
Citation: Farzamfar, S.; Garcia, L.M.;

Rahmani, M.; Bolduc, S. Navigating

the Immunological Crossroads:

Mesenchymal Stem/Stromal Cells as

Architects of Inflammatory Harmony

in Tissue-Engineered Constructs.

Bioengineering 2024, 11, 494.

https://doi.org/10.3390/

bioengineering11050494

Academic Editor: Steven L. Goudy

Received: 26 March 2024

Revised: 26 April 2024

Accepted: 13 May 2024

Published: 16 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

bioengineering

Review

Navigating the Immunological Crossroads: Mesenchymal
Stem/Stromal Cells as Architects of Inflammatory Harmony in
Tissue-Engineered Constructs
Saeed Farzamfar 1,†, Luciana Melo Garcia 2,3,†, Mahya Rahmani 1 and Stephane Bolduc 1,4,*

1 Centre de Recherche en Organogénèse Expérimentale/LOEX, Regenerative Medicine Division,
CHU de Québec-Université Laval Research Center, Québec, QC G1V 4G2, Canada;
saeed.farzamfar@crchudequebec.ulaval.ca (S.F.); mahya.rahmani@gmail.com (M.R.)

2 Department of Medicine, Université Laval, Québec, QC G1V 0A6, Canada;
luciana.melo-garcia@crchudequebec.ulaval.ca

3 Hematology-Oncology Service, CHU de Québec—Université Laval, Québec, QC G1V 0A6, Canada
4 Department of Surgery, Faculty of Medicine, Université Laval, Québec, QC G1V 0A6, Canada
* Correspondence: stephane.bolduc@fmed.ulaval.ca; Tel.: +1-418-525-4444 (ext. 42282)
† These authors contributed equally to this work.

Abstract: In the dynamic landscape of tissue engineering, the integration of tissue-engineered
constructs (TECs) faces a dual challenge—initiating beneficial inflammation for regeneration while
avoiding the perils of prolonged immune activation. As TECs encounter the immediate reaction of
the immune system upon implantation, the unique immunomodulatory properties of mesenchymal
stem/stromal cells (MSCs) emerge as key navigators. Harnessing the paracrine effects of MSCs,
researchers aim to craft a localized microenvironment that not only enhances TEC integration but
also holds therapeutic promise for inflammatory-driven pathologies. This review unravels the
latest advancements, applications, obstacles, and future prospects surrounding the strategic alliance
between MSCs and TECs, shedding light on the immunological symphony that guides the course of
regenerative medicine.
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1. Introduction

Tissue engineering, an innovative area within regenerative medicine, seeks to repair or
substitute damaged tissues through the development of scaffolds that imitate the structure
and function of natural tissues. Yet, the effective assimilation of these tissue-engineered con-
structs (TECs) frequently faces hurdles presented by inflammatory reactions. Inflammation,
a multifaceted biological mechanism, is essential for tissue regeneration but can also be
harmful if not carefully controlled [1,2]. Upon implantation, scaffolds trigger an immediate
innate immune response. This response involves the release of pro-inflammatory cytokines,
chemokines, and the recruitment of immune cells [3,4]. While this acute inflammation is
essential for initiating tissue repair, prolonged or excessive inflammation can lead to fibro-
sis, rejection, and impaired tissue regeneration [2,5,6]. Mesenchymal stem/stromal cells
(MSCs) possess unique immunomodulatory properties that can be harnessed to regulate
this inflammatory response [7]. These cells have been widely studied due to their remark-
able ability to modulate the function of various immune cells, including macrophages [8],
T cells [9], and B cells [10]. Through the secretion of anti-inflammatory factors such as
interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β) [11,12], MSCs create
an immunosuppressive microenvironment. Furthermore, MSCs can shift macrophages
from a pro-inflammatory (M1) to an anti-inflammatory (M2) phenotype, promoting a
microenvironment conducive to tissue repair and regeneration [13,14]. Incorporating
MSCs into TECs presents a strategic approach to modulating inflammatory responses. The
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paracrine effects of these cells can be utilized to create a local microenvironment favoring
tissue regeneration. Extracellular vesicles released from these cells may modulate the
inflammatory responses at the implantation site [15,16]. This strategic integration of MSCs
not only enhances the construct’s integration but also holds promise for treating various
inflammatory-driven pathologies [17]. Ongoing research is required to refine techniques for
optimal MSC delivery, dosage, and timing to precisely control the host immune response.

This review explores the latest advancements, applications, obstacles, and future
outlooks pertaining to the immunomodulation of TECs through the utilization of MSC.

2. The Principles of Immunological Reactions to Scaffolds

The immune system is composed of cells that perform multiple physiological functions.
It protects the body against tumor development and infections while also maintaining
the homeostasis of various processes, including inflammation and healing. In the field of
regenerative medicine, the immune system has historically been seen as detrimental, as
immune cells can cause inflammation, fibrosis, and scaffold degradation [18]. However,
more recently, researchers have been attempting to modify scaffold structures to regulate
their interaction with the immune system and restore tissue function [19–21].

Tissue repair and regeneration is a complex stepwise process necessary to restore tissue
function following damage [22]. Following an injury, an inflammatory response is triggered
by Damage-Associated Molecular Patterns (DAMPs) released by injured cells, which leads
to the subsequent recruitment, proliferation, and activation of both non-hematopoietic and
hematopoietic cells. This healing process can result in either incomplete repair (known
as scarring or fibrosis) or complete tissue restoration. The latter outcome depends on
the extent and duration of the immune response and the involvement of various cells.
Therefore, adequate involvement and precise regulation of the immune system are crucial
for determining whether TECs will be rejected or integrated into the host tissue [23,24].

Fine-tuning the phases of immune response to TECs (protein adsorption, acute inflam-
mation, chronic inflammation, or regeneration) by scaffold design can improve regeneration
and reestablishment of tissue function following scaffold implantation [25].

Following implantation, plasma proteins (such as albumin, fibrinogen, complement,
and fibronectin) bind to the scaffolds, a process called protein adsorption (Figure 1) [26,27].
The properties of biomaterials dictate how and which proteins bind to the scaffold’s surface.
The type, quantity, and arrangement of the adsorbed proteins on the scaffold surface influ-
ence various immune responses, such as cell adhesion and activation. Cellular responses are
initiated by these adsorbed proteins, which can activate receptors on the surface of immune
cells, resulting in inflammatory responses, including macrophage adhesion. Addition-
ally, non-cellular responses, such as complement activation, are triggered and contribute
to leukocyte and platelet activation, promoting clot formation and inflammation [28,29].
Therefore, the composition of scaffold biomaterial determines the initial recruitment of
immune cells, such as mast cells, neutrophils, and macrophages, which in turn determines
the TEC’s rejection or tissue regeneration.

The second phase, or the inflammatory phase occurs following the recognition of
the biomaterial as a foreign entity [25]. Initially, platelets and endothelial cells release
histamine, cytokines, and leukotrienes at the site of the implanted TECs, resulting in
the mobilization of neutrophils. Moreover, tissue-resident cells, such as macrophages
and dendritic cells, detect the DAMPs released during scaffold implantation and attract
neutrophils by producing the chemoattractant interleukin (IL-8) [22]. As the primary
responders, neutrophils are recruited to the implant site within 72 h to defend against
infections by generating cytotoxic products (such as proteases) and reactive oxygen species
(ROS). They also release neutrophil extracellular traps (NETs) and produce IL-8, further
attracting more neutrophils. This inflammatory response creates a degradative environment
that can potentially degrade the surface of the biomaterial. Additionally, neutrophils
produce NETs to eliminate pathogens; however, if not tightly regulated, this process may
hinder the healing process. When present on the surface of biomaterials, NETs have been



Bioengineering 2024, 11, 494 3 of 26

linked to promoting fibrosis [30,31]. However, neutrophils can also play a positive role
in resolving fibrosis. Augmenting neutrophil quantities or boosting their production of
matrix metalloproteinase (MMP) has been demonstrated to mitigate liver fibrosis [32]. The
collective effect of neutrophils on fibrosis seems to hinge on the equilibrium between their
inflammatory and anti-fibrotic capabilities. When neutrophil responses are dysregulated,
it can shift the balance toward excessive fibrosis [33,34]. Therefore, new design strategies
should be developed in order to drive neutrophils’ response to TECs.
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Figure 1. Schematic representation of tissue healing process after scaffold implantation.

Mast cells (MCs) are specialized immune cells found in tissues once they mature,
playing crucial roles in the body’s reaction to biomaterials. A notable feature of MCs is
their varied collection of granules, which are released upon activation. These granules
play a pivotal role in subsequent inflammatory reactions, combating bacterial infections,
neutralizing toxins, and responding to TECs [35].

Mast cells detect and react to biomaterial scaffolds via pattern recognition receptors
and the high-affinity IgE receptor. Upon activation, they release various inflammatory
substances like histamine, cytokines, and chemokines, influencing immune cell recruitment
and polarization, notably macrophages. Research in mast cell-deficient mice indicates
their absence disrupts the expected transition from M1 to M2 macrophages in response
to decellularized biomaterial scaffolds. Male mice lacking mast cells exhibit prolonged
pro-inflammatory M1 macrophage activity, while females show an early shift toward
anti-inflammatory M2 macrophages. These sex-specific effects are reversible with mast
cell adoptive transfer. Additionally, mast cells contribute to the foreign body response to
implanted biomaterials, impacting scaffold integration or rejection [35,36].

Macrophages play a pivotal role in tissue inflammation, healing, and fibrosis. Tissue-
resident macrophages have a complex origin involving multiple stages of hematopoietic
development during embryogenesis. Initially, macrophages are formed during primitive
hematopoiesis in the yolk sac alongside primitive erythroid and megakaryocyte progenitors,
which also include microglia in the adult brain [37]. Following this, a second wave of
development occurs, producing multipotent erythro-myeloid progenitors (EMPs) in the
yolk sac, from which tissue-resident macrophages in various tissues (excluding the brain)
emerge. Lastly, a third wave originates from hematopoietic stem cells (HSCs) originating in
the aorta–gonad–mesonephros (AGM) region, migrating to the fetal liver, and giving rise
to a durable population of macrophages persisting into adulthood [37–39].

In the initial stages of healing, macrophages bind to adsorbed proteins on the scaffold
surface via integrin receptors. Subsequently, they attempt to engulf the biomaterial to which
they are attached [40]. Interestingly, macrophages and neutrophils interact to influence the
outcome of tissue remodeling following injury. The crosstalk between macrophages and
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neutrophils is particularly crucial for initiating tissue repair. Increased expression of phago-
cytic signals on the surface of dying neutrophils prompts the activation of macrophages.
These macrophages then engulf the dying neutrophils, a process known as efferocytosis,
which helps limit inflammation [41]. Furthermore, dying neutrophils secrete annexin-1,
inhibiting interferon-gamma-associated responses that polarize macrophages into an in-
flammatory phenotype. Macrophages are also essential for neutrophilic reverse migration,
a process characterized by the migration of neutrophils out of the tissues, causing damp-
ening of inflammation [42,43]. Therefore, the acute phase of foreign body responses is
characterized by the involvement of cells belonging to the innate immune system, often
influenced by their interaction with scaffold biomaterials. The components of TECs, such
as their supporting cells, incorporated bioactive agents, or the properties of the biomaterial,
can guide these responses and ultimately lead to favorable responses to these constructs.

Macrophages adjust their functions based on the specific microenvironment in which
they operate. They can exhibit a spectrum of activation phenotypes in response to various
stimuli from their surroundings, including the properties of the biomaterial they adhere
to and the nature of the tissue where the implant is located [44,45]. The chronic phase of
the foreign body response is characterized by the formation of foreign body giant cells
(FBGCs), which consist of fused macrophages located on the surface of the biomaterial
implant. This process is primarily driven by cytokines such as IL-4 and IL-13, which are
commonly found on biomaterial surfaces. The fusion of macrophages into FBGCs is also
influenced by the composition of the scaffold and the proteins adsorbed onto its surface,
both of which affect the phenotype of the FBGCs.

FBGCs play a crucial role in orchestrating subsequent immune responses by secreting
cytokines that recruit and activate the adaptive immune system. Initially serving as inflam-
matory cells, FBGCs release degradation products like reactive oxygen species, degradative
enzymes, and acid onto the biomaterial surface. Consequently, the biochemical properties
of the biomaterial determine its susceptibility to biodegradation, which in turn affects the
outcome of the implant. Upon stimulation with IL-4, FBGCs acquire a pro-remodeling
phenotype that supports tissue repair by promoting a Th2 cell response [44–46]. This Th2
activation further enhances the IL-4-like cytokine release and reinforces the pro-remodeling
phenotype in macrophages. These IL-4-like stimulated macrophages, associated with better
scaffold outcomes, interact with other cells like fibroblasts and stem cells to promote tissue
regeneration and functional implants [19]. Immune system action on biomaterials is a
determinant factor in the outcomes of implants; thus, scaffold design aiming to modulate
immune reactions is surging as a solution to improve tissue repair and regeneration.

TNF-α plays a crucial role in influencing the destiny and functional transformation of
MSCs, either independently or in conjunction with various inflammatory agents. It can
have contrasting impacts on MSCs, ranging from prompting MSC apoptosis to boosting
their ability to combat tumors. Furthermore, the immunomodulatory and osteogenic differ-
entiation capabilities of MSCs, as well as the composition of their exosomes or microvesicles,
exhibit significant variation depending on factors such as the concentration of TNF-α used
for stimulation, the timing of administration, and whether it is administered alone or in
combination with other substances [47]. Treatment with IFN-γ prompts MSCs to produce
immunosuppressive elements like indoleamine 2,3-dioxygenase (IDO), programmed death-
ligand 1 (PD-L1), and prostaglandin E2 (PGE2), thereby amplifying their ability to suppress
the immune response and mitigate inflammation. This process involves IFN-γ activating
the JAK/STAT1/IRF1 signaling pathway within MSCs, resulting in the upregulation of
PD-L1 expression. Furthermore, TNF-α can synergistically enhance the immunosuppres-
sive effects initiated by IFN-γ in MSCs by further increasing PD-L1 expression through
the NF-κB pathway. When MSCs are primed with both IFN-γ and TNF-α, they exhibit a
significantly augmented immunosuppressive capability [48–51]. Table 1 summarizes the
role of various events in TEC’s rejection or acceptance.
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Table 1. Summary of immune response processes to TECs.

Events in Immune Responses after TEC’s Implantation Role in TEC’s Rejection or Tissue Regeneration

Release of DAMPs

They are released by injured cells, triggering recruitment, proliferation,
and activation of non-hematopoietic and hematopoietic cells,
culminating in tissue repair. Outcome varies based on immune
response duration and cell involvement.

Adsorption of plasma proteins to scaffold’s surface

Biomaterial properties influence protein binding on scaffold surfaces,
dictating immune responses. Adsorbed proteins initiate cellular
reactions, triggering inflammation and complement activation,
contributing to clot formation and inflammation.

Recognition of TEC as a foreign body

Histamine, cytokines, and leukotrienes released by platelets and
endothelial cells trigger neutrophil mobilization at TEC implant sites.
Resident cells detect DAMPs, releasing IL-8 to attract neutrophils,
initiating an inflammatory response.

Recruitment of neutrophils

Neutrophils are recruited at implant site within 72 h to combat
infections by producing cytotoxic substances and reactive oxygen
species. They also release neutrophil extracellular traps and IL-8,
amplifying the inflammatory response and potentially degrading
TEC’s surface.

Activation of mast cells
Mast cells sense biomaterial scaffolds, releasing inflammatory
substances upon activation, influencing immune cell behavior,
notably macrophages.

Macrophages

In the early healing stages, macrophages bind to scaffold proteins and
attempt to engulf the biomaterial. The crosstalk between macrophages
and neutrophils is particularly crucial for initiating tissue repair.
Increased expression of phagocytic signals on the surface of dying
neutrophils prompts the activation of macrophages.

Formation of FBGCs

In the chronic phase of the foreign body response, FBGCs form from
fused macrophages on the implant surface. Influenced by cytokines
and scaffold composition, FBGCs release substances shaping immune
responses and biomaterial degradation, impacting implant outcome.

TH2 cell activation

Under IL-4 stimulation, FBGCs adopt a pro-remodeling phenotype,
aiding tissue repair by boosting Th2 cell response. This activation
enhances IL-4-like cytokine release, fortifying macrophage
pro-remodeling traits. These stimulated macrophages, linked to
improved scaffold outcomes, collaborate with fibroblasts and stem cells,
fostering tissue regeneration and functional implants.

3. Types of Scaffolding Systems and Their Properties

The field of tissue engineering hinges upon the diverse characteristics of scaffolds,
which can be broadly categorized into natural and synthetic materials, each presenting
distinct advantages and limitations. While synthetic scaffolds offer facile customization
and production, their biological activity tends to be limited [52]. Conversely, scaffolds
produced from natural biomaterials possess superior biocompatibility [53]. On the negative
side, natural biomaterials lack sufficient mechanical properties and durability [54]. Hybrid
scaffolds, combining synthetic and natural polymers, represent a promising approach in
tissue engineering due to their ability to synergistically harness the advantages of both
material types. Synthetic polymers offer tunable mechanical properties, ease of fabrication,
and precise control over scaffold architecture, while natural polymers provide inherent
bioactivity and support cellular attachment and proliferation. By integrating these materials,
hybrid scaffolds can mimic the complex microenvironment of native tissue more accurately,
promoting cell adhesion, proliferation, and differentiation. Moreover, hybrid scaffolds can
be tailored to exhibit specific degradation rates, biocompatibility, and bioactivity, making
them versatile platforms for tissue regeneration applications [52,55,56]. Decellularized
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extracellular matrices (dECM) are highly prized in tissue engineering for their exceptional
bioactivity. By preserving native ECM components like growth factors and structural
proteins while removing cellular elements, dECM provides a biologically rich scaffold
that supports cell adhesion, proliferation, and differentiation. This inherent bioactivity
promotes cellular interactions and signaling pathways crucial for tissue regeneration.
These scaffolds’ biomimetic microenvironment closely mimics native tissue, facilitating
the recruitment and function of endogenous cells for tissue repair [52,57]. Recent research
has debunked outdated notions surrounding the immunogenicity of ECM scaffolds, once
attributed to early-generation materials crosslinked with glutaraldehyde. Contemporary
dECM products, manufactured according to stringent standards, are widely regarded as
safe and capable of fostering constructive tissue remodeling. FDA approval of numerous
commercial products based on dECM further underscores their safety and efficacy, as
corroborated by extensive research spanning over a decade [58–61].

Increasing evidence suggests that dECM can influence immune responses. Fishman et al.
undertook a study where they decellularized skeletal muscle tissues and transplanted
them into xenogeneic hosts to examine the cellular immune response. Their findings
indicated that the decellularized scaffolds lacked major histocompatibility complex anti-
gens and demonstrated anti-inflammatory and immunosuppressive effects. These effects
were evident through delayed degradation in vivo, reduced proliferation of sensitized
T cells in vitro, decreased levels of pro-inflammatory cytokines IL-2 and IFN-γ, increased
levels of anti-inflammatory cytokine IL-10 in cell culture supernatants, polarization of
macrophage response toward an M2 phenotype in vivo, and enhanced survival of donor-
derived xenogeneic cells at 2 and 4 weeks post-transplantation. These findings suggest that
decellularized scaffolds alter host responses away from a pro-inflammatory profile and
may suppress T-cell responses [62].

4. Scaffold Designing Strategies for Modulating Inflammation

In the realm of tissue engineering, the design of scaffolds plays a pivotal role in
directing the immune system’s response to the implanted structures. The inflammatory
process, intricate and dynamic in nature, holds substantial sway over the efficacy of tissue
regeneration. Consequently, customizing scaffold characteristics to regulate inflammatory
responses becomes imperative for the development of functional TECs [24,63,64].

The selection of biomaterials for scaffolding stands out as a foundational factor in-
fluencing inflammatory reactions. Preference is often given to biocompatible and biore-
sorbable synthetic or natural polymers. These materials not only furnish a conducive
environment for cellular activities and tissue regeneration but also mitigate adverse foreign
body reactions [52]. Notably, certain biomaterials, like Hyaluronic Acid (HA) and chitosan,
possess inherent anti-inflammatory properties, further enhancing their suitability for tissue
engineering applications [65,66].

The characteristics of scaffold surfaces significantly impact cellular interactions and
subsequent inflammatory responses. Enhancing the surface by applying immunomodula-
tory agents or concealing scaffold antigens with biologically inert materials can create a
conducive microenvironment [52,67]. Furthermore, alterations to surface topography and
roughness have the potential to influence the behavior of immune cells and, consequently,
the overall inflammatory response [24].

Integrating controlled drug delivery systems into scaffolds enables the sustained
release of anti-inflammatory drugs or bioactive molecules. This prolonged release can
regulate the inflammatory cascade, fostering a controlled and balanced healing process.
However, achieving precise control over the spatiotemporal release of these agents poses a
significant challenge. To address this issue, nano- and micro-carriers have been introduced
into the matrix of TECs, aiming to mitigate adverse immune reactions [67–69].

The development of dynamic constructs that respond to the ever-changing microenvi-
ronment within host tissues represents an emerging technology. Smart materials, including
stimuli-responsive hydrogels, can adapt to variations in physiological conditions [70,71].
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These constructs have the potential to actively modulate inflammation by releasing ther-
apeutic agents in response to specific cues, such as changes in pH or the presence of
inflammatory mediators. In this context, Bian et al. produced pH-responsive microsphere
consisting of an injectable peptide–cell–hydrogel. This was achieved through the covalent
bonding of APETx2 (a peptide toxin that targets and inhibits the activity of acid-sensing
ion channel 3), followed by the incorporation of nucleus pulposus cells. This microsphere
demonstrates the capability to suppress local inflammatory cytokine storms, thereby reg-
ulating the metabolic equilibrium of the ECM in vitro [72]. Figure 2 shows a schematic
illustration of different design strategies for inflammation modulation.
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5. MSCs Immunomodulatory Properties: Crosstalk with the Immune System

Following the inflammatory phases of the foreign body response, regeneration be-
comes necessary to restore tissue function. This process relies on the self-renewal capacities
of the cells located at the implant site. MSCs, also referred to as multipotential stromal cells
or mesenchymal progenitor cells, are tissue-resident cells that possess self-renewal capacity
along with multipotency. These cells inhabit specific tissue niches and engage in inter-
actions with other cells to maintain a balance between proliferation, differentiation, and
quiescence [73]. Therefore, MSCs influence the tissue’s ability to re-establish its complete
function after tissue injury.

MSCs originating from different tissues share many similar features but differ in their
expression of surface proteins as well as their proliferative and differentiation potential [74].
The International Society for Cellular Therapy (ISCT) characterizes them as expressing
the canonical non-hematopoietic markers CD73, CD90, and CD105 and simultaneously
lacking hematopoietic cell markers, such as CD34, CD45, CD14 or CD11b, CD19 or CD79a,
HLA-DR, and CD31 [75,76]. Since MSCs display tissue-specific characteristics, the complete
regeneration of the implant site depends on the tissue where the scaffold is implanted [77].

MSCs exhibit varying behaviors depending on their source, which can be bone marrow [78],
adipose tissue [79], umbilical cord blood [80], placenta [81], menstrual blood [82], etc. [83]. These
differences in MSCs behavior stem from the unique microenvironments and developmental
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origins of their respective tissues, with distinct niches in each tissue influencing their
epigenetic and transcriptional profiles, thereby shaping their functional properties [48,84].

MSCs crosstalk with several immune effectors, such as T cells and macrophages, influ-
encing tissue regeneration and scaffold outcomes [85,86]. They exert their immunomodula-
tory properties through direct cell-to-cell contact, the production of paracrine molecules,
and the secretion of extracellular vesicles [87,88].

Following scaffold implantation, the inflammatory environment, abundant in TNF-
α and IFN-γ, influences MSCs to adopt an immunomodulatory phenotype. Research
indicates that MSCs rely on signals originating from the IFN-γ receptor, as decreased anti-
inflammatory capabilities were observed when the IFN-γ receptor was blocked [89]. Garcia
et al. incorporated IFN-γ into an injectable hydrogel to enhance the immunomodulatory
properties of the encapsulated MSCs. They demonstrated that MSCs loaded into the IFN-γ
tethered hydrogel exhibited a robust capacity to inhibit activated T-cell proliferation and
monocyte-derived dendritic cell differentiation [90].

The initial inflammatory stimulation is useful for MSCs to fully develop their im-
munomodulatory potential, which involves the expression of molecules such as indoleamine
2,3-dioxygenase (IDO), programmed death ligand-1 (PD-1), IL-6, and prostaglandin E2. Ad-
ditionally, MSCs produce paracrine factors such as chemokines, cytokines, and growth fac-
tors, which play a role in attracting and influencing macrophage and T-cell responses [91].

MSCs play a crucial role in aiding tissue regeneration following scaffold implanta-
tion by influencing macrophages to adopt a pro-remodeling phenotype, a critical step in
resolving tissue inflammation and restoring tissue function. They achieve this by secreting
immunomodulatory factors and metabolites, including insulin-like growth factor 2 (IGF-2),
prostaglandin E2, TNF-stimulated gene 6 protein (TSG6P), lactate, kynurenic acid, and
spermidine, which promote the polarization of macrophages into an anti-inflammatory,
pro-remodeling phenotype. For example, TSG6P exhibits particularly potent immuno-
suppressive effects by dampening macrophage Toll-like receptor (TLR) 2/NF-kappaB
responses, which in turn influence the recruitment of neutrophils and macrophages to
tissue damage sites [92]. IGF-2 stimulation during macrophage maturation promotes
continuous oxidative phosphorylation and consequent PD-L1 expression, features that
maintain macrophage anti-inflammatory properties [93]. Extracellular vesicles, includ-
ing exosomes, play a significant role in propagating the immunomodulatory effects of
MSCs on macrophages. Exposing macrophages to MSC-derived exosomes has been shown
to inhibit TLR4 activity and reduce macrophage inflammatory actions [94]. Another ex-
ample of MSCs’ immunomodulatory role is through their production of chemokines.
Chemokines such as CCL2 and CXCL12 have been found to enhance the secretion of
IL-10 by macrophages. IL-10 is associated with a decrease in tissue inflammation, further
highlighting the anti-inflammatory effects of MSCs [95]. Thus, MSCs play a critical role
in influencing macrophage polarization and enhancing their anti-inflammatory activity.
This promotes pro-remodeling responses, facilitates the restoration of tissue function, and
consequently leads to improved scaffold outcomes.

MSCs also interact with cells from the adaptive immune system to maintain tissue
homeostasis and restore its function. They indirectly stimulate the development of a Th2
response and facilitate the establishment of regulatory T cells by promoting a macrophage
pro-remodeling phenotype. Additionally, MSCs can impede the maturation and activation
of dendritic cells, thereby reducing antigen presentation to T cells and hindering T-cell acti-
vation and proliferation [96]. An array of factors produced by MSCs directly promote T-cell
immunosuppressive responses. INF-γ-stimulated MSCs express IDO, which converts tryp-
tophan into kynurenine, limiting T-cell responses. In the inflammatory microenvironment,
they also upregulate heme oxygenase-1, a stress-inducible protein that boosts T regulatory
cell inputs, favoring tissue regeneration rather than inflammation [97]. Prostaglandin-E2
and tumor growth factor-B are also released by MSCs and favor T regulatory responses.
Furthermore, MSCs secrete chemokines, such as CXCL9, CXCL10, and CXCL11, which
allows CCR3-expressing T cells to neighbor MSCs and facilitates the immunosuppressive
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effects of paracrinally secreted substances like nitric oxide [98], IDO-induced products [99],
and secreted galectins [100]. Finally, MSCs express surface proteins that restrict T-cell
inflammatory responses. IFN-γ-stimulated MSCs overexpress PD-L1, which binds to PD-1
on the surface of T cells and inhibits T-cell responses through direct cell-to-cell contact.

The immune system closely interacts with MSCs to build an appropriate environment
for tissue regeneration (Figure 3). Upon activation by inflammatory cytokines, MSCs
develop an immunomodulatory phenotype that facilitates and improves the healing process.
In this context, the immune system responds by acquiring a regenerative profile composed
of pro-remodeling macrophages, Th2-polarized T cells, and activated regulatory T cells.
The orchestration of these cells promotes an adequate environment for tissue healing and
the development of fully functional scaffolds.
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MSCs have potent immunomodulatory properties that make them promising candi-
dates for cell therapy, even from allogeneic sources [101]. Allogeneic MSCs possess a strong
safety record and offer the advantage of being readily available for immediate use, catering
to a wide range of patients. Numerous investigations have highlighted the clinical safety
and prolonged efficacy of allogeneic MSCs infusions, demonstrating their ability to persist
in immunocompetent hosts for more than a month. Notably, allogeneic MSCs maintain
their integrity post-transplantation, showing no signs of malignant transformation [102].
Studies conducted in clinical settings have indicated that allogeneic MSCs derived from
bone marrow can be safely administered to humans without causing immune reactions
that are significant from a clinical perspective [103,104].

6. Cell–Material Interactions and How They Affect the Differentiation Program of
Stem Cells

Cell–material interactions play a fundamental role in directing the differentiation
program of stem cells. It has been demonstrated that several factors, including the physical
and chemical properties of materials, play a major role in this process.

The differentiation of stem cells can be significantly impacted by the surface topog-
raphy of biomaterials. Nanotopographical features [105], encompassing static patterned
surfaces [106], dynamic patterned surfaces [106], and rough surfaces [107], have been
proven to influence the adhesion, migration, proliferation, and differentiation of stem
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cells. Through the precise control of biomaterial topology, researchers have successfully
guided the differentiation of stem cells toward specific lineages, such as osteogenic and
adipogenic pathways [108]. Recent investigations highlight the fabrication of surfaces with
micro/nanotopographical characteristics that emulate micro/nanoscale features, show-
casing their potential to induce stem cell differentiation [109]. The interaction between
cells and the surface topography is instrumental in driving stem cell fate, and extensive
research has delved into the effects of nano/micrometer-scale surface topography on stem
cell morphology, proliferation, migration, and differentiation [110].

Scaffolds can undergo functionalization with specific bioactive substances to replicate
the native ECM. These substances encompass growth factors, cytokines, and signaling
molecules that govern the differentiation of stem cells into distinct lineages [111]. An
effective strategy involves creating gradients of bioactive molecules within the scaffold,
directing stem cell migration and differentiation [112–114]. This method is particularly
advantageous for constructing intricate tissues with diverse cell types and functionalities.
Moreover, the integration of ECM components, such as collagen, fibronectin, and laminin,
into the scaffold’s composition establishes a bioactive milieu that fosters cell adhesion and
drives stem cells toward differentiation into specific cell types [115–117]. The hydrophilic or
hydrophobic characteristics of the scaffold’s surface have also been observed to impact cell
adhesion and protein adsorption, consequently influencing the behavior and differentiation
of stem cells [118,119].

The mechanical properties of a material can also influence the destiny of stem cells,
with cells having a tendency to specialize in lineages that align with the mechanical charac-
teristics of their natural niche [120,121]. Substrates with different mechanical properties
have the capacity to prompt the differentiation of specific cell types, exemplified in the
case of MSCs differentiating into osteogenic [122], adipogenic [123], or chondrogenic lin-
eages [124].

Electric and electromagnetic fields have demonstrated an impact on different facets of
stem cell behavior. These electrical signals have the potential to direct the differentiation of
stem cells, prompting them to develop into distinct cell types, including neurons, muscle
cells, and osteoblasts [125–127]. Figure 4 illustrates the diverse factors involved in stem
cell–biomaterial interactions that influence the differentiation program of stem cells.
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Culturing MSCs on TECs provides additional benefits for tissue engineering. The mul-
tilineage differentiation potential of these cells allows researchers to produce a wide range
of tissues [128–130]. In addition, the seeded MSCs on the TECs secrete various growth fac-
tors, cytokines, and extracellular vesicles that promote tissue repair and angiogenesis [131].
Au-Yeung et al. showed that culturing MSCs on the porcine decellularized cardiac tissue
resulted in increased protein density and elevated denaturation resistance [132]. Sarig
et al. showed that the coculture of MSCs and human umbilical vein endothelial cells
on the decellularized cardiac tissue resulted in scaffold remodeling and improved tissue
integration [133]. In addition to the effects of materials on MSC’s differentiation program, it
appears that MSCs demonstrate varying immunomodulation capabilities when cultured on
different topographies. Wan et al. investigated this phenomenon by culturing MSCs on two
distinct electrospun polylactic acid (PLLA) scaffolds. They found that the immunomod-
ulatory behavior of these cells was notably enhanced when cultured on aligned fibers
compared to random fibers. Their study revealed that FAK- and YAP/TAZ-dependent
mechanotransduction pathways were responsible for the observed immunomodulation
effects [134].

7. Summary of Previous Studies
7.1. Immunomodulation in Bone Tissue Engineering

Recruiting MSCs within the body for immunomodulation in TECs offers a promising
alternative to conventional scaffold seeding approaches. By leveraging endogenous MSC
populations, TECs can capitalize on the innate regenerative potential of these cells, avoiding
exogenous cell transplantation. This approach not only simplifies TEC fabrication but also
harnesses the dynamic responsiveness of resident MSCs to tissue-specific cues, enhancing
their immunomodulatory functions. By modulating the local microenvironment and
promoting tissue regeneration, recruited MSCs facilitate the seamless integration of TECs
with host tissues, offering a sustainable and clinically relevant strategy for tissue repair [52].
In this regard, Wang et al. developed a cell-free bone scaffold by incorporating magnetic
ferrite nanoparticles and lanthanum into hydroxyapatite [135]. They developed a composite
material by integrating magnetic ferrite nanoparticles and lanthanum into hydroxyapatite,
which was then dispersed within a chitosan matrix. Notably, the magnetic nanoparticles
exhibited responsiveness to an external magnetic field, creating a conducive endogenous
environment for recruiting rat bone marrow mesenchymal stem cells (BMSCs). Both
in vitro and in vivo animal studies demonstrated the remarkable efficacy of the scaffold
in recruiting BMSCs and promoting osteogenic differentiation. This effect was achieved
through the upregulation of the phosphorylation of the Smad 1/5/9 pathway. Furthermore,
the scaffold exhibited notable immunomodulatory properties, leading to the promotion of
an anti-inflammatory phenotype among macrophages and immune cells.

Despite these results, recruiting endogenous MSCs for immunomodulation in TECs
poses technical challenges related to the variability and heterogeneity of MSC populations
within different tissue microenvironments. The efficacy of MSC recruitment strategies may
be influenced by factors such as age, tissue source, and disease state, impacting the consis-
tency and reproducibility of outcomes. Moreover, the dynamic responsiveness of resident
MSCs to tissue-specific cues introduces complexity in modulating their immunomodulatory
functions, necessitating precise control over signaling pathways and microenvironmental
stimuli. Achieving uniform recruitment and activation of MSCs across diverse tissue con-
texts requires sophisticated molecular profiling and optimization of recruitment protocols,
presenting significant technical hurdles in TEC development [136–138].

In order to investigate the impact of tissue-engineered scaffolds on osteo
-immunomodulation, Wang et al. conducted a study involving the cultivation of BM-
SCs on laponite [139]. The results unveiled that exposure to laponite significantly enhanced
the osteogenic differentiation of BMSCs, thereby triggering heightened bone formation
through the activation of the oncostatin M pathway. Moreover, the cultivation of BMSCs on
laponite demonstrated a remarkable ability to shift macrophage polarization from the pro-
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inflammatory M1 phenotype to the anti-inflammatory M2 phenotype, ultimately fostering
an environment conducive to osteogenesis. Specifically, the findings indicated an increased
percentage of CD206-positive macrophages, indicative of the M2 phenotype, while a sub-
stantial decrease was noted in the percentage of CCR-7-positive macrophages associated
with the M1 phenotype in the presence of BMSCs cultured on laponite. Interestingly, no
significant alterations in macrophage morphology were observed. The markers CCR-7 and
CD11c, typically associated with M1-positive macrophages, were rarely detected, whereas
a noteworthy increase in CD163 (M2)-positive cells was evident in BMSCs cultured on
laponite compared to laponite alone. Furthermore, in vivo animal experiments corrobo-
rated these findings, revealing that the combination of BMSCs with laponite resulted in a
diminished immune response and enhanced bone regeneration compared to laponite alone.
In a separate investigation, urine-derived MSCs were cultured on a silk fibroin scaffold that
underwent modification with graphene oxide and nanohydroxyapatite, aiming to enhance
immunomodulation and facilitate bone regeneration [140]. The researchers postulated
that the synergistic use of the scaffold and urine-derived MSCs could establish an opti-
mal environment for both immunomodulation and the healing of bone tissue. Following
the characterization of the porous scaffold and comprehensive in vitro studies, the study
delved into evaluating the in vivo osteogenic properties by inducing cranial bone defects
in rats. Six weeks post-implantation, a significant upswing in CD206 expression was noted,
signifying an increased prevalence of M2-type macrophages. These macrophages are recog-
nized for their role in promoting accelerated bone regeneration. However, it is noteworthy
that the specific contribution of graphene oxide to these immunomodulatory properties
was not explicitly addressed.

Chitin has been recognized for its acceptable cell compatibility in the realm of bone re-
generation. However, the practical application of chitin-based scaffolds has faced challenges
stemming from their suboptimal mechanical properties and a limited comprehension of
the hydrogel–host cell interactions. In response to these limitations, a novel hybrid scaffold
comprising chitin, nano-hydroxyapatite, and poly(ε-caprolactone) was developed [141].
The osteoinductive potential of this scaffold was further enhanced through the incorpora-
tion of MSCs. Comprehensive investigations into the cytocompatibility and interactions
between macrophages and the hybrid scaffold, specifically in promoting angiogenesis
and osteogenesis, were conducted both in in vitro and in vivo animal studies. The hybrid
scaffold exhibited a capacity to stimulate proper osteo-differentiation through the process
of endochondral ossification. Notably, gene expression analysis revealed a balanced ex-
pression of genes associated with both M1 macrophage polarization (IL-1, TNF-α, and
IL-6) and M2 macrophage polarization (IL-10, Arg-1, and CCL22). One limitation of these
studies could be the lack of investigation into the effect of MSC-material interaction on
the immunomodulatory properties of these cells. In this context, Barzaghini et al. demon-
strated that BMSCs seeded on a 3D micro-scaffold called Nichoid exhibited significantly
different immunomodulatory functions compared to cells cultured on traditional culture
flasks [142]. In another study, researchers cultured IFN-γ stimulated MSCs on electro-
spun silk fibroin scaffolds and compared the immunomodulatory activities of these cells
with those cultured on glass or PLGA scaffolds. They demonstrated that MSCs cultured
on silk fibroin constructs significantly reduced TNF-α secretion from lipopolysaccharide-
activated murine splenocytes compared to cells cultured on other scaffolds. Thus, it
appears that the immunomodulatory activity of MSCs is influenced by their surrounding
microenvironment [143].

Exosomes derived from bone marrow have demonstrated osteo-immunomodulatory
effects in regulating bone dynamics. Wei et al. isolated these exosomes from BMSCs
undergoing osteogenic differentiation at different stages and evaluated their impact on
undifferentiated BMSCs and macrophages. These exosomes reduced the expression of
proinflammatory genes and markers associated with the macrophages’ M1 phenotype
while enhancing the expression of early osteogenic markers in BMSCs [144].
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The immunomodulatory behavior of MSCs appears to be influenced by their differen-
tiation status. In this regard, Swartzlander et al. demonstrated that MSCs encapsulated
within polyethylene glycol (PEG) hydrogel significantly dampened the foreign body re-
sponse to fibroblast cell-incorporated hydrogels. They noted that the osteogenic differen-
tiation of these cells diminished their capacity to modulate inflammation. Additionally,
they identified prostaglandin E2 (PGE2) as a mediator of MSC immunomodulation of
macrophages [145]. Therefore, MSC differentiation status should be taken into account
when using them for immunomodulation purposes.

7.2. Immunomodulation in Cartilage Tissue Engineering

While BMSCs are widely acknowledged as the gold standard for cell therapy in os-
teoarthritis, recent reports highlight the potential benefits of synovial fluid MSCs as an
alternative cell source. Li et al. delved into evaluating the immunosuppressive capabilities
of synovial fluid MSCs, obtainable from the joint cavity through arthrocentesis, arthroscopy,
or knee surgery [146]. Synovial fluid MSCs were cultured on 3D porous collagen and
collagen/chitosan scaffolds, providing a supportive substrate for cell growth and mimick-
ing the natural microenvironment of cartilage. The research revealed that synovial fluid
MSCs cultured on 3D platforms resulted in increased expression of master gene regulators
associated with the suppression of chronic inflammation (ido1, ptges, and ptgs2). Notably,
even under the influence of pro-inflammatory cytokines IFN-γ and TNF-α, these cultured
cells exhibited enhanced anti-inflammatory gene expression. This suggests a noteworthy
potential for synovial fluid MSCs on 3D scaffolds to contribute to immunomodulation,
presenting a promising avenue for their application in osteoarthritis therapy.

A groundbreaking approach was employed for the treatment of complex cartilage de-
fects, utilizing injectable hydrogels derived from the decellularized ECM that was sourced
from pig cartilage [147]. These hydrogels were specifically formulated to encapsulate
urine-derived stem cells (USCs). The incorporation of USCs within the scaffold yielded
notable improvements in the attachment, proliferation, and differentiation of the stem cells
toward a chondrogenic lineage. Furthermore, USCs within the hydrogels exhibited height-
ened production of cartilage-specific ECM components, such as collagen II and aggrecan.
In a rat model of cartilage defects, the USC-laden hydrogels demonstrated remarkable
capabilities, including the stimulation of ECM secretion, modulation of the immune re-
sponse, and promotion of cartilage regeneration. While this study highlights the positive
outcomes of using USC-loaded ECM-derived hydrogels for cartilage repair, the isolation
and purification process of USCs can be challenging and may result in lower cell yields or
decreased cell viability compared to other sources. While whole cell-based therapy offers
numerous advantages for cartilage tissue regeneration, some studies have investigated the
utilization of MSC-derived nanoparticles for cartilage repair. D’Atri et al. demonstrated
that MSC-derived nanoparticles effectively attenuated cartilage degeneration by virtue of
their immunomodulatory properties [148].

MSCs display limited immunogenicity and release immunosuppressive soluble fac-
tors. Yang et al. delved into how scaffold configurations impacted the secretion of these
substances in the context of cartilage tissue engineering. MSCs were introduced into
four collagen-based scaffolds, and their growth, specialization, and secretion of immune-
regulating factors were scrutinized. Three-dimensional setups, such as hydrogels and
sponges, notably heightened the expression of mRNA and the production of proteins
associated with immunomodulation, surpassing conventional two-dimensional setups.
Moreover, supernatants from 3D setups notably inhibited the activation of allogeneic
lymphocytes [149].

7.3. Immunomodulation in Spinal Cord Tissue Engineering

Immunomodulation plays a pivotal role in spinal cord injury repair by regulating the
immune response. Balancing inflammatory reactions helps mitigate secondary damage,
creating a conducive environment for neuronal survival and axonal regeneration [150]. In
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this context, Han et al. investigated the regenerative capabilities of BMSCs cultured on a
3D collagen scaffold, specifically focusing on neurotrophic protection and immunomodu-
latory mechanisms for neuronal repair [151]. In evaluating the potential benefits of using
a 3D scaffold for BMSC culture in spinal cord injury (SCI) regeneration, both 3D- and
2D-cultured BMSCs were separately implanted in rats with hemisected SCI. Following
transplantation, they observed a significant reduction in inflammatory cytokines (TNF-a,
IL-1b, and IL-6), correlating with enhanced axonal regeneration. Despite its merits, the
study has limitations, including the absence of a comprehensive exploration of long-term
effects. Focusing on short-term outcomes in rats with hemisected SCI may not fully repre-
sent the complexities of human spinal cord regeneration. Additionally, the study lacks a
direct comparison with other regenerative approaches or alternative cell sources, limiting
the assessment of the scaffold’s superiority. Moreover, the detailed mechanisms underlying
the observed reduction in inflammatory cytokines after transplantation remain elusive,
warranting additional investigation for a more nuanced understanding of the potential
therapeutic impact.

7.4. Immunomodulation in Tendon Tissue Engineering

The tendon healing process is complex, often resulting in prolonged recovery, limited
regeneration, and the formation of scar tissue. To address this challenge, researchers inves-
tigated MSC-based therapy on rat Achilles tendons to modulate the inflammatory response
and improve healing [152]. TNF-α-primed MSCs were seeded on a PLGA scaffold and
transplanted into a rat model. After four weeks, the study found an increased concentration
of type I procollagen and reduced production of the inflammatory factor IL-1α. Notably,
delivering TNF-α-primed MSCs through a 3D PLGA scaffold influenced macrophage polar-
ization and cytokine production, providing potential insights for enhancing tendon healing
strategies. Russo et al. engineered a biomimetic PLGA scaffold featuring aligned fibers and
investigated Amniotic Epithelial Stem Cells (AESCs) behavior on these structures. They
observed that cells cultured on aligned fibers exhibited an elongated, tenocyte-like morphol-
ogy. Additionally, these constructs enhanced the immunomodulatory activity of the cells,
linked to the activation of the mechanotransducer YAP [153]. Alongside fiber alignment,
various other scaffold characteristics, such as fiber thickness, mechanical properties, pore
size, and material properties, could influence the immunomodulation of cells [52,154,155].
In this regard, Khatib et al. showed that PLGA scaffolds with different fiber sizes exhibited
different effects on AESCs’ immunomodulation behavior [156]. One drawback of PLGA in
tendon tissue engineering is its acidic degradation residues. Khatib et al. demonstrated that
AESCs adapt their gene expression profiles in response to the acidic degradation products
of PLGA, favoring an anti-inflammatory response [157].

7.5. Immunomodulation in Skeletal Muscle Tissue Engineering

Recent insights highlight the pivotal role of scaffold topography in influencing the
paracrine functions of MSCs. In a study by Li et al., 3D polydopamine-modified bio-
ceramics were ingeniously fabricated, featuring a uniform nanolayer pattern inspired
by mussel surface coatings [158]. This nanopattern significantly augmented adipose-
derived stem/stromal cells’ (ASCs) ability to modulate the immune response, fostering
anti-inflammatory effects and curbing immune cell activation. The surface modification not
only bolstered the secretion of various cytokines but also elevated the production of key
immunomodulatory factors—COX-2, PGE-2, and TSG-6—at both mRNA and protein levels.
Importantly, the study showcased a pronounced increase in the expression of CD206, an
M2 marker associated with anti-inflammatory properties. Notably, when FAK or ERK1/2
suppression was introduced, there was a profound reduction in the mRNA levels of angio-
genic factors such as VEGF, bFGF, HGF, and Ang-1. The collective outcome of heightened
immunomodulatory and pro-angiogenic factors, coupled with the paracrine products se-
creted by ASC cultured on 3D bioceramics, underscores the promising therapeutic potential
for skeletal muscle healing applications.
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Skeletal muscle plays a vital role in the body’s physiology, yet effective treatments
for volumetric muscle loss (VML) resulting from severe trauma or tumor removal remain
elusive. Recent research indicates that employing a tissue engineering approach utiliz-
ing a compound comprising MSCs and a decellularized ECM scaffold yields significant
regenerative effects on VML injuries. Qiu et al. demonstrated that the combination of
MSCs and a decellularized ECM scaffold produces synergistic effects, notably enhancing
skeletal muscle tissue regeneration [159]. Intriguingly, in the animal model, both MSCs and
the decellularized ECM scaffold exhibit the ability to promote macrophage polarization
toward the M2 phenotype while inhibiting polarization toward the M1 phenotype, a rec-
ognized facilitator of tissue regeneration. Of particular significance is the finding that the
combined use of MSCs and the decellularized ECM scaffold produces synergistic effects on
promoting macrophage polarization toward the M2 phenotype, exceeding a mere additive
influence. Despite these promising results, the immunogenicity of the decellularized ECM
scaffold and how it interacts with the host’s immune system need further investigation.
Unanticipated immune responses or rejection could compromise the overall effectiveness
of the treatment.

7.6. Immunomodulation in Cardiac Tissue Engineering

Immunomodulation is crucial in treating myocardial infarction as it helps regu-
late the immune response, minimizing excessive inflammation and promoting tissue
repair. By modulating immune cells, particularly macrophages, immunomodulation
assists in preventing further damage to the heart tissue post-infarction. In this regard,
Monguió-Tortajada et al. evaluated the efficacy of a cellular product for myocardial infarc-
tion in a porcine model [160]. The strategy involved local delivery of EVs derived from
porcine cardiac ASC. These EVs were loaded into a decellularized pericardial scaffold filled
with a peptide hydrogel. Cardiac magnetic resonance imaging (MRI) showed significant
enhancement in cardiac function, evidenced by improved ventricular ejection fraction and
reduced ventricular dilatation after one month. Notably, a 40% reduction in scar size within
the myocardium was observed, attributed to decreased levels of collagen type I and fibrotic
tissue formation. This underscores the potential of EVs to mitigate adverse remodeling
processes and their anti-inflammatory effects. Reduced transcription of CCL2, expression
of CD163+ macrophages, and modulation of immune response factors, including IL-1,
PBMC influx, TNF-α, GM-CSF levels, and CD73+ and CCR2+ monocytes, further support
EV’s therapeutic potential for myocardial infarction.

Cardiac extracellular matrix (cECM) scaffolds, produced via decellularization meth-
ods, offer promise for reconstructive surgery due to their resemblance to native tissue.
In this context, various methods have been developed for removing antigens from these
tissues. Papalamprou et al. compared their antigen removal (AR) method with the sodium
dodecyl sulfate (SDS) method for developing cECM. Comparing AR with the SDS method,
they found higher MSCs infiltration in AR scaffolds, which also prompted constructive
remodeling compared to SDS scaffolds, which is associated with chronic inflammation.
Additionally, MSCs exhibited significantly greater immunomodulatory function on AR
scaffolds compared to SDS [161]. It appears that cECM possesses an innate ability to reg-
ulate inflammatory reactions. In this context, Sarig et al. employed porcine cECM as a
cardiac patch to treat myocardial infarction. These patches enhanced cardiac performance
and facilitated the influx of progenitor cells expressing markers characteristic of cardiomy-
ocytes. Furthermore, these patches underwent vascularization and bolstered regenerative
remodeling, as indicated by an elevated proportion of M2/M1 macrophage phenotype at
the site of injury [162]. Furthermore, cECM provides tissue-specific cues that induce the
differentiation of stem cells into cardiac lineage [163,164].

7.7. Immunomodulation in Skin Tissue Engineering

In situations marked by chronic wounds or impaired healing, an imbalance in the
immune response can lead to prolonged inflammation or hindered tissue repair. Strategies
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involving immunomodulation, such as the use of cytokines, growth factors, or cell-based
therapies, aim to adjust the behavior of immune cells. The goal is to establish a favorable
microenvironment that supports healing, addressing the dysregulated immune response
and facilitating more effective tissue repair. EV-functionalized scaffolds were developed
by incorporating polyethyleneimine-modified polycaprolactone fiber [15]. These fibers,
carrying a positive charge due to modification, facilitated the electrostatic tethering of
negatively charged exosome membranes. Notably, the colocalization analysis revealed that
exosomes predominantly interacted with CD68+ macrophages rather than CD3+ T cells.
The study demonstrated that the application of exosome-functionalized scaffolds exerted
significant effects on both macrophage and T-cell responses throughout the wound-healing
process. Examining macrophage subtypes, the scaffolds induced the accumulation of proin-
flammatory M1-like macrophages (CD86+) and immunomodulatory M2-like macrophages
(CD206+). A subcutaneous implantation model in mice mirrored these proinflammatory
and immunomodulatory macrophage responses. Concerning T cells, the treatment facil-
itated CD4+ Th2 cells and CD4+CD25+FoxP3+ regulatory T cells (Tregs), leading to an
increased proportion of T cells secreting the anti-inflammatory cytokine IL-10. Importantly,
most CD4+ cells and all Tregs were identified as IL-10+. In a mouse model featuring
large square skin excisional wounds, the utilization of exosome-functionalized scaffolds
significantly expedited epidermal covering promoted the formation of thicker and healthier
granulation tissues, increased collagen deposition, facilitated effective angiogenesis, and
expedited wound closure. Despite being innovative, the whole cell delivery instead of
EVs may provide better healing as the cells constantly modify their EV’s composition
in response to their surrounding environment. Figure 5 illustrates the events leading to
fibrosis or tissue regeneration followed by TEC’s implantation. Table 2 summarizes the
materials used in scaffold fabrication, their modification method, and immune response to
these modifications.
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Figure 5. Schematic illustration representing fibrosis vs. regeneration following TEC’s implantation.
In the fibrosis process, series of immunological reactions lead to the formation of foreign body giant
cells (FBGCs) that result in the TEC’s fibrosis. By seeding MSCs onto the TEC, these cells modulate
inflammatory responses and secrete various pro-healing factors that lead to tissue regeneration.
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Table 2. Summary of scaffolds used in immunomodulation studies, their modification methods, and
immune response to them.

Materials Used in
Scaffold Fabrication Modification Method Immune Response References

Chitosan
Integrating magnetic ferrite
nanoparticles and lanthanum
into hydroxyapatite.

The modification recruited MSCs at the
implant site,
leading to the promotion of an
anti-inflammatory phenotype among
macrophages and immune cells.

[135]

Laponite Seeding with BMSCs

Cell seeding demonstrated a
remarkable ability to shift macrophage
polarization from the pro-inflammatory
M1 phenotype to the anti-inflammatory
M2 phenotype.

[139]

Silk fibroin scaffold
loaded with graphene oxide and
nanohydroxyapatite

Seeding with urine-derived MSCs

Six weeks post-implantation in
calvarial bone, a significant upswing in
CD206 expression was noted,
signifying an increased prevalence of
M2-type macrophages.

[140]

Chitin, nano-hydroxyapatite, and
poly(ε-caprolactone) Incorporation of MSCs

Gene expression analysis revealed a
balanced expression of genes associated
with both M1 macrophage polarization
and M2 macrophage polarization
after implantation.

[141]

Electrospun silk fibroin scaffolds Seeding with IFN-γ
stimulated MSCs

They demonstrated that MSCs cultured
on silk fibroin constructs significantly
reduced TNF-α secretion from
lipopolysaccharide-activated
murine splenocytes.

[143]

Polyethylene glycol (PEG) hydrogel MSC encapsulation

Cell loading significantly dampened
the foreign body response to fibroblast
cell-incorporated hydrogels. They
noted that the osteogenic
differentiation of these cells diminished
their capacity to modulate
inflammation. Additionally, they
identified prostaglandin E2 (PGE2) as a
mediator of MSC immunomodulation
of macrophages.

[145]

3D porous collagen and
collagen/chitosan scaffolds

Incorporation of synovial
fluid MSCs

Cell loading resulted in increased
expression of master gene regulators
associated with the suppression of
chronic inflammation.

[146]

Injectable hydrogels derived from the
decellularized ECM

Incorporation of
urine-derived MSCs.

In a rat model of cartilage defects, the
cell-laden hydrogels demonstrated
remarkable capabilities, including the
stimulation of ECM secretion,
modulation of the immune response,
and promotion of
cartilage regeneration.

[147]
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Table 2. Cont.

Materials Used in
Scaffold Fabrication Modification Method Immune Response References

Collagen Incorporation of MSCs

Three-dimensional scaffolds, such as
hydrogels and sponges, notably
heightened the expression of mRNA
and the production of proteins
associated with immunomodulation,
surpassing conventional
two-dimensional setups.

[149]

3D collagen scaffold BMSC seeding

Following transplantation, they
observed a significant reduction in
inflammatory cytokines (TNF-a, IL-1b,
and IL-6), correlating with enhanced
axonal regeneration in spinal
cord injury.

[151]

PLGA scaffold Seeding with
TNF-α-primed MSCs

The construct reduced production of
the inflammatory factor IL-1α and
influenced macrophage polarization.

[152]

PLGA scaffold Seeding with Amniotic Epithelial
Stem Cells

These constructs enhanced the
immunomodulatory activity of the
cells, which was linked to the activation
of the mechanotransducer YAP.

[153]

Polydopamine bioceramics Mussel surface coatings

This nanopattern significantly
augmented ASC’s ability to modulate
the immune response, fostering
anti-inflammatory effects and curbing
immune cell activation.

[158]

Decellularized ECM MSC loading

Both MSCs and the decellularized ECM
scaffold exhibited the ability to promote
macrophage polarization toward the
M2 phenotype while inhibiting
polarization toward the M1 phenotype.

[159]

Decellularized pericardial scaffold
filled with a peptide hydrogel

Loading with porcine cardiac
ASC-derived extracellular vesicles

The developed scaffolds mitigated
adverse remodeling processes and
showed anti-inflammatory effects.

[160]

Cardiac extracellular matrix MSCs loading
MSCs seeded onto the ECM
significantly modulated
inflammatory responses.

[161]

Porcine cardiac ECM No modifications

These scaffolds underwent
vascularization and bolstered
regenerative remodeling, as indicated
by an elevated proportion of M2/M1
macrophage phenotype at the site
of injury.

[162]

Polyethyleneimine-modified
polycaprolactone fibers

Surface coating with
MSCs-derived exosomes

Exosomes predominantly interacted
with CD68+ macrophages rather than
CD3+ T cells.
The scaffolds induced the accumulation
of immunomodulatory
M2-like macrophages.

[15]

8. Challenges

In the realm of tissue regeneration, the intricate biological process of inflammation
plays a dual role. While it is indispensable for initiating the repair process, the conse-
quences can be adverse if inflammation remains uncontrolled or persists over an extended
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period. Such outcomes may include fibrosis, rejection, and impaired tissue regeneration.
Achieving a precise balance is imperative to unlock the full potential of applications in
tissue engineering.

The immunomodulatory properties of MSCs have been harnessed to modulate inflam-
mation in TECs. However, optimizing the dosage, delivery methods, and timing of stem
cell application presents challenges in maximizing the effectiveness of stem cell-mediated
immunomodulation. A comprehensive understanding of these variables is crucial for
refining strategies in tissue engineering. Additionally, delving into the paracrine effects
of MSC, including the release of EV, poses a specific challenge. Further exploration is
required to unveil the full extent of these effects and their molecular mechanisms, allowing
for fine-tuning of immunomodulation in tissue engineering.

In the transplantation site, MSCs may encounter a challenging environment character-
ized by oxygen and nutrient deficiency. These conditions can profoundly influence their
metabolic processes, potentially compromising their viability and functionality [165].

The seamless integration of MSCs into the structural framework of scaffolds emerges as
a significant challenge in tissue engineering. Optimization of factors, such as cell adhesion,
distribution, and viability within the TEC, is essential to enhance the overall performance
of the engineered tissue.

Translating stem cell-mediated immunomodulation from preclinical studies to clinical
applications is a formidable task, requiring the meticulous addressing of safety concerns,
achieving scalability, and developing standardized protocols for successful and consistent
clinical implementation. In addition, assessing the long-term effects of immunomodulation
stands as a challenge in the field of tissue engineering. Understanding the durability
of immunomodulatory effects and ensuring sustained positive outcomes over extended
periods are critical.

9. Conclusions and Future Perspectives

In conclusion, the pivotal role of immunomodulation in the success and functionality
of TECs is evident in the intricate interplay between these constructs and the host’s immune
system. A well-regulated immune response is paramount for the seamless integration and
sustained efficacy of engineered tissues within the complex biological milieu. This review
has provided a comprehensive overview of recent advances and challenges in leveraging
the immunomodulatory properties of stem/stromal cells to regulate the immune response
to TECs. By synthesizing the current state of knowledge, we have highlighted the potential
of these cells in modulating the host immune environment, thereby influencing the fate of
implanted constructs. Looking forward, the future of tissue engineering relies heavily on
refining techniques for optimal MSC delivery, dosage, and timing. Ongoing research en-
deavors are indispensable in unraveling the intricacies of MSC-based immunomodulation,
aiming for precise control over the host immune response. This dynamic field necessitates
continuous exploration to enhance our understanding and fine-tune strategies, paving the
way for more effective and tailored therapeutic interventions.

The evolving insights into the interplay between MSCs and the immune system hold
great promise. As our understanding deepens, it is anticipated that these advancements
will lead to novel therapeutic applications, significantly expanding the scope of tissue
engineering and regenerative medicine. The clinical application involving MSC-assisted
tissue engineering is expanding, and we anticipate an increase in clinical trials in the near
future [166]. By capitalizing on the immunomodulatory potential of MSC, we envisage
groundbreaking developments that will contribute to the realization of more successful,
durable, and widely applicable tissue-engineered solutions. The journey toward unlocking
the full potential of immunomodulation in tissue engineering is a collaborative effort, and
this review serves as a roadmap for researchers and clinicians alike, guiding them toward
the next frontier of regenerative medicine.
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