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Slow progress in the fight against neurodegenerative diseases (NDs) motivates an urgent need for highly controlled
in vitro systems to investigate organ-organ- and organ-immune-specific interactions relevant for disease patho-
physiology. Of particular interest is the gut/microbiome-liver-brain axis for parsing out how genetic and environ-
mental factors contribute to NDs. We have developed a mesofluidic platform technology to study gut-liver-cerebral
interactions in the context of Parkinson'’s disease (PD). It connects microphysiological systems (MPSs) of the primary
human gut and liver with a human induced pluripotent stem cell-derived cerebral MPS in a systemically circulated
common culture medium containing CD4* regulatory T and T helper 17 cells. We demonstrate this approach using
a patient-derived cerebral MPS carrying the PD-causing A53T mutation, gaining two important findings: (i) that
systemic interaction enhances features of in vivo-like behavior of cerebral MPSs, and (ii) that microbiome-associated
short-chain fatty acids increase expression of pathology-associated pathways in PD.

INTRODUCTION
The gut-brain axis operates as a bidirectional communication system
integrating the central nervous system (CNS) with endocrine, meta-
bolic, and immune signaling pathways (I). As a vital participant in
this system, the microbiome and its metabolic products, including
short-chain fatty acids (SCFA), directly and indirectly affect the
broader gut-immune-liver-brain axis. Accumulating data implicate
dysregulation of the gut-brain axis in a variety of pathologies from
inflammatory bowel disease to neurodegenerative diseases (NDs) (2, 3).
The causality of multifactorial diseases involving the gut-brain
axis are difficult to parse in animal models, as the highly convoluted
nature of the systemic interactions are combined with interspecies
differences in metabolism and immunology. For example, SCFA
produced by fermentation in the human proximal colon (up to
600 mmol/day) can influence gut-brain communication and function
directly or indirectly through immune, endocrine, vagal, and other
humoral pathways (3). Microbial bioactives can affect the axis via
local interactions with enteric nerves transduced to the CNS (vagal
pathway) or, separately, via systemic circulation to organs and tissues
(humoral pathway) and immune cells (immune pathway). The liver
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is prominently involved in the humoral and immune pathways as
the first draining point of the large intestine. In animal models,
those individual routes of action and connections to pathology are
difficult to deconvolute. Furthermore, the influence of individual
microbiome-derived metabolites cannot be readily separated from
the context of the entire gut milieu. This drives a need for causality-
focused, human-based, preclinical models that incorporate engineer-
ing conceptualization of diseases such as new platform technologies
designed to capture the crucial yet complex physiological phenomena
in vitro in a systematic and scalable manner.

Parkinson’s disease (PD) is prototypical of NDs, with links to the
gut microbiome and systemic immune function, for which etiologies
and effective therapies remain poorly defined. PD is a late age-onset,
chronic, neurodegenerative disorder characterized by inflammation,
accumulation of Lewy bodies in neurons, and cell death. Approxi-
mately 90% of PD cases are sporadic (4). However, familial PD has
been linked to dominant mutations, such as the A53T mutation,
causing misfolding and aggregation of a-synuclein (oSyn) with for-
mation of Lewy bodies (5). Neurons throughout the nervous system
are affected, causing especially pronounced damage to dopaminergic
neurons in the brain and associated symptomatic loss of motor con-
trol. Environmental and genetic factors have been associated with
development of PD and other NDs.

A potentially important signaling link between the gut microbiome
and the brain in the context of PD involves SCFA. A previous study
with gnotobiotic mice implicated the presence of SCFA to faster pro-
gression toward PD in a mouse model of the disease (1). Intriguingly,
recent data in mice also implicate the microbiome in increased in-
flammation related to amyotrophic lateral sclerosis—a phenomenon
that is reduced in mice treated with broad-spectrum antibiotics (6).
SCFA exert pleiotropic effects that may contribute to a brain
phenotype: They are linked to the development of microglia, provide
an important energy source for the brain, and influence neuronal
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function (2). Moreover, SCFA modulate several major metabolic
pathways in the liver that alter blood lipids and sugars and influence
the inflammatory phenotypes of immune cells in the intestine, liver,
and circulation (7, 8), thus indirectly influencing the microenviron-
ment of the nervous system in ways that might potentiate or protect
from development of PD or other NDs in humans.

Experiments performed in gnotobiotic mice cannot be translated
directly into a protocol for experimentation on human patients. We
therefore designed an in vitro all-human physiomimetic model that
captures salient features observed in those studies as a demonstra-
tion for how continuously interlinked microphysiological systems
(MPSs) can bring insights into human disease pathophysiology. MPSs
are in vitro models that, under perfusion, mimic facets of physio-
logical organ behavior (9). The goal of physiomimetic models is to
define the essential elements of complex disease states involving
multiple organ systems and capture these in the simplest possible
MPS experimental configuration that will reveal useful insights. Here,
we first define the physiomimetic model for parsing causality in the
interconnection between the microbiome and early stages of NDs
according to the following phenomena: (i) humoral and immune
pathways connecting microbial metabolites (but not microbes) to the
gut-liver-brain axis independently of endocrine and vagal pathways;
(ii) how interaction between MPSs of the gut, liver, and circulating
CD4" T cells affects maturation of neurons, astrocytes, and microglia;
(iii) the effects of bioaccessible SCFA on cerebral MPSs that repre-
sent certain features of familial PD and those of healthy controls;
and (iv) how increase or reduction of inflammatory mediators via
SCFA and inclusion of CD4" T cells affects the PD phenotype.

On the basis of this conceptualization of the disease, we designed
an experimental platform linking three complex MPSs—gut/immune,
liver/immune, cerebral/immune—via a common culture media con-
taining circulating immune cells in continuous coculture. The platform
design simultaneously addresses several challenges required to
accomplish the desired physiological integration, including (i) open
system accommodating standard culture models for each MPS (e.g.,
Transwell insert for mucosal barrier), thus facilitating access to
individual compartments for fluid sampling and comparison with
literature for behaviors of individual MPSs; (ii) continuous recircu-
lation of medium within each MPS to facilitate molecular and cellular
transport between tissues and circulating medium with flow rates
tailored to the needs of each individual MPS; (iii) continuous recir-
culation of a relatively small volume of common culture medium
(5 ml) between MPSs at flow rates sufficient to exchange the entire
culture volume over five times per day, with flow patterns that provide
physiologically scaled ratios of systemic (25%) and portal (75%) cir-
culation to the liver MPS; (iv) in addition to continuous flow be-
tween MPSs, independent fluid mixing within each MPS to enhance
local molecular and cellular transport; (v) continuous recirculation
of functionally viable immune cells; (vi) minimal loss of lipophilic
medium components to platform adsorption; and (vii) moderate
throughput on each platform, with three complete independent
circuits per platform. While individual constraints have been ad-
dressed in other platforms, this is the first demonstration of integra-
tion of all components. The crucial elements of the approach include
(i) unique on-board microfluidic pumps that are safe for immune
cells and can be multiplexed on the platform, with individually
addressable flow rates, to eliminate external tubing and minimize
circulating medium volumes; (ii) elimination of polydimethylsiloxane
(PDMS) by machining the platform from polycarbonate and using
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anon-PDMS elastomer on the pumps; and (iii) inclusion of gravity
flow connections as part of the fluidic circuit, to offset any slight dif-
ferences in pump flow rates arising from minor fabrication variances
and thus control fluid volumes in individual compartments while
minimizing the overall platform footprint (see details in Materials
and Methods and Results). We take advantage of this on-board,
platform-integrated pumping technology to conduct a proof-of-
principle experiment demonstrating its potential utility for coculture
with circulating immune cells, thus illuminating facets of complex
systemic immune system-mediated processes.

Our findings using this physiomimetic model of early-onset PD
indicate that the interaction of healthy cerebral MPS controls with
MPSs of the gut-liver axis in the presence of circulating CD4 regu-
latory T cells (Tregs) and T helper 17 (Ty17) cells beneficially affects
the cerebral MPS’s phenotype. This includes increased expression of
genes associated with maturity of neurons, astrocytes, and especially
microglia. We observed pathology-related effects of systemic SCFA
unique to MPSs of PD, but not in healthy controls. Hence, engineered
human physiomimetic models can aid in our understanding of multi-
factorial NDs and complement in vivo animal models as tools to
investigate disease causality.

RESULTS

Conceptualization of key biological phenomena informing
experimental platform design

At a coarse-grain view, we considered the following biological
phenomena in the conceptualization of a physiomimetic model of
the gut-liver-brain axis (Fig. 1A and fig. S1A): (i) SCFA adsorption
through a colon mucosal barrier incorporating innate immune cells,
where the SCFA may be partially metabolized to influence produc-
tion of soluble signaling molecules; (ii) transport through the portal
circulation to the liver, where additional metabolism occurs by hepato-
cytes, and where the SCFA exert influence on innate immune
Kupfter cells in the liver; and (iii) transport of soluble metabolites
and inflammatory mediators through the systemic circulation to the
brain along with (iv) migration of adaptive immune CD4" T cells
via systemic circulation between the gut, liver, and the brain.

As MPSs represent relatively reductionist models of complex organ
systems, we structured individual MPSs to reflect the above-described
physiological features and scaled the relative cell numbers according
to their physiological functions (Fig. 1A). The gut serves many func-
tions, of which nutrient absorption and regulation of immune tolerance
toward the commensal microbiome are among the most important.
Cell lines that are often used to model some features of the colon
barrier, such as the cancer-derived Caco-2 line, are not appropriate
for modeling SCFA effects because of the stark differences in their
metabolism and signaling compared to human primary tissues (10).
We thus designed the gut MPS based on primary colon epithelial cells
that were propagated as organoids and seeded as single cells on 12-well
Transwells. Myeloid cells, like macrophages and dendritic cells, are
both the first line of defense against pathogens in the gut and crucial
modulators of epithelial homeostasis and tissue repair; hence, their
integration into MPSs of the gut is an essential biological feature (11).
We seeded peripheral blood mononuclear cell (PBMC)-derived macro-
phages and dendritic cells on the basolateral side of the Transwells
harboring a differentiated primary epithelial monolayer (fig. S1B).

The liver receives most of its blood from the gut and plays a pivotal
role in the metabolism of and immunity against gut-derived products.
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Fig. 1. Human 3XGLB physiomimetic system of the gut-liver-brain axis. (A) Schematic representation of the design rationale for the experimental approach and
description of individual MPSs included in this study. (B) Top left: pneumatic plates machined in acrylic; top right: mesofluidic plate machined from monolithic polysulfone;
bottom: 3X Gut-Liver-Brain (3XGLB) platform composed of pneumatic and fluidic plates with elastomeric polyurethane membrane in between them to form a pumping
manifold with integrated fluid channels. The platform allows three-way interaction in three replicates where the center liver-specific MPS can be fluidically linked to two
additional Transwell-based MPSs. Photo credit: Martin Trapecar, MIT. (C) Top view of the 3XGLB with identified fluidic and pumping properties as well as operational

parameters (for more details, see fig. STA).

The liver MPS was designed to capture the metabolic transformation
of SCFA as well as features of the immunological environment. The
microtissue comprised a coculture of human primary cryopreserved
hepatocytes and Kupffer cells at physiological 10:1 ratio maintained
in a culture medium permissive for retention of inflammation re-
sponses (12, 13). Although it is technically feasible to include addi-
tional primary nonparenchymal cells (14), or cell lines representing
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them (15), immune-metabolic cross-talk can be adequately represented
in long-term culture by primary hepatocytes and Kupffer cells (12).
Cells were seeded on a microperfused liver scaffold that allows for
optimal oxygenation and nutrient flow (fig. S1C) (12).

Key players in perpetuating inflammation-related cerebral PD
pathology are neurons, astrocytes, and microglia. We therefore adapted
a well-established, robust model comprising human PD patient-derived
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induced pluripotent stem cells (iPSCs) differentiated into neurons,
astrocytes, and microglia cultured in a Transwell format amenable
to incorporation on a mesofluidic platform (16). We used a neural
differentiation method that gives rise to various types of CNS cells,
as PD-associated pathology is not limited to the substantia nigra
and dopaminergic neurons, but rather affects a wide variety of CNS
cell types (17). The cerebral cell types used in this study were derived
from human iPSCs (hiPSCs) that carry either the A53T mutation in
oSyn (PD) or hiPSC corrected (PD-C) to wild-type healthy status (5),
to enable isogenic comparison of disease and healthy cerebral tissue.

Microbiome-derived metabolites and their derivatives have been
shown to affect the differentiation and function of T lymphocytes,
most notably the balance between CD4" Tregs and Ty17 cells (8),
both of which are implicated in PD. These two immune cell types
play an important role in maintaining the balance between auto-
immunity and immune tolerance where Tregs dampen inflammation
by producing transforming growth factor-f (TGF-B) on one side and
Tul7 cells (Ty17s) support inflammation by releasing the cytokines
interleukin-17 (IL-17) and IL-22 (18) on the other. An increased
number of Ty17 cells versus the frequency of Ty in circulation has
been observed in patients with PD, yet the exact contribution of this
phenomenon is yet to be defined (19, 20). Moreover, in advanced
stages of PD, Ty17 cells have been shown to be the first effector
T cells to cross the disrupted blood-brain barrier (BBB). In this cur-
rent study, we therefore integrated circulating PBMC-derived T,
and Ty17 cells as a feature of the adaptive immune system that has
been implicated in the progression of PD.

Capturing the biological phenomena described above in an
in vitro experimental setting requires a platform technology that
enables (i) continuous fluidic communication between MPSs as well
as controllable circulation within each compartment, (ii) undisrupted
continuous circulation of CD4" immune cells, and (iii) the incorpo-
ration of well-defined and validated cell culturing systems such as
Transwell inserts that are routinely used by many medical researchers
and (iv) that are engineered on a mesofluidic scale that allows for
the interrogation of bigger media volumes and tissue mass as those
offered by microfluidic setups.

The resulting 3XGLB (3X Gut-Liver-Brain) human physiomimetic
system of the gut-liver-brain axis allows for the selective integration
of key physiological features and MPSs (Fig. 1B and movie S1). The
physiomimetic 3XGLB system was engineered to house three sets of
three fluidically interconnected MPSs with adjustable, pneumatic
intra- and intercompartmental circulation (Fig. 1C). The system
features low-volume pumps that can circulate culture medium con-
taining adaptive immune cells between the individual compartments,
preserving immune cell viability (fig. S1D). Cell ratios and numbers
of all MPSs were kept constant across all interaction studies (scaled
as described in Fig. 1A) and are described in detail in Materials
and Methods.

Physiomimetic interaction improves markers of cerebral
MPS phenotype and maturity of neurons, astrocytes,

and microglia

First, we aimed to understand how the physiomimetic interaction
of cerebral MPSs with the gut and liver MPSs, as well as Treg/T117
cells, affects expression of genes specific to the maturation and func-
tion of neurons, astrocytes, and microglia. We evaluated differential
gene expression (DGE), enriched pathways in PD-C MPS tissue, and
cytokine/chemokine concentrations in the shared common medium
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(CM) during different modes of a 4-day interaction (Fig. 2A). Canon-
ical functional tissue phenotypic markers, gut barrier integrity, and
liver albumin production were preserved throughout tissue interac-
tion (fig. S1, B and C). These functions were also maintained during
interactions involving the PD MPSs and SCFA described below.

Interaction of the control PD-C cerebral MPSs with the gut and
liver MPSs in the absence or presence of Treg/Ti17 cells markedly
affected its biology (Fig. 2B). DGE analysis of neuron-related genes
(21, 22) (in collectively harvested neurons, astrocytes, and microglia)
showed increased expression of genes important for homeostasis of
mature neurons such as GAP43 and CNRI and reduced expression
of genes associated with neuronal progenitors (PAX6 and NCAM1)
during gut-liver-cerebral interaction versus PD-C MPSs in isolation.
This enhancement of neuronal maturation during interaction was
more pronounced in the presence of Treg/Tn17 cells (Fig. 2B). A
similar trend was observed when analyzing astrocyte-related genes
(23, 24), which showed increased expression of homeostatic genes
and reduced expression of genes associated with astrocyte activation.
However, the greatest and most significant fold changes in DGE
were observed in those associated with maturation and immune
activation of microglia (25, 26). In vivo-like maturation of microglia
is particularly hard to achieve with current in vitro methods (26).
Our data showed that the interaction of PD-C with gut and liver
MPSs significantly favors expression of genes related to maturation
of microglia such as CD14, MAFB, SPI1, and that of genes associated
with microglia immune function among which are CD74, C3, and
Human Leukocyte Antigen-DR isotype (HLA-DR)—especially in
the presence of Trg/Ty17 cells (Fig. 2B). Responsiveness of microglia
to external stimuli via innate immune activation, major histocom-
patibility complex class II signaling, and activation of complement
cascades is relevant for in vitro modeling of NDs.

Furthermore, transcriptional changes analyzed by PANTHER
pathway enrichment (Fig. 2C) showed that interaction of the PD-C
cerebral MPS with the liver and gut MPSs enhanced several pathways
compared to isolated cerebral MPSs. These include integrin signaling,
increased glycolysis, and axon guidance that are required for neuronal
axonal growth and the establishment of neuronal connections (27).
Moreover, dopamine and metabotropic glutamate receptor pathways
important for neurotransmitter signaling were increased during the
interaction (28). Addition of Tyee/ TH17 cells to the interacting MPSs
further increased PD-C MPS expression of genes related to glycolysis
and axonal guidance (Fig. 2D). Pathways related to cholesterol bio-
synthesis, serotonin receptor 5HT4, and oxytocin receptor-mediated
signaling were increased in the presence of Treg/T1117 cells. Cholesterol
in the brain is regulated independently of that in circulation and
represents up to 25% of total body cholesterol, being largely pro-
duced by astrocytes and vital for electrical signal transmission as well
as serotonin and oxytocin receptor signaling (29). Dysregulation of
cholesterol synthesis in the brain is associated with a variety of NDs;
thus, in vitro models of NDs capturing alterations in cholesterol
metabolism are highly relevant for preclinical research.

Next, we characterized phenotypic markers and cytokines in cir-
culating media during interactions and compared them to known
clinical values (Fig. 2, E and F, and tables S1 and S2) as inflammatory
status is an important benchmark for comparison of the microenviron-
ment in vitro to that in vivo. Moreover, the starting media volumes
and numbers/ratios of individual cell types across interaction repli-
cates were kept constant in the engineered 3XGLB system, and
a comparison to known in vivo clinical values offered important
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Fig. 2. Physiomimetic interaction increases in vivo markers of cerebral MPSs. (A) Schematic presentation of conditions compared in Fig. 1 (B to F) and tables S1 and
S2. Top: Control PD-C cerebral MPS in isolation; middle: Control PD-C cerebral MPS in interaction with the gut and liver MPSs; bottom: Control PD-C MPS in interaction
with the gut and liver MPSs and Teq/Ty17 cells. (B to D) We jointly harvested neurons, astrocytes, and microglia of three separate replicates of control PD-C cerebral MPSs
after a 4-day interaction with the gut and liver MPSs in the absence or presence of T,eq/TH17 cells. (B) We compared DGE of neuron-, astrocyte-, and microglia-related
genes between cerebral MPSs in isolation versus those in interaction. Significance is expressed as *P < 0.05, **P < 0.001, ****P < 0.00001. (C and D) PANTHER pathway
enrichments in cerebral PD-C MPSs in interaction over those in isolation. Data represent averages of three replicates. Pathways are ranked on the basis of a combined
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circulating Teg/TH17 cells and indicated reported values of the same proteins in human cerebrospinal fluid (for exact values and references, see table S2). Data represent
averages of two to nine replicates after 4 days in culture. Error bars represent SEM. TNF-a, tumor necrosis factor-o; GFAP, glial fibrillary acidic protein.
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guiding insight for ex vivo scaling of devices mimicking human
physiology. Most of the cytokines and chemokines detected in the
CM shared between the MPSs, especially in the presence of circulating
Treg/ TH17 cells, showed an overlap in concentration values with
ranges reported for human plasma (Fig. 2E and table S1), where
measured values reflect maximum concentrations accumulated at
day 4 of culture in medium exchanged after 2 days of interaction.
Similarly, we compared cytokine and neuronal marker concentra-
tions in the apical compartment of the PD-C cerebral MPSs after
4 days in isolation or interaction (without interim media changes)
with concentrations reported in the cerebrospinal fluid (CSF) of
healthy human individuals (Fig. 2F and table S2). CSF cytokine
concentrations are a reasonable proxy for brain interstitial cytokine
values (30). Interaction of the cerebral MPSs with the gut and liver
MPSs, especially in the presence of circulating Treg/ Tr17 cells, led to
PD-C cytokine and neuronal marker concentrations to be closer to
ranges reported in CSF of healthy adults. This is particularly true for
the release of aSyn, which occupies the center stage in PD research
(Fig. 2F). In the presence of Tree/Tu17 cells, levels of the cytokines
granulocyte-macrophage colony-stimulating factor (GM-CSF), frac-
talkine, and interferon-y were insignificantly increased in both the
common and apical cerebral medium, which might explain the in-
creased expression of genes related to maturation of microglia that
underpins the importance of immune-tissue interactions in achieving
a greater in vivo-like phenotype.

Analysis of both transcriptomic and multiplexed cytokine/
neuronal marker data indicates several functional parameters of
control PD-C MPSs to be increased when in interaction with the
gut, liver, and CD4" T cells as opposed to its expression in isolation,
suggesting better alignment with in vivo function.

PD cerebral MPSs exhibit disease-specific transcriptomic,
inflammatory, and metabolomic characteristics in isolation
Patient-specific hiPSCs are valuable in studying diseases where
genetic background variation poses a significant effect, as they enable
experiments under genetically well-defined conditions (5). Here, we
used hiPSC-derived neurons, astrocytes, and microglia carrying the
PD-associated A53T mutation to establish the PD cerebral MPS. We
also used same-donor hiPSC-derived neurons, astrocytes, and
microglia with the corrected mutation for the control PD-C MPS.

We first examined behaviors of PD versus PD-C MPSs in isola-
tion. Neurons of the cerebral MPSs used in this study exhibit expres-
sion of neuron-specific markers and release neuron-specific proteins.
Ramified microglia, astrocytes, and neurons that formed a multilayered
three-dimensional (3D) structure when grown on microporous mem-
branes exhibited comparable morphological features in the PD and
PD-C MPSs (Fig. 3A). However, a global untargeted metabolomic
screen of the cell culture media of both MPSs after 4 days of culture
revealed a stark contrast between their metabolic functions. The
most enriched metabolic pathways in the PD MPSs, as compared to
PD-C, were the mevalonate metabolism and creatine metabolism
(Fig. 3B). We were able to predict the phenotype of the MPS based
solely on the metabolite profiles analyzed using a Random Forest
algorithm (fig. S2A).

Comparison of DGE between mutant and control MPSs revealed
significant transcriptional differences. In particular, the PD cerebral
MPS showed increased expression of CYP26B1, an enzyme-inactivating
retinoic acid as a tissue-patterning mechanism governing develop-
ment of the hindbrain (31). GPNMB, a glycoprotein shown to be
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elevated concurrently with glycophospholipids in the substantia nigra
region of patients with PD (32), was overexpressed as well (Fig. 3C).
On the basis of WikiPathways, pathways of microglial activation and
cytoplasmic ribosomal proteins were more highly expressed in the
PD MPS. Conversely, pathways associated with nitric oxide-mediated
neuroprotection and the Parkin-ubiquitin proteasomal system path-
way, which is critical for proper regulation of protein turnover (33),
are more enriched in the PD-C control MPSs (Fig. 3D).

Multiplex cytokine analysis at day 4 of culture of the individual
PD and PD-C MPSs showed subtle differences between the two con-
ditions where PD MPSs appear to release a slightly higher amount
of inflammatory cytokines tumor necrosis factor-o (TNF-a), IL-6,
and IL-17A but significantly less of the chemokines fractalkine, an
important signaling molecule between neurons and microglia and
regulator of microglia activation (34), and monocyte chemoattrac-
tant protein (MCP)-1 and MCP-3 (fig. S2B). The neuron-specific
protein neuron-specific enolase (NSE) and the astrocyte-derived
protein glial fibrillary acidic protein (GFAP) are produced by the
MPSs at similar rates; however, the PD MPSs release significantly
less DJ-1, also known as PD protein 7, that inhibits aggregation of
oSyn (35). This is consistent with PD MPSs releasing less soluble,
multiplex-detectable 0Syn and in agreement with clinical observa-
tions (Fig. 3E) (36).

When transcriptomic changes were probed for disease-associated
patterns via the GEO Diseases database, genes associated with neuro-
degenerative malfunction and PD were found to be enriched in the
PD MPSs—in particular, genes related to ribosomal proteins (Fig. 3F).

While PD in a clinical setting is most commonly associated with
oSyn protein misfolding and aggregation in dopaminergic neurons
in the substantia nigra region of the brain, other neuronal cell types
like enteric neurons and regions of the CNS are also affected by
synucleinopathy in PD (37). Our data indicate that even under fairly
reductionist conditions, PD cerebral MPSs carrying the A53T
mutation exhibit fundamental metabolic and transcriptional differ-
ences reminiscent of PD when compared to the control PD-C
cerebral MPSs.

SCFA universally decrease inflammatory cytokines and alter
secretion of neuronal biomarkers during physiomimetic
interaction with and without circulating T,eq/TH17 cells

After evaluating the steady-state influence of physiomimetic inter-
action of the PD-C MPS with gut and liver MPSs as well as T,/
Ty17 cells and characterization of the PD MPS, we proceeded with
interaction studies elucidating the effect of gut MPS-derived SCFA
on the phenotype of PD versus PD-C cerebral MPSs. Using the
3XGLB platform, we fluidically connected the gut, liver, and cerebral
MPSs in the absence or presence of circulating Treg/ T17 cells, in-
cluded in a ratio of 2:1 (Fig. 4A). We added 20 mM of total SCFA
in a physiological molar ratio between acetate, propionate, and
butyrate (6:2:2) into the apical compartment of the gut MPSs and
proceeded with a 4-day interaction experiment. In a gut-liver inter-
action study without a cerebral MPS, SCFA have been shown to be
readily absorbed by the gut MPS (ulcerative colitis donor), where
50% of butyrate was consumed by the epithelium and the remaining
SCFA, mainly propionate and butyrate, were metabolized by the
healthy liver MPS, which led to increased de novo lipogenesis and
glycolysis (8). Acetate remained the most abundant SCFA in systemic
circulation that resembles known in vivo distribution and metabolic
dynamics of SCFA (38).
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Fig. 3. PD cerebral MPSs exhibit PD-associated transcriptional and metabolic features. (A) Representative, 3D rendered confocal images of the PD (top) and control
PD-C (bottom) cerebral MPSs composed of hiPSC-derived microglia (green), astrocytes (purple), and neurons (red) cocultured on 0.4-um microporous 24-well Transwells.
(B) Metabolic pathway enrichment in apical cerebral media after 4 days of culture of the PD cerebral MPSs when compared to the PD-C control MPS. (C) Volcano plot of
DGE among neurons, astrocytes, and microglia in PD MPSs (red) over PD-C control MPSs (blue). (D) ClueGO Network of enriched (magenta) and suppressed (blue) WikiPathway
pathways in PD cerebral MPSs based on DGE shown under (C). (E) Concentration (ng/ml) of multiplexed neuronal markers in apical media of the PD and PD-C MPSs after
4 days of culture in isolation. Data represent six to nine biological replicates from two to three independent experiments. Significance was determined with paired t test.
Lines in violin plots denote distribution quartiles. (F) DGE pathway enrichments in PD cerebral MPSs as compared to control PD-C MPSs based on the GEO Diseases database.
Diseases are ranked by combined P value and rank score. (B to D and F) Data represent averages of three replicates after 4 days in coculture.

We first evaluated the potential of SCFA to alter the inflammatory
environment of the CM shared between the MPSs and the apical
compartment of the cerebral MPSs as well as the apical release of
neurological biomarkers during interaction. We constructed an
unsupervised principal components analysis (PCA) model from
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39 cytokine/chemokine analytes measured in the basal CM and apical
cerebral MPS compartments during all interactions, with and without
Treg/ Tul7 cells (Fig. 4B). Clear separation along the diagonal was
observed on the basis of whether the sample origin was basal or
apical media and the absence or presence of Treg/T117 cells (round
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Fig. 4. SCFA universally reduce inflammatory cytokines during physiomimetic interaction. (A) Schematic presentation of conditions compared in Fig. 1 (B to D).
(B) PCA of all multiplexed cytokines/chemokines after 4 days of interactions in the CM shared between the MPSs and apical cerebral MPS media. Samples primarily separate
from top to bottom depending on the sampling site as indicated by the dotted line and from left to right depending on the presence of SCFA (empty markers) versus

absence of SCFA (filled markers). Samples were z scored before PCA. (C) Presence of

SCFA significantly reduces concentrations of most analytes regardless of PD or PD-C

genotype, as illustrated in a heatmap showing log; fold changes (log,FC) in cytokine, chemokine, and growth factor concentrations between SCFA-treated and untreated
groups (see leftmost column). The log,FC values are annotated for significance based on the false discovery rate (FDR) where +FDR < 0.05, «<FDR < 0.01. Heatmaps comparing
actual concentrations can be found in fig. S3. (D) Concentration (ng/ml) of multiplexed neuronal markers in apical media of the interacting cerebral MPSs after 4 days of
culture. Significance was determined with a paired t test where *P < 0.05, **P < 0.001. Each interacting condition had three replicates, and the results present their averages.

or square sample labeling). The difference in cytokine ratios in the
CM to the apical cerebral MPS media indicates that passive trans-
port of signaling molecules into the apical compartment is insignif-
icant, despite the lack of an endothelial BBB. Hence, a brain-specific
environment was maintained during interaction.

Notably, when focusing on a specific media compartment (apical
or basal) and presence of Tyg/Ty17 cells, samples separated on the

Trapecar et al., Sci. Adv. 2021; 7 : eabd1707 29 January 2021

basis of +SCFA treatment (i.e., empty versus filled markers) but not
PD and PD-C genotype; empty markers (+SCFA) are left-shifted on
the PC1 axis compared to their filled (no SCFA) counterparts. Ty17
cells are one of the first types of lymphocytes to cross the BBB under
inflammatory conditions, and their production of IL-17 contributes
to PD progression, while, at the same time, a reduced ratio of Treg to
Ty17 cells in blood of patients with PD has been observed (19, 20).

8of 22



SCIENCE ADVANCES | RESEARCH ARTICLE

SCFA have previously been reported to promote Ty, differentiation
as well as to increase T cell effector function (39).

To further illuminate the influences of SCFA captured in the
left-shift of the +SCFA compared to —SCFA paired conditions along
the PC1 axis in the PCA, we generated a heatmap of log, fold changes
in cytokine, chemokine, and growth factor concentration values be-
tween SCFA-treated and untreated groups for each condition (Fig. 4C).
A two-sided ¢ test was conducted to compare the sample values +SCFA
and —SCFA within a given condition, and values are annotated for
significance on the heatmap based on the false discovery rate. The
heatmap is organized to group together (i) analytes that are signifi-
cant only for groups in the absence of Trg/T117 cells, (ii) analytes
that are significant only for groups with Tg/Ty17 cells, and (iii)
analytes that are significant across all conditions. The overwhelming
majority of analytes are significantly suppressed by the presence of
SCFA during interaction, regardless of the PD genotype and re-
gardless of the presence of Tyee/T17 cells. This result is consistent
with previously described anti-inflammatory effects of SCFA (8).

Notably, the only significantly increased cytokines were the Treg/
Tyl7-related molecules TGF-B2 and 3, IL-17F, and IL-21 in the apical
compartments of the PD MPSs but not PD-C. SCFA have been
shown previously to increase TGF-p and IL-17 production of resting
Treg and Ty17 CD4 T cells (8). A greater number of measured ana-
lytes were significantly altered in the interactions with the PD than
with the PD-C MPSs, which indicates greater susceptibility of PD
MPS to the presence of SCFA—particularly in the interaction with
Treg/ TH17 cells.

SCFA did not significantly alter the release of aSyn in either the
apical PD-C or the PD cerebral MPS (Fig. 4D); however, NSE and
GFAP were significantly reduced in the apical PD MPS during inter-
action without Teg/Tu17 cells. Although not significantly, it appears
that transglutaminase 2, an enzyme involved in protein cross-linking
in PD (40), was universally increased in the interactions of the PD
MPS as compared to PD-C while UCHLI, an important neuron-
specific enzyme shown to be protective against protein degradation
(41), seemed to be reduced in the PD MPSs. SCFA significantly re-
duced DJ-1 release (known to inhibit aSyn aggregation) in PD but
not PD-C MPSs in the presence of Tyey/Ty17 cells.

Interaction with SCFA increases pathology-associated
transcriptomic changes in PD but not PD-C MPSs
While the analysis of inflammatory signaling molecules indicated a
reduced state of immune activation during interactions in the pres-
ence of SCFA in both PD and PD-C conditions, the data also sug-
gested the PD MPSs to be more susceptible to alterations by SCFA
with additional impact on release of neuronal biomarkers (Fig. 4D).
Therefore, we investigated differences in gene expression individually
in PD-C as well as PD MPSs in interactions with SCFA, first without
Treg/ Tu17 cells (Fig. 5A) and next in their presence (Fig. 5B).
Transcriptomic analysis of the PD-C MPSs among the interac-
tions with SCFA and in the absence or presence of Tyeg/TH17 cells
showed enrichment in beneficial pathways associated with glial cell
differentiation (astrocytes and microglia), biogenic amine synthesis
regulating production of the neurotransmitters dopamine and sero-
tonin (42), dopaminergic neurogenesis, and G protein signaling
pathways (Fig. 5, A and B). G protein receptor GPR40 is a fatty acid
receptor important not only for nutrient sensing but also for
normal brain development as well as maintaining proper neuronal
function (43).

Trapecar et al., Sci. Adv. 2021; 7 : eabd1707 29 January 2021

In contrast, SCFA effects on the PD cerebral MPS exhibit different
mechanisms on the transcriptional level. The most significantly up-
regulated pathways in SCFA-exposed PD MPSs were pathways
associated with cytoplasmic ribosomal proteins (Fig. 5, A and B).
While the involvement of the ribosomal protein machinery in the
pathology of NDs is poorly understood, some preliminary studies
link the increase of certain ribosomal protein genes to advanced PD
[although this is disease stage and site specific (44)]. Moreover, SCFA
increase the stress unfolded-protein response mediated through heat
shock factor 1. Concurrently, pathways related to spinal cord injury
were up-regulated in PD MPSs exposed to SCFA during physiomi-
metic interaction, which, according to WikiPathways, is an umbrella
term encompassing increased activation and proliferation of astro-
cytes and microglia that results in scarring and reduced axonal
regeneration, although, to a smaller degree, pathways associated with
Alzheimer’s disease—another ND associated with protein misfolding
and aggregation—were up-regulated under both the presence of
Treg/ Tr17 cells and their absence after exposure to SCFA.

Comparison of log, fold changes and significance of DGE among
all conditions indicated greater sensitivity of PD cerebral MPSs to
SCFA than PD-C cultures regardless of presence or absence of Treg/
Tu17 cells. This finding confirmed the previous observation of greater
cytokine/chemokine reduction in PD MPSs by SCFA (Fig. 5C). In a
direct comparison of transcriptional changes between SCFA-treated
PD-C and PD cerebral MPSs during gut-liver-brain interaction in
the presence of Tree/ Tu17 cells, significant differences in transcrip-
tion were observed (Fig. 5D). Pathways associated with increased
metabolism and neurogenesis are enriched in the PD-C MPSs in the
presence of SCFA and Tg/Ty17 cells over the PD MPS while again
pathways related to cytoplasmic ribosomal proteins, mevalonate
metabolism, and microglial activation are enriched in the PD MPSs
(Fig. 5E).

This finding led us to further characterize other in vitro condi-
tions (e.g., PD or PD-C cerebral MPSs in isolation or in interaction
with gut and liver, and with or without T cells and/or SCFA) with
respect to expression of certain genes that are known to be under-
or overexpressed in patients with PD in vivo (Fig. 5F), to discern
whether any of the in vitro conditions were more closely associated
with known trends in patients. The condition most resembling the
in vivo trends is the physiomimetic interaction with T cells and
SCFA. Under both conditions, genes encoding oSyn (SNCA) and
tyrosine hydroxylase (TH), which is responsible for catalyzing cre-
ation of dopamine, were underexpressed in the PD MPSs while genes
related to protein translation (PABPC1), breakdown (SERPINA3),
and microglia activation (CD163) were increased. These differences
were pronounced at a greater fold change and statistical significance
in the presence of Treg/ T17 cells and SCFA. Moreover, during this
interaction, genes associated with disease-associated microglia (DAM)
(45), particularly TREM2-dependent stage 2 DAM, were significantly
increased by the presence of Tree/ Ti17 cells and SCFA as compared
to the PD-C MPSs under the same conditions. DAM represent
microglia associated with pathologic lesions in NDs (46).

SCFA induce transcriptomic changes unique to PD MPSs

in the presence and absence of CD4" T,ey/Tu17 cells

A number of inflammatory cytokines during interaction with and
without circulating Treg/T17 cells were reduced by SCFA, yet, at
the same time, SCFA led to enrichment of pathology-related pathways
under both conditions (Figs. 4 and 5) in the PD cerebral MPS but
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Fig. 5. SCFA increase pathology-related transcriptomic changes in PD MPSs. (A) Left: Schematic representation of the interaction condition. Right: Comparison of
enriched pathways based on WikiPathways between SCFA-exposed and non-exposed PD-C (left) as well as PD MPSs (right) in interactions with the gut and liver MPSs.
(B) Left: Schematic representation of the interaction condition. Right: Comparison of enriched pathways based on WikiPathways between SCFA-exposed and non-exposed
PD-C (left) as well as PD MPSs (right) in interactions with the gut and liver MPSs as well as circulating Treq/TH17 cells. (C) Volcano plots of differentially expressed genes in
control PD-C and PD cerebral MPSs across all interaction conditions in the presence (red) or absence (blue) of SCFA. (D) Volcano plot of DGE in SCFA-exposed PD cerebral
MPSs (red) over PD-C control MPSs (blue) during gut-liver-brain interactions in the presence of circulating Teg/TH17 cells and SCFA. (E) Pathway enrichments based on
DGE shown under (D) in SCFA-exposed control PD-C cerebral MPSs (top) as compared to SCFA-exposed PD MPSs (bottom) according to WikiPathways. Pathways are
ranked based on a combined z and P value score. (F) DGE of PD-associated genes comparing PD and PD-C MPSs in isolation or interaction with Treq/TH17 cells and SCFA.
Interaction significantly increases the in vivo-like expression of PD-associated genes. (G) DGE of disease-associated microglia (DAM)-associated genes comparing PD and
PD-C MPSs in isolation or interaction with Tieq/TH17 cells and SCFA where the interaction in the presence of Teg/TH17 cells significantly increases expression of DAMs.
(A to G) Data represent averages of three replicates after a 4-day interaction. Significance is indicated as *P < 0.05, **P < 0.001, ***P < 0.0001, ****P < 0.00001.
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not the control PD-C MPS. We next investigated universal SCFA-
specific transcriptomic changes occurring in both the presence and
absence of CD4" T cells in PD versus PD-C MPSs when they were
in interaction with gut and liver MPSs. We identified 359 uniquely
up-regulated genes in PD MPSs when they were in interaction with
gut and liver MPSs regardless of the presence or absence of Tre,/
Ty17 cells, while 33 genes were universally up-regulated in the PD-C
MPSs by SCFA (Fig. 6A). Similarly, 303 genes were universally
down-regulated in the PD MPSs and 5 in the PD-C SCFA-exposed
MPSs. Analysis of gene expression in all cerebral MPSs (regardless
of genotype or presence of CD4" T cells) showed that SCFA univer-
sally increased metabolic pathways associated with lipid metabolism
as previously reported (47), increased pathways of acetylcholine
synthesis, and reduced expression of pathways associated with im-
mune activation in a manner consistent with the reduced concen-
tration of inflammatory cytokines (Fig. 6B).

We next identified universally enriched (Fig. 6C) and down-
regulated pathways (Fig. 6D) exclusively in the PD MPSs. SCFA
specifically increased expression of genes related to cytoplasmic
protein processing including cytoplasmic protein complex binding,
transport, metabolism, and responses to unfolded protein with re-
sponses to metal ions based on GO Molecular Function (GO MF)
and Biological Process (GO BP). Moreover, analysis based on Kyoto
Encyclopedia of Genes and Genomes and WikiPathways indicated a
strong up-regulation of pathways regulating silencing of ceruloplasmin.
Ceruloplasmin is vitally important for iron transport and prevention
of iron accumulation, and mutations in the ceruloplasmin encod-
ing gene have been found to be associated with increased iron accu-
mulation in patients with PD (48). The A53T oSyn mutation has
explicitly been linked to increased iron-dependent aggregation and
toxicity (49) due to aSyn’s strong affinity for both ferric and ferrous
iron with both forms of iron accelerating aSyn aggregation (50).
Concurrently, pathways associated with ferroptosis were increased.

On the other hand, SCFA universally reduced pathways involved
in glutamate receptor activity, general neurogenesis, and chromo-
some organization. Moreover, SCFA reduced pathways of protein
SUMOylation. Posttranslational modification of aSyn via small
ubiquitin-like modifier (SUMO) proteins is necessary to prevent o.Syn
aggregation, and SUMOylation of DJ-1 is critical for its full function (35).

Together (Fig. 6E), our findings show interaction of PD-C cere-
bral MPSs with the gut-liver axis to increase expression of pathways
related to (i) maturation of neurons, microglia, and astrocytes; (ii)
immune function; and (iii) neuronal function. Addition of SCFA
further increased lipid metabolism-related pathways in all cerebral
MPSs regardless of phenotype. The observed SCFA-induced chang-
es appeared to benefit the PD-C cerebral MPSs under all conditions
while the opposite seems to be true for the PD MPSs in the presence
or absence of Treg/Tu17 cells. Under both interaction conditions,
SCFA reduced pathways related to general neurogenesis and increased
expression of genes related to neurodegenerative pathology. While these
preliminary results paint an interesting hypothesis, further work using
a variety of different donors and cell lines will speak of the universality
of our findings in terms of both donor specificity and specificity of
these results regarding the underlying cause of proteinopathies.

DISCUSSION
Multifactorial NDs remain one of the biggest medical challenges of
our time, because both environmental and genetic factors are inter-
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twined, obscuring causality. While most of our current knowledge
about PD comes from valuable animal experimentation and hu-
man clinical data, the overwhelming disease complexity on a whole
organismal level is a roadblock to progress in its own right. With
the advance of human ex vivo modeling of organ-organ interac-
tions, previously inaccessible possibilities arise in recreating com-
plex aspects of human disease etiology under defined and controlled
conditions (9).

At present, in vitro models insufficiently recapitulate organ-organ
and organ-immune interactions required for representative modeling
related to gut-liver metabolism, immunity, and complex cerebral
biology (51, 52), but a number of technologies have been developed
for the coculture of various MPSs that represent important stepping
stones in the evolution of multiorgan-interacting platforms (52, 53).
Drug metabolism and toxicology have been mainstay applications
of MPS technologies (51, 52), with emerging applications in modeling
diseases necessitating incorporation of more complex organ-level
phenomena (8, 11, 14). Multiorgan pharmacokinetics and toxicity
have been investigated by pipetting discrete aliquots of media be-
tween individual MPSs (53, 54) and by interconnecting individual
MPSs fluidically on a platform (55), an approach that is also being
applied to disease modeling (8, 56). However, extended (48+ hours)
coculture with innate immune cells and concomitant analysis of in-
flammation responses have not been described. Acute trafficking of
circulating immune cells through an endothelial or epithelial barrier
has been studied in individual MPSs using once-through flow (15),
but a significant barrier to extended coculture of circulating immune
cells with interconnected MPS is the need for pumps that are both
safe for circulating immune cells and compatible with lipophilic
culture medium components, including drugs (i.e., pump materials
must exclude PDMS).

Our conceptual and experimental model of continuous and pro-
longed interactive immune-metabolic cross-talk between organ
systems represents a significant advance in modeling the human
gut-brain axis in the context of NDs in vitro. We have created a
human gut-liver-cerebral physiomimetic system that incorporates cells
of both the innate and adaptive immune system. Using this approach
and advanced genetic tools, we were able to observe increased mat-
uration of hiPSC-derived neurons, astrocytes, and microglia on the
transcriptomic level. Using hiPSCs from a donor with familiar PD
carrying the A53T mutation, we could partially recreate known
clinical manifestations of familial PD that includes several markers
indicative of 0Syn aggregation, previously reported changes in lipid
metabolism, and increase in pathways related to neuronal pathology.
However, it is important to note that PD encompasses a great number
of different pathological changes that are not restricted only to neu-
rons and the brain; hence, the here presented system mimics only a
subset of known disease hallmarks. Moreover, PD is a slow-progressing
disease that develops over decades, which is a considerable challenge
from the perspective of disease modeling, both in vitro and in vivo.
Currently, we can only perform comparative exposure studies over
relatively short time frames compared to the time frames for disease
development. Whereas some individual cerebral MPSs have been
maintained in culture for over 5 months and liver MPS for weeks
(12), the duration of the experiments here was limited in the longevity
of the gut mucosal barrier. Gut epithelia differentiate rapidly when
cultured in a format lacking continuous stimulation from the basal
compartment by niche factors that maintain the stem cell compart-
ment (57). These factors were not used as they are deleterious to the
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other MPSs. Tissue-engineering approaches that combine the niche
factor-producing stromal cells with epithelial cells in a crypt-lumen
configuration are needed to create a long-lived gut mucosa, and we
speculate that several biomaterials and microfabrication technolo-
gies recently described for gut mucosal barrier culture might soon
be combined to this end (57, 58).

Our work shows that interaction of corrected cerebral MPSs
with the gut and liver MPSs and circulating Teg/Tu17 leads to
increased expression of neuronal, astrocyte, and microglial homeo-
static genes as well as metabolic pathways related to glycolysis
and cholesterol synthesis. Moreover, the interaction increased
dopamine receptor-mediated signaling, axon guidance, and serotonin
and oxytocin signaling in interacting cerebral MPSs. Inclusion of
both innate and adaptive immune cells in the physiomimetic sys-
tem resulted in cytokine/chemokine values closer to reported values
in human plasma and CSF. Future experiments will be aimed at ex-
ploring changes in functionality of the individual cell types involved
in this study. These experiments can be coupled to advanced models
of heterologous cellular cytokine cross-talk and network models of
metabolism to further illuminate immune-metabolic cross-talk with
organ systems (59-61).

Exacerbated neuronal damage is accompanied by inflammatory
responses in vivo, where a question remains whether inflammation
itself is a primary driver of PD pathology. Addition of SCFA in the
gut-liver-brain interaction led to a marked decrease in inflammatory
mediators in interactions with and without Treg/Ty17 cells. Gastro-
intestinal symptoms often precede motor manifestations of PD (62),
and in mouse models of PD, SCFA were implicated in early onset
of PD (1), yet paradoxically, a study comparing the colonic micro-
biota of patients with PD with those of healthy controls has identified
a reduced frequency of SCFA-producing bacterial phyla among the
PD cohort (62). This contradiction might be explained by the context-
dependent modulatory action of SCFA that might depend on the
disease stage or genetic background. SCFA can dampen inflammation
and promote differentiation of tolerance inducing CD4" Threg cells
(63), yet exacerbate proinflammatory programs of activated CD4"
(8,39) and CD8" T cells (64). However, in the physiomimetic inter-
action of SCFA (albeit in the absence of a live microbiome) and PD
cerebral MPSs carrying the A53T mutation, in both the presence
and absence of Tieg/TH17 cells, SCFA lead to enrichments in PD-
associated pathways and changes on the global gene expression
indicative of neuronal damage. This might be due to inflammation-
independent modulatory properties of SCFA related to lipid metab-
olism. The mevalonate pathway was the most enriched pathway
when comparing the metabolomic profile of PD versus PD-C MPSs
in isolation, which is an essential pathway required for cholesterol
synthesis and a target of statins—a class of cholesterol-lowering
drugs (65). Studies report both disease-improving and disease-
exacerbating effects of statins in general, and a consensus has yet
to be achieved (66). The brain is a highly lipid-rich organ where
both cholesterol accumulation and monounsaturated fatty acid
metabolism have been linked to neurotoxicity; hence, an urgent
need exists to further clarify involvement of fatty acid metabolism
in PD (67).

Last, a limitation of the current study and many other in vitro
models of NDs, such as 2D single-cell type cultures or brain organoid-
based models, is the absence of a functional in vitro BBB. Although
significant progress in modeling the neuro-vascular unit has been
made and a number of in vitro models of the BBB have been devel-
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oped on the basis of iPSCs, cell lines, or human umbilical vein
endothelial sources (54, 68, 69), in vivo-like function of the barrier
is notoriously difficult to achieve. This stems from the fact that (i)
the BBB is not composed of one single cell type but rather requires
the interplay of a number of cells with varying ratios to achieve
in vivo functionality, (ii) they are not static in their physiological
behavior but highly dynamic in terms of permeability as well as
the receptors and transporters they express as a response to changes
in environment, and (iii) vascular barriers are not the same through-
out the human body but rather specific. As a result, in vitro BBBs
lack well-defined and accepted benchmarks and can present mis-
leading biological features of a multi-MPS system (69, 70). Cytokines,
SCFA, and other microbial metabolites pass the barrier (3, 53);
hence, we chose to compare interaction of MPSs, immune cells,
and SCFA laterally between PD and PD-corrected MPSs in the
absence of an in vitro BBB. While important differences exist be-
tween the response of the PD and PD-corrected cerebral MPSs to
SCFA, this work can serve as a reference point without the inclusion
of an in vitro BBB in which future models with an in vivo-like BBB
can be evaluated.

In the gut, the vascular barrier is involved in inflammation asso-
ciated with microbial antigens, a phenomenon we deliberately sep-
arate from that of microbial small-molecule metabolites and hence
was not included in the present study. The epithelial barrier is the
major gate to the systemic circulation for metabolic products, such
as SCFA, and cytokines analyzed here. Similarly, the highly fenes-
trated liver sinusoidal endothelial cells are antigen-presenting cells
that are involved in response to bacterial antigens and modulate
immune cell trafficking (71) but become a significant barrier to
hepatocyte uptake of nutrients only under cirrhotic conditions
outside the scope of those studied here.

In our lateral comparison of PD and PD-C MPSs during interac-
tion, even without a BBB, we were able to identify significant links
between SCFA and the PD cerebral MPSs. These were unique to
the PD genotype and were not observed among MPSs with the cor-
rected A53T mutation. Notably, pathways related to ferroptosis were
uniquely increased in PD but not PD-C MPSs during interaction
with SCFA, regardless of the presence of Tieg/T117 cells and the
reduction in inflammatory cytokines. This might suggest a lipid
metabolism-related, rather than immune-related link between SCFA
and PD neuronal pathology in vitro. Ferroptosis is a form of regu-
lated cell death where iron-dependent accumulation of lipid hydro-
peroxides leads to cell death (72). Iron, phospholipids, and fatty acid
metabolism increase the cells’ susceptibility to ferroptosis (73). Evi-
dence of ferroptosis as a cause of death in dopaminergic neurons in
PD is mounting and increased interest exists in the connection
between protein misfolding, ferroptosis, and lipid metabolism that
warrants further investigation (74).

Last, our proof-of-concept physiomimetic study indicates that
interaction of cerebral MPSs with gut and liver MPSs increases ex-
pression of genes associated with maturation of neurons, astrocytes,
and microglia—a feature notoriously hard to achieve in in vitro
models of the brain. Further verification with additional cell lines
representing different patient origins will be useful for extending our
biological findings, but our current study illustrates how key ques-
tions can be defined and combined with an experimental framework,
representing an essential first step in this direction. Our work adds
credence to the growing promise of physiomimetic technologies to
serve as tools for hypothesis generation and mechanistic confirmation
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as well as a capability to supplement current preclinical approaches
in neurodegenerative research.

MATERIALS AND METHODS

Gut MPSs

Gut organoids

The colon organoids HC176 of nondiseased tissue used in this study
were established and maintained as previously described (75) by the
Harvard Digestive Disease Center. Endoscopic tissue biopsies were
collected from the ascending colon of de-identified individuals at
Boston Children’s Hospital upon the donors’ informed consent.
Methods were carried out in accordance to the Institutional Review
Board of Boston Children’s Hospital (protocol no. IRB-P00000529).
We digested the tissue in 2 mg ml™" collagenase I (StemCell, catalog
no. 07416) for 40 min at 37°C followed by mechanical dissociation,
and isolated crypts were resuspended in growth factor-reduced
Matrigel (Corning, catalog no. 356237) and polymerized at 37°C.
Organoids were cultured in expansion medium (EM) consisting of
Advanced Dulbecco’s modified Eagle’s medium (DMEM)/F12 sup-
plemented with L-WRN conditioned medium (65% v/v; American
Type Culture Collection, catalog no. CRL-3276), Glutamax (2 mM;
Thermo Fisher Scientific, catalog no. 35050-061), Hepes (10 mM;
Thermo Fisher Scientific, catalog no. 15630-080), penicillin/
streptomycin (Pen/Strep) (Thermo Fisher Scientific, catalog no.
15070063), murine epidermal growth factor (EGF) (50 ng ml™';
Thermo Fisher Scientific, catalog no. PMG8041), N2 supplement
(Thermo Fisher Scientific, catalog no. 17502-048), B-27 Supplement
(Thermo Fisher Scientific, catalog no. 17502-044), human [Leul5]-
gastrin I (1 nM; Sigma-Aldrich, catalog no. G9145), N-acetyl cysteine
(500 uM; Sigma-Aldrich, catalog no. A9165-5G), nicotinamide
(10 mM; Sigma-Aldrich, catalog no. N0636), thiazovivin (2.5 uM;
Tocris, catalog no. 3845), A83-01 (500 nM; Tocris, catalog no. 2939),
SB202190 (10 uM; PeproTech catalog no. 1523072), prostaglandin
E2 (5 nM; StemCell catalog no. 72192) at 37°C and 5% CO,. Organoids
were passaged every 7 days by incubating in Cell Recovery Solution
(Corning, catalog no. 354253) for 40 min at 4°C, followed by
mechanical dissociation and reconstitution in fresh Matrigel at a
1:3 to 4 ratio.

Epithelial monolayers on Transwell inserts

Colon organoids were collected at days 7 to 9 after passaging. Cell
Recovery Solution was used for 40 min at 4°C to dissolve Matrigel,
followed by incubation of organoids in Trypsin/EDTA (Thermo
Fisher Scientific, catalog no. 12605036) at 37°C for 5 min. Next,
organoids were mechanically dissociated into single cells, resuspend-
ed in EM without nicotinamide, and seeded onto type I collagen
(50 pg/ml)-coated 12-well 0.4-pm pore polyester Transwell inserts
(Corning, 3493) at a density of 3 x 10° cells per Transwell. After 3 to
5 days of incubation, monolayers were confluent and we initiated
differentiation as described previously (8). For differentiation,
apical medium was replaced with Advanced DMEM/F12 plus Hepes,
Glutamax, and Pen/Strep and basolateral media with differentiation
medium, which is EM without L-WRN conditioned medium, nicotin-
amide, prostaglandin E2, SB202190, and thiazovivin, but supple-
mented with human recombinant noggin (100 ng ml™'; PeproTech,
catalog no. 120-10C) and 20% R-spondin conditioned medium
(Sigma-Aldrich, catalog no. SCC111). Monolayer integrity was moni-
tored with transepithelial electrical resistance (TEER) measurements,
which were performed using the EndOhm-12 chamber with an
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EVOM2 meter (World Precision Instruments). Monolayers were
used for further experimentation at days 7 to 9 after seeding.
Coculture of epithelial monolayers with dendritic cells

and macrophages (gut MPS)

Gut MPSs were prepared by seeding human monocyte-derived
dendritic cells and macrophages, as the innate immune component
of the gut MPS, on the basolateral side of Transwell membranes that
have differentiated epithelial monolayers on the apical side as de-
scribed before (8). The monocytes were isolated from Leuko Pak
PBMC:s (StemCell, catalog no. 70500) using the EasySep Human
Monocyte Enrichment Kit without CD16 depletion (StemCell,
catalog no. 19058). We differentiated macrophages in RPMI 1640
medium (Gibco) supplemented with 10% fetal bovine serum (FBS),
1x Glutamax, and Recombinant Human M-CSF (100 ng/ml; Bio-
Legend, catalog no. 574804). Dendritic cells were differentiated in
RPMI 1640 medium (Gibco) supplemented with Pen/Strep, 10%
heat-inactivated FBS, 1% MEM Non-Essential Amino Acid Solution
(Gibco), 1% Glutamax, GM-CSF (100 ng/ml; BioLegend, catalog no.
572903), Recombinant human IL-4 (70 ng/ml; BioLegend, catalog
no. 574004), and retinoic acid (10 nM; Sigma-Aldrich, catalog no.
R2625-50MG). After 7 days of differentiation (at day 8 after epithelial
cell seeding), dendritic cells and macrophages were harvested using
TrypLE Express (Gibco) and seeded onto the basal side of the
Transwells, 2.5 x 10* cells per population per Transwell. Gut MPSs
with TEER greater than 200 ohm-cm® were considered acceptable
for experimentation and were integrated onto the 3XGLB platform
for interaction studies. During all experiments, the gut MPSs were
maintained in serum-free apical medium consisting of Advanced
DMEM/F12 with or without the SCFA, sodium acetate (12 mM), sodium
propionate (4 mM), and sodium butyrate (4 mM) from Sigma-Aldrich.

Common media

The basal gut compartment and the liver and cerebral MPS com-
partments that were fluidically linked to systemic circulation on the
3XGLB were fed with serum-free CM that contained William’s E
medium (Thermo Fisher Scientific, catalog no. A1217601), 4% Cell
Maintenance Supplement Pack (Thermo Fisher Scientific, catalog no.
CM4000), IL-2 (50 IU/ml; R&D Systems, catalog no. 202-IL), 100 nM
hydrocortisone, 5 mM glucose, 800 pM insulin, and 0.5% Pen/Strep.
Experiments here and throughout the entire work were conducted
in modified culture medium that had previously been tailored for
physiological responses of the human liver MPS, in which the high
nonphysiological concentrations of cortisol and insulin, typically used
to maintain CYP450 levels in primary hepatocyte cultures, were re-
duced to concentrations within the physiological range (12, 13).

Liver MPSs

Preparation of the liver MPSs was performed as described previously.
Single-donor human primary hepatocytes were obtained from BioIVT
(lot AQL; 63-year-old male), and Kupffer cells, as the innate immune
component of the liver MPSs, were purchased from Thermo Fisher
Scientific (catalog no. HUKCCS; 29-year-old male). Both cell types
were seeded on liver scaffolds that are 0.25-mm polystyrene discs
perforated with 301 channels (diameter = 0.3 mm) (14). Scaffolds
were soaked in 70% EtOH for 15 min, washed twice with phosphate-
buffered saline (PBS), and coated with rat tail collagen I (30 pg/ml)
in PBS for 1 hour at room temperature (RT). Collagen-coated scaf-
folds were air-dried and then punched into the 3XGLB platforms
for interaction experiments. On the basis of our previous work (8),
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hepatocytes and Kupffer cells were thawed in Cryopreserved
Hepatocyte Recovery Medium 5 days before interaction experi-
ments (Thermo Fisher Scientific, catalog no. CM7000), centrifuged
at 100g for 8 min, and seeded in a 10:1 ratio on to the scaffold,
6 x 10°:6 x 10* cells per well, in hepatocyte seeding medium (Thermo
Fisher Scientific, catalog no. A1217601) with 5 mM glucose,
5% FBS, 100 nM hydrocortisone, and an in-house supplement
cocktail equivalent to Gibco Cocktail A (Thermo Fisher Scientific,
catalog no. CM3000; but with only 200 to 800 pM insulin) and cul-
tured under flow at 37°C. After 1 day, the medium was changed to
hepatocyte maintenance medium [William’s E medium with 5 mM
glucose, 100 nM hydrocortisone, and an in-house supplement
cocktail equivalent to Gibco Cocktail B (Thermo Fisher Scientific,
catalog no. CM4000) but with only 200 to 800 pM insulin] and
changed at day 3. At day 5 after seeding, the medium was changed
to CM + 25UT IL-2, and the interaction studies with the gut and
cerebral MPSs had begun. The CM was also added to the control
LiverChip. To evaluate the physiological status of the liver, sam-
ples from all compartments but the apical gut MPS (i.e., liver,
directly above the scaffold; basal gut MPS; and mixer) were taken
at every medium change (every 48 hours) and assayed for albumin
via enzyme-linked immunosorbent assay (Bethyl Laboratories,
catalog no. E80-129).

Cerebral MPSs

The cerebral MPSs were established as cocultures of neurons, astro-
cytes, and microglia seeded on 24-well Transwells. All three cell
types are differentiated from the same donor cell lines. Cells of the
PD cerebral MPS (PD cerebral MPS) are differentiated from hiPSCs
stemming from fibroblasts of a patient with early onset of PD due to
an A53T point mutation in exon 3 of the aSyn gene (76). To control
for the mutation, we have used hiPSCs from the same donor but
with the corrected mutation for our control cerebral MPS (PD-C
cerebral MPS). hiPSCs carrying the aSyn mutation were repro-
grammed using doxycycline-inducible and Cre-recombinase-excisable
lentiviral vectors. Both progenitor cell lines and methodology were
published and extensively described previously (5). The three cell
types in coculture were allowed to attach and form a 3D network of
protrusions on the microporous membranes over the course of at
least 24 hours before being moved onto the 3XGLB platform for
interaction studies.

Differentiation of neurons/astrocytes

Both hiPSC carrying the A53T point mutation (PD phenotype) and
hiPSC with the corrected A53T mutation (corrected phenotype)
were first differentiated into neural progenitor cells (NPCs). Cells
were treated with collagenase for 30 min and collected into 15-ml
Falcon tubes containing hES media. Following two washes with hES
media and one wash with PBS ™", cells were treated with Accutase
for 10 min and broken into single cells. The cell suspension was
filtered through a 40-ul filter with Hanks’ balanced salt solution
(HBSS)/bovine serum albumin (BSA) 0.1% into a 50-ml Falcon tube.
A total of 5 x 10° cells per well were plated on a six-well plate with
neuroglial differentiation (NGD) media (see Table 1) that contained
2.5 uM dorsomorphin, fibroblast growth factor (FGF; 10 ng/ml),
insulin (1:500), and RI (1:1000). Medium was changed daily for 11
to 14 days. Three days after rosette formation, cells were passaged
in a 1:1 ratio. For final differentiation, 2 x 10° NPCs per well were
seeded on a six-well plate in NGD media. Cells were differentiated
for 4 weeks with media changes every 3 days.
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Table 1. NGD media formulation.

Reagent Volume
Gem21 without vitamin A 5ml
Neuroplex N2 2.5ml
Albumax | 19
NaCl5M 5ml
Sodium pyruvate 100x 5ml
Pen/Strep 5ml
Glutamax 5ml
Biotin (5 mg/mlin 1 M NaOH) 0.35 pl
Ascorbic (100 mM stock) 50 ul
Lactic syrup (60%) 100 pl
Neurobasal media 500 ml

Differentiation of microglia

Microglia were differentiated from iPSCs using a previously pub-
lished protocol (77). Briefly, hiPSCs were adapted to feeder-free con-
ditions on Matrigel (Thermo Fisher Scientific CB40234) in mTesr
media (StemCell Technologies 85850). Once stably adapted, iPSC
colonies were plated at low density on low-growth factor Matrigel
(Thermo Fisher Scientific CB40230) in T75 flasks in mTesr media.
Once colonies reached 1 mm in diameter, flasks underwent the fol-
lowing media changes outlined in step 1 through step 4: (step 1)
mTesr media containing BMP4 (80 ng/ml; PeproTech 120-05ET) for
4 days; (step 2) Stempro media (Life Technologies 10639011) with
FGF (25 ng/ml; Life Technologies PHG0263), SCF (100 ng/ml;
PeproTech 300-07), and vascular EGF (80 ng/ml; PeproTech 100-20),
for 2 days; (step 3) Stempro media with IL-3 (50 ng/ml; PeproTech
200-03), Flt3 (50 ng/ml; PeproTech 300-19), M-CSF (50 ng/ml;
PeproTech AF-300-25), TPO (5 ng/ml; PeproTech 300-18-500u), and
SCEF (50 ng/ml) for 8 days; and (step 4) Stempro media with M-CSF
(50 ng/ml), Flt-3 (50 ng/ml), and GM-CSF (25 ng/ml; PeproTech
300-03). Myeloid precursor cells started to be released into suspen-
sion several days after beginning step 4. Following 4 to 7 days in
step 4, myeloid precursors were collected and plated for microglial
differentiation. Myeloid precursors were plated on six-well Primaria
plates (VWR 62406-455) at 1 x 10° per well in the following media:
Neurobasal (Life Technologies 21103049) supplemented with 1%
Gem?21 B27 (Gemini BioProducts 400161), Neuroplex 0.5% N2
(Gemini BioProducts 400163), 0.2% Albumax I (Life Technologies
11020021), 50 mM NaCl (Sigma-Aldrich), 1x Pyruvate (Life Tech-
nologies 11360070), 1x Pen/Strep (Life Technologies), and 1x Glutamax
(Life Technologies 35050061), supplemented with cytokines TGF-p1
(25 ng/ml; PeproTech 100-21-500 pg), M-CSF (12.5 ng/ml), and
IL-034 (100 ng/ml; PeproTech 200-34). Cells were differentiated
into microglia for 2 weeks. To generate Transwells, microglia were
collected using a 10-min incubation in 2 mM EDTA (Life Technol-
ogies AM9260G) and combined with isolated neurons at a ratio of 1
microglial cell to 10 neurons.

PD and PD-corrected cerebral MPSs

After differentiation neurons, astrocytes and microglia were treated
with Accutase for 10 min at 37°C and collected into 15-ml Falcon
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tubes with 10-ml plastic pipettes and placed in the incubator for an
additional 10 min at 37°C. Cells were gently triturated 10x with a
5-ml glass pipette. Deoxyribonuclease I was added to a concentra-
tion of 0.05% followed by repeated gentle resuspension 10x. HBSS
with 0.1% BSA was added to the suspension and filtered through a
40-pm mesh filter with an underlying cushion of HBSS with 4%.
Cells were centrifuged at 100g for 10 min at 4°C and counted. Before
seeding the cells onto 24-well 0.4-pum pore polyester Transwell inserts,
the membranes were coated overnight with 0.1% polyethyleneimine
(PEI) at 4°C. Neurons/astrocytes were seeded at a density of 2 x 10°
per cerebral MPS with 2 x 10* microglia. During studies off-platform
and during the gut-liver-brain interaction, the gut MPS had 200 ul of
NGD media added to the apical compartment whereas the basal
compartment contained the CM.

Human circulating CD4 T,eq and T417 cells

Naive CD4 T cells were used to differentiate Trg and Ty17 cells
derived from the same Leuko Pak donor, a 44-year-old Caucasian
female (StemCell, catalog no. 70500) as the dendritic cells and macro-
phages in the gut MPS. Naive CD4 T cells were isolated with the
EasySep Human Naive CD4" T Cell Isolation Kit II (StemCell,
catalog no. 17555). Cells were differentiated to Tycgs or Ti17 cells in
RPMI 1640 medium (Gibco) supplemented with Pen/Strep, 10%
heat-inactivated FBS, 1% MEM Non-Essential Amino Acid Solution,
1 mM sodium pyruvate, 1% Glutamax, 2.5% ImmunoCult Human
CD3/CD28 T cell activator (StemCell, catalog no. 10971), and human
TGF-B (5 ng/ml; R&D Systems, catalog no. 240-B/CF). In addition,
Tregs received IL-2 (100 IU/ml; R&D Systems, catalog no. 202-IL)
and 10 nM retinoic acid (Sigma-Aldrich, catalog no. R2625-50MG),
while for Ty17 cell differentiation, 10 ng/ml each of human IL-6
and IL-1B (R&D Systems, catalog no. 206-1L, 201-LB) were added.
After 7 days of differentiation at 37°C, cells were harvested into CM
and distributed in a physiological 2:1 ratio of Treg/T17 cells among
the compartments on the 3XGLB platform (total of 2.4 x 10° Tregs
and 1.2 x 10° Tyy17 cells per interaction lane) (8). Tyeg/ Tg17 ratio in
human peripheral blood varies from 0.2 to 1 in healthy individuals
and total Treg numbers vary from 7 x 10* to 5 x 10° per milliliter.
While T cells were prevented to come into direct contact with the
epithelium and neurons/astrocyte/microglia grown on microporous
membranes, their contact was enabled with antigen-presenting cells
of the gut MPS and the liver MPS.

Immunofluorescence confocal imaging

Gut MPS

Epithelial monolayers on the apical side of Transwell membranes and
macrophages/dendritic cells on the basolateral side were washed
with fluorescence-activated cell sorting (FACS) buffer (PBS with
2% FBS) and stained with primary mouse anti-human CD14 (BD
Pharmingen, catalog no. 347490) according to previously established
protocols (8). Following a wash with FACS buffer, cells were fixed and
permeabilized with a Fixation/Permeabilization kit (BD Biosciences,
catalog no. 554714) and concurrently stained with an Alexa Fluor 488
secondary goat anti-mouse antibody (BioLegend, catalog no. 405319),
NucBlue (Invitrogen, catalog no. 12303553), and ActinRed (Invitrogen,
catalog no. 15119325). The membranes were mounted on glass slides
with Prolong Diamond Antifade (Invitrogen, catalog no. 15205739)
and cured for 24 hours. Images were acquired with the Zeiss LSM
880 confocal microscope at a 63x magnification and curated with
the Zeiss ZEN software.

Trapecar et al., Sci. Adv. 2021; 7 : eabd1707 29 January 2021

Cerebral MPS

Transwells, containing neurons, astrocytes, and microglia, were fixed
in 4% paraformaldehyde (PFA) (Electron Microscopy Science cata-
log no. 15710) in PBS for 30 min at RT followed by washing with
PBS 1x and permeabilization with 0.3% Triton (Sigma-Aldrich, catalog
no. T8787-100ML) in PBS. Cells were blocked with 3% BSA (Sigma-
Aldrich, catalog no. A7030-100G) in PBS for 30 min at RT. Primary
antibodies used were goat anti-Ibal (Abcam, catalog no. AB5076;
1:500), mouse anti-Tujl (BioLegend, catalog no. 801201; 1:1000),
and rabbit anti-S100B (Agilent, catalog no. Z031129-2; 1:1000). Pri-
mary antibodies were diluted in 3% BSA + 0.1% Triton in PBS and
incubated at 4°C overnight. Next day, cells were washed 3x with PBS
and stained with secondary antibodies Alexa 488, 568, and 647 (Life
Technologies; 1:500). Secondary antibodies were added for 2 hours
at RT followed by 2x washing with PBS. Transwell membranes with
the stained cells were mounted onto glass slides (VWR catalog no.
488311-703) with mounting buffer (Electron Microscopy Science catalog
no. 17984-25). Images were acquired with the Zeiss LSM 710 confocal
microscope at a 20x magnification, curated with the Zeiss ZEN soft-
ware, and processed with Imaris 9.2.0 (Bitplane, Zurich, Switzerland).

Physiomimetic platform 3XGLB

Fabrication and assembly

We developed the underlying technology of the 3XGLB in-house as
described previously (52). The 3XGLB iteration of the system was
designed in CAD and commercially machined. The pneumatic plates
were machined in acrylic and solvent bonded to form two-layer
manifolds, while the fluidic plates were machined from monolithic
polysulfone. We treated the pneumatic plates with vapor polishing
and fluidic plates were cryo-deburred to remove sharp burrs. Fifty-
micrometer-thick polyurethane membranes are supplied by American
Polyfilm Inc. and mounted onto grip rings (Ultron Systems UGR-12)
to provide uniform tension. The membranes were laser-cut to re-
move material around screw holes. After cutting, they were rinsed
in 10% 7x solution followed by deionized (DI) water and then ster-
ilized using ethylene oxide gas. All hardware components are reusable,
except for the polyurethane membranes. Flow of media between com-
partments on the platform is achieved by pumping driven from outside
the incubator by a microcontroller and a pneumatic solenoid manifold
controlling the tubing, which is run through the back of the incubator
to intermediary connectors. The system allows for safe circulation
of CD4 T cells within and between compartments at high velocities
and preserved T cell viability (fig. S1B). Inside the incubator, tubing
is attached to the platform through valved breakaway couplings,
allowing removal from the incubator for media changes and sam-
pling. Flow rates and calibration factors can be adjusted through a
graphical user interface and are sent to a customized microcontroller
(National Instruments myRIO-1900) over USB or WiFi.
Operation

Sterile platforms were assembled 4 days before experimentation in
alaminar flow hood. They were primed with PBS containing 1% BSA
(Sigma-Aldrich, catalog no. A9576) and Pen/Strep. Pump function
and tubing connections were visually confirmed by pumping from
the mixer (cerebral MPS compartment) to each dry compartment
and then by running the recirculation pumps backward to clear all
air from the channels. We ran the platforms overnight in the incu-
bator to passivate and confirm full operation before the addition of
the gut, liver, and cerebral MPS as well as the circulating Treg/T17
cells (8). On the day of the experiment, priming media were replaced
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with serum-free CM (see the “Common media” section) with the
volume of each compartment being as follows: gut MPS, 2 ml (apical
0.5 ml, basal 1.5 ml); liver MPS, 1.6 ml; and the cerebral MPS com-
partment, 3.1 ml (apical 0.8 ml, basal 2.3 ml) for a total recirculation
volume of 5.4 ml and total system volume of 6.7 ml. The layout of
the platform and flow parameters are indicated in fig. S1, but in
brief, media from the basal gut compartment were distributed to the
liver and, from there, to the cerebral MPS compartment. The cerebral
MPS compartment serves as a mixer that re-distributes media back
to the gut (75%) and liver (25%). Interaction studies were performed
over 4 days with complete media changes every 48 hours. Circulating
Treg/ Trl7 cells that were collected with the media during the 48-hour
media change were returned to each original platform equally dis-
tributed among the three compartments. During the media change
and at the end of the interaction studies on day 4, CM was collected
from the apical and basal gut compartment, from the liver compart-
ment above the scaffold, and from the apical and basal compartment
of the cerebral MPS. Media samples were collected in low-binding
tubes, supernatants were spun down at 10,000g for 5 min to remove
cell debris, BSA was added to a final concentration of 0.5% (except
the samples reserved for metabolomic analysis), and the samples were
transferred to a —80°C freezer. Cytokine/chemokine and albumin
measurements during interaction studies were performed on the
media collected from the basal cerebral MPS/mixer compartment
that distributes the media between the gut and liver MPSs. Each
condition was performed in three biological replicates.

Multiplex cytokine/chemokine assays and analysis

We measured the cytokine/chemokine concentrations using the follow-
ing multiplex assays from Millipore Sigma: MILLIPLEX MAP Human
Neuroscience Magnetic Bead Panel 1 (catalog no. HNSIMAG-95k),
MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead
Panel—Premixed 41 Plex (catalog no. HCYTMAG-60K-PX41),
MILLIPLEX MAP TGFB Magnetic Bead 3 Plex Kit (catalog no.
TGFBMAG-64K-03), and a custom MILLIPLEX MAP Human Ty17
Panel (catalog no. HTH17MAG-14K-10). The protein standards
were reconstituted in CM, and we serially diluted the protein stock
to generate an eight-point standard curve. Samples were analyzed
with the Bio-Plex 3D Suspension Array System (Bio-Rad Laboratories
Inc.). Data were collected using the xPONENT for FLEXMAP 3D
software, version 4.2 (Luminex Corporation, Austin, TX, USA). Con-
centration of each analyte was determined from a standard curve,
which was generated by fitting a five-parameter logistic regression
of mean fluorescence on known concentrations of each analyte
(Bio-Plex Manager software). To concurrently evaluate all cytokine/
chemokine concentration values and identify multi-analyte profiles,
samples were assessed using PCA, an unsupervised dimensionality
reduction technique. PCA was implemented using MATLAB
(version 2018b, MathWorks). To evaluate the effect of SCFA treat-
ment, samples were collapsed into log, fold-change values. Specifi-
cally, fold-change ratios were calculated using the mean of samples
treated with SCFA from a given disease background, T cell experi-
mental setup, and media compartment and the mean of samples
without SCFA treatment from the same experimental setup. The
statistical significance of log, fold-change values was determined
from a two-sample ¢ test using all biological replicates for each of the
two groups in the comparison. Values were corrected for multiple
hypothesis testing using the Benjamini-Hochberg method. Values
were calculated using MATLAB and visualized using Prism
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(Version-8.3.0, GraphPad Software). Hierarchical complete clustering,
heatmaps, and PCA of cytokine concentrations were performed
using ClustVis, an online platform integrating several R packages
for analysis. Cytokine data were normalized by mean-centering
and variance scaling before clustering and PCA. Actual cytokine/
chemokine and neuronal marker concentrations were plotted in
Prism 8.0 (GraphPad Software). Paired ¢ test was used to calculate
statistical significance.

Metabolomics

Broad discovery metabolomic analysis and bioinformatic data pro-
cessing were performed by Metabolon (Metabolon Inc., Durham,
NC, USA). Samples from the cerebral MPSs in isolation were sub-
ject to metabolite extractions and analysis by reversed-phase ultra-
performance liquid chromatography-tandem mass spectrometry
(RP/UPLC-MS/MS) (ESI+) (—ESI) with details of the methods pub-
lished previously (78). Following receipt, samples were inventoried
and immediately stored at —80°C. Each sample received was acces-
sioned into the Metabolon Laboratory Information Management
System (LIMS) and assigned by the LIMS, a unique identifier that
was associated with the original source identifier only. This identifier
was used to track all sample handling, tasks, results, etc. The samples
(and all derived aliquots) were tracked by the LIMS. All portions of
any sample were automatically assigned their own unique identifiers
by the LIMS when a new task was created; the relationship of these
samples was also tracked. All samples were maintained at —80°C
until processing.

Global metabolomic discovery

We have performed the global metabolomic discovery on control
CM and media collected from the apical and basal compartment of
cerebral MPSs in isolation. As per previously established protocols
(8), samples were prepared using the automated MicroLab STAR
system from Hamilton Company. Several recovery standards were
added before the first step in the extraction process for quality control
(QC) purposes. To remove protein, small molecules bound to pro-
tein or trapped in the precipitated protein matrix were dissociated,
and to recover chemically diverse metabolites, proteins were pre-
cipitated with methanol under vigorous shaking for 2 min (Glen Mills
GenoGrinder 2000) followed by centrifugation. The resulting ex-
tract was divided into five fractions: two for analysis by two separate
RP/UPLC-MS/MS methods with positive-ion mode electrospray
ionization (ESI), one for analysis by RP/UPLC-MS/MS with nega-
tive-ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with
negative-ion mode ESI, and one sample was reserved for backup.
Samples were placed briefly on a TurboVap (Zymark) to remove
the organic solvent. The sample extracts were stored overnight un-
der nitrogen before preparation for analysis.

Several types of controls were analyzed in concert with the ex-
perimental samples: A pooled matrix sample generated by taking a
small volume of each experimental sample (or, alternatively, use of
a pool of well-characterized human plasma) served as a technical
replicate throughout the dataset; extracted water samples served as
process blanks; and a cocktail of QC standards that were carefully
chosen not to interfere with the measurement of endogenous com-
pounds were spiked into every analyzed sample, allowing instrument
performance monitoring and aiding chromatographic alignment.
Instrument variability was determined by calculating the median
relative standard deviation (RSD) for the standards that were added to
each sample before injection into the mass spectrometers. Overall
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process variability was determined by calculating the median RSD
for all endogenous metabolites (i.e., noninstrument standards) present
in 100% of the pooled matrix samples. Experimental samples were
randomized across the platform run with QC samples spaced evenly
among the injections.

All methods used a Waters ACQUITY UPLC and a Thermo Fisher
Scientific Q-Exactive high resolution/accurate mass spectrometer
interfaced with a heated ESI (HESI-II) source and Orbitrap mass
analyzer operated at 35,000 mass resolution. The sample extract was
dried and then reconstituted in solvents compatible with each of the
four methods. Each reconstitution solvent contained a series of stan-
dards at fixed concentrations to ensure injection and chromatographic
consistency. One aliquot was analyzed using acidic positive-ion con-
ditions, chromatographically optimized for more hydrophilic com-
pounds. In this method, the extract was gradient eluted from a C18
column (Waters UPLC BEH C18; 2.1 x 100 mm, 1.7 um) using water
and methanol, containing 0.05% perfluoropentanoic acid (PFPA)
and 0.1% formic acid (FA). Another aliquot was also analyzed using
acidic positive-ion conditions; however, it was chromatographically
optimized for more hydrophobic compounds. In this method, the
extract was gradient eluted from the same aforementioned C18 col-
umn using methanol, acetonitrile, water, 0.05% PFPA, and 0.01% FA
and was operated at an overall higher organic content. Another
aliquot was analyzed using basic negative ion-optimized conditions
using a separate dedicated C18 column. The basic extracts were
gradient-eluted from the column using methanol and water, but
with 6.5 mM ammonium bicarbonate at pH 8. The fourth aliquot
was analyzed via negative ionization following elution from a HILIC
column (Waters UPLC BEH Amide; 2.1 x 150 mm, 1.7 pm) using a
gradient consisting of water and acetonitrile with 10 mM ammonium
formate (pH 10.8). The MS analysis alternated between MS and data-
dependent MSn scans using dynamic exclusion. The scan range
varied slightly between methods but covered 70 to 1000 mass/charge
ratio (m/z). Raw data files are archived.

Bioinformatic analysis of identified targets

The Metabolon informatics system consisted of four major compo-
nents, the LIMS, the data extraction and peak-identification software,
data processing tools for QC and compound identification, and a
collection of information interpretation and visualization tools for
use by data analysts. The hardware and software foundations for
these informatics components were the LAN backbone and a data-
base server running Oracle 10.2.0.1 Enterprise Edition (8).

Raw data were extracted, peak-identified, and QC-processed us-
ing Metabolon’s hardware and software. These systems are built on
a web-service platform using Microsoft’s .NET technologies, which
run on high-performance application servers and fiber-channel
storage arrays in clusters to provide active failover and load-balancing.
Compounds were identified by comparison to library entries of puri-
fied standards or recurrent unknown entities. Metabolon maintains
a library based on authenticated standards that contains the reten-
tion time/index (RI), m/z, and chromatographic data (including MS/
MS spectral data) on all molecules present in the library. Further-
more, biochemical identifications are based on three criteria: retention
index within a narrow RI window of the proposed identification,
accurate mass match to the library +10 ppm, and the MS/MS for-
ward and reverse scores between the experimental data and authentic
standards. The MS/MS scores are based on a comparison of the ions
present in the experimental spectrum to the ions present in the
library spectrum. While there may be similarities between these
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molecules based on one of these factors, the use of all three data
points can be used to distinguish and differentiate biochemicals.
More than 3300 commercially available purified standard com-
pounds have been acquired and registered into LIMS for analysis on
all platforms for determination of their analytical characteristics.
Additional mass spectral entries have been created for structurally
unnamed biochemicals that have been identified by virtue of their
recurrent nature (both chromatographic and mass spectral). These
compounds have the potential to be identified by future acquisition
of a matching purified standard or by classical structural analysis.

Peaks were quantified using area under the curve. For samples
analyzed on different days, a data normalization step was performed
to correct variation resulting from instrument inter-day tuning dif-
ferences. Essentially, each compound was corrected in run-day blocks
by registering the medians to equal one (1.00) and normalizing each
data point proportionately (termed the “block correction”). For
studies that did not require more than 1 day of analysis, no normal-
ization is necessary, other than for purposes of data visualization. In
certain instances, biochemical data may have been normalized to an
additional factor (e.g., cell counts, total protein as determined by
Bradford assay, osmolality, etc.) to account for differences in metab-
olite levels due to differences in the amount of material present in
each sample. Two types of statistical analysis are usually performed:
(i) significance tests and (ii) classification analysis. Standard statis-
tical analyses are performed in ArrayStudio on log-transformed data.
For those analyses not standard in ArrayStudio, the programs R
(http://cran.r-project.org/) or JMP were used. Pathway enrichment
analysis and visualization were performed with Metabolons propri-
etary Pathway Explorer tool.

RNA-seq

Library preparation, sequencing, and analysis were performed by the
BioMicro Center at MIT.

RNA extraction, cDNA library preparation, and
next-generation sequencing

Neurons, astrocytes, and microglia from the cerebral MPSs were
jointly collected, and mRNA was extracted using the PureLink RNA
mini kit (Thermo Fisher Scientific, catalog no. 12183018A). Total
RNA was analyzed and quantified using the Fragment Analyzer
(Advanced Analytical). RNA sequencing (RNA-seq) libraries were
prepared using a volume reduced version of the New England Biolabs
ribosomal reduction chemistry and RNA-seq library construction
kit (Mildrum et al., in preparation). In brief, RNA quality and quantity
were confirmed using an Agilent Fragment Analyzer and ribosomal
RNA (rRNA) was depleted from 50 ng of total RNA using the
NEBNext Ribodepletion kit (New England Biolabs) at a 1:6 ratio
from the standard protocol using a Mosquito HV automated liquid
handler (TTP Labtech). The resulting depleted RNA is then frag-
mented and converted to cDNA, and indexed Illumina libraries are
constructed using the NEBNext Ultra II Directional RNA Library
Construction Kit (New England Biolabs) at a 1:10 ratio from the
standard protocol using the Mosquito HV. Final libraries are quan-
tified using SYBRgreen on a Varioskan plate reader and spot-checked
using the Agilent Fragment Analyzer. Samples were pooled and
quantified by quantitative polymerase chain reaction before Illumina
sequencing on a HiSeq2000 using 40-nt single-end reads.

RNA-seq data analysis

Quality control: Reads were aligned against the hg19 (Feb 2009)
human genome assembly using bwa mem v. 0.7.12-r1039

18 of 22


http://cran.r-project.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

[http://bio-bwa.sourceforge.net/] with flags -t 16 —f and map-
ping rates, fraction of multiply-mapping reads, number of unique
20-mers at the 5 end of the reads, and insert size distributions;
fraction of rRNAs were calculated using bedtools v. 2.25.0. In addi-
tion, each resulting bam file was randomly down-sampled to a
million reads, which were aligned against hg19, and read density
across genomic features was estimated for RNA-seq-specific quali-
ty control metrics. RNA-seq mapping and quantitation: Reads
were aligned against GRCh38/ENSEMBL 89 annotation using
STAR v. 2.5.3a with the following flags: -runThreadN 8 --runMode
alignReads --outFilterType BySJout --outFilterMultimapNmax
20 --alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --outFilter-
MismatchNmax 999 --alignIntronMin 10 --alignIntronMax
1000000 --alignMatesGapMax 1000000 --outSAMtype BAM Sorted-
ByCoordinate --quantMode TranscriptomeSAM with --genomeDir
pointing to a 75-nt junction GRCh38 STAR suffix array. Gene
expression was quantitated using RSEM v. 1.3.0 with the following
flags for all libraries: rsem-calculate-expression --calc-pme --align-
ments -p 8 --forward-prob 0 against an annotation matching the
STAR SA reference. Posterior mean estimates (pme) of counts and
estimated RPKM were retrieved.

DGE analysis

To identify significantly altered genes in isolation versus interaction
conditions, differential gene analysis of count data was performed
using DESeq2 (Version 1.12.3) in R as described previously (8).
Dataset parameters were estimated using the estimateSizeFactors()
and estimateDispersions() functions; read counts across condi-
tions were modeled on the basis of a negative binomial distribu-
tion and a Wald test was used to test for differential expression
[nbinomWaldtest(), all packaged into the DESeq() function],
using the treatment type as a contrast. Fold changes, P values, and
Benjamin-Hochberg-adjusted P values (BH) were reported for each
protein-coding gene. Regularized fold changes were calculated using
the lfcShrink() function.

GSEA, pathway enrichment, gene ontology analysis,
andvisualization

Differential expression results from DESeq2 were retrieved, and the
“stat” column was used to prerank genes for gene set enrichment
analysis (GSEA) analysis. Briefly, the stat values reflect the Wald’s
test performed on read counts as modeled by DESeq2 using the
negative binomial distribution. Genes that were not expressed were
excluded from the analysis. GSEA (version 2.2.3) was performed
to identify differentially regulated gene sets in isolation versus
interaction, as described previously (79). To stabilize variance,
the normalized count data were processed using a regularized
logarithm transformation in DESeq2. The signal-to-noise metric
was used to generate the ranked list of genes. The empirical P values
for each enrichment score were calculated relative to the null distri-
bution of enrichment scores, which was computed via 1000 gene set
permutations. Gene sets with nominal P < 0.05 and q value < 0.05
were considered significant. Volcano plots of differentially ex-
pressed genes were made with plot.ly (Plotly). Positive or negative
fold changes of DGEs were analyzed separately for enrichments.
Pathway analysis and gene ontology term analysis based on various
databases were performed using the following tools: OmicsNet,
Enrichr, g:Profiler, and ClueGO in Cytoscape. ClueGO was also
used for visualization of significantly enriched WikiPathways
networks where size and color intensity of nods correspond to
significance of enrichments.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabd1707/DC1

View/request a protocol for this paper from Bio-protocol.
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