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Macrophages enhance contractile force in iPSC-
derived human engineered cardiac tissue

Graphical abstract

Cardiomyocytes (iCM) Fibroblasts (iCF) Macrophages (iM0)
O ’ J

iPSC
Differentiation

Encapsulation
in Fibrin Hydrogel

Human Engineered Cardiac
Tissue Formation (hECT)

| |
Hydrogel Cast Around
Flexible PDMS Pillars
U hECT -iMO U U hECT +MO U

=

&
c8
o3
g £ [ oHz [ 2-6HzRamp 2Hz |
20
£2
Eg @ O / Wn{m m
]
g3 U u — )
<w 0 21 28

-E Days in Culture

Total F¢ T Active FurcsT _______ . .
2 i 9009
2 /\ /\ T inflammatory Cytokine g S0 @3 @
> Production .o. .Q
s = MCP-1, IL6, IL8, IL10 %%
< 3 IFNg, TNFa, IL1b, IFNa2, IL12070, @@@8®.@
= =1 IL17a, IL18, IL23, IL33 v @
: ¢ | U U
s ¢
3
5 v TCa(echolamine Production gucpa
frd 4Resting PESSJVQT +iMO! Adrenaline
Tension yTensic

" Displacement (um/s)

Time (s)

Highlights

Engineered cardiac tissues can maintain an iPSC-
macrophage (iM0) population for 28 days

iMOs in engineered cardiac tissues take on a tissue-resident-
like phenotype

iMOs alter cardiac tissue function, increasing contractile force
production

Observed functional changes may be due to iMO stimulation
of the B-adrenergic pathway in iCMs
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In brief

Lock and Graney et al. develop a human
engineered cardiac tissue with an
incorporated iPSC-derived macrophage
population to better mimic the complex
cell landscape of the native myocardium.
Macrophage inclusion leads to increased
contractile function of the tissue, which is
attributed to macrophage stimulation of
the cardiomyocyte B-adrenergic
signaling pathway.
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SUMMARY

Resident cardiac macrophages are critical mediators of cardiac function. Despite their known importance to
cardiac electrophysiology and tissue maintenance, there are currently no stem-cell-derived models of human
engineered cardiac tissues (hECTSs) that include resident macrophages. In this study, we made an induced
pluripotent stem cell (iPSC)-derived hECT model with a resident population of macrophages (iMO0) to better
recapitulate the native myocardium and characterized their impact on tissue function. Macrophage retention
within the hECTs was confirmed via immunofluorescence after 28 days of cultivation. The inclusion of iMOs
significantly impacted hECT function, increasing contractile force production. A potential mechanism under-
lying these changes was revealed by the interrogation of calcium signaling, which demonstrated the modu-
lation of B-adrenergic signaling in +iM0 hECTs. Collectively, these findings demonstrate that macrophages
significantly enhance cardiac function in iPSC-derived hECT models, emphasizing the need to further explore

their contributions not only in healthy hECT models but also in the contexts of disease and injury.

INTRODUCTION

In recent years, human engineered cardiac tissues (hECT) have
emerged as sophisticated, versatile platforms for studying the
human heart in a simplified and highly controllable manner.'™
As the adult human heart is extraordinarily complex, engineered
models aim to recapitulate particular subsets of the heart’s
structural and functional characteristics that can then be utilized
to investigate specific biological questions of interest. While all
hECT designs use combinations of cells, biomaterials, and
bioactive factors, the resulting tissue models vary widely and
are often designed toward specific applications in modeling dis-
ease, injury, and drug testing.c™®

The development and adoption of these tissue models for
specific applications has been greatly advanced by the advent
of induced pluripotent stem cell (iPSC) technology, which has
provided a means to sustainably generate and study the car-
diomyocytes and supporting cells of the human heart in an
accessible and ethically non-controversial manner.'® Howev-
er, it is well known that iPSC-derived cardiomyocytes are
immature compared to cardiomyocytes native to the adult hu-
man heart.’""'? Historically, many engineered tissue designs
have been dedicated to finding ways to advance the tissue
to more faithfully capture the heart’s unique characteristics
or more comprehensively characterize the tissue’s structure

and function. Often, the focus is on the design of the tissue
itself, by changing the materials used, ' '° the tissue architec-
ture,®>'® or the readouts to better quantify tissue func-
tion.”””' In contrast, modulation of the cellular composition
of the tissues is less explored, with most of the focus centered
on the cardiomyocytes and fibroblasts. Although they are the
most prevalent cell types in the myocardium, they are far from
the only cell types present in the cellular landscape, which in-
cludes populations like endothelial cells, pericytes, natural
killer cells, lymphocytes, and dendritic cells, among others.?°
Notably, no existing entirely iPSC-derived 3D cardiac tissue
model, to our knowledge, has incorporated immune cells,
despite their importance to the heart’s function and their cen-
tral roles during disease and injury."*?'2% In the native
myocardium, immune cells account for 10.4% of the atrial
and 5.3% of the ventricular cell landscapes.”” While there
are many different cardiac immune cells, we opted to focus
on macrophages, as myeloid cells represent the most abun-
dant cardiac immune cells.>*?°

Macrophages are highly heterogeneous cells that play pivotal
roles in the human heart during both health and disease.?®>%
Classified as part of the innate immune system, macrophages
were originally considered to be mainly present in and derived
from the blood, performing phagocytosis, chemotaxis, cytokine
secretion, and antigen presentation for immune defense and
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tissue healing. More recent studies have revealed that there are
also separate macrophage populations that reside within most
tissues of the body. These tissue-resident macrophages not
only differ in origin and self-renew independently from blood
monocyte-derived macrophages but also have distinct pheno-
typic profiles and functions specific to the tissue microenviron-
ment in which they reside.?”+?9-%°

Recent studies of resident macrophages in the heart have
demonstrated that under steady-state conditions, murine resi-
dent macrophages electrically modulate cardiomyocytes via
connexin-43 gap junctions and maintain cardiac homeostasis
by clearing dead cells and debris.>' Resident macrophages
also play critical cardioprotective roles, as their depletion in-
hibits adaptive cardiomyocyte growth in response to hyperten-
sive stress® and promotes aberrant remodeling following
myocardial infarction,®® leading to cardiac dysfunction in
mice. While these discoveries have laid the groundwork for es-
tablishing the physiological importance of cardiac resident
macrophages to the function of the myocardium, the reliance
on murine models may limit translation to human health and
disease. However, studies of human cardiac resident macro-
phages remain challenging due to the inaccessibility of human
myocardium.

Recently developed protocols have established that
CD14*CD68* macrophages can be successfully derived from
iPSCs (iM0s).>**® iMOs are fully functional, capable of exerting
phagocytosis and efferocytosis, as well as exhibiting the trade-
mark phenotypic plasticity toward pro-inflammatory, M1-like
and pro-regenerative, M2-like phenotypes in response to
directed chemokine stimulation. While these macrophages are
monocyte derived, they have a shared ontogeny with tissue-resi-
dent macrophages,®® making them a suitable population to use
as a “resident” macrophage population in a hECT model.

In this work, an all-iPSC model of human cardiac tissue was
engineered to create an in vitro model that is more recapitulative
of the native heart and to provide a way to probe the impact of
resident macrophages on human cardiac tissue phenotype
and function. Bulk RNA sequencing was performed to evaluate
changes in hECT molecular phenotypes. We further assessed
the impact of iMOs on cardiac function through the assessment
of inflammatory cytokine secretion from the hECT and by quan-
tifying changes in contractility and force generation via bright-
field imaging and calcium handling.

RESULTS

Generation of hECT model

To establish a hECT model with an immune component, we
leveraged our previously developed engineered tissue model
design (milliPillar platform, Figure 1A).°” The cardiomyocytes
(iCMs), cardiac fibroblasts (iCFs), and iMOs were independently
differentiated from iPSCs using previously established proto-
cols.***839iCM identity was confirmed by immunofluorescence
markers of cardiac troponin T (cTNT) and a-actinin, and F-actin
was used as a way to identify any non-myocyte cells present
that were not positive for cTNT and a-actinin (Figure S1A). iCM
function was confirmed by the spontaneous contraction, which
typically began around day 10 of differentiation (Figure S1B).
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iCF identity was validated by immunofluorescence staining for
GATA binding protein 4 (GATA4), transcription factor 21
(TCF21), and vimentin (Figure S1C) and gene expression (Fig-
ure S1D). Collagen secretion by iCFs increased significantly
when stimulated by transforming growth factor B1, confirming
iCF functionality (Figure S1E). Lastly, macrophages were differ-
entiated from a CD68-YFP reporter iPSC line to enable real-
time imaging of differentiated cells. Stable expression of
CD68-YFP in iMOs relative to both unmodified and undifferenti-
ated iPSCs was confirmed at the gene level using RT-gPCR,
and immunofluorescence confirmed the expression of identity
markers CD11b and CD68, as well as the expression of the
endogenous CD68-YFP reporter (Figures S1F and S1G). The
expression of myeloid markers (CD11b, CD14, human leukocyte
antigen DR isotype [HLA-DR], and signal regulatory protein alpha
[SIRPa]) was also confirmed by flow cytometry (Figure S1H). In
addition, phagocytic uptake of latex beads confirmed iMO func-
tionality (Figure S1l).

Following iCM, iCF, and iMO differentiation, the cells were
mixed together in a fibrin hydrogel and suspended around flex-
ible pillars to fabricate the engineered tissues. In tissues
without macrophages (—iM0), cardiomyocytes were combined
with fibroblasts in a 4:1 ratio to mimic the volumetric propor-
tions observed in healthy tissue.“® In tissues with macrophages
(+iMO0), iMOs accounted for 7% of the total cell composition,
since immune cells account for 10.4% of the atrial and 5.3%
of the ventricular cell landscapes in the native myocardium.*°
For the remainder of the tissue composition, the 4:1 ratio of car-
diomyocytes to fibroblasts was preserved (resulting in 69.75%
iCMs and 23.25% iCFs), as this ratio is known to affect tissue
compaction, remodeling, and force generation.”’**> The
formed hECTs were cultured over a period of 4 weeks and sub-
jected to a frequency-ramped electrical stimulation regimen re-
ported in our previous studies to improve tissue structure and
function.®”+**

Importantly, we sought to determine whether the macrophage
population integrated into the cardiac tissues during fabrication
was retained throughout this extended culture period. The use of
CD68-YFP-labeled macrophages enabled visualization of iMOs
within the macrophage-seeded tissues (Figure S1J). At the end
of the 28-day period, whole-mount immunofluorescence imag-
ing of the tissues confirmed the maintained presence of an
immune population using CD45, a pan-leukocyte antigen (Fig-
ure 1B). Based on quantitative analysis, CD45" cells comprised
approximately 8% of the cell population within hECTs seeded
with iMOs (Figure 1C). Notably, iMOs lacked expression of the
proliferation marker Ki-67 (Figure S1K), confirming that the mac-
rophages were terminally differentiated and non-proliferative at
the time of integration within hECTs. These data suggest that a
resident macrophage population was retained in the hECTs for
28 days, with minimal change in the composition of the cellular
landscape.

We subsequently assessed the impact of iMO on the overall
cell alignment within the tissues by quantifying the orientation
of cTNT and vimentin within hECTs. There were no significant
differences detected through whole-mount image analysis be-
tween tissues prepared with and without iMO (Figures 1D and
1E); however, 2D co-culture of iCMs with iMOs led to increased



Cell Reports ¢? CellPress

OPEN ACCESS

A
Cell Differentiation Engineered Tissue Fabrication Culture and Electrical Stimulation
N Cell Encapsulation Hydrogel Cast Around
: In Hydrogel PDMS Pillars > &
& +
Cardiomyocytes tiCM)g- -1 EEEE 2 - g
75% iCM 4 2
25% iCF U U E
0% iMO —— - +
iPSC Fibroblasts (iCF) _:
O C [ oHz | 2-6HzRamp 2Hz |
- ® ' WW"’i
\'/ N ‘\ y H
A 69.75% iCM U (Ha0) U | |
A 23.25% iCF T T T T 1
Macrophages (iM0) J 7% iMO 0 7 14 21 28

Days in Culture

ns
20 Kok 40- & 40+ ns 15000 1.0-
_ c *okk
° ns =] o
15 § 304 % 30 £ z
® o 10000 ]
& ° & o = =
< @ >3 S
g 10 2. 20 g 20 8 £ 0.5
o= (7] (%)
® a £ s 5000-] =
5+ E 104 e 104 3 O -
q’ - S—
5 E
0 0 > 0 0- 0.0-

w T
-iM0  +iMO

Figure 1. Generation of iPSC-derived human engineered cardiac tissues containing macrophages

(A) Cardiomyocytes (iCMs), cardiac fibroblasts (iCFs), and macrophages (iMOs) were derived from human iPSCs, encapsulated in a fibrin hydrogel, cast around
PDMS pillars, and matured by ramped electrical stimulation over 28 days.

B) Immunofluorescence of cardiac tissues prepared without (—iM0) and with (+iM0) macrophages. Scale bars are 100 um.

C) Quantification of macrophages retained in tissues after 28 days via CD45 staining.

D) Dispersion of cTNT alignment.

E) Dispersion of vimentin alignment.

F) Size of iCMs with or without co-culture with iMOs.

G) Circularity of iCMs with or without co-culture with iMOs.

Data represent mean + SEM and were assessed via two-tailed t test; *p < 0.01.
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Figure 2. RNA-seq confirms iMO presence within cardiac tissues after 4 weeks
(A) Principal-component analysis of gene count data for hECTs prepared with (+iM0) and without (—iM0) macrophages.
(B) Enhanced volcano plot of differentially expressed genes, determined by p < 0.01, log2(fold change) > 1, including markers indicative of macrophage presence

in CD14 and CD68.

(C) Chord diagram of the top 10 biological processes and corresponding differentially expressed genes generated by AdvaitaBio iPathwayGuide.
(D) Hierarchical clustering of gene counts for a panel of markers indicative of CCR2-HLA-DR+ tissue-resident macrophages in +iM0 and —iMO tissues.
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iCM size, with no changes in iCM circularity (Figures 1F
and 1G).

RNA sequencing confirms sustained macrophage
presence

To further validate the presence of macrophages in the hECT
model and provide insight into the functional differences caused
by the macrophage population, we performed bulk RNA
sequencing on the hECTs after 28 days of culture. Principal-
component analysis demonstrated distinct separation of the
hECTs prepared in the presence (+iM0) and absence (—iMO0) of
macrophages, and tight clustering of the replicates within each
group, with principal component 1 accounting for 98% variance
within the data (Figure 2A). Differential expression analysis
(p < 0.01, log2 fold change >1) identified hundreds of differen-
tially expressed genes, the bulk of which were upregulated in
the +iMO group compared to the —iMO control group (Figure 2B).
As expected, among the top upregulated genes were those
associated with myeloid and macrophage identity, such as
CD14 and CD68. Gene Ontology (GO) pathway analysis of bio-
logical processes also revealed an overwhelming upregulation
of leukocyte-specific pathways and pathways involved in im-
mune response, including “inflammatory response,” “innate im-
mune response,” ‘“cytokine-mediated signaling pathway,”
“positive regulation of cytokine mediated production,” and
“macrophage activation,” further confirming the presence of
an immune population within the tissues (Figure 2C).

We aimed to further characterize the phenotype of iMOs within
our hECT model after the 28-day cultivation period. Using the RNA
sequencing data, we compared the expression of genes in hECTs
containing iMOs against published lists of genes describing car-
diac tissue-resident macrophages, as well as M1/M2 activation.
Hierarchical clustering for genes indicative of CCR2-MERTK+ car-
diac tissue-resident macrophages®’ revealed the elevated
expression of these markers in tissues prepared with iMOs (Fig-
ure 2D). To expand on these findings, we performed single-sam-
ple gene set enrichment analysis against transcriptomic signa-
tures for macrophages in the adult human heart,”® including
three populations of LYVE1+ macrophages, two populations of
DOCK4+ macrophages, antigen-presenting macrophages, and
monocyte-derived macrophages (Figures 2E and S2A). Interest-
ingly, tissues prepared with iMOs were significantly enriched for
LYVE1+MP-1 relative to control tissues without iMOs, whereas
we did not observe a significant enrichment for any other profile
of cardiac macrophages (Figure 2E). These data suggest that
iMOs within the hECTs are a relatively homogeneous population
of macrophages and may resemble a cardiac tissue-resident
phenotype associated with cardiovascular remodeling. Given
the monocytic origin of our iMOs, we further analyzed the tissue
samples for enrichment against the transcriptomic profiles of
circulating monocyte-derived pro-inflammatory (M1) and pro-
regenerative (M2a, M2c) macrophages.** Tissues prepared with
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iMOs were significantly enriched relative to control tissues for
both M1 and M2a activation states (Figure S2B), suggesting an
underlying inflammatory response of iMO.

Macrophages alter hECT cytokine production

Cytokine secretion plays an important role in influencing the
microenvironment and directing cell behavior. Based on the
bulk RNA-sequencing data, we chose to quantify the secretion
of inflammatory mediators in conditioned supernatant
collected from hECTs prepared with and without macrophages.
Interestingly, only minimal differences were observed after
1 week of culture; however, by day 28, macrophages within
hECTs significantly increased production of both pro-inflam-
matory cytokines, such as monocyte chemoattractant pro-
tein-1 (MCP-1), interleukin (IL)-6, IL-8, interferon vy, and tumor
necrosis factor o (Figures 2F and S2C), and pro-regulatory cy-
tokines, such as IL-10 (Figure 2F). While it could not be conclu-
sively determined whether the macrophages are solely respon-
sible for this phenomenon, it does suggest that the presence of
the macrophages within the tissues drives cytokine production
by directly producing cytokines and by inducing production by
surrounding iCM and iCF cell populations.

Macrophages impact cardiac tissue function
To assess the impact of macrophages on the overall contractile
function of the cardiac muscle, video-enabled microscopy was
utilized to track and analyze the displacement of the flexible pil-
lars that move as the tissue contracts (Figure S3). Importantly,
the mechanical properties of the pillars were measured, enabling
force generation of the tissue to be calculated from the pillar
displacement measurements. Furthermore, by taking into ac-
count (1) the distance between the pillars at rest, (2) the pillar
displacement during tissue contraction, and (3) the cross-
sectional area of each tissue, several metrics (e.g., force, stress,
and contraction and relaxation velocity of the tissues) can be
calculated to comprehensively characterize tissue functionality.
After 4 weeks of culture, we compared the final cross-
sectional areas of each tissue to their original cross-sectional
areas measured after the first 7 days of formation to assess tis-
sue compaction over time and observed that +iMO tissues
tended to compact more than their —iMO counterparts (Fig-
ure 3A), though the final cross-sectional areas of the tissues
did not significantly differ between groups (Figure 3B). This indi-
cates that macrophages may facilitate increased remodeling of
the tissue during its initial formation and throughout the culture
period. At rest, the passive tension, which is the force the tissues
exert when at maximum relaxation, was higher in tissues pre-
pared with macrophages compared to —iMO controls (Figure 3C).
However, the passive stress, which accounts for the cross-
sectional area of the tissue, indicated no significant differences
between the two groups (Figure 3D). This was not the case for
the active force produced during contraction. Surprisingly, the

(E) Single-sample gene set enrichment analysis for gene sets describing macrophage populations found within the adult human heart. Analysis was not restricted

to only differentially expressed genes. Data were analyzed via two-tailed t test.

(F) Production by +iM0 and —iMO hECTs of inflammatory cytokines in tissue supernatant after 7 and 28 days.
Statistical significance was determined by two-way ANOVA with Tukey’s post hoc analysis; *p < 0.05, *p < 0.01, ***p < 0.001, and ***p < 0.0001. Data represent

mean + SEM.
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Figure 3. iMOs alter cardiac tissue function
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(A and B) Quantification of (A) tissue compaction and (B) tissue cross-sectional area at 28 days.

(C-J) Quantification of metrics of contractile function at 1 Hz stimulation including (C) passive tension, (D) passive stress, (E) mean active force, (F) mean active
stress, (G) mean force, (H) mean stress, () mean contraction velocity, and (J) mean relaxation velocity.

Data represent mean + SEM and were assessed via two-tailed t test; *p < 0.05, *p < 0.01, ***p < 0.001, and ****p < 0.0001.

tissues containing a macrophage population demonstrated a
significantly increased active force production that was, on
average, twice as high as the force exerted by the —iMO tissues
(Figure 3E), and this disparity became even more apparent when
taking the cross-sectional area into account in the active stress
metric (Figure 3F). This difference was also reflected in the total
force generation (Figure 3G) and total stress of the tissues (Fig-
ure 3H), which denote the sum of their respective passive and
active components. Macrophages also induced pronounced dif-
ferences in the contraction and relaxation velocities (Figures 3l
and 3J) compared to tissues without macrophages, likely
caused by the increased active force production, as the pillar

6 Cell Reports 43, 114302, June 25, 2024

displacement for each contraction is larger. Collectively, these
data suggest that macrophage inclusion in hECT facilitates
more robust tissue contractility.

Tissue-resident macrophages modulate pB-adrenergic
responses

To investigate the underlying reasons behind this increase in
force generation, we referred back to the RNA sequencing
data, aiming to discover affected pathways related to cardio-
myocyte contractile function. By excluding the immune-related
terms, the GO analysis revealed that there were also many upre-
gulated genes in the +iMO tissues that impact other relevant
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(A) Upregulated GO pathways in +iMO compared to —iMO tissues related to calcium signaling.
(B) KEGG pathway diagram of adrenergic signaling in cardiomyocytes showing up- and downregulated genes in +iM0 compared to —iMO tissues combined with

predicted downstream effects generated by AdvaitaBio iPathwayGuide.

(C) Quantification of differentially expressed pathway genes shown in the KEGG pathway diagram of adrenergic signaling in cardiomyocytes generated by

AdvaitaBio iPathwayGuide.

biological processes. Notably, many of these were related to cal-
cium signaling, including “positive regulation of cytosolic
calcium ion concentration,” “calcium ion homeostasis,” and
“calcium iron transport” (Figure 4A). This result was particularly
interesting, as calcium is the central element of excitation-
contraction coupling, serving as a main regulator of force pro-
duction in the cardiac tissue. Furthermore, among the affected
pathways listed by KEGG analysis on the differentially expressed
gene set was the “adrenergic signaling in cardiomyocytes”
pathway (p < 0.05). While not the most significantly affected
pathway listed, adrenergic signaling was of considerable interest
because of its regulation by calcium signaling and known effects
on cardiomyocyte contractile function, matching some of the
functional changes identified between groups.

The KEGG pathway diagram for adrenergic signaling in cardi-
omyocytes (Figure 4B) shows the computed perturbation of
each gene in the pathway, accounting for the measured expres-
sion of differentially expressed genes from our RNA-seq dataset
(Figure S4A), combined with the computed accumulated pertur-
bation propagated across the pathway topology from upstream
genes (Figure S4B), to show how the B-adrenergic signaling
pathway is impacted. Assessment of the pathway diagram re-
veals that the +iMO hECTs significantly increased the expression
of adrenergic receptor-p1 (ADRB1) and adenylyl cyclase
(ADCY3, ADCY7), as well as upregulation along the PI3K-Akt
pathway (PIK3R5, PIK3R6, PIK3CG), both of which are involved
in cardiomyocyte survival, growth, hypertrophy, and contractile
function (Figure 4C). However, we also observed downregulated

expression of ADRA1A, which encodes for the a-1A adrenergic
receptor found in myocytes, as well as several downstream
genes, including phospholipase C (PLCB1). Interestingly,
macrophage integration also induced changes in the expression
of genes responsible for the dihydropyridine receptor, an L-type
Ca®* channel complex, with significant upregulation of
CACNA2D4 and CACNG4 and a slight downregulation in the
expression of CACNA1D. Finally, we also noted changes in
genes that code for sarcomeric proteins, including downregula-
tion of myosin heavy chain 6 (MYH6) and upregulation of cardiac
type troponin I3 (TNNI3) and tropomyosin-encoding genes TPM4
and TPM2. The differential expression of these genes may
explain the altered force production observed between tissues
prepared with and without macrophages.

To better understand how differences in gene expression
affect calcium signaling and adrenergic signaling in hECTs, we
utilized cardiomyocytes genetically encoded with a fluorescent
calcium indicator (GCaMP) and subjected the tissues to an
isoproterenol challenge. Isoproterenol is a well-established
inotropic and chronotropic B-adrenergic agonist, which en-
hances local Ca®* release in cardiomyocytes.*>*° As expected,
both groups exhibited the characteristic dose-dependent in-
crease in beat frequency (Figure 5A). However, an analysis of
tau (Figure 5B), the calcium transient decay constant, revealed
that at low concentrations of isoproterenol, the presence of mac-
rophages led to a shorter tau compared to —iMO controls; how-
ever, this difference was abolished at high isoproterenol concen-
trations. Both the period of contraction during the release of

Cell Reports 43, 114302, June 25, 2024 7




¢? CellPress

OPEN ACCESS

| %*
*
*
*

Beats per Minute
»
o
1
Avg. Tau (s)

RTINS
R AR AN A A A

Isoproterenol [M]

E F
S
c 3 3 2= 34
6 9 S8
E= = *kk SE
8o B o
=) o
'Uu O = ©
o ®© 2 e S © 2
£ 3 05 ns
":',m oSe 3 co
2 o T £ _—
= 0 1 it 'E_o 14----22.....0 el
T = et A e
uc.)E =é See
- ‘a ° .
S —_ °

T o @0
SE0- S £ o-

-iMO  +iMO 4 -iM0  +iMO

Cell Reports

| *

Isoproterenol [M]

C D
kK
*okkk *kkK
100~ *okokk 0.6  kkkk *okk
2 80 e
2 ° ° W g4
= 60 3
g’. -
» N
40+ =d
0 > -
§ Z 0.2
m 20
0- 0.0-
0 10 0 10
Forskolin [uM] Forskolin [uM]
*k . .
G - e -MO e +iMO
150+ * *k
z
El °
[
S 1004
L
(3
2
°
& 50
c
©
Q
=

0 20
Bisoprolol hemifumarate [uM]

Figure 5. Macrophages modulate cardiac tissue B-adrenergic response
(A and B) Effect of isoproterenol challenge on hECT calcium transients shown through quantification of (A) beat rate and (B) average tau.
(C and D) Effect of 10 uM forskolin on hECT calcium transients shown through quantification of (C) beat rate and (D) average tau.

(E) Adrenaline and (F) norepinephrine production in —iMO versus +iMO hECTs.

(G) Mean active force production of tissues in response to treatment with p1-adrenergic receptor blocker bisoprolol hemifumarate.
Data represent mean + SEM and were assessed via two-tailed t test for assessment of adrenaline and norepinephrine, or via repeated-measures two-way ANOVA
with multiple comparisons comparing between conditions at each concentration of isoproterenol, forskolin, or bisoprolol respectively; *p < 0.05, **p < 0.01,

**p < 0.001, and ***p < 0.0001.

intracellular Ca®* (Figure S5A) and the period of relaxation during
the reuptake of intracellular Ca®* (Figure S5B) were equally
affected. At low concentrations of isoproterenol, iMOs consis-
tently reduced the period of contraction and period of relaxation
for the release and reuptake of intracellular Ca®*, respectively,
indicating that this difference likely is not caused by a change
to any specific step of the calcium cycling. To further test this,
we subjected the tissues to 10 uM forskolin, which activates ad-
enylyl cyclase, the protein directly downstream of the B-adren-
ergic receptor. The response to forskolin was similar to that
observed for isoproterenol (Figures 5C, 5D, S5C, and S5D).
The main catecholamines responsible for activating the
B-adrenergic signaling pathway are adrenaline (epinephrine) and
noradrenaline (norepinephrine).*” Quantification of catecholamine
levels in the supernatant of hECTs confirmed that tissues contain-
ing iMOs produced significantly more adrenaline compared to
hECTs without iMOs (Figure 5E). Additionally, among the three
individual cell types, iMOs displayed the highest adrenaline pro-
duction (Figure S5E). In contrast, we did not observe significant
production of norepinephrine by hECTSs, irrespective of macro-
phage presence (Figure 5F). Consistent with this finding, iMOs,
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iCMs, and iCFs did not produce significant quantities of norepi-
nephrine when cultured in isolation (Figure S5F). These results
suggest that iMOs are a source of adrenaline, which in turn stimu-
lates the B-adrenergic signaling pathway in cardiomyocytes, lead-
ing to altered calcium signaling dynamics and the increased
contractile function observed in the +iMO hECTs.

To confirm this, we inhibited the B-adrenergic receptor 1 within
hECTs using the B-blocker bisoprolol hemifumarate and quanti-
fied contractile force production. Indeed, B-blocker inhibition
significantly reduced the mean active force production by the tis-
sues and abrogated differences between hECTs prepared with
and without macrophages (Figure 5G). Similar trends were
observed in the mean contraction and relaxation speeds
(Figures S5G and S5H). Together, these results suggest that
iMOs enhance cardiac tissue contractile function through the
stimulation of the B-adrenergic signaling pathway.

DISCUSSION

Here, we report the first all-iPSC in vitro model of engineered
human myocardium containing a population of resident
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macrophages. We demonstrate that the macrophage population
is retained across 28 days of cultivation and results in signifi-
cantly altered contractile tissue function, increasing the active
force and stress, as well as the contraction and relaxation veloc-
ities. Subsequent interrogation of the calcium signaling within
the hECTs revealed that iMOs’ presence alters calcium signaling
along the B-adrenergic pathway, which may contribute to the
observed differences in contractile force.

A notable advantage of our model is that it is entirely iPSC
derived, providing a uniform genetic background and patient
specificity. Primary human cardiomyocytes and cardiac tissue-
resident macrophages are very difficult to source, and while pri-
mary peripheral blood macrophages are more easily accessible,
there is significant variation between donors, and their lifetime in
culture is limited, making them less reproducible. In comparison,
iPSC-derived cell types are both accessible and reproducible
and can be scaled for higher-throughput studies. Furthermore,
prior studies have demonstrated that for models containing mul-
tiple cell populations, the inclusion of iCFs rather than dermal fi-
broblasts as a stromal cell population significantly enhances the
maturity and physiological relevance of the tissue model due to
the increased cell-cell crosstalk.”® Recently, other groups have
shown the potential for tissue-resident macrophage populations
(e.g., resident macrophages in colonic organoids, microglia in
brain organoids) to help mature iPSC-derived organoids past
early fetal stages of development.*®“° In addition, fully iPSC-
derived constructs have great potential for various future appli-
cations. These models can be genetically manipulated as
desired to create isogenic controls or used to investigate inter-
cellular interactions and cell-type-specific mechanisms in dis-
ease and injury modeling. With the inclusion of a resident macro-
phage population, this becomes even more pertinent, as the
inflammatory response to pathophysiological stressors is often
central to determining injury progression and outcome. This tis-
sue engineered model could be particularly beneficial for inves-
tigating pathophysiological states involving the immune system,
such as myocardial infarction and heart failure, cytotoxic injury,
and viral and autoimmune myocarditis.*®>?

We observed a relatively constant proportion of macrophages
within +iMO hECTs over 28 days that matched the initial cell
composition used during fabrication. Considering the absence
of Ki-67 expression by iMOs, and that iCMs are terminally differ-
entiated, these findings suggest that iCFs within hECTs are also
not proliferative. This is consistent with a recent report by Giaco-
melli et al., which suggests that COL1A+ iCFs have low levels of
Ki-67 after 21 days of culture within engineered microtissues,”*
leading to a relatively constant cellular landscape.

Given the plasticity of macrophages, we next sought to under-
stand the changes in phenotype to iMOs following integration
within our hECT model. The iMOs in this work were generated
from hematopoietic progenitors originating from hemogenic
endothelium; as a result, the ontogeny of iMOs is expected to
be more similar to tissue-resident macrophages than peripheral
blood monocyte-derived macrophages.®***® Prior work has
further demonstrated that iPSC-derived primitive macrophages
can be differentiated into specialized tissue-resident-like macro-
phages in the presence of organ-specific stimuli.>®> A compari-
son of our bulk transcriptomic data against immune populations
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in the adult human heart suggests that after 28 days, iMOs may
begin to resemble a CCR2-HLA-DR+ cardiac tissue-resident
phenotype. Although immune cells were absent from —iMO
hECTs, we did not observe enrichment in +iM0O hECTs for all
transcriptomic profiles of macrophages. Importantly, these pro-
files define diverse macrophage subsets within cardiac tissues
and contain genes that are not macrophage specific but are
also expressed by other cells in hECTs. While our data suggest
that iMOs resemble a single population of LYVE1+ cardiac mac-
rophages, due to the known diversity of resident macrophages
within cardiac tissue,?® single-cell transcriptomic analysis is
needed to more precisely assess the macrophage landscape
within hECTs at steady state.

During our characterization of the macrophages, we also
observed an upregulation in the secretion of mostly pro-inflamma-
tory cytokines from the hECT, especially during the later time
points, suggesting that the cells are responding to a stressor.
This is most likely caused by electrical stimulation applied to the
cardiac tissues. Electrical signals can directly affect cell behavior
and function, and while the electrical stimulation regimen used to
develop this model has been shown to increase force production
and cell organization within a tissue composed of cardiomyocytes
and fibroblasts,*>*“ it is less understood how the electrical stimu-
lation affects the resident macrophage population. Primary macro-
phages display voltage-sensitive receptors and regulate their
intracellular Ca2* signaling pathways for functions like proliferation
or polarization through different ion channels, suggesting that they
could be impacted by electrical fields.*>*® Furthermore, studies of
macrophage responses to an electrical field have found increased
cytokine production, which supports the notion that it is the elec-
trical stimulus causing the increase in cytokine production.®’
Future work will explore the application of this model to injury
and disease for a comprehensive analysis of the heterogeneity of
and dynamic changes in resident cardiac macrophages. Notably,
the macrophage-seeded hECT platform described in this work can
be coupled with organ-chip systems to delineate the crosstalk be-
tween resident macrophages and circulating iPSC-derived mono-
cytes, which remains incompletely understood.®®*°

Importantly, we aimed to identify how the incorporation of an
immune component into the hECT model would impact the func-
tion of the cardiac muscle as a whole. The most striking finding
was that macrophage-seeded tissues had significantly
increased force production compared to control tissues without
macrophages. This result was surprising given that, by adding
iMOs, the total numbers of cardiomyocytes and fibroblasts in
the tissues were lower than their —iMO counterparts. Force pro-
duction is one of the hallmark characteristics by which hECT
models are assessed with respect to determining the function-
ality and maturity of the tissue. While the force production by
this +iMO tissue model still falls short compared to that of the
native human myocardium, it still demonstrates a marked
improvement over the tissues containing only cardiomyocyte
and fibroblast populations.

To uncover the mechanism by which macrophages facilitate
this increased contractile force, we interrogated the B-adren-
ergic signaling pathway. Adrenergic signaling is known to have
a variety of downstream effects on cardiac contractile function,
and many gene expression differences, including the
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upregulation of B-adrenergic receptor 1 expression in +iMO
hECTs, were observed along this pathway. This was further sup-
ported by the observed increase in iCM size in 2D co-culture with
iMOs, as cardiomyocyte hypertrophy is linked to adrenergic
signaling.®® Isoproterenol challenge and forskolin treatment re-
vealed differences in calcium transients of the hECTs at low
versus high concentrations, with the shorter tau in +iMO hECTs
suggesting that the presence of macrophages in the tissue leads
to altered calcium signaling by stimulating the B-adrenergic
signaling pathway in +iMO hECTs. Evaluation of the major cate-
cholamines that stimulate the adrenergic pathway confirmed
that +iM0O hECTs have higher adrenaline levels than —iMO hECTs,
and iMOs specifically produced the highest levels of adrenaline
compared to iCMs and iCFs. This is consistent with existing liter-
ature of catecholamine production by primary immune cells,
including lymphocytes and phagocytes.®'® There is evidence
that macrophages contain intracellular levels of catecholamines,
such as dopamine and norepinephrine, and can release these as
signals to surrounding cells.®* However, whether this is a de
novo synthesis or the cells uptake and store catecholamines
from their surrounding microenvironment is still unclear. Finally,
to further confirm whether stimulation of the B-adrenergic
pathway underlies the differences in contractile function
between groups, a B-blocker was used to inhibit activation of
the pathway. Administration of the B-blocker reduced the
mean active force generation and abrogated differences
between +iM0 and —iMO hECTs. Together, these data suggest
that the enhanced contractile function of the +iMO cardiac tis-
sues is facilitated by iMO secretion of adrenaline, which in turn
activates the B-adrenergic signaling pathway, leading to the
downstream observed effects in cardiac tissue function.

In summary, we report a reproducible, patient-specific, iPSC-
derived in vitro model of the human myocardium with a functional
resident macrophage component. Under steady-state condi-
tions, the inclusion of an additional cell population not only
increased the complexity of the tissue’s cellular landscape and
consequently the biological fidelity of the model but also signifi-
cantly improved force generation and altered calcium signaling.
Importantly, interrogation of this model revealed that macro-
phage presence modulates the B-adrenergic signaling pathway,
potentially contributing to the observed changes in hECT func-
tion. Ultimately, this model can serve as a platform for future
investigation of the interplay between resident macrophages
and other cardiac cell populations under (patho)physiological
conditions, leading to an improved understanding of disease
and injury progression and the identification of potential thera-
peutic targets for translational applications.

Limitations of the study

There are several limitations to this study. The primary limiting fac-
tor of this work was due to the use of bulk RNA sequencing to
determine transcriptomic changes within a complex tissue. Sin-
gle-cell sequencing would allow for the delineation of differentially
expressed genes specific to each cell population. Single-cell
sequencing is of great interest for future studies, as it will enable
greater insight into how the macrophage transcriptome changes
within the cardiac microenvironment and whether it introduces
heterogeneity within the macrophage population during culture.
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Additionally, in this study, we limited the scope to focus primarily
on the impact of macrophages on the cardiomyocyte population
given the differences we found in contractile function. However,
we expect that iCFs are also affected by the presence of iMOs.
Although we did not explore the impact of iMOs on the stromal
cell population or the surrounding extracellular matrix of the tis-
sue, this is an interesting avenue that would be greatly enabled
by single-cell sequencing and proteomics. In this study, we
show that iMOs increase the contractile function of hECTs, in
part due to increased activation of the B-adrenergic pathway in
cardiomyocytes. While our data suggest that B-adrenergic
signaling contributes to these functional changes, our mechanistic
understanding of this response is not comprehensive, and there
are likely other factors that contribute. For example, we observed
that +iM0O hECTs have increased production of several inflamma-
tory cytokines that are known to influence many different cell
types. Currently, our understanding of how the differences in in-
flammatory signal profiles may affect the hECT is limited. It is plau-
sible that these cytokines impact tissue contractility and warrants
further investigation. Finally, this study was only conducted using
one cellline. It will be important in future studies to repeat this work
using tissues fabricated from multiple iPSC lines from different pa-
tient donors to confirm and strengthen these initial findings.
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Forskolin Tocris Cat# 1099
Bisoprolol Hemifumarate MedChemExpress Cat# HY-B0076
Y-27632 dihydrochloride Tocris Cat# 1254

CHIR 99021 Tocris Cat# 4423
Wnt-C59 Tocris Cat# 5148
6-aminocaproic acid Sigma-Aldrich Cat# A7824
Fibrinogen Sigma-Aldrich Cat# F3879-100mg
Thrombin Sigma-Aldrich Cat# T6884
PDMS/Sylgard 184 Dow Cat# 1024001
Human Albumin Sigma-Aldrich Cat# A9731-1G
L-ascorbic acid 2-phosphate Sigma-Aldrich Cat# A8960
Retinoic acid Sigma-Aldrich Cat# R1514
FGF2 Peprotech Cat# 100-18B
SB35421 Selleck Chemicals Cat# S1067
GlutaMAX Invitrogen Cat# 35050061
Recombinant human macrophage Peprotech Cat# 300-25
colony stimulating factor

Human interleukin 3 Peprotech Cat# 200-03
Critical commercial assays

STEMdiff Hematopoietic Kit Stem Cell Technologies Cat# 05310
CD14 Microbeads, human Miltenyi Biotec Cat# 130-050-201
LEGENDplex Human Inflammation Panel 1 Biolegend Cat# 740809
RNeasy Micro Kit Qiagen Cat# 74004
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
High-Capacity cDNA Reverse Transcription kit Applied Biosystems Cat# 4368813
Sirius red total collagen detection kit Chondrex Cat# 9062
Fluorescent red Latex beads Sigma Cat# L3030
Adrenaline ELISA kit Abcam Cat# ab287788
Norepinephrine ELISA kit Abcam Cat# ab287789

Deposited data
Bulk RNA-sequencing This paper GEO: GSE266797

Experimental models: Cell lines

WTC11 Material Transfer Agreements from Huebsch et al.®®
Bruce Conklin, Gladstone Institute

WTC11-GCAMP6f Material Transfer Agreements from Huebsch et al.®®
Bruce Conklin, Gladstone Institute

WTC11-CD68-EYFP Generated in this study N/A

Oligonucleotides

See Table S1 for list of RNA N/A N/A
sequences used for RT-gPCR.

Software and algorithms

R Studio (version 4.3.1) Posit https://www.rstudio.com/
GraphPad Prism 10.2.1 GraphPad https://www.graphpad.com/
iPathwayGuide Advaita Bioinformatics https://advaitabio.com/
Gene Ontology Resource Global Core Biodata Resource https://geneontology.org/
REVIGO REVIGO http://revigo.irb.hr/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Gordana
Vunjak-Novakovic (gv2131@columbia.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® Bulk RNA-sequencing data have been deposited at Gene Expression Omnibus (GEO) (GEO: GSE266797) and are publicly
available as of the date of publication. Accession numbers are listed in the Key resources table. Microscopy data reported
in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

hiPSC sourcing

hiPSCs were sourced from the previously generated WTC11 and WTC11-GCaMP6f hiPSC lines, gifted from Dr. Bruce Conklin.®® The
parental hiPSC line, WTC11 (GM25256, Coriell Institute), was generated from an apparently healthy donor (Male, Asian, 30 years old
at sampling) with no history of cardiovascular diseases. Additionally, to enable CD68 tracking within hiPSC-derived macrophages, a
CD68-EYFP lentiviral vector (pLV(Exp)-Neo-CD68(short)>EYFP, VectorBuilder, cat. no. VB211109-1377wwb) was prepared and
packaged by VectorBuilder. Lentiviral transduction was performed on the WTC11-hiPSC line using Lenti-X Accelerator (Takara,
cat. no. 631257), according to the manufacturer’s protocol. Selection for stably expressing cells was performed using puromycin
and expression of EYFP in target cells was confirmed by fluorescent microscopy (Olympus IX81) and RT-gPCR.
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hiPSC culture

All hiPSCs were cultured in mTeSR Plus medium (STEMCELL Technologies, cat. no. 100-0276) on tissue culture plates coated with
Matrigel (Corning, cat. no. 354230; diluted 1:100) and passaged every three to four days with 0.5 mM EDTA (Thermo Fisher Scientific,
cat. no. 15575) in PBS (Corning, cat. no. 21-040). For the first 24 h after passaging, 5 uM Y-27632 dihydrochloride (Tocris Bioscience,
cat. no. 1254), was added to the culture medium. hiPSCs were karyotyped and regularly tested for mycoplasma contamination.

hiPSC-cardiomyocyte differentiation

Cardiomyocytes were differentiated from hiPSCs by adapting the protocol developed by Burridge et al.°® iPSCs were replated at a
density of 250,000 cells/cm2 on tissue culture plates coated with Matrigel in mTeSR Plus medium with 5 uM Y-27632 dihydrochlor-
ide. 24 h after plating, mTeSR Plus media was refreshed. Following that, for day 0 of the differentiation, cells were switched to CDM3
media (RPMI1640 (Gibco, cat. no. A41923-01), 0.5 mg/mL human Albumin (Sigma, cat. no. A9731-1G), and 213 pg/mL L-ascorbic
acid 2-phosphate (Sigma, cat. no. A8960), with 5 uM CHIR 99021 (Tocris, cat. no. 4423). On day 1, medium was changed to CDM3.
On day 2, medium was changed to CDM3 supplemented with 2uM Wnt-C59 (Tocris, cat. no. 5148). On day 4, medium was changed
to CDMS, and refreshed every other day until day 10, when medium was switched to B27 media (RPMI 1640 + B27 supplement
(Thermo Fisher Scientific, cat. no. 17504044). Contracting cells were noted as early as day 7, but typically around day 10.

hiPSC-cardiac fibroblast differentiation

WTC11 hiPSC-derived cardiac fibroblasts were differentiated and maintained according to a previously established protocol.*” In
brief, hiPSCs were differentiated into cardiac progenitor cells through modulation of the Wnt signaling pathway, then on day 5
were dissociated and split 1:12 on Matrigel-coated plates in Advanced DMEM (Gibco, cat. no. 12634028) supplemented with
2 uM retinoic acid (Sigma, cat. no. R1514), 5 uM CHIR, and 5 pM Y-27632 dihydrochloride. On day 6 Y-27632 dihydrochloride
was removed, and for day 8-12 cells were cultured in Advanced DMEM without any supplementation, differentiating the cells into
epicardial cells. On day 12, cells were split and plated at 10,000 cells/cm2 in Fibroblast Growth Medium 3 (Promocell) supplemented
with 20 ng/mL FGF2 (Peprotech, cat. no. 100-18B) and 10 M SB35421 (Selleck Chemicals, cat. no. S1067), which was maintained
until day 18 and refreshed every other day. The resulting differentiated iCFs were maintained in Fibroblast Growth Medium 3 and split
upon reaching 90% confluency. iCFs were used for engineering tissues between passages 2 and 5.

hiPSC-macrophage differentiation

WTC11 cells expressing CD68-EFYP were replated on tissue culture plates coated with Matrigel (Corning, cat. no. 354230, diluted
1:175) with low agitation to allow for clusters of cells to attach at approximately 8-16 clusters/cm2. Cells were first differentiated into
hematopoietic stem and progenitors using a STEMdiff Hematopoietic Kit (Stem Cell Technologies, cat. no. 05310), according to the
manufacturer’s instructions, until day 12 of differentiation. At day 12, cells in suspension were removed and the adherent hemogenic
endothelial cell fraction was cultured in X-VIVO 15 Serum-free Hematopoietic Cell Medium (Lonza, cat. no. 02-053Q) supplemented
with 1:100 GlutaMAX (Invitrogen cat. no. 35050061), 1:100 2-mercaptoethanol, 100 ng/mL recombinant human macrophage colony
stimulating factor (M-CSF, Peprotech, cat. no. 300-25), and 25 ng/mL recombinant human interleukin 3 (IL-3, Peprotech, cat. no.
200-03). Hemogenic endothelial cells were maintained for over 8 weeks with weekly media exchange, with cells in the suspension
fraction discarded during week 1. Myeloid- and monocytic-specific lineage cells subsequently collected in the suspension fraction
were replated onto 6-well ultra-low attachment plastic (Corning) in X-VIVO 15 media containing 100 ng/mL M-CSF for at least 5 days
to achieve macrophage differentiation. CD14* macrophages were positively selected prior to use via CD14 microbeads (Miltenyi, cat.
no. 130-050-201), according to the manufacturer’s protocol.

Generation of human engineered cardiac tissues (hECTSs)

hECTs were fabricated and cultured as previously described in our recently reported tissue engineering pipeline.®” Briefly, bioreac-
tors were made by casting PDMS in custom-milled molds containing carbon rod electrodes. The resulting PDMS bioreactors were
plasma-bonded to glass slides and the electrodes were connected to platinum wires to facilitate electrical stimulation during culture.
The complete bioreactor was then autoclaved for sterility prior to use.

To fabricate the tissues, cardiomyocytes and fibroblasts were dissociated using 10X TrypLE Select Enzyme (Fisher, cat. no.
A1217702) for 5 min at 37 C. Macrophages were dissociated using 0.5 mM EDTA for 5 min at room temperature. Cells were counted
and resuspended at a concentration of 550,000 cells total per tissue in a solution of 3 mg/mL fibrinogen in B27 medium. In hECTs
without macrophages (-iM0), tissue composition was 75% iCM and 25% iCF. In hECTs with macrophages (+iM0), the ratio of
iCM to iCF was kept consistent, resulting in a tissue composition of 7% iMO0, 69.75% iCM, and 23.25% iCF. For each tissue,
12 uL cell suspension was mixed with 3 pL thrombin (2.5 U/mL) in a well of the bioreactor to form the tissue around the pillars.
The tissues were placed in a 37°C incubator for 30 min for the hydrogel to crosslink, then B27 media supplemented with 10uM
Y-27632 dihydrochloride and 5 mg/mL 6-aminocaproic acid (Sigma-Aldrich, cat. no. A7824) was added to each well containing a
tissue. 1-3 h post fabrication, tissues were manually detached from the sides of the well and the underlying glass slide using a
26-gauge needle.

On day 1 following fabrication, Y-27632 dihydrochloride was removed from the medium, and tissues were manually detached a
second time. Medium was changed every day until day 5, when the 6-aminocaproic acid was removed from the medium. From
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day 5 until the end of culture, tissues were cultured in B27 medium that was refreshed every other day. On day 7, electrical stimulation
of the tissues was started using a custom Arduino-based electrical stimulator as previously described 34, which stimulated tissues
using a 5 V/cm biphasic pulse (2 ms pulse length) at 2 Hz frequency. Tissues were subjected to a 2-week ramped electrical stimu-
lation regimen, where pacing began at a 2 Hz frequency that increased every 24 h by 1/3 Hz until reaching 6 Hz. After reaching 6 Hz,
frequency was reduced back to 2 Hz, which was maintained until the endpoint.

METHOD DETAILS

Experimental design

All experiments involved replication with a minimum of n = 3 individual tissues or samples. Key contractile functional experiments,
excluding the B-blocker study, were repeated using multiple batches of tissues, with each batch prepared using independent differ-
entiations of iPSCs. Collection and analysis of videos for evaluation of tissue contractile force and calcium signaling were fully auto-
mated. Prior to analysis, tissues were subject to quality selection, and were excluded from analysis if there was no contraction in
response to electrical stimulation at a rate of 1 Hz. All other tissues were included in the analysis.

Immunofluorescence

For immunofluorescence imaging of individual cell type monolayers, cells were plated into chambered coverslips designed for im-
aging (Ibidi, cat. no. 80827). iMO coverslip chambers were first coated with FBS for 1 h prior to cell attachment, and iCM chambers
were coated with Matrigel diluted 1:100 in RPMI1640 for 1 h prior to cell attachment. For human engineered cardiac tissues, the
PDMS pillars were gently disconnected from the rest of the bioreactor and the intact tissues were moved to a well-plate for fixation
and staining.

All tissues and cell monolayers were fixed with 4% Paraformaldehyde Solution in PBS (Santa Cruz Biotechnology, cat. no. sc-
281692) for 20 min at room temperature, permeabilized in 0.25% Triton X-100 (sigma, cat. no. X100-100mL) for 20 min at room tem-
perature, and then blocked with 5% BSA (Sigma, cat. no. A7906-500G) in PBS for 2 h at room temperature. For staining with primary
antibody, cells and tissues were incubated with the respective antibodies in 1% BSA in PBS overnight at 4°C, and residual stain was
then washed-out using PBS. iCM in monolayer were stained with an Alexa Fluor 488 Phalloidin (1:1000, Fisher, cat. no. A21379),
a-actinin (1:100, Sigma, cat. no. A7811), and Cardiac Troponin T (1:400, Abcam, cat. no. ab45932). iCF monolayer was stained
with GATA4 (1:100, Santa Cruz Biotechnology, cat. no. sc-25310), TCF21 (1:100, sigma, cat. no. HPA013189), and Vimentin
(1:1000, Abcam, cat. no. ab24525). iMO were stained with CD11b (1:100, ThermoFisher, cat. no. MA5-32793) and CD68 (1:50, Ab-
cam, cat. no. ab955) for initial characterization. iMO were also stained with Ki-67 (1:500, Abcam, cat. no. ab15580) and CD45 (1:200,
Abcam, cat. no. ab8216) for assessment of proliferative capacity. The engineered tissues were stained with «-actinin (1:100, Sigma,
cat. no. A7811), Vimentin (1:1000, Abcam, cat. no. ab24525), and CD45 (1:100, Abcam, cat. no. ab8216). Cells and tissues were then
incubated with the appropriate secondary antibody in 1% BSA in PBS for 1 h at room temperature, followed by washing in PBS.

Finally, the cell monolayers were mounted using ProLong Glass Antifade Mountant with NucBlue Stain (Fisher, cat. no. P36983).
For tissues, nuclei were stained using DAPI (1:1000, BD Biosciences, cat. no. 564907) in PBS for 15 min at room temperature. Tissues
were then washed with PBS. Finally, the pillars were gently removed from the tissues using forceps and were embedded in ProLong
Diamond Antifade Mountant (Invitrogen, cat. no. P36931) in CoverWell incubation chambers (Grace Bio-labs, cat. no. 645501) sealed
with a glass coverslip.

Whole mount z stack images were acquired using either a Nikon Ti Eclipse inverted microscope for spinning-disk confocal micro-
scopy or a Nikon Ti2 inverted microscope with AXR resonant spectral scanning confocal unit. Images were then processed in ImageJ
to create z stack maximum projection images. Quantification of %CD45+ from the whole mount images was conducted in ImageJ by
thresholding the image and using the ‘analyze particles’ function for both CD45 and DAPI, and normalizing the number of particles for
CD45 by the number of nuclei in each image. Alignment of cTNT and Vimentin in the whole mount images was conducted by isolating
the stains, thresholding the image, and using the Imaged Directionality plugin to determine their dispersion (the standard deviation of
the orientation of the structures) in the image.

Evaluation of iCM morphology

iCM were plated sparsely with or without iMO and co-cultured for 1 week, then cells were fixed and stained according to the protocol
stated for immunofluorescence above, for a-actinin (1:100, Sigma, cat. no. A7811) and DAPI (1:1000, BD Biosciences, cat. no.
564907), then imaged using a Nikon Ti Eclipse inverted microscope for spinning-disk confocal microscopy. iCM size was determined
using Imaged. Cells where the entire perimeter of the a-actinin structure was clearly visible in the image were identified, the image
was thresholded, the area was measured using the analyze particles feature, and then size was determined by dividing area
measured by the number of nuclei contained in that area. Circularity was assessed using the same process, but only cells with a sin-
gle nucleus were considered. Using the ‘analyze particles’ feature, an ellipse was fitted around the area of the cell determined by the
a-actinin stain, and circularity was determined by taking the ratio of the major: minor axes.
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Inflammatory cytokine ELISA panel

Quantification of inflammatory cytokine presence in cell culture supernatant was measured using LEGENDplex Human Inflammation
Panel 1 kit (Biolegend, cat. no. 740809). Conditioned supernatant was gathered from the tissues on days 7 and 28 during culture. For
each timepoint, the supernatant was cultured for 48 h prior to collection. Supernatant was centrifuged at 400 g for 5 min to remove
cellular debris and then stored at —20°C for later use. All supernatant samples were thawed for simultaneous assessment and the
assay was run as directed by manufacturer’s protocol.

RNA isolation of hECTs

Tissues were snap frozen in liquid nitrogen and stored at —80°C until use. To isolate RNA, snap-frozen tissues were added to 300 pL
of RNA lysis buffer with a stainless-steel bead (BioSpec, cat. no. 11079123) and homogenized with a Mini-Beadbeater (Biospec, cat.
no. C321001) for two cycles of 10 s intervals, with storage on ice between cycles. A Qiagen RNeasy Micro Kit (Qiagen, cat. no. 74004)
was then used according to the manufacturer’s instructions. Total RNA for each sample was quantified using an Agilent 2100 Bio-
analyzer with an RNA Pico Chip at Columbia’s Molecular Pathology core. RNA samples with an RNA integrity number (RIN) > 8 were
considered acceptable for further analysis.

Bulk RNA sequencing and analysis

An SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (TaKaRa) was used according to the manufacturer’s protocol for cDNA
amplification. A library was prepared through Columbia’s Genome Center using a Nextera XT DNA Library Preparation kit (lllumina)
with 100-150pg starting material, following the manufacturer’s instructions. Libraries were sequenced to a targeted depth of ~40M
100bp paired-end reads on a NovaSeq 6000. We used RTA (lllumina) for base calling and bcl2fastq?2 (version 2.19) for converting BCL
to fastq format, coupled with adaptor trimming. We performed a pseudoalignment to a kallisto index created from transcriptomes
(Human: GRCh38.p12) using kallisto (0.44.0). Differential expression analysis was performed in R using DESeq?2.

Heatmap clustering in R

Gene count data for genes describing CCR2-MERTK+ tissue resident macrophages were imported into RStudio Software,
running R version 4.3.1 with Bioconductor, and hierarchically clustered using the gplots package. Z scores were generated by scaling
the data across samples and NaN values were removed from downstream analysis. A heatmap of clustered z scores was generated
using the heatmap.2 function.

20,27

Single-sample gene set enrichment analysis (ssGSEA)

Gene lists describing macrophages in the adult human heart were obtained from the human cardiac cell atlas.?® Gene lists describing
unique monocyte-derived M1, M2a, and M2c macrophage profiles were obtained from Lurier et al.** Transcript per million (tpm)
values for each gene were imported into RStudio Version 2023.06.1 + 524 running R version 4.3.1. Enrichment analyses were per-
formed for each gene list using the ssGSEA2 package, resulting in 10 enrichment scores per experimental sample. GraphPad Prism
was used for visualization of the distribution of scores and statistical analysis was performed using two-tailed unpaired t tests.

Gene ontology (GO) analysis

The top significantly impacted biological processes and the top differentially expressed genes associated with those terms were
generated using Advaita Bio’s iPathwayGuide by uploading the list of all genes identified in the RNA Sequencing analysis, their
Log,(Fold Change), and their adjusted p-value. For GO analysis, top identified biological processes were identified using the smallest
common denominator pruning method, which identifies the GO terms that best encapsulate the set of differentially expressed genes
in the dataset, consolidating significance of two or more terms into a common parent term, reducing the redundancy of the reported
GO terms.

To identify significant GO terms unrelated to immune processes, a comprehensive list of significant GO terms was generated by
loading the list of significantly upregulated genes to the Gene Ontology Resource powered by PANTHER. REVIGO (Reduce and Visu-
alize Gene Ontology) was then used to sort through the list. Terms related specifically to calcium signaling were subsequently iden-
tified and extracted by searching the list for terms that included “calcium” in the name.

KEGG pathway analysis

Significantly impacted KEGG pathway diagrams and graphs for the expression of associated genes were analyzed and generated
using Advaita Bio’s iPathwayGuide. The list of all genes, the Log,(Fold Change), and adjusted p-value generated from the RNA-seq
analysis were uploaded into Advaita’s proprietary software for “Impact Analysis” to identify significantly impacted pathways. Their
impact analysis uses two types of evidence: the over-representation of differentially expressed genes in a pathway, and the pertur-
bation of that pathway computed by propagating measured changes in expression across the pathway topology, which are obtained
from the KEGG database. The p-values generated from these two types of evidence are combined into an overall pathway score by
calculating a p-value using Fisher’s method. This p-value was not corrected for multiple comparisons.
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Force generation analysis

Assessment of tissue contractile function and force generation capacity was conducted by capturing video of tissue contraction
while stimulated at various voltages and frequencies. Tissues were placed in a live-cell chamber (SFX Temp & CO, Stage Top Incu-
bator, Tokai Hit) for controlled environment set to 37°C and 5% CO,, and imaged using a sCMOS camera (Zyla 4.2, Andor Technol-
ogy) connected to an inverted microscope (IX-81, Olympus). Brightfield videos were acquired at 20 frames per second for 2400
frames using an Arduino-based electrical stimulator and custom program to stimulate the cardiac tissues from 0 Hz to 4 Hz. Force
generation was determined by analyzing pillar deflection using Beatprofiler.%® Briefly, the script identified the location of the pillar
heads to determine deflection of the pillar during tissue contraction, and force was calculated by multiplying the displacement by
a coefficient determined by the force displacement calibration curve that was empirically determined for the platform’s pillars via me-
chanical testing. Additionally, analysis of the deflection trace yields many other metrics of contractility, such as total force, passive
force, active force, total stress, passive stress, active stress, contraction velocity, and relaxation velocity. Tissues that did not capture
at 1 Hz stimulation at the end of the culture period were excluded from further analysis.

Calcium signaling analysis

The use of GCaMP6f fluorescent protein in the iCMs enabled visualization of calcium transients without need for addition of dyes.®”
Tissues were imaged with the same set up as described for force generation analysis, with fluorescence visualized using a standard
GFP filter set. Tissues were electrically stimulated at 1 Hz and videos were acquired at 20 frames per second to measure calcium flux.
Calcium signals were analyzed using Beatprofiler.®® Briefly, the calcium transient within the tissue was assessed by tracking average
pixel intensity over time, creating a trace which was then corrected to account for the gradual decay of the baseline fluorescence that
occurs due to photobleaching effect.

Isoproterenol treatment

After 4 weeks of culture, cardiac tissues were serially treated with increasing concentrations of isoproterenol (Sigma, cat. no. 16504-
500M@G), from 1E-13 M to 1E-5 M, added in 1 pL volumes to each well containing a tissue. After the addition of isoproterenol to the
tissues, the tissues were incubated in a live cell chamber at 37°C and 5% CO, for 5 min, then imaged to assess changes in calcium
handling using the encoded calcium-responsive fluorescent protein in the cardiomyocytes. Following imaging, the process was
repeated with a dosage of isoproterenol one order of magnitude higher than the previous, until the concentration of 10 uM was
reached. Calcium signaling analysis was conducted as described above.

Forskolin treatment

Following 4 weeks of culture, cardiac tissues were treated with 10 uM Forskolin (Tocris, cat. no. 1099). Live imaging of calcium
handling of the tissues was visualized using the encoded GCaMP6f calcium-responsive fluorescent protein both prior to and
following 30 min post treatment. Calcium signaling analysis was conducted as described above.

Catecholamine quantification

Measurement of the catecholamines Adrenaline (epinephrine) and Norepinephrine from cell and hECT supernatant was quantified
using an Adrenaline ELISA kit (Abcam, cat. ab287788) and Norepinephrine ELISA kit (Abcam, cat. ab287789) respectively. For tis-
sues, conditioned supernatants from +iMO and -iMO hECTs were collected after 48 h of culture. For individual cell populations,
iMO, iCM, and iCF were plated at similar cell densities (100,000 cells/well) and maintained in B27 media. Conditioned supernatant
was collected from all groups after 72 h of culture. All collected supernatants alongside fresh B27 media controls were assayed ac-
cording to manufacturer’s protocol for both the Adrenaline and Norepinephrine ELISAs.

Beta-blocker treatment

Following 4 weeks of culture, cardiac tissues were treated with 20 uM Bisoprolol hemifumarate (Medchemexpress, cat. no. HY-
B0076), a B1-adrenergic receptor blocker. Force generation analysis was conducted as described above both prior to and following
1 h of treatment to determine the effect on tissue contractile function.

RT-qPCR

mRNA from iPSCs and iCFs was isolated from cells using the RNeasy Mini kit (Qiagen, cat. no. 74106) according to the manufac-
turer’s instructions. mRNA from iMO was isolated from cells using the RNeasy Micro kit (Qiagen, cat. No. 74004). cDNA samples
were obtained from mRNA using the High-Capacity cDNA Reverse Transcription kit (Applied biosystems, cat. no. 4368813) accord-
ing to the manufacturer’s instructions. Reverse transcriptase quantitative polymerase chain reaction (RT-gPCR) was performed with
the Fast SYBR Green Master Mix (Applied Biosystems, cat. no. 4385612) according to manufacturer’s instructions in a StepOnePlus
Real-Time PCR System (Applied Biosystems) thermocycler using 40 cycles of two-step PCR protocol of 95°C melting for 3 s and
60°C annealing and extension for 30 s, prior to an initial hot start at 95°C for 20 s. Targets and oligo sequences used are listed in
Table S1.
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Collagen secretion

Supernatant of iPSCs and iCFs with and without 10 ng/mL TGF-B1 for 48h treatment was collected, and the collagen was concen-
trated using a concentrating solution (Chondrex, cat. no. 90626), according to the manufacturer’s instructions. Media only samples
(FGM and mTeasR, respectively) served as background control. Secreted collagen was determined using Sirius Red Total Collagen
Detection Kit (Chondrex, cat. no. 9062), according to manufacturer’s instructions, and absorbance was measured at 530 nm in a
spectrophotometer. Total secreted collagen concentrations were normalized to the total protein content, using the Pierce BCA pro-
tein assay (ThermoFisher, cat. no. 23225).

iMO surface marker validation

iMO were detached from ultra-low attachment culture dishes by incubation with TrypLE (ThermoFisher, cat. no. 12605010) for 3 min.
For flow cytometry characterization of surface marker expression, cells were centrifuged, resuspended in FACS buffer (2% FBS,
0.5 mM EDTA), and blocked in FcR blocking solution (Miltenyi, cat. no. 130-059-901) for 15 min at 4°C. Cells were subsequently re-
suspended in FACs buffer containing AlexaFluor 700-conjugated anti-human CD45 (BioLegend, cat. no. 304024, 1:50 dilution), Bril-
liant Violet 420-conjugated anti-human CD11b (BioLegend, cat. no. 301324, 1:50 dilution), Brilliant Violet 605-conjugated anti-human
CD14 (BioLegend, cat. no. 301834, 1:50 dilution), PE/Cyanine7-conjugated anti-human HLA-DR (BioLegend, cat. no. 307615, 1:50
dilution), and APC-conjugated anti-human CD172/SIRPa (BioLegend, cat. no. 372105, 1:50 dilution). Cells were then stained with
propidium iodide (ThermoFisher), and washed 2x with FACS buffer. Data were acquired on a Novocyte Penteon flow cytometer
at the Columbia Stem Cell Initiative Flow Cytometry core facility. Data analyses were performed using FlowJo software (BD
BioSciences).

Phagocytosis assay

iMO were replated onto FBS-coated wells at a density of 100,000 cells/well of a 96-well plate and incubated overnight in X-VIVO 15
media containing 100 ng/mL M-CSF. The cells were subsequently incubated with fresh media containing 20 uL/mL fluorescent red
Latex beads (Sigma, cat. no. L3030) for 2 h at 37°C. Post-incubation, cells were detached using trypsin, centrifuged, washed 2X with
FACS buffer, and stained with CD45 and CD14 antibodies for flow cytometry analysis (as described above).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 10.2.1. Single comparisons between two groups were analyzed using a
two-tailed, unpaired Student’s t test assuming a Gaussian distribution to determine statistical significance. Outliers were identified
using the ROUT method with Q = 1% and excluded from analysis. When comparing multiple factors, unless otherwise indicated, a
two-way ANOVA corrected for multiple comparisons using Tukey’s postdoc analysis was conducted. For all analyses, p < 0.05 was
considered statistically significant (*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001). All data are represented as mean + SEM.
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