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Metabolic and inflammatory disorders such as autoimmune and neurodegen-

erative diseases are increasing at alarming rates. Many of these are not

tissue-specific occurrences but complex, systemic pathologies of unknown ori-

gin for which no cure exists. Such complexity obscures causal relationships

among factors regulating disease progression. Emerging technologies mimick-

ing human physiology, such as microphysiological systems (MPSs), offer new

possibilities to provide clarity in systemic metabolic and inflammatory dis-

eases. Controlled interaction of multiple MPSs and the scalability of biologi-

cal complexity in MPSs, supported by continuous multiomic monitoring,

might hold the key to identifying novel relationships between interorgan

crosstalk, metabolism, and immunity. In this perspective, I aim to discuss the

current state of modeling multiorgan physiology and evaluate current oppor-

tunities and challenges.

Keywords: complex diseases; human physiology; in vitro model; interorgan

communication; microphysiological systems; multiorgan crosstalk; organ-
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Some of the most significant biomedical urgencies of

our time come in the form of metabolic, autoimmune,

and neurodegenerative disorders. While these broad

categories of complex diseases encompass a wide range

of pathologies, many of them are influenced by a com-

bination of genetic traits, environmental factors, and

lifestyle choices. Even though their clinical manifesta-

tion can often be associated predominantly with one

particular region of the body, they involve the interac-

tion of an intricate network of different cell types, tis-

sues, organ systems, and a disruption thereof [1].

These interactions are mediated in a multimodal fash-

ion via cell-mediated and cell-extrinsic signaling to

maintain systemic homeostasis and to address harmful

processes. It is thus not surprising that organ systems

that are deeply connected in maintaining organismal

homeostasis share the burden of systemic illness.

An illustrious example can be found in the gut–
liver–brain axis, where the three-organ systems and the

environment, in the form of the microbiome, are inti-

mately interconnected [2]. This connection is estab-

lished via the enteric nervous system, lymphoid system,

systemic circulation of nutrients, metabolites, and

humoral factors, and migration of a wide variety of

cells [3]. Increasing evidence suggests a connection

between the three-organ systems and several diseases

even though, in the clinic, these are often considered

unrelated and organ-specific. For example, patients

who suffer from inflammatory bowel disease (IBD) are

more likely to develop certain inflammatory diseases

Abbreviations

IBD, inflammatory bowel disease; iPSC, induced pluripotent stem cell; MOMPS, multiorgan microphysiological system; MPS, microphysio-

logical system.
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of the liver and vice versa [4,5]. Moreover, animal

models of metabolic-associated fatty liver disease show

an increased risk of neuroinflammatory degeneration

[6], while patients with dementia, Alzheimer’s, and

Parkinson’s disease often first report gastrointestinal

issues before any neurological symptoms have been

identified [7-9]. While much progress has been made in

the phenotypic description of such complex and over-

lapping diseases, their fundamental origin and cure

remain a mystery.

Several reasons can be listed as to why a cure to

these diseases remains elusive, such as incomplete

understanding of the basic biology of interorgan cross-

talk or lack of models relevant to human physiology.

However, a particular contributing factor often

remains unacknowledged—the basic challenge to

derive causality in complex systems. Both the over-

bearing complexity and the many compensatory physi-

ological mechanisms represent a significant hurdle in

our understanding of clear causal relationships. As

much as we have learned from genetically manipulated

animals, we often find that the lack of a missing cell

type or gene is compensated for by other cells or

mechanisms, thus masking their true function and

leading to misinterpretation.

The most widely used models in preclinical medical

research can broadly be categorized as top-down or

bottom-up approaches. A knockout mouse model can

be considered a top-down approach, where an element

from an otherwise complex system is removed, such as

a particular cell population, in order to derive its bio-

logical role or contribution to a particular disease. On

the other hand, cell cultures and cell-based models can

be viewed as a bottom-up approach where from a

position of relative simplicity, casual relationships can

be inferred from the addition of new components.

In both cases, the argument can be made that alter-

ing the natural state of the object in question, either in

the form of a mouse that lacks a certain cell type or a

cell culture that lacks all the otherwise present cues it

receives from its neighboring tissues, leads to an

unrepresentative system to begin with.

There is a limit to how many parameters can be

excluded in a top-down approach (e.g., a mouse can-

not function without a brain) and how many elements

can currently be added to a bottom-up approach (e.g.,

we cannot upgrade a cell culture into a fully functional

human). Hence, a need exists for models that support

a greater degree of scalability regarding biological

complexity. A scalable model system could bridge the

knowledge gained from existing approaches and allow

us to probe mechanistic relationships among its

components.

One such technology is multiorgan microphysiologi-

cal systems (MOMPS). Microphysiological systems are

in vitro models that aim to replicate specific biological

features of a tissue or organ of interest in a reduction-

ist manner. These are often constructed on specialized

substrates, in optimized media and under perfusion,

that provide a more native environment for each tissue

type [10]. Several detailed reviews have been published

highlighting the technical and engineering advance-

ments of MPSs, as well as the current state of the field

and the various applications of MPS technology [11-

19]. Thus, this current perspective aims to contextual-

ize MOMPS through the narrow prism of investigating

interorgan crosstalk within complex pathologies such

as liver, cardiac, renal diseases, and metabolic disor-

ders such as diabetes, metabolic syndrome, and others

[20-22], while providing examples of interesting use

cases that highlight their utility.

Multiorgan microphysiological
systems

In the past decade, a tremendous leap forward has

been achieved in creating tools that better mimic

human biology. This is possible due to a shared inter-

est in these technologies from the academic, industrial,

and regulatory side, where close collaboration between

these stakeholders is fueling continued technological

improvements as well as commercial growth [13].

While initially, a significant focus has been in develop-

ing MPSs for safety, efficacy, and toxicity studies, over

the years, they also became important tools for funda-

mental biomedical research and personalized medicine

[12]. Individual MPSs can be fluidically coupled to

form a connected system of multiple linked devices.

These can also be part of a standalone multiorgan

MPS platform designed specifically for multiorgan

interaction studies. Even though this technology can

be discussed in broad terms, most devices are devel-

oped within a particular context use case in mind and

specific for a particular task in a fit-for-purpose fash-

ion (Fig. 1). Thus, the scientific question and the biol-

ogy to be mimicked will guide the complexity and

number of MPSs in a multiorgan setup and the overall

design of the approach. For example, MOMPS can be

constructed to support cell migration between com-

partments, support the integration of specialized scaf-

folds to provide an extracellular space reminiscent of

the native tissue environment, or include physical cues

such as electrical stimulation and increased fluid shear.

MOMPS come in different sizes, materials, and shapes,

where often one attribute comes at the expense of

another one. For example, larger devices with greater
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volumes and cell numbers tend to give less access to

traditional imaging technologies. In comparison, smal-

ler microfluidic devices often do not support an open-

well design with easy access to embedded tissue. Open-

well devices facile easy tissue and media retrieval,

whereas sealed devices enable more complex flow pat-

terns with higher fluidic and environmental control

[23].

In theory, any cell or tissue that can be cultured

ex vivo can also be integrated on a MOMPS. How-

ever, this requires to consider their physiological ratios

and proportional scaling in terms of cell mass, cell-to-

media volumes, and physiological media distribution

[10,19,24].

Common or shared media, which is circulated

between the different MPSs, can be distributed in

multiple arrangements as a single pass-through, contin-

uous circulation with scheduled media changes at dif-

ferent ratios and intervals, or remain static altogether.

A significant effort in the field has been directed

toward the development of a universal medium, which

could be suitable to support a majority of the different

cell types included in a MOMPS. Progress has been

made, but the specific needs of individual cell types

make it difficult to devise a universal media formula-

tion. Breakthroughs in developmental and cell biology

allow us to replace cancer-derived cell lines, as models

of healthy human biology, with more representative

tissues such as primary isolated cells which can be

maintained for longer periods than previously possible.

This is exemplified by organoids and cells grown in

specialized environments [25] or induced pluripotent

Fig. 1. Microphysiological systems and their integral components. MSPs come in a variety of setups such as individual, single tissue

devices, or multiple connected MPSs and integrated multiorgan platforms. Depending on the device design, a number of cell and tissue

types can be integrated. Individual compartments can be adjusted to increase resemblance to the in vivo environment with the use of

biomaterials and membranes. Cell culture media in these devices can either be static, moved passively or actively. Active circulation can be

directed as a continuous and even flow or customized to different distributions across individual compartments and adjusted media flow

rates. Moreover, physiological relevance can be increased with the integration of physiological cues such as shear stress, pH, and signaling

factors.
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stem (iPS) cells that can be utilized as originators

of many different cell types derived from the same

donor [26].

However, while commonly used cell lines were easily

cultured in relatively simple cell culture media, newer

approaches require more specialized, tissue-specific fac-

tors to be included. This can become problematic in

cases where factors needed for one cell type antagonize

the function of a different cell population. A great

example are factors commonly used to maintain a

healthy stem cell pool of intestinal epithelial cells,

namely Wnt, R-spondin, and Noggin [27]. In their

basic function, they alter TGF-beta and NOTCH sig-

naling, which can antagonize the behavior of immune

effector as well as tolerance-inducing cells, such as

cytotoxic CD8+ T, CD4+ T helper, and regulatory

cells [28]. If constructing a MOMPS whose purpose is

to model immune responses at mucosal barriers, the

presence or absence of these factors in the universal

media would have to be considered. As per the exam-

ple above, Wnt and R-spondin signaling is concen-

trated at the very base of intestinal crypts, where the

interaction between the epithelial stem cell niche inter-

acts with other cells in the vicinity, regulating intestinal

renewal [29]. It is thus of great importance to develop

MOMPS, whose individual compartments can cater to

the specific needs of an individual cell population yet

in a controlled and localized fashion such as with the

use of scaffolds that allow for the controlled release of

required factors in terms of both timing and concen-

tration. In a full human body, not all possible humoral

factors are being always circulated in all locations but

rather distributed across small areas and niches in a

time-dependent manner. Ultimately, such a timed,

localized distribution under various spatio-temporal

gradients is critical for the development of higher

organisms. As advancements are made in the field of

modeling multiorgan crosstalk, we should also con-

sider natural circadian rhythms of endocrine signaling,

such as the automated and timed release of signaling

molecules of interest [30].

The cellular secretome in interorgan
crosstalk

One of the first accounts of interorgan communication

is that of Galen of Pergamon (129–216) who investi-

gated the role of the pharyngeal nerves [31]. Ever since,

interorgan communication in homeostasis and the role

of its disturbance have been of great interest to human-

kind, from the gut–brain axis [32] to the communication

between adipose tissue, the pancreas, and liver, to name

a few [33]. A disruption in the crosstalk and homeostasis

between individual organ systems has been clearly asso-

ciated with the development of metabolic, neurodegen-

erative, cardiometabolic, and immunometabolic

diseases [20,34,35,36,37].

Since the early discovery of hormones and their role

in the maintenance of our energy balance, a wide vari-

ety of extracellular messengers have been identified

that can serve as intra- and interorgan communicators.

In addition to hormones, hundreds of other molecules

have been identified that serve as modulators in cross-

organ communication, including metabolites, nutrients,

cytokines, chemokines, and, most recently, extracellu-

lar vesicles [38,39]. The release of apoptotic bodies

during apoptosis has been long known but the fact

that healthy cells shed vesicles with important signal-

ing molecules like small noncoding RNA, peptides,

and metabolites, has only become recently appreciated

[39,40]. While our understanding of extracellular vesi-

cles has improved, we still do not know whether they

are causal players or bystanders [41].

Incomplete understanding of the biology of interor-

gan crosstalk and difficulty in deriving causation

among factors responsible for homeostasis and pro-

gression of complex diseases forms the basic need for

tools that could help us better understand their intri-

cate relationships [42] (Fig. 2).

Two-way tissue interactions

Multiorgan microphysiological systems allow us to

connect a multitude of individual MPSs and thus to

derive unique means of interaction and their effect on

tissue function. As this is a new field, many insights

into the unique behaviors arising of interorgan cross-

talk are yet to be established for tissues taken out of

the complex human environment. In this regard, two-

way interaction studies, as opposed to those involving

three, and more organ systems, are leading the way.

Interorgan communication has historically been cen-

tered around metabolic health, with a focus on

responses to fasting, circadian rhythms, temperature

control, and response to physical activity [33].

The liver serves as the central organ system main-

taining metabolic and immune homeostasis while pro-

cessing endogenous as well as exogenous material.

With great interest in its role in drug toxicity and

metabolism as well as a great number of diseases, it is

a commonly incorporated MPS in the context of mul-

tiorgan interaction studies. A significant number of

devices and approaches have been described to date,

investigating its interaction with one or more tissues,

in particular the gut–liver axis. In numerous studies,

the interaction between a gut and liver MPS has been
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described to significantly alter the function of both

MPSs as compared to their behavior in isolation.

Gene expression data collected during a study incor-

porating human liver (hepatocytes and Kupffer cells)

and intestinal (enterocytes, goblet cells, and dendritic

cells) MPSs in a 2-week interaction experiment,

showed significantly altered transcription related to

hepatic bile acid release and cytochrome p upregula-

tion and intestinal FGF19 secretion during the interac-

tion. Moreover, during this interaction, significant

non-linear modulation of cytokine responses was

observed under inflammatory gut–liver interaction with

enhanced CXCR3 ligand crosstalk [10]. A comparable

approach further revealed the interaction between a

liver and gut MPS to increase pathways related to

intestinal nutrient uptake, increased hepatic

cytochrome P450 activity, and concurrent reduction in

inflammation-associated pathways [43]. Increased hep-

atic metabolism has also been identified in gut-liver

interaction studies lacking the inclusion of innate

immune cell populations and absence of active perfu-

sion [44,45] as well as in two-way studies between a

liver and kidney MPS [46]. The presence of an intesti-

nal barrier in such systems makes it possible to evalu-

ate the first-pass metabolism of gut-derived products

such as nutrients, metabolites, and oral medications.

One example is the absorption of fatty acids and their

influence on hepatic metabolism during inflammatory

conditions [43,47]. The human microbiome, composed

of trillions of individual microbial cells, is by many

considered as an organ in its own right with a signifi-

cant impact on human health and disease. From once

Fig. 2. Multiorgan microphysiological systems for the studies of interorgan crosstalk. MOMPS can be used to investigate cellular and

noncellular communication between integrated MPSs. Media and cell can be interrogated via a wider range of technologies and key

applications.
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static co-culture models [48,49], recent advances in

recreating host–microbe interactions under anaerobic

conditions allow us to study complex microbial com-

munities and their impact on the host’s health [50,51].

However, integration of mucosal MPSs containing

complex, patient-specific, microbial communities into

multiorgan interactions remains a challenging task.

Mediators of the changes observed during gut–liver
interaction studies remain to be fully elucidated. These

phenomena warrant further investigation into how 2-

way interactions of physiologically linked tissues give

rise to altered functionality and whether this insight

might inform new therapeutic strategies. Interestingly,

a human microfluidic two-organ-chip model that

incorporates human pancreatic islet microtissues and

liver spheroids was able to maintain functional

responses for up to 15 days in an insulin-free medium

[52]. Moreover, such functional coupling was able to

induce the release of insulin from the islet microtissues

in response to a glucose load and to promote glucose

uptake by the liver spheroids. The interacting system

has maintained glucose concentrations in the circula-

tion whereas glucose levels remained elevated in the

MPSs during isolation [52]. A similar homeostasis was

reported in a co-culture system of human liver tissues

and neurospheres where after 6 days, the system

achieved a stable equilibrium between glucose con-

sumption and lactate production [53].

Three and more interacting MPSs

Many multiorgan crosstalk studies focus on the recip-

rocal interactions between pairs of organs and the dis-

eases affecting them; however, the crosstalk between

two organs may involve mechanisms that go beyond

those two sites. For example, the communication

between the heart and kidneys in cardiorenal syn-

drome may involve the brain, adrenal glands, and

bone marrow [35].

Given the current technical and computational abili-

ties, two and three-way MPS studies remain the most

insightful and carry the most utility. Nonetheless, tech-

nologies and tools have been developed that allow the

simultaneous integration of up to fourteen different

tissues [24,54,55,56,57]. As we expand our understand-

ing of lower-level interactions between individual cells,

tissues, and organ systems, the more utility such

MOMPS devices will bear.

The possibility to integrate more than two MPSs

allows for an increasing combination of various tissues

and thus applications, depending on the scientific ques-

tion of interest. The most common application thus

far of MOMPS is the study of both integral systemic

metabolism and metabolism of xenobiotics as well as

mechanisms governing tissue homeostasis and renewal.

In a model connecting MPSs of the gut, liver, kid-

ney, and skin, metabolic establishment of homeostasis

was achieved within four days and remained sustain-

able over at least 28 days independent of the individ-

ual cell line or tissue donor [58]. Furthermore, in a

comparable approach where all tissues were pre-

differentiated from iPS cells from the same healthy

donor and integrated in one common medium

deprived of tissue-specific growth factors, the system

remained viable for over 14 days. Although there were

no added growth factors present in the co-culture

medium, the cells maintained defined marker expres-

sion [59].

The investigation of drug efficacy, safety, and

metabolism has been a significant driver for the devel-

opment of MOMPS. Their utility for studies of drug

safety and drug metabolism [60] was demonstrated in

a study that coupled MPS models representing the

major absorption, metabolism, and clearance organs

of the jejunum, liver, and kidney, along with skeletal

muscle and neurovascular models [61]. In this reported

model, terfenadine, trimethylamine, and vitamin D

were evaluated and shown to be consistent with clini-

cal data. The integration of a liver MPS in such stud-

ies is paramount as shown in a recent study that

integrated organoid-based MPSs of the liver, heart,

lung, endothelium, brain, and testes to study drug

responses against capecitabine and ifosfamide [62].

When exposed to these drugs with a liver MPS pre-

sent, each was metabolized into a product with down-

stream toxicity for MPSs of the heart, lung, and brain

while removal of the liver MPS from the system did

not lead to significant toxicity response in other

tissues.

Interaction between various tissues affects their indi-

vidual development in vitro. In a study where a brain

MPS was integrated with a gut and liver MPS, the

interaction led to the development of significantly

more mature neurons and astrocytes and increased

dopaminergic signaling [63]. Moreover, in a four-week

interaction between a brain MPS and nine other

MPSs, namely of the gut, endometrium, liver, lung,

heart, pancreas, skin, kidney, and muscle, the brain

MPS exhibited improved performance metrics during

interaction on the platform compared with isolation as

assessed by production of the metabolite N-acetyl

aspartate which is indicative of neuronal function [24].

Even though these studies lack a blood–brain barrier,

which tightly regulates the molecular exchange

between the brain and the rest of the body, advances

in modeling the blood–brain barrier have been made
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[64-67]. For example, a multi-MPS integrating an

endothelium, pericytes, neurons, and astrocytes has

been used to study the effect of intravascular adminis-

tration of the psychoactive drug methamphetamine

and has identified a previously unknown metabolic

coupling between the blood–brain barrier and neurons

[68].

A further advance in modeling of endocrine signal-

ing in MOMPS was achieved with a model of the

female reproductive tract, which was able to mimic the

28-day follicular and luteal phase hormone synthesis

[69]. The integrated MPSs of the ovaries, fallopian

tube, uterus, cervix, and the liver under dynamic flow

promoted ovarian steroid hormone production by fol-

licles and their maturation. Interestingly, a similar con-

clusion of interorgan crosstalk was reached in a study

that recreated the metabolic communication between

the male testis and the liver [70]. Here, steroids

released by the testis were metabolized by the liver.

Migratory cells as messengers in
interorgan communication

Most often, interorgan crosstalk is considered as non-

cellular communication, but circulating and migratory

cells also occupy an important role in orchestrating

signaling between various tissues. The importance of

the local and systemic immune environment, mediated

via tissue-resident and circulating immune cell popula-

tions, drives the urgent need to consider these when

modeling both individual tissues and multiorgan inter-

actions. Not only are these important for the adequate

representation of immune responses and immune toler-

ance, but also for the very fundamental homeostasis

and renewal of tissues [71,72]. While some of the first

MPS devices enabling cellular movement were geared

toward modeling migration of metastatic cancer, tech-

nical advances in vascularization and peristaltic pump

technologies are ushering in the era of MOMPSs

which can accommodate primary and secondary

immune tissues as well as systemic cellular migration

(Fig. 2).

Innate and adaptive immunological processes that

are of particular interest in a MOMPS setup are (a)

localized, tissue-specific responses and how these

inform the broader MOMPS system (e.g., tolerance-

inducing mechanisms in one MPS influencing systemic

inflammation and other MPSs); (b) migration of na€ıve

and effector immune cell populations into tissue and

their differentiation (e.g., monocytes replenishing the

local macrophage population); (c) antigen presentation

and effector T-cell function (e.g., CD8+ T-cell expan-

sion and clearance of pathogens in vitro); (d) humoral

antibody responses (e.g., mucosal vaccine develop-

ment); and lastly (e) applications in immune oncology

and metastatic disease (e.g., migration of metastatic

cells and immune invasion of the tumor environment).

Microphysiological system devices that incorporate

primary and secondary immune structures are in devel-

opment additionally to MOMPS integrating immune

cell populations only [18,73]. While cell migration can

be facilitated via artificial means, such as pumping sys-

tems and channels that mimic the vasculature, the inte-

gration of natural vascularization and the lymphatic

system is the ultimate goal. Both represent not only

means for cells to move from one end to another but

also actively participate in signaling and responses to

pathology [74]. Single MPS models integrating compo-

nents of both blood and lymphatic vessels have been

developed. For example, a microfluidic device with

two artificial circular channels that were lined with

cells capable of angiogenic sprouting of blood and

lymphatic vessels was reported [75]. Moreover, the

antiangiogenic factor VEGF-R3 showed inhibition of

sprouting in this model [75]. Similarly, a two-channel

device lined with blood and lymphatic endothelial cells

was used to model histamine-mediated modification of

vascular permeability [76]. Investigating endothelial

permeability in connection to immune signaling

remains an important area of interest in the studies of

tumor cell migration. A microfluidic-based assay has

been created to replicate the tumor-vascular interface

in three dimensions, allowing for high-resolution, real-

time imaging, and precise quantification of endothelial

barrier function and tumor cell migration [77]. A com-

mon objective among devices integrating endothelial

linings is to model cellular migration within and

through the vasculature in a gradient of circulating sig-

naling molecules (e.g., cytokines and chemokines) and

under shear stress. Such examples are monocyte adhe-

sion and transmigration [78,79], endothelial interac-

tions with activated and inactivated T cells [80],

neutrophil migration [81], and chemotactic behavior of

dendritic cells [82].

To this end, MPS of the bone marrow and lymph

nodes, as a source of immune cells and site of antigen

presentation, are of great interest. Multicompartment

MPSs lined with endothelium were used to recreate a

bone marrow harboring CD34+ progenitor cells capa-

ble of differentiation into various blood cell lineages

[83,84]. Moreover, MPSs for the studies of T-cell inter-

actions with antigen-presenting cells were established

[85-87]. While considerable advances have been made

both in terms of technological developments as well as

insight gained from vascularized models [18], their

integration into MOMPS is at very early stages.

687FEBS Letters 596 (2022) 681–695 ª 2021 Federation of European Biochemical Societies

M. Trapecar Multiorgan MPS for studies of complex diseases

 18733468, 2022, 5, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14260 by C

ochraneC
hina, W

iley O
nline L

ibrary on [02/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Despite the absence of primary and secondary lym-

phoid organs, individual immune and other migrating

cell populations of interest can be integrated into exist-

ing MOMPS platforms. For example, a three-organ

device with a liver module, cardiac cantilevers and

stimulation electrodes, skeletal muscle cantilevers, and

recirculating THP-1 monocytes was reported. In this

study, nonselective damage in the three different

organs was achieved through IFN-gamma-mediated

activation of macrophages, as well as selective macro-

phage activation via tissue injury [88]. This MOMPS

can emulate a targeted immune response to tissue-

specific damage, and holistic proinflammatory immune

response to proinflammatory compound exposure.

Further, in a model of ulcerative colitis and concurrent

inflammation of the liver, circulating CD4+T regula-

tory and Th17 cells were integrated as messengers

between the gut and liver MPSs. Interestingly, in their

absence the interaction between innate immune cell

populations with their tissue counterparts led to a

reduction in colitis-associated inflammation; however,

the inclusion of adaptive CD4+ T cells led to strong T

cell-mediated responses and disruption of the gut bar-

rier [43]. Contrary to those findings, circulating CD4+
T regulatory and Th17 cells did not affect innate

inflammatory processes associated with inflammation

in a gut–liver–brain MOMPS of Parkinson’s diseases.

However, there the presence of CD4+ T cells led to a

significantly higher maturation of iPS-derived micro-

glia [63]. These studies exemplify the utility that comes

from the scalable complexity of MOMPS and further

showcase how questions relevant to developmental

biology can be asked and harnessed to gain better

knowledge of basic human biology as well as processes

relevant to tissue regeneration.

Deriving causality one network at a
time

The omics revolution and advancement of transcrip-

tomic, proteomic, and metabolomic technologies

stands behind the unprecedented advancement of our

understanding of human biology and diseases. Integra-

tion of information from different omics technologies

(multiomics studies) from multiple layers of biological

data represents a new era of systems biology. Systems

biology describes the studies of biological systems by

controlled perturbation via different means, monitor-

ing the gene, protein, metabolic, and informational

pathway responses, and integrating these data into

mathematical models and multilayered networks [89].

However, because of the network wirings of biology, a

specific perturbation might not lead to one isolated

outcome but, given how signaling networks are inter-

connected, the perturbation can give rise to secondary

effects and adaptation [90]. Thus, in order to under-

stand a process of fundamental importance, it is criti-

cal to consider these biological layers as separate

elements and to dissect how they interact with each

other [91]. In the past, reductionism proposed that

complex systems are composed of parts, and if we

understand these parts, we can understand the entire

system. We now accept that new methods are required

to better understand complexity, and how the parts

come together to give rise to something greater than

their sum [92]. Studies of individual genes and proteins

still dominate biomedical research today. The informa-

tion from single-gene experiments is continually accu-

mulating and providing information on how individual

molecules and their interactions fit into a global pic-

ture of cell and tissue regulation. While such data col-

lection suffers from research focus biases [93] and

reproducibility concerns, systems biology and network-

level approaches are gradually becoming the new stan-

dard and adopted into a number of specific use cases

such as systems immunology and systems medicine.

[92].

While attempts are made in systems biology to tran-

sition from the micro-, subcellular, and cellular inter-

actions to whole-human epidemiological observations,

there is a wide gap at the level of horizontal network

interactions across organ systems [42]. An imperative

challenge is thus to gain an understanding in how

behavior at the molecular level determines physiologi-

cal function at the level of not only cells but tissues

and organs. Moreover, complex diseases are multifac-

torial involving a great number of influencing factors,

cell, and tissue types, co-occurring pathologies, and

biological processes at levels ranging from translation

to systemic metabolism. Because of the inherent com-

plexity of real biological systems, the development and

analysis of multiscale experimental data are required

to achieve this understanding [94]. Complexity arises

from the number of involved agents and the number

of connections between them [92]. The ability to scale

the number of agents and their connections in the

context of human biology brings forth an unmatched

opportunity to gain granular insight into previously

unknown casual connections between homeostasis and

the fundamental origins of disease. As tools advance

for studying single cells at the network level, new,

improved computational models of cell–cell communi-

cation, cell heterogeneity, and multicellular properties

are being developed [90]. However, the different math-

ematical formalisms and hybrid approaches under

development on the computational side highlight the
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need for close cooperation of cell biologists, bioengi-

neers, and medical researchers. Well-defined perturba-

tion and interaction experiments under temporal

multiomic observation, at levels from individual cells

to MOMPS, could bring much-needed clarity. The

modular and scalable nature of MOMPS allows the

user to probe highly controlled interactions between as

few or as many tissues and cell types as needed. This

enables the investigator to exclude secondary and

compensatory action by cells that are not of interest

and thus construct a computational model of causa-

tion (Fig. 3). For example, a study investigating the

physiological role of the microbial metabolites short-

chain fatty acids performed in a MOMPS of the gut–
liver and gut–liver-brain axis [43,63] has utilized a

multiomic approach to parse the transcriptomic

response of individual MPSs and changes in the sys-

temic immunometabolic environment. This approach

revealed the dual nature of short-chain fatty acids

which under conditions of low inflammation can

increase expression of tolerance-inducing pathways

and fatty acid oxidation, while during acute T cell-

driven inflammation, they promote increased glycolysis

and immune effector function. In a separate study, uti-

lizing a six organ MOMPS and untargeted metabolo-

mic profiling revealed a new connection between the

metabolism of the drug tolcapone and brain metabolo-

mics. Eighteen key biomarkers were significantly chan-

ged in human brain MPS after a simulated oral

administration of tolcapone, which was due to the per-

turbation of tryptophan and phenylalanine metabolism

and energy homeostasis [95]. MOMPS and systems

biology can derive unique additive signaling phenom-

ena arising from multiorgan interactions and help us

understand how such responses give rise to new

unique complexities that are not just linear sums of

individual subunits [10]. Thus, a bioengineering

approach to systems biology that comes with engineer-

ing design and predictive MOMPS could help us solve

contemporary problems in an age of biomedical Big

Data [96,97].

The road to broad adoption

As with any technological leap, shortcomings are not

only inherent companions of progress but its

Fig. 3. Exemplary study approach to study liver-brain crosstalk. MOMPS allow for the systematic search for causal relationships between

cells, tissues, and external factors due to their scalable biological complexity and integration of systems biology approaches. Collection of

multiomic observations from the donor and donor-derived tissue allows to establish a ‘point zero’ description of the system for validation

and temporal evolution. MOMPS can be used to reconstruct donor tissue at various levels of complexity which allows each level of

complexity to be challenged via predetermined perturbations. Continuous observation of changes based on interaction and perturbation at

each level of complexity allows for the construction of interaction networks that can reveal causal relationships among its agents. This

process is iterative in that every next interaction is informed by the previous cycle until fundamental processes are identified that become

the building blocks for computational prediction.
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fundamental drivers. In the context of MOMPS, four

broad but connected categories of challenges can be

identified: (a) technical (e.g., increasing physiological

relevancy, ease of use, reliability), (b) biological (e.g.,

devising single-donor MOMPS models by using the

correct cell type, formulating a universal medium), (c)

logistical (e.g., increasing access to these technologies

to the wider community), and (d) standardization and

validation (e.g., improving repeatability, transferabil-

ity, and validation).

Today’s MOMPS represent the most difficult to

develop and to use systems in the microphysiological

systems world. The successful use of such devices in

most cases requires an interdisciplinary and well-

coordinated team that has command over many differ-

ent cell types and can navigate technical difficulties

that might arise. Most studies utilizing MOMPS are

performed in the laboratories of their originators,

which speaks to the relative novelty of this field and

the need for more commercially supported, validated,

and standardized devices. Many aspects of MOMPS

development and operation are not standardized nor

sufficiently validated, at least to the degree where

results obtained from different groups could easily be

compared and reproduced.

While many of such issues hold true for the general

microphysiological systems field, these become ampli-

fied in the context of MOMPS. For example, a deci-

sion must be made between integrating donor-

mismatched cells in a MOMPS setup or deriving cells

from stem cells of one single donor. In the latter sce-

nario, the use of iPS cells creates the challenge of oper-

ating with tissue that might not be fully matured as

their in vivo counterparts [13]. If patient-to-patient

variability is clouding results from clinical studies, then

five plus tissue donors per MOMPS introduce a signifi-

cantly higher variation. Regardless of the approach, it

is important to describe the system and findings in the

context of humans when reporting and interpreting

data obtained from such studies. Cells and tissues that

are being integrated into MOMPS should be well char-

acterized at the stage of integration. Moreover, find-

ings from the interaction, such as transcriptomic

profiles, can be compared to publicly available human

data. Similarly, concentrations and dynamics of

tracked signaling molecules, such as cytokines and

chemokines, can be correlated with serum values

reported in humans [43,63].

With individual MPSs, the decision regarding spe-

cialized substrates, cellular environments, and cell

Fig. 4. Examples of commercialized microphysiological systems. (A) CN-Bio PhysioMimix Multi-Organ System, Source: www.cn-bio.com,

(B) AIM Biotech AIM Chip, Source: www.aimbiotech.com (C) Hesperos Human-on-a-Chip, Source: www.hesperosinc.com (D) Emulate

Human Emulation System, Source: www.emulatebio.com (E) TissUse HUMMIC Chip XX, Source: www.tissuse.com.
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media is guided by the leading scientific question and

biology to be replicated. However, in the context of

multiple integrated MPSs, these questions are less

straightforward and more convoluted. What would be

the best option for one MPS, it might not be so for

another. It also becomes a question of how to priori-

tize scaling. Should it be based on cell numbers of

individual tissues, tissue mass against the mass of

another MPS, cell-to-media volume, the concentration

of a particular molecule of interest? Moreover, one

must also decide on the role and distribution of the

media shared between compartments. Should it repre-

sent the systemic or regional vasculature and lym-

phatic system and what will be the guiding principle in

how and at what speeds the media is distributed and

changed? This highlights how MOMPS depends on the

progress of a wide variety of disciplines. A better

understanding of stem cell biology, greater resolution

of tissue 3D printing, new materials, and media, and

increased interest in these devices from the biomedical

community will help address many of the current

challenges.

Summary

From tools to reduce animal experimentation and

improve preclinical toxicity assessments, today

MOMPS represent an intriguing steppingstone in what

are efforts to replicate our own biology. The future

premise of MOMPS is clear—multicellular tissue mod-

els true to our own physiology would allow us to per-

form costly clinical trials at a fraction of the cost,

reduce experimentation on animals, be used as a surro-

gate to explore the dangers of new environments such

as deep space, offer insight into laws governing tissue

homeostasis, repair, and emergence of complex dis-

eases to name a few. While this sounds like a utopian

dream, it is a reality to which the field is slowly work-

ing toward (Fig. 4). Examples of multiorgan interac-

tion systems were reported that support the

integration of a remarkable number of tissues [24,55],

integrate MPSs constructed from one single donor

[98], achieve multiorgan homeostasis even in the

absence of tissue-specific humoral factors [52], and

which showcase how the interaction of multiple MPSs

leads to the rise of unique behaviors and maturity [63].

With improved computational tools and resolution

into molecular underpinnings of cellular and tissue

homeostasis, MOMPS represents a unique opportunity

to systematically dissect how interactions at a lower

order inform new behavior at the macroscale within-

and between-organ systems. Such scalable complexity

might yield new insight into causal relationships

between our genetic markup, the environment, our life

choices, and the fundamental emergence of disease.

From the examples in this perspective, it is evident

that most of these studies represent proof-of-principle

experiments; however, we are now finally at a stage

where these devices and approaches can be used to ask

in-depth questions of human physiology and pathol-

ogy. Increased use from the biomedical community

and closer multidisciplinary collaboration between

engineers, biologists, and computational scientists will

be key to establishing MOMPS as a widely adopted

technology in preclinical research.

While pursuing the development of MOMPS for

particular use cases, the process of attempting to

reverse engineer a system can lead to remarkable

insight into how a system operates. Furthermore, the

current interim phase of reverse engineering of human

biology is a necessary step toward the forward engi-

neering of new human-based organisms and the future

human 2.0.
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