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SPECIAL ISSUE: IMMUNOMODULATORY METHODS TOWARD TISSUE REGENERATION

Donor Heterogeneity in the Human Macrophage
Response to a Biomaterial Under Hyperglycemia /In Vitro

Suzanne E. Koch, PhD"? Franka L.P. Verhaegh, MSc,"? Simone Smink, BSc,'? Silvia M. Mihil4, PhD;?
Carlijn V.C. Bouten, PhD,'? and Anthal I.P.M. Smits, PhD"?

Macrophages have a commanding role in scaffold-driven in situ tissue regeneration. Depending on their
polarization state, macrophages mediate the formation and remodeling of new tissue by secreting growth factors
and cytokines. Therefore, successful outcomes of material-driven in situ tissue vascular tissue engineering
depend largely on the immuno-regenerative potential of the recipient. A large cohort of patients requiring
vascular replacements suffers from systemic multifactorial diseases, such as diabetes, which gives rise to a
hyperglycemic and aggressive oxidative inflammatory environment that is hypothesized to hamper a well-
balanced regenerative process. Here, we aimed at fundamentally exploring the effects of hyperglycemia, as one
of the hallmarks of diabetes, on the macrophage response to three-dimensional (3D) electrospun synthetic
biomaterials for in sifu tissue engineering, in terms of inflammatory profile and tissue regenerative capacity. To
simulate the early phases of the in situ regenerative cascade, we used a bottom-up in vitro approach. Primary
human macrophages (n=8 donors) were seeded in two-dimensional (2D) culture wells and polarized to pro-
inflammatory M1 and anti-inflammatory M2 phenotype in normoglycemic (5.5 mM glucose), hyperglycemic
(25 mM), and osmotic control (OC) conditions (5.5 mM glucose, 19.5 mM mannitol). Unpolarized macrophages
and (myo)fibroblasts were seeded in mono- or co-culture in a 3D electrospun resorbable polycaprolactone
bisurea scaffold and exposed to normoglycemic, hyperglycemic, and OC conditions. The results showed that
macrophage polarization by biochemical stimuli was effective under all glycemic conditions and that the
polarization states dictated expression of the receptors SCL2A1 (glucose transporter 1) and CD36 (fatty acid
transporter). In 3D, the macrophage response to hyperglycemic conditions was strongly donor-dependent in
terms of phenotype, cytokine secretion profile, and metabolic receptor expression. When co-cultured with
(myo)fibroblasts, hyperglycemic conditions led to an increased expression of fibrogenic markers (ACTA2,
COLI1, COL3, IL-1p). Together, these findings show that the hyperglycemic and hyperosmotic conditions may,
indeed, influence the process of macrophage-driven in sifu tissue engineering, and that the extent of this is likely
to be patient-specific.

Keywords: macrophage polarization, scaffold, tissue engineering, diabetes, vascular graft

Impact Statement

Success or failure of cell-free bioresorbable in situ tissue-engineered vascular grafts hinges around the immuno-regenerative
response of the recipient. Most patients requiring blood vessel replacements suffer from additional multifactorial diseases,
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3Division of Pharmacology, Department of Pharmaceutical Sciences, Utrecht University, Utrecht, The Netherlands.
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such as diabetes, which may compromise their intrinsic regenerative potential. In this study, we used a bottom-up approach
to study the effects of hyperglycemia, a hallmark of diabetes, on important phases in the in situ regenerative cascade, such as
macrophage polarization and macrophage—myofibroblast crosstalk. The results demonstrate a relatively large donor-to-
donor variation, which stresses the importance of taking scaffold-independent patient-specific factors into account when

studying in situ biomaterial-driven tissue engineering.

Introduction

NUMEROUS STUDIES HAVE shown the preclinical applica-
tion of resorbable, synthetic scaffolds for the in situ re-
generation of blood vessels'™ and heart valves,s’7 as well as
applications outside the cardiovascular field (e.g., abdominal
wall reconstructions). Moreover, clinical trials have demon-
strated promising results for the use of such scaffolds in pe-
diatric patients with congenital cardiac malformations.”"!
Scaffolds for in situ tissue regeneration are designed to induce
regeneration on implantation, directly at the functional site.

Many aspects underlying in situ tissue regeneration re-
main to be elucidated, but it is hypothesized that its stages
mirror the natural wound-healing cascade.'? On implanta-
tion of the scaffold, proteins adhere to the scaffold and form
a protein layer, which interacts with blood clotting compo-
nents to result in a provisional matrix with which recruited
cells can interact. During the acute inflammatory phase,
neutrophils and monocyte-derived macrophages invade the
fibrous graft,'* and secrete a wide array of cytokines and
growth factors, to attract other host immune cells (e.g.,
T-helper cells) and tissue-producing cells (e.g., [myol]fi-
broblasts, and progenitor/stem cells).

Macrophages show a tremendous plasticity and can po-
larize in response to local cues over a continuous spectrum,
from pro-inflammatory “‘classically activated’’ (M1) to pro-
regenerative ‘‘alternatively activated” (M2) phenotypes at
the extremes.'*'> For the in situ regenerative response, a
timely shift from M1 (day 0-4) to M2 (day 4-7) macro-
phages is crucial.””>™'7 In the resolution phase, the formed
tissue should be remodeled resulting in a well-organized
functional neo-tissue. Over time, once new tissue is being
formed, the synthetic biomaterial can be gradually resorbed
via hydrolysis and/or oxidation.'?

Successful integration of in situ tissue-engineered con-
structs largely depends on the immuno-regenerative poten-
tial of the recipient.'®'® This raises the question whether the
preclinical and clinical results for in situ cardiovascular
tissue engineering will also be applicable in more chal-
lenging patient cohorts with a compromised immunological
and/or regenerative capacity. A large cohort of the patients
requiring cardiovascular replacements suffer from systemic
multifactorial diseases, such as diabetes, which gives rise to
a hyperglycemic and aggressive oxidative inflammatory
environment that is hypothesized to hamper a well-balanced
regenerative process.

Diabetes is a rising global epidemic. It is estimated that
463 million individuals (aged 20-79 years) suffered from
diabetes in 2019, which is expected to increase up to 700
million patients in 2045.%° This increase in diabetes preva-
lence goes hand in hand with an increase in vascular disease,
affecting both micro-vasculature (retinopathy, nephropathy,
and neuropathy) and macro-vasculature (accelerated ath-
erosclerosis, coronary and peripheral artery disease) that
lead to accelerated cardiovascular disease.?'** Considering

interventional outcomes, type 2 diabetes is an independent
predictor of long-term mortality after coronary artery bypass
grafting,® and diabetic patients undergoing percutaneous
coronary intervention have an increased risk of intimal hy-
perplasia and restenosis compared with non-diabetic pa-
tients,24’25 as well as decreased long-term survival.?®

The hyperglycemic conditions in diabetes often coexist
with dyslipidemia, inflammation, and extensive oxidative
stress, which increases vascular wall stiffening due to
crosslinking of the extracellular matrix (ECM).2 Besides,
the chronic tissue inflammation observed in diabetic patients
is characterized by the increased presence of tissue resident
macrophages with increased production of pro-inflammatory
cytokines (e.g., TNF-o,, IL-1p, IL-6, IL-8).2%°

It is to be expected that these diabetic conditions hamper
the regenerative potential in patients, necessitating re-
placement vessels, and thus may impose difficulties when
treating them with these resorbable synthetic vascular
scaffolds. This is illustrated in a series of preclinical studies by
the group of Deling Kong. In their first study, they report on
improved remodeling and regeneration of arginine-glycine-
aspartic acid (RGD)-functionalized vascular polycaprolactone
(PCL) grafts compared with non-functionalized grafts in
healthy rabbits.>! In a second study, the same functionalized
grafts were implanted in diabetic and non-diabetic rats.*> The
results showed that the promising effects of the RGD func-
tionalization recorded in the healthy rabbits were not identified
in the diabetic rats.

Only a few other studies have pre-clinically tested tissue
engineered vascular grafts (e.%., subcutaneously implanted
decellularized elastin scaffolds 3) or implants (subcutaneous
polyether-polyurethane sponge disks**) in both diabetic and
non-diabetic animals. Although the heterogenous study set-
ups and results hamper a fair comparison, a generic obser-
vation refers to a delayed inflammatory response around the
implant, increased infectious complications, and a higher
MI1/M2 ratio in the diabetic versus non-diabetic animal
models."”

Several in vitro studies aimed at shedding light on the
effect of hyperglycemia on macrophages. These studies are,
however, verg heterogenous in their design (primary cells®>=®
or cell lines® ’40) and interpretation of their results; thus, the
direct effect of hyperglycemia is still a topic of debate.'®
Nevertheless, evidence suggests that monocytes/macro-
phages in in vitro hyperglycemic conditions adopt a more
pro-inflammatory phenotype. In addition, it seems that
macrophages fail to make the switch from pro-inflammatory
MIl-like to a pro-regenerative M2-like phenotype under
hyperglycemic conditions, partly explaining the impaired
wound healing in diabetic patients.*'** So far, the effect of
normoglycemic versus hyperglycemic and hyperosmotic
conditions on macrophages in three-dimensional (3D) syn-
thetic scaffolds has not been investigated.

To gain a more fundamental understanding of the under-
lying cellular processes of macrophage-driven vascular tissue
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regeneration in hyperglycemic conditions, the aim of this
study was to investigate the human macrophage response in
hyperglycemic conditions in terms of their inflammatory
profile and ability to modulate tissue regeneration via a
bottom-up in vitro approach. In the first set of experiments,
primary human macrophages were seeded in two-
dimensional (2D) gelatin-coated polystyrene well plates and
exposed to normoglycemic (5.5 mM glucose), hyperglycemic
(25mM glucose), and osmotic control (OC) conditions
(5.5mM glucose, 19.5mM mannitol). In the second set of
experiments, macrophages were seeded in 3D electrospun
resorbable PCL bisurea (PCL-BU) scaffolds, a supramolec-
ular elastomer used in recent successful in sifu tissue engi-
neering applications. In the third set of experiments,
macrophages were co-cultured with (myo)fibroblasts on PCL-
BU scaffolds, to evaluate to what extent hyperglycemia af-
fects macrophage-driven (myo)fibroblast activation.

Experiment

Detailed materials and methods are provided in the
Supplementary Data—Supplementary Material and
Methods S1.

Experimental outline

A stepwise approach was used to experimentally explore
the effect of glycemic and osmotic conditions on macro-
phage polarization, and the interaction between macro-
phages, tissue-producing cells, and the scaffold (Fig. 1).
Primary human peripheral blood-derived monocytes were
differentiated into macrophages and polarized in 2D using
cytokine stimulation in normoglycemic (5.5 mM glucose),
hyperglycemic (25 mM glucose), and OC (5.5 mM glucose,
19.5 mM mannitol) medium in static culture conditions.

Cells and supernatant were analyzed using flow cytome-
try, quantitative polymerase chain reaction (qPCR), immu-
nofluorescence (IF), and enzyme-linked immunosorbent
assay (ELISA). Mono- and co-cultures of human macro-
phages and (myo)fibroblasts (human saphenous venous
cells) in 3D electrospun PCL-BU scaffold were evaluated
using qPCR, IF, ELISA, and biochemical assays to deter-

a 2D macrophage polarization b 3D macrophage monoculture €

25 mM
glucose
hyperglycemic

L ® [

4o o LPS @
IL-4 e IFNy

cytokine stimulation

5.5 mM glucose
19.5 mM mannitol

osmotic control
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mine hydroxyproline (HYP), glycosaminoglycan (GAG),
and DNA content.

Normoglycemic, hyperglycemic, and OC medium

For the monocyte/macrophage cultures and experiments,
medium consisted of SILAC RPMI (Roswell Park Memorial
Institute) 1640 Flex Media (no glucose, no phenol red;
Gibco), supplemented with 2% pooled human serum (San-
quin Blood Bank; the optimal human serum concentration
was previousléy validated in our lab for buffy coat derived
macrophages®), 1% penicillin-streptomycin (Pen-Strep), 1%
100 mM sodium pyruvate, 1% N-(2-hydroxyethyl)piperazine-
N’-(2-ethanesulfonic acid), 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) 1M buffer solution, 1% glutamax
(all from Gibco). Then, 5.5 mM glucose solution (Gibco) was
added for normoglycemic medium, 25 mM glucose solution for
hyperglycemic medium, and 5.5 mM glucose with 19.5 mM
mannitol (Fluka) was added for the OC.**

For the (myo)fibroblast cultures and experiments, the
normoglycemic medium consisted of Dulbecco’s modified
Eagle medium (DMEM; low glucose, 1 g/L [5.55mM glu-
cose]; Gibco), supplemented with 1% Pen-Strep, 1% mini-
mal Essential Medium (MEM) non-essential amino acids
(NEAA; Gibco), and 2% human serum. For OC medium,
DMEM low-glucose medium was supplemented with
19.5mM mannitol, 1% Pen-Strep, 1% MEM NEAA, and
2% human serum. The hyperglycemic (myo)fibroblast me-
dium consisted of Advanced DMEM (high glucose, 4.5 g/
[25mM glucose]; Gibco), supplemented with 2% human
serum, 1% Pen-Strep, and 1% glutamax.

For the 3D co-culture experiments of monocytes/macro-
phages and (myo)fibroblasts, corresponding glycemic and
osmotic RPMI and DMEM medium with 0.25mg/mL
L-ascorbic acid 2-phosphate (Sigma) were mixed in a 1:1
(v/v) ratio and added to the constructs.

Cell isolation and culture

Human peripheral blood mononuclear cells (hPBMCs)
were isolated from buffy coats of healthy donors (Supple-
mentary Table S1) from Sanquin Blood Bank (Sanquin, The

3D co-culture

_» macrophages (myo)fibroblasts

secreted cytokines
PCL-BU scaffold

deposited ECM

FIG. 1. Experimental set-up depicting the bottom-up approach of the study, with all 2D and 3D experiments performed in

normoglycemic (5.5 mM glucose), hyperglycemic (25 mM glucose), and the OC (5.5 mM glucose, 19.5 mM mannitol); (a)
monocyte-derived macrophage polarization toward M1 (with LPS, IFN-y) and M2 (with IL-4, IL-13) phenotype; (b)
monoculture of macrophages on PCL-BU scaffold, and (c¢) co-cultures of cytokine-secreting macrophages and ECM-
depositing (myo)fibroblasts. Black arrows depict the directing role of the macrophage in tissue deposition by the fibroblast
via direct and paracrine crosstalk. 2D, two-dimensional; 3D, three-dimensional; ECM, extracellular matrix; IFN-v,
interferon-y; IL, interleukin; LPS, lipopolysaccharide; OC, osmotic control; PCL-BU, bis-urea-modified polycaprolactone.
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Netherlands) using density gradient centrifugation on iso-
osmotic medium. The buffy coats were obtained from
anonymized volunteers that provided written informed
consent, as approved by the Sanquin Research Institutional
Medical Ethical Committee. After all isolation steps were
performed, the PBMCs were placed in a cell culture flask to
allow for the adherence of monocytes. After 1h, non-
adherent cells were washed away with phosphate-buffered
saline and the remaining monocytes were used for further
macrophage differentiation.

(Myo)fibroblasts were isolated from leftover saphenous
vein samples from one donor (female, 62 years) after cor-
onary by-pass surgery by previously established protocols,*’
in accordance with the Dutch advice for secondary-use
material.

Macrophage differentiation and polarization

Monocyte/macrophage medium with the selected glucose
concentration or osmotic pressure was supplemented with
20ng/mL macrophage colony-stimulating factor (M-CSF,
PeproTech) and added to the adherent cells to initiate
macrophage differentiation. After 5 days of M-CSF stimu-
lation, the cells were detached with accutase (STEMCELL)
and seeded in well plates (seeding density 1.5x10° cells/
cm?). For the 2D experiments, the monocyte-derived mac-
rophages were polarized toward different polarization states
using previously described cytokines.*® For M1 macro-
phages, 100ng/mL lipopolysaccharide (LPS; Sigma Al-
drich) and 100 ng/mL interferon y (IFN-y) was added, and
40 ng/mL interleukin (IL)-4 and 20ng/mL IL-13 (all Pe-
proTech) for M2 macrophages. No additional cytokines
were added for the MO macrophages. The macrophages
were polarized for 2 subsequent days.

Scaffold preparation and sterilization

Electrospun scaffold sheets (~10x10cm?) were pro-
duced from polymer solutions containing 15% (w/w) bis-
urea-modified PCL (PCL-BU, SyMO-Chem) and 85% (w/w)
of chloroform/methanol (CHCl3/MeOH, 98:2; CHCl;, Sig-
ma; MeOH, VWR Chemicals), which was stirred overnight
at room temperature. The polymer solutions were electro-
spun in a climate-controlled chamber (23°C and 30% hu-
midity; IME Technologies) using a flow rate of 40 pL/min, an
applied voltage of 16kV on the electrospinning nozzle, -1 kV
on a rotating cylindrical target, and a constant distance be-
tween nozzle and target of 16 cm. The obtained scaffold was
dried under vacuum overnight, to remove solvent remnants.
The scaffold was cut into @8 mm circles using a biopsy punch
(KAI Medical) before sterilizing by ultraviolet (UV) light.
Subsequently, the scaffold was placed in membrane-free cell
culture inserts (6.5 mm; Corning) using a custom-made UV-
sterilized polyether ether ketone ring.

Cell seeding in scaffold

For the 3D experiments, cells were seeded in electrospun
PCL-BU scaffold, using fibrin as a cell carrier, as previously
developed,*” and as extensively described elsewhere.*®
Cells (monocultures: 30 x 10° macrophages/cm® or 15x 10°
[myo]fibroblasts/cm®; co-culture: 30 x 10° macrophages/cm®
and 15x10° [myo]ﬁbroblasts/cmS) were resuspended in

15 pLL of bovine thrombin (10 IU/mL) in medium and mixed
with fibrinogen solution (10 mg/mL; both Sigma) at double
the volume of thrombin and cells. The mixture was dripped
onto the scaffold and allowed to polymerize for 30 min.
Subsequently, the wells were filled with 1.5 mL medium.
The experiment was ended after 7 days, and samples were
stored for analysis.

Analysis

The collected supernatant was processed, and the secre-
tion of a set of proteins related to macrophage polarization
(Supplementary Table S2) was quantified at the Multiplex
core facility of the Laboratory for Translational Immunology
of the University Medical Centre Utrecht, the Netherlands,
using a multiplex immunoassay based on Luminex xMAP
technology (Luminex). From the measured cytokines, a
simplified M1/M2 ratio was calculated by classifying the
cytokines as primarily M1- or M2-associated, as also previ-
ously described*** (details in Supplementary Data).

Phenotypic analysis of 2D cultured macrophages was
performed using flow cytometry, with the following anti-
bodies: FITC-conjugated anti-human CD80 (M1 cell sur-
face marker), PE/Cy5-conjugated anti-human CD206 (M2
cell surface marker), and APC-conjugated anti-human
CD163 (M2 cell surface marker) and Zombie NIR™ were
used as a viability dye (all from BioLegend). All samples
were analyzed using a FACSAria (BD Biosciences), and
data were analyzed using FlowJo Software (version 10, BD
Life Sciences).

Samples from 2D experiments were collected, lysed using
RNeasy Mini Kit lysis buffer (Qiagen), and stored at —30°C.
Samples from 3D experiments were first disrupted using a
micro-dismembrator (Sartorius), as described earlier.*” Total
RNA was isolated using the Qiagen RNeasy kit following
supplier instructions. After isolation, RNA quantity and pu-
rity were analyzed with a spectrophotometer (NanoDrop,
ND-1000, Isogen Life Science). cDNA was synthesized in a
thermal cycler (C1000 Touch, Bio-Rad); it was specifically
amplified by PCR using human-specific primers to detect
mRNA levels of a selection of genes encoding for macro-
phage polarization, ECM constituents, and ECM remodeling
markers (for list and primer sequences, see Supplementary
Table S3).

Samples of 2D experiments were fixed and stained for
morphology assessment with phalloidin-atto 488 and 4,6~
diamidino-2-phenylindole (DAPI), for (pro-)collagen with
CNA35-0G488 and DAPI.>' The coverslips were placed on
microscopy slides using Mowiol (Sigma-Aldrich), and they
were visualized using an inverted epifluorescence micro-
scope (Zeiss Axiovert 200 M, with a 40x/0.95NA Plan-
Apochromat lens). For localization of monocyte-derived
macrophages and (myo)fibroblasts in the 3D co-culture
constructs, a whole-mount staining was performed with
markers CD45 and vimentin (VIM), respectively, and DAPI
(Supplementary Table S4). Scaffold samples were washed
again and stored in Mowiol until imaging with a confocal
laser scanning microscope (Leica TCS SP5X, with a
63x 1.1 HCX-PL ApoCS Lens).

Mono- and co-culture samples stored for biochemical
assay analysis were lyophilized overnight, weighed, reduced
to a powder with the micro-dismembrator, and digested
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before determining the HYP, GAG, and DNA content as
described earlier.*

Statistical analysis

Detailed information on sample size () and donor are
given in the results section and figure legends. Data are
expressed as individual data points in scatter plots with a
grand mean. Statistical analysis was performed with
GraphPad Prism 8.0. When data were normally distributed,
statistical significance was tested using one-way analysis of
variance with a Tukey’s multiple-comparison test. When
data were not normally distributed, the non-parametric
Kruskal-Wallis test with a Dunn’s multiple-comparison test
were performed to test statistical significance. Differences
were considered significant for p <0.05 and visualized with
*p<0.05 or **p<0.01.

Experimental Results

Glucose concentration and osmotic pressure
do not affect macrophage cell morphology
and polarization effectiveness

Immunofluorescent staining of F-actin cytoskeleton was
performed to gain insight in the effectiveness of polariza-
tion on a morphological level (Fig. 2). The M1 polarized
macrophages typically presented with a more rounded ““fried-
egg”’-like morphology, whereas the M2 polarized macro-

5.5 mM glucose

25 mM glucose

KOCH ET AL.

phages displayed a more elongated, spindle-like morphology
in all three glycemic and osmotic conditions. In the unpo-
larized MO group, a combination of rounded and more
elongated cells was observed in all different media condi-
tions for all donors (n=23).

On gene expression (Supplementary Fig. Sla) and cell
surface marker (Supplementary Fig. S1b) expression levels,
the cytokine-induced macrophage polarization was shown to
be effective, regardless of glucose concentration or donor.
Finally, the metabolic marker expression SCL2A [ encoding
for glucose transporter 1 was upregulated in the M1 polar-
ized group when compared with the non-polarized and M2
polarized macrophages, in all glycemic conditions for all
three donors (Supplementary Fig. S2).

In contrast, the fatty acid transporter CD36 was less ex-
pressed in M1 polarized macrophages compared with MO
and M2 groups, again for all glycemic conditions for all
three donors. Overall, biochemically induced macrophage
polarization was robustly retained in all glycemic and os-
motic conditions for all donors tested.

Hyperosmotic pressure, and not solely hyperglycemia,
enhances cytokine gene expression responses
in polarized macrophages

Having established that macrophage polarization is lar-
gely unaffected by the different glycemic and osmotic
conditions, we assessed the effect of hyperglycemia for each

osmotic control

MO unpolarized

M1 polarized

M2a polarized

FIG. 2. Morphological patterns of polarized macrophages in 2D in normoglycemic, hyperglycemic, and OC. Immuno-
fluorescent staining of F-actin cytoskeleton (red) and cell nuclei (blue) illustrating changes in cellular morphology after
polarization into different phenotypes, with more rounded MIl-like and the elongated M2-like morphology. Scalebar

overview images 50 pm, zooms 20 pm.
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**p<0.01. CD, cluster of differentiation; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNFa,

tumor necrosis factor a.
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individual polarization state (Fig. 3a). Gene expression
analysis of anti- and pro-inflammatory genes of the unpo-
larized and polarized macrophages in different glycemic
and osmotic conditions showed substantial donor-to-donor
variation. Nevertheless, in M1 polarized macrophages, IL-10
gene expression was significantly increased in both the hy-
perglycemic and OC, indicating that the effect is due to the
change in osmotic pressure, rather than the high glucose
alone. Similarly, the M1 macrophages showed increased IL-
1p gene expression under both hyperglycemic and hyper-
osmotic conditions (Fig. 3b). Similar, yet non-significant
trends were observed for CD206 and TNF-o expression.

For M2 macrophages, a significant drop in anti-
inflammatory /L-10 and pro-inflammatory NF-kB gene
expression was observed for both hyperglycemic and hy-
perosmotic conditions, as well as for TNF-o expression. This
again indicates that the observed effect on macrophage cy-
tokine gene expression patterns is not solely due to higher
glucose levels, but it is predominantly governed by hyper-
osmotic stress.

Further, cytokine secretion profiles were measured in the
supernatant (n=3 donors) (Fig. 4a). Unpolarized MO mac-
rophages in normo- and hyperglycemic conditions showed
the highest secretion of macrophage-derived chemokine
(MDC) compared with the OC. However, vascular endo-
thelial growth factor (VEGF) secretion in MO macrophages
tended to increase in hyperglycemic conditions. Relatively
similar patterns were observed in cytokine excretion of M2
polarized macrophages. M1 polarized macrophage cytokine

a total cytokines secretion (pg/ml)
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secretion, on the other hand, showed different patterns, with
higher TNF-o and latency-associated protein (LAP) in the
normoglycemic control compared with the OC.

Secretion of other proteins was similar in all glycemic
and osmotic conditions for the M1 polarized macrophages.
The M1/M2 ratios that were determined based on the se-
cretion levels of pro- and anti-inflammatory cytokines
demonstrate that the polarization to M1 macrophages was
effective in all three glycemic conditions (Fig. 4b).

SCL2A1 and CD36 gene expression patterns
tend to show increased expression
in hyperglycemic and hyperosmotic conditions

When normalizing gene expression patterns of the met-
abolic markers SCL2AI and CD36 to the normoglycemic
conditions, an overall trend of increased expression for both
SCL2A1 and CD36 was observed in both hyperglycemic and
hyperosmotic conditions (Fig. 5). This was observed for all
different macrophage polarization states and donors, except
for CD36 gene expression in M2 polarized macrophages, in
which only the high glucose conditions, and not the OC, led
to an almost three-fold increase in CD36 expression. In
addition, SCL2A expression in unpolarized MO and M1
polarized macrophages showed some inter-donor variation,
with unaltered or decreased gene expression of SCL2A1 in
hyperglycemic and hyperosmotic conditions compared with
normoglycemia for donor 1, in contrast to donors 2 and 3.
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FIG. 4. Total cytokine secretion of differently polarized monocytes/macrophages (M0, M1, M2). (a) total cytokine
secretion measured via ELISA. qPCR data (n=3) are plotted as fold change (compared with 5 mM glucose group); (b) M1/
M2 ratios based on the cytokine secretion levels of IL1J, IL6, TNF-a (pro-inflammatory) and LAP, MDC (anti-
inflammatory). ELISA data (n=3) are transformed into z-score (i.e., number of standard deviations from the mean value),
showing increased (orange) or decreased ( purple) or average (white) expression levels of the protein of interest. Vertical
columns representing the protein of interest are ordered from highest (right) to lowest (left) absolute quantities measured in
the supernatant. ELISA, enzyme-linked immunosorbent assay; LAP, latency-associated protein; MDC, macrophage-derived

chemokine; qPCR, quantitative polymerase chain reaction.
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FIG. 5. SCL2AI and CD36 gene expression on polarized

macrophages in hyperglycemic and OC compared with the

normoglycemic group. qPCR data (n=3) are plotted as fold changes in relative expression of SCL2AI encoding for glucose
transporter 1 and CD36 encoding for scavenger receptor fatty acid transporter. Significant differences are presented as:

*p<0.05, **p<0.01.

Scaffold-induced polarization of monocyte-derived
macrophages in hyperosmotic conditions results
in a mixed macrophage phenotype

To probe the influence of hyperglycemia on the macro-
phage response to a biomaterial, monocyte-derived macro-
phages (n=4 donors) were seeded on degradable electrospun
scaffold and cultured for 7 days. The scaffold was 134.4t
11 pum thick, and it had an isotropic fiber distribution and a fi-
ber diameter of 3.4+0.5 pm (Supplementary Fig. S3). After
7 days, monocyte-derived macrophage presence and ho-
mogeneous distribution was confirmed in all glycemic and
osmotic conditions with CD45 staining (Supplementary
Fig. S4). In contrast to the chemical polarization in the 2D
experiments, scaffold-induced polarization of the mono-
cyte derived macrophages resulted in a less clear distinc-
tive macrophage phenotype (Supplementary Fig. S5a).

Besides, a relatively large donor heterogeneity was ob-
served (Fig. 6a), with donor 6, in particular, showing opposite
responses to high glucose conditions when compared with
the other donors. Nevertheless, a significant increase in pro-
inflammatory TNF-o gene expression was observed in hy-
perosmotic conditions when compared with normoglycemic
conditions, paired with a trend in increased anti-inflammatory
CD206 gene expression. Anti-inflammatory marker CDI63,
often used to identify the M2 macrophage phenotype, showed
an unexpected effect of only an increased expression in the
OC, compared with the normoglycemic and hyperglycemic
group. IL-10, an anti-inflammatory cytokine known for its
inhibitory effects on collagen production, showed a very large
donor variation on gene expression level, and thus no clear
effect of glycemic or osmotic conditions.

This is also reflected in the total cytokine secretion in the
supernatant (Fig. 6b). Of the selection of cytokines that was
measured in the supernatant with ELISA, MDC, a cytokine
involved in monocyte/macrophage migration and infiltration,

was measured in highest concentrations, followed by pro-
inflammatory IL-6, anti-inflammatory LAP, and regulator of
angiogenesis VEGF. Compared with the cytokine secretion
patterns in the chemically polarized macrophages in 2D
(Fig. 4), the scaffold-induced polarization of macrophages led
to a mixed macrophage phenotype, with relatively high levels
of MDC and LAP (similar to the 2D M2 polarized macro-
phages), as well as relatively high levels of IL-6 and VEGF
(similar to the M1 polarized macrophages). The M1/M2 ra-
tios showed that the macrophage cultures in hyperglycemia
had a slightly higher pro-inflammatory cytokine secretion
(Fig. 60).

Metabolic markers SCL2A1 and CD36 expressed by the
macrophages seeded on the scaffold showed a clear response
to glycemic and osmotic stimuli (Fig. 6d). Although some
donor heterogeneity was observed, with again donor 6 re-
sponding differently compared with the other donors, hy-
perglycemia led to reduced SCL2A1 gene expression, while
increasing CD36 expression, with the latter effect being
particularly strong in the hyperosmotic group (Fig. 6d).

Gene expression of ECM remodeling markers MMPs and
TIMPs in the macrophage monoculture showed a relatively
large donor heterogeneity, with again donor 6 showing opposite
patterns compared with the other donors (Supplementary
Fig. S6). Only in MMP1 and TIMP1 expression, a minor trend
toward increased expression was observed in the hyperglyce-
mia group, however not significant, due to the large inter-donor
variation.

Co-culture of monocyte-derived macrophages and
(myo)fibroblasts on scaffold in hyperglycemic conditions
tends to result in a more pro-inflammatory environment
with increased collagen gene expression levels

To evaluate to what extent hyperglycemia affects
macrophage-driven (myo)fibroblast activation, macrophages
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FIG. 6. Phenotypic gene expression patterns, total cytokine secretion, and metabolic marker gene expression of monocytes/
macrophages cultured in 3D PCL-BU scaffold in hyperglycemic and OC compared with the normoglycemic group. Fold changes of
relative expression of (a) anti-inflammatory associated genes (CD206, CD163, IL-10) and pro-inflammatory associated genes (TNF-
o, IL-1p); (b) heat map of total cytokine secretion; (c) M1/M2 ratios based on the cytokine secretion levels of IL-1f, IL-6, TNF-o
(pro-inflammatory) and LAP, MDC (anti-inflammatory); (d) Fold change metabolic markers SCL2A 1 encoding for glucose trans-
porter 1 and CD36 encoding for scavenger receptor fatty acid transporter. qPCR data (n =4) are plotted as fold change (compared with
the 5 mM glucose group). Significant differences presented as: *p <0.05, **p <0.01. ELISA data (n=4) are transformed into z-score
(i.e., number of standard deviations from the mean value), showing increased (orange) or decreased ( purple) or average (white)
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lowest (left) absolute quantities measured in the supernatant. VEGF, vascular endothelial growth factor.
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FIG. 7. Co-culture of monocyte-derived macrophages and (myo)fibroblasts (HVSCs) cultured on PCL-BU scaffold for
7 days in normoglycemic, hyperglycemic, and OC. Representative overlays of z-stack (60 um) images with monocyte
marker CD45 (red), fibroblast marker VIM (gray), and cell nuclei (DAPI, blue) in grayscale and overlay. Scale bars 50 um.
DAPI, 4’,6-diamidino-2-phenylindole; HVSCs, human saphenous venous cells; VIM, vimentin.

were co-cultured with (myo)fibroblasts on PCL-BU scaf-
fold. After 7 days of co-culture, both cell types were still
present, as demonstrated by positive staining for both the
monocyte marker CD45 and fibroblast marker VIM(Fig. 7).
The macrophages demonstrated a predominantly rounded
morphology.

Similar to the macrophage monoculture on scaffold, large
donor heterogeneity was observed in the co-culture for the
macrophage phenotypic gene expression markers (Fig. 8a),
resulting in an overall mixed phenotypic image (Supple-
mentary Fig. S5b).

IL-1f gene expression was significantly higher in the
hyperglycemic group and showed a trend of increased ex-
pression in the OC group, compared with the normogly-

cemic group. However, IL-1B cytokine secretion showed a
different pattern, in which the OC group showed the lowest
expression compared with the normo-glycemic and hyper-
glycemic group (Fig. 8b). ACTA2 expression, the gene
coding for aSMA, showed higher expression in the hyper-
glycemic group, which was also observed in the (myo)fi-
broblast monoculture (Supplementary Fig. S7a).

The selection of cytokines measured in the supernatant
depicted a micro-environment for the co-culture in which
pro-inflammatory cytokines IL-6 and MDC were present in
relatively high levels (Fig. 8b), similar to the chemically
polarized M1 macrophages in 2D (Fig. 4a) and 3D macro-
phage monoculture (Fig. 6b). Hyperglycemia and hyper-
osmotic pressure led to an increased IL-6 secretion by the

>

FIG. 8. Gene expression patterns, biochemical assays, and total cytokine secretion of co-cultures of monocytes/macrophages
and HVSCs cultured in 3D PCL-BU scaffold in hyperglycemic and OC compared with the normoglycemic group. Fold change
of (a) phenotypic markers with both anti-inflammatory associated genes (CD206, CD163, IL-10) and pro-inflammatory
associated genes (TNF-a, IL-1f) and fibroblast marker (A CTA2—aSMA); (b) heat map of total cytokine secretion; (¢) M1/M2
ratios based on the cytokine secretion levels of IL1f, IL6, TNF-a (pro-inflammatory) and LAP, MDC (anti-inflammatory); (d)
biochemical assays of 3D co-cultures; () ECM (CollAl, Col3A1, ELN) and ECM remodeling markers (MMPs and TIMPs).
gPCR data (n=4) are plotted as fold change (compared with 5 mM glucose group). Biochemical assay data (n=4) are corrected
against dry weight and DNA. Significant differences presented as: *p <0.05, **p <0.01. ELISA data (n=4) are transformed
into z-score (i.e., number of standard deviations from the mean value), showing increased (orange) or decreased ( purple) or
average (white) expression levels of the protein of interest. Vertical columns representing the protein of interest are ordered
from highest (right) to lowest (left) absolute quantities measured in the supernatant. GLUT, glucose transporter; TIMP,
metallopeptidase inhibitor; MMP, matrix metalloproteinase.
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DAPI CNA

co-culture

cells in co-culture (Fig. 8b). The (myo)fibroblasts were most
probably important contributors to the overall IL-6 and
VEGF cytokine secretion in the co-culture, as the IL-6 and
VEGF levels were comparable to the secretion levels in the
(myo)fibroblast monoculture (Supplementary Fig. S7d),
whereas IL-6 and VEGF cytokine secretion levels in the
macrophage monoculture were slightly lower (Fig. 6b).

The M1/M2 ratios showed minor differences between the
glycemic and osmotic conditions, although the co-cultures
in hyperglycemia showed a small trend toward more pro-
inflammatory secretion (Fig. 8c).

In terms of tissue production, no clear effect of hy-
perglycemia or osmotic pressure was seen at the protein
level. Biochemical assays showed that the cells did pro-
duce GAG and HYP in all conditions (Fig. 8d). Collagen
production was further confirmed by CNA staining
(Fig. 9).

When comparing tissue levels of the co-culture with the
(myo)fibroblast monoculture, it was observed that the
(myo)fibroblast monoculture resulted in substantial higher
GAG and HYP levels (Supplementary Fig. S7c), suggesting
an inhibitory effect of the macrophages. However, no clear
differences between the glycemic or osmotic groups were
observed in terms of GAG and HYP measurements after
7 days of culture. On the contrary, at a gene expression
level, hyperglycemic conditions demonstrated to increase
collagen expression and MMP13, and decrease MMP9 ex-
pression (Fig. 8e), suggesting a differently regulated colla-
gen remodeling.

FIG. 9. Collagen produc-
tion of co-culture of
monocyte-derived macro-
phages and (myo)fibroblasts
(HVSCs) cultured on PCL-
BU scaffold for 7 days in
normoglycemic, hyperglyce-
mic, and OC. Representative
overlays of z-stack (60 um)
images with CNA35-0G488
probe, and cell nuclei (DAPI,
blue) in grayscale and over-
lay. Scale bars 50 pm.

Again, when comparing the collagens gene expression
(COLIAI and COL3A]I) of the co-culture with the (myo)fibro-
blast monoculture (Supplementary Fig. 7b), the (myo)fibroblasts
contributed to a large extent to the observed effect of increased
expression in response to hyperglycemia. Of note, in the
(myo)fibroblast monoculture, the increased expression (trends)
of ACTA2 and ECM gene expression markers were merely an
effect of high glucose and not hyperosmotic pressure (which we
did observe in general in the macrophage cultures). Finally, the
metabolic marker expression SCL2A1 and CD36 showed large
overall donor heterogeneity (Supplementary Fig. S8) in com-
parison to the macrophage 3D culture.

Discussion

The goal of this study was to fundamentally explore the
effects of hyperglycemia, as one of the hallmarks of dia-
betes, on the macrophage response to electrospun PCL-BU,
an often used synthetic biomaterial for in situ tissue engi-
neering. Although several studies describe the in vitro re-
sponse of primary human macrophages to synthetic
biomaterials (e.g., cells from healthy versus obese donors™
or macrophages in combination with fibroblasts and/or
mesenchymal stromal cells on scaffolds>), to the best of our
knowledge, no published studies assess the effect of hy-
perglycemic and hyperosmotic conditions on macrophages
in 3D synthetic scaffolds.

Overall, both hyperglycemia and hyperosmotic pressure
tended to lead to a general increase in pro-inflammatory
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cytokine expression in 2D, and in 3D scaffolds, although the
extent of regulation was strongly dependent on the culturing
conditions and subject to donor-to-donor variability. Mac-
rophages in 3D co-culture with (myo)fibroblasts in hyper-
glycemia resulted in an increase in typical (myo)fibroblast
activation markers, including ACTA2, COLIA2, COL3Al, as
well as IL-1f expression and secretion of IL-6. Two par-
ticularly striking observations were evident from these re-
sults: (1) The observed effects in macrophage response in
hyperglycemic conditions were often accompanied by a
parallel trend in the hyperosmotic control, and (2) there was
a strong donor heterogeneity in the effect of hyperglycemia
on macrophage behavior.

Previous studies have assessed the macrophage response
in hyperglycemic conditions in terms of macrophage po-
larization and cytokine secretion, particularly in the (clini-
cal) context of increased susceptibility to infection and poor
wound healing in diabetic patients.’* These studies show a
very broad range of experimental study designs, with dif-
ferent cell sources (e.g., human cell lines THP1,39’55
U937,40’5 ® murine cell line RAW 264.7°738 or primary hu-
man (either diabetic or non-diabetic donors) macrophages™ ">
or murine macrophages60’6l), different definitions of hy-
perglycemic conditions (ranging from 15mM glucose® up
to 44 mM glucose62), with®>*° or without**>%>° OC, various
stimuli (e.g., LPS, Mycobacterium tuberculosis, IFN-y, 1L-4)
and different time points of analysis (from hours to days to
weeks), as well as a broad variety of assessed cytokines.

Although it remains difficult to draw overall conclusions
from such heterogenous study designs, it seems that there is an
overall increase in pro-inflammatory cytokine expression by
macrophages in hyperglycemic conditions, especially when
chemically stimulated with LPS, an often used golden stan-
dard control for M1 polarization, which gives an even more
extreme response in hyperglycemic conditions. Similarly, we
observed a general increase in pro-inflammatory cytokine
expression in hyperglycemic conditions in 2D and 3D.

Although a relatively large heterogeneity between the
different donors was observed, pro-inflammatory cytokines
TNF-o. and IL-1B, as well as anti-inflammatory IL-10
seemed to be influenced by hyperglycemic conditions.
These findings are similar to previous studies.>>~° However,
we often observed a parallel trend in the OC group too,
indicating that the effects are not solely dependent on in-
creased glucose but also due to the elevated osmotic pres-
sure, an observation that has also been reported earlier.>

Only very few studies specifically describe the effect of
osmotic pressure on macrophages. Ip and Medzhitov ex-
posed murine macrophages to hypertonic conditions (0.2
milli-osmolarity). As expected, an acute shrinkage of the
cell was observed within 60s after exposure to these hy-
pertonic conditions, but this was restored again after 30 min.
Next to the morphologic observations, the study showed that
in response to hyperosmotic conditions, the macrophages
activated caspase-1 in the inflammasome complex, leading
to the secretion of IL-lB.63 Almost two decades earlier,
Shapiro and Dinarello analyzed hPBMCs in hyperosmotic
stress (305 mOsm) and also found increased production of
IL-1B.** Although the hyperosmotic stresses in our study
were lower, we did observe clear effects of hyperosmotic
conditions (both 25mM glucose and OC group) on IL-1f
gene expression. Given the limited prior data available on
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the effect of hyperosmotic pressure and the unexpectedly
strong effect of hyperosmotic pressure as observed in this
study, these findings warrant a more thorough investigation of
the influence of osmotic pressure on the macrophage response
to biomaterials, especially considering that skewed osmotic
pressure is of clinical relevance in diabetic patients.®®

Besides the assessment of macrophage response in hy-
perglycemic conditions in terms of phenotypic markers and
inflammatory cytokine response in 2D, we also assessed its
effects on ECM remodeling cytokines and in combination
with fibroblasts on ECM deposition on a synthetic bioma-
terial in 3D. The latter is important from an in situ tissue
engineering perspective. In comparison to the well-defined
biochemically induced phenotypes, the macrophages acti-
vated by the 3D scaffold generally attain a mixed pheno-
type, with increased expression of CD206 and TNF-u
in hyperosmotic conditions, similar to what we observed
in 2D hyperglycemic conditions. Co-culture of monocyte-
derived macrophages and (myo)fibroblasts on scaffolds in
hyperglycemic conditions resulted in a slightly increased
pro-inflammatory environment with increased collagen
gene expression levels. This did not translate into dif-
ferences in tissue production at the protein level, although
this is likely influenced by the relatively short culture
period.

In addition to phenotypical characterization and cyto-
kine secretion of the macrophages, we measured the ex-
pression of the metabolic receptors CD36 and SCL2AI
throughout this study. This was motivated by the notion
that macrophages prefer specific pathways for their energy
production, matching their functional requirements.**-°¢-%°
Since the pro-inflammatory M1 macrophages belong to the
first line of defense, and need to act quick within the first
hours to days, they mainly use glucose as a quick energy
source. The more regenerative M2 macrophages rely on
fatty acid metabolism, which provides a more sustainable
supply of energy.?”°® The first studies reporting on
monocyte and macrophage energy consumption showed
that (LPS-stimulated) M1 macrophages mainly use glucose
as their primary energ;/ source, increase the expression of
glucose transporter-1,’" and shift to aerobic glycolysis,
even in the presence of normoxia, also known as the
“Warbug effect.”’! Contrary, IL-4 stimulated M2 macro-
phages mainly use fatty acids for which they increase the
expression of CD36 and lipoprotein lipase and rely on
mitochondrial oxidative phosphorylation.”*”?

In accordance with these previous reports, in our study,
M1 macrophages showed a higher SCL2A] gene expression
compared with unpolarized MO and M2 polarized macro-
phages,®””* and CD36 was higher expressed in unpolarized
and M2 polarized macrophages compared with M1 polar-
ized macrophages.”>"’®

We detected that the expression of both CD36 and
SCL2A1I at the gene level increased in hyperglycemic and
hyperosmotic conditions compared with normoglycemic
conditions in both 2D and 3D for all biochemically induced
polarization states. This was also observed in 3D for CD36
expression, whereas SCL2A1 expression on the other hand
displayed a decreased expression in 3D scaffolds when ex-
posed to hyperglycemic conditions. Only a few studies re-
port the direct effect of a hyperglycemic environment on
monocyte and macrophage metabolism. A recent study by
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Pavlou et al investigated the effect of hyperglycemia on
murine bone marrow cell proliferation and differentiation
into macrophages.®'

They showed that sustained high glucose appeared to
reduce glycolytic capacity and glycolytic reserve, which
resulted in lower levels of NO production and reduced
bactericidal activity and ROS production.®’ Edgar et al were
triggered by the clinical observation that despite glucose-
lowering therapies, diabetic patients remain at elevated risks
for cardiovascular complications. The authors hypothesized
that hyperglycemia induced trained immunity (long-term
innate immune cell memory) in macrophages through epi-
genetic modifications. Through extensive metabolome,
transcriptome, and epigenomic analysis in experiments
with both murine and human macrophages, the study
demonstrated that, indeed, hyperglycemia induces trained
immunity in hematopoietic stem cells (macrophage pre-
cursors) and macrophages, due to aerobic glycation, which
results in a proinflammatory primed state.”’ It should be
noted that our CD36 and SCL2A1 results on the gene level
may not necessarily translate to protein expression, nor do
they provide functional information, such as glucose up-
take. Macrophage metabolism is highly complex and given
that our focus lies on in situ tissue engineering, unraveling
the exact mechanisms of macrophage metabolism under
the different conditions is beyond the scope of the current
study.

With recent advances in the field of immunometabolism,
the complexity of macrophage metabolism begins to unveil
itself, for which the reader is referred to in-depth reviews
by O’Neill et al®® and Liu et al’' Follow-up studies that
would help in understanding the effect of hyperglycemia
on in situ tissue engineering may include a more in-depth
analysis of metabolic downstream pathways and energy
consumption (e.g., via Seahorse real-time ATP assays), or
epigenetic analysis to shed light on the metabolic memory
of macrophages.””"’®

The donor heterogeneity as observed in our study can be
seen as both a strength and a limitation. The use of primary
cells represents the natural variation’” and physiological
conditions better than cell lines. However, when using pri-
mary cells from buffy coats, the available number of cells
per donor is limited, resulting in a relatively low overall n
when performing this set of experiments. Next to the limited
number of cells, also the available donor information is
limited, apart from the sex, age, and blood type of donors,
given that the donors are anonymized. Important to note is
that in The Netherlands, also diabetic patients can donate
blood, provided that they meet certain requirements (e.g.,
regulated blood sugar levels), which could substantially
influence the results of this study.

In 2019, Alrdahe et al compared monocyte-derived
macrophages isolated from blood donated by healthy and
diabetic volunteers. They demonstrated that classical acti-
vation of macrophages from diabetic donors resulted in
an increased production of inflammatory cytokines com-
pared with healthy macrophages. Further, macrophages
derived from diabetic donors showed impaired matura-
tion.®® This could be caused by metabolic memory, which
is the effect of hyperglycemia causing epigenetic changes
in macrophages that promote their pro-inflammatory
activation.®!

Therefore, it remains to be elucidated whether hypergly-
cemia alone induces the same changes in cells from healthy
donors as from diabetic donors, to determine whether ex-
posing healthy cells to a ‘““diseased’” environment is a rel-
evant model.

This study has several limitations. Due the limited number of
macrophages per buffy coat, we were limited in the possible
experimental set-ups. When more donors would be incorpo-
rated in follow-up studies, it may be possible to delineate
cohort-like response profiles to find possible underlying rela-
tionships within the variance. Although hyperglycemia is one
of the major hallmarks of diabetes, other systemic metabolic
conditions, such as hyperinsulinemia or the aggressive oxida-
tive environment, hamper immune cell function and regener-
ative capacity in these patients.?’ Finally, diabetic patients are
most often pharmacologically treated, the influence of these
medications might have an impact too on the macrophage
function, but these were not taken into account in this study.

Conclusion

In summary, this observative study shows that primary
human macrophages are sensitive to hyperglycemia and that
this affects the macrophage response to a 3D electrospun
scaffold. Much of these effects may be at least partly at-
tributed to the hyperosmotic environment that is caused by
the elevated glucose levels. Moreover, this study empha-
sizes the importance of donor-to-donor variability, which
highlights the need to study such phenomena with primary
human cells. To the best of our knowledge, this is the first
study to explore the influence of hyperglycemia on the
macrophage response to 3D scaffold and our findings are an
initial step toward developing more predictive models to
unravel macrophage-driven in situ tissue engineering.
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