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Summary

The heartis one of the most metabolically active organs in the body. Vasculature is essential
to provide selective nutrient delivery to meet its energy demand. In chapter 5, we developed
an in vitro model of hiPSC-derived vascularized and perfusable cardiac microtissue on chip
(VMToC). Here, we further characterized VMToCs function in more detail and investigated
sarcomere organization and contractility. Vascularization improved endothelial cell (EC)-
cardiomyocyte (CM) communication via EC-derived paracrine factors, such as nitric oxide
(NO) and resulted in an enhanced inflammatory response. The platform sets the stage for
studies on how organ-specific EC barriers respond to drugs or inflammatory stimuli.

Keywords:

human induced pluripotent stem cells; cardiac microtissue; heart-on-chip.

Introduction

The heart is highly vascularized. The crosstalk between vasculature and the myocardium
ensures proper structure and function of the heart through the delivery of oxygen, nutrients
and (blood) cells and removal of waste. Interruptions in this crosstalk have been implicated
in cardiovascular disorders which are the major cause of death globally (Berry and Duncker,
2020). Several 3D microphysiological models of the human heart have been described in
which cardiac stromal cell crosstalk improved human pluripotent stem cell derived CM
(hPSC-CM) maturation. These systems have proven useful for modeling some types of
cardiac disease and for drug screening (reviewed in Arslan et al., 2022). However, most
of these models lacked functional vasculature as they were maintained in static cultures.
In chapter 5, we developed a vascularized 3D cardiac microtissue on a chip (VMToC). We
combined prevascularized hiPSC-derived 3D cardiac microtissues (MTs) and vascular cells
(human induced pluripotent stem cell derived endothelial cells (hiPSC-EC) and human
brain vascular pericytes (HBVP)) in a fibrin hydrogel in a commercial organ-on-chip
culture platform. Vascular cells self-organized into an external vascular network which
interconnected/anastomosed with the preexisting microvascular networks in the MTs. We
showed thatfluid flow was essential for the anastomosis which was enhanced by continuous
perfusion. Here, we characterized VMToCs functionally. We first investigated whether
vascularization affects parameters such as sarcomere organization and spontaneous or
paced contraction. We showed that the sarcomere organization was not affected by the
presence of vascular structures. However, contraction duration was significantly longer in
VMToCs. Notably, we demonstrated that EC-CM crosstalk can be modeled in vascularized
cardiac MT on chip (VMToC) cultures: by using either L-N-Nitro arginine methyl ester (L-
NAME), an inhibitor of nitric oxide synthetases (NOS), or pro-inflammatory stimuli, such
as interleukin-1p (IL-1B), we revealed some of the paracrine signals playing roles in the
regulation of cardiac function in MTs.
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Figure 1: Characterization of contractile dynamics of cardiac MTs in MToC and VMToC. (A, B) Representative
images of MTs in chips on day 0, 1, 3 and 5 in MToC (A), and VMToC (B) (10x). Scale bar, 300 um. (C, D)
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Representative confocal images of sarcomeres showing hiPSC-ECs (orange, mCherry) and hiPSC-CM (green,
ACTN2) in MToC (C) and VMToC (D) (40x). White dash box is the area that is zoomed 100x. Scale bar, 50 um.
(E, F) Quantification of the sarcomere parameters: sarcomere length (E); sarcomere alignment index (F); Error bars
are shown as mean=SD from MToC N = 3, n = 11; VMToC N =4, n =8; three or four independent experiments
with at least 8 MTs. (G) Representative beating traces of MTs from MToC (green trace) and VMToC (orange trace).
(H-L) Quantification of the contraction parameters: contraction amplitude (H); contraction duration (I); time-to-
peak (]); relaxation time (K); peak-to-peak time (L) in MTs with AICS-0075 hiPSC-CMs. Error bars are shown as
mean=SD from MToC N = 3, n = 69; VMToC N =3, n=132; three independent experiments with 16 or 24 MT5 from
at least six different microfluidic channels each experiment. Student’s t-test (E), Wilcoxon-Mann-Whitney test (F,
and H-L). ***p < 0.001,****p < 0.0001; ns, not significant.

Results

Characterization of cardiac MTs in the absence or presence of external vascular
network

hiPSC-derived 3D cardiac microtissues (MTs) were formed using CMs, ECs, and CFs, as
previously established (Campostrini et al., 2021). These MTs were maintained 12 days
in static culture conditions and then integrated in AIM Biotech 3D cell culture chips. We
examined cardiac MTs in the chips for any changes in their sarcomere organization and
contractile properties. MTs were compared in the absence (MToC, 1A) or presence (VMToC,
Figure 1B) of an external vascular network. Sarcomere morphologies appeared similar in
the MToC (Figure 1C) and VMToC (Figure 1D) which was confirmed by similar sarcomere
lengths (Figure 1E) and alignment indices (Figure 1F) assessed using the SOTATool (Stein
et al., 2022). This indicated that there was no additional effect on sarcomere organization
in the presence of an external vascular network. Contractility of cardiac MTs was analyzed
using the video-based software tool MUSCLEMOTION (Sala et al., 2018). Representative
beating traces showed that MTs under both conditions maintained their contractility in
hydrogel (Figure 1G). However, contraction amplitude (Figure 1H) was significantly lower
in VMToC, and contraction duration (Figure 1I), relaxation time (Figure 1K) and peak-to-
peak time (Figure 1L) were significantly longer in VMToC. Time-to-peak (Figure 1]) was
similar in both conditions.

The changes in these parameters were consistent in VMToC and MToC that were generated
using a second, independent hiPSC line as a source of CMs (Figure 2A-E). In order to test
whether the increase in contraction duration and relaxation time in the VMToC is not beat
rate dependent, we electrically paced MTs in the chips using custom-made electrodes that
fit the gel channel inlet and outlet. When the MTs were paced at 0.8 Hz and 1 Hz (Figure
2F-G), contraction duration at 90% and 50% transient was significantly higher in VMToC
compared to MToC, consistent with the results under conditions of spontaneous beating
(Figure 2H-I). We further investigated if the duration differences could be explained by
time-to-peak or relaxation time changes. However, these parameters were highly variable
and were not significantly different between VMToC and MToC even when paced (Figure
2]-K).



Enhanced endothelial cell-cardiomyocyte crosstalk in

hiPSC-derived vascularized 3D cardiac 127

microtissues on chip through paracrine signalling

Figure 2
A_

E] 1500 % 2000 2000 20001 __ 8000
o KKk ok 3 *okkok - TE,? g *okkok
() c ~
° I | o 15004 | 1 g 1500 —= o 6000
210004 - | 0= .2 e £
a i 5 M 5] = <
E 2 . 310004 : L  &10004 s = § 4000
5 L = o
5 500 5 : ™1 3 3
B @ 5004 £ 5004 ¢ . © T 20004
Y = = B2 (3] ©
- = x (4]
c [} o
8 0- (@] 0- O_M 04
o O o L o O
SRS QO KO SRS RS
- © AR AR\ AR\
F S 1000 G S 1000
S VMToC-0.8HZ S — VMToC-1HZ
§ — MToC-0.8HZ § — MToC-1HZ
£ s00 £ s00 r
c (=
S S ‘
3 [ = ‘ ,
: : | UL
£ J J E U U
o O—T—TT T T T T T T o O—T—TT T T T T T T
FPPLLESS S SO ® PP PP PP PO $
S @Q@Q @Q@Q@Q,\QQ%QQQQQ\QQQ S @o(b@ @e@o@q\@@o%@@@
Time (ms) Time (ms)
.g = IS - 1500 #xxx  wxex dax
To S0
3 e 3 2 _ 1000
cg c8w
2 Sk
85 g5 50
5w 5%
(&) (&)
&
I
&
S

Figure 2: Characterization of contraction parameters upon pacing. (A-E) Quantification of the contraction
parameters of MToC and VMToC: contraction amplitude (A); contraction duration (B); time-to-peak (C);
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relaxation time (D); peak-to-peak time (E) in M Ts with LUMCO0059iCTRLO3 hiPSC-CMs. Error bars are shown as
18D from MToC N = 3, n>30; VMToC N =3, n>26; three independent experiments with 26 MTs from at least six
different microfluidic channels in each experiment. (F-G) Representative beating traces at 0.8 Hz (A) and 1 Hz (B).
(H-K) Quantification of the contraction parameters during spontaneous beating, at 0.8 Hz and 1 Hz paced MTs:
contraction duration at 90% transient (H); contraction duration at 50% transient (1); time-to-peak (]); relaxation
time (K) in MTs with AICS-0075 hiPSC-CMs. Error bars are shown as £SD from MToC N = 3, n >10; VMToC
N =3, n>10; three independent experiments with 10 MTs from at least three different microfluidic channels were
carried out for each experiment. Wilcoxon-Mann-Whitney test (A-E), Kruskal-Wallis test with Dunn’s multiple
comparisons test (H-K); *p < 0.05, **p < 0.01; **p < 0.001, ***p < 0.0001; ns, not significant.

Modeling EC-CM crosstalk in cardiac MTs

To explore whether VMToC have added value over MToC in studying inflammation, we
investigated using two independent hiPSC lines for CMs whether EC-CM crosstalk can be
modulated by either (1) L-NAME, a nonselective inhibitor of NOS or (2) pro-inflammatory
stimuli, such as IL-1B. MToC and VMToC were incubated with L-NAME or vehicle for one
hour (Figure 3A-D and 4A-D) or six hours (Figure 3E-H and 4E-H). L-NAME had no effect on
the contraction time parameters: duration, time-to- peak and relaxation time in MToC after
one- or six-hour incubation compared to the vehicle alone. By contrast, six-hour L-NAME
exposure of VMToC cultures decreased contraction duration (Figure 3E, 4E) and relaxation
time (Figure 3G, 4G) but had no effect on the time-to-peak (Figure 3F, 4F). One- hour of
L-NAME incubation was more variable between the lines tested, and decreased contraction
duration and relaxation time in one but not the other control line (Figure 3A, C and 4A, C).
Peak-to- peak times appeared to decrease in one of the control lines tested after one and six
hours, but not the other (Figure 3D, H and 4D, H).

Finally, MToC and VMToC were stimulated for twelve hours with IL-1p (10 ng/ml) to
investigate the effect of pro-inflammatory cytokines. Pro-inflammatory cytokine release
and contractile parameters were assessed. Stimulation with IL-1p resulted in significant
upregulation of IL-6 (Figure 3I), IL-8 (Figure 3]) and cytokine chemoattractant protein
1 (MCP-1/CCL2, Figure 4K) in VMToC but not in MToC. In addition, IL-1f stimulation
decreased contraction duration, relaxation time and peak-to- peak time in VMToC but had
no effect on MToC (Figure 3L-0).
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Figure 3: Altered contractile dynamics and inflammatory response of cardiac MTs regulated by EC- CM
communication in VMToC but not in MToC. (A-H) Quantification of the contraction parameters presented
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as percentage change from the baseline mean of spontaneous beating condition, after 1 h (A-D) and 6 h (E-H)
incubation with Vehicle or L-NAME (1 mM): contraction duration (A, E); time-to-peak (B, F); relaxation time (C,
G); peak-to-peak time (D, H) in MTs with LUMC0059iCTRL03 hiPSC-CMs. Error bars are shown as mean+SD
from MToC N = 3, n > 28 (Vehicle) and n > 27 (L-NAME); VMToC N =3, n > 24 (Vehicle) and n > 27 (L-NAME);
three independent experiments with at least 7 MTs in each experiment. (I-K) Quantification of proinflammatory
cytokines from the medium after 12 h incubation of IL-1f (10 ng/ml): IL-6 (1); IL-8 (J); MCP1/CCL2 (K) in MTs
with LUMC0059iCTRLO3 hiPSC-CMs. Y-axis shows concentration (pg/ml). Error bars are shown as mean=SD.
MToC N = 3, n>3; VMToC N =3, n > 3; three independent experiments, medium was collected from at least with
3 different microfluidic channels in each experiment. (L-O) Quantification of the contraction parameters presented
as percentage change from the baseline mean of spontaneous beating condition after 12 h incubation with Vehicle or
IL-1f3 (10 ng/ml): contraction duration (L); time-to-peak (M); relaxation time (N); peak-to-peak time (O) in MTs
with LUMC0059iCTRLO3 hiPSC-CMs. Error bars are shown as mean+SD from MToC N = 3, n = 26 (Vehicle) and
n =30 (IL-1); VMToC N =3, n = 25 (Vehicle) and n = 31 (IL-1P); three independent experiments with at least 7
MTs in each experiment. Kruskal-Wallis test with Dunn’s multiple comparisons test (A-H, L-O), 2-way ANOVA
with Siddk’s multiple comparisons test (I- K), *p < 0.05, **p < 0.01, **p < 0.001; ***p < 0.0001; ns, not significant.

Discussion

In chapter 5, we developed a perfusable hiPSC-derived VMToC model. Here, we further
characterized VMToCs in their function and EC-CM crosstalk. Previously we demonstrated
that including ECs and cardiac fibroblasts (CFs) in MTs enhances CM maturation
(Giacomelli et al, 2020). However, no differences in sarcomere organization were found
between VMToC and MToC, indicating that further enhancement was not induced by the
external vascular network. VMToCs showed characteristic low beat rates but nevertheless
they continued to contract rhythmically throughout the experiments. Analysis of VMToC
contractile parameters showed increased contraction duration and relaxation times.
Notably, the increase in contraction duration in VMToC was not rate dependent and was
maintained upon pacing at 0.8 and 1 Hz.

We further demonstrated that EC-CM crosstalk could be captured in VMToC upon delivery
of stimuli via the external vascular network. Inhibition of NOS using L-NAME in VMToCs
reversed the slow beating and decreased contraction duration, relaxation and peak-to-
peak time. At the same time, L- NAME had no significant effect in MToC after one- or six
hours incubation, except for an increase in peak-to-peak time. The effect of L-NAME in
VMToC could be explained by a possible increase in endothelium-derived endothelin (ET-
1) production upon NOS inhibition (Kourembanas et al., 1993; Czdbel et al., 2009). Since
VMToCs contain more ECs than MToCs, this could result in a pronounced response to NOS
inhibition that was not observed in MToCs. Similarly, stimulation with IL-1f for twelve
hoursresulted in upregulation of several pro-inflammatory cytokines, such as IL-6,IL-8 and
MCP-1in VMToC, but not in MToC, suggesting that only the vascular units were effectively
responding to pro-inflammatory cytokine stimulation that are known contributors to EC
dysfunction and heart failure. Stimulation with IL-1p decreased contraction duration,
relaxation time and peak- to-peak time. This was somewhat unexpected since IL-13 and IL-6
are known as negative inotropes that increase NO levels via upregulating the expression of
inducible NOS (iNOS) in isolated CMs (Segers et al., 2018). On the other hand, IL-1p and
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Figure 4: Altered contractile dynamics of cardiac MTs upon inhibition of EC-CM communication in VMToC

but not in MToC, using a second control line. (A-H) Quantification of the contraction parameters presented
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as percentage change from the baseline mean of spontaneous beating condition, after 1 h (A-D) and 6 h (E-H)
incubation of L-NAME (1 mM): contraction duration (A, E); time-to-peak (B, F); relaxation time (C, G); peak-
to-peak time (D, H) in MTs with AICS-0075 hiPSC-CMs. Error bars are shown as £SD from MToC N = 3, n >6;
VMToC N =3, n > 7; three independent experiments with at least 6 MTs from at least four different microfluidic
channels in each experiment. Data is normalized to baseline mean of each set for vehicle and L- NAME group of
MTs. Kruskal-Wallis test with Dunn’s multiple comparisons test (A-H). *p < 0.05, *p < 0.01; ns, not significant.

IL-6 decrease endothelial NOS (eNOS) expression and activity in ECs (Saura et al., 2006;
Kawasaki et al., 2015; Hung et al., 2010). Although we have not examined expression of
iNOS and eNOS upon IL-1f treatment in VMToC vs MToC, the fact that the IL- 1f inhibitory
effect was only observed in VMToC indicates the importance of the vascular component in
mediating the response in CMs.

Finally, inter-batch and inter-line variability might be the result of differences in basal
contractile parameters and/or drug responses in VMToCs. We showed consistency between
two different hiPSC lines but further validation using more hiPSC lines may be of value as
NOS levels may differ between CMs and ECs from different lines and thus affect contractile
dynamics and drug responses to different extents.

In summary, we showed here that the presence of vasculature significantly affected the
contraction time parameters of VMToC, However, the sarcomere organization was not
affected by vascularization. We challenged EC-CM crosstalk in two ways: NOS inhibition
and stimulation with a pro-inflammatory cytokine. As a result, pro-inflammatory cytokine
concentration, contraction duration and peak-to-peak time significantly changed only in
VMToC, butnotin MToC. These results suggest that EC-CM crosstalkis enhanced in VMToC
and regulated CM contraction and response to stimuli, highlighting the utility of VMToC.

Experimental Procedures

Detailed experimental procedures on hiPSC line maintenance, cardiac microtissue and cell
preparation before on chip cultures can be found on chapter 5.

Microfluidic chip culture

Cells and MTs mixtures were seeded in commercially available microfluidic chips (AIM
Biotech) as follows: 1) 4 MT/channel in combination with 25 x 106 hiPSC-ECs/mL and 5
x 106 HBVP cells/mL (5:1 ratio) (VMToC); or 2) 4 MT/channel (MToC) were resuspended
in endothelial growth medium-2 (EGM-2, Lonza) supplemented with Thrombin (4 U/mL).
This mixture was then added to fibrinogen (final concentration 3 mg/mL, Sigma) at 1:1 vol
ratio and gently mixed. Final mixture was loaded into the middle gel-loading channel of the
microfluidic chip. Chips were incubated at room temperature for 15 min. The chips were
maintained in a medium mixture consists of (bovine serum albumin (BSA) and essential
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lipids (B(P)EL) medium and endothelial growth medium-2 (EGM-2); 50:50), supplemented
with vascular endothelial growth factor (VEGF) (50 ng/mL). On day 1, the y-secretase
inhibitor DAPT (10 pM) was added to the medium for 24 h. Intermittent gravity-driven flow
in the whole chamber was induced by the addition of 100 pL medium to the right media
ports and 50 pL media to left media ports in the medium channel which creates hydrostatic
pressure. Medium was refreshed daily until day 7 and characterized between day 5-7.

L-NAME and IL-1f stimulation

On the day of L-NAME stimulation chips were refreshed with the medium supplemented
with either VEGF (50 ng/mL) and distilled water (Vehicle) or VEGF (50 ng/mL) and
L-NAME (1 mM, N5751, Sigma) for one or six hours. Chips were incubated at 37 °C, 5% CO2
and contraction analyses were performed after one hour or six hours.

On the day of IL-1p stimulation chips were refreshed with the medium supplemented with
either VEGF (50 ng/mL) and PBS (Vehicle) or VEGF (50 ng/mL) and IL-1f (10 ng/ml, N5751,
Sigma) for twelve hours. Chips were incubated at 37 °C, 5% CO2 and contraction analyses
were performed after twelve hours.

Multiplex Cytokine Analysis

The medium from multiple chips were collected after twelve hours stimulation with IL-
1B (10 ng/ml) or vehicle, and kept at -80 oC. On the day of the multiplex cytokine bead
assay, collected medium was thawed two hours prior to the experiment. Concentration of
cytokines (CXCL10, IL-13, TNFa, CCL2, IL-6, IL-10, IFNY, TGFf1 free active and IL-8) was
measured using a LEGENDplex Human Essential Immune Response Panel kit (13-plex)
(BioLegend, cat no: 740930) according to the manufacturer’s instructions. Undiluted or
eight times diluted samples were run on Cytek 3-Laser Aurora spectral flow cytometer
(Cytek Biosciences, USA).

Imaging of vascularized 3D cardiac microtissues on chip

Whole channel images were captured daily using EVOSM7000 with 10x objectives.
Confocal images were captured to create 3D stack using Andor Dragonfly spinning disk
confocal microscope using a 40x objective. Images were processed using Imaris 9.5 software

(Bitplane, Oxford Instruments).

Contraction analysis

For pacing experiments, electrodes were made in-house to fit to the gel channels of chips and
used to pace MTs. MTs were stimulated at 0.8 and 1 Hz, with 15V/cm strength and 3 ms long
stimulation pulse. Movies of spontaneous beating or paced MTs from VMToC and MToC
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conditions were acquired for atleast 10 s at 37 °C either with a ThorLabs DCC3240M camera
at 100 frames/s and a 10x objective phase contrast objective (Leica Inverted microscope
IBDE), using the ThorLabs uc480 software (v 4.20), or with a Leica Microsystems LAS
AF6000 microscope at 37 °C and 5 % CO2. On the day of L-NAME or IL-1f stimulation,
VMToC and MToC conditions were recorded for their baseline spontaneous beating prior
to drug administration. Chips were recorded after both one hour incubation and six hours
incubation period with vehicle and L-NAME or twelve hours incubation period with IL-1.
Contraction data were obtained by analyzing movies with the MUSCLEMOTION Image]
macro (Image] v. 2.0.0-rc-49) as described previously (Sala et al., 2018).

Sarcomere analysis

Confocal images of VMToC and MToC conditions were acquired using a DragonFly spinning
disk (Andor) microscope with 40x objective. In each MT, one plane from each FOVs were
chosen to quantify and converted to 8-bit images. For MToC, 88 FOVs were selected in 11
MTs and for VMToC 52 FOVs were selected in 8 MTs. Sarcomere quantification data was
obtained by analyzing these 8-bit images with SotaTool, as described previously (Stein et
al., 2022).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9. Student’s t-test, one-way or
two-way ANOVA for paired or unpaired measurements were applied as appropriate to test
for differences in means between groups/conditions. Kruskal-Wallis test and Wilcoxon-
Mann-Whitney test were used when the normality assumption did not hold. Data are
expressed and plotted as the Mean + SD. as indicated in figure legend. Detailed statistics
and exact P-values are indicated in each figure legend. Statistical significance was defined
asP<0.05.
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