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With the outstanding achievement of chimeric antigen receptor (CAR)-T cell therapy in the clinic, cell-
based medicines have attracted considerable attention for biomedical applications and thus generated
encouraging progress. As the basic construction unit of organisms, cells harbor low immunogenicity,
desirable compatibility, and a strong capability of crossing various biological barriers. However, there is
still a long way to go to fix significant bottlenecks for their clinical translation, such as facile preparation,
strict stability requirements, scale-up manufacturing, off-target toxicity, and affordability. The rapid
development of biotechnology and engineering approaches in materials sciences has provided an ideal
platform to assist cell-based therapeutics for wide application in disease treatments by overcoming
these issues. Herein, we survey the most recent advances of various cells as bioactive ingredients and
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outline the roles of biomaterials in developing cell-based therapeutics. Besides, a perspective of cell
therapies is offered with a particular focus on biomaterial-involved development of cell-based bio-
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1. Introduction

Cell therapy has been receiving increasing attention as a rapidly
developing and emerging field in translational medicine.">
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Cells, the basic functional units of living organisms, are natural
producers and carriers of proteins and molecules.’ By exerting
complex mechanisms to avoid immune system attack, cells are
highly biocompatible with the capability of low toxicity, cross-
ing various biological barriers and homing to specific tissues,
thus modulating the pathological environment.® Compared
to small molecule drugs or biologics, cell therapies can achieve
more integrated and complex functions such as self-proli-
feration, differentiation, and direct elimination/repair of diseased
cells/tissues.® Also, given the natural tropism and multiple
interactions between the cells and diseased microenvironment,
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cell therapies offer unique advantages in a wide range of
diseases.>”’®

In recent years, numerous different types of cell therapies
have gradually been developed preclinically or have been
approved for clinical trials or even marketing.® Stem cells and
cells derived from their differentiation have become ideal
models for guiding the precise treatment of diseases and have
shown great potential in various structurally damaging diseases
such as spinal cord injury and fibrosis.”*® The cell research
field has been further advanced by the success of chimeric
antigen receptor (CAR)-T cell therapy, which is considered a
breakthrough in immunotherapy and approved by the U. S.
Food and Drug Administration (FDA) to treat hematologic
tumors.! Genetically engineered commensal bacteria have been
shown to target tumors and have been applied to treat skin
cancer, including melanoma, bringing new ideas to improve
cancer research.">"? The efficacy of cell therapy depends primarily
on the rational control and regulation of cell function and
behavior in the physiological and pathological environment."
To obtain therapeutic cell products nowadays, live cells extracted
from the donor need to be isolated and purified, genetically
modified, and massively amplified before they can be used for
subsequent processing, stockpiling, and usage.® Throughout the
therapeutic cycle, maintenance of cell activity, consistency of
function, and stability of storage and transportation become
significant challenges to meet the clinical demand for cellular
products.**

Rapid advances in biotechnologies and engineered materials
provide directions to address major challenges in the clinical
translation of cell therapies."® Novel biomaterials can facilitate
the clinical translation of cellular products by providing
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reliable solutions to the obstacles mentioned above.'® With
the assistance of engineered biomaterials, it is possible to
mimic the in vivo microenvironment and provide a well-
defined ecological niche for cells, thus stably producing a
cellular phenotype consistent with in vivo function.'” Biomater-
ials can support specific behaviors such as homing and directed
differentiation of certain cells and maintain long-term cellular
activity."® Also, corresponding biomaterials can be constructed
to regulate cellular behavior with the help of cellular responsive-
ness to external specific environments (e.g., composition, charge,
stiffness, stress, etc.)."® It is worth emphasizing that the con-
struction of therapeutic cell-biomaterial couples is a promising
but challenging approach. During preparation, slight changes in
the pH, temperature, ionic strength, and osmotic pressure may
significantly affect cell viability and intrinsic function.® Therefore,
by choosing a rational strategy for modifying cells, engineered cells
possess new functions conferred by biomaterials and maintain
their biological activity to the maximum extent.

This review surveys the latest scientific discoveries and
technological innovations in engineering and developing
novel biomaterials for adjuvant cell production in various cell
therapies such as stem cells, immune cells, and bacteria with
detailed examples (Fig. 1). The principles of cell-centered
design of adjuvant materials are summarized, including cell
surface modification, cell binding, and genetic engineering.
Special emphasis is given to applying biomaterials to assist cell
therapy in cancer, autoimmune diseases, and tissue regeneration.
The prospects and challenges of biomaterial applications in
overcoming critical problems in clinical translation of cell
therapies under the integration of multidisciplinary theories
are also highlighted.

Clinical Applications
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Fig. 1 Schematic illustration of biomaterial-assisted immune cell, stem cell, and bacteria therapies for cancers, inflammation diseases, tissue

regeneration, cardiovascular diseases and autoimmune diseases.
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2. Cell therapies
2.1 Immune cell therapies

2.1.1 T cell therapies. Cell-based immunotherapy is the
most advanced treatment modality available with clinical proof
of its effectiveness against cancer, infectious diseases, auto-
immune diseases, allograft rejection, and cardiovascular dis-
orders.”® Immune cell therapy has significantly increased in
versatility and effectiveness due to advances in immunology,
genetic engineering, gene editing, and synthetic biology.*
T cell therapy has achieved remarkable clinical success in
eliminating cancer and extending patient survival rates with a
variety of adoptive T cell therapies, including tumor-infiltrating
lymphocytes (TIL),>* CAR-T,>* T cell receptor engineered T cells
(TCR-T),”® and Treg-based therapies."* The TILs extracted from
tumors can recognize various tumor-associated antigens, while
TCR-T cells and CAR-T cells are genetically engineered to target
specific antigens.'® Their specificity led to impressive thera-
peutic effects on B cell leukemia,** lung cancer,” ovarian cancer,”®
liver cancer,”” and breast cancer.>® Although the FDA has approved
multiple T cell-based medicines, there are still hurdles to over-
come, including time-consuming manufacturing methods,
cytokine release syndrome, low antigen expression, neurologic
toxicity, off-target side effects, and poor cell durability.>

2.1.2 Macrophage therapies. Macrophages, differentiated
from circulating monocytes, are highly plastic cells that exert
various effects, including tissue repairment and development,
cellular debris clearance, pathogen scavenging, and modula-
tion of inflammatory status.>® The nature of the cytokine milieu
and the surrounding microenvironment can drive the resultant
macrophages into a wide range of phenotypes, which are
generally simplified into two groups: classically activated
macrophages (M1) and alternatively activated macrophages
(M2).*" M1 macrophages boost a proinflammatory response
by secreting cytokines like tumor necrosis factor (TNF),
interleukin-1 (IL-1), and IL-12 and increasing the migration of
inflammation-related cells to diseased sites.*> M1 macrophages
also upregulate antigen processing and presentation genes and
costimulatory molecules to augment T-cell responses. These
functions are important in fighting against bacterial and
viral infections, and they may also play a role in antitumor
immunity.*® In contrast, M2 macrophages involve in immune
function normalization and homeostasis, such as initiating
anti-inflammatory responses, parasite elimination, immuno-
regulation, wound healing, and tissue regeneration.>* Tumor-
associated macrophages (TAMs), a subpopulation of M2
macrophages, promote genetic instability, angiogenesis, des-
moplastic process, immunosuppression, and metastasis,
resulting in tumor progression.> The main focus of cell
therapies has been on developing cellular therapies derived
from lymphocytes. However, their effectiveness in treating
certain diseases, particularly solid tumors, needs further
improvement.*® It has been proposed that macrophages, which
accumulate in tumors and penetrate the surrounding stromal
tissue, may provide a solution to the solid tumor-homing
problem.*" Furthermore, whereas lymphocytes directly kill
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tumor cells, cells in the myeloid lineage also boost the endo-
genous immune system by presenting antigens, providing an
alternative perspective for immune cell-based therapies.
In addition, because of the innate immune response and
specific behavior in the tissue repair process, macrophage
therapies have proven to be particularly effective in inflamma-
tion diseases and regenerative medicine. However, apart from
the difficult large-scale production and quality control of uni-
versal macrophages, the inherent phenotype plasticity not only
provides a promising modality for treating various pathological
conditions but also poses daunting challenges in their in vivo
applications since the therapeutics would usually cross many
different physiological environments and exert functions in
varied disease stages.>” Moreover, given that macrophages are
the primary source of many cytokines and growth factors,*® a
paracrine manner may compromise the treatment efficacy of
macrophage-based therapies.

2.1.3 Natural killer cell therapy. Besides the primary focus
on T cells, the increasing applications of other endogenous
lymphocytes, such as natural killer (NK) cells, have extended
the scope of immune cell therapies.”> NK cells can detect and
damage malignant cells without prior antigen presentation,
relying on their costimulatory and inhibitory receptors. NK cells
also activate innate and adaptive immune cells through the
secretion of cytokines or chemokines.? Recently, it was reported
that genetically engineered NK cells expressing CAR on their
cell surface exhibited extraordinary therapeutic potential in
clinical trials.** This lymphocyte subset possesses innate
immune functions that could enhance their therapeutic effi-
cacy beyond standard T cells and provide an avenue toward
developing allogeneic “off-the-shelf” cell products.*® Other
than T cells, NK cells possess a shorter half-life and lower
cytokine secretion during circulation, mitigating the risk of a
non-specific systemic immune response.’ Besides, NK cells that
can recognize tumor-associated ligands may offer advantages
over conventional T cells for CAR-directed cancer therapy.*'
Such benefits enable NK cell therapies to be safer and more
effective for cancer immunotherapy, providing an alternative to
CAR-T cell treatment. Clinical trials involving CAR-NK cells
have been initiated against solid and hematologic tumor anti-
gens, with complete responses against CD19" hematologic
malignancies.*” Furthermore, NK cells serve as the main patho-
logical cells in hypersensitivity reactions and autoimmune
disorders, where NK cells attack the healthy tissues.*’ Despite
their unprecedented advances, NK cell-based therapeutics
still have several drawbacks that limit their widespread
applications, including poor abilities crossing physiological
barriers, expensive cost, and difficulties in long-term storage
and transportation.**

2.1.4 Dendritic cell therapy. Dendritic cells (DCs) are the
most important antigen-presenting cells (APCs) in the immune
systems. They activate the immune response through capturing,
processing, and presenting antigens.’> While immature DCs
process and present antigens under normal conditions, mature
DCs can further activate naive T cells after exposure to antigens.*®
Generally speaking, DCs can concomitantly process and present

This journal is © The Royal Society of Chemistry 2022
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antigens to T cells through the major histocompatibility complex
(MHC). Meanwhile, they will upregulate the expression of
costimulatory molecules like CD80, CD86, and CD40 during
maturation, which is conducive to the activation of T cells.
Furthermore, DCs can facilitate T cell accumulation and maintain
their ability to combat infections.*® Based on the effective antigen
presentation potency and T cell-activating abilities, DC-based
therapies have been applied to anticancer treatments, through
which DCs are collected from patients and educated ex vivo to
direct the immune systems against malignant cells. Despite the
clinical success in cancer immunotherapy, there are still chal-
lenges hindering their wide applications, such as standardized
preparation, antigen pulsing, and suitable administration route.*’

2.1.5 Regulatory T cell therapy. Regulatory T cells (Treg cells)
are a small portion of immune cells responsible for maintaining
homeostasis by suppressing immune overactivation.*® Therefore,
deficiencies in functions of Treg cells can cause a dysregulated
immune response to normal tissues and thus induce inflamma-
tion diseases, including graft-versus-host disease, transplantation
rejection, and autoimmune diseases.’® The multifunctional
immunosuppressive abilities render Treg cells a promising
therapeutic for treating inflammation disorders. Treg cell therapy
has been demonstrated to be feasible, tolerable, and potentially
effective in certain illness scenarios in early-phase clinical trials.*’
Meanwhile, the selectivity and functionality of Treg cells obtain
significant improvements benefiting from the recent achieve-
ments in genetic engineering and other biotechnologies.’ As the
field moves, significant challenges remain. First, practical
methods are required to obtain sufficient Treg cells, given the
limitation on the number of CD4" T cells in circulation,
especially in many autoimmune situations. Second, Treg cells
possibly undergo uncontrolled expansion in vivo, leading to
off-target immunosuppression in patients. Finally, plenty of Treg
cells may raise the risk of neoplasia or compromise the efficiency
of host immune systems against pathogen infections.**

2.2 Stem cell therapies

Stem cell therapies hold the potential to revolutionize health-
care by allowing for the regeneration of damaged or dysfunc-
tional tissues, thereby providing treatments for several diseases
unsolvable by conventional medicines like muscular dystrophies,
diabetes, and neurodegeneration.’®* Over the last couple of
decades, research centered on stem cells has advanced to the
use of autologous cells to generate a range of mature cell types
and even tiny organs, or organoids ex vivo, by maximizing the
regeneration potential of somatic stem cells found in specific
tissues, such as bone marrow or skeletal muscle.>® Researchers
may currently obtain immature embryonic cells in the terminally
differentiated forms by the advent of induced pluripotent stem
(iPS) cells.>® These iPS cells can be developed into any cell type
found in a given tissue, enabling achievable personalized
treatments. These tailored cells can be employed to repair injured
tissues and evaluate appropriate medications and treatment
recommendations.> Over the last few years, successful attempts
of stem cell therapies have fueled optimism that regenerative
medicine tactics would provide a promising treatment regimen
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for some refractory diseases. It was reported that epidermal stem
cells can repair more than 80% of the skin surface area of a young
patient with a fatal blistering disorder.>® In other cases, indivi-
duals with macular degeneration obtain significantly improved
vision after transplanting retinal pigment epithelial cells derived
from embryonic stem cells or patient-derived iPS cells into the
eye.”” Despite such exciting great achievements, most stem cell
clinical trials have failed to receive regulatory approval and
commercialization as several challenges preventing the clinical
translation of stem cell therapies exist, such as maintenance of
the stem cell state, reproducible large-scale expansion of stem
cells, uncontrollable in vivo fate, potential tumor formation at the
injection site, and harsh storage conditions.>

2.3 Bacteria therapy

In evolution, microbiota, especially bacteria, have developed a
symbiotic relationship with human beings by maintaining the
homeostasis of a specific physiological environment. Due to the
vital role in immunomodulation and antitumor capacities,
bacterial strains involve cancer and several infectious diseases,
such as inflammatory bowel disease (IBD), sepsis, and arthritis."*
Besides the direct effects of their structural compositions, the
bacteria also affect the pathogenesis, development, and treatment
of complicated diseases by producing metabolites.”® These
characteristics endow bacteria with incomparable abilities to
detect and intervene in the progress of tumors and inflammatory
diseases. With a better understanding of bacteria and their
habitat, using bacteria in biomedical applications has evolved.
Furthermore, with the advancement of genetic engineering tech-
nology and microbiology in recent years, the application of
engineered bacteria has accelerated.>® In general, bacteria could
either directly treat diseases, such as probiotics-mediated treat-
ment against ulcerative colitis, or combine with other therapeutic
agents to enhance the treatment efficacy. Bacteria-based therapies
are frequently administered orally, which necessitates the protec-
tion of bacteria from the stomach’s acidic pH and the harsh
environment of the gastrointestinal (GI) tract, allowing bacteria to
maintain viability and proliferation after reaching the desired
site.* Additionally, mitigating the pathogenicity and immuno-
genicity of microorganisms is essential in preventing undesirable
adverse effects.

3. Biomaterial-assisted cell therapies

Cell-based therapeutics have the potential for broad biomedical
prospects due to their intrinsic capabilities to flexibly cope with
dynamic pathological conditions. However, as “live” medicines,
the practical applications of these functional cells are restricted
by the challenges of maintaining their viability and function-
ality, and ensuring their efficacy that is usually restricted by the
surrounding environment, which collectively pose additional
requirements for designing a favorable harbor to cultivate the
cell-based therapeutics at the desired sites.’ Recent years have
witnessed explosive growth in materials science, thereby devel-
oping various sophisticated biomaterials, both synthetic and
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natural, that could function as delivery carriers and protection
scaffolds to enhance the retention and viability of the thera-
peutic cells.’®®" Additionally, these biomaterials could endow
the cell-based therapeutics with novel functions and thus
maximize their potential in disease treatments. Furthermore,
with the assistance of the rationally designed biomaterials, the
cell behaviors could be more precisely traced and redirected,
providing new possibilities for cell therapies.®

3.1 Biomaterial-assisted immune cell therapies

Despite significant progress in preclinical research of immune
cell therapy and the approval of numerous FDA-approved T cell-
based medicines, there are still barriers to expanding their
clinical applications, such as time-consuming manufacturing
methods, off-target toxicity, poor potency in specific diseased
conditions, and low cell persistence.”® Emerging approaches
based on genetic engineering and synthetic biology may
provide the solutions to overcome these difficulties, such as
removal of checkpoint molecules, upregulation of tumor-
homing receptors, and expression of functional secretory pro-
teins to modulate the microenvironment.'® While the genetic
modifications facilitate T cells to overcome some challenges,
other obstacles, such as expansion difficulties, on-target but
off-tumor side effects, and neurotoxicities, have challenged the
applications of genetically engineered immune cells.®®
Biomaterials have been widely used in cancer, cardiovascular
disease, metabolic disorders, and tissue engineering for decades
by serving as effective components or auxiliary ingredients.’ For
example, a biomaterial structure with appropriate stiffness and
shape for immune cell culture, expansion, and storage might
be built using various compositions and functional motifs.
Furthermore, the internal cavity may have a sufficient loading
capacity, and the structural framework allows for ligand func-
tionalization to recruit immune cells in situ using recruitment
or induction molecules. Immune cell therapies combined with
biomaterial platforms can concentrate cells, maintain cell
retention, improve pharmacokinetics, and reduce side effects.
3.1.1 Biomaterial-assisted T cell therapies. In recent years,
T cell therapeutics have shown remarkable success in hemato-
logic malignancies such as B-cell acute lymphoblastic leukemia
and non-Hodgkin’s lymphoma."® In contrast, T cell therapies
for solid tumors lagged behind hematologic malignancies.
Several factors can cause poor responses to T cell treatments.
First, effector T cells need to infiltrate the tumor tissue, which
necessitates extravasation, migration, and penetration.** Indeed,
engineered lymphocytes should cross the aberrant tumor vascu-
lature with fewer adhesion molecules, resist interference from
chemokines and cytokines, and overcome a dense extracellular
matrix. Additionally, T cells would undergo unfavorable condi-
tions inside the tumor microenvironment (TME), including
hypoxic and acidic microenvironments, the upregulation of
immune checkpoint ligands, and the abundance of immuno-
suppressive cells, such as TAMs, myeloid-derived suppressor
cells (MDSCs), and Treg cells.®#®> Chronic antigen exposure
can also cause T-cell exhaustion, remarkably reducing the
potency. Even if the engineered cells survive in the TME, solid
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tumors usually have varied surface antigen expression, resulting
in recognition evasion, partial cancer cell clearance, and even
recurrence from antigen-negative cancer cells.'® Finally, as for
solid tumors, selecting specific target antigens with limited
expression in normal tissue expression is also a challenge.

To obtain the effective and safe improvement of T cell
therapy against solid tumors, Hao et al. attached a liposome
containing the metabolism-modulating drug avasimibe onto
the surface of the T cells without an obvious effect on their
abilities through a lipid-inserting manner (Fig. 2(A)).°® While
liposomes could stably encapsulate avasimibe during circulation
and extravasation, the metabolic modulator would undergo con-
trollable release at the tumor site to upregulate the cholesterol
levels of the T cell membrane, causing T cell receptor clustering
long-term activation. By combining T cell therapy with metabolic
intervention, this immunotherapy strategy exhibited improved
efficacy against tumor resistance in mice with melanoma and
glioblastoma. Furthermore, there were no clear systemic negative
effects from the infusion of modified T cells. Given the ease of
production and desirable safety profile, these cell-surface anchor-
engineered T cells provide a promising strategy to improve the
treatment efficacy of T cell therapy against solid tumors. Tang
et al. proposed another “backpack” strategy to effectively increase
the utility and functionality of T cell therapy towards solid tumors
(Fig. 2(B)).%” In this study, protein nanogels encapsulating the
interleukin-15 super-agonist complex, which could sense
membrane reduction potential changes after T cell activation
and release the supporting protein drugs, were constructed and
conjugated onto the surface of engineered T cells. By covalently
coupling the nanogels to the surface of the proteins, the T cells
were endowed with more potency and had enhanced function
and persistence without noticeable toxicity after intravenous
administration. The efficacy and safety of adoptive T cell
therapy were increased by using and creating these “chemical
backpacks”. Furthermore, the backpacks possess favorable
biodegradability, an easy preparation process, and desirable
storage stability, providing these T cell therapies with transla-
tional promises.

Compared to intravenous injection, regional administration
of effector T cells could circumvent the physiologic barriers and
tumor-infiltrating obstacles. Coon et al. proposed nitinol thin
films as the micromesh implants to load CAR-T cells, realizing
enhanced T cell treatment against solid tumors.®® The resultant
T cell-loaded micromesh films spatially conformed to the
implantation site by which effector cells then underwent rapid
proliferation, leading to abundant effector cells directly to
the TME, and dramatically enhanced animal survival of mice
bearing non-resectable ovarian cancer. Additionally, coating
self-expandable stents with these T-cell-loaded films and placing
them into subcutaneous tumors could extend the potency of
the stents by delaying tumor ingrowth. Collectively, CAR-T-
loaded micropatterned nitinol thin films can boost the benefits
of T cell-based therapies by allowing direct access to tumors.
Moreover, the stability of the film and the reproducibility of
T-cell loading could be rationally adjusted by changing the pore
geometry and mechanical properties of the micromeshes.

This journal is © The Royal Society of Chemistry 2022
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Additionally, the thinness of micromeshes renders nutrients
available to the effector cells, increasing their duration at the
tumor location.

The development of novel biomaterials also provides more
possibilities combined with other standard treatment modalities
for T cell therapies, improving their treatment efficacy and
expanding their applications. For example, Hu et al. designed a
hydrogel containing CAR-T cells with the chondroitin sulfate
proteoglycan 4 (CSPG4) antigens, which are abundantly expressed in
human melanoma cells yet restricted in normal cells (Fig. 2(C)).*°
The hydrogel creates an environment so that the CAR-T cells
can suppress any residual tumor cells post-surgery and prevent
any future regrowth or recurrence of the tumor. Given that the
inflammatory conditions can trigger the platelet activation to
release platelet-derived microparticles (PMPs), the surface of
platelets was conjugated with anti-PDL1 (engineered mono-
clonal antibodies against programmed-death ligand 1) to pre-
pare P-aPDL1 that release aPDL1 antibodies to block PDL1 of

This journal is © The Royal Society of Chemistry 2022

cancer cells under an inflammatory environment secondary to
the cancer surgery, further preventing the T cell exhaustion.
To promote the proliferation of the CAR-T cells, IL-15 NPs were
loaded into the hydrogel and P-aPDL1. The coculture assay
showed that CAR-T cells loaded in the hydrogel could undergo
rapid expansion and effectively damage WM115 melanoma
cells. The hydrogel demonstrated notable efficacy in controlling
local tumor regrowth. Besides, Ogunnaike et al. proposed fibrin
gels loaded with CAR-T cells to achieve slow release of the
effector cells to the target region and promote higher antitumor
activity than directly injecting CAR-T cells to the site.”® A porous
gel generated from human fibrinogen through thrombin-
mediated enzymatic polymerization was designed to encapsu-
late T cells, which could gradually release the effector cells at
the tumor resection cavity after in situ gel formation. The CAR-T
cells that were deposited by the fibrin gel demonstrated effec-
tive antitumor activity in glioblastoma resection mouse models.
This study is particularly advantageous for targeting tumor
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recurrence, especially for brain tumors, compared to the direct
injection of CAR-T cells. Ultimately, the fibrin gel loaded with
CAR-T cells may prove incredibly effective when used over a
long period post-surgery.

Recently, sophisticated biomaterial-assisted techniques have
been developed to improve the efficacy, specificity, and safety of T
cell treatments. To combat the shortcomings of T cell therapies,
material-based platforms are being developed to concentrate cells,
maintain cell retention, optimize pharmacokinetics, and prevent
adverse effects. Co-loading T cells and other functional agents in
integrated formulations gives effector cells exhaustion resistance,
potentially boosting efficacy and durability in solid tumors.
Furthermore, materials with TME-regulating abilities may help
T cells expand or persist, resist the suppressive microenvironment,
or act as a tumor-infiltrating promoter.

3.1.2 Biomaterial-assisted macrophage therapies. Macro-
phage therapy is another new and innovative cell-based treatment
modality for cancer, inflammation disease, or tissue regeneration.
As cells can constantly change, adapt, and grow, macrophages will
work with the preexisting cells and the host immune system to
fight against the diseases. Given that macrophages are highly
plastic cells that can exert distinct functions under different
phenotypes, generally speaking, a central goal of macrophage-
based therapeutics is to maintain their specific phenotype in
the diseased sites. Shields et al. designed a so-called discoidal
particles-based ‘“backpack” that can attach to the surface of
macrophages and modulate their phenotypes in vivo (Fig. 3(A)).”*
Backpacks resist phagocytosis for a couple of days and release
cytokines to maintain the anticancer phenotypes of macrophages.
Even in the highly immunosuppressive environment of breast
cancer, the backpack-equipped macrophages showed long-lasting
treatment efficacy. Compared to an equivalent dose of macro-
phages without cytokines, mice treated with backpack macro-
phages exhibited lower metastasis and suppressed tumor
progression. Overall, these findings will allow a wide variety
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of inflammatory diseases and disorders to be treated and have a
broad range of expansions in clinical applications in the future.

Besides induction of phenotype polarization, biomaterials
could extend the functions of macrophages, leading to a
synergistic effect on refractory diseases. Hou et al. propose a
macrophage-based cell therapy that overcomes sepsis-causing
bacteria resistance (Fig. 3(B)).”> The method employs vitamin C
lipid nanoparticles to transfect macrophages with antimicro-
bial peptides and cathepsin B (AMP-CatB) mRNA. Since the
lysosome of macrophages is the targeting site for bactericidal
activities, the vitamin C lipid nanoparticles enable the specific
accumulation of AMP-CatB lysosomes. After transfer, the adoptive
macrophages could eliminate multidrug-resistant pathogens such
as Staphylococcus aureus and Escherichia coli, resulting in immuno-
compromised septic mice recovering completely. This study paves
the way for developing nanomaterial-assisted macrophage therapy
for infectious disorders and an alternate technique for combating
multidrug-resistant bacteria-induced sepsis.

Material-engineered macrophages can also be used as an
adjuvant treatment to combine chemotherapy, radiotherapy,
and phototherapy to generate a synergistic effect, in addition to
direct polarization of phenotypes and improvement of abilities.
Unfortunately, the insufficient tumor-targeting capability poses
challenges to macrophages to target malignant tumors, parti-
cularly metastatic cancers. However, chemically or genetically
coupling targeting ligands is expected to endow engineered
macrophages with metastatic tumor-targeting abilities.’ Further-
more, material-modified macrophages also serve as drug delivery
systems to transport functional agents to the specific diseased site
through their inherent homing effect.

3.1.3 Biomaterial-assisted NK cell therapy. The rapid pro-
gress of NK cell therapies benefits from an understanding of
T cell treatments, in which biomaterial engineering techniques
could significantly accelerate the development of NK cell-based
therapeutics. Several studies recently demonstrated that integrating
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(A) Schematic illustration of cellular backpack-based macrophage therapies. (B) Schematic illustration of preparing the vitamin-derived lipid

nanoparticles and the action mechanism of adoptive macrophage-mediated sepsis treatment. (A) was reproduced from ref. 71 with permission from the
American Association for the Advancement of Science, Copyright 2020. (B) was reproduced from ref. 72 with permission from Nature Publishing Group,

Copyright 2020.
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NK cell-based therapy with biomaterials can expand the generation
of NK cells or boost their activity against tumors.

As for the difficulties in ex vivo expansion, Ahn et al. developed
a 3D hyaluronic acid-based niche, termed 3D-ENHANCE, to cul-
ture NK cells (Fig. 4(A)).”* Other than commonly used 2D methods,
3D-ENHANCE enables NK-92 cell lines and human epidermal
growth factor receptor (EGFR)-specific CAR-NK cells with upregu-
lated mRNA expression, increased cytokine secretion, rapid
growth proliferation, and enhanced cancer cell-killing capacities.
Moreover, the controllable biodegradability renders 3D-ENHANCE
an implantable cell reservoir in the post-surgery cavity. The in vivo
evaluation demonstrated that implanting 3D-ENHANCE into the
surgical sites could reduce relapse and metastases; thus, this
strategy provides a cytokine-free niche for ex vivo proliferation
and postsurgical therapy of NK cells, which improves their low
therapeutic efficiency.

To enhance the specificity of effector NK cells against
cancer cells, modification with targeting ligand on their sur-
face serves as a feasible option. Yang e¢ al. incorporated
the synthetic CD30-specific aptamers into the membrane of
NK cells to produce aptamer-engineered NK cells (ApEn-NK)
with an unnoticeable effect on genome and cell viability.”* The
resultant NK cells selectively bind to CD30-overexpressing
lymphoma cells and effectively eliminate the malignant cells.
Besides, based on the chemoenzymatic approach, Li et al.
constructed antibody-modified NK-92MI cells through fucosyl-
transferase-mediated biomacromolecule transfer (Fig. 4(B)).”>
The Herceptin-engineered NK cells demonstrated increased
abilities to eliminate HER2" cancer cells, leading to a significantly
improved anticancer effect on human tumor xenograft models.
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A rapidly increasing number of biomaterial-based strategies
have been designed for NK cell therapies. Especially, the
adoptive transfer of NK cells provides a desirable option for
cancer management due to the advances in in vitro expansion
and activation approaches. However, overcoming the immuno-
suppressive microenvironment remains an urgent issue, which
might compromise the potential of NK cell therapy for further
applications.”®

3.1.4 Biomaterial-assisted DC therapy. DCs can be collected
from a patient, loaded with antigens, modified for specific func-
tions, expanded, and then administrated to treat cancer and
autoimmune diseases. DC vaccines engage DCs to directly sensi-
tize T and B cells through paracrine and antigen-presenting
pathways.*® Like other adoptive therapies, DC-based therapeutics
also suffer from difficulties in expansion, insufficient targeting
abilities, and poor cell persistence, which may be solved by
integrating biomaterials into DCs to improve their viability,
proliferation, and functionality.*’

Recently, many researchers have attempted to employ various
biomaterials, such as scaffolds, polymeric particles, or hydrogels,
to promote the viabilities and abilities of DCs. Srinivasan et al.
reported a multicomponent immunomodulatory scaffold pre-
pared by incorporating glutaraldehyde-crosslinked gelatin micro-
particles into an agarose matrix.”” The resultant scaffold could
create a suitable microenvironment for re-educating and genera-
ting DCs with a tolerogenic or regulatory phenotype through
controllable release of granulocyte monocyte colony-stimulating
factor (GM-CSF), dexamethasone (DEX), or peptidoglycan (PGN).
The scaffold-treated DCs were demonstrated to suppress the
proliferation of T cells. Moreover, Thomas et al. developed a
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poly(ethylene glycol) (PEG)-based hydrogel for local transplan-
tation of IL-10-treated DCs.”® The DC-containing hydrogel
could reprogram the immune microenvironment of the injec-
tion site, realizing prevention from the progression of sclerosis.

Surface engineering is also a practical approach to promo-
ting the maturation and functionality of DCs. Liu et al. deco-
rated the surface of DCs with polydopamine through a calcium-
mediated process, thereby achieving controllable regulation of
the DC maturation status.”® While polydopamine serves as a
ROS scavenger to inhibit DC maturation, the photothermal
effect after irradiation with an 808 nm laser could initiate the
maturation process, leading to effective activation. Yu et al
provided another surface modification approach to enhance
the antigen presentation of DCs (Fig. 5(A)).*° The synthetic
glycopolymer modified onto the DC membrane could enhance
the frequency and duration of their interaction with T cells,
resulting in promoted T cell activation and increased anti-
cancer efficacy. Collectively, biomaterial-based surface engi-
neering provides a promising strategy for more efficient DC
therapies.

Given their specific functions of antigen presentation and
T cell activation, in vivo education of DCs is a simple method to
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exert the treatment efficacy of DC therapies. Kim et al. designed
an implantable microporous poly(lactide-co-glycolide) (PLG)
scaffold encapsulating GM-CSF to in vivo recruit and enrich
DCs to the pore of PLG scaffolds.®" From the same group,
Shah et al. showed another macroporous biomaterial formed by
covalent cross-linking between PEG and alginate, termed cryo-
gel, to encapsulate acute myeloid leukemia (AML)-associated
antigens, cytosine-guanosine oligodeoxynucleotide (CpG-ODN),
and GM-CSF (Fig. 5(B)).** After subcutaneous injection, the cyro-
gel promotes in situ DC maturation and local T cell infiltration,
leading to a potent anti-AML immune response. Other than the
commonly used ex vivo education of DCs, these studies provide a
new direction for DC-based treatments.

For DC therapies, many studies have been performed to
maximize the therapeutic potentials of DCs through designing
new biomaterials. Moreover, benefiting from the understanding
of materials science, rational combination therapies can be
developed to improve the treatment efficacy of DCs with other
standard therapies.

3.1.5 Biomaterial-assisted Treg cell therapy. Tregs are fre-
quently involved in the initiation and progression of allergies
and autoimmune disorders, typically caused by the overactivation
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reproduced from ref. 82 with permission from Nature Publishing Group, Copyright 2020.
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of effector T cells. It is commonly recognized that Tregs exert their
immunosuppressive functions through the secretion of inhibitory
cytokines and direct interaction with target proinflammatory
cells.”® These characteristics render Treg a durable therapeutic
candidate to treat type 1 diabetes, psoriasis, immunological
rejection, and inflammatory bowel diseases in which T cells are
overactivated."* Various biomaterials have been developed to
explore the therapeutic potentials of Tregs for maintaining
immune tolerance conditions.

Liu et al. reported an in situ Treg cell reprogramming strategy,
employing poly(r-lactic acid) (PLLA) nanofibrous spongy micro-
spheres as the injectable scaffold that contains PLLA/PEG-
functionalized mesoporous silica nanoparticles (MSNs) and
PLG microspheres (Fig. 6).** This system could enrich, expand,
and educate Treg cells and thus create a local immunotolerant
microenvironment. Finally, the multifunctional microspheres
are demonstrated to relieve bone loss in a murine periodontitis
model. In another study, Fisher et al. synthesized chemokine
(C-C motif) ligand 22 (CCL22)-encapsulated PLG microparticles
to realize immune tolerance and minimize rejection after limb
transplantation.®® After intragraft administration, the micro-
particle systems could recruit Treg cells in allograft skin and
promote their immunosuppressive functions with unnoticeable
effects on conventional T cells. This study provides a practical
approach to reducing the immunological rejection caused by
transplantation.

Besides the above-mentioned in vivo recruitment of Treg
cells, co-transplantation of organs with Treg cells is another
feasible application for Treg cell therapies. Graham et al
employed a PLG scaffold to co-transplant Treg cells and islet
grafts for protecting islets from rejection in diabetic models.®®
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The resultant PLG scaffold could recruit and educate host-derived
Treg cells to co-localize inside grafts, leading to long-term and
systemic immunological tolerance.

With the explosive growth in biomaterials, researchers
would develop increasing strategies to expand the applications
and accelerate the clinical translation of cell therapies.'” As for
Treg cell-based therapies, expansion and function persistence
remain the major issues requiring much more effort.

3.2 Biomaterial-assisted stem cell therapies

Stem cell treatment holds great potential in tissue regeneration
and functional recovery. Stem cell therapeutics exert functions
after intravenous or local administration through cell replace-
ment, cytokine secretion, and dying-cell clearance.>® Despite their
enormous abilities, stem cell therapies suffer from several diffi-
culties in clinical translation, including low viability in the hostile
diseased microenvironment and unfavorable biodistribution,
immune rejection, and uncontrollable differentiation.>® As a
result, developing a biomaterial-based bioengineering strategy
to address the limitations is a desirable option for enhancing
the clinical translation potential of stem cell therapy.

Given that multiple factors compromise the treatment effi-
cacy of mesenchymal stromal cells (MSCs), Gonzalez-Pujana
et al. developed a multifunctional hydrogel system with tunable
mechanical properties to maximize their immunomodulatory
properties (Fig. 7(A)).*® Immunomodulatory extracellular matrix
hydrogels (iECM) generated from a click functionalized-alginate
and fibrillar collagen incorporated by interferon y (IFN-y)-loaded
heparin-coated beads, which increased the expression of a wide
panel of key immunomodulatory and regulatory genes in bone
marrow-derived primary human MSCs (hMSCs) and enhanced the

IL-2/TGF-§ loaded MSN
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Fig. 6 Schematic illustration of preparing the multifunctional microspheres and their relevant action mechanism. Fig. 6 was reproduced from ref. 83

with permission from the American Chemical Society, Copyright 2018.
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secretion of indoleamine 2,3-dioxygenase 1 (IDO1) and galectin-9
(GAL9). Furthermore, the coculturing assay demonstrated that
iECM-encapsulated hMSCs could significantly suppress the
proliferation of activated human T cells, indicating enhanced
immunomodulatory capabilities. Sultan et al. reported another
kind of hydrogel system based on silk fibroin (SF) for brain injury
treatment (Fig. 7(B)), which could encapsulate engineered hMSCs
and facilitate the secretion of brain-derived neurotrophic factor
(BDNF).*” The SF that serves as the base for the proposed hydrogel
systems is collected from the cocoons of a particular species of
silk moths, Bombyx mori. The authors prepared multiple hydro-
gels with differing concentrations of SF and tested the relevant
tensile strength and gel point. The results showed that SF-based
hydrogels could increase the neurological function of specific
brain-damaged areas in the rat model, serving as a minimally
invasive alternative for treating brain injury.

Besides the hydrogel scaffold systems, Mao et al. encapsu-
lated the single MSC into an alginate microgel through the

7232 | J Mater. Chem. B, 2022,10, 7222-7238

microfluidic device to maximize the therapeutic potential and
overcome the short in vivo cell persistence and phenotype
inconsistencies of stem cells (Fig. 7(C)).*® Prior to adminis-
tration, exposure to inflammatory cytokines upregulates the
immunomodulatory genes in encapsulated cells. This bio-
material encapsulation strategy could significantly improve the
half-life of MSCs after intravenous injection due to alginate-
mediated cell cluster formation and subsequent cross-linking
with polylysine. Furthermore, these surface modifications are
conducive to mitigating the clearance risks caused by innate and
adaptive immune responses. The encapsulated stem cells finally
improve the engraftment of major histocompatibility complex
(MHC)-mismatched donor cells in a bone marrow transplant
model, indicating that this microgel encapsulation approach is
practical to prolong stem cell survival and boost their overall
immunomodulatory potency.

Moreover, stem cells have been widely used to treat cardio-
vascular diseases. Given the poor retention of the transplanted
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cells and inevitable entrapment in the lungs after intravenous
injection, the Cheng group has developed various biomaterials,
such as polymeric nanogels,® platelet nanovesicles,”® ferum-
oxytol nanoparticles,”” and chemically engineered antibodies, >
to enhance the treatment efficacy of the stem cell-mediated
heart repair. As for stem cell transplantation, Tang et al
attempted to encapsulate human cardiac stem cells into a
thermosensitive nanogel with a porous and convoluted inner
structure,® which protects the stems cells from the attack by
immune cells but permits nutrient, oxygen, and secretion
diffusion. Therefore, the resulting nanogel facilitates the repair
of the heart and reduces scar sizes without systemic inflamma-
tion and local T-cell infiltration. Furthermore, given the low
retention and engraftment of the transplanted cells, Tang et al.
developed a fast, straightforward and safe engineering approach
for cardiac stem cells to improve their vascular delivery
(Fig. 8(A)).°° Through fusion with platelet nanovesicles, the
modified cells could express a platelet surface maker and
maintain their tissue regeneration abilities, leading to selective
accumulation at the injured site for exerting a repairing function.
Also, Vandergriff et al. employed FDA-approved ferumoxytol
nanoparticles to label stem cells, realizing enhanced cell engraft-
ment and treatment efficacy through magnetically-targeted cell
delivery.”" Besides, Li et al. proposed the biorthogonal click
chemistry-mediated pretargeting strategy to redirect endogenous
circulating stem cells to the injured heart (Fig. 8(B)).”> Especially,
the affinity between platelets and endothelial progenitor cells
(EPCs) could promote the binding of EPCs to the injured blood
vessels, leading to effective stem cell-based heart repair. Benefit-
ing from these tailored biomaterials, they have provided a pro-
mising prospect for stem cell-based treatments of cardiovascular
disease.

Stem cell therapy has advanced at an unparalleled rate in
transplantation and regenerative medicine due to its self-renewal
capabilities. The versatility of stem cells enables researchers to
choose matched stem cell types according to the needs of the
specific disease treatment. Due to the advances in materials
science, both scaffold and capsule systems can not only provide
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stem cells with protection and maintenance but also regulate
their development to increase therapeutic benefits. Despite their
enormous potential, the immaturity of stem cell expansion and
differentiation poses a big challenge to their clinical translation.
In addition, carcinogenicity and mutagenicity remain the major
issues to be addressed.

3.3 Biomaterial-assisted bacteria therapies

Bacteria have the potential to selectively target the diseased site
by sensing the pathological cues, leading to either suppression
or acceleration of the disease progression. For example, pro-
biotics could reprogram microbial homeostasis and promote
the repairment of the mucosal barrier in the GI tract to improve
the IBD treatment.®® In contrast, certain bacteria would dete-
riorate the pathological processes by blocking the immune
response-mediated clearance. These essential properties render
bacteria a promising therapeutic modality for specific disorders
from the perspective of healthcare. However, the clinical trans-
lation of bacterium therapies is hampered by their possible
toxicity and immunogenicity, indicating the requirement of
biomaterials engineering. The design principles for bacteria-
based therapeutics are centered on minimizing toxicity,
increasing in vivo survivability and proliferation capabilities,
and endowing bacteria with extra functionalities for improved
treatment potency. The convergence of bacteria and materials
science will pave the way for novel therapeutic possibilities
involving engineered microbes.

Despite the extensive exploration of bacterial-mediated
biotherapies for cancer treatments, the poor potency hinders
their clinical application, mainly due to the low tumor-specific
accumulation after administration. Geng et al. conjugated
aptamers onto the surface of bacteria through a cytocompa-
tible amidation approach,’ leading to significantly improved
tumor localization following systemic injection (Fig. 9(A)).
Compared to unmodified counterparts, bacteria with an opti-
mal conjugation density of aptamers realize high accumula-
tion at the tumor site and remarkable selectivity against tumor
cells. Furthermore, the engineered Salmonella triggered the
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anticancer immune response inside the tumor and thus
exhibited improved treatment efficacy in both 4T1 and H22
murine tumor models. This study demonstrated the feasibility
of surface conjugation to change the bacterial behavior and
increase antitumor biotherapy.

Moreover, the surface coating serves as another common
material-based engineering technique for bacteria. Considering
the promise of probiotics in treating IBD by modulating gut
microbiota homeostasis, Liu et al. developed a double-layer
coating method to facilitate the resistance of probiotics against
the harsh conditions in the GI tract and thus enhance the
retention time of probiotics (Fig. 9(B)).”” The coating strategy
employed tannic acid (TA) and enteric L100 to encapsulate
Escherichia coli Nissle 1917 (EcN) strain, increasing availability
and persistence after oral administration. Then, the enginee-
red EcN systems selectively released TA-EcN in the intestine
through pH-responsive degradation of the outer L100 layer.
The powerful mucoadhesive abilities of the TA layer prolonged
the EcN retention time without a noticeable effect on the
viability and proliferation of EcN, achieving potent prophylactic
and treatment efficacy in murine IBD models. Furthermore, the
TA layer can be eliminated by adding ethylenediaminetetraa-
cetic acid to reduce the possible adverse reactions caused
by long-term TA mucoadhesion. This coating strategy provides
a practical approach for bacteria therapies to treat GI tract
disorders.

Due to the interactions with intestinal microbiota and many
disorders, bacterial therapies provide a novel strategy for complex
diseases. However, many bacteria possess a pathogenicity and
strong colonization ability. Furthermore, the immunogenicity
of most bacteria would cause undesirable adverse reactions like
systemic inflammatory response syndrome and the risk of
sepsis. Additionally, bacteria are sensitive to hostile physiolo-
gical environments, including gastric acid, which may compro-
mise their availability after oral administration. Biomaterial-
assisted techniques can facilitate bacteria to fully exert their
therapeutic functions and improve in vivo biosafety. Synthetic
polymers or biofilms can be coated on the surface of bacteria to
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protect them from a harsh environment. Surface modification
with antibodies or targeting ligands could also promote selec-
tive accumulation in the diseased site and treatment efficacy.
Moreover, advanced material-based engineering methodologies
can endow bacteria with novel functionalities, extending their
clinical applications.

3.4 Biomaterial-assisted other cell therapies

The past decade has witnessed the important role of biomaterials
in promoting the efficiency of immune cell, stem cell, and bacteria
therapies, inspiring the applications of various biomaterials
to other cell therapies. For example, Nash et al. developed an
alginate capsule to load human ARPE-19 cells as a cytokine-
producing factory (Fig. 10(A)).%° After tumor-adjacent adminis-
tration, the capsules could controllably release effector cytokines
and trigger the anticancer immune response, eradicating
intraperitoneal tumors without systemic toxicities. As for the
treatment of diabetes, Bose et al. reported a retrievable and
implantable microdevice constructed by a polydimethylsiloxane
reservoir and polycarbonate track-etched membrane to protect
xenogeneic cells from the destruction of host immune systems
without affecting their therapeutic functions (Fig. 10(B)).”” Vegas
et al. encapsulated human embryonic stem cell-derived B cells
into alginate derivatives for glycemic correction after intraperito-
neal administration.”® In another study, Bochenek et al. tested
the immune protection of seven alginate hydrogel spheres for
allogeneic pancreatic islet cells.”” They found that a chemically
modified alginate derivate, Z1-Y25, and the relevant formulation
enabled long-time transplantation of pancreatic islets without
the need for immunosuppression. Wang et al. employed a
nanofiber-integrated cell encapsulation device to protect human
pluripotent stem cell-derived functional B cells from immune
rejection and thus realize diabetes reversal within one week
(Fig. 10(C))."® Moreover, the device possesses desirable scal-
ability and retrievability with an unnoticeable fibrotic response.
Besides hydrogels, the microneedle is an emerging device for
transdermal drug delivery, which could also assist cell therapies
in a painless, low-invasive, and long-time manner.'®" Ye et al.
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Fig. 10 (A) Schematic illustration of preparing the cytokine factory and its relevant action mechanism. (B) Schematic illustration of the device design and
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integrated microneedles with pancreatic-cell capsules that
respond to changes in blood glucose and produce insulin
(Fig. 10(D)).*°> Then, the microneedles were incorporated with
glucose signal amplifiers, which were constructed by synthetic
nanovesicles containing glucose oxidase, a-amylase, and gluco-
amylase and could trigger insulin release from pancreatic-cell
capsules through the glucose-involved enzymatic cascade.
Finally, the microneedle patch rapidly reduced blood glycemic
levels in type 1 diabetic mice. Collectively, as the therapeutic
cell species increase, the demands for novel biomaterials will
rise; in other words, as materials science advances, more cell
therapies will be developed and improved.

This journal is © The Royal Society of Chemistry 2022

4. Conclusions and perspectives

The inherent ability to interact with and adapt to specific
physiological processes renders cells an emerging treatment
modality widely investigated for various diseases. The prolif-
eration and differentiation potentials could be applied to tissue
repair and regeneration. Due to the capacities of stimulus-
responsive protein secretion, cell therapies are suitable for
dynamic, long-term therapeutic administration. Biomaterials
play a key role in supporting, delivering, and functionalizing
the therapeutic cells to enhance their biomedical applications.
Collectively, biomaterials can serve as supportive scaffolds or
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protective coatings for cell-based therapeutics to maintain their
viability and intrinsic functionality and induce specific cell
phenotypes through educating, training, or redirecting the target
cells. Also, the biomaterials frequently serve as the delivery
vehicles to transport abundantly available cells to the diseased
sites and increase their retention by improving the targeting
effect or protecting them from environmental damages.
Moreover, given the strong therapeutic abilities of “live” medicine,
versatile biomaterials could equip these therapeutic cells with
additional functions and thus synergistically exert treatment
efficacy. Biomaterial engineering techniques have been demon-
strated to accelerate the translation of therapeutic cells.
However, the costs and difficulties of cell collection, expansion,
and engineering may compromise applicability in the clinic.
The stringent quality control and safety standards for the
materials also pose additional challenges to the approval
of material-based cell therapeutics. Apart from the materials
already approved for the clinic, new material modification and
characterization approaches and the relevant mechanisms
usually require extensive evaluations, leading to high time
and manufacturing costs. Overall, with the increasingly rapid
growth in developing sophisticated and smart biomaterials,
material-modified cells would possess various new therapeutic
potentials and extensive application prospects.
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