1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Adv Drug Deliv Rev. Author manuscript; available in PMC 2023 December 18.

-, HHS Public Access
«

Published in final edited form as:
Adv Drug Deliv Rev. 2022 May ; 184: 114233. doi:10.1016/j.addr.2022.114233.

Immunoengineering strategies to enhance vascularization and
tissue regeneration

Jana Zarubova?P, Mohammad M. Hasani-Sadrabadi?, Reza Ardehali®d€, Song Li2d.*
aDepartment of Bioengineering, University of California, Los Angeles, CA 90095, USA

bDepartment of Biomaterials and Tissue Engineering, Institute of Physiology of the Czech
Academy of Sciences, Prague 14220, Czech Republic

¢Division of Cardiology, Department of Internal Medicine, David Geffen School of Medicine,
University of California, Los Angeles, CA 90095, USA

dEli and Edythe Broad Stem Cell Research Center, University of California, Los Angeles, CA
90095, USA

®Molecular Biology Institute, University of California, Los Angeles, Los Angeles, CA 90095, USA

fDepartment of Medicine, David Geffen School of Medicine, University of California, Los Angeles,
CA 90095, USA

Abstract

Immune cells have emerged as powerful regulators of regenerative as well as pathological
processes. The vast majority of regenerative immunoengineering efforts have focused on
macrophages; however, growing evidence suggests that other cells of both the innate and adaptive
immune system are as important for successful revascularization and tissue repair. Moreover,
spatiotemporal regulation of immune cells and their signaling have a significant impact on

the regeneration speed and the extent of functional recovery. In this review, we summarize

the contribution of different types of immune cells to the healing process and discuss ways

to manipulate and control immune cells in favor of vascularization and tissue regeneration. In
addition to cell delivery and cell-free therapies using extracellular vesicles, we discuss in situ
strategies and engineering approaches to attract specific types of immune cells and modulate their
phenotypes. This field is making advances to uncover the extraordinary potential of immune cells
and their secretome in the regulation of vascularization and tissue remodeling. Understanding the
principles of immunoregulation will help us design advanced immunoengineering platforms to
harness their power for tissue regeneration.
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1. Introduction

Tissue regeneration is a complex and dynamic process. Tissue injury initiates a sequence

of fine-tuned processes that include recruitment of immune cells, removal of damaged

cells, migration of fibroblasts, endothelial cells (ECs) and potentially progenitors to the
affected area, cell proliferation and differentiation, and deposition and remodeling of
extracellular matrix (ECM). Since tissue remodeling and cell survival rely heavily on the
supply of oxygen, nutrients, and other factors from the vasculature, delayed or insufficient
revascularization within damaged or implanted tissues impairs wound healing processes and
may result in poor integration of transplanted tissues.

New blood vessels are formed via three mechanisms: vasculogenesis, angiogenesis, and
arteriogenesis. Vasculogenesis is the process of de novo formation of blood vessels

during embryonic development. Angiogenesis refers to the sprouting of capillaries from
pre-existing blood vessels, while arteriogenesis describes remodeling and enlargement of
collateral vessels when a major blood vessel is occluded and unable to provide adequate
tissue perfusion [1]. Neovascularization in adults is most commonly stimulated by tissue
hypoxia, inflammation, and changes in fluid shear stress. Hypoxia induces the expression
of hypoxia-inducible factor 1a (HIF-1a) in local cells, which activates the transcription of
several angiogenic factors such as vascular endothelial growth factor (VEGF), neuropilin-1,
and angiopoietin-2 [2]. When quiescent endothelial cells (ECs) sense angiogenic signals,
they promote vasodilatation and increase vascular permeability thereby allowing plasma
proteins to leak out and create a provisional ECM. Local cells release proteases to degrade
ECM and liberate ECM-bound angiogenic factors; ECs proliferate and collectively migrate
into the surrounding tissue as multicellular sprouts, which consequently become lumenized.
Growth factors such as platelet-derived growth factor B (PDGF-B) and heparin-binding
epidermal growth factor-like growth factor (HB-EGF) [3] secreted by ECs control pericyte
recruitment. Pericytes decrease the vascular tube diameter [4]. The extent of pericyte
coverage varies among different vascular beds. Both ECs and pericytes then contribute to
the deposition of a basement membrane [5]. The newly formed network requires further
optimization, which is driven by blood flow forces. The poorly perfused branches are
eliminated, and the remaining blood vessels are stabilized by mural cells and become more
mature while ECs resume their quiescent phenotype.

Local inflammation can have proangiogenic effects as well. For example, proinflammatory
cytokine TNF-a can induce the upregulation of Notch ligand Jagged1 in stalk cells that
follow the leading tip cell in the vascular sprout [6]. This signaling helps to sustain elevated
VEGF receptor expression in endothelial tip cells, which promotes vessel growth. On the
other hand, high levels of TNF-a can loosen cell junctions [7] and inhibit endothelial
sprouting. The overall effect of TNF-a on angiogenesis is, however, also affected by
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pericyte coverage of the blood vessel. Intermediate pericyte coverage can enhance the
specification of tip and stalk cells and promote nascent spout growth and branching at high
TNF-a levels, while high pericyte coverage can suppress the effect of the inflammatory
environmental stimuli [8].

Avrteriogenesis is stimulated by changes in vascular wall shear stress, which lead to the
increase in vascular diameter and the vessel wall thickness. Activation of ECs leads to the
upregulation of cell adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1) and the secretion of chemokines like
CCL2, which recruit monocytes and other immune cells that then facilitate vascular
remodeling [9,10].

Strategies for therapeutic revascularization utilizing growth factors such as VEGF have been
widely explored to promote angiogenesis, although some clinical trials failed to demonstrate
significant benefits [11-13], which might be due to their low stability and short half-life in
the body or the fact that VEGF also increase the permeability of blood vessels which might
not be beneficial mainly in the later stages of vessel maturation. On the other hand, immune
cells play an important role in the regulation of angiogenesis; harnessing immune cells to
promote angiogenesis and tissue regeneration emerge as a promising therapeutic approach.
Immune cells not only protect the body against invading pathogens but they have also
recently been recognized as important regulators of tissue repair. Following tissue damage,
cells within the wounded area release signals to attract cells of the innate immune system
(e.g., neutrophils and macrophages). If the injury process persists for a longer period of
time, cells of the adaptive immune system, such as B and T cells, will also participate in the
restoration of tissue homeostasis. Immune cell phenotype and the duration of the particular
immune response can, however, dramatically influence the healing process.

Therefore, in this review, we provide an overview of different types and phenotypes of
immune cells and their respective effects on angiogenesis and tissue repair. We focus

on strategies that utilize immune cells or their extracellular vesicles (EVs) to promote
vascularization for tissue regeneration and approaches to recruit and induce pro-regenerative
immune cell phenotypes /n situ.

2. Roles of immune cells in angiogenesis

Tissue injury typically leads to vascular compromise, platelet activation, and coagulation.
The recruitment of innate and adaptive immune cells from circulation and local tissues
plays important roles in inflammatory responses, angiogenesis, and tissue remodeling. In
this section, we discuss the roles of the immune cells in wound healing, with a focus on
angiogenesis (Table 1).

2.1. Platelets

Platelets are among the first cells of the innate immune system to be recruited to the site of
injury. Following endothelial damage, these small anucleated cellular fragments derived
from megakaryocytes adhere to suddenly exposed subendothelial extracellular matrix
(ECM) proteins, such as collagen, which trigger platelet activation and aggregation [14].
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Platelets contain three types of granules that are released to the extracellular space upon
activation: a-granules, dense granules and lysosomes; a-granules are the most abundant,
comprising around 10% of platelet volume, and contain hundreds of compounds involved

in coagulation, inflammation, wound healing, and angiogenesis. These compounds include
not only pro-angiogenic growth factors such as vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF) and insulin-
like growth factors (IGF) but also angiogenesis inhibitors such as thrombospondin (TSP)-1
and angiostatin [15]. Despite the presence of both pro- and anti-angiogenic modulators,
activated platelets have an overall stimulatory effect on angiogenesis [16]. Platelet dense
granules and lysosomes seem not be essential for the formation of new blood vessels [17].
Additionally, microvesicles (0.1-1 um in diameter) derived from activated platelets have
been shown to promote endothelial proliferation, survival, migration and tube formation /n
vitro presumably caused by phospholipids, such as sphingosine 1-phosphate and growth
factors such as VEGF and bFGF [18]. Besides their function as important regulators of
hemostasis, activated platelets also recruit other immune cells to the site of injury and
modulate their functions either by directly interacting with them or by releasing different
paracrine factors in their soluble forms or enclosed within microvesicles. The first physical
interaction between platelets and leukocytes, in particular neutrophils, is formed between P-
selectin on activated platelets and P-selectin glycoprotein ligand-1 (PSGL-1) on neutrophils.
This interaction recruits free-floating neutrophils to the affected site and also activates

their immunological functions [19]. Activated platelets also express CD40 ligand (CD40L)
on their surface that interacts with cell surface receptors of macrophages, B cells, or T

cells [20]. CD40-CD40L interactions can trigger the release of superoxide and reactive
oxygen species (ROS) by leukocytes or promote activation and maturation of dendritic cells
(DCs) [21]. CD40L can stimulate VEGF secretion by macrophages, which then promotes
angiogenesis [22]. However, platelet surface expression of CD40L is temporary. Soon after
activation, CD40L is cleaved by extracellular proteases and released either in a soluble form
or carried on the surface of platelet microvesicles, which can stimulate EC proliferation and
promote sprouting [23].

2.2. Neutrophils

Neutrophils, the most abundant white blood cells in humans (5-10 x 1010 cells produced
daily) [24], are among the first cells to be recruited to the site of injury (Fig. 1A). They

are well known for their bactericidal functions including phagocytosis, release of cytotoxic
granular content, production of ROS, and formation of neutrophil extracellular traps (NETS)
[25]. Additionally, recent discoveries demonstrate that they also play important roles in
tissue repair and angiogenesis [26]. In the absence of neutrophils, macrophages alone are
not able to sufficiently revascularize implanted biomaterials. Neutrophil recruitment to the
implant, therefore, seems to be crucial for the successful engraftment of bioengineered
capillaries. It was also observed that implanted unassembled vascular cells or vascular cell-
derived conditioned medium attract more neutrophils than implants with fully assembled
vascular networks. This effect was ascribed to the inhibition of Notch signaling by factors
released from the unassembled vascular cells [27].
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Depending on the signals received from the microenvironment, neutrophils can be polarized
to different phenotypes, ranging from the proinflammatory N1 to the anti-inflammatory

N2 state. This differential activation can influence the recruitment and function of other
immune cells e.g. monocytes, macrophages, B cells, or T cells [28]. Transforming growth
factor-y (TGF-p) has been shown to play a major role in neutrophil polarization state

[29]. TGF-B inhibition induces cytotoxic N1-like phenotype; characterized by secretion of
inflammatory cytokines like TNF-a, IL-1p or IL-6 (Fig. 1B) [26]. On the contrary, sustained
presence of TGF-B results in N2-like neutrophils secreting anti-inflammatory factors and
proangiogenic mediators such as VEGF and matrix metalloproteinases (e.g., MMP-9) [30],
which are responsible for the degradation of ECM components and the release of VEGF
and other growth factors bound to the ECM. These neutrophils usually express IL-10

[31] and chitinase Ym1 [32-34], which promote angiogenesis. It is suggested that the
polarization state of neutrophils changes temporarily over the course of tissue repair [35]
and is dramatically dependent on the signals received from the microenvironment. N1-like
neutrophils are predominant in the early phase of tissue repair, whereas the N2-like subsets
appear later and contribute to the healing process [36], not only through the secretion of

the above mentioned factors, but also expression of signals that increase their clearance by
macrophages. For example, N2-like neutrophils express mannose receptor CD206 [35] and
apoptotic neutrophils upregulate so called ‘eat-me’ signals [37] (such as phosphatidylserine)
that promote their phagocytosis by macrophages, which consequently induces macrophage
polarization into an M2 anti-inflammatory state. If this sequence is disturbed and neutrophils
remain in the proinflammatory N1-like state or are not properly cleared from the injured
tissue, they might significantly contribute to the excessive inflammation [26].

2.3. Macrophages

Macrophages are innate immune cells that arrive to the damaged site usually within 1 day
post-wounding [38] and similarly to neutrophils, can be polarized into different phenotypes
depending on the microenvironment. M1 proinflammatory macrophages can be induced /n
vitro by cytokines such as IFN-y or bacterial components like lipopolysaccharide (LPS),
whereas polarization into M2 anti-inflammatory macrophages can be achieved through
stimulation with IL-4 and IL-13 [38].

However, M1 and M2 macrophages are just the two extremes of the whole spectrum

of macrophage phenotypic states, which can be found during the regeneration process.
Generally, at the beginning of the healing process, macrophages are polarized into an
M1-like proinflammatory phenotype that phagocytize cellular debris or apoptotic cells,
express markers such as CD80, CD86, and nitric oxide synthase (iNOS); and secrete
proinflammatory cytokines [39], e.g., tumor necrosis factor (TNF-a.,) IL-1p, or IL-6.
However, the number of these proinflammatory M1-like macrophages decrease over time
and by day 4 post-injury, the M2-like reparative phenotype prevails. M2-like macrophages
express high levels of CD206 and suppress inflammation by secretion of IL-10 or arginase-1
[40]. Both M1 iNOS and M2 arginase-1 metabolize the substrate L-arginine, however,
M2-like macrophage metabolism results in the production of ornithine that promotes cell
proliferation and tissue repair. M2-like macrophages also secret growth factors like TGF-p
or PDGF [41], which are important for pericyte recruitment [42] and consequent blood
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vessel stabilization. Moreover, M2-like macrophages produce MMPs (especially MMP-9) to
remodel ECM and release VEGF [43,44].

The importance of macrophages in the revascularization process was documented in
previous studies, where the ablation of macrophages during the early phases of wound
healing significantly impaired neoangiogenesis [45]. In the same way macrophage function
changes over time during tissue regeneration, different macrophage phenotypes are involved
in regulating distinct parts of angiogenic processes. M1-like phenotype seems to be critical
at the beginning of angiogenesis around day 3 post-injury, when highly disorganized

and leaky blood vessels appear. At this time, proinflammatory macrophages secrete high
levels of VEGF [46] and are in a close contact with tip cells of sprouting capillaries

(Fig. 1B) [47]. However, long-term presence of M1-like macrophages causes vessel
regression [48]. M2-like anti-inflammatory macrophages dominate in later stages to promote
anastomoses, stabilize growing blood vessels, and subsequently participate in vascular
network remodeling (Fig. 1C). It was also shown that conditioned medium from M2-like
macrophages was sufficient to induce anastomoses, which indicates that, at this stage, the
cell-cell contact is not necessary [46]. Moreover, there is a possibility that macrophages
also directly contribute to angiogenesis by transdifferentiating into ECs, pericytes or smooth
muscle cells [49].

2.4. Dendritic cells

2.5. TCells

DCs are professional antigen-presenting cells that reside in an immature state in peripheral
tissues. Upon recognition of a foreign antigen, they undergo maturation and migrate to
the secondary lymphoid organs where they present the processed antigen to naive T cells
and thus govern T cell activation and polarization. In their immature state, DCs might
promote tolerance by inducing regulatory T cell formation through TGF-f production,
whereas mature DCs stimulate immunological responses by controlling effector T cell
polarization [50]. Depending on the signals from the microenvironment, DCs express
various pro-angiogenic (VEGF, bFGF) or anti-angiogenic factors (IL-12, IL-18) [50] that
can modulate neovascularization directly, through the stimulation of ECs, or indirectly via
the recruitment and polarization of other immune cells. For example, DCs might produce
TSP-1, which binds to VEGF or other growth factors and impairs their angiogenic effects
[51]. TSP-1 also binds to MMP-9 and suppresses its activation [52]. While under hypoxic
conditions, DCs promote CD4 + T helper cell polarization into a Th2 pro-angiogenic
phenotype [53].

T cells differentiate into the CD4 + or CD8 + subsets in the thymus and afterwards

migrate to the secondary lymphoid tissues (e.g., spleen or lymph nodes). Here T cells
encounter their cognate antigen presented by an antigen presenting cell (APC) that induces
their proliferation and terminal differentiation into either effector or memory T cells. This
interaction between T cells and APCs is modulated by the T cell receptors (TCRs) present
on the cell surface that bind to an antigen coupled to MHC on the surface of the APC.

This binding leads to T cell activation and initiates a cascade of events that includes
cytoskeletal reorganization, Ca2* influx, and cytokine production. After approximately 3-5
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days, the activated effector T cells leave the lymph nodes and travel to the site of injury
[54]. Cytotoxic CD8 + T cells facilitate removal of necrotic tissue and increase macrophage
activation, but their effect on tissue regeneration is generally detrimental [55,56]. CD4 +

T cells might limit or promote regeneration, depending on the specific subtype. CD4 + T
helper 1 (Th1) cells secrete high levels of IL-2, TNF-a, and IFN-vy. This phenotype has been
reported to either provide no benefit to revascularization or even inhibit EC proliferation
and migration, which induces vascular regression [57]. On the contrary, CD4 + T helper 2
(Th2) cells and Th17 cells [58] can promote regeneration and angiogenesis either directly,
by secreting angiogenic factors that enhance EC migration and sprouting, or indirectly

by secreting cytokines like IL-4 or IL-13 which can induce macrophage polarization into
M2-like phenotype [57,59].

Regulatory T cells (Tregs) represent another subset of CD4 + T cells that are involved in
the regulation of the healing process by suppressing proinflammatory immune responses.
Tregs modulate tissue regeneration by controlling neutrophil infiltration and behavior. For
instance, Tregs promote neutrophil secretion of anti-inflammatory molecules including
IL-10, TGF-B, heme oxygenase-1, and indoleamine 2,3-dioxygenase (IDO) [60]. Similar
to Th2 cells, Tregs secrete anti-inflammatory cytokines like IL-4 to induce M2-like
macrophage polarization [61,62]. Besides their effect on macrophages, Tregs might also
secrete I1L-10 by themselves and promote EC proliferation [63]. Tregs were also reported
to secrete amphiregulin (ligand of epidermal growth factor receptor), which can promote
regeneration [64] and angiogenesis by inducing VEGF synthesis in other cell types [65], or
they can facilitate regeneration by affecting local stem and progenitor cells [66,67].

Besides having the potential to differentiate into plasma cells producing antibodies, B
cells can also present antigens to T cells and modulate local immune responses through
the production of various cytokines. It was shown that IgG immunoglobulins produced

by B cells at the site of injury facilitate the macrophage phagocytosis of dead cells [68].
Production of 1gG can also stimulate macrophage pro-angiogenic activity via Fcu receptor
engagement [69]. Moreover, mature naive B cells can increase angiogenesis and accelerate
tissue regeneration by either secreting pro-angiogenic mediators such as VEGF [70] or
TGF-B [71], or indirectly enhancing the pro-angiogenic properties of fibroblasts and other
cells in the wound microenvironment [54].

3. Revascularization and regeneration in aging and disease

The body’s regenerative ability declines with age, which is accompanied with altered
immune responses, impaired angiogenesis, and increased risk of developing chronic
wounds or autoimmune diseases. Aging is characterized by decreased oxygen supply

to tissues, reduced response to hypoxia and delayed neovascularization [72]. Moreover,
aging organisms show signs of the low-grade systemic inflammation also known as
“inflammageing”, which is associated with an increase of circulating myeloid cell
populations relative to lymphoid cell populations in part caused by the decline in thymic
activity necessary for the development of T cells and also by changes in the bone marrow,
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where myelopoiesis and lymphopoiesis take place [73]. In addition to these alterations,
aging is also marked by increased levels of circulating proinflammatory mediators such as
IL-1, IL-6, or TNF-a [74], which may decrease the sensitivity of immune cells. Despite
the same levels of chemokines at the wound site, the recruitment of neutrophils and
macrophages to the affected tissue is diminished in aged compared to young animals.
Moreover, some studies also report disturbed phagocytic abilities of neutrophils and
macrophages in aged or diseased tissues, which leads to further alterations in the normal
dynamics of the healing process. T cell infiltration into the injured tissue in aged animals is
delayed but T cells ultimately reach higher numbers in the affected tissue. Age-associated
T cells also exhibit T cell exhaustion phenotype, which is associated with an incomplete
differentiation of aged CD4+ T cells into effector cells. IFN-inducible CXCR3 ligand,
CXCLY, is one of the chemokines that was found to be involved in aging, adverse tissue
remodeling and poor vascular function [75]. Aged ECs and certain immune cells secrete
increased levels of the angio-static factor CXCLJ9 [76], which inhibits blood vessel growth
by interacting with VEGF and preventing its binding to ECs [77].

Altered HIF-signaling can be also found in autoimmune diseases such as diabetes mellitus,
where insufficient angiogenesis contributes to impaired tissue regeneration and development
of chronic wounds [78]. Chronic wounds fail to heal and remain in the early inflammatory
state of the healing process even after 12 weeks. Macrophages in chronic wounds have
reduced ability to phagocytose apoptotic cells and neutrophils, which accumulate in the
wound and create strong inflammatory environment [38]. Macrophages are not able to
efficiently transfer to anti-inflammatory phenotype but they release increased levels of
metalloproteinases that degrade ECM.

Chronic tissue injuries may also lead to normal tissue architecture destruction, excessive
matrix deposition, scar formation, tissue hypoxia, and abnormal neovascularization. Most
newly formed blood vessels in fibrotic tissue are immature and fail to mitigate the ischemic
state of the tissue. VEGF secreted in the affected tissue also increase vessel permeability and
stimulate myofibroblast proliferation and collagen synthesis [79]. M2-like macrophages that
remain in the fibrotic tissue for a prolonged time release factors such as TGF-y, PDGF and
galectin-3, which activate myofibroblasts and promote their survival [80].

Together, these observations suggest that any alterations in the normal regeneration process
even though they are caused by increased expression of otherwise pro-regenerative growth
factors or prolonged presence of immune cells that have normally reparative function might
disrupt the balanced signaling that lead to the reestablishment of tissue homeostasis.

4. Invitro and in vivo models for evaluating angiogenesis

As described above, regeneration is dependent on a proper tissue revascularization, which is
deeply affected by the signaling from immune cells and other cells in the microenvironment.
To dissect the complexity, several in vitro assays have been developed over the years to
investigate specific stages of the angiogenic process. In contrast to /77 vivo experiments,

in vitro assays are relatively simple and enable high-throughput screening of different
pro-or anti-angiogenic compounds or conditions [81]. Besides standard proliferation tests

Adv Drug Deliv Rev. Author manuscript; available in PMC 2023 December 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zarubova et al.

Page 9

that are used to compare the growth rate of vascular cells treated with different agents,
other /n vitro models such as wound closure model or frans-well cell migration assay (also
known as Boyden chamber assay) are used to evaluate EC migration [82]. In the wound
closure assay, cells are grown to confluency and then scraped to create a cell-free area into
which cells migrate to. The cell migration ability is generally evaluated as a percentage

of the wound closure after several hours to days. The trans-well cell migration assay is
based on a chamber separated by a microporous membrane into two compartments with
different media composition. This assay can be used to evaluate chemotactic properties of
different cells or agents. The microporous membrane can be also coated with different ECM
proteins to study cell invasion. Moreover, ECs can be seeded on specific substratum or
embedded into a hydrogel as single cells or spheroids and their migration can be observed
by time-lapse microscopy. These types of experiments can be done also with co-cultures of
two or more cell types that can be labeled with different fluorescent dyes to evaluate the
cell-cell interactions and contribution of different cell types to the neovascularization [48].
Furthermore, more physiologically relevant conditions can be simulated by applying fluid
flow in the system, for example, by utilizing different organ-on-a-chip platforms.

One of the most widely used /n vivo angiogenic assays is the plug assay that is versatile,
least costly, and easy to perform [81]. A hydrogel containing the studied agent or cells

is injected subcutaneously and the blood vessel sprouting into the plug can be evaluated
after a week. Neovascular quantification is based on the vascular ingrowth in the plug,
blood vessel density, or the expression of EC genes evaluated by quantitative polymerase
chain reaction. Permeability and maturation of newly formed blood vessels can be evaluated
after intravenous injection of fluorescently-labeled dextran of different molecular weights.
Cutaneous wound assay is another very frequently used /n vivo angiogenesis assay [83,84].
During the healing process, vascular density increases by several folds generally within a
week after wounding and returns to the initial level after 3 weeks. Therefore, it is advisable
to evaluate the blood vessel density at several time points and after the revascularization
peak use this model to assess vessel maturation and remodeling. Most commonly, the total
number of blood vessels per area (vessels/mm?) is evaluated together with the number of
vascular branches and a vessel diameter. The quantification of blood vessel maturation can
be done by staining pericytes and other mural cells and by evaluating their association with
blood vessels. Parameters such as the metabolic status of the tissue and the oxygenation
level can be also used to determine the efficacy of the vascular supply. Myocardial ischemia
and hind-limb ischemia models are also widely used /n vivo models to study angiogenesis
and arteriogenesis. Prolonged myocardial ischemia caused by inadequate blood supply can
lead to myocardial infarction (MI) and even heart failure. Ml is typically induced by the
ligation of the left anterior descending coronary artery in small animal models (typically
mice or rats) and the treatment can be initiated immediately after the infarction or a few
days later. In addition to the standard histology and immunohistochemistry, heart function
and structure can be monitored by echocardiography. In larger animal models, blood vessels
can be visualized for example by computed tomography angiography [85]. The extent of
neovascularization and tissue regeneration in hind-limb ischemia model is dependent not
only on the animal age but also on the species and even on the choice of mouse or rat strain.
For example, C57BI6 mice can often fully recover without any therapeutic interference
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while other mouse strains such as Balb/C display a poor regenerative capacity [86]. Another
limiting factor is that majority of the /n vivo experiments are done on young animals that
might not reflect the systemic changes observed in older patients. Thus, the limitations and
specifics of different models need to be taken into account when designing the experiments.

5. Delivery of immune cells and EVs

Immune cells significantly contribute to the healing process and revascularization. However,
a disturbance in the physiological healing process can have detrimental effects on tissue
regeneration. Immune cells that erroneously persist as a specific phenotype, such as M1-

like macrophages during chronic inflammation or M2-like macrophages during the fibrotic
process, prevent proper immune signaling and may extend the duration of injury. Therefore,
different approaches have been developed in order to manipulate immune cells to promote
tissue repair or revascularization. This section will focus on the delivery of immune cells and
their derivatives such as EVs.

5.1. Immune cell delivery

Delivery of ex vivo expanded immune cells, mainly macrophages, was tested as a treatment
option for multiple different diseases with generally positive effects on regeneration and
revascularization (Table 2). Monocytes or macrophages from healthy donors transplanted
into the wounds of normal or diabetic mice accelerated wound healing by increasing
angiogenesis as demonstrated by CD31 staining. The same positive results were also
obtained after the transplantation of monocytes or macrophages from diabetic patients into
diabetic mice. It thus appears that increasing the number of macrophages at the site of injury
above the physiological level can promote revascularization and significantly accelerate
wound healing [87] and that the transplantation of autologous macrophages can be beneficial
even for patients with autoimmune diseases. Although the pro-regenerative properties are
generally ascribed to the M2-like macrophages [88-90], there are also studies showing that
M1-like macrophages are helpful in promoting tissue repair. However, these macrophages do
not persist in the pro-inflammatory phenotype but evolve into the M2 state over time [91].
Incorporation of macrophages into engineered tissues also significantly enhanced vascular
ingrowth and supported anastomosis between host and graft vessels, which was verified by
video recordings of red blood cell flow in the newly formed vasculature [48,90].

Moreover, the therapeutic efficacy of delivered immune cells can be further potentiated
by utilizing the cells themselves as drug carriers [92]. Immune cells can be equipped
with backpacks filled with bioactive molecules, which are released upon stimulation in a
highly localized fashion (Fig. 2A). The geometry of the cellular backpacks was shown
to be an important parameter affecting the stability of the cargo attachment to the cell
surface; non-spherical particles are internalized to a lesser extent by macrophages and
retain the capacity for drug release longer compared to their spherical counterparts [93].
The attachment of the backpacks to the immune cell surface can be achieved by covalent
coupling to cell surface proteins [94], covering the backpack with a cell-adhesive layer,
such as hyaluronic acid modified with aldehyde and poly(allylamine) hydrochloride, or
coupling to cell-specific antibodies, e.g., anti-CD45 antibodies for T cells. Backpacks then
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gradually release compounds, which continuously guide the polarization of immune cells.
An interesting system utilizes stimuli-responsive cargo release via a crosslinker system that
responds to the local changes in redox environment. Upon antigen recognition, T cells
increase their surface reduction potential which leads to the release of cytokines from
nanogel backpacks and enhanced T cell expansion [95].

Intravascular or localized administration of macrophages or other immune cells through
needles has adverse effects on cell viability. This consequence, along with poor retention

of the administered cells in the site of injury [96], requires more attention and may explain
the discrepancies in the reported therapeutic effects of immune cells delivered by injections.
These issues might be overcome through cell encapsulation in various types of implantable
or injectable biomaterials that can protect cells during the administration process, shield
against stresses from the new microenvironment, and improve targeted localization and
function. The biomaterial scaffolds used for these purposes can have porous structures,

with pore sizes in a range of tens to hundreds of micrometers, to allow for delivered cell
migration out of the scaffold [97]. For example, cryogels are injectable porous materials [98]
that are typically formed by freezing the gel mixture and consequently removing ice crystals
by thawing. This process leads to the formation of a macroporous sponge-like structure that
is able to squeeze within the needle and then to rapidly restore its original shape and size
following injection.

Additionally, biodegradable materials with smaller pore sizes can be used for cell
encapsulation [99]. Injectable hydrogels for these applications can be formed by /n

situ chemical crosslinking, which is most commonly photo-initiated, redox-initiated, or
polymerized by Michael-type addition. Alternatively, hydrogels can be cross-linked by
external stimuli such as temperature, pH, ion concentration, or hydrophobic interactions.
Some of these physically cross-linked hydrogels have shear-thinning properties [100], which
means that they liquefy under shear stress and may solidify upon relaxation. This improves
the retention and spatial control of encapsulated cells following injection, as the rapid
solidification post-injection can limit leakage to the neighboring tissues. The degradation of
such hydrogels and the release of encapsulated cells can be realized by reversing the gelation
mechanism or, in many cases, by incorporating degradable sequences in the biomaterial.
The addition of /n situ degradable peptides, such as MMP-sensitive sequences or stimuli
responsive peptides, enables better control of the degradation rate compared to hydrolysis

or by other enzyme-mediated processes. Materials for these purposes might be composed

of natural or synthetic polymers, which can be further modified, for example, with ECM-
derived cell adhesion peptides, such as RGD or REDV derived from fibronectin, GFOGER
from collagen, or IKVAV from laminin, to support cell adhesion to the scaffold and prevent
cell death from anoikis [101]. Alternatively, cells can be covered with a thin layer of a
non-biodegradable material, e.g. agarose, that permits the secretion of paracrine factors from
the caged cells to modulate the microenvironment [102].

5.2. EV delivery

The outcomes of cell therapies can vary greatly as the exposure to microenvironmental
cues can polarize transplanted cells into different phenotypes and influence their secretome.
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Moreover, cell viability and survival play a significant role. Therefore, based on observations
that the therapeutic effect of cells might be, to a great extent, replicated by the factors
secreted by these cells, cell-free therapies are under development. EVs have received much
attention recently as mediators of tissue regeneration. These small membrane-enclosed
vesicles, 30 nm — 1 um in diameter, contain bioactive molecules and genetic information
derived from the cell of origin and are able to shuttle their EV content into the target cells
and influence their behavior. Platelet EVs, for example, can accelerate the restoration of
endothelial integrity after vascular injury [103] and enhance healing of chronic diabetic
wounds by increasing the proliferation and migration of ECs [104]. This prohealing effect of
EVs may be mediated by proangiogenic growth factors contained in EVs and their effect on
YAP activation, which increases fibroblast migration, proliferation, and collagen synthesis
to enhance wound closure [104]. Moreover, platelet EVs were reported to influence

CD4+ T cell activation by increasing TGF-p production, decreasing IFN-y, and inducing
differentiation towards immunosuppressive Tregs [105], which facilitate tissue regeneration.

Like platelet EVs, macrophage EVs have also been reported to influence the tissue
regeneration process. Macrophage EVs were shown to contain proteins such as VEGF and
Whnt3a, and miRNAs such as miR-130a, which regulate angiogenesis. Once transplanted in
a hydrogel plug in mouse model, the presence of EVs increased the blood vessel ingrowth
into the hydrogel and the diameter of newly formed vessels was larger in comparison

to the control group [106]. However, the content of EVs and their effects might be also
dependent on the macrophage phenotype from which they are derived. EVs isolated from
M2 anti-inflammatory macrophages contain bioactive molecules generally connected with
this phenotype, which include chemokine CCL24 and glycoprotein lactadherin (MFG-E8)
that promote M2-like differentiation, and chemokines SDF-1 and eotaxin-1 that promote
angiogenesis. The addition of M2 EVs to proinflammatory M1-like macrophages was
shown to convert their phenotype to an M2 pro-healing state [107]. This strategy might be
particularly beneficial for the treatment of non-healing wounds or other diseases where the
persistence of M1-like macrophages and their inability to transition to an anti-inflammatory
M2 state hinders the healing process. Favorable effects on tissue regeneration were also
reported for neutrophil EVs [108] and T cell EVs [109], but one can expect that the EV
composition will be significantly dependent on the parental cell phenotype.

EVs secreted by different cells have specific receptors and adhesion molecules on their
surface, which intrinsically enable preferential targeting to particular tissues [110]. This
property of EVs can be exploited to target their delivery to specific cell types or injury
sites. The homing specificity of EVs can be further improved by displaying a particular
protein or tissue-homing peptide on their surface. One example approach fuses the protein
sequence with the C1C2 domain of lactadherin, which localizes to EV membranes [111].
Alternatively, EV decoration with tissue-specific antibodies or homing peptides might be
ensured by so called “cloaking”, which utilizes a phospholipid membrane anchor coupled
with PEG and streptavidin to which any biotinylated molecule can be bound [112].
Moreover, peptides that bind to EV surface markers such as CD63 were recently discovered
and offer further possibilities for EV functionalization and cargo loading [113].
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Besides natural EVs, bioinspired vesicles can be generated by cell extrusion through
microchannels or filters with pores smaller than 1 pm [114]. Alternatively, cell membranes
might be isolated and used for nanoparticle coating. This approach was studied, for example,
with platelet membrane-cloaked polymeric nanoparticles, which selectively adhered to
damaged vasculature [115]. Moreover, integration of cell surface molecules such as
leukocyte-derived adhesion molecules (LFA-1 and PSGL-1) into synthetic phospholipid
vesicles also demonstrated an improvement in EV homing specificity to inflamed
endothelium [116].

To further increase the therapeutic potential of EVs or their artificial alternatives, vesicles
might be loaded with drugs or other therapeutic agents through different procedures.
Example encapsulation techniques include passive loading by co-incubation with a
therapeutic agent or active loading by sonication, electroporation, repeated freeze-thawing,
saponin permeabilization, or coextrusion [117]. The choice of the optimal drug loading
methodology is dependent on drug hydrophobicity and EV lipid composition. Hydrophobic
drugs can generally penetrate the lipid bilayer of EVs, and their encapsulation efficiency

is therefore similar for both passive and active loading methods, while the encapsulation
level of intermediate or hydrophilic drugs can be significantly improved by a suitable active
loading method. EVs can also be attached to or loaded with metal-based nanoparticles (like
gold or paramagnetic iron oxide nanoparticles) to enable high precision imaging and spatial
control under a magnetic field [118,119].

The circulation kinetics and biodistribution of exogenously administered EVs significantly
affect their therapeutic efficacy. Besides the composition, EV route of administration and
spatiotemporal release rate can undoubtedly impact their overall effect. The majority

of therapeutic EVs have so far been administered in solution by injection. However,
subcutaneous injections may not provide a prolonged and localized effect due to the leakage
of EVs into blood or neighboring tissues [120,121]. Also, EVs administered intravenously
are cleared from circulation within minutes [122], most commonly taken up by cells of the
innate immune system [123]. Nevertheless, EV circulation half-life might be significantly
affected by the EV surface composition. It was observed that EVs containing CD47 on
their surface, which is a “‘don’t eat me’ signal that inhibits phagocytosis, showed enhanced
retention in systemic circulation [124]. Furthermore, biomaterials can provide spatial and
temporal control over EV release [125,126], which may help to overcome these hurdles and
advance clinical translation of therapeutic EVs.

Thus, delivery of autologous immune cells, mainly macrophages, seems to have a positive
effect on the regeneration of various tissues. One of the therapeutics effects that were
observed is accelerated tissue revascularization, which is indispensable for cell survival
and successful tissue repair. However, the therapeutic efficacy of such approach will be
most likely dependent on many factors, including the patient disease stage, which might
significantly affect the function of immune cells to be transplanted. Moreover, transplanted
immune cells might not be retained at the site of the defect and might migrate to undesired
locations, where they can aggravate other co-existing diseases such as cancer that might
not yet be diagnosed. In this regard, EVs seem to be a safer option as they can be better
controlled and might have similar therapeutic effect. Moreover, EVs can be potentially
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derived from genetically modified cells with HLA knockout antigens that might enable the
use of universal allogenic EVs with much well characterized content for different therapeutic
applications. In comparison to cell therapy, this approach would be also much more cost
effective. However, the field has yet to see if one dose of EVs can replicate the long term
therapeutic effect of cell delivery.

6. Strategies for immune cell recruitment

Instead of delivering ex vivo expanded immune cells, tissue regeneration might also be
supported by recruiting and modulating endogenous immune cells at the site of injury
[127,128]. Besides a variety of biomolecules for immune cell recruitment, drug delivery and
biomaterials engineering have shown great potential for immune cell modulation.

Macrophage recruitment has been tested with cytokines like macrophage colony-stimulating
factor (M-CSF) (Fig. 2B), which promoted macrophage infiltration to the damaged tissue
and accelerated wound healing and neovascularization by regulating macrophage migration,
proliferation, and polarization into an M2-like phenotype [129,130]. Robust macrophage
recruitment was also observed after co-delivery of two proangiogenic growth factors PDGF-
BB and FGF2; this strategy was comparably efficient to M-CSF and VEGF modification

in promoting rapid and stable vascularization of artificial scaffolds [131]. Interestingly,

a significant delay in macrophage infiltration was observed in diabetic wounds, where
macrophage numbers started to increase after 10 days, while in normal wounds macrophages
already begin to retreat at that time point. The treatment with proinflammatory chemokine
(C-C motif) ligand 2 (CCL2) helped to restore macrophage kinetics and significantly
improved wound healing [132].

Besides cytokines and growth factors, macrophages can be attracted by so called “find-
me” signals secreted by apoptotic cells. Sphingosin-1-phosphate (S1P) is one of these

cues secreted by cells when tissue homeostasis is disturbed [133]. However, S1P can
interact with multiple receptors and depending on the binding site differentially stimulate
macrophages. S1P binding to SIPR1 promotes macrophage migration, whereas binding

to S1IPR2 suppresses macrophage migration. Therefore, SIPR1-specific agonist SEW2871,
that does not act on S1PR2, is used to increase macrophage infiltration in some tissue
engineering applications. Incorporation of micelles containing SEW2871 into gelatin
hydrogels increased macrophage migration [134], but this strategy did not lead to enhanced
regeneration unless SEW2871 was co-delivered with stromal cell-derived factor 1 (SDF-1),
which promoted the recruitment of mesenchymal stem cells [135] that polarized infiltrated
macrophages towards pro-regenerative M2-like phenotypes.

Moreover, delivery of pro-inflammatory molecules such as pathogen-associated molecular
patterns, which are recognized by Toll-like receptors (TLRS), can be used to attract immune
cells [136]. For instance, an LPS-modified scaffold attracted M1-like macrophages, which
are important for the initiation of the angiogenic process. Similarly, wound treatment with
CpG oligonucleotides that activate TLR9 promoted the migration of macrophages to the
damaged site and increased the production of VEGF, which accelerated re-vascularization
and regeneration [137].
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Biomaterial delivery platforms not only provide sustained and prolonged presentation of
therapeutics but also enhance their stability and localization [138]. However, the choice of
biomaterial can significantly affect the immune cell behavior. For instance, fibrin hydrogel
scaffolds can attract a higher number of macrophages compared to gelatin hydrogels and
polarize them into an M2-like phenotype [139]. The morphology of macrophages cultured
on fibrin gels was reported to be round. Therefore, the anti-inflammatory phenotype might
potentially be explained by observations of another study, which showed that preventing
macrophage spreading reduced actin polymerization and consequently suppressed their pro-
inflammatory phenotype [140].

Apart from macrophage recruitment, there is also evidence that regeneration and
angiogenesis can be enhanced through adaptive immune activation. Administration of
hydrogel with incorporated D-enantiomeric peptides into a skin wound induced T-helper cell
dependent antibody responses, which enhanced recruitment of macrophages to the wound.
Increased myeloid cell infiltration boosted tissue regeneration and even promoted hair
neogenesis [141]. Extracellular matrix scaffolds derived from decellularized tissues can also
promote tissue regeneration by creating a microenvironment that support T cell polarization
to Th2 cells, which release anti-inflammatory cytokines and modulate local macrophages
toward an M2-like phenotype [142]. Moreover, reintroduction of scaffold-bound antigen, in
vaccinated animals can concentrate antigen-specific CD4+ Th2 T cells within the scaffold
and adjacent tissues. These cells consequently enhance vascularization and regeneration

of an ischemic tissue by suppressing the secretion of pro-inflammatory cytokines such as
IFN-y and by increasing the production of pro-regenerative cytokines like 1L-10 [143].

In contrast to immune cell delivery, /n situimmune cell recruitment represent an attractive,
scalable and cost-effective approach to boost revascularization and tissue regeneration by
harnessing patient’s immune cells. Many problems with tissue repair seem to originate
from delayed or insufficient immune cell recruitment and angiogenesis, which hamper the
progression from proinflammatory to anti-inflammatory phase of the healing process. This
approach is based on the idea that once the appropriate types and numbers of immune cells
are recruited to the local tissue, the desirable regenerative signaling can be restored. To

gain further control of the immune cell polarization, additional strategies can be explored as
needed.

7. Strategies for in situ manipulation of immune cell phenotypes

7.1. Delivery of immunomodulatory factors

Pro-inflammatory as well as anti-inflammatory immune cells are important players in

tissue regeneration. However, the gradual progression of the regeneration process relies

on both the strength of the immune cell response and the specific timeline of distinct
immune cell contributions to re-establish tissue homeostasis. Various immunomodulatory
strategies have been developed to manipulate immune cell phenotypes and ratios to promote
revascularization and regeneration. For example, intravenous administration of negatively
charged nanoparticles at an early phase of regeneration can bind to the circulating immune
cells [144]. Immune cells that internalize these particles traffic to the spleen rather than

to the site of injury, which reduces the numbers of M1-like macrophages in the damaged
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tissue and shifts the balance towards M2-like macrophages. Alternative to indirect strategies
that prevent the influx of immune cells, biomaterial delivery platforms can be used for

the localized delivery of immunomodulatory factors to the site of injury. This approach

can limit side effects often associated with systemic administration of the therapeutics and
may also increase their half-life in the body. The local retention and the release profiles

of immunomodulators can be controlled by adjusting material properties. For example,
modulation of the swelling rate, degradation rate, or material chemistry, which can influence
the affinity of the immunomodulatory agent to the biomaterial, can be tailored to achieve the
desired type and intensity of immune response. Immune-instructive biomaterials releasing
cytokines or growth factors (e.g., IL-4 [145,146]) to promote phenotypic switch, most

often towards M2-like macrophages, were shown to accelerate regeneration. However, the
sequential release of multiple immunomodulatory agents inspired by the natural healing
process might provide even better control over the dynamic actions of immune cells.

For instance, a decellularized scaffold with initial fast release of M1-promoting IFN-y
followed by sustained release of 1L-4 (Fig. 3A) was developed to stimulate angiogenesis and
regeneration [42].

Similar to protein delivery, genetic material delivery using different types of viruses or
biomaterials has been employed to provide instructive signaling for immune cells. For
example, lentiviral delivery of IL-10, which plays important role in scarless healing [147],
induces sustained macrophage polarization towards an anti-inflammatory phenotype even
in the presence of inflammatory stimuli [148]. Furthermore, the delivery of other small
nucleic acids involved in gene regulation has been investigated to modulate immune cell
polarization. For instance, miR-15b/16, which is able to induce Treg formation [149],
might have vast therapeutic potential. The non-viral scaffold-mediated antagomiR-133a
delivery platform is an example of a therapeutic inhibition of miRNA, which consequently
induces M2-like macrophages and accelerates tissue repair [150]. Alternatively, clustering
of the mannose receptors on the surface of macrophages by nanoparticles decorated with
glucomannan can also induce macrophage polarization into M2-like phenotype [151].

Cathelicidins, short cationic antimicrobial peptides, produced by neutrophils, monocytes,
and mast cells are another interesting immunomodulatory agents with pro-angiogenic
properties. In addition to their antimicrobial activities, these peptides are also chemotactic
for neutrophils, monocytes, and T cells [152] and can stimulate macrophage differentiation
toward a proinflammatory phenotype [153]. Nevertheless, these peptides can also inhibit
apoptosis of hypoxic ECs [154], increase VEGF expression and induce angiogenesis by
inhibiting degradation of HIF-1a [155]. Delivery of human LL-37 peptide in nanoparticles
accelerated neovascularization and promoted wound healing [156] and the topical treatment
of large chronic leg ulcers with LL-37 peptide showed promising results also in clinical
trials [157,158].

7.2. Metabolic reprograming of immune cells

Depending on the signals received from the microenvironment, immune cells can change
their metabolism which induces reprogramming into different phenotypes. Generally,
immune cell energy metabolism based on glycolysis is connected with inflammatory
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reactions, while metabolism based on oxidative phosphorylation is associated with
anti-inflammatory processes (Fig. 3B). Pro-inflammatory M1-like macrophages rely on
glycolysis even in aerobic conditions, which enables them to rapidly provide energy

to maintain redox homeostasis and to produce substances like ROS necessary for the
clearance of pathogens. M1-like macrophages are also characterized by their high inducible
nitric oxide synthase (iNOS) activity [159]. The consequent NO production can inactivate
iron-sulfur-containing complexes of the mitochondrial electron transport chain and cause
mitochondrial dysfunction, which then hampers the repolarization of M1-like macrophages
into M2-like phenotype [160]. The tricarboxylic acid (TCA) cycle of M1 macrophages is
disrupted at two points [161], which leads to the accumulation of citrate that is utilized

for the synthesis of the anti-bacterial compound itaconate. Another breakdown of TCA

is observed at succinate dehydrogenase, which leads to succinate accumulation. Succinate
acts as a pro-inflammatory molecule and stabilizes hypoxia-inducible factor (HIF) [162],
which in turn induces the expression of the glucose receptor GLUT1 and promotes aerobic
glycolysis by increasing the expression of lactate dehydrogenase essential for regenerating
NAD +. M1-like macrophages also favor iron storage over its transport, which decreases
iron availability and contributes to the growth restriction of extracellular microbes. In
contrast, M2-like macrophages increase iron secretion with ferroportin and utilize mainly
oxidative phosphorylation to meet their ATP requirements [163]. M2-like macrophages also
display increased fatty acid uptake and synthesize lipids with anti-inflammatory properties
like resolvins and lipoxins, while M1-like macrophages produce inflammatory leukotrienes
and prostanoids [164].

The differences in the macrophage metabolism are also leveraged by ECs to promote
revascularization. ECs generate majority of their energy via glycolytic conversion of
glucose to lactate. During muscle regeneration after ischemia, ECs instruct metabolic
reprogramming of macrophages towards M2-like phenotype by providing macrophages with
lactate, which can serve as a substrate for oxidative phosphorylation. Lactate-polarized
macrophages in return upregulate the VEGF expression to stimulate angiogenesis [165].

Metabolic reprogramming of immune cells thus offers new ways to shape immune
responses in order to support tissue regeneration. For example, sirtuins, the NAD-dependent
deacetylases, favor the M2-like macrophage phenotype by inhibiting glycolysis and
stimulating mitochondrial oxidation of fatty acids [166]. Administration of sirtuin activators
can promote regeneration by suppressing inflammation and decreasing the levels of
proinflammatory cytokines [167]. Metabolic reprogramming of macrophages can be also
induced by lipids. For instance, incubation of macrophages with saturated fatty acids,

such as palmitate, induces their polarization into M1-like phenotype, while unsaturated
fatty acids, such as eicosapentaenoic acid, promote M2-like polarization characterized by
an increased secretion of I1L-10. Similarly, delivery of lipoxin A4 encapsulated into poly-
lactic-co-glycolic acid (PLGA) microparticles improves stability of this lipid derivative and
accelerates wound healing by promoting M2-like macrophage expansion and angiogenesis
[168].

naive T cells have low metabolic requirements and rely mostly on fatty acid oxidation (FAQO)
and oxidative phosphorylation (OXPHOS) for their energy production. Upon activation,
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T cells increase in size and start to rapidly divide. To cover the increased amounts of

energy, activated T cells upregulate aerobic glycolysis, which although inefficient, is a faster
bioenergetic pathway compared to OXPHOS when there is a steady glucose supply [169].
Cell metabolism also plays a significant role in T cell differentiation. For example, CD4 +
Th1, Th2, and Th17 subsets upregulate glycolysis for anabolic purposes, whereas CD4 +
Treg cells mainly prefer FAO-fueled OXPHOS for energy generation. This phenomenon
might be potentially explained by the growth kinetics of the different T cell subsets.

Unlike effector T cells that exhibit a sudden proliferation burst, Tregs grow continuously at
moderate levels [170]. These distinct metabolic programs can be manipulated by controlling
the mammalian target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK)
pathways, which play opposing roles in the control of these processes. mTOR increases
glycolysis and diminishes FAO, while AMPK suppresses mTOR signaling and promotes
OXPHQOS. Thus, Treg numbers can be significantly increased after administration of
metformin, an inducer of AMPK [171], or after treatment with rapamycin, an inhibitor

of mTOR [172].

7.3. Tuning mechanical cues of the microenvironment

When designing immunomodulatory biomaterials, it is also important to take mechanical
properties into account. Biophysical cues, such as stiffness of the microenvironment and

the way these materials react toward applied forces (like stress relaxation), have a great
impact on immune cell behavior; documented by several studies dealing with different types
of immune cells [173]. For example, platelet adhesion and spreading are dependent on the
stiffness of the substrate. When comparing substrates with stiffnesses from 0.25 to 100 kPa,
an increase in number of adherent platelets can be observed on stiffer substrates that reaches
a plateau on 50 kPa gels. Importantly, stiffer substrates also cause higher levels of platelet
activation as determined by increases in integrin allbp3 activation, P-selectin secretion, and
phosphatidylserine exposure [174].

Neutrophils also spread less on softer gels (5 kPa) compared to stiffer gels (50 kPa).
Moreover, stiffness of the material also affects neutrophil migration. On softer surfaces,
cells move faster but migrate a shorter distance because they often change the direction
of movement. While on stiffer gels neutrophils move more slowly but more persistently,
resulting in greater traveled distance despite their slower movement [175].

Macrophage polarization is dependent on the microenvironmental rigidity as well. Stiff
collagen-coated polyacrylamide gels (323 kPa) prime macrophages towards M1-like
phenotype, while medium (88 kPa) and soft (11 kPa) gels direct macrophages into
anti-inflammatory state, even in the absence of chemical induction factors like LPS or
IL-4. After IFN-y and LPS treatment, the secretion of proinflammatory factors further
increases mainly on stiff gels, while after chemical induction into M2, the highest levels
of anti-inflammatory cytokines (e.g., IL-10) peak on softer substrates and this behavior
doesn’t seem to be dependent on the surface chemical composition [176]. Similar behavior
was observed on gelatin methacrylamide (GelMA) hydrogels with stiffness of 2, 10, and
29 kPa. Softer hydrogels increased macrophage secretion of TGF-$, and subcutaneously
implanted hydrogels showed increased M2-like macrophage infiltration but decreased
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fibrotic tissue deposition around the material [177]. Macrophage response to the stiffness

of the microenvironment is dependent on the activity of transcriptional coactivators Yes-
associated protein (YAP) and the sensing by non-specific cation channel Piezol, which
mediates Ca2* influx into the cells [178]. Upon macrophage adhesion to stiff surfaces, YAP
translocates to the nucleus and this increase in active YAP is associated with enhanced
macrophage inflammatory activation. YAP entry into the nucleus is dependent on the
cytoskeletal polymerization while active YAP inhibits actin polymerization and macrophage
contractility [179].

Different subsets of macrophages also differ in their migratory ability. MO and M2
macrophages can migrate faster than M1 macrophages (Fig. 4Ai). Macrophages can
generally adopt two types of migratory behavior: amoeboid migration, which is adhesion
independent movement used mainly by neutrophils and lymphocytes, and mesenchymal
migration that is characterized by the formation of actin-rich protrusions and adhesive
interactions with the substrate that are followed by detachment and retraction of the cell
rear. Macrophages cultured on the softer substrates display fast amoeboid migration, while
macrophages on stiff gels adopt slower mesenchymal migration. However, this behavior is
probably not only governed by substrate stiffness, but it is also affected by the expression
of cell adhesion molecules like integrins and availability of adhesion ligands. Usually,

low cell-substrate adhesion does not support cell motility and high adhesion inhibits cell
locomotion, whereas intermediate adhesion to the substrate generates optimal conditions for
cell migration. Accordingly, M1-like macrophages were reported to express higher levels
of integrin apa, compared to M2-like macrophages and therefore migrated more slower
[180]. This can also shed light on their biological roles, as inflammatory macrophages

are more dedicated to clearing pathogens or irregularities within the local environment
while anti-inflammatory macrophages can travel and screen longer distances to regulate
regeneration and inflammation.

To increase the numbers of specific T cell subsets that might affect tissue regeneration, T
cells first need to be activated by interactions with antigen presenting cell (APC). T cells
need two signals to become activated: binding of the T cell receptor (TCR) to an antigen
presented on the MHC complex of APC followed by the co-stimulatory interaction of CD28
on the surface of T cell with CD80/CD86 on the surface of APC cell. An additional the third
signal represents a cytokine exposure that determines further T cell specialization, such as
Th1 type (cells exposed to I1L-12), Th2 (IL-4), or Th-17 (IL-6, IL-23).

Such T cell activation processes might be, to some extent, replicated by biomaterials
functionalized with ligands that bind to receptors on the immune cell surface. In these
systems, biomaterial stiffness is one of the parameters that might significantly affect the
level of T cell activation. Generally, stronger T cell activation is observed on stiffer materials
(Fig. 4Ai). For example, the activation of CD4+ naive T cells on polyacrylamide gels
modified with anti-CD3 and anti-CD28 antibodies was stronger on gels with stiffness of

100 kPa than on the softer gels of 0.5-10 kPa [181,182]. However, it is hard to draw
conclusions on the optimal biomaterial stiffness that would induce the highest T cell
activation as different studies have used varying densities of T cell stimulating signals

and adhesion molecules, which might have significant impact on the final cell response.
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This was supported by the observation that T cells adhering to substrates grafted with
anti-CD3 and anti-CD28 via the TCR complex spread minimally on softer materials (0.5
kPa), maximally on substrates of 5 kPa, and decays to minimum again at 7 MPa. However,
if the surface was functionalized with anti-CD3 and ICAM-1, a ligand of integrin LFA-1,

T cell spreading did not decrease on substrates that were stiffer than 5 kPa [183]. It thus
appears that TCR mediated binding to anti-CD3 coated surfaces is myosin-independent and
that LFA-1 promotes the growth of an actin network at TCR activation sites, which enhances
the cytoskeletal tension and changes the T cell sensitivity to the substrate stiffness [184].
Moreover, T cell sensing of stiffness might be also dependent on the ability of biomaterials
to support TCR clustering on the T cell surface, which was shown to be necessary for
efficient T cell activation [185]. It is also possible that different T cell subsets have different
preferences for optimal stiffness-dependent activation. For example, the induction of Tregs
from naive CD4+ T cells is observed when the cells are cultured on anti-CD3 and anti-CD28
coated softer substrates (100 kPa) compared to that of higher rigidities (3 MPa) [186].
However, in this work, substrates softer than 100 kPa were not tested, so the efficiency of
Treg induction on even softer materials remains to be elucidated.

Besides T cell activation and proliferation, rigidity of the microenvironment also affects T
cell motility. Under pathological conditions, tissue stiffness increases and is accompanied by
changes in ECM structure, density and composition. For example, the collagen structure of
normal skin is composed of dense layers of interwoven collagen fibers, while in the inflamed
skin, collagen fibers are transformed into loose networks of much thicker fibers with
increased fibronectin deposition. During inflammation, T cell motility significantly increases
as T cells upregulate aV integrins that help them adhere to fibronectin and facilitate their
migration in inflamed tissues [187]. This effect was also replicated /n vitro, where activated
T cells migrated more in hard (40 kPa) threedimensional (3D) alginate scaffolds modified
with RGD as opposed to soft (4 kPa) hydrogels [188]. The physiological context for using
this range of stiffnesses comes from empirical measurements of mouse lymph nodes prior
(~4 kPa) and after systemic viral infection with lymphocytic choriomeningitis virus (LCMV)
(Armstrong strain) ~ 40 kPa [189].

Physical cues of ECM such as density, stiffness, and degradability also affect the behavior

of ECs such as the invasion of endothelial sprouts. In softer less-crosslinked matrix, ECs
migrated faster but easily lost intercellular connectivity and migrated as single cells, whereas
in the matrix with intermediate crosslinking densities and slower degradation rate, ECs
maintained cellular contacts and migrated collectively as multicellular sprouts [190,191].

The behavior of vascular cells and immune cells is also affected by mechanical stimuli in the
microenvironment such as cyclic strain, compression and fluid shear stress (Fig. 4Aii). For
example, it was reported that moderate cyclic strain (7%) promoted macrophage polarization
into M2-like phenotype and ECM synthesis while higher cyclic strain (12%) triggered
induction of M1-like macrophages [192]. Higher mechanical loading with early onset also
decreased vascular network length and branching; however once a critical stage of vascular
maturity was reached, the same mechanical stimulation did not have a negative effect on

the vascular network [193]. In addition, intraluminal shear stress over the endothelium

and transmural flow through the endothelium above 10 dyn/cm? triggered endothelial cell
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sprouting by upregulating MMP-1 [194]. Whether the immune cells in microcirculation play
arole in this process remains to be determined.

7.4. Engineering patterning, topography and porosity

As previously described, stiffness of the microenvironment can modulate cell shape and
cytoskeletal organization to impact immune cell behavior. Therefore, it is not surprising
that control of immune cell shape can also induce different phenotypes and functions,
without changing the stiffness of the biomaterial. For instance, macrophages cultured

on micropatterned substrates containing 20-um wide lines of fibronectin separated by
20-um wide lines of non-adhesive surface adopted elongated morphology, which induced
their polarization toward an M2-like phenotype and reduced secretion of proinflammatory
cytokines. Moreover, such restriction in cell spreading also enhanced M2-like polarization
when induced by IL-4/1L-13 stimulation yet reduced the secretion of proinflammatory
factors when induced by IFN-y/LPS [195]. In addition, T cell activation can be increased
by the micropatterning of co-stimulatory ligands, where the focal presentation of antibodies
against CD3 and CD28 increases T cell activation [196] (Fig. 4Aiii).

Beside micropatterned substrates, cell shape can be also modulated by surface topography.
Similar to the previously discussed stripes, micro and nano-patterned grooves were also
shown to promote cell elongation. In the case of macrophages, cell elongation was the
highest on substrates with 0.5-5 um wide grooves and cells cultured on these surfaces
were polarized towards an anti-inflammatory phenotype and secreted significantly higher
levels of anti-inflammatory IL-10 [197]. Also, ECs cultured on microgrooves had elongated
morphology and secreted EVs to promote anti-inflammatory macrophage phenotype, in
comparison to ECs with cobblestone shape [198]. Moreover, hierarchical micro-nano
topography was shown to better suppress pro-inflammatory signaling in macrophages than
flat surfaces and nanostructures. Conditioned medium from macrophages grown on the
surfaces with micro and nano-features also increased the expression of angiogenic genes
in ECs [199]. In addition, differential T cell spreading on various topographies leads to
different levels of T cell proliferation and activation; for example, 100- and 200 nm grid
patterns improve T cell expansion comparing to the flat surfaces [200].

Furthermore, 3D scaffold microstructure is critical not only for immune cell infiltration
and angiogenesis but also for immunomodulation. A variety of fabrication methods have
been developed to engineer biomaterials of defined microarchitecture and pore sizes. These
features can be tuned by adjusting microparticle/microfiber size and alignment, by laser
ablation or by incorporating into a scaffold sacrificial microfibers/microparticles, which
are consequently removed to increase the scaffold porosity and thus the recruitment of
immune cells including macrophages and DCs [201-205]. In electrospun scaffolds, thicker
electrospun microfibers (3 um) with pores of 30 um in diameter induce more M2-like
macrophages and promote increased angiogenic factors secretion [206]. In porous scaffolds
generated with the use of ice crystal/cryoprotectant-based porogen, scaffolds with smaller
and softer pores (30 um, 20 kPa) contain more pro-inflammatory macrophages, whereas
scaffolds with larger and stiffer pores (90 um, 190 kPa) induce more anti-inflammatory
macrophages [207].
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Macrophages seeded on collagen/chitosan scaffolds cross-linked with genipin with average
pore sizes of 160 and 360 um showed M1-like polarization after 1 day but macrophages

in the scaffold with larger pores expressed higher levels of the M2-related genes and
secreted more anti-inflammatory and proangiogenic cytokines in the later time points.
Supernatants derived from the macrophages cultured on the scaffold with larger pores

also promoted higher ECs migration and tube formation /n vitro. After subcutaneous
implantation, scaffolds with larger pores showed increased blood vessel infiltration into

the scaffold and lower numbers of M1-like macrophages than scaffolds with smaller pore
sizes [208]. Scaffolds with pore sizes in a range of 20-90 pm also promoted DC maturation
[201]. Myeloid cells infiltrating scaffolds with 40-um or 100-um spherical pores secreted
EVs to upregulate Treg transcriptional markers in T cells. However, EVs secreted by cells
infiltrating scaffolds with 100-pum pores also increased Thl inflammatory gene expression in
T cells, which explains the reduced inflammation and foreign body reaction in the scaffolds
with 40-um pores [209]. These studies underscore the importance and complexity of the
effects of 3D scaffolds on immune cells, where besides the pore geometry, the immune cell
behavior is influenced by the chemical composition as well as stiffness of the biomaterial.
More in-depth investigations are, therefore, needed to better understand how biomaterials
can be engineered to direct immune cell behavior and signaling to promote regeneration.

7.5. Biomaterial composition

When designing immunomodulatory biomaterials and biointerfaces to direct immune cell
phenotype and behavior, biomaterial properties such as surface charge, wettability, chemical
composition, and degradability need to be taken into account as well. Generally, positively
charged materials are more likely to trigger proinflammatory immune cell responses than
neutral or negatively charged materials (Fig. 4Bi). Moreover, positively charged particles are
quicky opsonized and more readily internalized by macrophages, therefore, they have much
shorter half-life in the bloodstream (~2h) than anionic and neutral particles [210].

Besides surface charge, biomaterial wettability can affect protein adsorption and
conformation and consequently also immune cell adhesion and polarization (Fig. 4Bii).
Hydrophobic biomaterials tend to induce proinflammatory M1-like macrophage activation
while hydrophilic or neutral surfaces create more anti-inflammatory microenvironment by
polarizing macrophages and T cells into pro-healing phenotypes, which leads to a faster
inflammation resolution and tissue repair [211,212].

Synthetic biomaterials can be manufactured with high precision, and their properties can be
tailored to meet a large range of requirements. However, they are not able to simulate

the complexity of the natural ECM signaling. Therefore, additional modifications and
coatings with ECM components can be further applied. For example, addition of heparan
sulfate to the formulation can enhance the biomaterial immunomodulatory properties
because heparan sulfate binds various cytokines (IL-10, SDF-1, TNF-a) and growth factors
(VEGF, FGF-2, PDGF, EGF), which can affect immune cell polarization and stimulate
angiogenesis [213]. Hyaluronic acid (HA) is another glycosaminoglycan with broad
immunomodulatory activities. Low molecular weight HA fragments are proangiogenic

and promote EC migration, proliferation and collagen synthesis while they have also
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proinflammatory properties and stimulate activation of leukocytes through toll-like receptors
(TLR) [214,215]. High molecular weight HA (over 1000 kDa) have, on the other hand,
angiostatic properties, suppress M1-like polarization and promote the production of pro-
resolving cytokine IL-10 and Treg formation [216] (Fig. 4Biii).

More complex ECM scaffolds can be obtained by tissue decellularization. Comparison

of macrophage reactions to a decellularized ECM (urinary bladder matrix, UBM) and
synthetic material (polycaprolactone, PCL) showed that UBM accelerated regeneration

by inducing IL-4 and Th2 immune responses while PCL triggered IL-17-driven fibrosis.
The decellularized ECM promoted macrophage polarization into two primary subsets. The
proinflammatory macrophages (CD301b+ CD9+) were enriched in the scaffold from 1 to
3 weeks while the anti-inflammatory macrophages (CD301b+ CD9-) remained enriched
in the scaffold for longer time. The anti-inflammatory macrophages were phagocytic and
expressed high levels of eotaxin-2, a chemokine that attracts eosinophils [217]. In contrast,
PCL showed low levels of both of these subsets at all time points, which highlights the
complexity of immune signaling and dynamics of the microenvironment that can lead to
different outcomes.

Moreover, decellularization of different tissues or just the usage of different decellularization
agents can lead to different immune cell reactions that can be caused by cell remnants, ECM
components or EVs [218] that remained in the scaffold [219]. Generally, slowly degrading
or chemically crosslinked decellularized tissues induce prolonged proinflammatory reactions
while scaffolds that degrade faster result in constructive tissue remodeling [220] (Fig.

4Biv). Biomaterial degradation rate and dynamic changes in biomaterial structure and
composition as well as release of various bioactive degradation products and ions thus

need to be taken into account when designing immunomodulatory biomaterials. For
example, calcium signaling plays important role in the recruitment of macrophages to

the wound and their proinflammatory activation [221]. Intracellular Ca2* oscillations also
occur in migrating ECs during capillary sprouting after VEGF binding to the receptor

on EC membrane [215]. Biomaterials that can control calcium levels were developed to
dynamically regulate polarization stages of macrophages. For instance, lanthanide-doped
upconverting nanoparticles with mesoporous silica shell were developed as nanocarriers of
calcium regulators. These particles enable temporal regulation of the intracellular calcium
levels after near-infrared light excitation, which triggers intracellular release of calcium
regulators. Using this system, it was observed that the elevation of intracellular calcium

ions promoted macrophage polarization into proinflammatory M1-like phenotype while
calcium ion depletion led to M2-like polarization [222] (Fig. 4Bv). This modulatory effect
might be, however, strongly dependent on the concentration of bioactive ions. Hydrogels
containing calcium silicate as a source of multiple bioactive ions were also shown to
decrease apoptosis of ECs and to stimulate angiogenesis, which led to increased survival of
ischemic tissue [223]. Other bioactive ions such as Cu?* are able to stabilize HIF-1a, which
leads to increased secretion of VEGF and enhanced angiogenesis [224,225]. However, ion
release from the biomaterials can also change the pH of the microenvironment, which can
contribute to the immune cell phenotypic changes [226]. Alkaline microenvironment (pH
8.2) can promote M1-like macrophage polarization while acidic pH (pH 6.6) tend to polarize
macrophages into M2-like phenotype [227] (Fig. 4Bvi).
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In situ manipulation of immune cell phenotypes represent a complex set of strategies

that have been so far explored to repolarize immune cells and to control their function

in favor of tissue revascularization and regeneration. Many times, immune cells persist

in proinflammatory state or in M2-like state in a fibrotic tissue and do not follow the
natural timeline of the healing process. The goal of regenerative immunoengineering is,
therefore, to remove brakes that slow down the regeneration process. It is evident that

it is not just the delivery of immunomodulatory factors that can affect the immune cell
phenotypic change and behavior. Immune cell metabolism is closely connected with the
epigenetic regulation of gene expression and thus targeting metabolism of immune cells
can lead to significant changes in their secretion and function. Moreover, biomaterial
properties such as stiffness, architecture, and composition for both immune cell delivery
and for /n situ immunomodulation need to be carefully considered in order to support

the desired immune cell phenotype and function. Currently, our understanding of how
these properties can regulate immune cells and how different types of immune cells
modulate the revascularization and tissue regeneration is still limited. The complexity
and interconnectivity of the /n vivo system make it is hard to evaluate which biomaterial
properties are perceived as essential by the immune cells. The advances in intravital
microscopy and research in small model organisms such as zebrafish and organ-on-a-chip
systems can extend our knowledge and give us more clues for designing the next generation
immunomodulatory biomaterials.

8. Conclusion and perspectives

Immune cells are becoming increasingly recognized as important regulators of re-
vascularization and tissue regeneration. So far, regenerative therapies have mainly focused
on macrophages and their delivery, recruitment, and repolarization to promote tissue repair.
However, there are indications that other immune cell types, such as neutrophils or T

cells are just as important for successful tissue regeneration. Our view of the immune
system and its capabilities is rather simplified in this regard. For instance, macrophages are
simply divided into two groups of “good” (M2) and “bad” (M1) phenotypes, but such clear
distinctions may not be appropriate in various context. There are multifaceted functions of
M1 and M2 macrophages with many other transitional phenotypes. The underappreciated
M1 macrophages are emerging as very valuable participants of the initial phase of the
healing process for their role in cleaning the wound and secreting pro-angiogenic factors,
while on the other hand M2-like macrophages can be detrimental for tissue repair if they
persist in the site of injury for longer periods of time. It is evident that the timing of different
immune cell involvement as well as sequential changes in the immune cell signaling are
very important. A better understanding of these processes will be crucial for the design of
more advanced regenerative strategies. To fully understand the complex interactions among
immune cells and local cells, single cell RNA sequencing of cells in regenerating tissues,
in combination with biocomputational analysis, will provide unprecedented insights into
the mechanisms at the molecular level and the network of cell-cell communications with
an unprecedent temporal and spatial resolution. Furthermore, this single-cell approach will
allow us to gain an in-depth understanding of the effects of cell delivery and drug delivery
and enable rational design of therapeutics with precise control of the immune cells and
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regeneration process. It is also important to understand the effects of the delivered immune
cells on the function and phenotypes of the other immune cells present in the wound.

To our knowledge, there are currently no definitive studies that characterize this process

in details, which requires cell tracing and analysis. We believe that the advances in the
intravital imaging, genetic manipulations and single cell sequencing analysis would enable
to precisely distinguish delivered/recruited immune cells and tissue-resident immune cells.

Genetic engineering of immune cells, as represented by chimeric antigen receptor T-cell
therapy, has been successfully developed to treat cancer. With the advances of synthetic
biology and gene editing technologies such as CRISPR/Cas9 system, it is possible to
engineer immune cells with desirable functions in targeting, secretion and immunoactivation
or immunosuppression. One may also engineer cells that can secrete EVs or molecules

with immunomodulatory effects. To realize these therapies, a key step is to understand the
mechanisms of immunoregulation and identify the potential therapeutic targets.

Cell delivery is often complicated by issues of cell viability and uncontrollable/
unpredictable cell behavior. These problems might be potentially overcome by delivering
immune cells with other cell types such as mesenchymal stem cells, which will maintain the
immune cells in anti-inflammatory phenotypes. This cell therapy, known as Ixmyelocel-T,

is already showing promising results in phase 2 clinical trials for patients with ischemic
heart failure and critical limb ischemia [89,228-230]. Moreover, further improvement in cell
viability and function can be achieved by engineering cell spheroids or encapsulating cells
in hydrogels/scaffolds, which can maintain delivered cells at the desired place and localize
their immunomodulatory effect. This approach might also prevent side effects that can be
caused by uncontrolled spreading of delivered cells to different organs and tissues.

Delivery of therapeutic EVs instead of their parental cells might be an interesting option

to overcome the major disadvantage of cell therapy, which is the inability to precisely
control cell behavior. EVs secreted by specific cell types that have immunomodulatory
effects can be collected and delivered as immunomodulators to treat various types of
diseases or to accelerate revascularization and tissue regeneration. The content of EVs can
be further manipulated by specific culture conditions or genetic modifications of their cells
of origin or drug loading into EVs. The barriers to translate this approach into clinical
applications include batch-to-batch variations in EV preparations and the complex secretome
yet to be characterized to identify the active components. It is likely that the therapeutic
efficacy relies on the combined effects of multiple components, and thus the quality control
of manufacturing process is critical to ensure the consistency of EV therapeutic effects.
Moreover, this cell-free therapy might be further combined with biomaterial scaffolds to
achieve better spatiotemporal control of release kinetics during the healing process.

The next-generation strategies to enhance tissue repair should be tailored to the needs

of individual patients, which can be done by implementing new technologies that can
provide higher design flexibility or through tissue-responsive biomaterials that can provide
immunomodulation depending on the state of tissue damage. Biomaterial mechanical
properties as well as chemical composition should be carefully considered as they can
impact the immune cell polarization. For example, in addition to the stiffness and
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topography and microstructure of the biomaterials, there is evidence that viscoelastic
properties of the scaffolds could have impact on cellular responses, which remain to be
investigated for immune cell modulation. Moreover, differences in the metabolism between
pro-inflammatory or anti-inflammatory cells might be utilized to guide the immune cell
polarization.

Furthermore, to address the temporal regulation of immune cells during tissue regeneration,
biomaterials that would consecutively release different immunomodulatory agents to attract
and polarize various immune cell types during the course of tissue regeneration might

be designed to more accurately mimic the natural healing process and offer higher level

of control over the immune cell actions. Moreover, delivery systems that would be able

to repeatedly engage pro-inflammatory and anti-inflammatory immune cells and basically
reproduce the healing process several times might be an interesting way to deal with larger
defects where it is not possible to stick to the normal healing timeline.

In conclusion, being able to control and manipulate the immune system appears as a

very promising strategy to accelerate tissue regeneration. However, our understanding

of the interplay between immune cells and the damaged tissue is complicated by

our inability to accurately replicate the complexity of the immune system and the
microenvironment with the use of /n vitro models. Advancement in technology development
in mechanistic investigations and biomaterial delivery systems, such as single cell profiling,
computational biology, artificial intelligence, high-resolution time-lapse microscopy, hon-
invasive monitoring and actuation, and tunable and responsive biomaterials, can offer
valuable insight into the spatiotemporal dynamics of immune cell actions and inspire future
immuno-engineering efforts for the development of effective therapies.
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Fig. 1. Engagement and polarization of immune cells in different phases of re-vascularization
and tissue regeneration.

(A) Physiological timeline of sequential recruitment of different types of immune cells to
the damaged tissue and an average duration of their involvement in revascularization and
tissue repair. Neutrophils are among the first immune cells to be recruited to the wound
bed followed by macrophages, which are first polarized into pro-inflammatory M1-like
phenotypes. Gradually over the course of the healing process, the balance is shifted to M2-
like anti-inflammatory macrophages. Finally, after approximately 3-5 days, the activated
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effector T cells and B cells travel to the site of injury to modulate tissue regeneration.

(B) The beginning of the healing process. P-selectin on the surface of activated platelets
helps to recruit free-floating neutrophils to the affected site. Neutrophils are first polarized
into pro-inflammatory N1 phenotype and secrete cytokines like TNFa, IL-1p or IL-6.
Activated platelets also express CD40 ligand (CD40L) on their surface that interacts with
the receptor on the surface of macrophages. This interaction can stimulate VEGF secretion
by macrophages, which promotes angiogenesis. M1-like macrophages are important at the
beginning of the angiogenic process when they are in a close contact with tip cells of
sprouting capillaries. Neutrophils, which are polarized in the presence of TGF-f into an
anti-inflammatory N2-like phenotype, also secrete VEGF and metalloproteinases, which
release growth factors bound to ECM. Apoptotic N2-like neutrophils are phagocytosed

by macrophages, which induce their polarization into M2-like anti-inflammatory state.
Regulatory T cells (Tregs) represent a subset of CD4 + T cells that are involved in the
regulation of the healing process by suppressing proinflammatory immune responses. Tregs
also secrete amphiregulin, which can promote angiogenesis by inducing VEGF synthesis
in other cell types. (C) Blood vessel stabilization and tissue remodeling. M2-like anti-
inflammatory macrophages, which express high levels of CD206, dominate in later stages
of the healing process where they secrete cytokines like IL-10 or growth factors such as
TGF-p or PDGF. M2-like macrophages also promote anastomoses, stabilize growing blood
vessels, and consequently are involved in vascular network remodeling. CD4 + T helper 2
(Th2) cells, Tregs, and Th17 cells can promote regeneration and angiogenesis either directly,
by secreting angiogenic factors that enhance EC proliferation and migration, or indirectly
by secreting cytokines like IL-4 which can induce macrophage polarization into M2-like
phenotype.
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Fig. 2. Delivery or recruitment of immune cells to enhance angiogenesis and regeneration.
(A) Delivery of ex vivoexpanded immune cells, mainly M2-like pro-regenerative

macrophages or immune cells equipped with backpacks bound to their surface, which
gradually release compounds that continuously guide the polarization of immune cells.

In order to improve immune cell retention at the site of the injury and increase cell
viability, cells can be encapsulated various types of implantable or injectable biomaterials.
Moreover, extracellular vesicles (EVs) secreted by cells can replicate the therapeutic
effect of delivered cells. EVs can be furthermore modified by various techniques such as
cloaking, loaded with drugs, or conjugated with homing peptides to further increase their
pro-healing effects and homing specificity. (B) Macrophage recruitment can be promoted
by cytokines like macrophage colony-stimulating factor (M-CSF), growth factors such

as VEGF, chemokines like CCL2, or “find-me” signals, which are normally secreted by
apoptotic cells. Biomaterials can provide not only the sustained and prolonged presentation
of therapeutics but they can also enhance their stability and localization. Biomaterial
scaffold with bound antigen can increase the local concentration of antigen-specific CD4
+ Th2 T cells and promote angiogenesis and regeneration.
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A Delivery and controlled release of immunomodulatory factors
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Fig. 3. Modulation of immune cell phenotype and behavior in situ
(A) Delivery and controlled release of immunomodulatory factors. To promote phenotypic

switch towards M2-like macrophages, various immune-instructive biomaterials releasing
growth factors or cytokines like IL-4 can be used. Sequential release of multiple
immunomodulatory agents from a biomaterial, such as initial fast release of M1-promoting
IFN-y followed by sustained release of I1L-4, was developed to better control dynamic
phenotypic switch of macrophages. Genetic material delivery using different types of
viruses or biomaterials has been employed to provide instructive signaling for immune
cells. Nanoparticle-triggered clustering of mannose receptors on the surface of macrophages
promote their polarization into M2-like phenotype. (B) Metabolic reprograming of immune
cells. Glycolysis-based energy metabolism is generally connected with inflammatory
reactions while metabolism based on oxidative phosphorylation is associated with anti-
inflammatory processes.
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Fig. 4. In situ modulation of immune cell function by changing biomaterial properties and
mechanical stimulation

(A) Microenvironmental physical cues. (i) Stiff biomaterials prime macrophages towards
M1-like phenotype, while softer ones direct macrophages into anti-inflammatory state.
Macrophages cultured on the softer substrates display fast amoeboid migration, while
macrophages on stiff gels adopt slower mesenchymal migration. T cell activation

by interactions with antigen presenting cell (APC) can be replicated by biomaterials
functionalized with ligands that bind to receptors on the T cell surface and biomaterial
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stiffness is one of the parameters that might significantly affect the level of T cell
activation. Generally, stronger T cell activation is observed on stiffer materials. (ii) Immune
cell phenotype can be also affected by mechanical loading such as tensile, compressive

and shear forces. Moderate cyclic strain can promote M2-like phenotype while higher
cyclic strain triggered induction of M1-like macrophages. (iii) Biomaterial architecture

and patterning can modulate cell shape and cytoskeletal organization, which impact the
immune cell behavior. Macrophage elongated morphology induces M2-like polarization
and reduces secretion of proinflammatory cytokines by these cells. Micropatterning can
also affect T cell activation, for example, focal presentation of antibodies against CD3 and
CD28 increases T cell activation. Microstructure of 3D scaffolds such as pore size and
geometry affect immune cell infiltration and polarization. (B) Biomaterial composition.

(i) Positively charged materials are more likely to trigger proinflammatory immune

cell responses. (ii) Hydrophobic biomaterials tend to induce proinflammatory M1-like
macrophage activation while hydrophilic or neutral surfaces create more anti-inflammatory
microenvironment. (iii) Low molecular weight hyaluronic acid (LMW HA) fragments
promote angiogenesis, high molecular weight HA have angiostatic properties, suppress
M1-like polarization and promote Treg formation. (iv) Slowly degrading biomaterials
induce prolonged proinflammatory reactions while scaffolds that degrade faster result in
constructive tissue remodeling. (v) Release of bioactive ions: calcium signaling plays
important role in the proinflammatory activation of macrophages and intracellular Ca2*
oscillations also occur in migrating ECs during capillary sprouting, on the contrary, calcium
ion depletion leads to M2-like polarization. (vi) Biomaterials can change the pH of the
microenvironment, which can contribute to the immune cell phenotypic changes, alkaline
microenvironment can promote M1-like macrophage polarization while acidic pH polarizes
macrophages into M2-like phenotype.
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Table 1
Roles of immune cells in angiogenesis.

Cells Characteristics and effect on angiogenesis Reference

Platelets Pro-angiogenic growth factors released from a-granules [15,16]
Microvesicles derived from activated platelets promote EC proliferation and migration [18]
Direct interaction with other immune cell types (P-selectin; CD40L ) [19,20,22]
Paracrine immunomodulatory, pro-angiogenic effects [23]

Neutrophils

N1-like Cytotoxic, predominant in the early phase of tissue repair [26]
Secretion of inflammatory cytokines: TNFa., IL-1p or IL-6 [26]

N2-like N2 neutrophils secrete IL-10 and chitinase Ym1, which promote angiogenesis [31-33]
Expression of signals that increase neutrophil clearance (CD206, ‘eat-me’ signals) and macrophage polarization  [35,37]
into M2-like phenotype

Macrophages

M1-like Proinflammatory, phagocytize cellular debris or apoptotic cells [38,39]
Markers: CD86, iNOS, CD38 [39]
Cytokine secretion: TNF-, IL-1p, or IL-6 [39]
Critical at the beginning of angiogenesis [45]
Secrete high levels of VEGF [46]

M2-like Anti-inflammatory, reparatory phenotype [38]
Markers: CD206 [40]
Secrete I1L-10 and arginase-1, TGF-B or PDGF [40,41]
Promote pericyte recruitment and blood vessel stabilization and remodeling [42,43]

Dendritic cells  Depending on stimulation secrete pro-angiogenic (VEGF, bFGF) or anti-angiogenic factors (I1L-12, IL-18) [50]
Direct effect on neovascularization through the stimulation of ECs [50]
Indirect effect: via the recruitment and polarization of other immune cells (effector T cells) [53]

T cells

Th1 cells Secretion of high levels of IL-2, TNF-a, and IFN-y [57]
No benefit to revascularization or induction of vascular regression [57]

Th2 cells Secretion of cytokines like IL-4 [58]
Macrophage polarization into M2 phenotype [57,59]
Secretion of angiogenic factors that enhance EC migration and sprouting [58]

Tregs Secretion of anti-inflammatory cytokines like IL-4 [61]
M2 macrophage polarization [62]
Secretion of IL-10, promote EC proliferation [63]
Secretion of amphiregulin, which can induce VEGF synthesis [64,65]

B cells Stimulation of macrophage pro-angiogenic activity via Fcy receptor engagement [69]
mature naive B cells can increase angiogenesis by secreting pro-angiogenic mediators such as VEGF or TGF-B  [70,71]
Indirectly enhancement of the pro-angiogenic properties of other cell types [54]
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