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Photopolymerizable Hydrogel for Enhanced Intramyocardial
Vascular Progenitor Cell Delivery and Post-Myocardial
Infarction Healing

Xuechong Hong, Allen Chilun Luo, Ilias Doulamis, Nicholas Oh, Gwang-Bum Im,
Chun-Yen Lin, Pedro J. del Nido, Ruei-Zeng Lin,* and Juan M. Melero‑Martin*

Cell transplantation success for myocardial infarction (MI) treatment is often
hindered by low engraftment due to washout effects during myocardial
contraction. A clinically viable biomaterial that enhances cell retention can
optimize intramyocardial cell delivery. In this study, a therapeutic cell delivery
method is developed for MI treatment utilizing a photocrosslinkable gelatin
methacryloyl (GelMA) hydrogel. Human vascular progenitor cells, capable of
forming functional vasculatures upon transplantation, are combined with an
in situ photopolymerization approach and injected into the infarcted zones of
mouse hearts. This strategy substantially improves acute cell retention and
promotes long-term post-MI cardiac healing, including stabilized cardiac
functions, preserved viable myocardium, and reduced cardiac fibrosis.
Additionally, engrafted vascular cells polarize recruited bone marrow-derived
neutrophils toward a non-inflammatory phenotype via transforming growth
factor beta (TGF𝜷) signaling, fostering a pro-regenerative microenvironment.
Neutrophil depletion negates the therapeutic benefits generated by cell
delivery in ischemic hearts, highlighting the essential role of
non-inflammatory, pro-regenerative neutrophils in cardiac remodeling. In
conclusion, this GelMA hydrogel-based intramyocardial vascular cell delivery
approach holds promise for enhancing the treatment of acute myocardial
infarction.

1. Introduction

Myocardial infarction (MI) remains a significant global
health concern.[1,2] MI’s progression involves the rapid on-
set of ischemia-induced myocardial necrosis, leading to the
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replacement of the infarct zone by fibrotic
tissues.[3] Despite advances in surgical
interventions, pharmacotherapy, and me-
chanical devices reducing acute mortality,[4]

these strategies provide only modest, long-
term improvements in cardiac function.[5,6]

As a result, many patients eventually de-
velop complications such as heart fail-
ure and arrhythmia.[2] Therapeutic ap-
proaches focusing on the delivery of genes,
growth factors, and cells have shown
promise in promoting MI healing.[7–11]

However, the complex hyper-inflammatory
microenvironment within the infarcted my-
ocardium has limited effectiveness.[12–16]

Preclinical studies have demonstrated
promise for cell-based therapies in miti-
gating ventricular remodeling and enhanc-
ing MI recovery.[1,2] These therapies typi-
cally involve the transplantation of patches
derived from pluripotent stem cells[17] or
the direct injection of therapeutic cells into
infarcted areas.[18] Minimally invasive sur-
gical techniques allow for early cell deliv-
ery during the acute MI phase,[9] and a
variety of adult stem/progenitor cells, in-
cluding cardiosphere-derived cells,[19] bone

marrow-derived mononuclear cells,[20,21] endothelial progenitor
cells,[22] and mesenchymal stem cells (MSCs),[23] are under ex-
ploration. Interestingly, paracrine factors from non-myocyte cell
types seem to contribute beneficially to cardiac remodeling and
the modulation of the inflammatory response.[7,12,23] However,

X. Hong, I. Doulamis, N. Oh, G.-B. Im, P. J. del Nido, R.-Z. Lin,
J. M. Melero‑Martin
Department of Surgery
Harvard Medical School
Boston, MA 02115, USA
J. M. Melero‑Martin
Harvard Stem Cell Institute
Harvard University
Cambridge, MA 02138, USA
C.-Y. Lin
Department of Lymphoma and Myeloma
The University of Texas
M. D. Anderson Cancer Center
Houston, TX 77030, USA

Adv. Healthcare Mater. 2023, 2301581 © 2023 Wiley-VCH GmbH2301581 (1 of 15)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.202301581&domain=pdf&date_stamp=2023-08-31


www.advancedsciencenews.com www.advhealthmat.de

the mechanisms underlying these effects are not yet fully under-
stood.

Vascular progenitor cell delivery has emerged as a poten-
tially promising therapeutic strategy for ischemic cardiomyopa-
thy. Several studies have concentrated on delivering vascular cells
to stimulate angiogenesis and construct new blood vessels.[24–26]

This approach aims to rapidly reestablish microvascular net-
works within the ischemic myocardium, thus mitigating ad-
verse remodeling. For example, in a rat model of myocardial
ischemia/reperfusion injury (IRI), human endothelial colony-
forming cells (ECFCs) and MSCs injected in phosphate-buffered
saline (PBS) demonstrated a modest decrease in adverse ven-
tricular remodeling.[24] However, quantitative analysis revealed
a swift loss of human cells post-myocardial injection, suggest-
ing that inadequate cellular retention might be a significant fac-
tor in the muted therapeutic effect.[24] As such, the potential of
human vascular progenitor cells with vasculogenic capabilities
to mitigate adverse remodeling and promote functional recovery
remains an open question.

Low cell retention and engraftment pose significant challenges
to achieving substantial functional benefits in MI treatment, re-
gardless of the cell type utilized.[27] The active motion of the
beating heart often expels therapeutic cells injected in liquid
vehicles, leading to an acute cell retention rate of only 0.5–
10% in various studies encompassing different cell types, an-
imal models, and delivery routes.[27–33] To address these chal-
lenges, various biomaterials aimed at enhancing cell engraft-
ment have been explored. For example, Garcia et al. pioneered
a gel injection technique that poses a reduced risk of em-
bolization and thrombotic occlusion and introduced an inno-
vative method for delivering hydrogels to the epicardium via
the pericardial space.[34] Numerous studies have employed in-
jectable hydrogels like N-isopropylacrylamide (NIPAM)-based
Microgel,[35] self-assembling peptide in Puramatrix,[36] and NI-
PAM nanogel.[37] These studies reported outcomes such as di-
minished scar sizes and enhanced myocardial restoration post
28-day treatment, underscoring the potential of these biomateri-
als. Notably, the use of NIPAM nanogel in tandem with human
cardiac stem cell transplantation resulted in the highest left ven-
tricular ejection fraction (LVEF) at the 3-week mark.[37] However,
the potential toxicity of the NIPAM monomer and the yet to be
assessed host effects of Puramatrix peptides necessitate caution.
Such studies underscore the significant progress and inherent
challenges in leveraging biomaterials like GelMA for myocardial
infarction treatment. While these materials have paved the way
for improvements like increased cell retention and viability, the
lasting impact of these therapies on cardiac functional metrics,
both with and without cells, merits further study.

In this study, we employ gelatin methacryloyl (GelMA) hy-
drogel, a well-characterized material, for the delivery of hu-
man ECFCs and MSCs to foster neo-vascular networks in the
ischemic myocardium. GelMA, a photocrosslinkable, bioadhe-
sive hydrogel, polymerizes rapidly in myocardial tissues with-
out compromising therapeutic cell viability.[38–40] We postulated
that this rapid polymerization would prevent hydrogel dissemi-
nation at the implantation site. Additionally, we have previously
shown that GelMA is fully compatible with ECFC-based vascular
morphogenesis,[39] making it suitable for vascular cell therapy in
infarcted hearts.

Our findings demonstrate that GelMA hydrogel can be trans-
myocardially photocrosslinked to maintain vascular cell retention
in infarcted mouse hearts. This GelMA-assisted cell delivery ap-
proach facilitated infarct healing and adaptive remodeling, thus
preserving cardiac function. Crucially, enhanced cell retention al-
lowed for the first-time study of the early beneficial effects of hu-
man vascular cells in MI. Our data show that improved retention
of human ECFCs and MSCs fostered perivascular-endothelial
cell interactions, upregulating transforming growth factor beta
(TGF𝛽) expression. TGF𝛽 signaling encouraged the polariza-
tion of non-inflammatory, pro-regenerative neutrophils, which
proved to be vital mediators of beneficial cardiac remodeling.

2. Results

2.1. In Situ Polymerization of GelMA Hydrogel Facilitates Cell
Delivery in Infarcted Myocardium

We evaluated the in vivo application of transmyocardial polymer-
ization of GelMA for cell delivery using a mouse model of MI
(Figure 1). MI was induced in 10–12-week-old SCID mice by
permanently ligating the left anterior descending (LAD) arteries
(Figure S1A and Video S1, Supporting Information). A combi-
nation of human vascular progenitor cells (ECFCs and MSCs;
5 × 105 for each cell type) was suspended in 5% (w/v in PBS)
GelMA precursor solution, and this mixture was promptly in-
jected into the infarcted myocardium within 10 min of LAD lig-
ation. The total injection volume per heart was 100 μL, which we
confirmed to be sufficient to cover the infarct zone (Figure S1B,
Supporting Information).

The complexity of directly measuring the total energy dosage
of UV light led us to select the specific crosslinking condition
of GelMA used. Specifically, we selected the crosslinking con-
dition based on the minimum UV intensity needed to prevent
the immediate leakage of the injected cells from mouse hearts.
This decision was also informed by findings from our previous
research, where we demonstrated that lower GelMA crosslink-
ing/stiffness supports better blood vessel formation by the en-
grafted ECFCs and MSCs as well as facilitates the infiltration of
supporting host myeloid cells into the graft.[39,40] We determined
that UV light could permeate the myocardium of mice using our
OmniCure S2000 UV lamp (wavelength 320–500 nm; intensity
of 40 mW cm−2), allowing GelMA polymerization within 10 s
of transmyocardial UV exposure (Video S2, Supporting Informa-
tion). The safety of this brief UV illumination method was estab-
lished in a previous study,[40] confirming that our working range
of UV light exposure (10–45 s) is benign to both the injected cells
and surrounding tissues.[40]

2.2. GelMA Hydrogel Augments Cell Retention in Ischemic
Hearts

We evaluated acute myocardial retention of human vascular pro-
genitor cells by injecting 5 × 105 luciferase-labeled ECFCs (luc-
ECFCs) with 5 × 105 non-labeled MSCs per heart and quantify-
ing the bioluminescence intensity in the infarcted myocardium
(Figure 1C). We compared the results of transmyocardial pho-
tocrosslinking of cell-laden GelMA hydrogel (GelMA-hydrogel
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Figure 1. Enhanced intramyocardial retention of human vascular progenitor cells delivered in a photocrosslinked GelMA hydrogel. A) Schematic depict-
ing the photocrosslinking of GelMA from a precursor solution (GelMA-S) to a hydrogel matrix (GelMA-H) under UV irradiation. B) Schematic depicting
the intramyocardial cell injection. MI was surgically induced by LAD ligation. Human vascular progenitor cells (ECFCs + MSCs) resuspended in GelMA
precursor solution were injected into three locations in the infarcted area. UV light was immediately applied on top of the infarcted area to polymerize
the cell-laden hydrogel (referred to as GelMA-H group). UV irradiation was omitted for the control group to maintain cells injected in GelMA precursor
solution (GelMA-S group). C) Viable cell retention was measured by bioluminescence imaging of human ECFCs expressing a luciferase reporter. D) Total
bioluminescent signals in each animal’s chest region were measured on 3, 24, 48, and 72 h post-MI and compared to the baseline (i.e., cells delivered
to arrested mouse hearts). E) Retention of human ECFCs or MSCs was quantified by flow cytometric analysis on 48 h post-MI. Data correspond to cell
numbers from each harvested MI heart. Data are mean ± s.d.; n = 3 mice per group (indicated by individual dots). *P < 0.05 between GelMA-H and
GelMA-S. Statistical methods: two-way ANOVA followed by Bonferroni’s post-test analysis (D) and unpaired two-tailed Student’s t-tests (E).

or GelMA-H group; Figure 1B) with cell injection in the same
GelMA precursor solution but without UV illumination (GelMA-
solution or GelMA-S group). Importantly, the GelMA precursor
solution remains liquid under physiological conditions if not
crosslinked by UV light.[41] To establish a baseline, we injected
the same number of human cells into arrested mouse hearts and
measured bioluminescence after 15 min (Figure 1D).

By the third hour after MI induction and cell delivery (3 h post-
MI), ECFC presence in the GelMA-S group had decreased to 20.6
+ 2.3% (Figure 1C,D), a retention rate similar to previous stud-
ies with intramyocardial cell delivery in PBS.[20,29,42] In contrast,

the GelMA-H group showed a significant improvement in ECFC
retention, with a rate of 48.6 ± 13.6% (3 h, *P < 0.05 vs cells
in GelMA-S; Figure 1D), confirming the potential of GelMA hy-
drogel in reducing cell backwash. This enhanced retention was
sustained over a 3-day monitoring period post-MI (Figure 1D).

Flow cytometry results confirmed that GelMA-H improved
the retention of both ECFCs and MSCs (Figure S2, Support-
ing Information, and Figure 1E; P = 0.0005 for ECFCs and
0.0728 for MSCs). The GelMA-H group preserved 25.2% of vi-
able ECFCs and 20.8% of MSCs, compared to the GelMA-S
group’s retention of only 4.4% of ECFCs and 12.8% of MSCs.
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Significantly, the GelMA hydrogel maintained the engraftment
of ECFCs and MSCs close to the optimal 1:1 ratio required for
long-term vascularization.[43] Overall, our findings suggest that
rapid in situ photopolymerization of GelMA hydrogel effectively
protects human vascular progenitor cells and reduces the acute
phase “washout” effect post-MI.

2.3. GelMA Hydrogel-Delivered Human Vascular Progenitor Cells
Enhance Cardiac Remodeling

We sought to understand whether the increase in acute cell
retention would affect post-MI cardiac healing, assessing car-
diac functions like left ventricular fractional shortening (LVFS)
and LVEF through echocardiography (Figure 2 and S3, Support-
ing Information). Baseline cardiac function, measured 1 hour
before LAD ligation, showed no significant difference between
groups. However, 7 days post-MI, both LVFS and LVEF were sig-
nificantly higher in mice treated with human cells delivered in
GelMA-H compared to untreated or GelMA-S-treated animals
(Figure 2B,C). Post-treatment, both cardiac functions were sub-
stantially higher in the GelMA-H group and demonstrated signif-
icant improvement on days 7, 14, and 21 compared to the GelMA-
S group.

The untreated and GelMA-S-treated groups exhibited a contin-
uous decline in LVEF and LVFS from day 3 to 28 post-MI, indi-
cating a deterioration of cardiac function due to adverse infarct
remodeling. The lack of significant difference in LVEF and LVFS
between untreated and GelMA-S-treated groups suggests negligi-
ble therapeutic benefit in low cell retention groups. Conversely,
the GelMA-H group generally preserved cardiac function from
day 3 to day 28.

Myocardium salvage after MI is a critical determinant for long-
term preservation of cardiac function and survival.[2] We mea-
sured the myocardial wall thickness via echocardiography and
found that the GelMA-H group displayed a significantly higher
left ventricular anterior wall thickness (LVAW) than the untreated
or GelMA-S groups (Figure 2D). Histological analysis further
confirmed myocardium preservation in the GelMA-H group with
a significant improvement in myocardial thickness compared
to the untreated or GelMA-S groups after 4 weeks (Figure 2F;
0.44 + 0.05 mm versus 0.25 + 0.06 mm, **P < 0.05). Masson’s
trichrome staining of 4-week harvested cardiac tissues also af-
firmed significantly reduced myocardial fibrosis in the GelMA-
H group compared to the untreated or GelMA-S-treated groups
(Figure 2G,H).

Taken together, our findings suggest that enhancing acute cell
retention leads to beneficial cardiac remodeling, encompassing
improved revascularization, decreased scar tissue formation, and
stabilization of overall cardiac functions post-MI.

2.4. Formation of Functional Human Vasculature in Infarcted
Hearts

We next explored the therapeutic mechanism resulting from the
delivery of human vascular progenitor cells in GelMA-H. We
examined the infarcted hearts on day 7 to evaluate the forma-
tion of human blood vessels.[24] Immunofluorescence staining

for human-specific vimentin antibodies (staining both human
ECFCs and MSCs) and UEA-I lectins (binding specifically to hu-
man ECFCs, not mouse endothelial cells) was used for histologi-
cal examination. This revealed a significant difference in vascular
network formation between the GelMA-H and GelMA-S groups
(Figure 2I). The GelMA-H group demonstrated significant en-
graftment of human ECFCs and MSCs, as evidenced by the for-
mation of human-specific vascular networks within the infarcted
myocardium (Figure 2J,K). In contrast, the GelMA-S group dis-
played minimal engraftment of human MSCs in the infarcted
myocardium, with no evidence of ECFC staining. These results
suggest that in situ photocrosslinking of GelMA hydrogel sig-
nificantly enhances the retention of co-delivered human ECFCs
and MSCs. Without timely gelation of the GelMA hydrogel, even
though some MSCs could engraft, ECFCs were unable to con-
tribute to the revascularization of the infarcted myocardium.

The establishment of functional human vasculature in is-
chemic tissues could partially explain the therapeutic benefits ob-
served in the GelMA-H group. However, we observed significant
improvements in LVAW in the GelMA-H group as early as day 3
(Figure 2D), and improved cardiac functions by day 7 (LVFS and
LVEF; Figure 2B,C). Given that human blood vessel perfusion be-
gins ≈7 days after vascular progenitor cell implantation in this
model,[39,40,44–46] this timing discrepancy between human cell-
mediated revascularization and beneficial cardiac remodeling
suggests that additional therapeutic pathways may be involved
in preserving cardiac functions during the early stage of MI.

2.5. Gene Expression Analysis Following Human Vascular
Progenitor Cell Delivery in Infarcted Hearts

To further understand the molecular underpinnings of the ther-
apeutic benefits observed from the delivery of ECFC+MSC in
GelMA-H, we performed an exploratory transcriptional analysis
using bulk RNA sequencing (RNAseq). Infarcted left ventricle tis-
sues were harvested from both GelMA-H and GelMA-S groups
two days post-MI to examine changes in gene expression profiles
at the early stages of treatment. Tissues from uninjured hearts
served as controls.

At a global level, we detected differentially expressed genes
(DEGs) among all three groups (Figure S4A, Supporting Infor-
mation). Hierarchical clustering analysis (Figure S4B, Support-
ing Information) showed greater similarity between the two post-
MI groups (GelMA-H and GelMA-S) compared to the uninjured
controls. This pattern was also corroborated by principal com-
ponent analysis (PCA; Figure S4C, Supporting Information). We
then performed a gene ontology (GO) analysis on the DEGs be-
tween the post-MI GelMA-H group and the uninjured controls
(Figure S4D, Supporting Information). The analysis revealed that
the top enriched GO categories related to infarct injury and ther-
apeutic cell delivery were primarily involved in the positive reg-
ulation of immune responses, such as inflammatory response,
immune response, and leukocyte chemotaxis. This suggests that
the immune system plays a significant role in the early stages of
the MI process.

To gain more insight into the transcriptional differences
between the GelMA-H and GelMA-S groups, we conducted
a pairwise analysis of DEGs. We found 137 genes that were

Adv. Healthcare Mater. 2023, 2301581 © 2023 Wiley-VCH GmbH2301581 (4 of 15)

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202301581 by H
arvard U

niversity, W
iley O

nline L
ibrary on [05/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advhealthmat.de

Adv. Healthcare Mater. 2023, 2301581 © 2023 Wiley-VCH GmbH2301581 (5 of 15)

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202301581 by H
arvard U

niversity, W
iley O

nline L
ibrary on [05/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advhealthmat.de

significantly upregulated in the GelMA-H group, whereas 617
genes were downregulated (Figure S4A, Supporting Informa-
tion, GelMA-H vs GelMA-S). The volcano plot (Figure S4E,
Supporting Information) displays the up- and down-regulated
genes when comparing the GelMA-H group to the GelMA-S
group. Notably, we observed upregulation of several genes re-
lated to neutrophil development and maturation in the GelMA-H
group, such as s100a8, s100a9, elane, ngp, mpo, camp, lef1, and
ms4a2. This was associated with the upregulation of genes
involved in immature neutrophil trafficking (sdf, cxcr4) and
hematopoiesis (gata1, hemgn) in the GelMA-H group compared
to the GelMA-S group (Figure S4F,G, Supporting Information).
Collectively, these data suggest a potential influence of human
ECFCs and MSCs in GelMA-H on the recruitment and polariza-
tion of neutrophil subpopulations during the early stages of MI.
However, it is important to note that there was significant data
variation between samples within the GelMA-H group.

2.6. Recruitment of Neutrophils with Reparative Phenotype in
GelMA-H Group

Our RNAseq data analysis indicated differences in neutrophil-
related genes between the GelMA-H and GelMA-S groups. We
previously demonstrated that human vascular progenitor cells
implanted in vivo could polarize neutrophils toward a non-
inflammatory phenotype, which mediates vascular assembly
and anastomosis.[45] Recent studies have also shown that pro-
regenerative neutrophils (termed here as NR; “R” for regen-
eration) play a role in coordinating tissue repair in various
organs.[47–57] However, the role of NR in post-MI healing is not
yet fully understood. Consequently, we chose to focus our stud-
ies on neutrophil polarization following MI.

We first examined early-stage host cell infiltration post-MI
(Figure 3). On day 2, we analyzed by flow cytometry the re-
cruited mouse CD45+ leukocytes in the infarcted myocardium,
classifying them into Ly6G+F4/80- neutrophils or Ly6G-F4/80+
macrophages (Figure 3A). As expected in immunodeficient mice,
the infiltration of Ly6G-F4/80- lymphocytes was negligible.[45]

Also, the presence of resident murine myeloid cells in the un-
injured myocardium was low (Figure 3B). LAD ligation followed
by either GelMA-H or GelMA-S treatment significantly recruited
host myeloid cells (Figure 3B), aligning with the induced in-
nate immune response observed in the RNAseq analysis. Fur-
thermore, the GelMA-H group recruited more neutrophils and
macrophages than the GelMA-S group (Figure 3B), in line
with our previous observation of host myeloid cell engagement

by ECFCs and MSCs.[45] In contrast, the number of resident
hematopoietic cells in uninjured hearts was relatively low (av-
eraging 5.5 × 104 mCD45+ hematopoietic cells, 3.2 × 104 neu-
trophils, and 2 × 104 macrophages per uninjured heart).

We further evaluated neutrophil subpopulations using
flow cytometry, classifying Ly6G+F4/80- cells into naïve neu-
trophils (N0; CXCR2-), pro-inflammatory neutrophils (NI;
CXCR2+CD206-), and pro-regenerative neutrophils (NR;
CXCR2+CD206+; Figure 3A,C). The NI subpopulation was
dominant (83.27% of total neutrophils; Figure 3D) in MI mice
treated with GelMA-S, consistent with previous reports showing
pro-inflammatory neutrophils significantly mediating adverse
cardiac remodeling in the first 7 days post-MI.[50] Conversely,
NIs were considerably reduced (18.02%) in the GelMA-H group,
where NRs were significantly more abundant (57.66% of total
neutrophils), suggesting a shift toward NR polarization. The
GelMA-H group also recruited more naïve neutrophils from the
bone marrow than the GelMA-S group (24.32% vs 13.31%).

Altogether, these data suggest that improving human vascu-
lar progenitor cell retention could lead to a pro-regenerative host
neutrophil polarization during the early stage of MI healing.
Since NRs have been previously shown to promote tissue heal-
ing by facilitating the resolution of inflammation and stimu-
lating angiogenesis, cell proliferation, and extracellular matrix
(ECM) remodeling,[45,58–60] the increased abundance of NR in the
GelMA-H group could partly explain the observed beneficial ef-
fects on cardiac function.

2.7. Human Vascular Cell Interaction Upregulated NR
Polarization Factor TGF𝜷1

Next, we explored whether the prolonged retention and interac-
tion between human ECFCs and MSCs in the GelMA-H group
resulted in the release of paracrine factors that could promote
NR polarization and whether these factors were absent in the
GelMA-S group. For this purpose, we collected conditioned me-
dia from in vitro ECFCs + MSCs cocultures in GelMA hydrogel
(CMCO; Figure 4A). Subsequently, murine naïve neutrophils iso-
lated from bone marrow (BM) were cultured in CMCO for 24 h.
NR polarization was indicated by the upregulation of Il4, Vegfa,
and Arg1 gene expressions upon exposure to CMCO (Figure 4B).
However, the evidence for NR polarization was minimal when
BM neutrophils were cultured in basal medium or conditioned
media obtained from ECFC or MSC monocultures (CMECFC or
CMMSC), suggesting an important role for ECFC-MSC crosstalk
in NR polarization.

Figure 2. Human vascular progenitor cells delivered in GelMA hydrogel improved cardiac remodeling. A) Diagram of experimental schedule. B–D)
Echocardiography analysis for cardiac function. Echocardiography was performed on anesthetized mice at 3 days and 1, 2, and 4 weeks post-MI following
cell delivery in GelMA-H or GelMA-S (n = 6 for each group). Mice received LAD ligation, but no cell injection (MI-untreated) served as control (n = 6).
Baseline data were obtained from mice within 1 h before performing LAD ligation. B) Left ventricular fractional shortening (LVFS). C) Left ventricular
ejection fraction (LVEF). D) Left ventricular anterior wall thickness (LVAW). E) Representative heart horizontal panoramic views (upper) and microscopic
images (lower) of myocardial sections stained with H&E at 4 weeks post-MI. Scale bars, 100 μm. F) The LV wall thickness in the infarcted areas quantified
from H&E sections. G) Representative heart sections stained with Masson’s trichrome at 4 weeks post-MI. Scale bars, 100 μm. H) The percentage of
fibrotic areas in the total LV cross-sections quantified by Masson’s trichrome staining. I,J) Histological analysis of the infarcted myocardium (the infarct
and border zone regions) on day 7 revealed the presence of perfused human blood vessels only when cells were delivered in GelMA-H group, but not
in GelMA-S. Human microvessels were identified by immunostaining for human-specific vimentin (hVIM) and UEA-I lectin binding (I) and human-
specific CD31 (h-CD31) and 𝛼-SMA (J). Scale bars, 100 μm. K) Total perfused human microvessel density quantified in the infarcted myocardium.
Statistical methods: ANOVA followed by Bonferroni’s post-test analysis (B-D) and unpaired two-tailed Student’s t-tests (F, H, J). Data present mean ±
s.d. *P < 0.1, **P < 0.05, ***P < 0.001.
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Figure 3. Human vascular progenitor cell retention promotes the recruitment of neutrophils with a reparative phenotype. The infarcted myocardial tissue
was harvested on day 2 post-MI. Tissues were digested into single-cell suspensions for flow cytometric analysis. A) Flow cytometry gating strategy to
identify recruited myeloid cells. Representative flow cytometric analyses of ischemic myocardium injected with ECFC + MSC in GelMA-S or GelMA-H.
MΦ, macrophages; N, neutrophils; mN, mature neutrophils; N0, naïve neutrophils; NR, pro-regenerative neutrophils; NI, pro-inflammatory neutrophils.
B) Quantitative cytometric analyses of murine CD45+ hematopoietic cells, Ly6G−F4/80+ macrophages, and total Ly6G+F4/80− neutrophils obtained
from the ischemic myocardium. The myocardium from uninjured hearts served as controls. C) Recruited Ly6G+F4/80− neutrophils were classified into
three subpopulations: N0 (CXCR2−), NI (CXCR2+CD206−), and NR (CXCR2+CD206+). B,C) Data are mean ± s.d.; n = 3 per group; P values between
GelMA-S and GelMA-H are listed. D) Proportions of the three neutrophil subpopulations in each group.

Adv. Healthcare Mater. 2023, 2301581 © 2023 Wiley-VCH GmbH2301581 (7 of 15)
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Figure 4. Human vascular progenitor cell crosstalk upregulates NR polarization factor TGF𝛽1. A) Conditioned media (CM) were collected from
ECFC + MSC coculture in GelMA hydrogels in vitro (CMCO). CMs obtained from ECFC or MSC monoculture (CMECFC or CMMSC) and mixed in 1:1
ratio (termed CMMIX) served as a control. B) Mouse naïve neutrophils isolated from bone marrow were cultured in basal medium or indicated condi-
tional media for 24 h. Gene expressions of Il4, Vegfa, and Arg1 expressions in mouse naïve neutrophils were measured by the quantitative PCR analyses
and compared to the levels in basal medium. Data are mean ± s.d.; n = 3 per group. *P < 0.05 between Basal and CMco groups. C) The secretions of
cytokines in conditioned media were measured by proteomic arrays. Selected cytokines are marked with colored outlines. D) Quantification of cytokine
levels was carried out by densitometry. E) ECFC+MSC were cocultured in GelMA hydrogel and separated by magnetic-activated cell sorting (MACS)
for gene expression analyses. ECFC or MSC monoculture served as controls. F) Quantitative PCR analyses of TGF𝛽1 expression in ECFCs sorted from
ECFC+MSC coculture (labeled ECFC*) or from ECFC monoculture (ECFC). The same labeling applied to MSC (monoculture) and MSC* (sorted from
coculture). DAPT was added to ECFC+MSC coculture to block Notch-mediated perivascular interaction. Data are mean ± s.d.; n = 3 per group; **P <

0.01 between indicated groups.
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Figure 5. Neutrophil depletion abrogated the improvement in cardiac remodeling of human vascular cell delivery. A) Experimental schedule: anti-Gr-1
or IgG control antibody (200 μg each) was given via an intraperitoneal injection every 2 days. ECFC + MSC were delivered in GelMA-H into the ischemic
myocardium at day 0. The effect of anti-Gr-1 depletion was monitored on days 3 and 7 post-MI by echocardiography. B) Representative flow cytometry
analyses of circulating leukocytes from the blood of anti-Gr-1-treated or IgG-treated mice on day 2. N, neutrophils; Mo, monocytes; Lm, lymphocytes. C)
Quantitative cytometric analyses of circulating leukocytes in the peripheral blood of anti-Gr-1-treated or IgG-treated mice. Data are mean ± s.d.; n = 3 per
group; P values between IgG and Gr1 treatments are listed. D–F) Echocardiography analysis for cardiac function. Echocardiography was performed on
anesthetized mice at days 3 and 7 post-MI following cell delivery in GelMA-H. Baseline data were obtained from mice within 1 h before performing LAD
ligation. D) Left ventricular fractional shortening (LVFS). E) Left ventricular ejection fraction (LVEF). F) Left ventricular anterior wall thickness (LVAW).
Data are mean ± s.d.; n = 3 for IgG-treated and n = 4 for Gr1-treated. *P < 0.1, **P < 0.05.

To gain a deeper understanding of the NR polarization fac-
tors, we performed a proteomic analysis of the conditioned media
from the ECFCs + MSCs coculture (Figure 4C,D). Mixed condi-
tioned media (a 1:1 mixture of CMECFC + CMMSC; termed CMMIX)
obtained from separate ECFC and MSC monocultures served as
a control. The secretion of several growth factors was induced
in the ECFCs + MSCs coculture, including Activin A, IGFBP-
1, Endoglin, Amphiregulin, and TGF𝛽1. The increase in TGF-
𝛽1 was consistent with our previous study that showed TGF𝛽1
promotes NR polarization.[45] We confirmed at the mRNA level
that the ECFCs + MSCs coculture upregulated TGF𝛽1 expres-
sion only in ECFCs but not in MSCs (Figure 4E,F). Furthermore,
exposing the ECFCs + MSCs coculture to the Notch inhibitor
DAPT (a 𝛾-secretase inhibitor) blocked the induction of TGF𝛽1
expression (Notch signaling is known to mediate vascular cell
interaction[45]). Together, these results suggested that NR polar-
ization was directly related to the engrafted human vascular pro-

genitor cells in the infarcted tissues. Notch-mediated interaction
of ECFCs and MSCs could modulate the early innate immune
landscape by increasing TGF𝛽1 secretion by the ECFCs.

2.8. Neutrophil Depletion Abrogates the Improvement in Cardiac
Remodeling

To confirm the critical role of host neutrophils during cardiac
remodeling, we depleted circulating neutrophils in MI mice
treated with GelMA-H. To achieve this, we treated mice from
two days before LAD ligation to post-operative day 6 with either
an anti-Gr1 or IgG (200 μg) control antibody given every 2
days via intraperitoneal injection (Figure 5A). This treatment
with the anti-Gr1 antibody effectively depleted circulating neu-
trophils without altering blood monocytes and lymphocytes
(Figure 5B,C). Importantly, neutrophil depletion nullified the

Adv. Healthcare Mater. 2023, 2301581 © 2023 Wiley-VCH GmbH2301581 (9 of 15)

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202301581 by H
arvard U

niversity, W
iley O

nline L
ibrary on [05/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advhealthmat.de

improvement in post-MI cardiac functions observed at days 3
and 7 in the GelMA-H group (LVEF and LVFS; Figure 5D,E) and
significantly reduced myocardium thickness at day 7 (LVAW;
Figure 5F). All three measurements of cardiac functions (LVEF,
LVFS, and LVAW) in neutrophil-depleted mice were comparable
to those observed in the untreated or GelMA-S groups (Figure 2).
Collectively, these findings suggest that the depletion of neu-
trophils leads to excessive loss of myocardium, which could
explain the progressive worsening of cardiac function. Indeed,
host neutrophils were indispensable for the therapeutic effects
exhibited by human vascular cells delivered in GelMA-H.

3. Discussion

Our study underscores the need for robust cell retention within
the myocardium post-infarction to foster cardiac remodeling. We
reveal that the use of photocrosslinked GelMA hydrogel notably
amplifies the retention of human vascular progenitor cells in MI
hearts, compared to its counterpart, the GelMA precursor solu-
tion. The effect of this enhanced retention is a marked improve-
ment in post-MI remodeling, safeguarding cardiac function, and
mitigating fibrosis. Importantly, we show that the administered
ECFCs and MSCs establish a perfused vascular network within
the infarcted myocardial region, fostering a pro-regenerative en-
vironment through the polarization of the recruited neutrophils,
thus facilitating cardiac restoration.

Following myocardial infarction, the ischemic heart regions
become a focal point for leukocyte infiltration, balancing pre-
cariously between instigating repair and exacerbating scarring
and dysfunction.[15,61] The risk lies in the potential escalation
to chronic inflammation, triggering adverse cardiac remodeling,
and possible rupture due to an overabundance of innate immune
cells.[62] Herein lies the paradox of neutrophils—they can facil-
itate repair post-MI, but also cause damage.[14,47] Delayed tran-
sition of post-MI neutrophils from a pro-inflammatory (NI) to
a pro-regenerative (NR) phenotype can result in irreversible car-
diac damage.[13,48,50,63,64] Yet, modulating this transition has been
a challenge.

Our findings shed light on this issue, demonstrating that the
transplantation of human vascular progenitor cells can expedi-
ently shift neutrophils toward the NR phenotype within two days
post-MI. NR neutrophils are instrumental in tissue repair, as they
temper pro-inflammatory reactions, promote M2 macrophage
polarization, and stimulate angiogenesis, cell proliferation, and
extracellular matrix remodeling.[45,48,49,56] Thus, we suggest that
the strategic acceleration of an NR-driven regenerative response
contributes to the therapeutic benefits of transplanting human
vascular progenitor cells into infarcted hearts.

Mechanistically, TGF𝛽’s capacity to direct neutrophils toward
a pro-regenerative phenotype is well-established.[54,65] NRs form
at injury sites via TGF𝛽-guided polarization of naïve neutrophils
(N0) from bone marrow (BM).[65] Disrupting TGF𝛽 signaling
decreases NR subpopulations, impairing vascularization.[45] We
previously demonstrated that human ECFCs and MSCs could
form robust vascular networks in immunodeficient mice within
a week[46,66,67] and that this process is contingent on host neu-
trophils expressing TGF𝛽 receptor 2 (TGFBR2).[45] In neutrophil-
depleted animals, vascularization was unachievable unless BM-

derived neutrophils from unirradiated donors were adoptively
transferred.[45] This emphasizes the pivotal role of TGF𝛽-
TGFBR2 signaling in functional NR development.[45] Our cur-
rent study strengthens the notion that engrafted human ECFCs
are a pivotal source of NR-polarizing factors. We found that the
medium from ECFC-MSC coculture in a GelMA hydrogel sig-
nificantly enhances NR polarization, indicated by elevated NR
signature genes, Arg1, Vegfa, and Il4, in mouse BM neutrophils.
Importantly, ECFC-derived TGF𝛽1 up-regulation occurred exclu-
sively in the presence of MSCs. When we impeded endothelial-
perivascular cell interaction via Notch-signaling blockade, ECFCs
failed to increase TGF𝛽1 expression. These findings underscore
that delivering human vascular progenitor cells in GelMA hydro-
gel fosters TGF𝛽1 secretion and host NR engagement, shaping a
pro-regenerative microenvironment for optimal post-MI cardiac
healing.

The crosstalk between ECFCs and MSCs also led to an upreg-
ulation of additional cytokines, among which amphiregulin was
the most notable. Nevertheless, we focused on the role of TGF𝛽1,
which we previously established was the principal mediator of
neutrophil polarization.[68] However, the potential roles of the
other cytokines (Activin A, IGFBP-1, Endoglin, and Amphireg-
ulin) should not be ignored. For example, Endoglin, an auxiliary
receptor for TGF𝛽 predominantly expressed on proliferating en-
dothelial cells, along with Activin A, a member of the TGF𝛽 su-
perfamily that can also activate TGF𝛽Rs and downstream SMAD
pathways,[69–71] may be involved in TGF𝛽-signaling mediated
neutrophil polarization. Furthermore, Activin A, IGFBP-1, En-
doglin, and Amphiregulin are known for their pro-angiogenic
actions,[72–75] which suggests they may contribute to the thera-
peutic efficacy of GelMA-H. Thus, further research is warranted
to elucidate the roles of these factors in NR polarization.

A major focus of our study is cell retention. Cell-based ther-
apies for heart diseases present significant challenges. Systemic
infusion, though direct, is both inefficient and potentially danger-
ous due to off-target cell accumulation, especially in the lungs.[76]

Intracoronary injections, while targeted, carry the risk of cell-
induced plug formation within capillaries en route to infarcted
areas.[27,77] Intramyocardial injection, despite being precise and
rapid, requires open-chest surgery for the epicardial approach,
limiting its clinical use.[27] The endocardial approach, performed
via a long catheter threaded into the left ventricle, circumvents
this issue and thus offers higher translational potential.[78] How-
ever, regardless of the injection route, cell retention remains a
shared hurdle, with the heart’s “washout” effect expelling up to
80% of cells within hours of delivery.[28,79] Recognizing the cru-
cial role of cell retention in cell-mediated cardiac repair,[27] the
scientific focus has shifted toward bioengineering strategies to
combat this issue, particularly through the development of novel
biomaterials that improve cell retention, a critical step towards
clinical translation.[7,80]

Various hydrogels have been investigated for cell delivery,
including synthetic polymers and natural extracellular matrix
(ECM) derivatives.[81–83] However, each has limitations: syn-
thetic materials lack clear data on long-term biocompatibility,
and natural ECMs gelate too slowly for optimal cell retention.
To overcome these, we utilized GelMA, which can polymer-
ize rapidly under UV illumination, ensuring cell retention and
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offering an ideal biocompatible environment for cell engraft-
ment and vascularization.[39,40] Also, GelMA is relatively inert,
and its degradation yields non-toxic, non-immunogenic gelatin
peptides, a natural ECM component.[38,39] Moreover, despite po-
tential concerns about UV exposure, the UV spectrum (UVA–
visible: 320–500 nm) used for GelMA crosslinking had min-
imal impact on human cells and mouse tissues.[40] Although
visible light-responsive photoinitiators offer a UV alternative,
they entail longer crosslinking times.[84] Indeed, we have previ-
ously confirmed the UV system’s safety and practicality in min-
imally invasive heart delivery using a fiber-optic system with a
catheter.[85]

Recent studies have investigated the use of additional materi-
als such as metal nanoparticles (NPs), oligomers, and Polycapro-
lactone (PCL) for myocardial infarction treatment.[86–88] However,
these materials come with their own set of challenges. For in-
stance, metal NPs have raised concerns due to their low degrad-
ability, and oligomers have been known to induce toxicity. Addi-
tionally, understanding the full biological ramifications of PCL
materials demands comprehensive research. On the other hand,
our strategy employs an injectable cell-laden GelMA to deliver
ECFCs and MSCs, which ensures enhanced cell viability and
retention—offering a significant leap over some conventional
techniques. Moreover, our methodology fosters host regenerative
neutrophil involvement, which plays a pivotal role in repairing
myocardial infarction.

Beyond cell retention, a recent study showed that acellular
GelMA hydrogel could improve post-MI survival rates and ven-
tricular function by providing mechanical support.[89] However,
our study used a much softer GelMA hydrogel (≈2 kPa elastin
modulus), which we previously showed is necessary to enable
the viability of the encapsulated human ECFCs and MSCs.[39]

Indeed, our late time point histological analyses (2–4 weeks) re-
vealed no observable GelMA-H bulk gel, suggesting its degrada-
tion in the mouse hearts. This complete degradation is consis-
tent with our previous findings that 1M m GelMA (i.e., 49.8%
m methacrylation degree) degrades rapidly in vivo due to ma-
trix metallopeptidase (MMP)-mediated cleavage of the gelatin
backbone.[39] Consequently, our GelMA-cell injection does not
provide the same mechanical support as the stiffer GelMA patch
used by Ptaszek et al.,[89] and the improvement in heart func-
tion we observed was attributed to high cell retention rather than
GelMA’s mechanical stability.

Our study had several limitations. Foremost was the use of
immunodeficient mice to enable human cell transplantation. Al-
though their myeloid cell lineage is intact, their compromised B
and T cell immunity could influence outcomes. This concern is
accentuated by the increased susceptibility to bacterial infections
during long-term neutrophil depletion observed in such mice.

A significant operational constraint was the 7-day experimen-
tal endpoint, chosen for two primary reasons. First, our previous
observations indicated that the most pronounced difference in
MI recovery between successful and non-successful treatments
occurred on day 7. Second, we limited the study duration to min-
imize the animals’ burden in alignment with ethical guidelines.
While a more extended period of neutrophil depletion might have
revealed greater differences between treatment groups, the po-
tential for confounding effects due to heightened infection risks
was a serious consideration.

Other limitations stem from the mouse MI model’s con-
straints. We induced MI by permanent ligation of the LAD artery
in mouse hearts. However, a cardiac I, which is more clinically
relevant, would have been preferable but is challenging to im-
plement consistently in small mouse hearts. Similarly, mimick-
ing the probable clinical route for intramyocardial cell delivery
through a minimally invasive catheter procedure is extremely dif-
ficult in mice and rats.

Another important consideration is the photo-crosslinking
depth. Given that the human myocardium is substantially thicker
than that of mice, the successful photocrosslinking of GelMA hy-
drogel, particularly in a clinical setting, can pose a significant
challenge. Nonetheless, the field of hydrogel crosslinking has
seen remarkable advancements, leading to the development of
hydrogels with increased crosslinking depths.[90] Various tech-
niques have contributed to this progress. For example, selecting
appropriate photoinitiators—such as Rose Bengal, a photosen-
sitizer that effectively absorbs light at a wavelength of 530 nm,
which collagen readily absorbs[91]—can enhance the photoinitia-
tor’s activation at greater hydrogel depths.

Increasing light intensities and extending exposure times are
other strategies to attain deeper crosslinking depths.[90,92] Yet, it
is essential to finely tune these parameters to prevent potential
damage to the hydrogel and the cells within. Specific light wave-
lengths can also offer better penetration through thick tissues;
notably, two-photon lasers emit light at double the energy of the
photons absorbed by the photoinitiator, allowing deeper hydrogel
activation.[93]

In addition to these techniques, other factors like the molec-
ular weight of the polymer, concentration of the crosslinking
agent, and the crosslinking reaction temperature can signifi-
cantly influence the crosslinking depth of GelMA hydrogels.[92]

By optimizing these parameters, it is feasible to achieve in-
creased crosslinking depth within the hydrogel. We envision that
leveraging these advancements in our GelMA-H-based treatment
modality could effectively surmount the challenges presented by
the thickness of the human heart, thereby paving the way for suc-
cessful clinical application. Nevertheless, given the complexities
of controlling photocrosslinking, it is premature to put forward
the optimal conditions. Our study represents a crucial step for-
ward, but a comprehensive investigation is needed to determine
the optimal condition that balances cell retention, light penetra-
tion, and blood vessel formation. Such investigation would ide-
ally be conducted in a large animal model to simulate the clinical
setting more closely.

In the clinics, proper management of the photo-crosslinking
depth will be essential, as even injections at the microscale can in-
fluence therapeutic outcomes. UV-A, which can reach the dermis
layer (>1 mm), has the potential for deeper myocardial penetra-
tion. This deep penetration could enhance treatment efficacy for
MI patients, who often exhibit reduced LV wall thickness. How-
ever, care must be taken when injecting beyond 1 mm to avoid
myocardial puncture due to heart movement.

Last, the evaluation of cardiac functions in mice was limited
to imaging-based measurements for live animals and histologi-
cal examination for end-point experiments. Future investigations
with larger animals might offer more detailed analyses, includ-
ing invasive hemodynamics with pressure-volume loops for long-
term evaluations.
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4. Conclusion

We have developed an innovative cell delivery method for treat-
ing myocardial infarction. Our approach involves the intramy-
ocardial injection of vascular progenitor cells suspended in a
GelMA precursor solution, followed by transmyocardial UV il-
lumination, forming an in situ photocrosslinked hydrogel that
effectively retains the cells within ischemic myocardial tissue.
This method ensures high viability and cell retention, offering
a significant advantage over liquid or unmodified ECM gel in-
jections. The enhanced cell retention allowed us to investigate
the therapeutic impact of human vascular progenitor cells post-
MI. Our findings revealed that engrafted cells facilitated bene-
ficial myocardial remodeling and stabilization of cardiac func-
tions post-MI through engagement and polarization of host
pro-regenerative neutrophils via TGF𝛽 signaling. This proof-of-
concept study paves the way for further research, including large
animal testing, incorporation of catheter-mediated injectate and
UV light delivery systems, and exploration of additional cell types,
such as iPSC-derived cardiomyocytes. We believe our research
holds promise for developing an off-the-shelf cell-based therapy
with the potential to treat acute myocardial infarction effectively.

5. Experimental Section
Cell Culture: Human ECFCs and MSCs were isolated under insti-

tutional review board-approved protocols from human umbilical cord
blood and subcutaneous adipose tissue, respectively, as previously
described.[43,94] ECFCs were cultured on 1% (w/v) gelatin-coated plates
and maintained in ECFC-medium: EGM-2 (except for hydrocortisone;
PromoCell) supplemented with 20% FBS (Hyclone) and 1× glutamine-
penicillin-streptomycin (GPS; Invitrogen). ECFCs express CD31, VE-
cadherin, von Willebrand factor (vWF), but not CD90, CD45, or CD14.
MSCs were cultured on uncoated plates using mesenchymal stem cell
growth medium (MSCGM; ATCC) with MSC growth supplement (ATCC)
and 1× GPS. MSCs express CD90 and PDGFR𝛽, but not endothelial or
hematopoietic markers. ECFCs and MSCs between passages 6 and 12
were used for all the experiments.

Synthesis of GelMA: The synthesis of GelMA was carried out as per the
procedure outlined in a previous work by the authors.[39] This involved dis-
solving porcine skin gelatin in phosphate-buffered saline, reacting it with
methacrylic anhydride, dialyzing to remove unreacted methacrylic anhy-
dride, and lyophilizing the product. The degree of methacrylation, quanti-
fied by an NMR spectrometer (Varian INOVA), was found to be consistent
with the previous results (i.e., 49.8% functionalization to original amino
groups).[39]

Preparation of GelMA Precursor Solution: A GelMA precursor solution
was prepared by dissolving lyophilized GelMA (5 w/v% final) and photoini-
tiator Irgacure 2959 (0.5 w/v%) in PBS at 80 °C and then cooled to 37 °C
in a water bath. Human ECFCs and MSCs (5 × 105 cells for each cell type)
were resuspended in 100 μL of GelMA precursor solution. The cell/GelMA
mixture was kept at 37 °C, protected from light, and used within 1 h.

Mouse Model of Myocardial Infarction and Intramyocardial Cell Deliv-
ery: The myocardial infarction mouse model and subsequent cell delivery
was conducted following the approved protocol by the Institutional Ani-
mal Care and Use Committee at Boston Children’s Hospital, using male
NOD.SCID mice (NOD.Cg-Prkdcscid/J; 10–12 weeks, 30–35 g; Jackson
Laboratory). The mice were anesthetized and intubated, followed by con-
trolled ventilation. A left thoracotomy exposed the anterior surface of the
heart, where myocardial infarction was induced by the permanent ligation
of the left anterior descending (LAD) artery, verified by a color change in
the left ventricular wall. Subsequently, the cell/GelMA mixture was injected
into the myocardium and UV photocrosslinked using an OmniCure S2000
UV lamp and adjusted with a UV intensity meter (G&R Labs) to achieve

in situ polymerization of cell-laden GelMA hydrogel. Uniform illumination
was maintained through a consistent distance between the light guide and
the mouse myocardium. Post-procedure, the thorax was closed, air was
withdrawn, and the mice were extubated and returned to their cages after
spontaneous breathing recovery.

Quantification of Cell Retention by In Vivo Bioluminescence Imaging:
Luciferase-expressing ECFCs (luc-ECFCs) were generated via transfection
using a PiggyBac vector carrying a CMV promoter-driven firefly luciferase
reporter gene and a super PiggyBac transposase expression vector (Sys-
tem Biosciences), following a previously described protocol.[95] A 5:1 ra-
tio between transposon and transposase vectors and 2.4 μg of DNA per
1×10ˆ6 ECFCs was used. Following puromycin selection, stable expres-
sion of the luciferase reporter gene in ECFCs was achieved. These luc-
ECFCs were then mixed with non-labeled MSCs (ratio 1:1; total 1 × 106

cells) and suspended in 100 μL of GelMA precursor solution. This cell
suspension was injected into the infarcted myocardium and subjected to
UV illumination (GelMA-H group). Cell injection without UV illumination
(GelMA-S group) was performed as a control. Bioluminescence imaging
of the mice was done at 3, 24, 48, and 72 h post-cell injection, using an IVIS
200 Imaging System (Xenogen Corporation). After being anesthetized and
administered with luciferin (125 mg kg−1 body weight), bioluminescence
was measured 5 min post-luciferin administration. Data analysis was con-
ducted with Live Image 3.0 (Xenogen Corporation). The bioluminescence
measurement obtained 15 min post-injection of the same cell suspension
into arrested mouse hearts was used as the baseline for this study.

Echocardiographic Measurement: Cardiac function following LAD liga-
tion and treatments were evaluated by using a high-frequency ultrasound
system Vevo 2100 (VisualSonics) with a 30 MHz central frequency scan
head. To facilitate the echocardiography, the mice were anesthetized with
isoflurane and placed on a heated pad in the left lateral decubitus posi-
tion. 2D echocardiography and M-mode images were obtained using a
short axis view from the mid-LV at the tips of the papillary muscles. The
left ventricular ejection fraction (LVEF) and left ventricular fractional short-
ening (LVFS) were calculated from LV dimensions in the 2D short axis view.
Echocardiography was performed on each mouse 1 h before LAD ligation
to obtain a reference of baseline cardiac function. Cardiac function was
monitored post-MI at 3 days and 1, 2, and 4 weeks.

Histology and Immunofluorescence Staining: Hearts were harvested
and processed at defined time points post-treatment. After weighing, they
were fixed overnight in 10% neutral-buffered formalin and subsequently
embedded in paraffin. 7 μm thick sections were then prepared through
the infarcted area. Hematoxylin-eosin or Masson’s trichrome staining was
performed on these sections, and myocardial wall thickness and fibrosis
were quantified using ImageJ software (version 1.44, NIH). For immunos-
tainings, the procedure initiated with deparaffinization and rehydration of
the sections, followed by antigen retrieval performed at 95 °C for 30 min
in Tris-EDTA buffer. Blocking was then done for 30 min with 5% blocking
serum, and the sections were incubated with primary antibodies overnight
at 4 °C. Human-specific vimentin antibody (clone V9; Abcam) and Ulex
Europaeus Agglutinin I (UEA-I; Vector Laboratories) was used to stain hu-
man blood vessels.[95] The sections were then exposed to fluorescent sec-
ondary antibodies for 1 h at room temperature and nuclei counterstained
with DAPI, before mounting with a fluorescent mounting medium (Dako).
To quantify human vascularization in the myocardial infarction region,
staining was done for human-specific UEA-1 and high-resolution images
of the entire infarcted area in each tissue section were captured. Human
microvessel density was determined by counting the number of vessels in
these images and calculating the average density (vessels per mm2).

Flow Cytometry: Mouse hearts were harvested from euthanized mice,
rinsed in cool PBS to remove blood, and enzymatically digested with col-
lagenase A (1 mg mL−1; Roche Life Science) and dispase (2.5 U mL−1;
BD Biosciences) for 2 h at 37 °C. The retrieved cells were incubated
with PerCP-conjugated anti-mouse CD45 (1:100; BD Biosciences), FITC-
conjugated mouse Ly6G (1:100; clone 1A8, Biolegend), PE-conjugated
anti-mouse F4/80 (1:100; eBiosciences), APC-conjugated anti-mouse
CD206 (1:50; Biolegend), and APC.Cy7-conjugated anti-mouse CXCR2
(1:50; Biolegend) antibodies. Flow cytometric analyses were performed
using a BD LSRFortess flow cytometer (BD Biosciences) and FlowJo
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software (Tree Star Inc.). Murine hematopoietic cells were identified
as mCD45+ cells. Ly6G+F4/80− and Ly6G−F4/80+ mouse hematopoi-
etic cells were neutrophils or monocytes/macrophages, respectively.
Within Ly6G+F4/80− neutrophils, neutrophil subpopulations were clas-
sified into naïve neutrophils (N0; CXCR2−), pro-inflammatory neu-
trophils (NI; CXCR2+CD206−), and pro-regenerative neutrophils (NR;
CXCR2+CD206+).

To determine human ECFC and MSC retention, the retrieved cells
were stained with PerCP-conjugated anti-mouse CD45, FITC-conjugated
anti-human CD31 (1:50 Biolegend), and PE-conjugated anti-human CD90
(1:100 Biolegend). ECFCs were identified as mCD45−hCD31+hCD90−

cells and MSCs were mCD45−hCD31−hCD90+.
RNA-Sequencing (RNAseq) Analysis: RNAseq was conducted on in-

farcted myocardial tissues and uninjured controls (three biological repli-
cates per group). RNA was extracted using an RNeasy Mini Kit and qual-
ity assessed with an Agilent Bioanalyzer. Libraries were prepared and se-
quenced by GENEWIZ. Data quality was checked with FastQC, reads were
aligned to the UCSC mm10 genome using STAR aligner,[96] and checked
using Qualimap.[97] Transcript expressions were quantified against the En-
sembl release GRCm38 transcriptome annotation using Salmon, with data
imported into R for gene level aggregation with tximport. Differential ex-
pression was identified with DESeq2,[98] using Wald significance test for
pairwise comparison, adjusting P-values with Benjamini–Hochberg pro-
cedure. Genes with an adjusted P-value < 0.05 and absolute log2 fold
change > 1 were considered differentially expressed. PCA analysis was
performed on normalized, variance-stabilized reads. LRT was used for
all sample comparison. Functional enrichment of differentially expressed
genes was determined with Fisher’s exact test via the cluster Profiler pack-
age. Heat maps, volcano plots, and other visualizations were generated
with pheatmap and ggplot2 packages.

Quantitative Real-Time PCR Analysis: Total RNA was extracted from
cells using the RNeasy Mini Kit (Qiagen) following the manufacturer’s
workflow. RNA concentration was measured by the NanoDrop 8000 spec-
trophotometer (Thermo Fisher), and RNA purity was evaluated by the ratio
of absorbance at 260 and 280 nm. The cDNA synthesis was processed by
High-Capacity RNA-to-cDNA Kit (Thermo Fisher). The quantitative real-
time PCRs were performed on the QuantStudio 6 Flex Feal-Time PCR Sys-
tem with PowerUp SYBM Green Master Mix (Thermo Fisher). GAPDH
served as the housekeeping gene. Sequences of primers for real-time PCR
are listed in Table S1, Supporting Information.

ECFC-MSC Coculture and Conditioned Medium Generation: Samples
of conditioned medium were collected from GelMA hydrogels containing
ECFC + MSC coculture (1:1 ratio; total 5 × 105 cells per 100 μL gel) or
monoculture (only ECFC or MSC alone; total 5 × 105 cells per 100 μL gel)
over 8 days in vitro. To this end, cell-laden GelMA hydrogels were cultured
in 3 mL tubes with 500 μL of Basal medium (EBM-2, 5% FBS medium) re-
freshed every 24 h. Collected samples of conditioned medium were filtered
(0.2 μm) and then concentrated tenfold (Amicon Ultra centrifugal filters;
3 kDa cut off; Millipore).

To determine the effect of ECFC-MSC coculture on TGF𝛽1 expression,
cells were retrieved from GelMA hydrogels after in vitro coculture for 8
days by enzymatical digestion (collagenase/dispase; 1 h at 37 °C). ECFCs
were sorted out from MSCs by MACS using magnetic beads (Dynabeads;
Thermo Fisher Scientific) coated with anti-human CD31 antibodies. The
purity of MACS-sorted cells was validated by the cell-type specific mRNA
expressions of human CD31 or PDGFR𝛽 for ECFCs or MSCs, respectively,
by the quantitative real-time PCR analysis. Retrieved cells from gels con-
taining only ECFC or MSC alone served as controls. For notch-signaling in-
hibition studies, GelMA hydrogel containing ECFC + MSC coculture were
treated with the 𝛾-secretase inhibitor DATP (10 μm in EGM-2 with 5% FBS;
Selleckchem) for 24 h before harvesting conditioned media.[45]

Human Cytokine Protein Array: The presence of selected cytokines was
evaluated in samples of conditioned medium with Proteome profiler hu-
man angiogenesis array (R&D Systems) according to the manufacturer’s
instructions. Antigen-antibody reactions were visualized using LumiGLO
substrate (Kirkegaard & Perry Laboratories, Inc.) and chemiluminescent
sensitive film (Kodak). Densitometry was performed by image analysis
(ImageJ) to estimate the amount of protein present in each sample.

Isolation of Mouse Bone Marrow Neutrophils: Mouse femur bone was
dissected from euthanized mice and cut at both ends. A 23G needle was
used for flushing the bone marrow out with ice-cold HBSS buffer. After RBC
lysis, mouse bone marrow neutrophils were sorted from the bone mar-
row cell suspension using a mouse neutrophil isolation kit that enriches
for CD11b+Ly6G+ cells (Miltenyi Biotec; negative selection using a cock-
tail that contains anti-CD5, -CD45R, -CD49b, -CD117, -F4/80, and -Ter119
antibodies). Isolated neutrophils were maintained in StemSpan H3000
medium (STEMCELL Technologies) supplemented with GlutaMAX (1X;
Thermo Fisher Scientific), ExCyte (0.2%; Merck Millipore), Am580 retinoic
acid agonist (2.5 mm; Sigma-Aldrich) and human G-CSF (150 ng mL−1;
PeproTech).

In Vitro Neutrophil Polarization Assay: Due to the limited lifespan of
neutrophils, the freshly isolated mouse bone marrow neutrophils were
used immediately for conditioned medium studies. Mouse bone marrow
neutrophils (5 × 106 cells) were cultured for 24 h in 1 mL of StemSpan
H3000 medium supplemented with tenfold concentrated conditioned me-
dia (reconstituted in 9:1 volume ratio). Basal medium (EBM-2, 5% FBS
medium) served as a control. After 24 h, neutrophils were collected for
quantitative PCR analysis of NR polarization markers (Il4, Vegfa, and Arg1).
Mouse neutrophils treated with recombinant human TGF𝛽1 (10 ng mL−1;
PeproTech) for 24 h served as a positive control for NR polarization.[54]

Neutrophil Depletion: For neutrophil depletion studies, either anti-
mouse Ly-6G/Ly-6C Gr1 (Bio X Cell) or control (IgG2b; Bio X Cell) antibod-
ies were administered intraperitoneally into mice every 2 days from 2 days
before LAD ligation to post-operative day 6. Anti-Gr1 given at 200 μg per
mouse was shown to be sufficient to deplete neutrophils in the circulation,
confirmed by flow cytometry using FITC-conjugated Ly6G antibody (1:100;
clone 1A8, Biolegend).[44] The authors’ group and others have previously
substantiated the validity of this neutrophil depletion model.[68,99–101]

Microscopy: Images were taken by the Axio Observer Z1 inverted mi-
croscope (Carl Zeiss) and AxioVision Rel. 4.8 software. Fluorescent images
were taken with an ApoTome.2 Optical sectioning system (Carl Zeiss) and
20× or 40× objective lens. Non-fluorescent images were taken with an Ax-
ioCam MRc5 camera using a 10× or 20× objective lens.

Statistical Analyses: All statistical analyses were performed using the
GraphPad Prism v.7 software (GraphPad Software Inc.). The sample size,
including the number of mice per group, was chosen to ensure adequate
power and based on historical laboratory data. No exclusion criteria were
applied for all analyses. All data were expressed as mean ± standard devi-
ation of the mean (s.d.). Comparisons between multiple groups were per-
formed by ANOVA followed by Bonferroni’s post-test analysis. Unpaired
two-tailed Student’s t-test was used for comparisons between two groups.
A value of P < 0.05 was considered to be statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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