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Microbiota-Host Immunity Communication in
Neurodegenerative Disorders: Bioengineering Challenges
for In Vitro Modeling

Lucia Boeri, Simone Perottoni, Luca Izzo, Carmen Giordano,* and Diego Albani

Human microbiota communicates with its host by secreting signaling
metabolites, enzymes, or structural components. Its homeostasis strongly
influences the modulation of human tissue barriers and immune system.
Dysbiosis-induced peripheral immunity response can propagate bacterial and
pro-inflammatory signals to the whole body, including the brain. This
immune-mediated communication may contribute to several
neurodegenerative disorders, as Alzheimer’s disease. In fact,
neurodegeneration is associated with dysbiosis and neuroinflammation. The
interplay between the microbial communities and the brain is complex and
bidirectional, and a great deal of interest is emerging to define the exact
mechanisms. This review focuses on microbiota-immunity-central nervous
system (CNS) communication and shows how gut and oral microbiota
populations trigger immune cells, propagating inflammation from the
periphery to the cerebral parenchyma, thus contributing to the onset and
progression of neurodegeneration. Moreover, an overview of the technological
challenges with in vitro modeling of the microbiota-immunity-CNS axis,
offering interesting technological hints about the most advanced solutions
and current technologies is provided.

1. Introduction

More than 100 trillion bacteria inhabit different districts of
the human body: gut, mouth, skin, respiratory and urogenital
tracts.[1] These microorganisms as a whole are called microbiota.
Bacterial composition and abundance are critical for the environ-
mental homeostasis and an imbalance (dysbiosis) of the micro-
biota equilibrium has a determinant role in human health.[2–6]

Depending on the tissue or organ, dysbiosis may trigger different
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pathological mechanisms. Despite the in-
teraction between microbes and immunity
remains poorly understood at some sites
(e.g., lung and vaginal mucosa), recent
experimental evidence is consistent with
the notion that the health of microbiota
communities is strictly related to host im-
mune homeostasis.[7–9] Indeed, the sever-
ity and impact of immune cells activity
is dependent on the features of tissue-
associated bacterial communities and re-
lated dysbiosis.[9]

Cancer, autoimmune diseases and neu-
rological disorders are the main pathologies
related to microbiota-mediated peripheral
immunity and provide clear examples of the
wide spectrum of human tissues involved
and the extensive range of immune signal
transmission.[10–12]

In the last decade neurodegenerative dis-
orders have been widely studied in rela-
tion to gut and oral microbiota. A literature
overview of the topic showed a significant
trend in changes on bacterial abundance.[13]

For instance, the microbiota of patients
with Parkinson’s disease (PD) had a general reduction of Fir-
micutes genera (e.g., Faecalibacterium, Clostridium, and Blautia),
and an increase in Bacteroidetes (Bacteroides and Prevotella). Sim-
ilarly, patients with Alzheimer’s disease (AD) showed changes
in relative abundance, with a reduction of several Firmicutes
genera (e.g., Clostridium and Enterococcus) and an increase in
the Bacteroidetes phylum (e.g., Bacteroides).[13] In addition to
relative abundance change of commensal microbiota, cerebral
infection of pathogens had a key role in the process of neu-
rodegeneration. Porphyromonas gingivalis and Helicobacter pylori
are examples of infecting bacteria associated with AD and PD,
respectively.[14,15]

Recent research has demonstrated that microbiota and its in-
duced immunity are correlated with neurodegenerative patho-
genesis and progression.[13] Throughout the body, microor-
ganisms and secreted molecules widely interact with local
immune cells and structures to maintain microenvironment
homeostasis and communicate with the distal neuroimmune
system.[16] For instance, gut microbiota is able to stimulate
CNS-resident immune cells through both peripheral immu-
nity and neurotransmission.[17] Indeed, bacteria can directly
release (or stimulate gut-resident cells to produce) signaling
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Figure 1. The microbiota-immunity-CNS communication. This graphic representation shows the bioengineering approaches used to reproduce the
main in vivo immune-stimulated interfaces during neuroinflammation and neurodegeneration. The most advanced approach used to recapitulate each
interface is the organ-on-a-chip technology (OOC) based on microfluidic multi-cell culture. (Image created with BioRender.com).

mediators—such as short-chain fatty acids, lipopolysaccharide,
serotonin—relevant for peripheral immune cells or the vagal
nerve central transmission.[18] Despite the increasing evidence of
the immunity importance for the microbiota-brain axis, to what
extent the microbiota-immunity communication contributes in
triggering neurodegeneration is still a matter of debate.[19] Start-
ing from this state-of-the-art, here we discuss the bioengineer-
ing challenges of reproducing in vitro the wide immune sig-
naling profile that mediates microbiota-brain communication, at
the basis of neurodegeneration onset and progression. We start
with a focus on the peripheral immune response triggered by
oral and gut microorganisms, to move on to the immune sig-
nal transmission to the central nervous system (CNS) popula-
tions and the link between CNS immune activity and neurode-
generative disorders. We finally offer a technological analysis
and discussion of advanced in vitro models for the study of the
neurological impact of microbiota-mediated immune responses
(Figure 1).

2. Microbiota-Peripheral Immunity
Communication

The physiological interaction between microbiota and the im-
mune system is a beneficial two-way communication and it is
the basis of the homeostasis of both systems. Through the re-
lease of specific metabolites, bacteria can protect the host from
infection and promote body barrier integrity and immune cell
maturation.[20] The microbiota interacts with the host by physi-
cal interaction or molecule-mediated stimulation. Bacteria phys-
ically interact with host cells and tissues mostly when a patho-
logical condition leads to impairment of the mucosal barriers
and allows bacterial infection.[21] Otherwise, bacterial molecule-
mediated stimulation constantly contributes to barriers and im-
mune system homeostasis.[22]

Bacterial molecules able to regulate or influence host mecha-
nisms can be mainly distinguished as: 1) structural components
such as lipopolysaccharide (LPS) and flagellin;[23] 2) functional
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Table 1. Summary of bacterial molecules and metabolites with immunomodulatory properties. Molecules are classified according to the microbiota-
associated body tract, the related host interacting mediator and the immunomodulatory effects.

Molecules Mediator Immunomodulatory effects Ref.

Gut PSA TLR2, TLR4 Promotion of T cell development and homeostasis; CD4+ T cell-mediated IL-10 secretion;
immune tolerance increase;

[30–32]

Peptidoglican Nod1-2 Pro-inflammatory cytokine secretion [176]

Flagellin TLR5 IL-22 production by DCs [177]

Formyl peptides FPR Leukocyte recruitment; pro-inflammatory cytokine production [178]

HBP TIFA NF-𝜅B-mediated innate inflammation [29]

Nucleic acids TLR3-7-8-9 NF-𝜅B-mediated production of pro-inflammatory cytokines and chemokines [179]

SCFA GPCRs GPCR activation; anti-inflammatory effect by macrophage HDAC inhibition; autophagy
regulation; stimulation of serotonin production; promotion of B cell maturation;

[19]

AhR ligand AhR IL-22 secretion by ILC3 and Th17 cells; AMPs production; T cell differentiation [25,180–182]

Sphingolipid CD1b Stimulation of iNKT cell activity [25]

Polyamine Ion channels Inhibition of pro-inflammatory cytokine production; CD8+ and CD4+ T cell maturation [183]

Histamine HR1-4 Regulation of cytokine production; regulation of immune cell maturation and activity (e.g., Treg
cells, Th1 cells, iNKT cells)

[35]

Mouth PPAD Native arginine residues Immune response evasion by citrullination of host peptides (e.g., C5a complement component) [24]

LPS TLR2-4 Co-activation of TLRs- and C5aR1-mediated pathways induce neutrophils and macrophages to
lower phagocytosis, higher pro-inflammatory cytokines production, and severe inflammation

[3,12,21,184]

Gingipain C5aR1

AhR, aryl hydrocarbon receptor; AMP, antimicrobial peptide; C5aR1, complement C5a receptor 1; FPR, formyl peptide receptor; GPCR, G protein-coupled receptor; HBP, D-
glycero-𝛽-D-manno-heptose-1,7-biphosphate; HDAC, histone deacetylase; HR, histamine receptor; IL, interleukin; iNKT cells, invariant natural killer T cells; LPS, lipopolysac-
charide; PPAD, P. gingivalis peptidylarginine deiminase; PSA, polysaccharide A; SCFA, short chain fatty acid; Th, helper T cell; TIFA, TRAF-interacting protein with FHA
domain-containing protein A; TLR, toll-like receptor.

enzymes such as the P. gingivalis peptidylarginine deiminase
(PPAD);[24] 3) products of bacteria metabolism, like short chain
fatty acids (SCFA) and indole-3-aldehyde (aryl-hydrocarbon
receptor ligand).[7] Most of these have an immunomodula-
tory effect that may lead to immune tolerance or increasing
inflammation.[25]

Depending on the human body tissue, we find different
microbiota composition, hence specific bacterial molecules,
and metabolites. The principal components—enzymes and
metabolites—can be classified according to the microbiota-
associated body tract, the immunomodulatory effect, and the in-
volved host protein mediator.

To better depict the first steps of the microbiota-mediated im-
mune response that lead to neuroinflammation and neurodegen-
eration, we now focus on gut and oral microbiota, which are the
two bacterial communities mostly linked to neurodegenerative
disorders (Table 1).

2.1. Gut Microbiota

The gut mucosal barrier is a key mediator of gut microbiota-
immunity communication, physically separating bacteria from
the lamina propria.[26] The gut barrier is basically composed of
a mucosal layer and a cell epithelium. Every component of the
gut mucosa has a role in maintaining the homeostasis of the gut
barrier or in defending against infection.[27,28] At the basal side
of the cell epithelium, immune cells inhabit the lamina mucosa,
a connective tissue layer. The immune cells involved in the gut
microbiota-immunity communication are: 1) innate lymphoid
cells (ILC); 2) effector T cells; 3) B cells; 4) macrophages; 5) mast
cells; and 6) dendritic cells (DC).[20]

In healthy conditions, bacteria stimulate immune cells, so
increasing immune tolerance and inhibiting improper intesti-
nal inflammation.[29] An example of molecule with these im-
munomodulatory effects is polysaccharide A (PSA), a structural
component of the symbiont Bacteroides fragilis. Luminal PSA is
captured by Toll-like receptors 2 and 5 (TLR2/5) of DCs. After
PSA-TLR interaction, DCs process the antigen and present it to
CD4+ T cells, which are then activated.[30,31] CD4+ T cells pro-
mote regulatory T (Treg) cell anti-inflammatory responses and
inhibit pro-inflammatory cytokine production by Th1 and Th17
cells (Figure 2).[32]

Gut dysbiosis can heavily affect the release of signaling
molecules and the related immune stimulation.[33] Histamine is
a biogenic amine produced by histidine decarboxylases (HDC) of
mammalian cells and gut bacteria (e.g,. Morganella morganii and
Citrobacter freundii).[34–36] Histamine potential to stimulate adap-
tive and innate immune responses depends on the amounts re-
leased not only by bacteria but also by mast cells and basophils,
which store and secrete the molecules in response to toxins or
immune IgE-mediated mechanisms (Figure 2).[37]

2.2. Oral Microbiota

The oral cavity is continuously exposed to external agents such
as food, air, and microorganisms. This generates a very dynamic
environment with high complexity in its chemical and microbial
composition.[38] As in the gut barrier, the luminal layer of the oral
mucosa is predominantly characterized by epithelial cells and the
lamina propria is rich in immune cells.[39]

From a microbiota-immunity communication viewpoint,
the oral cavity is not as characterized as the intestinal
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Figure 2. Immunomodulation pathways triggered by bacterial PSA and histamine. a) Bacterial PSA is captured, processed, and presented by DCs. CD4+
T-cells recognize and bind the DC MHC-II presenting the antigen. CD4+ T-cells respond to PSA stimulating Treg-cell activation and inhibiting Th1 and
Th17 cell production of pro-inflammatory cytokines. b) Histamine is a metabolite of histidine metabolism, released mainly by mast cells, basophils, and
bacteria. Depending on the type of histamine receptor (HR), histamine leads to different immunomodulatory responses. PLC, phospholipase C; MAPK,
mitogen-activated protein kinase; PKB, protein kinase B. (Image created with BioRender.com).

compartment. However, it has been demonstrated that the oral
microbiota homeostasis is closely related to the immune re-
sponse, and the presence of oral antigen-presenting cells (APC)
guarantees immune tolerance under physiological conditions.[38]

Daily oral practices (tooth brushing and mastication) and peri-
odontitis can frequently alter and damage the oral mucosa. Dam-
age of the gingival barrier allows periodontal pathogens (e.g.,
P. gingivalis and A. actinomycetemcomitans) to enter the circula-
tion. Under this unhealthy condition, the immune system can

be strongly stimulated by direct contact with circulating microor-
ganisms and their secreted molecules.[40]

The keystone pathogens are defined as the oral bacteria funda-
mental in the initiation and progression of periodontal inflam-
mation and disease (A. actinomycetemcomitans, P. gingivalis, and
T. denticola). They subvert the immune system and generate an
inflammophilic environment, suitable and protective for other
pathogens proliferation.[15] P. gingivalis seems to be the main in-
fluencer of this subverting action and is widely associated with
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neurodegenerative disorders.[21] It bypasses the bactericidal im-
mune response mainly through co-activation of two signaling
pathways mediated by LPS, a structural bacterial component, and
proteolytic enzymes called gingipains.[3,41]

P. gingivalis LPS (pgLPS) comes in two isoforms character-
ized by a specific Lipid A region and, depending on the isoform,
immune TLRs-mediated pathways are selectively stimulated or
inhibited.[3,42] The cooperation of pgLPS and gingipains leads
to a TLR2-PI3K-mediated signaling that results in reduction of
bactericidal activity, upregulation of pro-inflammatory cytokines
(e.g., IL-1𝛽, IL-6, and TNF-𝛼) and inhibition of phagosome for-
mation and maturation.[43,44] This enables P. gingivalis to regulate
immune responses, creating an inflammophilic environment for
other pathogens.

3. Immune Communication from Microbiota to
CNS-Resident Cells

The mechanisms that translate the microbiota-induced periph-
eral immune response into neuroinflammation are complex and
feature two main ways of transmission: the vagus nerve for
the gastrointestinal tract and the vascular system in the whole
body.[19]

The vagus nerve innervates most of the digestive tract and al-
lows two-way gut-brain signaling mediated by neurotransmitters
and hormones such as serotonin, glucagon-like peptide-1, and
peptide YY.[18,45] Both enteroendocrine cells and vagal sensory
ganglia have a receptor system to trigger signaling communica-
tion to the CNS and contribute to the effects of gut metabolites on
brain function.[46] Vagal ganglia can use specific receptors—such
as pattern-recognition receptors (PRR), G protein-coupled recep-
tors (e.g., free fatty acid receptor 3), and the 5-hydroxytryptamine
(5-HT)-3 receptor—to sense and process microbial molecules
(e.g., LPS), metabolites (e.g., SCFAs), or enterochromaffin cell
products (e.g., serotonin).[18,47] Sensory vagal afferent fibers can
directly sense the peripheral inflammation and communicate it
to the brain and thus, to the neuroimmune system.[48] Along the
vagus nerve, cytokine receptors bind local tissue concentration of
cytokines (e.g., IL-1𝛽) and transmit the signal to the CNS, which
responds to regulate and maintain immune homeostasis.[49] The
vagal modulation of the peripheral inflammation severity is a
fine-tuned mechanism called the inflammatory reflex.[50]

As for the vascular system, it is the direct route for the trans-
port of bacterial molecules, immune signaling peptides, and im-
mune cells, such as APCs. Microbiota molecules can reach the
brain directly, crossing the intestinal or oral epithelium, and flow-
ing through the blood vessels.[51] SCFAs are an example of mi-
crobial molecules that can reach the brain and influence CNS-
resident populations under physiological conditions.[46,52] Along
the vascular system, SCFAs are captured by the monocarboxy-
late transporters on blood-brain barrier (BBB) cells, and imported
into the brain. Their effects on neurogenesis, inflammation, or
homeostasis change depending on the type of SCFA. For in-
stance propionate, unlike acetate, can reinforce the BBB, pro-
moting tight junction formation and reducing permeability to
toxins.[52] Aryl-hydrocarbon receptor (AhR) ligands are another
microbiota product that can reach the brain in case of barrier dis-
ruption and stimulate AhR-expressing astrocytes. This leads as-

trocytes to release IL-33, which in turn stimulates mast cell and
microglial maturation.[53]

Among the molecules transported through the vascular sys-
tem, cytokines and chemokines are the main factors to transmit
inflammation from the periphery to the brain. They stimulate cir-
culatory immune cells and promote their migration and matura-
tion. Furthermore, they can reach CNS-resident cells and trigger
microglial and astrocyte responses.[19] APCs increase cytokine-
mediated immune signaling, transporting and presenting micro-
bial antigens (e.g., LPS) to the brain.

3.1. The Role of Mast Cells

Mast cells (MCs) are the immune cells with most effect on im-
mune signaling transmission from the periphery to the CNS.
Recently, MCs have been widely associated with the neuroinflam-
mation proper of neurodegenerative disorders (Figure 3).[54]

MCs derive from bone marrow hematopoietic cells and mi-
grate to connective tissues rich in blood vessels and nerves,
in response to chemokine signaling. Under healthy conditions,
MCs do not inhabit the CNS but remain on the abluminal side
of BBB.[54] They are involved in different mechanisms—such
as tissue repair and chronic inflammation—due to their abil-
ity to: 1) sense and produce hormones, enzymes, cytokines, and
chemokines (e.g., tryptase, IL-1𝛽, and CXCL2); 2) phagocytose,
and 3) process and present antigens.[55]

The recruitment of MCs at microbiota-interfaced barriers is
regulated by the release of chemokines such as CXCR2 (C-X-C
Motif Chemokine Receptor 2) ligands.[56] At the gut wall, for in-
stance, macrophages release chemoattractants in response to the
activation of TLRs and thus to the presence of bacterial signals.[57]

MCs migrate in proximity of the lamina propria and acts as a
connection between connective tissue and the nerves. They con-
tribute to immune transmission via the vagus nerve by releas-
ing hormones, growth factors, and neuropeptides that can be
captured by enteric neuron receptors and translated to nerve
signal.[55]

In addition to the MC potential for influencing the nerve re-
sponse, MCs can directly challenge the pathogen and promote
both adaptive and innate immune response.

MCs have several receptors to sense not only the pathogen-
associated molecular pattern (PAMP) but also the damage-
associated molecular pattern (DAMP).[58] DAMPs are molecules
produced and secreted during cell damage. Extracellular ATP
is an example of DAMPs, since damaged cells, active immune
cells and bacteria produce it in unhealthy conditions. MCs can
sense and respond to ATP through purinoreceptor P2XT acti-
vation and the production of pro-inflammatory cytokines and
chemokines.[59] In dysbiotic conditions, the bond of PAMPs (e.g.,
LPS and flagellin) triggers MC activation, which leads to degran-
ulation, release of pro-inflammatory molecules (e.g., TNF𝛼, IL-1
and CCL5), phagocytosis, and production of antimicrobial pep-
tides (e.g., cathelicidin). Since MCs can also act as APCs, they
can challenge bacterial infection also by processing antigens and
presenting them to other immune cells.[58]

MCs can promote the recruitment, maturation, and activation
of innate and adaptive immune cells. MCs stimulate innate im-
munity mainly by secreting enzymes (tryptase and chymase),
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Figure 3. Graphic representation of the mast cells (MCs) response to gut dysbiosis. MCs react to pathogen-associated molecular pattern (PAMPs),
damage-associated molecular pattern (DAMPs), and macrophage cytokines and chemokines by phagocytosing, processing, and presenting antigens
and recruiting adaptive and innate immune cells. The MC release of hormones, growth factors, neuropeptides, inflammatory mediators, and enzymes
leads to BBB impairment and stimulation of CNS-resident cells. (Image created with BioRender.com).

antimicrobial peptides and cytokines, while adaptive immune
cells are recruited and activated mostly by MC-produced
chemokines and cytokines, such as CCL2, CXCL10, IL-13, and
IFN𝛾 .[55]

The contribution of MCs during dysbiotic events also com-
prises their involvement in the regulation of barriers homeostasis
(e.g., gut-blood barrier (GBB) and BBB).[54]

3.2. Gut-Blood Barrier Impairment

The GBB is the physical barrier between gut microbiota and
blood flow.[60] It consists of the gut mucosal barrier, the un-
derlying connective tissue, and the endothelium of intestinal
capillaries.[61] The GBB permeability is tightly controlled by both
epithelial and endothelial intercellular junctions. The role of the
connective tissue in GBB homeostasis is still not clear. Lam-
ina propria fibroblasts seem the key connective tissue players

in case of GBB impairment.[62] Indeed, when stimulated by
bacterial endotoxins, lamina propria fibroblasts release inflam-
matory mediators—such as TNF𝛼—that significantly contribute
to transepithelial resistance (TER) reduction, leading to GBB
impairment.[62]

The most important intercellular molecular connections for
paracellular permeability regulation are tight junctions (TJ),
mainly the transmembrane proteins occludin and claudin, and
the cytoplasmic zonulin 1 (ZO-1).[63] The structural elements and
signaling pathways that influence TJ stability are several and con-
stantly updated. The most determinant factors are: a) inflamma-
tory mediators; b) epithelial or endothelial F- actin organization;
and c) peripheral inflammatory cell activity.[60,63,64]

a) In response to pathological conditions, MCs lead to de-
granulation and large release of these pro-inflammatory
molecules, such as TNF𝛼, IL-1𝛽, and IFN-𝛾 .[55] TNF𝛼 is rec-
ognized by epithelial and endothelial tumor necrosis factor
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receptor, triggering the final expression of the myosin light
chain kinase (MLCK).[65] MLCK influences paracellular per-
meability mainly by two mechanisms: 1) stimulating myosin
light chain phosphorylation with consequent F-actin reor-
ganization and occludin endocytosis; 2) promoting claudin-
2 expression, which leads to leaky epithelia and increased
permeability.[66–68]

b) F-actin organization is strictly related to TJ barrier in-
tegrity. Both microscopy and pharmacological analysis
clearly showed a physical link between TJs and the actin
cytoskeleton.[64] F-actin directly binds ZO proteins that work
as a bridge between the cytoskeletal filaments and other TJ
proteins, as occludin, claudin, and the junction adhesion
molecule.[69] Hence, as in the case of the MLCK activity, the
alteration of F-actin arrangement impacts directly on the TJ
barrier organization and stability. In addition to cytokine-
mediated mechanisms, immune cells can modulate GBB
integrity by inducing F-actin rearrangement through differ-
ent signaling pathways. For instance, recruited MCs release
tryptase and chymase, two serine proteases targeting the ep-
ithelial or endothelial protease-activated receptor (PAR2). The
cleavage of PAR2 leads to cytoskeletal F-actin redistribution
and thus, ZOs delocalization.[70,71]

c) Peripheral inflammatory cells modulate GBB permeability
also by the activity of intracellular induced nitric oxide syn-
thase (iNOS).[60] Under physiological conditions, enterocytes
constitutively synthesize nitric oxide (NO) for the mainte-
nance of gut mucosal barrier function. In dysbiotic condi-
tions, endotoxins and cytokines induce inflammatory cell
iNOS to overproduce NO.[72] An excessive NO synthesis leads
to GBB leakage by several and multifactorial mechanisms:
highly toxic protein oxidation and nitration; S-nitrosylation;
enterocyte apoptosis or necrosis; and impairment of entero-
cyte migration.[60,72]

On the whole, the GBB impairment significantly increases the
flow of bacterial molecules, pro-inflammatory signals, and APCs
along the vascular system into other body tissues. In fact, GBB
dysfunction is associated with several pathologies, such as in-
flammatory diseases and neurodegenerative disorders.[73,74]

3.3. BBB Impairment

Crossing the BBB by bacterial and pro-inflammatory elements
is pivotal in triggering neuroinflammation and neurodegen-
eration. Under physiological conditions, this barrier is highly
selective, avoiding the passage of toxins and noxious biochemical
signals. It is composed of cellular and extracellular components:
astrocytes, pericytes, endothelial cells, and extracellular matrix
(ECM).[75,76] Dysregulation of BBB permeability allows the infil-
tration of immune signaling molecules and leukocytes.[73] For
instance, MCs can move from the basement membrane of the
BBB, penetrate the cerebral parenchyma, and directly stimulate
CNS-resident populations.

In addition to these mechanisms, damage to the BBB is also
promoted by interaction between glial cells (astrocytes and mi-
croglia) and MCs.[77] MCs can directly contact glia or communi-
cate by means of exosomes, which can freely pass the BBB. The

MC extracellular vesicles can contain signaling molecules and be
exploited for two-way communication between the immune sys-
tem and the CNS.[78]

Astrocytes are the most abundant glial component in the CNS
and are one of the three fundamental cells of the BBB. Even
though astrocytes are not properly considered immune cells,[79]

their complex communication with the immune system makes
them pivotal players in neuroinflammation and neurodegenera-
tion. They influence MC and microglia maturation and activation
by sensing and releasing immune signaling molecules. In pres-
ence of PAMPs and DAMPs (e.g., bacterial LPS and extracellular
ATP), BBB astroglia can detect the molecules through specific
receptors (e.g., PRR) and respond by releasing cytokines such as
IL-33 and IL-1𝛽.[77] These interleukins stimulate MCs to produce
IL-13 that triggers further glial chemokines and cytokine produc-
tion and increases pro-inflammatory signaling.

Direct contact between astrocytes and MCs is guided by
the CD40L/CD40-mediated mechanism.[80,81] This interaction
leads MCs to degranulation and the release of pro-inflammatory
molecules such as cytokines, histamine, and growth factors. The
immediate impact of this pro-inflammatory secretion is on the in-
tegrity of the BBB, since it promotes TJ disruption and increases
paracellular permeability.[77,82] In this impaired condition, MCs
can abundantly cross the barrier and spread signaling molecules
directly into the CNS parenchyma.[83] For instance, the release
of granule-associated histamine into the brain is easily detected
by microglial histamine receptors (HR1-4). Histamine stimulates
the activation of microglia-triggered neuroinflammation.[84]

MCs can promote the switch of microglial phenotype to the
pro-inflammatory M1 state also by releasing chemokines such as
CCL5.[85] On the other hand, microglia can stimulate MCs in re-
sponse to DAMP or PAMP detection. For instance, the microglial
receptors P2X and P2Y are activated by ATP sources, stimulating
both microglial chemotaxis and pro-inflammatory cytokine and
chemokine secretion, which activate MCs.[86]

The complement component C5a is another example of
MCs-glia two-way communication. In severe inflammation,
macrophages and neutrophils produce a large amount of C5a that
can flow along the vascular system and reach the CNS. Conse-
quently astrocytic, microglial, and MC C5a receptors are activated
and upregulated, extending inflammation to the brain.[85]

A barrier dysfunction induced by PAMPs, DAMPs, and the rel-
ative immune response, is common to all the neurodegenerative
diseases.[16,19] Indeed, most of them show elevated levels of mi-
crobiota molecules reaching the brain.[87,88] In AD and PD the
vascular system and the vagus nerve transport peptides and neu-
rotransmitters involved in pathological protein aggregation and
neuronal cell degeneration.[4,12,46]

3.4. Microbiota-Induced Gliosis and Neurodegeneration

Activated CNS glial cells are directly involved in the pathogen-
esis and progression of most neurodegenerative diseases.[89–93]

They are activated by bacteria-derived stimuli and pathological
hallmarks, such as protein fibrils and inclusions bodies. Glial
cells respond directly to toxic fibrils and inclusions by surround-
ing them and triggering mechanisms of phagocytosis and re-
cruitment of other immune cells.[94] The continuous exposure
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of CNS-resident cells to inflammatory stimuli induces a contin-
uous glial overresponse. There is evidence that this chronic mi-
croglial overstimulation has a detrimental effect on the ability to
fight pathological signals.[95,96] They switch to an auto-aggressive
senescent phenotype characterized by dysregulation of phagocy-
tosis and release of pro-inflammatory molecules.[97]

Besides these glial responses, astrocytes and microglia make
specific contributions to the pathological condition. In Hunt-
ington’s disease (HD), for instance, the mutated protein hunt-
ingtin also affects immune cells. This impairs the immune cells
ability to migrate and respond to chemoattractant stimuli. Mu-
tated microglia cannot recruit peripheral immune cells – such as
macrophages and monocytes – and are therefore not able to re-
spond properly to toxic events. This causes dysregulation of CNS
immunity and increases neuroinflammation.[98]

In PD, the dysbiotic condition influences not only the periph-
eral immune response and gut barrier homeostasis, but also the
PD hallmark formation and propagation.[99,100] When PD barriers
are impaired, for instance, bacterial LPS can reach the brain and
promote 𝛼-syn fibrillation.[101] Together, LPS and LPS-promoted
𝛼-syn oligomers stimulate neuroinflammation, leading to an im-
mune overresponse.[99]

AD is the most common neurodegenerative disorder, and
its hallmarks are cognitive impairment and intra- and extra-
cellular protein aggregates (extracellular senile plaques of A𝛽
fibrils and intracellular neurofibrillary tangles).[102] In AD pa-
tients, CNS-resident immune cells concentrate in the proxim-
ity of protein aggregates and release pro-inflammatory media-
tors (e.g., IL-6, TNF𝛼, and TGF𝛽), contributing to pathological
neuroinflammation.[103,104] Microbiota play a key role in increas-
ing neuroinflammation and AD hallmark formation.[54] Several
gut bacteria (e.g., Escherichia coli, Staphylococcus aureus, and Bacil-
lus subtilis) are able to produce A𝛽 fibrils and there is evidence that
bacterial LPS further promotes extracellular A𝛽 fibrillation.[88,105]

Dysbiosis not only increases bacterial A𝛽 fibril formation but also
helps A𝛽 reach the brain by impairing barrier permeability.[4]

Once amyloid plaques appear in the brain, CNS-resident im-
mune cells respond mainly with microglial clearance of pep-
tides. This process is dependent on the activity of triggering
receptor expressed on myeloid cell-2 (TREM2), which triggers
phagocytosis, pro-inflammatory cytokine secretion, and oxidative
stress.[106] Zhou and colleagues showed that TREM2 immune
modulation is negatively regulated by TLR4. In case of dysbio-
sis, bacterial endotoxins (e.g., LPS) reach the brain, activate TLR4
and indirectly downregulate TREM2 expression. This leads to an
overresponse of neuroinflammation and a deficit in A𝛽 peptide
clearance.[106,107]

Amyotrophic lateral sclerosis (ALS) and multiple sclerosis
(MS) are two neurodegenerative disorders that affect both mus-
cles and nerves.[108] ALS consists in a progressive loss of upper
and lower motor neurons, leading to paralysis, cognitive impair-
ment, and death.[109] Since the ALS etiology is complex and mul-
tifactorial, the pathogenesis mechanisms are still poorly under-
stood. More than 50 genes are associated with ALS development
and code for proteins involved in several molecular and cellular
mechanisms, such as dysregulation of protein aggregates degra-
dation, mitochondrial dysfunction, and impairment of axonal
signaling.[110] A common feature of various ALS forms is the sys-
temic inflammation, which leads to neuronal death and ALS mo-

tor deficits.[111] Gut microbial imbalance contributes to increase
the pro-inflammatory state and the severity of the disease.[112,113]

For instance, recent works showed that dysbiosis contributes to
ALS development by leaking the GBB and increasing the mono-
cyte expression of pro-inflammatory cytokines and chemokines
(e.g., IL-1𝛽, IL-8, CXCL1 and -2) and the endotoxin levels in ALS
serum.[114,115]

MS is an inflammatory demyelinating disease characterized
by demyelination of nerve cell fibers, which causes the inter-
ruption of nerve signals between the brain and other innervated
body tissues, the loss of control of motor functions, and men-
tal and emotional impairment.[116] The axonal myelin degrada-
tion is promoted by a dysregulated immune response of both
peripheral and CNS-resident immune cells.[54,117] In MS, Treg
cells are dysregulated leading to Th17 cell proliferation and pro-
inflammatory activity. Th17 cells trigger demyelination by pro-
ducing pro-inflammatory cytokines and chemokines, which re-
cruit other immune cells and exacerbate inflammation.[118] Both
gut and oral microbial imbalances are known to deeply influence
MS development by promoting a pro-inflammatory state from
the peripheral environment to the brain.[119,120] For instance,
dysbiosis-induced overresponse of microglia and macrophages
leads to cerebral oxidative stress and excitotoxicity, which are hall-
marks of neurodegeneration in MS.[117] The interaction between
microbiota and neuroinflammation in MS is bidirectional and
recent findings demonstrated that it is possible to influence the
disease course by targeting microbial composition.[54,120]

Up to now, we have described the biological complexity of
microbiota-immune system-neurodegeneration connection. The
common experimental approach to study the whole microbiota-
immunity-CNS axis is currently based on animal models.[121–124]

According to the 3Rs principle (replacement, reduction, and re-
finement) and taking into account some differences of preclin-
ical models with human physiology (e.g., different microbiota
composition), advanced in vitro modeling offers a promising and
challenging strategy to reduce the experimental in vivo variabil-
ity and study the complexity of the axis by analyzing each sin-
gle microenvironment and biological mediator.[125] The advent
of bioengineering and organ-on-a-chip (OOC) technology in the
field of cell culture is providing new technological inputs toward
more reliable in vitro tools suitable to model also human immune
system-based mechanisms.

4. Advanced Systems for In Vitro Modeling

OOC technology offers a promising in vitro tool to tackle the
above described challenges since conventional 2D cell culture
systems cannot recapitulate the complexity of the many inter-
faces involved along the microbiota-immunity-CNS axis.[126–128]

Current in vitro models generally used to mimic immune func-
tions do not include physiologically relevant conditions, such as
the fluid flow of their native in vivo microenvironment, 3D archi-
tecture of interstitial tissues, molecule passage across multiple
barriers, or the interaction between different cell populations.[129]

The main engineering feature in the most advanced models of
immune communication is the recapitulation of the immune-
tissue interface. Culturing immune cells in standard wells in
presence of tissue specific cellular types is still not representa-
tive of the in vivo scenario, where immune cells interact with
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Figure 4. An ideal in vitro model of the microbiota-immunity-CNS network crosstalk. This schematic representation highlights the main physical and
biological features that may be implemented with the most advanced state-of-the-art engineering systems. From top to bottom: anaerobic gut bacteria are
cultured in dynamic conditions, under the effects of physiological levels of shear stress. Controlled anaerobic culture medium flow conveys the secreted
bacterial molecules, which diffuse across the intestinal barrier, recreated by a mucin-based bi-layered mucus on top of the intestinal epithelium. A tuned
oxygen gradient is maintained across the barrier. The microbial activity recruits from the “blood channel” the immune cells in the interstitial space,
represented by a perfused micro-channel. The immune cells in the interstitial space start secreting inflammatory mediators that are free to diffuse back
across the intestinal barrier. On the other hand, the bacterial molecules and immune system cytokines can reach the CNS thanks to the bloodstream. At
the BBB interface, a selective permeability porous membrane regulates fluid extravasation and molecule diffusion. The final compartment is composed
by a multi-culture of CNS-resident cells within a biomimetic 3D matrix, resembling the ECM inside the brain. (Image created with BioRender.com.)

other cell populations through membranes, matrices, flows in
border environments that guide immune cell trafficking, recruit-
ment, and signaling.[130] Therefore, current OOC systems of
immunity-mediated phenomena employ various technical strate-
gies to recreate an artificial barrier for immune-organ interface
modeling (Table 2).

In the following paragraphs, we shall discuss the most re-
cent cell culture systems for microbiota-immunity-CNS model-
ing highlighting the fundamental engineering aspects necessary
to reproduce physiologically relevant OOCs (Figure 4).

4.1. Engineered Microbiota-Immune System Interface

The intestinal barrier is the first mediator of the inflammatory re-
sponse in the microbiota-immunity-CNS axis.[131] In vitro mod-

eling of this interface is consolidated in the literature. There are
several examples of engineered OOCs, commonly known as gut-
on-chips (GOCs),[132–134] which successfully incorporate physio-
logically relevant features, such as the flow of bacterial molecules,
microbial co-culture in an anoxic–oxic interface (AOI),[135] a ro-
bust mucus bi-layer with physiological thickness, or physical de-
formations for peristalsis-like motion.[17] However, in the per-
spective of immune response modeling, most of today’s in vitro
gut models lack tissue-resident immune cells.[136] The inclusion
of the typical human microbiota, as well as human immune cells,
remains a fundamental need for getting reliable and predictive
outcomes.

The preferred cell source for immune system-on-chips are
human primary immune cells. Ideally, the cell source should
present a complete immune function, such as the ability to
fight pathogens, secrete cytokines or chemokines, maintain the
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Table 2. Recent OOC models and related technical features classified according to the immunity-mediated phenomenon represented.

Immunity-mediated
phenomenon OOC model Multi-system interface Cell models Ref.

Adipose tissue inflammation Three concentric compartments in a
Si-based microfluidic chip

Porous barrier formed by a circular
capillary channels array

Human pre-adipocytes; human
macrophages

[185]

Three-chamber double-layer
PDMS/glass based microfluidic chip

PET porous membrane (0.4 µm pores) Human PBMCs; human adipose cells [186]

Single circular chamber in a PDMS-based
microfluidic chip

Cell-to-cell direct contact Murine adipocytes; murine macrophages [187]

Airway inflammation Double-layer PDMS-based microfluidic
chip

PDMS porous membrane (10 µm pores) Vascular ECs; human alveolar epithelial
cells; human neutrophils; E. coli

[188]

Double-layer PDMS-based microfluidic
chip

Micropore array silicon chip Human bronchial epithelial cells; human
PBMCs

[189]

Double-layer PDMS-based microfluidic
chip

PET porous membrane (0.4 µm pores) Primary human airway epithelial cells;
primary human lung microvascular
ECs;

[190]

Allergy Two-parallel channels PDMS-based
microfluidic chip

Single side capillary channel Mast cells; macrophages [191]

Double-layer
PMMA-based microfluidic chip

PET porous membrane (0.4 µm pores) Dendritic cells; keratinocytes [192]

Single channel PDMS-based microfluidic
chip

Multiple cell layers in a microfluidic
channel

Basophils; HUVECs; vascular smooth
muscle cells

[193]

Immune system–endothelia
interaction

Double-layer PDMS-based microfluidic
chip

Porous silicon membrane for cell
extravasation

Human microvascular ECs; human
promyelocytic leukemia cells

[194]

Double-layer PDMS-based microfluidic
chip with Y-channel

ECM-liquid HUVECs; smooth muscle cells;
leukocytes; platelets

[195]

Three-parallel channels microfluidic chip ECM-liquid interface with trapezoidal
pots

HUVECs; human monocytic leukemia
cells

[196]

Immune system-cancer
communication

Three-parallel channels microfluidic chip Capillary channel array PBMCs; tumor cells [197]

Three-parallel channels microfluidic chip Hydrogel-liquid with trapezoidal pots Receptor-redirected T cells; liver
hepatocellular carcinoma;

[198]

Multi-compartment microfluidic chip Porous membranes/wells connected by
microfluidic channels

Tumor slice; lymph node slice [199]

Intestinal inflammation Double-layer
PDMS-based microfluidic chip

PDMS porous membrane (10 µm pores) Intestinal epithelial cells; human capillary
ECs; PBMCs; microbial cells

[137]

PS made four-layer
Biochip (ChipShop GmbH)

Flow channels and PET porous
membrane (8 µm pores)

HUVECs; intestinal epithelial cells [139]

Three-parallel channels microfluidic chip ECM-liquid interface
(PhaseGuideTM)

Human monocyte leukemia cell line;
Intestinal epithelial cells

[200]

Intra-amniotic inflammation Three-parallel channels microfluidic chip ECM-liquid interface Macrophages; HUVECs; human
carcinoma

[201]

Three-parallel channels microfluidic chip PDMS micropillars array Differentiated hiPSCs; E. coli [202]

Inflammation in gut-liver
axis

Multi organ-on-chip in a plate Wells connected by microfluidic channels Intestinal epithelial cells; hepatocytes;
macrophages

[203]

BBB-immune system
interaction

Hollow polypropylene fibres Substrate membranes with
sub-micrometric pores

Normal adult human brain microvascular
ECs; human adult astrocytes; human
monocytic leukemia cells

[170]

Transwell mimetic flow chamber Nano-porous SiN membrane (50 nm
pores)

CD34+ derived ECs; T cells;
pericyte-conditioned medium

[156]

Neuroinflammation PDMS-based multichamber microfluidic
system

Circular micro-capillary array Immortalized human microglia; AD
neurons; astrocytes

[174]

PBMC, peripheral blood mononuclear cell; HUVEC, human umbilical vein endothelial cell; EC, endothelial cell; PET, polyethylene terephtalate; PDMS, polydimethilsiloxane.
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differentiated state of immune cells, and be available on a large
scale.[129] Isolated human peripheral blood mononuclear cells
(PBMCs) have been used in various in vitro models in the past;
PBMCs contain a mixed population of innate and adaptive im-
mune cells and can also differentiate into resident dendritic cells
and macrophages.[137]

Kim et al. introduced PBMCs into the basolateral capillary
channel of a GOC, to mimic immune cell recruitment into the
lamina propria.[137,138] A classic dual-channel or multilayer con-
figuration was adopted to build the intestinal epithelial layer on
the luminal side and the endothelial layer on the other. The in-
flammatory activation was then mimicked by the inflow of LPS
or dextran sulfate sodium (DSS) at the luminal channel, leading
to its diffusion across the barrier for recruiting PBMCs.

The most interesting outcome was the induction of intestinal
villi injury and alteration of the epithelial barrier function in the
presence of PBMCs, with enhanced expression of IL-8 and other
inflammatory cytokines. Furthermore, Maurer and colleagues
recently showed how the physiological contact of LPS with
intestinal epithelial cells helped DC maturation and triggered
their invasion into the epithelial cell layer; DCs formed dendrites
through the barrier until they contacted the luminal space.[139]

These examples illustrate the most complete and evolved intes-
tine barrier inflammation-on-chip models where all the main
physical, biological, and biochemical elements together emu-
late the full inflammatory scenario at the microbiota-intestine
interface.

Intestine-on-a-chip technology can mimic the luminal side of
the intestine barrier well, allowing many engineering solutions.
However, recapitulation of the deep architecture and functioning
of the microenvironment underneath the epithelial monolayer
has yet to be fully developed.[140] The intestinal microvasculature
is the direct point of access for inflammatory factors on the route
to the CNS and is pivotal for microbiota-peripheral immunity
communication. The dual perfused chambers configuration does
not allow mechanistic study of molecule exchange phenomena
on the abluminal side. Therefore, the systems need to be made
more complex to include the multiple features of the microcircu-
lation architecture.[140] Multi-layer micro-devices have been de-
veloped by using innovative rapid prototyping technologies.[141]

In this manner, the micro-interface of epithelial and endothe-
lial cells (EC) can be added to the GOC model by tuning thick-
ness of the micrometric intercellular spaces,[142] and introduc-
ing ECM-like biomaterials in the different layers to resemble the
outer ECM, which can significantly modulate the endothelial and
epithelial activity.[143]

Of note, 3D architecture reproduction is still challenging. The
most advanced model was recently built by recreating a perfused
capillary network inside a microfluidic channel after injecting
ECs and patient-derived small intestinal myofibroblasts.[144] Side
micro-channels allow controlled cell inflows inside the central
chamber where angiogenesis might start. A functional microvas-
culature was obtained, also observing responsiveness to micro-
environmental stimuli including oxygen tension, cell concentra-
tion, growth factors, and pharmacotherapy.

The integration of this novel culture technique inside the ablu-
minal compartment of a GOC would make it possible to include
the interaction of ECs with the intestinal epithelium and mon-
itor in real-time the immune system reaction to microbiota in-

fluence (e.g., molecule trafficking and leukocytes extravasation).
In a more complex scenario, the presence of 3D intestinal villi
and internal microcirculation inside a GOC demonstrated the
enhancement of the barrier function compared to standardized
models.[145,146] In our view, coupling models of systemic circu-
lation with luminal flow would open new routes for modeling
intestinal inflammation in vitro.

Including direct neural contacting within intestinal
inflammation-on-a-chip models would certainly add a com-
plete representation of the triggering phases in the gut-brain
communication process. Vagus nerve links the biological func-
tions in gut and brain by both direct and indirect interaction
with the intestine epithelium.[131] Only a few examples of in-
nervated OOCs have been reported in literature and these refer
to a restricted group of types of tissues that were reported in
a recent review by Park and colleagues.[147] They grouped the
current devices in two main categories: the synaptic and the
neuroeffector junction (NEJ) innervation-on-a-chip. Here we
want to point out the space compartmentalization approach with
connecting microchannels: the innervated chips have two synap-
tic chambers and multiple parallel axon-passing channels. Such
configuration can mimic the neural communication between
two distinct compartments as in the case of two brain regions
as shown by Virlogeux and colleagues,[148] or when recreating
tissue specific innervation interfaces.[149,150]

The reconfigurable OOC developed by Soucy et al. successfully
sustained the sympathetic innervation together with synapsis
formation in a functional cardiac tissue-on-chip. Precisely, they
exploited the meniscus pinning effect by the use of GelPins to
compartmentalized 3D cell-laden materials thus recreating the
innervated interface.[151]

The cited examples represent valuable solutions to be trans-
lated into innervated intestinal inflammation-on-a-chip models
in order to mimic the vagal root both at the intestinal barrier and
CNS levels.

There are no models in the literature addressing the oral mi-
crobiota impact on the immune system response that exploit
OOC technology. However, one representative example was pro-
posed by Rahimi et al. in 2018.[152] They developed a mucosa-
on-a-chip system to rapidly determine layer-specific responses
of the oral mucosa to influence of the microbial population.
The mucosa-on-a-chip recreated the luminal and abluminal inter-
faces of the oral mucosa, with human keratinocytes co-cultured
with gingival fibroblasts within a collagen-based matrix inside a
microfluidic chamber. This configuration is suitable for simu-
lating sub-epithelial layer inflammation by adding human neu-
trophils or lymphocytes to the abluminal channel. This is a
promising starting point for improving and adapting OOC exist-
ing systems for microbiota-immunity interface modeling to the
oral compartment.[152]

4.2. Physiologically Relevant Immune System-CNS Interface

BBB serves as the entrance to the CNS for immune cells and im-
mune mediators, with immune cell traffic intensity changing ac-
cording to physiological or pathological conditions.[153]

Currently, the use of microporous track-etched membranes is
consolidated as substrate for the endothelium to study the BBB
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mechanisms in molecule cross-diffusion.[154] Membrane thick-
ness and permeability must be precisely tuned to allow basal
transport and barrier cell polarization while ensuring mechan-
ical support and high adhesive strength.[155]

Mossu et al. developed an in vitro platform for the observation
of T-cells interacting with a BBB model under flow. They pro-
posed a novel ultrathin silicon nanomembrane (50 nm thick) able
to guarantee: 1) extraordinary permeability (up to ≈0.1 cm s−1);
2) the co-culture of ECs with pericytes or pericyte-conditioned
medium recruiting T-cells, which showed also intense crawl-
ing and transmigrating across the TNF-treated endothelial
layer; and 3) high-quality imaging of immune cell/endothelial
interactions.[156]

As just described, a nanometric thin membrane may mimic
the basal lamina in vivo, but Koo et al. went further by recreat-
ing a membrane-free endothelial cell-perfused structure inside
an OOC with the aim to model the diffusion of specific molecules
and their neurotoxic effect on the CNS immune system.[157] Cell-
to-cell crosstalk between parenchymal cells and the endothelium
was maximized without any synthetic membrane in between,
creating a more physiological exposure route for chemicals. This
introduces a groundbreaking element in cell barrier modeling.
The 3D structures adjacent to the endothelial layer were seen
to modulate the interaction of the astrocytes with brain-derived
ECs.[158] 3D-like interfaces have been successfully integrated by
several groups by tuning brain-like mechanical properties.[159,160]

Besides molecules crosstalk, immune cell trafficking is
another fundamental aspect when modeling the immune
system-CNS interface.[161,162] We have already pointed out how
BBB impairment causes extravasation of leucocytes and im-
mune signaling molecules, which accumulate inside the brain
parenchyma, with a CNS neuroinflammatory response.

Reliable in vitro models of immune cells trafficking into the
brain might provide valuable insights into the pathologic im-
mune response and help to understand how to act on it. Immune
cell migration is a multistep dynamic process, with a complex
spatial-temporal course: lymphocytes initially become tethered to
the ECs, roll along the endothelium and then, after firmly adher-
ing, start crawling and transmigrate. This takes place within a 3D
dynamic microenvironment inside the brain micro-capillaries
where leukocytes experience blood flow and interface with the
ECM matrix after transendothelial migration.[163,164] Difficulties
in recreating such complex steps in vitro have limited the analysis
of immune cells crossing the BBB toward inflammatory hubs.

Classical 2D static models such as Transwell or Boyden
chambers have been widely used to characterize responses to
chemokines signals and measure cell migration across a porous
membrane.[163,165–167] While such systems allowed quantitative
evaluation of chemokine-mediated trafficking, the absence of
physiological shear stress acting on the EC monolayer condi-
tioned the endothelial interaction with transmigrating cells. To
faithfully mimic the in vivo blood flow, microfluidic systems are
the most suitable solution and they recapitulate the whole recruit-
ment process, from the “rolling step” to the extravasation.[165]

The most advanced in vitro models included EC stimulation with
physiologic levels of shear stress.[168,169] Even though there is gen-
eral agreement on the importance of incorporating such stim-
uli to effectively capture transport phenomena, it is still not clear
whether that shear stress range needs to be narrowed for more

tuned and accurate modulation of the brain microvascular ep-
ithelial cells behavior.[170,171]

Some dynamic BBB in vitro models replicated the recruit-
ing and crawling of immune cells very well, but they could not
go further because they used substrate membranes with sub-
micrometric pores, which prevented trans-endothelial migration
(TEM) of cells.[156,170] Trans-capillary pore diameters of 2–4 µm
were sufficient to allow cells movement, as demonstrated in a few
works.[164,170] More complex fabrication techniques are needed
to obtain membrane-free lumens. The LENS (LumENext-Stacks)
device designed by McMinn et al. guided the formation of per-
fusable vessels lined by ECs that self-sustain within an ECM-like
3D environment. LENS includes all the main features for TEM
modeling: 1) flow perfusion; 2) a high cell permeable interface; 3)
a 3D microenvironment; and 4) the possibility of detecting real-
time immune cell extravasation process in space and time.[172]

Another diffused approach to study immune system-CNS
interface transport involves PDMS-based microfluidic devices
made up of three parallel channels separated by micropillars.
Micro-capillary forces determine fluid separation and allow iPSC-
ECs to migrate inside a 3D matrix chamber and form micro-
vessels in a brain-like environment.[166,173]

Apart from recreating the immune system-CNS interface in
physiology, there is also the need to model the inflammation re-
sponse inside the brain microenvironment, mediated by neural
immune cells. Most of the in vitro AD models do not include neu-
roinflammatory changes mediated by microglia. The inclusion of
neurons and microglia would lead to more complete models of
the whole inflammatory scenario while, however, increasing the
complexity of the system. There are also few examples of BBB
co-culture models including microglia. As it is challenging to iso-
late and culture pure populations of microglia, efforts have been
made to understand what are the best culture conditions for long-
term phenotypic expression of primary microglia in vitro.[167]

Park et al. introduced the possibility of studying microglial behav-
ior under the effect of chemokines inside an OOC modeling neu-
rodegeneration and neuroinflammation in AD. They designed a
micro-device with specific geometry to permit the study of mi-
croglia recruitment and accumulation in a tri-culture model with
neurons and astrocytes.[174] Another significant example consists
in a tetra-culture system inside a microfluidic device where mi-
croglia and neurons were embedded in a collagen-based gel ma-
trix adjacent to the EC microvessel and astrocytes. This offers
the most complete model of the immune system-CNS interface
where it is possible to trace the route of a neurotoxic compound
from the luminal compartment, the BBB barrier, and up to the
brain.[157]

5. Conclusion

Human microbiota can profoundly influence several body tis-
sues, and the immune system is a pivotal player in this crosstalk.
Recent findings have evidenced several molecular mechanisms
that support the involvement of microbiota-mediated immunity
in developing neuroinflammation and neurodegeneration. In
neurodegenerative disorders, bacteria play a key role by produc-
ing structural components, functional enzymes and metabolites
that trigger a spreading immune signaling response, mainly
responsible for body barriers impairment and cerebral gliosis.
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Furthermore, microbiota-mediated immunity also affects the
progress of neurodegeneration by influencing the develop-
ment of specific pathological hallmarks—such as A𝛽 fibrils
in AD or 𝛼-syn inclusions in PD—and thus, the severity of
neuroinflammation.

The whole microbiota-immunity-CNS axis is characterized by
dynamic and heterogeneous micro-environments, in a complex
integrated network of chemical and cellular mediators, biological
structures, and processes. Microfluidic OOCs in vitro model-
ing offers an extraordinary opportunity to dissect specific axis
mechanisms and define the real impact of microbiota-mediated
immunity in the etiology of neurodegenerative disorders. In this
review, we went through the main biological and technological
features for engineering in vitro models recapitulating the
microbiota-immunity-CNS interfaces. We explained which are
the most advanced technologies, for instance GOC with ECM-like
biomaterials representing the epithelial–endothelial interface for
recreating the intestinal microenvironment, side micro-channels
providing a perfused capillary network to mimic microvascu-
lature or the perfusable artificial vessels implemented with an
ECM-like 3D environment offering the possibility to stimulate
the extravasation and follow it in real time. Despite all this, much
effort is still needed in tuning the engineering parameters to
build reliable and physiologically relevant OOCs. Currently, the
most challenging aspects calling for research are the co-culture
of multiple cell populations in a 3D microenvironment, the inte-
gration, and combination of multi-physics elements in a dynamic
functional ensemble, and connection of the microbiota compart-
ment with the CNS compartment in multi stage OOCs.[175]

Multi compartment and dynamic in vitro models will open
new prospects for understanding microbiota-immunity-CNS axis
thanks to the possibility of pooling together all the relevant cellu-
lar populations within an interconnected environment.
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