Cross-talk of healthy and impaired human tissues for dissection of disease pathogenesis
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Abstract

Systemic diseases affect multiple tissues that interact with each other within a network difficult to
explore at the body level. However, understanding the inter-dependences between tissues could be
of high relevance for drug target identification, especially at the first stages of disease development.
In vitro systems have the advantages of accessibility to measurements and precise controllability of
culture conditions, but currently have limitations in mimicking human in vivo systemic tissue
response.

In this work, we present an in vitro model of cross-talk between an ex vivo culture of adipose tissue
from an obese donor and a skeletal muscle in vitro model from a healthy donor. This is relevant to
understand type 2 diabetes mellitus pathogenesis, as obesity is one of its main risk factors. The
human adipose tissue biopsy was maintained as a three-dimensional culture for 48 hours. Its
conditioned culture medium was used to stimulate a human skeletal muscle-on-chip, developed by
differentiating primary cells of a patient's biopsy under topological cues and molecular self-
regulation. This system has been characterized to demonstrate its ability to mimic important
features of the normal skeletal muscle response in vivo. We then found that the conditioned medium
from a diseased adipose tissue is able to perturb the normal insulin sensitivity of a healthy skeletal
muscle, as reported in the early stages of diabetes onset.

In perspective, this work represents an important step towards the development of technological
platforms that allow to study and dissect the systemic interaction between unhealthy and healthy

tissues in vitro.



Introduction

Systemic diseases disrupt the overall patient physiology, involving changes in multiple tissues’.
Studying how they develop is a difficult task due to the high interconnectivity of the body system.
For example, through blood circulation, endocrine signals from one tissue affect the physiological
function of other tissues, even if remotely located.

In vivo, dissecting the cross-talk between tissues is complicated both by the difficulty to access
human tissues and by the interplay between tissues, which prevents understanding the directionality
of the phenomena. However, understanding which tissue is the most relevant target for therapeutic
intervention is critical, especially during disease pathogenesis.

On the contrary, in vitro culture systems offer the advantages of controlled manipulation of
experimental conditions for dissecting tissue-to-tissue communication and of accessibility to
measurements®. The most used in vitro models to study the cross talk between different tissues are
based on no-contact co-culture systems, called transwell, where different cell types are cultured on
the same dish sharing the same culture medium, but physically separated by a porous membrane.
One limitation of these systems is that they cannot be used to understand the directionality of the
interactions. Another strategy commonly used is to culture each cell type in different dishes, and to
mimic their interaction by putting the medium used to culture one type of cells on the other cell
type. The conditioned medium from the "upstream" cells will contain their secreted proteins, and
will be used to understand the effect on the "downstream" cells in absence of a returning feedback®.
However, aiming at studying the cross-talk between tissues, the first requirement and current
limitation in the field is that the in vitro tissue culture has to accurately mimic the relevant features
of the tissue in vivo, in order to achieve an in vivo-like response. So called tissues-on-chip are
systems that integrate cells within microfluidic devices that promote their organization to mimic
tissue functionality*®. Miniaturization has been shown to be critical to favor the development of

tissue-like structures in vitro, because the confined environment preserves the scale ratio of



different molecular transport phenomena occurring during the reciprocal interaction between cells
and surrounding microenvironment within tissues in vivo’.

Moreover, microfluidics has several other advantages. The small volume requires only few cells,
and make possible to obtain multiple parallel cultures from a single tissue biopsy. Considering the
limited access to human biopsies of tissues, especially from healthy patients, this aspect is very
critical for in vitro studies of human biology. Another advantage of microfluidics is that it requires a
little amount of medium for cell culture, few microliters instead of multiple milliliters, thus the
same amount of conditioned medium from one tissue can be used to perturb the culture of many
other target tissues.

Up to now, multiple tissues-on-chip have been developed®’, although the application of these
technologies to human primary cells is more limited®®°. Some studies have been performed to
understand the interaction between different tissues in vitro, but mainly cell lines have been used so
far, as recently reviewed>'.

In this work, we study the cross-talk between adipose and skeletal muscle tissues using human
primary cell sources, within the context of metabolic impairments. These two tissues are the main
responsible for glucose uptake from the blood stream in response to insulin after meals®’. Their
reciprocal interaction is strictly linked to the delicate equilibrium between diet and physical
exercise, object of many studies especially at the organism level****. Because obesity is known to
be an important risk factor for the development of type 2 diabetes™**°, here we study the effect of an
adipose tissue from an obese non-diabetic patient onto a skeletal muscle from a healthy non-obese
patient, in terms of perturbations of insulin signaling (Figure 1).

Towards this aim, we developed the first human in vitro model of skeletal muscle on a chip. In
previous works a skeletal muscle cell line was used to develop a mouse model on chip*®™*8. We
have previously demonstrated that inducing an aligned topology on a dish culture promotes human
skeletal muscle-like functionality’®®. Here, we extend these results to build a human skeletal

muscle-on-chip, with an innovative technology to produce a cell-adhesive pattern in microfluidics.



We obtained human adipose tissue as a three-dimensional biopsy, preserving the in vivo organ
structure, and we cultured it in vitro for only 48 hours to obtain the conditioned medium for the
cross-talk experiments. The data obtained showed the possibility to dissect in vitro the role of an
impaired adipose tissue onto the insulin sensitivity of a healthy skeletal muscle.

In vitro studies of human tissue cross-talk are still very limited, but will be more and more relevant
for understanding tissue interactions at the cellular level in the future. The possibility to use stem
cells to develop tissues-on-chip will greatly favor these studies, given the current difficulty of
collecting primary human tissue biopsies’. In perspective, the use of microtechnologies, coupled
with stem cell-derived tissues, will make possible not only to develop reliable in vitro models of
human tissues, but also to understand the complexity of the whole body physiology by dissecting

their interactions.

Materials and Methods
Microfluidic devices
The microfluidic devices used for culturing skeletal muscle cells were produced according to

standard lithographic techniques®’. The design of the devices was previously described*®.

Surface micro-pattern within microfluidic culture chambers

Selected areas of the culture surface in the microfluidic chambers were made cell repellent by
photo-patterning of linear acrylamide (Figure 2a). After fabrication, microfluidic chambers were
rinsed with isopropanol and distilled water, and treated with a 0.1 M NaOH solution for 1 h. A
0.3% solution of 3-acryloxypropil methacrylate (Acros) in ethanol and 5% v/v acetic acid was used
to treat oxidized glass surface inside each microfluidic channel. After 5 min, channels were rinsed
twice with ethanol and filled with an acrylamide solution (8% v/v acrylamide (Sigma-Aldrich), 50
mM HEPES, 10% v/v methanol solution with 35 mg/mL Irgacure 2959 (Ciba)). Then, microfluidic

chips were placed on a transparency mask, printed with a pattern of 300-pum wide parallel lanes, and



exposed for 2 min to UV light, generated by a collimated 50-W UV-lamp (Dymax Bluewave 50W).
Unreacted material was removed by rinsing the channels twice with distilled water. Sterilization
was performed by UV-light exposure for 20 min. Finally, a 4°C-cold Matrigel (Becton-Dickinson)
solution, 2.5% in Dulbecco’s Modified Eagle Medium (DMEM), was injected into the micro-
channels and incubated for 1 h at room temperature, producing a patterned cell-adhesive surface

coating, due to linear acrylamide protein exclusion.

Human primary myoblast extraction and expansion

Human primary myoblasts were kindly provided by Dr. Karim Bouzakri (University of Geneva),
isolated as previously described? from a skeletal muscle biopsy of non-diabetic patients undergoing
surgery after informed consent by Ethics Committee. Briefly, after explant, the human skeletal
muscle biopsy was maintained in 20 mL of physiological solution at +4°C for 2 h to allow blood
coagulation. It was then processed under sterile hood with a scalpel, to isolate single muscle fibers
from connective, adipose, and blood vessel tissues. The isolated fibers were maintained in a
solution 0.05% Trypsin-EDTA at 37°C for 3 h to extract single-cell myoblast precursors. The
surnatant cell suspension was then transferred into a new tube, added of an equal amount of fetal
calf serum (FCS, Life Technologies), and centrifuged at 200 g for 5 min. The pellet was
resuspended in 10 mL of skeletal muscle cell basal medium (PromoCell), and pre-plated in a
bacterial petri dish for 2 h, the time required to have fibroblast adhesion and therefore exclusion.
Afterwards, medium with myoblasts still in suspension was collected and myoblasts plated in a 25-
mm? tissue culture flask. Human primary myoblasts were cultured for at least 7 days, with medium

changes every 2-3 days. Cells were split before confluence by Trypsin-EDTA 0.05%.

Human myoblast microfluidic integration and differentiation
After Matrigel coating, microfluidic chambers were rinsed with skeletal muscle cell basal medium.

A myoblast suspension was injected into the chambers for seeding at a final density of 200



cell/mm?. The microfluidic devices were then placed in a biological incubator at 37°C and 5% COs.
Medium was changed every 12 h. At cell confluence, differentiation of human myoblasts into
myotubes was induced by switching to a differentiation medium, composed of DMEM with 2%

horse serum (HS, Life Technologies). Thereafter, medium was changed every 24 h for 6-8 days.

Immunofluorescence analysis

For immunofluorescence analysis, myotubes were fixed in 4% (w/v) paraformaldehyde (PFA,
Sigma-Aldrich) for 15 min, and stained with primary antibodies in PBS with 3% bovine serum
albumin (BSA, Sigma-Aldrich) and 0.25% (v/v) Tryton-X-100 (Sigma-Aldrich). Primary
antibodies: Myosin Heavy Chain 1l 1:100 (MHC, Sigma-Aldrich) and Desmin 1:100 (DAKO).
Alexa488 and Alexa594 conjugated mouse secondary antibodies (1:200) were used (Life
Technologies). Nuclei were stained with Hoechst 33342 (Life Technologies). Images were acquired
with a DMI16000B epifluorescence microscope (Leica Microsystems) and with a TCS SP5 confocal

microscope (Leica Microsystems).

Human adipose tissue isolation and culture

A biopsy of a visceral adipose tissue was collected from an obese individual undergoing surgery
(sleeve gastrectomy) at the University Hospital of Padova (lItaly), after informed consent. Collection
and storage of biological samples was approved by the local Ethical Committee. After isolation, the
biopsy was maintained in 5 mL of DMEM with 5-mM glucose (Life Technologies) for up to 3 h at
room temperature. Then, it was washed with phosphate buffer saline (PBS, Life Technologies) and
cut into 4-mm diameter slices with the aid of a sterile biopsy punch (Miltex) and a scalpel. Each
slice was put in a 48-well plate with 300 puL of 5-mM glucose DMEM. Conditioned media were
collected after 48 h of culture and stocked at -20°C until use. These media were used as conditioned

media for the stimulation of human myotubes in microfluidics.



Tissue cross-talk experiments

After myoblast differentiation into myotubes in the patterned microfluidic culture chambers,
medium was changed to DMEM (5mM glucose) the night before the stimulation. Next, adipose
tissue-conditioned media were used for a 24-h pre-conditioning; control chambers were kept in
DMEM (5mM glucose), with or without TNFo (20 ng/mL). At the end of the 24 h, a 10-min
stimulation was performed using DMEM with or without insulin (100 nM). The whole experiment
was performed using one adipose tissue and two skeletal muscle biopsies. Next, the microfluidic

chambers were washed with cold PBS before lysate collection for Western blot analysis.

Western blot analysis

Microfluidic cultures were treated with 12-uL ice-cold lysis buffer: 5% deoxycholic acid (DOC,
Sigma-Aldrich) in Tris-Buffered Saline (TBS), supplemented with Complete EDTA-free protease
inhibitor (Roche) and anti-phosphatase cocktail (Sigma-Aldrich). Lysis buffer was directly injected
in each microfluidic chamber and whole cell lysate collected. PAGE was performed with 4-12%
NuPAGE polyacrylamide gels and MOPS buffer (Life Technologies). Proteins were blotted on
PVDF membranes (Life Technologies) and detected with Carestream films (Kodak). A 1:1000
dilution of primary antibodies for Phospho-Akt (Ser 473), Akt, Phospho-AS160 (Thr 642), AS160
(all from Cell Signaling), IRS-1 (Millipore), GAPDH (Abcam), and HRP-conjugated secondary
antibodies (mouse, Bio-Rad; rabbit, Life Technologies) were used. Gel images were quantified by
standard image analysis, and ANOVA was performed to identify statistically significant

differences.

Results and Discussion
Micro-pattern integration in the microfluidic chip
The importance of topology in human skeletal muscle differentiation has been previously

reported*®?®?®, In particular, a substrate for myoblast culture with an elongated geometry pattern



favors the alignment of differentiating myotubes and improves their functional maturation. In
addition, performing myotube differentiation within microfluidic devices makes possible to take
advantage of some strengths of this technology: specifically, the small volume and ease of
parallelization. These features make microfluidics particularly attractive for performing screening
studies starting with a small number of cells, and using a small amount of medium to test several
conditions.

Micropatterning topology is difficult to integrate within microfluidic cell cultures. Few solutions
were previously proposed and are described next. Folch's group performed a cell adhesive pattern
on a culture substrate before attaching the microfluidic device on it'"; however, the subsequent
assembly of the microfluidic chip cannot be performed by plasma bonding as usual, and becomes
more unpractical and less robust. More recently, micropatterning by pneumatic microfluidics have
been suggested®. However, this method requires multi-layer microfluidics coupled with a
pneumatic system for controlling the production stages, and the whole design and production have
to be changed in case of variations in the pattern geometry.

We successfully produced a defined pattern of cell adhesion directly inside the assembled
microfluidic chip (Figure 2a). To topologically control cell-adhesive and repellent areas, linear
acrylamide was photo-patterned according to the design of a photomask, placed between the
acrylamide solution in the microfluidic chambers and a UV light source. This method is rapid and
practical, and the pattern geometry can be easily changed by simply printing different designs in the
photomask. After washing and sterilization, cells are seeded in the microfluidic chambers and only
adhere where the surface is free of the linear acrylamide pattern, with a resulting specific topology
in culture.

For this study, a pattern of 300-um wide lanes was produced. The width of the lanes was optimized

in our previous works' %

, Which demonstrated that this width represents a trade-off between the
accumulation of endogenous cell-secreted signals, which requires cell crowding, and the geometric

effect for the myotube alignment, which is better promoted with thinner lanes.



Human skeletal muscle culture and characterization in the microfluidic chip

Human primary myoblasts were seeded and differentiated in the patterned microfluidic chambers.
Cells were seeded on Matrigel, which introduces some uncertainty in the system due to the
undefined and complex composition. However, during the 2-week cell culture before the
perturbation experiments with conditioned media, cells deposited and remodeled their endogenous
extracellular matrix and the effect of the original coating becomes less relevant for the purpose of
the study. The protocol includes two stages: first, cells are cultured in a skeletal muscle basal
medium until they reach confluence (after ~4 days from seeding); then, the medium is changed to
one containing factors promoting differentiation and fusion of myoblasts into myotubes. The cells
were cultured in the microfluidic device for up to 14 days. A longer culture period was prevented by
myotube detachment due to spontaneous contractions.

Aside of medium composition, the culture conditions needed an optimized frequency of medium
change. As we previously demonstrated, in microscale cultures the balance between exogenous
factors introduced with the medium and endogenous cell-secreted factors is very critical in
modifying cellular response®?. Conversely, conventional culture systems are quite insensitive to
modifications to the frequency of medium change, as long as cell starvation is avoided, because
cell-secreted factors are rapidly diluted in the large medium volume. The accumulation of cell-
secreted factors occurring in microfluidics could be seen as a criticality because makes the system
over-sensitive, but it actually produces an increase in endogenous factor concentrations to the point
that their role becomes biologically relevant, mimicking the self-regulation occurring within tissues
in vivo. In this work, the following optimal frequencies of medium change were obtained: medium
changes every 12 hours during the first stage of cell proliferation, and every 24 hours during the
second stage of myotube differentiation. These conditions proved optimal to balance the higher
demand of nutrients during the first proliferative stage, and the need of promoting cell self-

regulation during differentiation.



The morphological progression during proliferation and differentiation on the microfluidic pattern
with the optimized protocol is shown in Figure 2b. At day 1 from seeding, cells are proliferating
only within the adhesive surface of the pattern. After 4 days cells already show some alignment
along the longitudinal direction. At day 8, elongated myotubes are visible, parallel to the lanes of
the pattern.

Myotubes were further characterized by immunofluorescence assay for specific skeletal muscle
proteins: Desmin and Myosin Heavy Chain (MHC), together with nuclei staining. These two
proteins are components of the contraction machinery of the skeletal muscle, thus related to the
main tissue functionality in vivo. Figure 3 shows myotubes as elongated multinucleated cells
formed by the fusion of myoblasts. Immunofluorescence analysis detected the expression of both
Desmin and MHC. As highlighted in Figure 3d, within our in vitro system, Desmin is not only
expressed, but also properly localized within myotubes according to a regular pattern typical of a
functional striated muscle.

Overall, this characterization shows the in vitro maturation of myotubes in microfluidics, according
to multiple features characterizing the in vivo skeletal muscle. Thus, the in vitro system we

developed could be a reliable model for studies of skeletal muscle response under external stimuli.

Adipose tissue and skeletal muscle cross-talk

Skeletal muscle is the tissue responsible for most of glucose uptake from the blood stream®. Insulin
signaling pathway within muscle cells is a complex network of protein interactions that is activated
in response to the presence of high concentrations of extra-cellular insulin, which is produced by the
pancreas®. In this work, we focus on the specific sub-network of the insulin signaling pathway
shown in Figure 4a, where, after insulin binding upon its receptor, a cascade of protein
phosphorylation events is generated, ultimately leading to the translocation of glucose transporter
GLUT4 to the cell membrane. Once it reaches the cell surface, GLUT4 plays as a channel for

glucose entrance into the cell. Thus, this sub-network links extracellular insulin concentration to



cell glucose uptake. To understand the impact of unidentified signaling molecules secreted by an
obese adipose tissue on skeletal muscle insulin-stimulated glucose uptake, we pinpointed the targets
within this sub-network by means of Western blot analysis: specifically, IRS1, and Akt and AS160
both in their unphosphorylated and phosphorylated states.

Once myotubes had reached their functional maturation within the chip, they were cultured in
adipose tissue-conditioned medium for 24 hours and then stimulated, or not, for 10 min with an
insulin concentration physiologically sufficient to activate the pathway. After this stimulus, the
culture was stopped, cells lysed, and cell protein content from each microfluidic culture chamber
collected for quantification of selected proteins. We compared these results with a negative control
given by cells stimulated, or not, with insulin without prior exposure to adipose tissue-conditioned
medium. We also compared these results with a commonly used positive control given by cells
stimulated, or not, with insulin after been exposed to a medium containing TNFa, which is a
protein, produced also by the adipose tissue especially in obese patients, known to induce in vitro
insulin impaired response on healthy myotubes?’. Thanks to the small number of cells required in
each microfluidic platform, cells from the same patient could be used to test all these conditions in
parallel.

The results of protein quantification at the end of the experiment are reported in Figure 4b-d. First,
in the negative control condition, insulin stimulation does not affect IRS1 total content, and strongly
induces Akt and AS160 phosphorylation. Thus, the in vitro skeletal muscle model we developed
reproduces the known features of a normal insulin response®.

Second, in the positive control, TNFo does not affect the total IRS1 content (Figure 4b). IRS1
expression is known to have reduced expression in obese patients?®. This result may point out the
limitations related to TNFa use for mimicking the complexity of adipose tissue-skeletal muscle
cross-talk in obesity. On the contrary, TNFa significantly decreases insulin-induced Akt
phosphorylation (Figure 4c); however, despite reduced activation of Akt, AS160 phosphorylation is

comparable to the negative control in this condition (Figure 4d). Due to the complexity of the



overall insulin signaling network, it is not possible to discriminate between two possible scenarios:
(1) the reduced activation of Akt is still not limiting for AS160 phosphorylation, and (ii) the network
is redundant and another kinase can phosphorylate AS160 compensating for Akt reduced activity,
as it occurs when AS160 is phosphorylated by stimuli other than insulin®. This result is in contrast
with another study where TNFa was shown to decrease AS160 phosphorylation; however, due to
the very different experimental design and duration of the stimulation, it is difficult to have a direct
comparison between the two studies™.

Last, adipose tissue-conditioned medium more strongly disrupts skeletal muscle insulin response:
IRS1 content is approximately halved (Figure 4b), and both Akt and AS160 show a limited
response to insulin in terms of fraction of phosphorylated protein, while the basal (non insulin
stimulated) phosphorylated fraction is comparable in the three conditions with different pre-
conditioning (Figure 4c-d). The comparable phosphorylation level of Akt between the adipose
tissue-conditioned medium and TNFao containing medium, seems to support the second scenario
suggested above, and we can speculate that, because multiple signals are secreted by the adipose
tissue, the impact on the insulin signaling network occurs at different nodes, disrupting the
redundancy of its functionality®"%.

Taken together, these results show that the developed skeletal muscle-on-chip can accurately
reproduce the normal activation of the insulin pathway. Furthermore, they also highlight differences
in pathway impairments due to TNFa, commonly used to in vitro study insulin impaired response,
and due to a more complex, although uncharacterized, mixture of signaling secreted by an adipose

tissue derived from an obese patient.

Conclusions
In this study we reported the first in vitro human skeletal muscle-on-chip model. We characterized
it morphologically, biochemically, and functionally, demonstrating its ability to respond to insulin

stimulation. Besides the biological reliability of this model, miniaturization also decreases the



requirements in terms of number of cells and amount of conditioned medium, favoring throughput
and parallelization of experiments. Due to the high variability of biological systems, a design of
experiments that tests several conditions on the same biopsy strongly enhances the statistical
significance of the results.

In perspective, we envision that tissue-on-chips will be more and more used to bring physiological
studies from the patient to the laboratory bench, in terms of tissue cross-talk. In vitro systems
expand the parameter space of possible investigations respect to in vivo studies, helping the
dissection of biological mechanisms. For example, here we could show the interaction between an
adipose tissue from an obese patient and a skeletal muscle from a healthy patient, comparing this to
the same tissue not subjected to the pathological perturbation. This kind of tissue cross-talk studies
could be relevant in understanding disease pathogenesis with high accuracy at the molecular level,

and ultimately developing tissue-targeted therapies®.
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Figure 1. Study of the cross-talk between an adipose tissue from an obese patient and a skeletal

muscle from a lean patient. A biopsy of human adipose tissue was maintained in a three-

dimensional culture ex vivo for 48 hours. A human skeletal muscle-on-chip model was developed

from human primary myoblasts, which were induced to differentiate into mature myotubes within a

microfluidic chamber by a combination of exogenous factors in the culture medium, concentrated

cell secreted factors and surface topology control.
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Figure 2. Human skeletal-muscle on chip development. (a) Schematic of adhesive pattern
production and functioning. (b) Temporal evolution of human primary myoblast morphology within
the patterned microfluidic culture chamber. Scale bars: 500 pum (top row), 200 pm (bottom row),

and 100 pum (enlargement).



Figure 3. Characterization by immunofluorescence of myotubes within the skeletal muscle-on-chip
system. (@) Desmin and nuclei staining. (b) Myosin heavy chain (MHC) staining of a whole
patterned culture chamber. (c-d) Enlargement from (b), highlighting the skeletal myotube sarcomere

organization into a striated regular pattern, with and without nuclear staining.
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Figure 4. Results of the cross-talk between a human adipose tissue from an obese patient and a
skeletal muscle from two healthy patients. (a) Schematic representation of insulin signaling
pathway in a skeletal muscle cell, limited to the components of the pathway measured in this study:
extracellular insulin binds to the insulin receptor (IR) and activates a phosphorylation cascade that
ultimately induces the translocation of the glucose transporter GLUT4 to the cell plasma membrane.
The main physiological effect of this pathway is the insulin-stimulated uptake of glucose by the
skeletal muscle. (b-d) Quantification, by Western blot analysis, of insulin signaling-related proteins
in myotubes after a 24-hour pre-conditioning with TNFa or adipose tissue-conditioned medium, and

a 10-minute insulin stimulation.



