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ABSTRACT

Cardiac adaptation to hypoxic injury is regulated by dynamic interactions between cardiomyocytes and macrophages, yet the impacts of
immune phenotypes on cardiac structure and contractility remain poorly understood. To address this, we developed the immuno-heart on
a chip, a novel in vitro platform to investigate cardiomyocyte-macrophage interactions under normoxic and hypoxic conditions. By inte-
grating neonatal rat ventricular myocytes (NRVMs) and bone marrow-derived macrophages—polarized to pro-inflammatory (M1) or pro-
healing (M2/M2") phenotypes—we elucidated the dual protective and detrimental roles macrophages play in modulating cardiomyocyte
cytoskeletal architecture and contractility. Pro-inflammatory stimulation reduced cardiomyocyte structural metrics (z-line length, fraction,
and integrity) in normoxic co-cultures. Under hypoxia, M1-stimulated NRVM monocultures exhibited declines in cytoskeletal organiza-
tion—quantified by actin and z-line orientational order parameters. Relative to monocultures, M1-stimulated co-cultures attenuated
hypoxia-induced active stress declines but produced weaker normoxic stresses. In contrast, pro-healing stimulation improved normoxic
z-line metrics and preserved post-hypoxia cytoskeletal organization but reduced normoxic contractility. Notably, M2-stimulated macro-
phages restored normoxic contractility and preserved post-hypoxia systolic stress, albeit with increased diastolic stress. RNAseq analysis of
M2-stimulated co-cultures identified upregulated structural and immune pathways driving these hypoxia-induced changes. Cytokine pro-
files revealed stimulation-specific and density-dependent tumor necrosis factor-alpha and interleukin-10 secretion patterns. Together, these
findings quantitatively link clinically relevant macrophage phenotypes and cytokines to distinct changes in cardiac structure and contractil-
ity, offering mechanistic insights into immune modulation of hypoxia-induced dysfunction. Moreover, the immuno-heart on a chip repre-
sents an innovative framework to guide the development of future therapies that integrate immune and cardiac targets to enhance patient
outcomes.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
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I. INTRODUCTION

Cardiac hypoxia, a condition characterized by insufficient oxygen
supply to the heart, poses a significant threat to cardiac tissue health
and function. Hypoxia and its sequelae affect cardiac performance at
multiple integrative levels, altering the metabolism and structure of
individual cardiomyocytes, contractility across cardiac tissues, and
remodeling of the heart as a whole." ” Although the direct cellular
consequences of hypoxia have been previously studied, the complex
interplay between cardiomyocytes and the immune system during
hypoxia-induced injury remains less clear. In the heart, the cardio-
immune response to hypoxic injury is a dynamic process composed of
multiple phases: an initial acute inflammatory response, followed by
inflammation resolution, and eventual tissue repair.”* Macrophages of
various phenotypes play multi-functional roles across these stages,
from clearing apoptotic cells and debris during the acute phase to pro-
moting angiogenesis and matrix remodeling during tissue repair.”’
Recruitment of macrophages, as well as shifts in their phenotypes—
from pro-inflammatory (M1) to pro-healing (M2)—are driven by the
release of various cytokines, chemokines, and other signaling mole-
cules from damaged tissue, and they are essential for proper orchestra-
tion of the entire repair process.” * However, the innate repair process
often leads to suboptimal tissue healing; thus, a better understanding
of cell-cell interactions under normal and hypoxic conditions may
hold key insights into potential therapeutic interventions to mitigate
adverse remodeling and/or facilitate advantageous remodeling.
However, the mechanisms that drive cardiomyocyte-macrophage
interactions remain largely unexplored due to the challenges of such
investigations in vivo.

Cardiac tissue function, particularly contractility, is inherently
tied to the structural organization and architecture of the cytoskeleton,
though this relationship is complex.'”'" Under normoxic conditions,
the cardiomyocyte cytoskeleton supports robust contraction and relax-
ation. However, hypoxia disrupts cytoskeletal integrity through dis-
rupted oxygen-sensing pathways, inflammation, and modulation of
cytoskeletal mechanical properties.”'*'* Contractility is further exacer-
bated by hypoxia-induced dysregulation of intracellular calcium
handling and cytokine signaling.”'” During early hypoxia, pro-
inflammatory cytokines such as tumor necrosis factor-alpha (TNF-x),
interleukin-1 beta (IL-1f), and interleukin-6 (IL-6), released by both
immune and non-immune cells, amplify inflammatory cascades and
oxidative stress, leading to sarcomeric breakdown and impaired con-
tractility.”*'*'* Over prolonged hypoxia or ischemic injury, late-stage
signaling, including transforming growth factor beta (TGF-f), further
promotes maladaptive remodeling via extracellular matrix (ECM)
deposition and fibrosis.”'>'® Despite this understanding of individual
pathways, how these processes converge to integrate structural remod-
eling, immune signaling, and contractile dysfunction remains incom-
plete, underscoring the need for further investigation of how hypoxia
reshapes both immediate and long-term cardiac performance.

Current in vitro models often study cardiomyocyte and macro-
phage responses to hypoxia in isolation, limiting our understanding of
the complex, reciprocal interactions that occur when these cell types
are co-cultured. While individual responses to hypoxia have been pre-
viously characterized, they do not fully capture the emergent properties
and cell-cell dynamics present in vivo.'”'" More recent platforms that
have explored cardiomyocyte-macrophage interactions have done so
through gene expression, electrophysiology, and calcium handling, yet
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most have not considered contractility or quantified structural
changes."”*' Among those that did assess contractility, the focus was
limited to non-stimulated macrophage co-cultures, without consider-
ation of hypoxic conditions or polarized immune environments."”
While these studies have provided valuable insights, there remains a
lack of comprehensive analysis that creates a significant barrier to
advancing our understanding of cardiac pathophysiology and develop-
ing targeted therapies for ischemic heart disease.

To address this gap, we have developed the immuno-heart on a
chip, an innovative in vitro platform designed both to mimic physio-
logically relevant cardiomyocyte interactions and to elucidate their role
in modulating cardiac structure and function under normoxic and
hypoxic conditions. By integrating specific macrophage phenotypes,
cytokine environments, and co-culture densities, this system enables
improved investigations into how immune cells influence cardiomyo-
cyte cytoskeletal architecture and contractility while also capturing the
reciprocal impact of cardiomyocytes on macrophage function. Using
this platform, we demonstrate that macrophage density and phenotype
drive distinct changes in cardiomyocyte structural organization and
contractile responses, with hypoxia further modulating these effects.
RNA sequencing of M2-stimulated cultures revealed that M2 macro-
phage presence uniquely upregulates pathways in response to hypoxia
not observed in cardiomyocyte monocultures. By simultaneously reca-
pitulating and dissecting the cardio-immune interactions observed
in vivo, this study not only presents a novel platform to interrogate the
mechanisms driving cardiac remodeling and dysfunction in ischemic
environments but also contributes insights to the growing body of
research exploring therapeutic strategies that target cardiomyocyte-
macrophage interactions to preserve cardiac function and improve
patient outcomes.”*”

Il. RESULTS

A. Pro-inflammatory and pro-healing stimulations
and macrophages differentially impact cardiac tissue
cytoskeletal architecture

To establish an in vitro platform to explore the effect of the
immune system on the myocardium, we first exposed Sprague-Dawley
neonatal rat ventricular myocyte (NRVM) monocultures to cytokine
stimulations associated with various immune activation states (Table IIT;
Fig. 1, top row). We then further investigated how Sprague-Dawley rat
bone marrow-derived macrophages (BMDMs) of different phenotypes,
induced by these cytokines, affect NRVM structure in co-cultures
[Fig. 1(a), bottom row]. For co-cultures, macrophages were seeded at
densities reflecting different physiological states of the heart (Table I).
The cytokines in M1 stimulations (IFN-y + lipopolysaccharide (LPS))
drive macrophages toward a pro-inflammatory phenotype associated
with an early post-hypoxia cardiac environment, while the cytokines in
M2 (IL-4+ IL-13) and M2" (IL-4 + IL-13 + LPS) stimulations induce
pro-healing phenotypes characteristic of the late-stage recovery phase
following hypoxic injury. A schematic of the immuno-heart on a chip is
provided in supplementary material Fig. S2. M2" stimulations model the
mixed activation state of inflammatory and reparative cues macrophages
encounter in vivo, a condition that has been shown to potentiate
enhanced wound healing compared to M2 stimulation alone.””** Note
that while the denotation of macrophages into three discrete polarization
states—M1, M2, or M2"—is useful in vitro, it oversimplifies the hetero-
geneous nature of macrophage polarization in vivo, where plasticity and
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FIG. 1. Cardiac tissue cytoskeletal archi-
tecture under various stimulations and
macrophage densities. (a) Representative
images of NRVM monocultures and
NRVM-BMDM juxtacrine co-cultures with
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overlapping  phenotypic  traits blur rigid categorizations.”
Nevertheless, for clarity of presentation, the terms M1, M2, and M2"
will be used to refer to both the polarized macrophages and the defined
cytokine stimulations used to induce each macrophage phenotype

(Table III in Methods). To isolate the effect of cytokines on cardiomyo-
cytes, unstimulated (MO) controls were used as a baseline for compari-
son. Cardiomyocyte cytoskeletal architecture was quantified using
previously developed metrics.””’
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TABLE I. Seeding densities of cardiomyocytes and macrophages for all experiments. Seeding densities of macrophages in co-cultures with cardiomyocytes were selected based
on macrophage presence in the heart at different physiological states, ranging from low levels in a healthy heart to increased macrophage densities associated with early- and

late-stage post-hypoxic injury.>”

Seeding density (cells/mm?)

Cardiomyocyte Macrophage Macrophages/total cells (%) Physiological equivalent
2.7 x 10° 0 0 Cardiomyocyte monoculture
2.7 x 10° 8.1 x 10" ~3 Homeostasis

2.7 % 10° 4.05 x 10 ~13 Late post-hypoxia

2.7 x 10° 8.1 x 10° ~23 Early post-hypoxia

*Actual percentages at the start of experiments may differ slightly from seeding due to not all cardiomyocytes or macrophages surviving culture.

A BMDM seeding density-dependent reduction in z-line orienta-
tional order parameter (OOP) was observed, particularly at early and
late post-hypoxia macrophage densities, indicating increased z-line
disorganization with higher macrophage presence [Fig. 1(b)].
Similarly, mean continuous z-line length (CZL) decreased with
increasing macrophage densities, suggesting a decline in z-line forma-
tion and registration (ie., alignment of z-lines across adjacent
sarcomeres in a muscle fiber) or shrinkage of existing z-lines
[Fig. 1(c)]. However, M2" media stimulation alone, without the pres-
ence of macrophages, significantly increased mean CZL, which may
indicate improved z-line development and registration between neigh-
boring myofibrils and cells [Fig. 1(c)]. Since z-line length is calculated
from images along the z-disk’s edge, higher CZL may also indicate
thicker myofibrils. In addition, the z-line fraction, which indicates the
fraction of total o-actinin in well-formed z-lines, was significantly
reduced in co-cultures with early and late post-hypoxia macrophage
densities, suggesting less tissue maturity compared to NRVM mono-
cultures [Fig. 1(d)]. This reduction in maturity was most pronounced
under M1 stimulation. In contrast, cytokines in M2 and M2 stimula-
tions of NRVM monocultures seemed to improve z-line maturation,
where small, but statistically significant, increases in z-line fraction
were observed compared to unstimulated controls [Fig. 1(d)].

To analyze z-line degradation, we developed the z-line integrity
(ZLI) fraction metric, which captures the extent of z-line breakdown
and diffuse z-actinin presence. The ZLI fraction decreased significantly
with higher macrophage densities under M1, M2, and M2" stimula-
tions, indicating increased amounts of diffuse o-actinin signal
[Fig. 1(e)]. Notably, unstimulated macrophages, at healthy and late
post-hypoxia densities, promoted increased ZLI, suggesting they may
exert a stabilizing effect on cardiomyocyte structure in the absence of
cytokine stimuli. Further, M2-stimulated media, even in the absence of
macrophages, significantly improved ZLI relative to unstimulated
media [Fig. 1(e)]. Cytokines associated with M2 media stimulation
alone are therefore sufficient to enhance cardiomyocyte z-line stability.
These findings indicate that macrophage density and cytokine stimula-
tion influence cardiomyocyte cytoskeletal organization, with some
structural parameters affected by stimulation alone, others requiring
macrophage presence, and some responding to their combined effects.
Importantly, the degree of alterations in z-line OOP, z-line fraction,
mean CZL, and ZLI fraction were all significantly dependent [Table I,
two-way analysis of variance (ANOVA)] on either the type of macro-
phage stimulation, seeding density, or their interaction, underscoring

the biological significance of macrophage presence and phenotype in
influencing cardiomyocyte structural organization.

B. Cell crowding and paracrine studies

To differentiate between the effects of physical crowding and
macrophage-specific influences on cardiomyocyte structure, control
experiments were conducted using irradiated mouse embryonic fibro-
blasts (iIMEFs), which served as inert cells occupying space without
contributing biologically active signals. These experiments allowed us
to distinguish any macrophage-specific effects beyond the impact of
cell density. Similar to co-cultures with macrophages, we found that
the addition of iMEFs led to decreases in all metrics compared to
NRVM monocultures [Figs. 2(a)-2(d)]. However, the magnitude of
these effects for z-line OOP, z-line fraction, and z-line integrity fraction
differed depending on the seeding density and the added cell type, sug-
gesting that these variations may be influenced both by differences in
size between BMDMs and iMEFs and by the distinct biological impact
of macrophages compared to the relatively inert nature of irradiated
fibroblasts [Figs. 2(a), 2(c), and 2(d)]. Interestingly, the macrophage-
induced increase in ZLI was not observed in co-cultures with the
fibroblasts [Fig. 2(d)]. Nonetheless, these findings emphasize that at
densities above 3%, crowding by another cell type can impact cardiac
tissue structure, and any investigation into macrophage effects on car-
diac structure or function must include an MO control to account for
these differences.

To study whether paracrine signals might be involved in macro-
phage phenotype-specific effects on cardiomyocytes, we seeded

TABLE II. Results for two-way ANOVA cytoskeletal response to media stimulation
and seeding densities. P-values (p) of significant effects of media stimulations and/or
seeding densities and interaction between them are in bold (p < 0.05).

Media x seeding

APL Bioeng. 9, 026114 (2025); doi: 10.1063/5.0253888
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Media Seeding density density
Metric F p F P F P
Z-line OOP 0.8 0.64 4 0.0079 50 <0.0001
Mean CZL 0.8 0.61 17 <0.0001 28 <0.0001
Z-line fraction 2 0.018 11 <0.0001 34 <0.0001
ZLI fraction 2 0.015 5 0.0041 12 <0.0001
9, 026114-4
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FIG. 2. Comparison of co-culture of NRVMs with irradiated fibroblasts and NRVM-BMDM paracrine co-cultures. (a-d) Comparison of cardiac structural metrics between non-
stimulated (MO) co-cultures of NRVMs and BMDMs vs co-cultures of NRVMs and iMEFs. Structural metrics are normalized to 0% monoculture controls associated with each
cell type’s co-cultures (n=7-15 coverslips; 3-8 harvests per group). (e-h) Cardiac structural metrics for a paracrine co-culture of NRVMs and BMDMs to determine whether
cytokine secretions from stimulated cultures were ample enough to induce NRVM structural changes (n = 5-7 coverslips; 2-3 harvests per group). Statistical significance was
determined by two-way ANOVA with Sidak’s post hoc multiple comparison tests. [(a)—(d) Within each density: comparisons between cell types. (e)—(h) Within each stimulation:

comparisons between densities.] ““p < 0.01.

NRVMs and BMDMs separately on individual coverslips and then cul-
tured them together within a shared well to allow communication via
soluble factors without direct cellular contact. In all media stimulation
conditions, there were no significant differences in z-line metrics
between NRVM monocultures and NRVM-BMDM paracrine co-
cultures at the highest macrophage density [Figs. 2(e)-2(h)]. The
changes in z-line metrics observed in juxtacrine experiments were
therefore contingent upon contact-mediated signaling between the two
cell types, rather than paracrine communication.

C. Differential effects of macrophages on cardiac stress
outputs under normoxia

To evaluate how macrophage co-culture impacts cardiac contrac-
tility, we fabricated muscular thin film (MTF) contractility assays
seeded with NRVM monocultures or NRVM-BMDM co-cultures.
The MTFs were electrically paced at 2 Hz to induce contraction, caus-
ing the films to curl upwards away from the coverslip and allowing
measurement of systolic and diastolic stresses [Fig. 3(a)]. Based on our
previous findings on macrophage-influenced changes to cardiomyo-
cyte cytoskeletal architecture, immuno-heart chips of 3% BMDMs

were selected to examine the effect of stimulated macrophages on
changes in cardiac contractility.

In monoculture conditions, media stimulation produced signifi-
cant variability in systolic and diastolic stress, where M2-stimulated
cardiomyocytes generated the lowest systolic and diastolic stresses
compared to M0, M1, and M2" conditions [Figs. 3(b) and 3(c)]. Since
M2 stimulation did not negatively impact most cardiomyocyte struc-
tural metrics in NRVM monocultures [Figs. 1(b)-1(d)] and, in fact,
enhanced z-line fraction and ZLI [Figs. 1(d) and 1(e)], our data
together suggest that the reduced contractile performance of cardio-
myocytes in M2 conditions likely stems from nonstructural changes.

Co-culture with macrophages at a homeostatic heart density
(~3% BMDMs) significantly reduced the variability in both systolic
and diastolic stress outputs across stimulation conditions compared to
NRVM monocultures [Figs. 3(b) and 3(c); p < 0.05, F-test]. Moreover,
within co-culture MTFs, there were no significant differences between
stimulation conditions for all stress outputs. This stabilization effect
suggests that, under normoxia, macrophages play a role in normalizing
cardiomyocyte contractile output under various pro-inflammatory and
pro-healing stimulations, possibly by modulating the cytokine envi-
ronment. Comparing monocultures to co-cultures, the addition of
macrophages reduced both systolic and diastolic stress under M0 and
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(n=17-61 films; 2-7 harvests per group). Statistical significance was determined by two-

comparisons between media stimulations. Between each density; colored significance bars

M1 conditions compared to their respective monoculture controls
[Figs. 3(b) and 3(c); yellow and red significance bars]. This reduction
may indicate that the presence of macrophages, particularly in M0 and
M1 stimulations, inhibits proper stress generation.

In contrast, M2-stimulated co-cultures exhibited a marked
improvement in contractile function compared to M2-stimulated car-
diac monocultures, bringing their systolic stress on par with the other
media stimulations [Fig. 3(b); blue significance bars]. Since this
increase in peak stress output by M2-stimulated co-cultures was

way ANOVA with Sidak’s post hoc multiple comparison tests. (Within each density:
: comparison between same media stimulations.) “p < 0.05, *“p < 0.01.

paired with a concurrent increase in diastolic stress, the presence of
M2 macrophages, or the cytokines they release in their M2 pheno-
type, may also temper the relaxation ability of cardiac tissues
[Fig. 3(c); blue significance bars]. Thus, M2 macrophages provide
certain functional advantages in co-culture, while the cytokines driv-
ing this phenotype may instead prioritize tissue repair and anti-
inflammatory responses over maximizing contractile performance
in NRVM monocultures. In terms of active stress, M1-stimulated
cultures were alone in seeing a significant difference between
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monoculture and co-cultures [Fig. 3(d)]. Indeed, pro-inflammatory
cytokines secreted by M1-stimulated macrophages (e.g., TNF-« and
IL-6), along with their direct interactions with cardiomyocytes in
their inflammatory state, are known to detrimentally impact cardiac
contraction.'® These results demonstrate that macrophage co-culture
stabilizes cardiomyocyte contractility across various stimulation
conditions and modulates both systolic and diastolic stress in a
phenotype-dependent manner.

(A) Cardiomyocyte Monoculture

ARTICLE pubs.aip.org/aip/apb

D. Hypoxia induces reduced NRVM structural metrics,
and pro-healing stimulations attenuate hypoxia-
induced decreases in cytoskeletal organization

To investigate the combined effects of hypoxia, macrophage den-
sity, and cytokine stimulation, the immuno-heart on a chip was sub-
jected to 24 h of 1% O,. Hypoxia resulted in a qualitative breakdown
and disorganization of z-lines and actin filaments [Fig. 4(a)]. In addi-
tion to z-line metrics, images of NRVM monocultures were also
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FIG. 4. Cardiomyocyte cytoskeletal changes under hypoxia, stimulatory conditions, and macrophage co-culture. (a) Representative images of non-stimulated NRVM monocul-
ture (Ai-Aiii) normoxic controls and (Aiv—Avi) after 24 h of 1% O, hypoxia. (Ai, Aiv) Z-line and (Aii, Av) actin channels show distinct qualitative breakdown and disorganization
after hypoxic stimulation relative to normoxic controls. (b) M2- and M2:x-stimulated NRVM monocultures attenuate hypoxia-induced reductions in actin cytoskeletal organization
metric: actin OOP (n= 3-15 coverslips; 2-8 harvests per group). The effect of media stimulations and macrophage seeding density on post-hypoxia: (c) z-line OOP, (d) mean
continuous z-line length, (e) z-line fraction, and (f) z-line integrity fraction (n=23-5 coverslips; 1-2 harvests per group). The connected dot plots include normoxia values
(Fig. 1, plotted as black diamonds) to illustrate the direction and magnitude of change for each condition. Data are sorted by post-hypoxia values for each metric. Individual
sample values for hypoxia measurements are included in supplementary material Fig. S4. 1 indicates a significant decrease (p < 0.05) relative to normoxic culture; 1 indicates
a significant increase (p < 0.05) relative to normoxic culture. [(b)(f), daggers] Statistical significance was determined by Student's t-tests. (For each condition: comparisons

between normoxia and hypoxia.)
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analyzed for an actin organizational metric—actin orientational order
parameter—to determine the effect of hypoxia on actin organization.
Proper actin organization is essential for efficient contraction, struc-
tural integrity, and mechanotransduction within cardiomyocytes.
Because co-cultures include BMDMs, which exhibit a diffuse, dynamic
actin network [Fig. 1(a), bottom row] rather than the structured,
aligned filaments necessary for orientational order quantification, actin
OOP analysis was only performed for NRVM monocultures. In
NRVM monocultures, both z-line and actin OOP metrics in NRVM
monocultures showed significant reductions under non-stimulated
and pro-inflammatory conditions [Figs. 4(b) and 4(c); daggers]. In
contrast, both pro-healing (M2 and M2") stimulations protected
NRVM monocultures from hypoxia-induced drops in z-line and actin
OOP, suggesting that the cytokines that induce these macrophage phe-
notypes may provide some protection against cardiomyocyte cytoskel-
etal disorganization in response to hypoxia [Figs. 4(b) and 4(c);
daggers]. However, M2 stimulation of NRVM monocultures also
showed significant reductions in mean CZL and z-line fraction—both
metrics that hypoxia did not significantly reduce in non-stimulated
monocultures [Figs. 4(d) and 4(e); daggers]. Together with the previ-
ous finding, this may indicate that the protective effects of M2 stimula-
tion cytokines against disorganization are accompanied by tradeoffs in
metrics related to tissue maturity, z-line registration, and contractile
efficiency, potentially reflecting a hypoxia-induced shift in cellular pri-
orities toward stabilization of cytoskeletal components at the expense
of optimal structural quality and functionality. It is important to note
that the significant hypoxia-induced reduction in z-line fraction of
M2-stimulated NRVM monocultures is, in part, due to their normoxic
levels being significantly greater than non-stimulated normoxic con-
trols [Fig. 1(d)]. By contrast, NRVM monocultures stimulated with
pro-inflammatory cytokines exhibited significant hypoxia-induced
decreases in mean CZL and ZLI, changes that were absent in non-
stimulated monocultures [Figs. 4(d) and 4(f); daggers]. These findings
imply that the presence of pro-inflammatory cytokines amplifies
hypoxia-induced z-line degradation, myofibril shrinkage, and disrup-
tion of z-line registration. These findings confirm that hypoxia alone is
sufficient to induce substantial cytoskeletal breakdown in cardiomyo-
cytes, with pro-inflammatory stimulation providing no additional pro-
tection and instead aggravating of structural damage. Remarkably,
M2*-stimulated NRVM monocultures demonstrated robust resistance
against hypoxia-induced cytoskeletal damage, where none of the mea-
sured structural metrics were significantly reduced following hypoxia
[Figs. 4(b)-4(f)].

In NRVM-BMDM co-cultures, M1-, M2-, and M2*-stimulated
macrophages did not significantly improve post-hypoxia structural
metrics compared to non-stimulated controls seeded at the same den-
sity [Figs. 4(c)-4(f)]. Interestingly, the presence of M1 macrophages at
the 23% seeding density—the expected macrophage density during the
acute inflammatory phase following hypoxic injury—appears to
improve z-line fraction relative to its normoxic counterpart [Fig. 4(e),
double dagger]. Moreover, in terms of z-line integrity, M1 macro-
phages protect against hypoxia-induced z-line degradation at 3% and
13% densities [Fig. 4(f), daggers], and at 23%, they not only prevent
significant drops but also enhance post-hypoxia ZLI [Fig. 4(f), double
dagger]. This contrasts with non-stimulated co-cultures at the same
densities, which all exhibited significant reductions in ZLI under hyp-
oxia compared to their respective normoxic controls [Fig. 4(f),

ARTICLE pubs.aip.org/aip/apb

daggers]. However, these interpretations should be considered with
caution, as the normoxic z-line fraction and ZLI values for M1 co-
cultures were already significantly reduced at 13% and 23% BMDM
densities relative to normoxic non-stimulated controls at the same
densities [Figs. 1(d) and 1(e); yellow and purple significance bars].
Thus, the presence of M1 macrophages in normoxic co-cultures may
already compromise z-line fraction and ZLI at the aforementioned
densities to such an extent that hypoxia cannot exacerbate the damage
further. Alternatively, the presence of M1 macrophages in hypoxic co-
cultures may mitigate hypoxia-induced declines or even improve
structural metrics by clearing apoptotic or necrotic cardiomyocytes,
thereby reducing structural disarray and minimizing secondary dam-
age to z-lines of adjacent cells. Together, these findings underscore the
complex and context-dependent role of stimulatory cytokines and
macrophages in modulating cardiomyocyte structural integrity,
highlighting the need for further investigation into their dual roles in
both attenuation and exacerbation of hypoxia-induced effects.

E. Stimulated macrophages rescue hypoxia-induced
contractility reduction in cardiomyocytes

Contractility of cardiomyocytes in immuno-heart chips was mea-
sured before and after 6h of 1% O, hypoxia, and the relative changes
in systolic stress, diastolic stress, and active stress were analyzed.
Because the chips are at both the start and end of the hypoxia regimen,
each film effectively acts as its own control. Note that any contractile
changes are unlikely to result from cellular remodeling upon the films
being released from the chip for 6h, as the strain the cardiomyocytes
undergo during the films’ bending is <1%’' (6-h normoxia compari-
son in supplementary material Fig. S5). To quantify the effects of hyp-
oxia on contractility, we measured the relative drop in stress
(dStress = Aa/aon = (06h — 0on)/0on) in NRVM monocultures and
NRVM-BMDM co-cultures (Fig. 5).

In monocultures, there were significant drops (dStress <0) in
systolic and active stress relative to pre-hypoxia baselines across all
stimulation conditions, indicating impaired contractile performance
following hypoxia [Figs. 5(a) and 5(c), daggers]. A significant drop in
diastolic stress relative to baseline was also observed in non-stimulated
monocultures [Fig. 5(b), dagger]. In contrast, co-culture with stimu-
lated macrophages significantly attenuated the hypoxia-induced
declines in systolic, diastolic, and active stress compared to non-
stimulated co-cultures [Figs. 5(a)-5(c)]. Specifically, M2-stimulated
macrophages displayed a protective effect against hypoxia, where co-
cultures maintained systolic stress levels after hypoxia, dropping signif-
icantly less compared to their M2 monoculture counterpart [Fig. 5(a);
blue significance bar]. However, M2 co-cultures also exhibited a signif-
icant increase in diastolic stress relative to the pre-hypoxia baseline,
which may reflect impaired relaxation or increased passive stiffness in
the tissue following hypoxia [Fig. 5(b), double dagger]. Despite stimu-
lated macrophage-mediated protection against systolic and diastolic
stress declines, all conditions—both monoculture and co-culture—
showed a significant reduction in active stress after hypoxia [Fig. 5(c),
daggers]. Non-stimulated macrophage co-cultures experienced a more
pronounced drop in active stress compared to monocultures, with
some losing all contractile ability after hypoxic stimulation, whereas
M1 and M2 co-cultures exhibited significantly less severe drops in
active stress relative to their monoculture counterparts [Fig. 5(c); col-
ored significance bars]. These findings suggest that macrophages in
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FIG. 5. Hypoxia impacts contractile stress of immuno-heart on a chip. Relative changes in (a) systolic, (b) diastolic, and (c) active stress generated by immuno-heart chips
under various media stimulations and co-culture conditions (n = 17-46 films; 2-7 harvests per group). t indicates a significant decrease (p < 0.05) in stress relative to the pre-
hypoxia baseline; f indicates a significant increase (p < 0.05) in stress relative to the pre-hypoxia baseline. [(a)—(c), daggers] Statistical significance was determined by
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two-way ANOVA with Sidak’s post hoc multiple comparison tests. (Within each density: comparisons between media stimulations. Between each density; colored significance

bars: comparison between same media stimulations.) *p < 0.05, “*p < 0.01.

their stimulated states mitigate the detrimental effects of hypoxia on
cardiomyocyte contractile performance, stabilizing diastolic stress (M1
and M2") while attenuating the loss of active stress (M1, M2, and
M2"), with M2 macrophages demonstrating a specific capacity to
maintain systolic output but potentially contributing to impaired relax-
ation dynamics.

F. Co-culture with cardiomyocytes affects macrophage
phenotype-specific cytokine secretion

Cardiomyocyte-macrophage communication drives the alterna-
tive structural and functional outputs we observe under co-culture
conditions; thus, it follows that the various conditions tested also
impacted macrophage function reciprocally. This crosstalk impacts
both cell types and plays a crucial role in modulating inflammatory
responses and maintaining a pro-inflammatory or pro-healing
environment.

The immuno-heart on a chip platform was also employed to
investigate how cardiomyocyte presence influences macrophage cyto-
kine secretion. ELISA was used to analyze supernatants from M1- and
M2*-stimulated cultures. As expected, since MO and M2 stimulations
lack LPS, these macrophage phenotypes remained unactivated and did
not secrete cytokines as part of their functional profile (supplementary

material Fig. $6).””"" TNF-o levels were measured as a key indicator of

a pro-inflammatory environment and M1 macrophage polarization
[Figs. 6(a) and 6(b)]. In M1 juxtacrine normoxic co-cultures, where
cardiomyocytes and macrophages were in direct physical contact, the
presence of NRVMs triggered a significant increase in TNF-o secretion
by macrophages, indicating a more active and reinforced M1
phenotype [Fig. 6(a)]. As the entire culture is stimulated by pro-
inflammatory cytokines, the cardiomyocytes may also be experiencing

their own inflammatory response. However, cardiomyocyte monocul-
tures were also measured for TNF-o secretion, and the observed levels
were minimal to non-detectable [Fig. 6(a)]. The co-culture TNF-a level
was, therefore, not the cumulative secretion of the two cell types, sug-
gesting that when macrophages become activated into a pro-
inflammatory state, the inflammatory response is further enhanced
due to the reciprocal interactions between the cardiomyocytes and
macrophages. As a control, TNF-o secretions were also measured in
paracrine normoxic co-cultures, where NRVMs and BMDMs shared
media but were seeded separately. Under these conditions, co-culture
no longer increased TNF-o secretion [Fig. 6(a), striped bar]. Therefore,
it is unlikely that M1-stimulated cardiomyocytes are secreting a signal-
ing molecule that furthers M1 macrophage polarization.

This contact-mediated increase in TNF-u secretion by normoxic
co-cultures is unique to MI-stimulated cultures, as this increase was
not observed in M2" juxtacrine normoxic co-cultures [Fig. 6(b)]. M2*
paracrine normoxic co-cultures also did not exhibit different cytokine
secretion levels relative to their BMDM monoculture counterparts
[Fig. 6(b)]. However, when cultures were subjected to 24h of 1% O,
hypoxia, there was a significant increase in TNF-o secretion by M2*

juxtacrine co-cultures relative to BMDM monocultures [Fig. 6(b)].

This response indicates that, at the 23% BMDM seeding density, hyp-
oxia amplifies the inflammatory response of TNF-« secretion in M2*
co-cultures. Interestingly, hypoxia alone was found to not have any sig-
nificant effect on TNF-u secretion in cultures of either stimulation.
Cultures were also assayed for their IL-10 secretion, an anti-
inflammatory cytokine crucial to the process of cardiac recovery
following hypoxic injury and a key indicator of a pronounced pro-
healing macrophage phenotype [Figs. 6(c) and 6(d)]. Under M1 stimu-
lation, the presence of cardiomyocytes did not significantly increase
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to be significantly non-zero by a t-test. p < 0.05.

IL-10 secretion, regardless of culture conditions [Fig. 6(c)]. In M2*
normoxic co-cultures, neither juxtacrine nor paracrine interactions
with cardiomyocytes significantly increased IL-10 secretion [Fig. 6(d)].
In contrast, IL-10 secretion was significantly increased in M2" hypoxic
co-cultures relative to their respective M2* BMDM monoculture con-
trols [Fig. 6(d)], a response in line with the increase in TNF-o secretion
by the same cultures [Fig. 6(b)]. This pattern likely reflects that under
hypoxic stress, cardiomyocytes produce signals that induce an
increased secretion of both inflammatory and anti-inflammatory
cytokines by M2" macrophages. Contributing to this finding was the
near-significant hypoxia-induced decrease in IL-10 secretion by M2*
macrophage monocultures [Fig. 6(d), teal significance bar]. One poten-
tial explanation for this decrease is the death of M2* macrophages
following the hypoxia regimen, as M2 macrophages rely heavily on
aerobic energy production pathways.”

To understand how cardiomyocytes are affecting cytokine secre-
tions at different macrophage seeding densities, TNF-o. and IL-10
secretions were normalized to the number of BMDMs in each culture

[Figs. 6(e)-6(h)]. Under pro-inflammatory stimulation, macrophages
at lower seeding densities produced greater levels of TNF-o per cell
compared to those seeded at higher seeding densities [Figs. 6(e) and
6(g)]. This density dependency, however, was not present in TNF-o
secretions by M2"-stimulated co-cultures nor IL-10 secretions by
either M1 or M2" co-cultures [Figs. 6(e)-6(h)].

G. Transcriptomic changes in M2-stimulated cultures
under hypoxia and normoxia

To gain insight into the transcriptional landscape specifically
associated with the M2 pro-healing stimulation and its effects on tissue
responses to hypoxia and normoxia, we performed bulk RN Aseq anal-
ysis of cultures comparing M2-stimulated NRVM monocultures and
co-cultures. M2 conditions were selected based on their protective
effects on cardiomyocyte cytoskeletal organization and contractility
[Figs. 4(b)-4(d) and 5(a)], making them a compelling candidate for
transcriptomic analysis. This approach allowed us to examine how M2
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stimulation and macrophages influence gene expression changes in
response to hypoxia and identify pathways relevant to cardiac adapta-
tion. Samples for sequencing were collected either after 24h of nor-
moxia or 1% O, hypoxia, and for each comparison, all conditions
other than gas were held constant in order to isolate the effect of hyp-
oxia. When compared to normoxic NRVM monocultures, pro-healing
monocultures responded to hypoxia by significantly downregulating
pathways associated with response to lipid, extracellular region, and
cytokine/immune responses [Fig. 7(a)]. Attenuation of genes associ-
ated with lipid response is consistent with the expected hypoxia-
induced metabolic shifts in cardiomyocytes from fatty acid oxidation
to anaerobic glycolysis. Deprioritization of fatty acid utilization under
hypoxia may also lead to suppression of cellular lipid uptake, transport,
and signaling pathways. Hypoxic downregulation of extracellular
region pathways in M2-stimulated monocultures may reflect an adap-
tive response by cardiomyocytes to conserve energy and prioritize
essential cellular functions under hypoxic stress, even in the presence
of IL-4 and IL-13 stimulation. By minimizing less-critical extracellular
interactions—such as extracellular matrix remodeling and paracrine
signaling—cardiomyocytes appear to redirect resources toward intra-
cellular stability and metabolic demands. This shift is further sup-
ported by the observed downregulation of immune response and
cytokine signaling pathways, suggesting a deprioritization of inflam-
matory and immune-related processes in favor of structural and func-
tional preservation. The suppression of these pathways likely indicates
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Normoxic M2-stimulated Cultures
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a reduced reliance on intercellular communication in the absence of
immune cells and reflects a cellular focus on maintaining cytoskeletal
organization and survival. Together, these findings highlight a coordi-
nated hypoxic adaptation in cardiomyocytes that reduces energy
expenditure on non-essential extracellular processes while leveraging
pro-healing cytokines to sustain intracellular architecture and ensure
survival.

In comparison, M2-stimulated NRVM-BMDM co-cultures
(~23% BMDMs) displayed significant upregulation of pathways
related to myofibrils, extracellular space, inflammatory responses,
defense responses to other organisms, and bacterial responses com-
pared to normoxic M2 co-cultures [Fig. 7(b)]. In terms of cardiac
architecture, the upregulation of myofibril-associated pathways sug-
gests enhanced cytoskeletal structure, which is consistent with post-
hypoxia findings of mean CZL where M2 and M2" co-cultures show
generally greater values [Fig. 4(d), blue and green]. Notably, myofibril
pathways were upregulated only in co-cultures, suggesting that M2
macrophages enhance myofibrillar development and organization—an
effect absent in hypoxic cardiomyocyte monocultures—which may
explain the maintained systolic stress and attenuated active stress
reduction observed in M2 co-cultures (Fig. 5).

The upregulation of extracellular space pathways reflects the con-
tributions of both BMDMs and NRVMs. M2 macrophages are known
to secrete cytokines such as TGF-ff and IL-10 and express matrix met-
alloproteinases, which directly regulate the extracellular matrix (ECM)
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FIG. 7. Bulk RNAseq analysis of hypoxia responses by pro-healing stimulated (M2) co-cultures. Top GSEA pathways (y axis) showing the distribution of log2-fold changes (x
axis) of genes between hypoxic and normoxic M2-stimulated (a) NRVM monocultures and (b) NRVM-BMDM co-cultures (~23% BMDMs). Hypoxia was induced for 24 h at 1%
0, (n=3 coverslips; 1-2 harvests per group). (c) Boxplots showing the log2-fold change (y axis) in ventricular cardiomyocytes or macrophages compared to all other cell types
in the heart for specific DEGs corresponding to top pathways observed as differently regulated by hypoxia in NRVM-BMDM co-cultures vs NRVM monocultures. Cell-type-spe-
cific gene changes are based on the intersection of our bulk RNAseq with previously published single-cell RNAseq data for rat hearts.** Statistical significance was determined
by (a) and (b) GSEA permutation tests comparing weighted logFC for each pathway to the distributions across all genes detected in NRVMs and (c) Wilcoxon t-test comparing

log2FC between macrophage and cardiomyocyte expression.
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through  controlled degradation and collagen stabilization.
Cardiomyocytes complement these processes by responding to
macrophage-derived signals with ECM-related gene expression. Under
hypoxia, macrophage activation by dying cardiomyocytes may further
amplify extracellular space-associated pathways. The concurrent upre-
gulation of inflammatory and defense response pathways suggests that
hypoxia drives M2 macrophages toward a hybrid phenotype that
integrates anti-inflammatory and pro-healing functions with stress-
induced immune activation. Notably, M2 macrophages play a recog-
nized role in efferocytosis during cardiac repair, and the hypoxia-
induced death of cardiomyocytes (or other macrophages) likely trig-
gers the upregulation of efferocytic gene signaling. This efferocytic
activity in BMDMs may account for the observed upregulation of
pathways related to defense responses against organisms and bacteria,
the latter potentially mediated through macrophage activation by
damage-associated molecular patterns (DAMPs) released from necrotic
cells. Even within an M2-stimulated environment, macrophages exhibit
heightened innate immune activity as an adaptive response to hypoxia,
balancing the resolution of hypoxic damage with their reparative roles.
These findings highlight the dynamic interplay between cardiomyocytes
and macrophages in hypoxic M2 co-cultures, where structural organiza-
tion, ECM remodeling, and immune activation are integrated into a
coordinated and multifaceted adaptive response.

Given that core pathways, such as inflammation, operate in a
variety of cell types, we integrated our hypoxia analysis with previously
published rat heart single-cell sequencing’* to see which cell-specific
genes overlapped with those from hypoxia induction in either
NRVMs + BMDMs or NRVMs alone. We note that, despite inflam-
matory pathways being generally higher in immune cells, the differen-
tially expressed genes (DEGs) analyzed from our hypoxia induction
showed higher expression in ventricular cardiomyocytes compared to
macrophages. These data show that hypoxia induction on inflamma-
tory pathways acts on core processes such as inflammatory response in
both cardiomyocytes and macrophages, supporting the synergistic and
unique responses observed in co-culture conditions.

lll. DISCUSSION

This study demonstrates that our in vitro immuno-heart on a
chip platform offers a controlled, adaptable model of cardiac physiol-
ogy, capable of dissecting the reciprocal interactions between cardio-
myocytes and distinct macrophage phenotypes—pro-inflammatory
(M1) and pro-healing (M2, M2")—that influence cardiac tissue struc-
ture, contractility, and inflammatory signaling under normoxic and
hypoxic conditions. This work contributes an extensive dataset on the
in vitro interactions of cardiomyocytes and macrophages and the
resultant changes in cardiac structure and contractility under nor-
moxic and hypoxic conditions. Together, these demonstrate the power
of the developed platform, and further, many of the findings in this
work correlate with existing in vitro and in vivo data.

A. Pro-inflammatory cardiomyocyte-macrophage
interactions influence cytoskeletal disruption and
TNF-« secretion

For example, under normoxic conditions, M1-stimulated macro-
phages significantly disrupted cardiomyocyte cytoskeletal structure in
co-culture, reducing z-line fraction and z-line integrity at densities
mimicking early and late stages of myocardial recovery [Figs. 1(d)
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and 1(e)]. Importantly, our paracrine studies revealed that structural
changes required direct macrophage-cardiomyocyte contact [Figs.
2(e)-2(h)]. Such interactions echo what occurs in myocardial infarc-
tion, where M1 macrophages infiltrate the infarct zone, release pro-
inflammatory cytokines such as TNF-o and IL-1f, and trigger local
inflammatory cascades that promote extracellular matrix degradation
and cellular injury, often exacerbating cardiac remodeling.”*"
Indeed, the increased TNF-u secretion in M1 co-cultures compared to
M1 macrophage monocultures suggests that macrophage-cardiomyo-
cyte interactions amplify inflammatory signaling [Fig. 6(a)], leading to
exacerbated structural damage as you might see following reperfusion
in vivo. A key limitation of the existing analysis is that actin OOP could
only be assessed in NRVM monocultures, as diffuse BMDM actin net-
works precluded organization analysis. In the future, further refine-
ments in image processing could isolate NRVM-specific actin staining,
enabling co-culture effects on cardiomyocyte actin organization to be
evaluated.

Under hypoxic conditions, cardiomyocytes in monoculture
exhibited significant declines in structural metrics, including actin
OOP, z-line OOP, CZL, and ZLI, relative to normoxic controls
(Fig. 4). This aligns with in vivo and in vitro findings where hypoxia
induces cardiomyocyte apoptosis and structural disorganization.™* **
Interestingly, in hypoxic M1-stimulated cultures, TNF-o levels varied
more widely compared to normoxic conditions and also did not expe-
rience a hypoxia-induced increase [Fig. 6(a)]. This diverges from the
typical in vivo stabilization of M1 phenotypes and increased TNF-o
characteristic of hypoxic injury.””*” This variability may have resulted
from hypoxia-induced macrophage apoptosis or heterogeneous cardi-
omyocyte apoptotic/necrotic responses. The latter variably compounds
macrophage secretion of TNF-o in some cultures while potentially
activating macrophages’ TNF-o autocrine feedback loops in others,
leading to a decline in TNF-o by the time of collection.”' Because this
study only assessed cytokine secretion at one end point (24 h), it lacks
the temporal granularity to identify the impact of hypoxia or cardio-
myocytes on fluctuations in cytokine secretion over time. This war-
rants future investigation at multiple stimulation and hypoxia time
points.

B. Protective effects of pro-healing cytokines on
cardiomyocyte cytoskeletal architecture

Conversely, the M2 pro-healing cytokines IL-4 and IL-13 demon-
strated a protective effect on cardiomyocyte structure under both nor-
moxic and hypoxic conditions (Figs. 1 and 3). In normoxia, these
cytokines alone improved structural maturation metrics in NRVM
monocultures [Figs. 1(d) and 1(e)], and M2" stimulation improved
z-line fraction and CZL [Figs. 1(c) and 1(d)]. These findings suggest
that TL-4 and IL-13 directly influence cardiomyocyte structural organi-
zation, promoting maturation and stability. However, the addition of
M2/M2" phenotype macrophages under normoxia did not further
improve structural metrics and still exhibited density-dependent
declines, possibly due to cell crowding effects overshadowing the
stimulation-mediated ~ benefits [Figs. 1(b)-1(e)]. Although we
addressed crowding as a potential confounder using irradiated fibro-
blast controls [Figs. 2(a)-2(d)], future studies should examine co-
culture configurations further to minimize potential crowding effects
while preserving cell-cell interaction dynamics.
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After hypoxia, M2-stimulated NRVM monocultures maintained
their structural integrity, suggesting a protective role of M2 cytokines
against hypoxia-induced damage [Figs. 4(b), 4(c), and 4(f)]. Moreover,
M2*-stimulated monocultures showed no significant declines in
structural metrics compared to their normoxic counterparts [Figs.
4(b)-4(f)]. These findings in M2/M2* hypoxic and normoxic NRVM
monocultures are supported by reports that IL-13 treatment of adult
cardiomyocytes strongly phosphorylates both Akt (pAkt) and Erk
(pErk), which have been reported to improve contractility and pro-
mote a cellular hypertrophic response.”” ** Furthermore, studies
with cultured neonatal rat cardiomyocytes showed that both IL-4*°
and IL-13" may contribute to cardiac regeneration via upregulation of
the proliferative signaling pathways. Although evidence of the protec-
tive roles of IL-4 and IL-13 is emerging, how the individual pathways
could converge to coordinate cardiac regeneration is far from compre-
hensively understood. Since this platform investigates immediate hyp-
oxic effects, it does not capture cardiomyocyte responses that would be
observed during inflammatory resolution or remodeling—phases asso-
ciated with a rise in IL-4 and IL-13 levels in vivo. Despite this limita-
tion, our immediate post-hypoxia data still offer biological insights
into acute inflammatory interactions crucial during early hypoxic
responses. Moving forward, our platform is equipped to interrogate
such interactions both individually and in combination with one
another.

C. Pro-healing macrophages in a hypoxic cardiac
microenvironment

In hypoxic co-cultures, M2 macrophage presence did not mean-
ingfully impact cardiomyocyte structural metrics [Figs. 4(c)-4(f)].
However, these results should be interpreted with the caveat that M2
macrophages are typically found post-reoxygenation in vivo. Since
they are more reliant on aerobic energy production than M1 macro-
phages, their function in hypoxic cultures may not fully recapitulate
their natural role in ischemic recovery.””** Based on both in vitro and
in vivo studies,””****" optimal cardiac repair requires both an acute
inflammatory phase with phagocytic clearance and M2 macrophage-
derived IL-10 dampening of inflammation.**”" >* This physiology is
captured by our M2" co-cultures, where macrophages showed mixed
cytokine secretion under hypoxia, with increased TNF-o and IL-10,
suggesting hybrid polarization triggered by hypoxic stress and/or car-
diomyocyte apoptosis [Figs. 6(b) and 6(d)]. Indeed, hypoxia4°‘3 ° and
inflammatory signaling from damaged tissue””*****" have been shown
to regulate macrophage polarization and their cytokine secretion. The
emergence of these findings suggests studies using this platform could
further characterize macrophage phenotypes by integrating surface
marker analysis via flow cytometry and more thorough cytokine profil-
ing through multiplex ELISA. Additionally, analyzing contractility of
paracrine co-cultures could further isolate the influence of macrophage
signaling on cardiac stress generation. These approaches will help elu-
cidate how reciprocal cellular mechanisms interact with existing
immunomodulatory therapies.” "

The RNAseq analysis of hypoxic M2-stimulated co-cultures
revealed transcriptional changes that provide insight into cardio-
myocyte-macrophage interactions under hypoxic stress (Fig. 7).
Upregulation of myofibrils, ECM interaction, and immune
response pathways emphasizes the coordinated macrophage-
mediated adaptation to hypoxia that integrates structural and
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inflammatory remodeling. While bulk RN Aseq cannot distinguish
cardiomyocyte- and macrophage-specific contributions, we lever-
aged previously published single-cell RNA sequencing of rat hearts
to refine how each cell type drives these adaptive responses.’*
Despite these insights, future studies applying single-cell RNA
sequencing directly within our platform can provide an even more
granular understanding of immune-cardiac interactions.

D. Modulation of cell and tissue function by
cardiomyocyte-macrophage interactions

Our immuno-heart on a chip platform demonstrates that under
normoxic conditions, co-culturing cardiomyocytes with macrophages at
physiological densities reduces variability in systolic, diastolic, and active
stresses across cytokine stimulation types (Fig. 3). While MO and M1
cultures both saw decreases in systolic and diastolic stresses between
monocultures and co-cultures, M1 stimulation was the only condition
that saw a significant decrease in active stress [Figs. 3(b)-3(d)]. These
results align with studies that show pro-inflammatory cytokines, espe-
cially those associated with M1 macrophage presence such as TNF-o,
can reduce cardiomyocyte contractility, impair intracellular calcium
handling, and downregulate contractile protein expression.”’ ** These
findings may also support in vivo findings where macrophages in
inflammatory contexts help mitigate excessive stress responses, support-
ing cardiac tissue stability during early inflammatory phases.

The reduced contractile performance observed in M2-stimulated
monocultures, despite improved structural organization, could indicate
that IL-4 and IL-13 alter cardiomyocyte metabolic activity or electro-
mechanical coupling, affecting contractility without affecting struc-
ture.”® However, this is contrary to some studies that have shown
connections between IL-13 treatment and improved cardiac contractil-
ity.” " Interestingly, M2-stimulated co-cultures improved contractile
function compared to M2-stimulated monocultures but presented
increased diastolic stress [Fig. 3(c)], suggesting that M2-inducing cyto-
kines may enhance structural support over optimal contractility, a
known phenomenon where M2 cytokines favor anti-inflammatory
and reparative signaling over contractile efficiency.””** Following hyp-
oxia, the presence of stimulated macrophages mitigated the detrimen-
tal effects of low oxygen on cardiomyocyte contractility, in line with
their cardioprotective roles observed in vivo during cardiac injury.” M2
macrophages, in particular, preserved systolic stress post-hypoxia, sug-
gesting their involvement in enhancing cardiomyocyte survival and
function through anti-inflammatory cytokine secretion like IL-10.”**
Recent work has explored the possibility of mitochondrial transfer
between M2 macrophages and cardiomyocytes as a means of cardio-
protection.ZS’(ﬁ’(’(’ However, the associated increase in diastolic stress
indicates potential impairment in relaxation dynamics relative to their
pre-hypoxia baseline [Fig. 5(b)]. This dual effect reflects in vivo scenar-
ios where M2 macrophages promote tissue healing but may also con-
tribute to altered contraction if unregulated. Fascinatingly, heart failure
with preserved ejection fraction exhibits a greater amount of profi-
brotic (as opposed to anti-inflammatory) M2 macrophages, which
secrete more profibrotic factors that can impair diastolic relaxation.*®
Future transcriptomic and ELISA analysis of this unique cardiac phe-
notype can explore this less-studied pathological phenotype.

In investigating the cytokine-mediated crosstalk between cardio-
myocytes and macrophages on the immuno-heart on a chip, per-
macrophage TNF-o secretion was observed to increase linearly as
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macrophage seeding density decreased [Figs. 6(¢) and 6(g)]. Our find-
ings are corroborated by previous work on the density dependency of
cytokine secretion by MI-stimulated BMDM monocultures, which
also revealed that lower seeding densities lead to greater amounts of
TNEF-o secreted per cell.”” However, these studies were carried out in
monocultures, where macrophages at lower densities were distinctly
sparse cultures. It is notable that this density-dependent secretion per-
sists even in confluent co-cultures with an abundance of cardiomyo-
cytes. These results reinforce the idea that the mechanism behind this
increase in per-cell TNF-a secretion is not mediated by cell-cell con-
tact but by macrophage-macrophage signaling within cultures.
Further, cardiomyocyte presence does not actively hamper this rela-
tionship between macrophage density and per-cell secretion activity.
For IL-10, there were no observed density-dependent changes in per-
cell secretion in M1-stimulated co-cultures [Figs. 6(f) and 6(h)]. This
finding is somewhat unexpected in the context of the previous macro-
phage density study,”” where greater seeding densities of M1 macro-
phage monocultures were associated with increased per-cell IL-10
secretion. Therefore, having cardiomyocytes present may dampen the
macrophage-macrophage signaling that induces increased per-cell IL-
10 secretion observed in macrophage monocultures.

E. Immunomodulatory therapies

Our findings align with ongoing efforts to therapeutically modu-
late inflammation after ischemic injury.”'”>*® Despite promising
results in preclinical and in vitro studies, broad anti-inflammatory
treatments (glucocorticoids, nonsteroidal anti-inflammatory drug
(NSAIDs), and cyclosporine) have largely failed in clinical trials, likely
due to the dual role of inflammation in both injury and repair.”">**
Clinical trials targeting IL-1f (canakinumab) and IL-6 (tocilizumab)
suggest that dampening early inflammation can improve cardiac heal-
ing, consistent with our data showing that M1 macrophage-cardio-
myocyte interactions exacerbate cytoskeletal disruption and amplify
TNF-u secretion.”®”** Preclinical studies have underscored the thera-
peutic promise of enhancing anti-inflammatory cytokines (IL-4, IL-13,
and IL-10) to resolve inflammation and drive macrophage polarization
toward reparative phenotypes, aligning with our findings that IL-4/IL-
13 stimulation protected against hypoxia-induced cytoskeletal disorga-
nization and M2 macrophage presence preserved systolic stress.
However, the pleiotropic nature of cytokines has complicated clinical
translation. New strategies like colchicine therapy and pro-resolving
mediators further underscore the paradigm that controlling post-
infarction inflammation—Dby either suppressing its damaging effects or
accelerating its resolution—can favorably influence cardiac repair.”**’
These parallels highlight the translational potential of our immuno-
heart on a chip platform to uncover, evaluate, and refine targeted
immunomodulatory strategies. Further, the insights from our study
contribute to the ongoing efforts to untangle the complexities of
immune-driven cardiac repair.

IV. CONCLUSION

Together, these results highlight the platform’s value for replicat-
ing in vivo-like cardiomyocyte-macrophage interactions and uncover-
ing novel cellular responses, offering an effective in vitro model to
dissect cellular dynamics central to cardiac repair and pathology. By
recreating key aspects of the cardiac microenvironment, including
cytokine stimulation and hypoxic stress, we can investigate the specific
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contributions of macrophage phenotypes, their secreted factors, and
direct cell-cell interactions to cardiomyocyte structure and function.
The ability to control and manipulate these variables in vitro allows for
the exploration of mechanisms that are challenging to isolate in vivo
due to the intricacy of systemic responses. This platform not only vali-
dates known in vivo interactions but also uncovers novel aspects of
cell-cell communication and phenotypic modulation that could
inform therapeutic strategies for cardiac repair and regeneration.

V. METHODS
A. Substrate fabrication for structural studies

Cell culture substrates were fabricated as previously
described.'”"”"* Briefly, large cover glasses (76 x 83 mm?% Brain
Research Laboratories, Newton, MA) were cleaned by sonication in
95% ethanol for 30 min and air-dried. Coverslips were spin coated
with 10:1 polydimethylsiloxane (PDMS; Ellsworth Adhesives,
Germantown, WI) at 4000 rpm (2.5 min ramp) and cured for 12h at
60°C. The glass was then cut into smaller coverslips (14 x 12.5 mm?)
using diamond glass cutters to fit a 12-well plate. Fibronectin (FN;
Sigma-Aldrich, St. Louis, MO) was patterned in 22 um lines with 3 um
gaps via microcontact printing,''””' PDMS stamps were sonicated in
ethanol for 15 min and coated with 0.05 mg/ml FN for 1h. Excess FN
was removed from stamps using compressed nitrogen prior to printing
the patterns onto coverslips. Coverslips were UVO-treated (8 min;
Jelight Company, Irvine, CA) for sterilization and surface functionali-
zation before stamping.'”'" The patterned coverslips were stored in
phosphate-buffered saline (PBS; Thermo Fisher, Grand Island, NY,
Gibco Cat#10010049) until cell seeding. This anisotropic surface pat-
terning results in aligned cardiac tissues, mimicking the properties of
ex vivo heart sections.'””"”*

B. Immuno-heart on a chip fabrication: substrates for
muscular thin films (MTFs)

Heart chips were fabricated for functional studies to measure
contractile stress generation by muscular thin films.'>"" Strips of pro-
tective film were placed on the cleaned large cover glass, spaced apart,
leaving regions of glass exposed. A layer of poly(N-isopropylacryla-
mide) (PIPAAm) was then spin coated onto the surface and allowed to
cure at room temperature for at least 10 min. The protective films were
then peeled away, and the cover glass was once again spin coated with
10:1 PDMS to achieve layers 10-15 ym thick before being cured for at
least 12h at 60°C. This resulted in alternating regions of the cover
glass coated with only PDMS and both PIPAAm and PDMS.
Individual chips (~12.7 x 13.8 mm?) were laser cut (Trotec Speedy
360, Plymouth, MA) from the large cover glass (laser-to-glass). Four
“films” were laser cut (laser-to-PDMS) from the chips (2.5mm in
width, spaced 0.6 mm apart). On the day of analysis, the final cut con-
verted the four films into two opposing rows of four films each.
Alternatively, heart chips were also manufactured to have two rows of
non-opposing films, each with four films. The laser cutter settings
were set to score only the PDMS layer without engraving the glass
underneath. The chips were micropatterned as detailed above.

C. Cardiomyocytes harvest and culture

All animals for the study were treated according to the
Institutional Animal Care and Use Committee of University of
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California, Irvine guidelines (IACUC Protocol No. 2022-054) and the
NIH Guide for the Care and Use of Laboratory Animals. All experi-
ments were conducted with neonatal rat ventricular myocytes
(NRVMs). Ventricular myocardium was extracted from 2-day-old
neonatal Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA) as previously described.”* Briefly, following resec-
tion, the ventricular tissue was washed with Hanks’ balanced salt solu-
tion buffer (HBSS; Thermo Fisher, Grand Island, NY, Gibco
Cat#14170161) and incubated overnight on a rocker (12h) at 4°C in
1 mg/ml trypsin solution (Sigma-Aldrich, St. Louis, MO) dissolved in
HBSS. The trypsin was then neutralized with 37°C M199 culture
media (Thermo Fisher, Grand Island, NY, Gibco Cat#11150067) sup-
plemented with 10% fetal bovine serum (FBS; Thermo Fisher, Grand
Island, NY, Gibco Cat#26140079). Then, the tissue was washed four
times with 1 mg/ml collagenase type II (Worthington Biochemical
Corporation, Lakewood, NJ) dissolved in HBSS. The cell solutions
were centrifuged at 1000 rpm for 7 min, resuspended in chilled HBSS,
and once again centrifuged at 1000 rpm for 7 min. The cells were
resuspended in warm 10% FBS M199 culture media and plated onto
three consecutive pre-plates to isolate the cardiomyocytes via the dif-
ferent adhesion rates of cardiomyocytes and fibroblasts. The final puri-
fied cardiomyocyte solution was seeded onto the FN-coated coverslips
or heart chips at 2.7 x 10° cells/mm? in 12-well plates. Cells were sup-
plemented with additional FBS until a final concentration of 30% FBS
M199 culture media was achieved. After 24 h post-seeding, the media
was replaced with fresh 30% FBS M199 culture media. Forty-eight
hours after initial seeding, the dead cells were washed away with PBS,
and the remaining cells were incubated in 10% FBS M199 culture
media. Contractile and structural studies were performed 4 days after
seeding.

D. MTF analysis of contractile stress by cardiac tissues

On the day of contractility studies, heart chips were cut with a
razor parallel to the PIPAAm lines, releasing the films and allowing
them to contract vertically away from the chip. Any waste portions of
PDMS or extraneous films were peeled away manually using forceps.
The contractility experiments were performed by placing the heart
chips into 35mm Petri dishes filled with the relevant culture media.
The Petri dish was placed onto a temperature-controlled heating plate
under a stereo microscope (Olympus America, Center Valley, PA). A
mounted camera (Basler, Germany) recorded the film’s movements
from the top of the microscope at 100 fps. The tissues were field stimu-
lated by a pulsatile field stimulator (Myopacer, IonOptix, Westwood,
MA) via two carbon electrodes (McMaster-Carr, Douglasville, GA)
spaced 1.5cm apart. The contractile behavior of the films was

TABLE Ill. Media stimulations and components.
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measured as the films were paced at 2 Hz with a voltage of 20 V. Stress
measurements were calculated from recorded videos of the films using
automated Image] and MATLAB codes through the calculations
described in Ref. 10.

E. Macrophage harvest and culture

All macrophage experiments were conducted with rat bone
marrow-derived macrophages (BMDMs). Femur bones from adult
Sprague-Dawley female rats (Charles River) were harvested and
flushed with rat D10 media for bone marrow extraction. Flushed bone
marrow was treated with ACK Lysing Buffer (Thermo Fisher) before
centrifugation and resuspension for lysing of red blood cells leaving
white blood cells intact. White blood cells were then seeded on stan-
dardized non-treated polystyrene Petri dishes in rat D10 media. Cells
were fed for 3-4 days after harvesting. With the essence of macrophage
colony-stimulating factor (M-CSF), seeded white blood cells/mono-
cytes were differentiated into BMDMs ready for use 6-8 days after har-
vesting. As BMDM s are sticky cells, seeding and freezing down require
the usage of a cell dissociation buffer (Thermo Fisher) for lifting. Upon
lifting, BMDMs were either seeded for experiments or frozen down to
be stored in a liquid nitrogen tank at a density of 5 x 10° cells/ml.

F. Cardiomyocyte-macrophage co-culture and
stimulation

Juxtacrine co-culture of cardiomyocytes and macrophages was
achieved by seeding both cell types onto a single coverslip. NRVMs
were harvested and seeded as described above. Forty-eight hours post-
seeding of NRVMs, coverslips were rinsed with PBS to wash away any
dead NRVMs, and non-stimulated (M0) macrophages were seeded at
the required densities in MO media: a co-culture common media com-
posed of 10% FBS M199 culture media supplemented with 100 U/ml
penicillin, 100 ug/ml streptomycin (Thermo Fisher, Grand Island,
NY), 2 mM 1-glutamine, and 20 ng/ml carrier-free recombinant rat M-
CSF (BioLegend, San Diego, CA). Media stimulation and polarization
of the macrophages were performed 24 h after the MO macrophages
were seeded in the co-culture. To stimulate the cultures, a quarter of
the MO media in each well was replaced with cytokine-stimulated
media (M1, M2, or M2"; Table I1I). Twenty-four hours after stimula-
tion, supernatants were gathered for ELISA, and coverslips were fixed
and stained for structural analysis. Hypoxia regimens for structural
and cytokine studies were started concurrently with media stimulation
of co-cultures. Hypoxia regimens for contractility studies were shorter
than those of structural studies (6 vs 24 h, respectively); therefore, hyp-
oxia for contractility studies was started 24 h after media stimulation to

Media stimulation Components Full components

M199 M199 Medium 199, Earle’s salts + glucose + B12 + L-glutamine + FBS + penicillin +
streptomycin + HEPES + MEM NEAAs

MO M199 + M-CSF M199 + M-CSF

M1 MO + IFN-y 4 LPS M199 + M-CSF + IFN-y 4 LPS

M2 MO +1IL-4 +1IL-13 M199 + M-CSF +IL-4 +IL-13

M2* M2+ LPS M199 + M-CSF +IL-4 +IL-13 + LPS
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ensure macrophages had ample time to differentiate into the proper
phenotype prior to hypoxic stimulation. For structural control studies
of NRVM co-cultures with irradiated mouse embryonic fibroblasts
(iMEFs; Thermo Fisher, Grand Island, NY), iMEFs were seeded with
M199 media onto coverslips 48 h after seeding NRVMs.

To achieve M1 macrophage polarization, a cytokine-stimulated
media composed of MO media with 10ng/ml of E. coli-derived LPS
(Sigma-Aldrich, St. Louis, MO) and 10 ng/ml of E. coli-derived carrier-
free recombinant rat IFN-y (BioLegend, San Diego, CA) was used. MO
media with 20 ng/ml of 293E-derived carrier-free recombinant rat IL-4
(BioLegend, San Diego, CA) and 20 ng/ml of E. coli-derived carrier-
free recombinant rat IL-13 (BioLegend, San Diego, CA) was used to
stimulate BMDMs into one branch of the M2 phenotype: M2. The
addition of 10 ng/ml of E. coli-derived LPS to IL-4 and IL-13 cytokine-
stimulated media creates another branch of M2 phenotype: LPS-
activated M2 (M2").

Previous work confirms that the selected concentrations are ade-
quate for proper stimulation, and ELISA provided a functional assess-
ment of macrophage polarization, measuring TNF-o and IL-10, which
are well-established indicators of M1 and M2" activation, respec-
tively.”””” Prior studies have shown that cytokine secretion correlates
with classical macrophage surface markers used in flow cytometry for
polarization assessment.”””” Finally, LPS-induced cytotoxicity in
NRVM:s was not a major concern at the chosen concentration, as neo-
natal cardiomyocytes possess innate protective mechanisms that miti-
gate LPS-induced apoptosis.”*’” Nonetheless, to account for potential
viability effects, a-actinin and actin confluency were analyzed across all
conditions. The results confirmed that neither LPS nor hypoxia com-
promised viability to an extent that would invalidate our structural
and functional metrics (supplementary material Fig. S7).

G. Cardiomyocyte-macrophage paracrine co-culture

Paracrine co-culture of cardiomyocytes and macrophages was
achieved by seeding each cell type onto its own coverslip. Both cover-
slips were micropatterned with fibronectin anisotropic lines.
Cardiomyocytes were prepared the same as in juxtacrine co-cultures.
Twenty-four hours after cardiomyocytes were seeded onto their cover-
slips, unstimulated macrophages were seeded in M0 media onto their
own coverslips in a separate 12-well plate. After 24 h, one coverslip of
each cell type was moved into a 6-well plate such that they were not in
direct contact with each other. The co-culture was replenished with
fresh M0 media. The next day, a quarter of the media in each well was
replaced with the relevant stimulation media (Table I1T). After 24 h of
stimulation, supernatants were collected for ELISA, and coverslips
were fixed and stained for structural analysis.

H. Inducing sustained hypoxia

The experimental setup for hypoxia experiments utilized a
temperature-controlled hypoxia chamber and gas flow controller sys-
tem (Noxygen, Elzach, Germany). Nitrogen, carbon dioxide, and oxy-
gen flowed from compressed tanks (Airgas, Radnor, PA) into the gas
flow controller module via three input lines. The gas flow controller
was programmed to adjust the flow rates of each gas in the module’s
output line, resulting in a 94% N, 5% CO,, 1% O, hypoxic gas mix-
ture delivered to the incubation chamber. Validation of the hypoxia
chamber was performed by measuring oxygen levels of both the
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atmosphere and media inside wells within the chamber using a
FOSPOR AI-300 optical oxygen-sensing probe and NeoFox-GT phase
fluorimeter (Ocean Insight, Orlando, FL). An initial flushing of the
chamber with a 95% N,, 5% CO,, 0% O, gas mixture was performed
to quickly bring the chamber down to 1%0O,. Flow rates were chosen
such that oxygen levels within the media reached the desired 1% O,
within 15-20 min. The hypoxia chamber was maintained at 37 °C for
all experiments. Four days after initial seeding, the coverslips were
transferred from 12-well plates to 35 mm dishes in order to reduce the
media head prior to placement within the hypoxia chamber. A water
tray filled with MilliQ water was placed at the bottom of the chamber
to maintain humidity.

I. Fixing, immunostaining, and image acquisition

After conclusion of stimulation, cells were rinsed with ice-cold
PBS three times before being fixed on their coverslips in warm 4%
paraformaldehyde (PFA; VWR, Radnor, PA) supplemented with
0.05% Triton X-100 (Sigma-Aldrich, St. Louis, MO) for 10 min. Cells
were then rinsed three times with room temperature PBS, allowing the
PBS to sit for 5min between rinses. The cells were then stained for
nuclei  (4,6-diamidino-2-phenylindole  dihydrochloride, DAPI;
Invitrogen, Waltham, MA), actin (Alexa Fluor 488 Phalloidin; Thermo
Fisher, Grand Island, NY), and sarcomeric «-actinin (Mouse
Monoclonal Anti ¢-actinin; Sigma-Aldrich, St. Louis, MO) by incubat-
ing the coverslips in 1:200 dilutions in PBS for 1 h at room tempera-
ture. The coverslips were rinsed, and then secondary staining was
performed with goat anti-mouse IgG secondary antibodies (Alexa
Fluor 594; Thermo Fisher, Grand Island, NY) 1:200 dilutions in PBS
for 1h at room temperature. Coverslips were then mounted onto
microscope slides using either Prolong™ Gold antifade mountant or
ProlongTM Glass antifade mountant (Invitrogen, Waltham, MA) and
kept at 4 °C until imaged. Immunofluorescence imaging of coverslips
was performed using an Olympus Fluoview FV3000 microscope
(Olympus America, Center Valley, PA, USA) with a UPLSAPO
40x silicone oil immersion objective (Olympus America, Center
Valley, PA, USA). The resolution of the images taken at 40x was
~6.5 pixels/um. Ten to thirty fields of view were randomly acquired
for each sample.

J. Image analysis

Analysis of cardiac tissue images and quantification of cytoskele-
ton structural and organizational metrics were performed by auto-
mated MATLAB codes described previously.”*”* Binary skeletons of
o-actinin, the primary protein of sarcomere z-discs, were extracted
from microscopy images and analyzed for z-line orientation order
parameter (OOP), z-line length, z-line fraction, and z-line integrity.
Images of the actin channel for each culture were similarly processed
and analyzed for actin OOP.

Z-line integrity is a cytoskeleton structural metric designed to cal-
culate the degree of z-line degradation and amount of diffuse a-actinin
protein within cells. In perfect tissue, o-actinin is present in the z-line
construct. However, z-line degradation can cause the a-actinin to be
present outside the z-band. Consequently, for such a scenario, the sig-
nal for a-actinin staining will be more diffuse compared to that of per-
fect tissue. The fraction of a-actinin staining on the z-lines was
analyzed as a metric of z-line integrity

APL Bioeng. 9, 026114 (2025); doi: 10.1063/5.0253888
© Author(s) 2025

9, 026114-16


https://doi.org/10.60893/figshare.apb.c.7775309
pubs.aip.org/aip/apb

APL Bioengineering

T S{ overlay}

{Z — line Integrity Fraction} = (1)

{original}

7 is a fitting parameter representing a unitless z-line thickness,
which we expect to vary based on microscope resolution (t = 5.68 for
the current analysis), and was determined using cropped images of
“perfect” tissue from normoxia controls. A visualization of z-line integ-
rity’s 7 determination can be found in supplementary material Fig. S2.
Assuming a z-line integrity of 1 for each cropped field of view, Eq. (1)
can be rearranged to calculate individual 7 values, that are then aver-
aged to determine the t used for analysis of all images (7 = 5.68 for the
current study)
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where n represents a single field-of-view image, j is the total number of
fields of view for a single coverslip, ¢ is a single color channel, & is the
total number of color channels, and (x, y) are the horizontal and verti-
cal coordinates of a pixel on the image, with (0,0) as the location of the
bottom left pixel, and i is the pixel’s intensity value. An overlay of the
original a-actinin-stained image, the z-line skeleton, and a background
output was used to determine Sjyyeriqy) for each field of view. On the
other hand, an overlay of only the original a-actinin-stained image and
a background output was used to determine Sy, iginar) - The z-line skele-
ton and background were output from the ZlineDetection
code.”” The background output provides an estimate of pixels not
stained for a-actinin and sets them as black, which is useful for micro-
scopes that do not have pseudo-coloring ability. Based on Eq. (1), the
theoretical range for z-line integrity is from 7 to 0, for the case of
o-actinin staining only on the identified z-line pixels and the case of no
o-actinin staining on the z-line pixels, respectively. For “perfect” tissue,
we expect the z-line integrity to be around 1.

K. RNA sequencing and analysis

After the conclusion of the experiments, RNA was extracted from
cultures using Qiagen miRNAeasy columns (Qiagen, Hilden,
Germany) according to standard manufacturer protocol. Quality con-
trol was then performed on an argument bioanalyzer, where RIN
scores over 6 were used for sequencing. Libraries were prepared using
NEBNext kits (New England Biolabs, Ipswich, MA) from polyA-
isolated mRNA, then pooled at 4 M concentration for sequencing.
Libraries were sequenced on a NovaSeq 6000 (Illumina, San Diego,
CA) using paired-end sequencing at a depth of 20 x 10° reads/sample.

FASTQ files obtained from sequencing were inspected using
FastQC and aligned to the rat transcriptome (Rnor 6.0) using Kallisto.
Transcript-level counts were then extracted from the Kallisto outputs,
averaged at the gene level and differential expression (DE) was per-
formed using DESeq2. Specifically, samples were isolated into compa-
rable categories (e.g, NRMVS alone or NRVM + BMDMs), and DE
was performed on hypoxia vs normoxia. Prior to DE, genes that
showed an estimated counts less than 10 across samples were removed.
Pathway enrichments were performed using gseGO from DESeq2
logFC. Therefore, samples with mixed cell types (BMDM + NRVMs)
were only compared to each other, and NRVM monocultures were

ARTICLE pubs.aip.org/aip/apb

compared directly. Lists of DEGs resulting from comparing hypoxia in
matched cell types were then compared at the results level in order to
ensure proper overlap among comparisons. Single-cell integration:
To investigate which cells expressed DEGs corresponding to hypoxia
induction, cell-specific marker genes were used from Arduini et al.”*
Specifically, genes that showed cell-specific expression (p-adj < 0.01)
in macrophages or ventricular cardiomyocyte cell populations were
analyzed. The log2FC for cell-specific differential expression was plot-
ted for DEGs corresponding to specific pathways in the hypoxia vs
normoxia NRVM + BMDM comparisons. P-values shown correspond
to a Wilcoxon t-test comparing the cell-specific log2FC between mac-
rophage and cardiomyocyte expression (y axis) for indicated DEG
pathways (x axis).

L. ELISA

Analysis of cytokine secretion was performed using ELISA kits
(BioLegend, San Diego, CA). Prior to fixing or lysing the cells for struc-
tural and transcriptomic analysis, 800 ul of media from each culture’s
well was placed into an Eppendorf (one Eppendorf per sample). The
Eppendorfs were spun down at 2000 rcf for 5min at 4 °C to settle any
debris. Then, 400zl of the supernatant from each Eppendorf was
moved into 2 wells (200 ul per well; technical duplicates) of a low-
adhesion 96-well plate. Samples were frozen at —20°C until ELISA
was performed. The supernatants were analyzed for the presence of
TNF-o and IL-10 according to the kit's manufacturer’s instructions.
For each experiment, values of TNF-o and IL-10 were normalized to
those of M1 and M2" BMDM monocultures, respectively.

M. Statistical analysis

GraphPad Prism version 10 was used to conduct all statistical
tests. To determine statistical significance in studies with two factors, a
two-way analysis of variance (ANOVA) was performed, with Tukey’s,
Sidak’s, and Dunnett’s post hoc tests for multiple comparisons when
appropriate. A two-way ANOVA with a Holm-Sidak’s multiple com-
parison test was used for ELISA data when comparing datasets with
distinctly near-zero control values. To determine whether stress out-
puts significantly changed from baseline in contractility experiments,
one-sample t-tests were conducted against a constant that would indi-
cate no change in stress (i.e., 0) if normality of the data were assumed.
Otherwise, a one-sample Wilcoxon signed-rank test was performed.
To determine a significant difference for a factor with only two levels
(e.g., normoxia vs hypoxia) independent from other experimental con-
ditions, Student’s t-tests were performed between the two levels.
Following two-way ANOVA, a p-value of less than 0.05 was consid-
ered significant. Outliers were initially identified using the ROUT
method (Q=10.1%) and were subsequently evaluated within the exper-
imental context. Outliers were removed if there was a clear indication
of experimental error or if they represented values significantly outside
the distribution range defined by the majority of the data. Data are pre-
sented as mean * standard deviation. All the data were compiled into
a database as described previously” and in the supplementary
material.

SUPPLEMENTARY MATERIAL

See the supplementary material for a schematic of the immuno-
heart on a chip, visualization of the z-line integrity cytoskeleton
structural metric, raw values of z-line metrics for NRVM-iMEF
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co-cultures, individual sample values for post-hypoxia z-line metrics
for all conditions, 6-h normoxia contractility control data, additional
cytokine secretion values for MO- and M2-stimulated cultures, and
analysis of o-actinin and actin confluency.
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