mechanisms from being investigated. Lab-on-
chip technology therefore offers an attractive new avenue to study gut-immune interactions. This review
provides an overview of the influence of diet on gut-immune interactions in metabolic diseases and a
critical analysis of the current state of lab-on-chip technology to study this axis. While there has been
progress in the development of “immuno-competent” intestinal lab-on-chip models, with studies showing
the ability of the technology to provide mechanical cues, support longer-term co-culture of microbiota
and maintain in vivo-like oxygen gradients, platforms which combine all three and include intestinal and
immune cells are still lacking. Further, immune cell types and inclusion of microenvironment conditions
which enable in vivo-like immune cell dynamics as well as host-microbiome interactions are limited. Future
model development should focus on combining these conditions to create an environment capable of
hosting more complex microbiota and immune cells to allow further study into the effects of diet and
related metabolites on the gut-immune ecosystem and their role in the prevention and development of
metabolic diseases in humans.

Failing this, numerous therapies and medical procedures
exist to assist in managing the conditions, however these

Obesity is thought to be at epidemic levels' affecting over 1
billion people globally.> Besides a reduction in life quality,
obesity presents a major burden for healthcare systems and
economies, with the cost of overweight and obese populations
estimated to reach over $4 trillion by 2035.% Further, it is a
risk factor for the development of other metabolic disorders
including type 2 diabetes mellitus (T2D)* as well as a state
known as metabolic syndrome (metS), which is similarly
associated with insulin resistance and other metabolic
abnormalities." Obesity, T2D and metS are therefore
interlinked conditions® which together pose a major global
health crisis.

The rise of metabolic diseases is likely linked to the
modern lifestyle, with contributory factors such as high fat/
high sugar diets, limited exercise® as well as possible
exposure to pollution and xenobiotics,”® amongst others.
Prevention and early stage treatment for these diseases
therefore often includes lifestyle and dietary interventions.*
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may suffer with long term efficacy issues® and side effects.”*’
Further, given that multiple pathophysiological imbalances
exist in these diseases, treatment plans may require a
combination of multiple therapies and interventions.*
Despite their global scale, much research is still required to
better understand factors involved in the onset and
progression of these diseases as well as the development of
better preventive interventions and treatment options.

Beside other commonalities, a state of chronic low grade
systemic inflammation® affecting multiple organs and tissues
is found across these diseases."" Adipose tissue and
pancreatic islets are perhaps the most obvious tissues
implicated, however, recently, the gut has also emerged as a
possible key role player, with a number of studies identifying
a possible causative role for the gut and aberrations in gut
microbiota, known as gut dysbiosis, in the development of
chronic low-grade inflammation and metabolic diseases.">°

Animal and 2D cell models have classically been used for
metabolic and immune research, however translation and
relevance issues limit their applicability to the human
condition."”"*® Besides differences in microbiota composition
and the intestinal immune system in animal models,"” it is
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also challenging to untangle how individual factors affect the
development or progression of these diseases.'® Further,
static 2D models lack physiological tissue morphology, key
intestinal functions, and cannot support long-term co-culture
of microbes, quickly leading to overgrowth.’*** Together,
these highlight a need for the development of robust in vitro
models to study this axis further.

Recent advances in tissue engineering have led to
improved 3D tissue models which enable integration of

multiple cell types and better mimic the in vivo
microenvironment.”>** The advent of organoid research®
has further improved in vitro models, enabling the

complexity of tissues such as the intestinal epithelium to be
better recapitulated.'”*® These models, however, generally do
not allow for mechanical cues such as fluid flow and
peristalsis-like mechanical deformations. Microfluidic lab-
and organ-on-chip technology therefore presents a crucial
next step, facilitating these cues®”*’~*?> and supporting co-
culture of multiple cell types, including organoid-derived
cells and immune cells,*>** as well as longer-term co-culture
of microbes,"’ crucial to advancing our understanding of the
role the gut and gut microbes play in metabolic diseases.

Given the combined role of intestinal epithelial cells and
immune cells in metabolism and inflammation, together
with the associated complex set of dynamic interactions and
signalling pathways, the rise of lab-on-chip technology offers
a promising means to study these interactions and elucidate
the role particular cells and signalling cascades play in the
onset and progression of metabolic diseases. Thus far
however, the incorporation of the immune system has been
somewhat limited, despite its central role in maintaining
intestinal homeostasis.'"®  Recently,
competent” intestinal lab-on-chip platforms have been
developed, however further work is required to capture the
complexity and interactions between different cells in these
models.

In this review we provide a brief overview of the structure
of the gut and associated immune tissue to introduce the
complexities involved with the gut-immune axis and how
these may be challenging to recapitulate in vitro. We next
provide an the primary inflammatory
mechanisms identified in the gut-immune axis as playing a
role in metabolic diseases and discuss metabolic cross-talk
factors, with a focus on diet, which have generally relied on
animal or human nutritional and observational studies due
to limitations in available in vitro models. Finally, we review
the state of lab-on-chip technology for studying this axis and
provide an evaluation of its readiness to address the current
limitations in in vitro models for metabolic disease research.

several “immuno-

overview of

2. The metabolic gut-immune axis

2.1. Intestinal structure

The small and
34,35

large intestine are similar in overall
structure in that both comprise a hollow lumen
surrounded by four main layers of tissue known as the
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mucosa, the submucosa, the muscularis and the serosa.*®
The mucosa is the inner layer surrounding the lumen and
comprises absorptive epithelium,** the lamina propria and
smooth muscle®® (Fig. 1).

A dynamic network of proteins known as the extracellular
matrix (ECM) provide structural support and modulatory
signals throughout the intestine. The ECM includes two
separate but linked components, namely the basement
membrane and the interstitial matrix,*” components of which
are predominantly produced by epithelial and mesenchymal
cells, such as fibroblasts, myofibroblasts, and smooth muscle
cells, respectively.’” The basement membrane lies between
the epithelium and the mesenchyme of the lamina propria
and is comprised of various extracellular proteins including
type IV collagen and laminin, and plays a role in epithelial
cell differentiation, cell attachment and motility.*”*®* The
interstitial matrix lies below the basement membrane playing
a structural role in the lamina propria and submucosa and
comprises predominantly of collagen I and III, fibronectin,
elastin, decorin and hyaluronan.®”

Besides some similarities, there are also several
differences between the small and large intestine (Fig. 1),
each having distinct features adapted to fulfil their specific
functions. For example, the mucosal lining of the small
intestine, where digestion and absorption of nutrients
predominantly occurs, has a crypt-villus structure®® which
creates a large surface area for absorption.***° The
epithelium of the small intestine is comprised of four main
cell types,*"*° commonly known as intestinal epithelial cells
(IECs). These include enterocytes, which are the most
abundant cell type, exhibit a microvilli brush border and are
responsible for nutrient absorption; goblet cells, which
secrete mucus; enteroendocrine cells, which secrete various
hormones;*' and Paneth cells, which secrete antimicrobial
peptides and immunomodulating proteins.*> Besides the
main IECs, additional cell types found in intestinal
epithelium®® include microfold cells, known as M cells,
which overlay immune gut associated lymphoid tissue and
are involved in antigen presentation,® as discussed in
section 2.2.

The large intestine includes the caecum and colon, where
water and electrolytes are absorbed and where further
digestion and absorption takes place; as well as the rectum
where waste faeces are stored before egestion.>® The mucosa
of the colon also displays crypt architecture but lacks villi,*
while the epithelium comprises predominantly absorptive
enterocytes, known in the colon as colonocytes, goblet cells,
and enteroendocrine cells.*>** Additionally, the colon is
home to a diverse community of over 10"* bacteria and other
microorganisms®® including archaea, bacteriophages, viruses
and fungi.*® Collectively known as the gut microbiome, these
microorganisms play crucial roles in immunity and immune
system development,?” food digestion and the production of
bioactive compounds such as short-chain fatty acids (SCFAs),
endocrine function,”® neurological signalling,*® drug and
xenobiotic metabolism®® as well as protection against toxins
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Fig. 1 Structure of the small and large intestine mucosa. Created with https://BioRender.com.

and pathogens.”® The bacterial population in the gut is

dominated by the phyla Firmicutes and Bacteroidetes, as well
as to a lesser extent Proteobacteria, Actinobacteria,
Verrucomicrobia, and  Fusobacteria, amongst others.”®
Perturbations in the microbiome have been linked to various
chronic diseases®* including obesity, T2D, metabolic liver
disease and malnutrition*® as well as increased susceptibility
to infectious diseases.”® While a “healthy” gut microbiome
has not been defined, several factors have been identified
indicating a state of dysbiosis, such as reduced microbial
diversity,*® with reduced bacterial gene richness in the gut
linked to inflammation, adiposity, insulin resistance and
dyslipidaemia.>*

Mucus, a viscoelastic hydrogel, plays an import role in
both the small and large intestine as the first line of defence
against pathogenic microorganisms,” in particular in the
colon, where the majority of microorganisms reside. There, it
is characterised by two mucus layers, namely the inner

1268 | Lab Chip, 2024, 24,1266-1292

mucus layer attached to the epithelium; and the outer layer
which is looser and more easily removed, similar to the
single mucus layer of the small intestine.”® Bacterial
adhesion to, and colonisation of, the mucus layer, plays a
role in immune and intestinal homeostasis and allows for
spatial organization of the microbiome®” which is also linked
to oxygen and nutrient gradients from the mucosal surface to
the lumen.”® Intestinal motility,>® driven by contraction of
smooth muscle in the intestinal wall, plays a role in mucus
regulation as well as intestinal homeostasis, moving mucus,
microbes and undigested material®® along the intestinal
tract.”® Perturbations in the mucus layer leads to increased
susceptibility to pathogens and infections and is linked to
diseases such as colorectal cancer and inflammatory bowel
disease (IBD),”” which collectively refers to two separate
conditions namely, Crohn's disease®" and ulcerative colitis,**
the prevalence of which have been increasing globally over
the past 20 years.®'

This journal is © The Royal Society of Chemistry 2024
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2.2. Intestinal immune system

The gut is home to up to 70% of the immune system,®’
encompassing a range of innate and adaptive immune cells
and compartments, which can be broadly viewed as inductive
and effector sites. Inductive sites, where adaptive immune
cells are primed, include gut-associated lymphoid tissue
(GALT) such as the multi-follicular Peyer's patches found in
the small intestine and the isolated lymphoid follicles found
throughout the small and large intestine® as well as
intestine-draining mesenteric lymph nodes (MLN). Once
primed, the adaptive immune cells move to the effector sites,
which include the lamina propria and intestinal epithelium,
where they play important roles in immunity and immune
modulation, as well as maintaining gut barrier integrity.®*®*
Critically, the intestinal immune system must be able to
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distinguish between commensal microbes and pathogens, as
balancing responses to these groups is crucial in maintaining
homeostasis, with aberrations leading to inflammation and
diseases such as IBD.®*®* Besides microbes, the mucosal
immune system must also continuously respond to dietary
antigens, playing an important role in oral tolerance;
disruption of which can lead to food allergies driven by an
adaptive immune response.®®

Peyer's patches are subepithelial lymphoid follicles found
throughout the anti-mesenteric wall of the small intestine,
especially in the terminal ileum.”” They comprise up to
hundreds of individual lymphoid follicles overlaid on the
luminal side by follicle-associated epithelium which is in turn
covered by a thin mucus layer and is rich in M cells, while also
containing intraepithelial lymphocytes.®****” The subepithelial
follicles each include a central B cell follicle or germinal centre,
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Fig. 2 Structure of small intestine Peyer's patches and mechanism of IgA secretion. IgA -
immunoglobulin receptors (pIgR). Created with https://BioRender.com.
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where B cells proliferate, bordered by regions containing T cells
(mostly CD4+)°® and overlaid on the luminal side with a
subepithelial dome, which is in contact with the basal side of
the epithelium and comprises predominantly dendritic and
other myeloid cells,** such as macrophages, as well as B and T
cells®® (Fig. 2). Further, antigen-specific T cells are also primed
and proliferate in Peyer's patches and play an important role in
immunotolerance.”® The specialised basolateral morphology of
M cells allows for transcytosis and direct interaction or
presentation of luminal antigens, soluble proteins, bacteria and
viruses to the underlying immune cells in the subepithelial
dome, which modulate, either activating or inhibiting (immune
tolerance), immune responses.®® Peyer's patches are therefore
critical in intestinal antibody reponses®”’° and act as important
immune priming sites.®>”" Isolated lymphoid follicles have a
similar structure to Peyer's patches, however comprise only a
single B cell follicle or germinal centre, also encompassing
dendritic and T cells as well as being overlaid with M-cell rich
epithelium.””® M cells have also been identified as points of
entry for certain pathogens such as Salmonella and other
bacteria e.g. Mycobacteria, viruses, and prions.®**

Following presentation of antigens by M cells to the
underlying dendritic cells, these antigen-presenting cells
initiate an adaptive immune response by processing and
presenting the antigens to B and T cells. Activation of naive
mature B cells by the antigens causes them to undergo class
switching, which refers to changing the type or class of
immunoglobulin (Ig) the B cell produces, from IgM to IgA,
IgG or IgE,’* stimulating production of the appropriate
antibody. Class switching can follow T-cell dependent or
T-cell independent routes.”” In the T-cell dependent route,
antigen specific T cells, in particular CD4+ T cells/T helper
cells (Th cells), provide signals to B cells, stimulating B cell
class switching; whereas in the T-cell independent route,
antigens can directly trigger B cells specific to the presented
antigen to become activated. Some activated B cells
differentiate into plasma cells which commence production
of the antigen-specific antibodies.”

Overall, there are several key immune cells found in the gut
which collectively signal and modulate the immune response.
Besides the adaptive B and T cells and the innate macrophages,
mentioned above, other innate immune cells include natural
killer cells, neutrophils, eosinophils and mast cells which
collectively form the first line of defence.'®”® Leukocytes are
predominantly found in the lamina propria however T cells are
also commonly associated with the epithelium.”® Additionally,
stromal fibroblast cells’”” and lymphatic endothelial cells also
contribute to immune surveillance, with the former playing a
role in T cell migration.*®

2.3. Gut-immune interactions implicated in metabolic
disease

Gut-immune interactions have been identified as contributing
to the inflammatory state seen in metabolic diseases, initiating
inflammatory signalling and cytokine release.”® Cani et al

1270 | Lab Chip, 2024, 24,1266-1292
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(2007)* identified metabolic endotoxemia, which refers to
translocation of bacterial endotoxins, namely
lipopolysaccharides (LPS), which are components of Gram-
negative bacterial cell walls, into the blood stream, as a
causative factor for inflammation, weight gain and diabetes.
This included observations in mice that a high-fat diet
increased endotoxemia and that mimicking metabolic
endotoxemia through subcutaneous infusion of LPS in control
mice resulted in increased inflammation as well as increased
fasting glycemia and weight gain.'® In a follow up study, Cani
et al. (2008)* showed that antibiotic-induced changes in gut
microbiota reduced LPS and metabolic endotoxemia which
correlated with improved glucose tolerance as well as reduced
fat gain, inflammation and oxidative stress, further supporting
a causative role of the gut microbiome in inflammation.’® 1t is
now commonly thought that reduced gut barrier integrity and
metabolic endotoxemia causes immune-mediated release of
pro-inflammatory cytokines and a state of low-grade systemic
inflammation, which, as mentioned previously, is correlated
with obesity, T2D and MetS.** Further to this mechanism, other
gut-immune associated links to metabolic diseases identified
include reduced immunoglobulin A (IgA), which is also
associated with increased inflammation, impaired glucose
homeostasis and reduced intestinal barrier integrity;”® as well
as perturbations in gut hormone secretion.® Further, oxidative
stress due to the release of reactive oxygen species has also been
implicated in intestinal inflammation.”” It should however be
noted that the role of the gut and gut microbiome is
contentious, with arguments for and against its causative role
in metabolic diseases.” Therefore, especially given the
complexity of these diseases, more research is required to better
understand their development and progression as well as
disentangle the cause-effect relationship of intestinal
inflammation in these diseases. Further details regarding
metabolic-gut-immune interactions can be found in different
reviews.®

3. Gut-immune crosstalk in metabolic
disease

3.1. Metabolic crosstalk between the gut and the immune
system

Diet and its derived metabolites are key regulators of the
metabolic gut-brain axis since it is well understood that it
regulates the human immune system thereby influencing the
development of irritable bowel syndrome (IBS), IBD and
metabolic diseases. Due to limitations in currently available
study models and study designs, our understanding of the
mechanisms behind these effects is incomplete. For example,
controlled feeding trials, whose design corresponds to drug
discovery studies, can deliver insights into cause-effect
relationships. However, controlled nutritional studies influence
the dietary habits of humans thereby limiting the translation of
outcomes to a whole population. In addition, controlled studies
can only be conducted over the short term, which complicates
understanding of the development of metabolic diseases as they

This journal is © The Royal Society of Chemistry 2024
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are commonly developed over a longerterm basis.
Observational studies allow for a long-term approach, but data
obtained cannot be wused for generating cause-effect
relationships. The complexity between the interplay of food and
host physiology is further demonstrated by considering that
processing (e.g. baking, boiling, frying) and seasonal variations
due to climate conditions, for example pH and temperature,
influence the nutrient composition and availability of substrates
for microbial metabolite synthesis. The hosts' gender and age
also influence digestion and absorption of nutrients.*® This
evidence clearly demonstrates an urgent need for better study
models to unravel mechanisms of diet along the metabolic gut-
immune axis, aiding the prevention of metabolic disease
development.® So far, it is well understood that the commonly
consumed Western lifestyle diet, characterized by a high fat and
sugar content, but low in fibre-rich foods (vegetables and fruits),
promotes an impaired immune system, dysbiosis and the
development of gut and metabolic diseases.**®® Complex and
insoluble fibres are suggested as the main beneficial diet
component for human health since gut bacteria synthesise
SCFAs within a fermentation reaction in the colon. For the main
bacterial metabolites, butyrate, propionate, and acetate,
beneficial effects along the metabolic gut-immune axis have
been described in vitro and in vivo.*°' A mediterranean diet,
known for its high amount of fruit, vegetables and unsaturated
fatty acids is recommended for maintaining a healthy overall
state. It was demonstrated that a mediterranean diet shifts the
gut microbiome pattern towards an increase in SCFA-producing
strains like Bacteroides, Prevotella, Roseburia, Ruminococcus, and
Faecalibacterium prausnitzii.”® Although the mediterranean diet
induces several beneficial health effects in humans, adherence
to this diet is low, especially in non-Mediterranean countries, as
dietary habits often need to be adapted.”> A fact that further
emphasizes the need for study tools which enable the
development of personal diet compositions that promote
functional gut-immune interactions. For the specific treatment
of the gut diseases IBS and IBD, the FODMAP (fermentable
oligo-, di-, and monosaccharide and polyol) diet is commonly
advised for patients. This diet is split into two phases, the first
strictly reduces the intake of slowly absorbable carbohydrates
(e.g- vegetables, fruits, legumes and cereals) and the second one
integrates them according to the patients' tolerance.”*** Up to
now, it has been widely reported that the first phase induces
relief of gastrointestinal symptoms in most patients, assumed
to be mediated via a suppression of a histamine-mediated
inflammatory response. Subsequent changes reported in the
microbiome composition have been controversial, which occur
again due to the limitations of conducting controlled
randomized longer-term trials on food intake. Similar to drugs,
the consumption of the right “dosage” of foods is crucial,
demonstrated by the fact that some non-digestible
carbohydrates can cause IBS/IBD-like symptoms such as
bloating and diarrhoea.

Findings of recent studies clearly indicate that shaping
the gut microbiome with specific dietary interventions could be a
promising and easily accessible tool in combating the pandemic

95,96
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extent of obesity. Nonetheless, limitations need to be considered,
for example, a small number of study participants only allows for
limited population-wide translation of these findings. Moreover,
it is not clear if a change in the energy balance is a cause or an
effect of the gut-microbiome interactions. For understanding the
influence of diet, food pattern analysis including frequency and
quantity, but also interaction and cumulative effects of nutrients,
need to be counted.””

The latest findings on diet and single nutrients along the
metabolic gut-immune axis are summarized in Table 1.

3.2. Microbial substrates and derived metabolites

According to the International Scientific Association for
Probiotics and Prebiotics (ISAPP), prebiotics are defined as
“selectively fermented ingredient that results in specific changes
in the composition and/or activity of the gastrointestinal
microbiota, thus conferring benefit(s) upon host health”.'*
Prebiotics mainly consist of dietary non-digestible
oligosaccharides like fibre, but due to increasing evidence,
further food constituents have recently been included like
polyphenols.’®'%” In contrast to prebiotics, which serve as a
substrate for the gut microbiome, probiotics are defined as the
“actual administration of live organisms for health-promoting
effects”. These organisms are able to live on foods, supplements
and most importantly in the intestine.'® Along the metabolic
gut-immune axis, probiotics are able to stimulate immune cells
and interact with the residing gut microbiome for stimulating
immunomodulatory  effects'®® (Table 2). In addition,
metabolites, molecules synthesized within these interactions,
are crucial in the communication between the host and
microbiome. Besides that, metabolite synthesis is dictated by
substrate (e.g. diet, nutrients, prebiotics) availability and the
generated type can either induce beneficial (e.g anti-
inflammatory), or negative health effects (e.g TMAO).'®”
Considering that metabolites are not only synthesized by the
microbiome but also by the host, the complexity of these
interactions is demonstrated.''® Moreover, the commonly used
study models allow only limited insights into the mechanism of
metabolites. For example, some metabolites are absorbed so
quickly by the gut barrier that they cannot be properly studied,
especially if faecal samples are used for this purpose.’™ It is
assumed that 95% of synthesized SCFAs in the large intestine
are absorbed by the gut cells."*> Subsequently, the question
arises how well faeces samples represent the different regions
of the gut. This was recently studied in a human study using
non-invasive digestible devices that allow for the collection of
samples from the different regions. Authors of this study
observed a dramatic difference between metabolites in the stool
and the intestinal samples."*® Thus, whether metabolites are
derived from the host or from the microbiome remains to be
elucidated as well as if these are modified or de novo
synthesized molecules. This review summarizes latest findings
on the main metabolites of the SCFAs. In-depth discussions on
mechanisms of different metabolites can be read in several
other published review papers.’*'*4*1¢
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Table 1 Recent findings regarding the influence of diet along the metabolic gut-immune axis

Marker
Diet/nutrient Study model Gut/microbiome Immune® Metabolic
Microbiome enhancer diet®® Healthy humans SCFA 1 GLP-1 1

(n=17)

(Prevotella copri, Lachnospira

pectinoschiza, Lachnospira
pectinoschiza, Eubacterium eligans)

Obese humans w/o SCFA |
diabetes (7 = 6)

Healthy humans

Strict vegetarian diet™®

Caloric restriction diet +

Bodyweight |

Firmicutes and Bacteroides
Parabacteroides/Bifidobacterium 1

Alanine aminotransferase Visceral adipose

inulin/resistant starch® (n=39-80) Bilophila | in women | tissue in men |
Malnutrition'®° Male mice Permeability 1 Neutrophil gelatinase
(n = 3-40) associated lipocalin 1
701 | IgA 1
Peyer's patch, Th17 cells |
Eicosapentaenoic UC patients Bacteroidaceae family | IL-11
acid (2 gd™)"* (n=19) Mucosal inflammation !
Glucose or fructose Male mice Glucose: Fructose: Glucose:
(15% solution)'®* (n=5-7) Permeability 1 L6 1 Body weight 1
Proteobacteria 1 Visceral adiposity 1
Firmicutes |
Fructose:
Firmicutes 1
Bacteroidaceae |
Erythritol (5% solution)'*® Obese male mice SCFA 1 ILC2 &3 1
(n=6)
Advanced glycation Male mice Lactobacillus, Prevotella, IL-1f, IL-17, TNFa 1 Insulin 1
end (AGEs) products'®* (n=15) Anaerostipes, Candidatus
Arthromitus |
Parabacteroides, Ruminococcus L6, IL10 | GLP-1, GIP,
Lawsonia 1 ghrelin |

“IL-1 - interleukin-1, IL-1p - interleukin-1pB, IL-6 - interleukin-6, IL-10 —

interleukin-10, IL-17 - interleukin-17, TNFo - tumour necrosis factor

alpha (cytokines); ILC2/3 - type 2/3 innate lymphoid cells; ZO-1 - zonula occludens-1 (tight junction protein).

Acetate, propionate, and butyrate make up the majority of
the microbial-derived SCFAs. Based on evidence, SCFAs are
one of the most abundant and studied metabolite classes
demonstrating positive effects on combating inflammation
and metabolic diseases, but also promoting a functional gut
barrier.""” After binding of the SCFA to its cognate receptors
GPR41/43 or 109A, these are the key proteins for mediating
the beneficial health effects. Thus, a change in the
abundance of SCFA concentrations hints also at an impaired
metabolic gut-immune axis. This has been found in IBD
patients, in whom perturbed carbohydrate metabolism of the
gut microbiome is assumed to result in decreased synthesis
of SCFAs thereby promoting dysbiosis. Consequently, IBD
patients do not obtain benefits from SCFAs to the same
extent as healthy individuals."*®*"

Overall, SCFAs are assumed to induce mainly positive effects,
but there are studies that raise doubts about inducing only
health-promoting effects and point out the need for a more
critical discussion."'>'** A recent systematic meta-analysis
review, including 43 original articles on glycaemic control in
obese people, revealed no effect of SCFAs on glycaemic control
in humans with or without a metabolic disease."® Authors of
this review suggest that a better understanding of acute and
chronic SCFAs interventions is crucial.'** Moreover,
methodological approaches for understanding mechanisms of
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SCFAs have been critically discussed by Sakata in 2019."*" This
article already pointed out that the in vitro study of SCFAs is
limited by physiological conditions such as high viscosity of gut
contents as well as existence of bacterial biofilms and of the
mucus layer at the mucosal surface."”’ Thus, these findings
further emphasize the need for developing improved in vitro
study models with improved physiology. Recently an improved
in vitro platform called GuMI (gut microbiome), was developed
by Zhang et al. (2021), using colon organoids co-cultured long-
term with the main butyrate-producer F. prausnitzii.'*
Considering that the structure of the metabolites is often
modified within the host-microbiome interactions, multi-organ
chips would be highly valuable in understanding structure-
activity relationships. In addition, whether a metabolite is
derived from the host or the microbiome is challenging since
there are also bidirectional processes involved. This has been
recently studied in newly developed microphysiological systems
integrating the gut and liver'>* as well as the gut, liver and
brain'* allowing for better insights into the casualty of
metabolites on gut-immune interactions to be elucidated.

3.3. Hormonal crosstalk

There is increasing evidence that the activity of the gut
microbiome influences satiety via a modification of hormone

This journal is © The Royal Society of Chemistry 2024
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Table 2 Latest findings regarding functional foods on the regulation of the gut-immune axis in metabolic diseases
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Microbial substrate/metabolite Study model

Marker

Gut/microbiome

Immune®

Metabolic

Male mice
(n=12)

Prebiotic: Cranberry polyphenols
(200 mg kg™ of body weight)'*®

)126

Prebiotic: insulin (50 & mg Female mice

(n=4-12)

Mucous thickness 1
Akkermansiaceae,
Bacteroidaceae 1
Barrier markers
claudin-1 and muc2
Low dose: barrier

Tyk2, Rorc, Nfkbia,
Irf7, Ccr4

Low dose: intestinal

Glucose homeostasis 1

Prebiotic: nanoparticles of broccoli Colitis mice
extracts'®’ (n=15)

Probiotic: Lactobacillus acidophilus, TNF-a stimulated
Bifidobacterium breve, and HT29 cells
Bifidobacterium infantis'*®
Probiotic: Lactobacillus rhamnosus
MTCC-5897 (ref. 129)

Metabolite: propionate

(2 M solution)**°

Male mice (1 = 9)

Piglets (n = 8)

Prevotella 1

function 1 inflammation |
High dose: barrier High dose: inflammation
function | response 1
TNF-a, IL-17A, and IFN-y |
IL-101
IL-8 |
Barrier function 1 1L-4, TNF-a. |
TGF-B, IgA 1
Bacteroidetes, Firmicutes, NF-kB, IL-18 1

Turicibacter |

“IL-4 - interleukin-4, IL-8 - interleukin-8; IL-10 - interleukin-10, IL-17A - interleukin-17A, IL-18 - interleukin-18; IFN-y - interferon gamma;
TGF-B - transforming growth factor beta, TNFa - tumour necrosis factor alpha (cytokines); Ccr4 — C-C chemokine receptor type 4; Irf7 -
interferon regulatory factor 7; NF-kB — nuclear factor-kB; Nfkbia - nuclear factor-xB inhibitor alpha; Rorc — RAR related orphan receptor C;

Tyk2 - tyrosine kinase 2.

release. However, studies examining the functionality and
composition of the gut microbiota in relation to satiety are
lacking.”®' Satiety hormones are mainly released by
enteroendocrine cells in the gut. Indeed, 95% of peripheral
serotonin is released after the chyme enters the intestine for
promoting gut peristalsis and nutrient absorption.'*>
Furthermore, serotonin has been reported to induce anti-
inflammatory effects in animal models of IBD and colitis."*
A mechanistic approach demonstrated that administration of
dietary tryptophan, a precursor of serotonin, protects the gut
function.'®* The satiety hormone GLP-1 has not only been
shown to be beneficial for obese or diabetic people, but also
for people suffering from IBD. In a nationwide cohort study,
GLP-1 administration to IBD patients improved their disease
course. It was concluded that this was not only due to the
GLP-1 regulating effect on blood glucose concentrations, but
also by its positive effects on intestinal barrier function as
well as gut inflammation.”*"*® Since metabolic diseases
often go along with an altered sensitivity to satiety hormones,
their study is further complicated."*”"*® This was recently
found by Sundaresan et al (2023),"” when an
intraduodenally applied glucose solution induced a delayed
response in PYY and GLP-1 release in obese humans.”*” In
addition, a desensitization to the satiety hormone leptin was
found to alter gut microbiome activity.'*®

3.4. Lab-on-chip technology as a new tool to study the gut-
immune axis

The recent evidence in this review on the metabolic gut-
immune axis mainly derives from human and animal

This journal is © The Royal Society of Chemistry 2024

intervention studies that deliver the most significant insights
for understanding this axis. Thus, the question arises why do
we need lab-on-chip technology for studying the influence of
diet? Time and money play a crucial role, for example
obtaining the ethics approval, receiving food-/pharmaceutical
grade compounds, or recruiting study participants that
adhere to the study design are just some of these factors. In
addition, the statistical power of the study outcomes is highly
dependent on the number of study participants which can
vary greatly over the study time as shown in Table 2.
Moreover, studying mechanisms in humans is crucial for
understanding specific use of nutrients in prevention and
treatment of diseases. However, investigations of their
bioavailability and transformations along the metabolic gut-
immune axis is limited due to accessibility and a lack of non-
invasive methods available for humans. This becomes clear,
by considering the intense chemical and physical digestion
process in the main digestive organs before some nutrients
can reach the colon. Nonetheless, if single nutrients are
considered to be used as a therapeutic, understanding of
their bioavailability and metabolization is crucial. This could
be achieved by studying the pharmacodynamic principles of
ADME characteristics - absorption, distribution, metabolism,
and excretion."**'*! Special environmental conditions (e.g.
oxygen, pH) in the colon allow the hosting of microbes that
further digest these nutrients to metabolites. It is widely
understood that faeces samples are limited in reflecting the
different gut regions, but also in which of the generated
metabolites are available for the host organism. The use of
plasma concentrations further provides only limited insights
in bioavailability of metabolites, unless expensive stable-
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isotope labelling is conducted beforehand. Challenges in
conducting animal studies are similar to human studies,
since special expensive animal facilities and licenses are
needed. Although a high-throughput approach can be more
easily done in animals, translation to humans is still
challenging due to differences in physiology.

Thus, lab-on-chip technologies provide a highly valuable
tool by keeping costs and time lower in comparison to
animal and human intervention studies. In particular, multi-
organ platforms that integrate digestion and absorption
processes will be highly beneficial for understanding
generation of metabolites and if they derive from the host or
the microbiome and how their synthesis can be provoked.

4. Gut-immune lab-on-chip
technologies for metabolic disease
research

Current static in vitro models fail to reflect the complex
human intestinal physiology especially in terms of
mechanical and biophysical cues.>® Lab- and organ-on-chip
platforms have therefore become important technologies over
the past two decades facilitating perfusion, delivery of
nutrients and removal of waste products, as well as offering
enhanced control over cell microenvironment including
physiochemical gradients such as pH and oxygen.'** Further,
designs can be made that are compatible with ECM-
mimicking biomimetic and biocompatible matrices or
scaffolds on or in which cells can be grown®>'**7*> as well

as to offer mechanical such as peristalsis-like
19,31

cues
motion.

Intestine-on-chip studies have already been important
tools in furthering our understanding of physiological
processes and diseases. Many of these have however been
devoid of an immune component.'***** ™% Immune cell
incorporation and improved immune modelling therefore
represents an important next step in improving intestinal
models, especially given the important role the immune
systems plays in intestinal homeostasis,”® as outlined in
section 2 above. This has already begun, and several lab-on-
chip studies incorporating both intestinal and immune cells
were identified. The majority of these have been conducted
in the context of IBD,*'**'23 small intestinal bacterial
overgrowth (SIBO)' and COVID-19,>>'*® while none appear
to have been conducted specifically in the context of
metabolic diseases. Results from the aforementioned studies
are however translatable, given certain commonalities such
as endotoxemia and inflammation between these conditions,
as introduced in section 2.3 above. In this review we focus on
lab-on-chip platforms incorporating both intestinal and
immune cells. While other lab-on-chip studies on intestinal
inflammation were noted, many were based on the direct
addition of cytokines'**'** rather than the inclusion of
immune cells and were therefore omitted.
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4.1. Gut-immune lab-on-chip model designs and materials

Broadly speaking, four different approaches to model design
were noted in gut-immune lab-on-chip studies, with the most
common being stacked microfluidic channels separated by a
porous membrane. A total of seven different models based on
this stacked membrane-channel approach were noted, utilising
varying chip and membrane materialg'®?’3>143149155  ag
summarised in Table 3. Other approaches noted include
hydrogel-based channel separation,®'**'** tissue culture-insert
based**'**'**1%” and multi-chamber based designs.**®**°

Kim et al. (2016)"° was one of the first studies to incorporate
immune cells in an intestinal lab-on-chip model and relied on a
now commercially available device previously developed by Kim
and colleagues®®'®® in the early 2010's (Fig. 3A). Known as Chip-
S1, this device is poly(dimethylsiloxane) (PDMS)-based and
comprises two microfluidic channels separated by a porous
ECM-coated PDMS membrane. The device allows for perfusion
and application of cyclic strain, to mimic shear stress and
peristalsis respectively, in an effort to better recapitulate the gut
microenvironment and support long-term co-culture of
bacteria.®® It additionally allows for on-chip monitoring of
barrier integrity through transepithelial electrical resistance
(TEER) using Ag/AgCl electrode wires coupled with a Voltage—
Ohm meter.*®

Other gut-immune lab-on-chip models relying on
membrane-based channel separation with similar designs to
Chip-S1 include that in Guo et al. (2021)"*° (Fig. 3C), comprised
of PDMS with a PDMS membrane, and that in Maurer et al.
(2019),"*® known as the MOTIF biochip (Fig. 3B), comprised of a
polysterol-based chip with a polyethylene terephthalate (PET)
membrane. Neither of these platforms however incorporated
mechanical stimulation as provided by Chip-S1, or employed
electrical barrier integrity monitoring (i.e. TEER).

Since the majority of host-microbiome interactions take
place under anaerobic or microaerophillic conditions, Shah
et al. (2016)'®° followed a somewhat different design approach,
yet still relying on stacked membrane-based separation, to
develop a model capable of facilitating maintenance of varying
oxygen conditions to enable the study of anaerobic and/or
microaerophilic bacteria interfaced with intestinal cells. The
model, known as the HuMix (human-microbial crosstalk)
model (Fig. 3D), incorporated stacked elastomeric gaskets with
spiral  microchannels  separated by  semi-permeable
polycarbonate (PC) membranes and secured between two PC
enclosures. This set up resulted in the formation of three
microchambers, each with their own inlets and outlets; 1) for
the perfusion of media for the intestinal cells (perfusion
microchamber), 2) for intestinal epithelial cell growth and
maintenance (epithelial cell microchamber; Caco2) and 3) for
the microbial cells (microbial microchamber) respectively.
Further, this model included integrated oxygen sensors
(optodes) to allow for real-time dissolved oxygen concentration
monitoring in different parts of the model, with media oxygen
conditions optimised until an oxygen gradient similar to that
found in vivo was achieved. A specialised version was

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Membrane-based gut-immune microfluidic lab-on-chip designs. A. i. Image of Chip-S1 indicating vacuum control used to induce mechanical
deformation of the membrane (reprinted from ref. 28 with permission, copyright 2012, Royal Society of Chemistry) and ii. A schematic of an experimental
set up for gut-immune applications, showing introduction of lipopolysaccharides (LPS) into the apical compartment housing intestinal epithelial cells, and
introduction of immune (peripheral blood mononuclear cells (PBMCs)) into the basal compartment housing endothelial cells (reprinted from ref. 19 under
the Creative Commons CC BY license). B. Schematic of the MOTIF biochip showing immune cell seeding, namely mucosal macrophages (mMphs) and
dendritic cells (DC), in the apical and basal compartment respectively; as well as LPS exposure conditions®>® (reprinted from ref. 155 with permission,
copyright 2019, Elsevier Science & Technology Journals). C. Schematic of the gut-on-a-chip device showing an apical epithelial channel (blue) and basal
endothelial channel incorporating immune cells, namely PBMCs (red)**° (reprinted from ref. 149 with permission, copyright 2021, Elsevier Science &
Technology Journals). D. Schematic of the HuMix model showing its three-microchamber design including microbial, epithelial and perfusion
microchambers; as well as incorporation of oxygen and electrical monitoring through inclusion of optodes and electrode ports. For the gut-immune
model set-up, CD4+ T cells were introduced into the lower perfusion chamber'®® (reprinted from ref. 160 under the Creative Commons CC BY license).
E. Schematic of the peristaltic intestine on a chip design showing a gut-immune study set up with immune cells, namely macrophages, seeded in upper
and lower endothelial chambers, together with epithelial cells and enterobacteria in the central chamber®® (reprinted from ref. 31 under the Creative
Commons CC BY license). F. Schematic of the embedded membrane microfluidic chip showing individual components of the model including the sealing
channel into which the polycarbonate (PC) membrane, which separates epithelial (basal) from endothelial plus immune (PBMCs) (apical) compartments, is
secured"®* (reprinted from ref. 161 under the Creative Commons CC BY license). G. Schematic of the microfluidic organotypic device (MOD) showing the
outer and central cyclic olefin copolymer layers separated by two polyurethane gaskets. Fluid flow in the upper/lower channel can be seen in red/blue. In
the centre, seen in the exploded view, the tissue explant is supported by two mesh pieces (reprinted from ref. 162 with permission, copyright 2023, Royal
Society of Chemistry).
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additionally designed to accommodate conventional chopstick
electrodes for TEER measurement. The HuMix model was
shown to be capable of supporting facultative and obligate
anaerobe growth while maintaining intestinal cell viability and
allowing epithelial-microbial cell crosstalk. Direct interactions
between the bacteria and epithelial cells were however limited
by the presence of the membrane separating the
compartments.

Jing et al. (2020)*' developed a model with a similar
design to the HuMix'®® model above and with the ability to
provide peristalsis-like mechanical cues in a simpler manner
compared to Kim et al (2016)."° Their three-channel
microfluidic device incorporated stacked PDMS plates
separated by porous ECM-coated PDMS membranes, secured
between poly(methyl methacrylate) (PMMA) plates (Fig. 3E). A
pneumatic pump was employed to facilitate culture media
flow in the channels as well as to create cyclic pressure
changes in the central intestinal chamber. These pressure
changes were used to generate periodic pressure differences
between the top/bottom chambers and the central one,
resulting in a peristalsis-like movement of the cell-laden
membranes. Besides the use of different materials, Jing et al.
(2020)'s model included a round central cell compartment
fed by straight microchannels, compared to the spiral
microchannel design of the HuMix model.**® Benefits of this
and the HuMix'® model include that they can be
disassembled and reassembled.

Besides design, material choice is another key factor in lab-
on-chip technologies, with  considerations including
biocompatibility, mechanical and optical properties, ease of
fabrication and sterilization, and cost, amongst others.'®* Much
of the early microfluidics research employed the polymer PDMS,
due to it possessing many of these properties.'®® It is therefore
no surprise that many of the platforms in Table 3 have also
relied on this material.'®?”>93>119150,158161 ppyp g
associated with some drawbacks including that it absorbs
certain drugs, metabolites and hormones, compromising its use
for drug and metabolite screening.'®® To avert this, some
devices have employed other polymers including the MOTIF
biochip'® and the HuMix platform™® introduced above.
Further, of PDMS membranes can be
challenging,'®! leading to other materials such as polycarbonate
(PC) being used in some studies.”>'*>'*' Challenges associated
with PC membranes have however also been found relating to
their adhesion to PDMS chips, affecting sealing of the channels.
Zhao et al. (2022)'°" therefore set out to overcome this challenge
with a sealing channel design.'®" Their device comprised a
PDMS chip with sealing channels into which liquid PDMS was
injected to embed a collagen-coated porous PC membrane
(Fig. 3F)."*

Recently, developments in integrating tissue explants with
microfluidic models, also known as tissue-on-a-chip
devices,'®® offer a potential new frontier in modelling the
complexity of the intestinal tract. While a number of
microfluidic-explant models were noted, some of which
mention that immune cells are present,'®®*® identification

is however

manufacture
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of the types of immune cells has generally been lacking.
Recently, Cherwin et al. (2023)'®* reported the presence of
mast cells in the lamina propria layer of a mouse colon
explant. In this study, the explant was shown to include the
mucus layer, mucosa, submucosa and muscularis externa
and was maintained in a microfluidic device for over 72 h.
The microfluidic organotypic device (MOD) used in the study
was modified from a previous version developed in
Richardson et al. (2020)'°® and comprised of three layers of
cyclic olefin copolymer (COC) separated by polyurethane
gaskets (Fig. 3G). Porous Nitex mesh was integrated on the
central COC layer to support the tissue. Separate media flow
was enabled by the microfluidic channels on the mucosal
and serosal side of the central tissue layer allowing for a
differential oxygen gradient across the tissue through use of
low and ambient oxygen conditions.'®® Oxygen sensor spots
were further incorporated to allow for oxygen level
monitoring and low oxygen conditions were noted to increase
bacterial presence.*®®

Besides the membrane-based approaches above, other
commercially available models relying on hydrogel-based
channel separation and standard tissue-culture inserts
include the OrganoPlate® platform'® made by Mimetas'”’
and the LiverChip™*”* developed by CN Bio, respectively.

The 3-lane 40 OrganoPlate® platform™® incorporates 40
chambers, each with a three-lane microfluidic chip, and
comprises of a top and bottom plate made of virgin polystyrene
and glass respectively, with integrated microfluidics. Each chip
in the top plate incorporates nine reservoirs, in a 3 x 3 matrix,
on top of the 3-lane microchannel system, with the six side
reservoirs acting as inlets and outlets for the different
microchannels (Fig. 4A). The OrganoPlate® uses a membrane
free approach, employing Phaseguide® technology developed in
Vaulto and colleagues'’>™”* which exploits the meniscus pinning
effect at an liquid-air interface’”? to fill the central channel with
ECM, generally collagen I rat tail.**'*"'’> Cells can then be
seeded in one or both of the side flow channels. Plate
positioning and flow are used to ensure cells proliferate around
the microchannel forming a confluent tubular structure with
polarised epithelial cells surrounding a hollow lumen."” To
simulate perfusion, media is placed in the four corner reservoirs
and the plate placed on a rocker; providing a gravity driven and
pump free approach. Different rocking angles, resulting in
different intermittent shear stress forces, are recommended for
each plate."”® Feasibility of the OrganoPlate® for building
intestinal models was validated prior to incorporation of
immune cells, such as in Beaurivage et al (2019),">' where
cytokine-stimulated ~ inflammation ~ was  considered."”
Incorporation of immune cells in the OrganoPlate® has
included addition to the side flow channels, as demonstrated in
Gijzen et al. (2020),"** embedded in the central ECM channel,
as demonstrated in Beaurivage et al. (2020)** as well as both in
a side channel and embedded in the central ECM channel, as
demonstrated in Gjorevski et al. (2020)."*

The LiverChip™'”* also facilitates incorporation of more
than one cell compartment however through reconfigurable

This journal is © The Royal Society of Chemistry 2024
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incorporation of multiple micro-physiological systems (MPSs).
The platform includes a top polysulfone plate which can
incorporate multiple MPS chambers, capable of housing either
scaffolds (flow-through module) or Transwell® inserts; a mixing
chamber (mixer) representing systemic circulation (Fig. 4B); and
an on-board pneumatic fluidics system which facilitates flow of
culture media through the platform.””” The LiverChip™
platform had previously been used to study multi-organ
pharmacokinetics'’® however gut-liver inflammatory cross-talk
was first considered in Chen et al. (2017).">® Gut-liver cross-talk
is an important factor in physiological homeostasis and disease,
with the liver linked to the gut via portal blood circulation
which carries many metabolites, microbial antigens and
inflammatory mediators from the gut. In this case, the platform
was set up to connect a Transwell®-style gut MPS, a flow-
through scaffold-based liver MPS and a mixing chamber
(mixer)."”® The flexibility of the LiverChip™ platform was later
demonstrated by Edington et al. (2018)"” where three different
configurations were explored, comprising a mixing chamber
with four, seven, or 10 MPSs respectively and termed the
“physiome-on-a-chip”. More recently, Trapecar et al. (2020)'*
used a similar gut-liver platform, termed the 3 module gut-liver
(3XGL) platform, to study IBD and its connection with liver
disease. To achieve this they used a model of Ulcerative colitis,
developed in a Transwell(R) format, similar to the above gut
MPS, however using primary Ulcerative colitis epithelium, as
well as dendritic cells and macrophages; together with the same
flow-through Liver MPS. Further, Treg and Th17 cells were
introduced in circulation. They investigated the effects of SCFA
on Ulcerative colitis in different versions of the model, showing
that the presence of T cells altered inflammatory responses.
Trapecar et al. (2021)"** built on the model in Trapecar et al.
(2020), including a cerebral MPS, termed the 3X gut-liver-brain
(3XGLB) physiomimetic platform, to study this axis in the
context of Parkinson's disease (PD). The study sought to
investigate how immune pathways and SCFAs affect a PD
phenotype. Trapecar et al. (2020, 2021) were the only studies of
those relevant to this review found to consider gut-immune-
SCFA interactions,"?*'?* the relevance of which have been
introduced in section 3 above.

In comparison with the other platforms mentioned in this
review, the OrganoPlate® represents the highest throughput
approach, enabling formation and real-time TEER
monitoring of 40 fluidic chips."®* Further, given its
membrane-free design enhanced immune cell migration and
epithelial-immune cell interactions are possible, compared to
the membrane-based models above."*>'*" For both the
OrganoPlate® and LiverChip™ or 3XGL(B) studies in Table 3,
inclusion of bacteria and mechanical cues was not seen the
and potentially the membrane and pump-free approach of
the former and Transwell-based approach of the latter may
limit their longer-term inclusion.

Ramadan et al. (2013)"® were one of, if not the, first to
include immune cells in an intestinal lab-on-chip model, using
a three chamber system; the first housing a monolayer of
intestinal (Caco2) cells grown on the apical side of a polyester

This journal is © The Royal Society of Chemistry 2024
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membrane; the second chamber, downstream of the basolateral
side of the first, containing immune cells (macrophages); and
the third, downstream of the second, containing antibody-
functionalised magnetic beads for immunomagnetic assays for
cytokine detection (Fig. 4C). Ramadan and Jing (2016)"*°
iterated on the above, developing a more stacked model
allowing higher throughput, namely five identical microfluidic
chips in parallel, each comprising two vertically stacked
compartments separated by a Polyethylene terephthalate (PET)
membrane; as well as a third immune assay compartment
downstream of the basolateral compartment. The apical and
basolateral compartments were formed by two patterned PMMA
sheets separated by the PET membrane (Fig. 4E); AG/AgCl
electrodes were additionally inserted into each compartment
and connected to a Volt:Ohm meter to enable TEER
measurement.

De Gregorio et al. (2022)** combined more advanced
tissue engineering with microfluidic chip technology to
develop an immune-responsive three-dimensional human
intestine (3D-hI) model which could be combined with
microfluidic lab-on-chip technology. The 3D-hI model
comprised of a 3D cell-synthetized stromal equivalent (3D-
CSSE) which was developed in previous papers,*®'”” whereby
cells were used to produce and assemble their own ECM-like
matrix in vitro.*® Following three weeks of intestinal cell
(Caco2) growth on 3D-CSSEs, 3D-hls were moved to
commercial Snapwell® inserts and positioned in the central
chamber of a PDMS microfluidic device, now termed the
Human intestine on chip (hl-oC), with the intestinal
compartment on the top side of the chip and the serosal
compartment on the lower basal side of the hI-oC. A
microbiota chamber, comprising a cylinder with a port for an
oxygen probe and a lid fitted with connectors for nitrogen
(N,) flow, was then secured around the upper intestinal
compartment where bacteria could be anaerobically grown,
then termed the MihI-OC (Fig. 4D). N, was flushed into the
cylindrical chamber to create an oxygen gradient similar to
that seen in vivo, showing that a physiological near-anoxic
microenvironment could be generated at the midpoint of the
intestinal lumen, a feature critical for obligate anaerobe
colonisation. The ability of this set up to mimic the oxygen
gradients and bacterial vertical distribution was confirmed
through the introduction of anaerobic and microaerophilic
bacteria to the MihI-OC, which localised as expected.

Incorporation of the 3D-CSSE provides a more
representative and complex extracellular microenvironment
for the intestinal cells in comparison to cell growth on planar
2D membranes and represents the only model of those under
review here to feature this. To further mimic in vivo
conditions, the authors could consider incorporating
immune cells into the 3D-CSSE in future. Additionally,
besides the HuMix'®® and MOD models above, it is the only
other gut-immune model identified that incorporates an
oxygen gradient. Limitations of this approach however
include that, similar to the LiverChip™, the set-up was only
combined with microfluidic technology following formation

Lab Chip, 2024, 24,1266-1292 | 1281
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three-lane microfluidic chip. ii. Schematic of the three-lane microfluidic chip, the central blue channel is initially filled with type | collagen, delineated by
PhaseGuides, forming a membrane-free interstitial matrix separating fluidic channels on either side. In gut-immune studies, epithelial cells have been
seeded in one of the side fluidic channels and immunes cells embedded into the central collagen channel, seeded in the opposite microfluidic channel,
or both.**® (reprinted from ref. 145 with permission, copyright 2020, Royal Society of Chemistry). B. LiverChip™ design. Schematic of the muilti-
microphysiological systems (MPS) platform showing a fluidic plate with compartments for different MPSs (yellow) and a bottom plate fitted with
microchannels and pumps for media circulation; with the exploded view showing three Transwell-based MPS compartments (the gut MPS and two
disconnected compartments), a scaffold-based MPS (liver MPS) and a mixer chamber'’® (reprinted from ref. 176 under the Creative Commons CC BY
license). C. Schematic of the NutriChip showing a connected three chamber system incorporating epithelial cells, immune cells and functionalised
magnetic beads for immunomagnetic assays, respectively'®® (reprinted from ref. 158 with permission, copyright 2013, Royal Society of Chemistry). D.
Schematic of the three-dimensional microbiota human intestine on chip (Mihl-OC) model showing a central chamber housing a Snapwell® insert in
which intestinal epithelial cells, grown on stromal equivalents, are housed; a fluidic serosal microchannel for culture media flow, and into which immune
cells (PBMCs) were introduced; and a microbiota chamber where bacteria can be grown under different oxygen conditions, regulated by the flow of N,
through the connectors at the top of the chamber?? (reprinted from ref. 22 with permission, copyright 2022, Elsevier Science & Technology Journals). E.
a. Schematic of an iteration on C, showing a five-chip approach, each with a two chamber-design. b. The first chamber, seeded with intestinal epithelial
cells in the apical compartment and immune cells in the basal compartment; connects to the second immune assay chamber™® (reprinted from ref. 159
with permission, copyright 2016, Springer Nature BV).
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of the 3D-hI under static conditions, requiring 21 days, in
addition to the time required to form the 3D-CSSE, and
further TEER measurements were taken off-platform. This
architecture may also limit the ability to incorporate
mechanical cues and longer-term bacterial co-culture as well
as complicate higher throughput applications.

4.2. Intestinal epithelial cell types

As noted, the role of the gut in metabolism and metabolic
diseases is very complex, with multiple interlinked processes
and pathways, making in vitro modelling thereof very
challenging.  Cell lines, including enterocyte and
enteroendocrine, have been widely used to study nutrient
transport processes and incretin hormone release due to their
reproducibility, availability, low cost and ease of use. However,
given that cell lines have a cancerous phenotype, often
displaying divergent features compared to the original tissue,
and represent limited cell types, they fail to recapitulate in vivo
complexity.*® Primary cells have also been used, and while more
representative compared to cell lines, they come with numerous
challenges including limited life span, slow proliferation and
supply issues."”® Overcoming some of these limitations, stem
cells and organoids have emerged as valuable alternatives.
Organoids, derived from stem or progenitor cells, more
accurately mimic the multiple in vivo cell types and organ
structures, with Sato et al. (2009) pioneering the development of
intestinal organoids.>® Challenges related to batch-to-batch
consistency and reproducibility, complexities around culture
conditions and the need for ECM however complicate their
use.”® Further, long-term culture of 3D organoids is limited due
to their cystic shape, leading to a build-up of toxins and cell
debris in their centre, necessitating regular passaging.'”’
Organoid dissociation and subsequent growth as monolayers or
within microfluidic lab-on-chip platforms overcomes some of
these challenge.>*'®" Organoids are however still limited in that
they generally do not include other physiological components
such as the immune system. Tissue explants offer enhanced
tissue-like features'® and recent studies have demonstrated
incorporation thereof in microfluidic models, such as
Richardson et al. (2020), Martinez et al. (2022) and Cherwin
et al. (2023) which, using mouse explants, showed the presence
of microbiota,'®® studied SCFA profiles as a function of oxygen
conditions'®" and showed presence of immune (mast) cells'®®
respectively. Explants are however constrained by limited life-
spans, a need for suitable microenvironment conditions and
lower throughput compared to cell-monolayer approaches.'®®
Currently many of the microfluidic explant-based studies rely
on mouse tissue reverting to reliance on animals and related
inconsistencies with human intestinal tracts. While some
studies have incorporated human explants,'®® transition to
tissue from larger mammals, such as pigs, or humans is
complicated by increased thickness and stronger muscle
contractions,'®® as well as possible challenges and ethical
complexities in obtaining samples.

This journal is © The Royal Society of Chemistry 2024
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In terms of the intestinal epithelial components of the non-
explant lab-on-chip studies in this review (Table 3) which
incorporate intestinal epithelial and immune components,
many of the studies, especially the earlier ones, have relied on
commercially available cell lines (Caco2, HT-29). Caco2 are
known to differentiate into enterocyte-like cells over a period of
21 days in conventional static culture, however lab-on-chip
studies have more recently shown accelerated growth and
differentiation, with three to seven, but most commonly five,
days reported®®313%14915L135,160,16L175  pyrther, microfluidic
conditions have also been shown in multiple studies to improve
polarization, three-dimensional crypt-villi morphology*****>> and
differentiation. Under perfusion and strain conditions, Caco2
cells have further been shown to differentiate into the four
major intestinal epithelial cell types namely, absorptive, mucus-
secretory, enteroendocrine, and Paneth cells, which had not

previously been seen in static cultures,”®*>'® while also
exhibiting  improved glucose reuptake and mucus
production.’®® While the aforementioned are encouraging

improvements compared to static culture, the use of cells lines
is still a limiting factor given their cancerous phenotype.
Progress has been made in replacing these cell lines with
organoid derived cells®**** which more faithfully represent the
cell diversity found in the intestine and further can be derived
from specific parts of the intestine for more targeted research.*
Recent progress in integration of tissue explants on chip offers
potential for even more in vivo-relevant models as explants have
been shown to include the mucus layer, mucosa, submucosa
and muscularis externa.'®® While numerous papers, both Caco2
and organoid-based, have indicated the presence of
enteroendocrine cells, none of the papers in this review have
focused on their role in disease. Given the interplay and cross-
communication between enteroendocrine and immune cells,
this could be an interesting future line of study using lab-on-
chip technology.

As introduced in section 2, mucus plays an important role
in intestinal homeostasis,>*®* yet it has not been an area of
focus thus far in gut-immune lab-on-chip models. Given that
Caco2 cells were shown to differentiate into all four major
epithelial cell types, presence of mucus production was
confirmed in Caco2 only models***'?*'*! and some limited
mucus-focused studies were noted. For example, Jing et al
(2022) investigated dextran sodium sulfate (DSS) induced
mucus layer injury together with the ability of chitosan
oligosaccharides (COS) to regulate mucus secretion and
reduce injury;** while De gregorio et al. (2022) monitored
bacterial localisation within the mucus layer.>* Further,
several cell line-based studies included HT29 cells"**'** to
increase mucus production.’® Mucus has additionally been
seen using the explant approach'® and other lab-on-chip
models of the gut, not covered in this review due to lack of
immune components, have also confirmed mucus secretion
when using intestinal organoid derived cells, such as
Kasendra et al. (2018) where mucus production by duodenal
derived organoid cells in Chip-S1 was reported.’®® More
recently, Sontheimer-Phelps et al. (2023) conducted a mucus-
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focused study using primary patient-derived colonic epithelial
cells grown in Chip-S1, showing that inner and outer layers
of mucus could be seen along with changes in hydration
state, such as mucus swelling when stimulated with
prostaglandin E2."®* These studies demonstrate the potential
for more physiologically relevant mucus modelling to be
incorporated in gut-immune lab-on-chip models in future to
further our understanding of how mucus is affected or
implicated in metabolic diseases.

4.3. Intestine-relevant immune cell types

Immune-specific screening has historically involved studying
immune cells in isolation, yet given the complex interactions
between immune cells and their 3D microenvironment
in vivo, the accuracy of results from this approach may be
limited. More complex models which aim to incorporate this
microenvironment are therefore being developed in an effort
to better recapitulate the in vivo situation.*®>*8

The cell types incorporated in the lab-on-chip models
discussed above can be seen in Table 3. As introduced above,
the intestinal immune system involves complex interactions
between the epithelium and multiple different innate and
adaptive immune cells. Incorporation of the immune system
in intestinal lab-on-chip models still appears to be in its
infancy with many of the models employing simplified
incorporation of a limited number of immune cells, lacking
recapitulation of the complexity associated with the in vivo
situation. The models considered as part of this review have
primarily focused on macrophages and monocytes as well as
blood-derived peripheral blood mononuclear cells (PBMCs)
which, as demonstrated in Kim et al. (2016) contain a mixed
population of both innate and adaptive immune cells,
including monocytes and granulocytes; and lymphocytes
respectively.’” A limited number of the studies presented
here also specifically included T cells, dendritic cells and
neutrophils. In terms of the former, Shah et al. used primary
CD4 + T cells purified from healthy blood donors which they
activated with IL-2, CD3 antibodies and CD28 antibodies,'®°
while Gjorevski et al. (2020) used monocytes which were
subsequently differentiated toward macrophages together
with neutrophils isolated from fresh human peripheral
blood."*® A number of studies considered dendritic cells
including, Maurer et al. (2019),">> derived from PBMCs, and
Gijzen et al. (2020), using the acute myelomonocytic leukemia
cell line MUTZ-3."** Incorporation of multiple immune cells,
increasing the complexity of immune interactions studied,
has more recently emerged, such as the studies by Gjorevski
et al. (2020)"* and Trapecar et al. (2020, 2021).">*'** The
former represents the first model to include mucosal
epithelium with both resident (macrophages) and infiltrating
(neutrophils) immune cells which could migrate in the 3D
ECM, allowing for functional cross-talk between the cells;'*’
while the latter studies combined dendritic cells and
macrophages with circulating Treg and Th17 cells."**"'**
Further work is however required to improve immune cell
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complexity and cross-talk, allowing for adaptive and innate
as well as intraepithelial and mucosal immune interaction
modelling. While associated with other challenges, tissue
explant potentially offer a route for studying some of these
more complex resident immune cell interactions, with
studies indicating that immune cells should be present'®®
and Cherwin et al. (2023) confirming presence of mast
cells."®?

Incorporation of immune cells in non-explant models has
further generally appeared to be during end point-type
assays, being transiently introduced into one of the
compartments rather than seeded early-on for long-term co-
culture with the epithelial and/or endothelial cells.***®°
Highlighting limitations of these models, which fail to
provide a more in vivo like immune microenvironment
capable of supporting enhanced immune cell diversity and
facilitating immune cell dynamics. Maurer et al (2019)
showed, through co-culture of macrophages with endothelial
cells for a week, that longer-term immune cell incorporation
in lab-on-chip models is possible and observed that immune
cells (macrophages and dendritic cells) could adapt and self-
organise in response to LPS stimuli.">® Later, using the
3XGL(B) platform, Trapecar et al (2020, 2021)">%'**
conducted interaction studies over four days and using the

OrganoPlate® platform, Gjorevski et al  (2020)'*
demonstrated the feasibility of longer-term immune-
epithelial cell co-culture, embedding THP-1 cells,

subsequently differentiated into macrophages, within the
central ECM channel before seeding Caco2 cells and
neutrophils in the two side channels respectively. Gjorevski
et al. (2020) observed neutrophil movement and infiltration -
for which ECM composition and mechanical properties
required optimisation - as well as crosstalk between resident
and circulating immune cells."*> Numerous static models
have also been developed using collagen hydrogels to support
immune-epithelial co-culture including Hinman et al. (2022)
and Moysidou et al. (2022) using neutrophil-like cells'®” and
macrophages or monocytes'®® respectively. Studies have
additionally found that the presence of macrophages in
in vitro models improved enteroid-derived barrier maturity
and function."®’

While numerous human immune cell lines exist including
for T-cells (i.e. Jurkat),"”® monocytes and macrophages (i.e.
THP-1, U937)"* 145158159191 and B cells (i.e. Raji, Daudi,
Ramos),"”> amongst others, only a limited number of these
have been used in the gut-immune lab-on-chip models under
consideration. To improve models, not only is the type of
immune cell or cells relevant to the research question
important, whether innate or adaptive, the source of the
immune cells is also an important consideration. Primary
immune cells may therefore be preferred however in vitro
culture thereof can be challenging, especially given that
several immune cell types, including naive lymphocytes, do
not naturally proliferate in culture, requiring either fresh
harvesting or mitogen treatment to induce proliferation.
Complicating this further, is that significant donor-to-donor
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variability can occur, affecting outcomes and relevant
controls.’® Besides primary or donor-derived origins, some
immune cells can also be derived from embryonic or induced
pluripotent stem cells (iPSC), with a variety of immune cell
types including macrophages,'®* natural killer cells'** and T
cells"*'%® derived through this method. It should however
be noted that multiple other immune-focused lab-on-chip
applications,'#>'8%197:198 [acking the intestinal component,
do exist, using cells lines and primary cells; for example
multiple studies have developed lymph nodes on chip,"®®
such as Moura Rosa et al. (2016) who developed a lymph
node-on-chip to study intercell dynamics of T cells and
dendritic cells."®® Recently, advances have been made in
modelling immune tissues, with Goyal et al (2022)
developing a lab-on-chip model (Chip-S1) of ectopic lymphoid
follicles using primary human blood B- and T-lymphocytes
which were able to self-assemble in a 3D extracellular matrix
gel within one of the fluidic channels, offering a new way to
explore how the human immune system responds to
infections and vaccinations.”® Further, Delong and Ross
(2023) developed a multi-organ system to allow for
communication between ex vivo Peyer's patches and
mesenteric lymph node slices.”®* The advances in immune
models will hopefully aid in developing more advanced gut-
immune models in future, allowing us to discover more
about the intestinal immune system and its role in the
development and progression of various diseases.

4.4. Biophysical and biochemical cues

Tissue microenvironment together with biophysical and
biochemical cues play an important role in cellular processes
and cell function.'® Mechanical forces such as peristalsis,
intestinal smooth muscle contraction and relaxation, and
fluid sheer stress, which is exerted on the apical surface of
the intestinal epithelium due to luminal flow, are key actions
which aid the gut in performing its primary function of
nutrient absorption.”®* Intestinal cells are therefore adapted
to sense and respond to these mechanical cues, converting
the mechanical forces into biochemical signals which
regulate gene expression and cell behaviour, modulating gut
function and barrier integrity.”** Aberrations in these
movements can therefore lead to bacterial overgrowth and
inflammation and may play a role in, amongst others,
Crohn's disease and IBS.”°**°> Of the lab-on-chip models
relevant to this review, only two designs incorporate
mechanical 1931 Chip-S1 allows for mechanical
stretching of the porous PDMS membrane, achieved through
more complex application of a vacuum in chambers on either
side of the central channel," while the chip in Jing et al.
(2020) employs a simpler method relying on a pneumatic
pump to periodically alter the pressure difference between
the fluids in the lumen and vessel.** Kim et al. (2016) and
Jing et al. (2020) both showed, in line with the in vivo
findings, that the cyclic stretching was key to preventing
bacterial overgrowth'® and allowing longer-term co-culture.*

cues.
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Peristalsis-like cues with shear stress from luminal fluid flow
was further found to promote epithelial cell growth,
glycocalyx and microvilli formation as well as affect
absorption and metabolic functions.**

Beside mechanical cues, a number of other unique and
important conditions exist in the gut including oxygen, nutrient
and pH gradients which also play a role in regulating cellular
processes.>® In particular, oxygen levels in the gut, which vary
along the length of the intestine and along the crypt-villi
structures of the small intestine mucosa,****°” are important
regulators of gene expression and barrier function, mediated by
hypoxia-inducible factors (HIFs).”*® HIF pathways have been
shown to play an important role in metabolism and
inflammation and have therefore been implicated in numerous
metabolic diseases including obesity and T2D.**® Intestinal
microbiota play a role in this oxygen gradient, with vertical
stratification of facultative anaerobic and microaerophilic
bacteria across the gradient.>*> Of the lab-on-chip models
relevant to this review, only the HuMix,'®® 3D-hI and explant-
based MOD models*® incorporated oxygen gradients,
highlighting a need of further development of gut-immune
models to more readily incorporate these cues. Technologies
exist to monitor these conditions, such as the optical oxygen
sensor spots (optodes) used in the HuMix and MOD models,"®
however again, incorporation of sensors has been limited in the
models under consideration. While not seen in the models in
this review, Chip-S1 has been shown to be compatible with
oxygen monitoring and longer-term bacterial co-culture as
demonstrated in Jalili-Firoozinezhad et al (2019) where a
physiologically relevant oxygen gradient was maintained,
enabling longer-term (days) co-culture of intestinal epithelium
with aerobic and anaerobic human gut microbiota.>*’

As demonstrated by Gjorevski et al. (2020) engineering the
microenvironment in which immune cells are maintained is
another critical yet potentially challenging aspect to consider.
They showed that the mechanical properties of the central ECM
in which they seeded neutrophils was critical for neutrophil
movement and subsequent infiltration."*> This is not unique,
with numerous other studies showing how mechanical
properties and physical cues affect different immune
cells.'®?'°21> For example, ECM or substrate stiffness has been
found to affect sensitivity and responses of primary T cells
isolated for immunotherapies,>*°*** shown to affect
macrophage polarisation, function and migration,>'*>'* and B
cell activation, proliferation and class switching,>"> amongst
others. Engineering or selecting appropriate materials, such as
natural or synthetic biomaterials, in which to maintain immune
cells, as well as scaffolds for intestinal modelling, is therefore
critical, including optimisation of physical, chemical and
biological conditions and cues.'®

Together, these studies highlight the importance of
incorporating and optimizing mechanical cues and
microenvironment conditions, as summarised in Fig. 5, to
better recapitulate the in vivo conditions. No studies relevant to
this review were found that incorporate gut and immune cells,
oxygen gradients and mechanical deformation, highlighting the
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Fig. 5 Summary of biophysical and biochemical cues affecting
intestinal and immune cells for consideration in gut-immune lab-on-
chip model development. ECM: extracellular matrix. Created with
https://BioRender.com.

need for further development of lab-on-chip technology for gut-
immune interaction studies.

5. Conclusions and future directions

Unarguably, a growing body of evidence demonstrates a
significant role of the gut-immune axis in the development
of metabolic disease in humans. Due to the current
pandemic extent of metabolic diseases, associated with a
high burden for individuals but also the national health
system, a better understanding of the mechanisms regulating
this axis is urgently needed. It is well understood that diet is
a key regulator of gut-immune interactions and the
development of metabolic diseases. However, mechanisms
are still elusive, for example due to unknown mechanisms of
nutrient interactions, cumulative effects and gut microbiome
activities in humans. In addition, outcomes of controlled
feeding studies are limited since they address only short-
term effects but also change the study participants' dietary
habits. Thus, the development of personalized dietary
recommendations and the integration of gut microbes will be
highly beneficial for maintaining functional gut-immune
interaction.

Emerging lab-on-chip technologies aim to offer better
in vitro models capable of delivering predictions of human
physiologies. The models discussed above highlight the
recent progress in modelling the gut-immune axis using this
technology, showing proof-of-concept for integration of
important compartments and cues for studying the gut-
immune axis, including integration of peristalsis-like
contractions, shear stress, oxygen gradients and immune and
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organoid-derived cells, amongst others. Incorporation of
mechanical and biophysical cues is however not present
across all models and combination of these cues has not
been noted in a single design, opportunities therefore still
exist for improvement.

Generally, many of these lab-on-chip models still suffer
from low through-put, high cost, limited read-out techniques
and in some cases the need for specialised equipment.'*°
Model improvements required however strongly depend on
the research question and therefore must be considered on a
case-by-case basis, in particular as there is classically a trade-
off between model complexity, experimental control and
throughput.'®*'® Careful consideration is therefore required
to ensure models developed are fit-for-purpose without being
needlessly complex.

In terms of metabolism-related applications, material choice
remains an important consideration given limitations
associated with the widely used PDMS related to absorption of
hydrophobic molecules such as metabolites, cytokines and
target drugs®'’ making it potentially unsuitable for metabolic
studies. Improvements in material choice and design may
additionally assist in overcoming other limitations around
scalability, standardisation of devices, to improve comparability
amongst studies, as well as issues related to miniaturisation.'*®
Further, in terms of metabolic diseases, more research is in
particular required to better understand the
microbiota axis as mechanistic studies have thus far been
limited by the lack of suitable experimental models.'>
Inclusion of more complex microbiota is therefore a key future
development. Until now, only limited strains have been
included in the lab-on-chip models discussed above. Further,
the studies failed to consider IgA or hormone-related factors,
identified as possible links to metabolic diseases. Incorporation
of more complex microbiota however necessitates development
of improved approaches for oxygen gradient maintenance and
monitoring, coupled with microfluidic approaches capable of
providing mechanical cues, for longer-term microbial co-
culture, and higher-throughput designs.

Opportunities also exist to improve incorporation of in situ
read-out methods such as TEER, and other biosensors relevant
to the research questions, such as those related to metabolic,
biochemical and biophysical modification®"” (pH, oxygen,
cytokines®'®). Incorporation of more complex tissue cultures
presents another area of improvement to allow for a more
in vivo-like microenvironment and improved cell-cell
interaction, in particular for immune cell migration which is
strongly influenced by microenvironment mechanical
properties.'®> Expansion of models to include stroma and
basement membrane-like features would be useful inclusions.*®
In terms of this, recent development of electrically active
scaffolds such as those fabricated from the biocompatible
conducting polymer poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS) open a new frontier for
growth and in situ monitoring of 3D cell cultures,* work
however remains to confirm compatibility with immune cells
and their dynamics as well as provision of mechanical cues.

immune-
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Lastly, with the dawn of patient derived organoids and
microfluidic explant models, opportunities exist to more
faithfully study different parts of the intestine as well as
explore genetic, epigenetic, immune and microbiome
variations in the population. Further, as gut microbiome
composition has been linked to treatment efficacy,>'® such as
for cancer immunotherapy;**® development of robust
personalised gut-immune-microbiome models could be key
resources for predicting efficacy and improving treatments
across different conditions.
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