Received: 30 October 2021

Accepted: 10 January 2022

DOI:10.1002/EXP.20210106

REVIEW ARTICLE

Eeploration

Recent advances in overcoming barriers to cell-based delivery
systems for cancer immunotherapy

Yingyue Ding"*’

IPharmaceutical Sciences Division, School of
Pharmacy, University of Wisconsin-Madison,
Madison, Wisconsin, USA

2Carbone Cancer Center, School of Medicine and
Public Health, University of Wisconsin-Madison,
Madison, Wisconsin, USA

3Wisconsin Center for NanoBioSystems, School of
Pharmacy, University of Wisconsin-Madison,
Madison, Wisconsin, USA

Correspondence

Quanyin Hu, Pharmaceutical Sciences Division,
School of Pharmacy, University of
‘Wisconsin—-Madison, Madison, WI 53705, USA.
Email: ghu66@wisc.edu

1 | INTRODUCTION

| Yixin Wang">® |

1,2,3

Quanyin Hu

Abstract

Immunotherapy strategies that use cell-based delivery systems have sparked much inter-
est in the treatment of malignancies, owing to their high biocompatibility, excellent
tumor targeting capability, and unique biofunctionalities in the tumor growth process.
A variety of design principles for cell-based immunotherapy, including cell surface dec-
oration, cell membrane coating, cell encapsulation, genetically engineered cell, and cell-
derived exosomes, give cancer immunotherapy great potential to improve therapeutic
efficacy and reduce adverse effects. However, the treatment efficacy of cell-based delivery
methods for immunotherapy is still limited, and practical uses are hampered due to com-
plex physiological and immunological obstacles, such as physical barriers to immune
infiltration, immunosuppressive tumor microenvironment, upregulation of immuno-
suppressive pathways, and metabolic restriction. In this review, we present an overview
of the design principles of cell-based delivery systems in cancer immunotherapy to
maximize the therapeutic impact, along with anatomical, metabolic, and immunolog-
ical impediments in using cell-based immunotherapy to treat cancer. Following that, a
summary of novel delivery strategies that have been created to overcome these obsta-
cles to cell-based immunotherapeutic delivery systems is provided. Also, the obsta-
cles and prospects of next-step development of cell-based delivery systems for cancer
immunotherapy are concluded in the end.
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As understanding of the critical role of the human body’s
immune system against cancer has advanced, tumor
immunotherapy has attracted tremendous enthusiasm in
favor of improved overall survival rate and long-term ther-
apeutic benefits without significant side effects. Various
immunotherapeutic approaches emerged as promising anti-
tumor modalities by regulating/promoting the patient’s own
immune system to kill cancer cells, including immunostim-
ulatory cytokines-mediated therapy, immune checkpoint
blockade, monoclonal antibody-dependent cellular cyto-
toxicity treatment, and adoptive immune cell transfer.!)
Especially, unleashing anti-cancer immunity with immune
checkpoint inhibitors, including inhibitors blocking cytotoxic

L1), and the adoptive transfer of chimeric antigen receptors
T cells (CAR-T cells), has been widely indicated in clinical
applications against a variety of cancer.!>* As of Dec. 2020,
six anti-PD-1 or anti-PD-LI antibodies have been approved by
the United States Food and Drug Administration (FDA) for
the treatment of a broad array of cancer.!*! Besides, CAR-T
therapy has achieved great success in combating hematologi-
cal malignancies and solid tumors in clinical trials.l>] Notably,
combinational immunotherapy approaches by integrating
multiple therapeutic modalities or same treatment modality
for different immune targets display excellent synergistic anti-
tumor effects, resulting in enhanced treatment outcomes and
diminished harmful side effects.[®) Despite the great success
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achieved by cancer immunotherapy for clinical translation,
there are still multiple factors hampering the further applica-
tion of immunotherapy, such as variable objective response
rate across patients, normal tissue damage due to off-target
effects, cytokines storm in adoptive CAR-T cell therapy.

Innovative and effective drug delivery technology has
been widely explored in recent years, with a more pro-
found knowledge of biocompatible materials and cancer
immuno-oncology, in order to enhance the efficacy of can-
cer immunotherapy. Delivery systems that have better acces-
sibility to tumor sites or immune organs, reduced off-target
adverse effects, cargo protection ability, and bio-responsive
and controlled release of cargoes have been applied to facil-
itate cancer immunotherapy for better both efficacy and
safety.l”*) Nanoparticles, biomaterial implant scaffolds, and
transdermal delivery systems are being widely investigated
as more efficient delivery platforms in cancer immunother-
apy for better therapeutic outcome.!®! Significantly, the emer-
gence and rapid development of nanotechnology accelerate
the research progress of the application of nanoparticle-based
delivery systems in cancer diagnosis and treatment, by rea-
son of enhanced permeability and retention effect and active
targeting capability, and also the ability to help to overcome
drug resistance.!”!") Despite these remarkable properties of
nanotechnology-enabled drug delivery systems, the draw-
backs of nanomaterials, such as immunogenicity, rapid clear-
ance, and safety issues for long-term administration, raise
concerns about their clinical translation.["!! Unlike nano-
based delivery systems, cell-inspired delivery platforms have
been raising great attraction owing to their outstanding bio-
compatibility and the distinctive biological functions of differ-
ent cell types, including long-term circulation, low immuno-
genicity, and low cytotoxicity.'>) For example, immune cell-
based delivery systems could actively target and penetrate
deeply into the tumor parenchyma responding to inflamma-
tory and hypoxia tumor microenvironment.*] Meanwhile,
erythrocyte-based delivery systems have demonstrated the
great biocompatibility and long circulation time.l'*) As a
result, cell-based delivery methods hold a lot of potential for
enhancing the efficacy and safety of cancer immunotherapeu-
tics.

Efficient anti-tumor immunity enhanced by cancer
immunotherapies delivered via cell-based delivery plat-
forms necessitate a highly coordinated, powerful, and timely
anti-tumor immune response based on the ability to control
or eliminate cancer cells via diverse immunity pathways.
Briefly, in order to destroy cancer cells and generate long-
term immunologic memory, immune effector cells must
migrate towards tumor tissues through complex tumor-
associated blood vasculature and penetrate tumor tissues
effectively, then recognize tumor-associated antigens pre-
sented by antigen presenting cells such as dendritic cells.[”!
However, to escape from the immune surveillance and attack,
cancer cells have developed mechanisms to elude immune
cell recognition and eradication by regulating molecular
expression,'®) restraining the activity of immune effec-
tor cells,l'””] and creating the tumor growth-favorable and

immunosuppressive microenvironment,!®)  which collec-

tively limit the therapeutic efficacy of cancer immunotherapy
and become general barriers to eliciting robust anti-tumor
immune response.[”?!) These inherent obstacles, especially
the hindered immune infiltration due to physical barriers,
the overexpression of immunoinhibitory ligands on tumor
cells, the recruitment of immunosuppressive cells in the
tumor microenvironment, and metabolic restriction, largely
limit the treatment outcome of immunotherapy that has
been facilitated by cell-based delivery systems.[?”] Therefore,
overcoming these innate barriers to further enhance the
therapeutic efficacy of cell-carried immunotherapeutics has
become a central theme in cancer immunotherapy area.

In this review, we summarize the most widely imple-
mented cell types as carriers of immunotherapeutic agents
and the rationale of designing cell-based delivery strate-
gies for cancer immunotherapy, focusing on cell surface
decoration/conjugation, cell membrane coating, cell-derived
exosomes, cell encapsulation, and cell genetic engineering,
with specific biomedical applications (Figure 1). Further-
more, the physiological, immunological, and metabolic con-
straints of cell-based delivery methods in cancer immunother-
apy are discussed, as well as current advances in developing
immunotherapeutic techniques to address these limitations.
Finally, the future of cell-based delivery systems in cancer
immunotherapy is outlooked with the emphasis on the mul-
tidisciplinary collaboration to overcome fundamental limita-
tions against future clinical translation.

2 | DESIGN PRINCIPLES OF CELL-BASED
DELIVERY SYSTEMS IN CANCER
IMMUNOTHERAPY

As the most important units in human bodies, diverse types of
cells with different physiological activities are serving as natu-
ral biological drug delivery systems in cancer immunotherapy.
Erythrocytes, immune cells, stem cells, platelets, neutrophils,
cancer cells, and bacteria have been studied as drug delivery
carriers, taking advantage of their unique biological or struc-
tural functions in transportation, interaction, and immune
activity.[?*] For instance, red blood cells with long circulation
life in the bloodstream play an essential role in improving the
half-life time of therapeutic agents and also protect cargos
from rapid in vivo degradation and clearance.[**?*] More-
over, inspired by the roles of immune cells in the anti-tumor
immune response, drug delivery vehicles based on autologous
immune-related cells show great promise in active targeting
and responsiveness to inflammation and infection.[*°] CAR-
T cell therapy is an excellent example of employing in vitro
engineered T cells expressing chimeric antigen receptors to
target specific tumor antigens, further leading to T cell pro-
liferation and cytotoxicity against tumor cells. Because of the
promising achievement in treating lymphoma and myeloma
in clinical trials, two FDA-approved CAR-T cell therapies
targeting B lymphocyte antigens, lisocabtagene maraleucel
and idecabtagene vicleucel, have been commercialized.!*”->"]
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Biological, chemical, and genetic engineering approaches
have been widely used on whole cells or cell components like
cell membrane to develop effective therapeutic carriers in
cancer immunotherapy to exploit the inherent characteristics
of cells fully. Five types of design concepts for cell-based
delivery systems in cancer immunotherapy have been widely
studied so far: cell surface decoration/conjugation, cell mem-
brane coating, cell-derived exosomes, cell encapsulation, and
genetically engineered cell (Table 1).

2.1 | Cell surface decoration/conjugation

Because of its established manufacturing process and wide
range of modification options, cell surface engineering has
been prioritized in developing cell-based delivery systems.
Proteins, lipids, and carbohydrates are diverse components
of cell membranes exposing functional groups such as amine
and thiol groups in lysine and cysteine residues, which
are ideal for chemically conjugating immunotherapeutic
agents on the surface of cell carriers through facile chem-
ical reactions.?>**] N-hydroxyl-succinimidyl ester groups,

Schematic illustration of design principles of cell-based delivery systems in cancer immunotherapy and therapeutical barriers to cancer

maleimide, and 1-ethyl-3-(3-dimethyl aminopropyl) carbodi-
imide are widely used as chemical cross-linkers for chemical
conjugation of biological or chemical materials on the cell
surface.!'>*!] Also, biorthogonal binding sites could be formed
on cell membranes by metabolically integrating non-natural
sugars in order to create stable covalent conjugates with ther-
apeutic materials, thereby reducing the negative impact of
cell surface modification on normal biological processes.!*]
In addition to covalent conjugation methods based on the
diversity of functional moieties on the cell membrane, other
cell surface engineering approaches are also gaining atten-
tion, such as hydrophobic insertion of amphiphilic materials
with hydrophobic chains like polyethylene glycol into lipid
bilayers and electrostatic self-assembly between the anionic
cell membranes and cationic polymers.**) As a promising
approach to develop cell-based delivery systems, cell surface
decorating strategy has been used to investigate the prospect
of a wide range of cells serving as drug delivery vehicles,
including red blood cells,**] platelets,[**] dendritic cells,[*°]
macrophages,!*”] T cells,**) and even bacteria.[**] Although
cell surface engineering has been shown to be a safe and
reliable approach for creating cell-based delivery systems in
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TABLE 1

Summary of the pros and cons of the current design principles of cell-based delivery systems in cancer immunotherapy

Design principles of cell-based
delivery systems in cancer

immunotherapy Pros Cons
Cell surface decoration/ (i) Various functional groups available for chemical (i) Cytotoxicity to carrier cells
conjugation conjugation and biorthogonal binding of (ii) Impaired circulation time due to interaction
immunotherapeutic agents with surrounding biologicals after surface
(ii) Flexibility for a wide range of decorating moieties with conjugation
different properties
Cell membrane coating (i) Prolonging the circulation time of delivery carrier and (i) Scale-up production problems
mitigating immune clearance (ii) The restricted source of cells for membrane
(ii) Maintaining partial biological characteristics of source extraction
cells
Cell-derived exosomes (i) High biocompatibility, extended circulation half-life time (i) Scale-up production due to the limited yield
(ii) Preserving immunomodulation functions inherited from (ii) Relatively low circulation stability
source cells
(iii) Off-the-Shelf capability
Cells as encapsulation carriers (i) Long-term release and better biodistribution of loaded The possibility of the unstable drug preservation

immunotherapeutic drugs

(ii) Protection of the fragile therapeutics

Genetically engineered cells
as designed

Flexibly endowing carrier cells with specific functional features

inside cells due to the complex intracellular
physiological environment

(i) Permanent change in the genome of source cells
(ii) Off-target risks

cancer immunotherapy, concerns about cytotoxicity to carrier
cells and a lack of stability in systemic circulation persist.

2.2 | Cell membrane coating

Cell membranes generated from natural cells have shown to
be an excellent choice for camouflaging synthetic nanoparti-
cles for better drug delivery in cancer immunotherapy. Usu-
ally, due to the concern about the biocompatibility of for-
eign nanoparticles of which capture and clearance occurred
rapidly by reticuloendothelial system, strategies that could
prolong the circulation time of nanoparticles, help nanopar-
ticles escape from immune clearance, and lead to specific
tropism to tumor sites, are pursued by scientists actively.!*"]
By coating nanoparticles with cell membrane-derived vesicles
that partially maintain their original biological characteristics
like the expression of specific membrane proteins and unique
moieties, the enhanced pharmacokinetic profile and tumor
targeting ability of immunotherapeutic-loaded nanoparticles
have been observed with the improved anti-tumor efficacy.!*!)
So far, red blood cell membrane,[*?] platelet membrane,[**]
macrophage membrane, **] dendritic cell membrane, **! nat-
ural killer cell membrane,[*°] and cancer cell membranel*’]
have been studied for cell membrane wrapping, demon-
strating their unique advantages of drug delivery in cancer
immunotherapy. Besides a wide range of options in cell mem-
brane sources, nanoparticles could be successfully coated with
great flexibility in their hydrophobicity, size, or structure, pro-
viding great potential for the application of cell membrane
coating in various research fields like imaging, vaccination,
and drug delivery.["’]

The inherent characteristics of different original cells are
preserved by different types of cell membranes extracted
by top-down and microfluidic electroporation methods.[*¢]
Tumor cell membrane-coated nanoparticles, for example,
demonstrated an excellent specific targeting capacity towards
homologous tumor cells. Furthermore, tumor cell mem-
brane proteins might be used as antigens in cancer vaccines
to enhance anti-tumor immunity and provide long-term
immune response.[*’) While for leukocyte membrane-coated
nanoparticles, preferential accumulation for inflammation
sites is the most crucial benefit for effectively targeting
tumor inflammatory microenvironment.!>’! Besides, hybrid
membrane-coated nanoparticles are produced by fusing two
separate cell membranes to wrap nanoparticles in order to
combine or enhance the benefits of different types of cell
membranes. For instance, red blood cell and cancer cell-fused
membranes have been used to coat nanoparticles as effec-
tive delivery vehicles for cancer vaccines and immune check-
point inhibitors, with cancer cell membrane serving as the
component that provides tumor associated antigens and red
blood cell membrane having the inherent ability to be cap-
tured by antigen presenting cells.*?) Despite the fact that
cell membrane-coated nanoparticles have made significant
progress in improving immunotherapy, clinical translation
remains a challenge. Scale-up production necessitates con-
sistent quality control requirements, which include even and
complete covering of cell membranes on nanoparticles with
the right orientation, as well as the preservation of func-
tional surface proteins on the cell membranes.[*’! Further-
more, due to the challenges of large-scale ex vivo culturing and
the short lifetimes of certain types of cells, the restricted source
of cells for membrane extraction barely meets the need of the
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considerable amount of cell membrane-coated nanoparticles
needed for effective immunotherapy in the clinic.

2.3 | Cell-derived exosomes

Due to their immunogenicity and signaling transfer capa-
bilities, cell-derived exosomes, as naturally generated nano-
sized extracellular vesicles, play a role in the regulation of
immune responses. (1] In the context of cancer, exosomes pro-
duced from tumor cells and immune-related cells can regu-
late tumor antigen presentation, cause immunological activa-
tion and suppression, and engage in immune surveillance, all
of which have sparked interest in using exosomes as immune
modulators in immunotherapy to activate immune systems
against tumor development and metastasis.”?] Besides the
immunomodulation function, exosomes as drug delivery
carriers in cancer immunotherapy have several additional
benefits, including the capacity to transport mRNA, lipids,
and proteins, as well as high biocompatibility and extended
circulation duration.!>*! Tumor cells,l>*! dendritic cells,!>°!
T cells,”®) natural killer cells,””] platelets,*®) bacteria,*”]
and macrophages!®°! have all been described as feasible cell
sources for producing carrier exosomes with biological func-
tions. Exosomes produced from natural killer cells, for exam-
ple, contain molecular markers such as lineage marker CD56
and activating receptor natural killer group 2D, causing tumor
cells to undergo substantial apoptosis.!®") Furthermore, acti-
vated CD8+ T cell extracellular vesicles could help to inhibit
tumor invasion and metastasis by acquiring mesenchymal-
like characteristics.[°?] As a result of the advantages listed
above, cell-derived exosomes are very promising to be devel-
oped for therapeutic use for cancer immunotherapy. Passive
and active cargo-loading procedures are the two main engi-
neering approaches for loading therapeutic substances into
exosomes.[>*) In a brief, therapeutic medicines may be loaded
by simply co-incubating with source cells or cell-derived exo-
somes without any further chemical or physical treatments.
And to further promote encapsulation effectiveness, passive
loading techniques like sonication, electroporation, and incu-
bation with membrane permeabilizers are also applied.!>’]
Taking sonication as an example, when exosomes are mixed
with drug molecules and then sonicated with a homogenizer
probe, the probe-generated mechanical shear stress destabi-
lizes the exosomes’ membrane, allowing the drug to infiltrate
into the exosomes. Despite the fact that a variety of engineer-
ing approaches for developing exosome-based immunother-
apy are accessible, there are still some challenges with limited
exosome vield, exosome extraction, and large-scale manufac-
turing, which restrict their clinical translation.

2.4 | Cells as encapsulation carriers

Encapsulating immunotherapeutic drugs in the intracellu-
lar milieu of cell carriers is a promising delivery approach,
as it makes use of the inner space of cells as reservoirs for
long-term release and better biodistribution. Loading cargos

into inner compartment of the cell require different engi-
neering approaches like electroporation,[®’] osmosis-based
methods,®*] and co-incubation,[®*] according to the par-
ticular features of specific cell types. Incubating therapeutic
compounds with circulating cells that exhibit the features of
natural phagocytosis mechanisms, such as neutrophils and
macrophages, is the simplest way of cargo internalization ex
vivo.[%®] This method was widely utilized in the nanoparti-
cle loading process due to the unique endocytosis features
of nano-sized fragments by cells.[°”] More intriguingly, anti-
tumor hydrophobic drugs could also be encapsulated by
adipocytes through the lipid droplet uptake mechanisms. Wen
et al. developed adipocytes as drug delivery depots that could
achieve tumor-site local and sustained release of anti-cancer
rumenic acid and reactive oxygen species (ROS)-responsive
doxorubicin prodrug, resulting in downregulation of PD-L1
expression and T cell-mediated anti-tumor immunity.[°*} In
addition to utilizing the nature of cells to encapsulate drugs,
external stimulation that changes the physiological structure
of the cell membrane to generate drug-passable holes is also an
essential technique ofloading immunotherapeutic drugs. Sev-
eral studies have proved the feasibility of using hypotonic dial-
ysis to enhance the permeability of red blood cell membranes
to transport drugs or nanoparticles into cell carriers based on
osmotic pressure difference.[**7] When the osmotic pressure
returns to normal, the structure of drug-loaded red blood cells
will restore. Other methods like electroporation could also
trigger the drug encapsulation by pore-forming on the platelet
or red blood cell membrane,!”!) but concern about whether
electroporation would influence the standard functionality of
carrier cells still remains. Despite the fact that the anti-tumor
efficacy and tumor targeting ability of the treatment is largely
advanced, the possibility of unstable drug preservation inside
cells due to complex intracellular physiological environment
with lysosome clearance and enzyme degradation,!”?! further
causing uncontrolled drug leakage and undesired side effects
on the carrier cells or non-targeted tissues in the body.!"!

2.5 | Genetically engineered cell

Recently, the phenotype and functional alteration of carrier
cells for drug delivery achieved by genetic engineering is
booming because of the promising development of viral and
non-viral vehicle-based gene-editing tools.”*) By endowing
carrier cells with dynamic features, including the upregula-
tion of TNF-related apoptosis-inducing ligand expression, ”*]
enhanced secretions of pro-inflammatory cytokines to boost
anti-cancer immunity,l”>! and targeting specificity toward
tumor surface antigens,!’! genetically engineered cells have
achieved significant success with robust and long-term anti-
tumor functions, eliminating the tumor growth and metas-
tasis. CAR-T cell therapy, one of the most promising cancer
immunotherapeutic strategies, is a great example in which
ex vivo engineered T cells are modified to express chimeric
antigen receptors by lentiviral or o-retroviral-based trans-
duction methods to target tumors and generate anti-tumor
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effector T cells.l””78] The production of chimeric antigen
receptors could also be carefully regulated by particular
circuits to locally stimulate CAR expression, which is known
as synthetic Notch (SynNotch) CAR-T treatment, to max-
imize the specificity of tumor cell identification and avoid
side effects against healthy tissues.!””) Choe et al. developed
a SynNotch CAR-T treatment that could recognize multi-
antigen combinations and largely improved the specificity
of CAR-T treatment.!*) SynNotch receptors were primed
with EGFRVIII neoantigen, which is glioblastoma-specific
but heterogeneous, to trigger the expression of downstream
homogeneous EphA2 and IL13Ra2 antigens for glioblastoma,
which showed an unsatisfactory therapeutic outcome as a
single CAR due to the unwanted systemic toxicity. Therefore,
this prime-and-kill circuit, by combining two CARs, could
largely enhance the glioblastoma cell targeting specificity and
avoid the off-target toxicity. Aside from direct ex vivo gene
modification of cell carriers, editing genes of stem cells as pre-
cursors to obtain specific gene-expressed differentiated cells
is another approach for generating genetically engineered
cell carriers, which is suitable for modifying nonnucleated
cells like platelets.!®!) However, without thorough studies,
it remains elusive whether differentiated cells would stably
express edited genes as predicted and whether differentiated
functional cells will maintain good biofunctionalities after
multiple generations.

3 | BARRIERS TO EFFECTIVE CANCER
IMMUNOTHERAPY DELIVERED BY
CELL-BASED CARRIERS

3.1 | Physical barriers to immune infiltration
Physical barriers erected during tumor progression and
metastasis, including the dysregulated extracellular matrix
(ECM) containing excessive fibrillar collagen and hyaluronic
acid (HA), tumor-associated fibroblasts in the tumor
microenvironment, and abnormal tumor vasculature,
have shown to be critical to overcome for effective can-
cer immunotherapy delivered by cell-based drug carriers.
As one of the cancerous physiological characteristics, ECM
undergoes structural change because of the tumor-associated
fibroblasts in the tumor microenvironment, which are capable
of producing structural macromolecules, including collagen,
fibronectin, and HA, resulting in the increased matrix stiffness
and high interstitial pressure in ECM.[*?] Studies have shown
that a high density of type I collagen can promote the malig-
nant transformation of epithelial cells and create stifft ECM,
preventing CD8+ T lymphocytes infiltration and activation at
tumor sites.!*’] In addition, HA has been proved to be corre-
lated to the recruitment and activation of stromal cells, tumor
angiogenesis, and lymphangiogenesis, which leads to more
aggressive malignancy.[®4-°] Besides establishing thick ECM
barriers to restrain the immune cell infiltration, stiff ECM
would also enhance the motility and invasion of tumor cells
through multiple signaling pathways.[*>*”] Consequently,
although autologous T cells employed as carriers to deliver

drug-loaded nanoparticles have demonstrated remarkable
targeting capacity to treat particular types of malignancies
like Burkitt’s lymphoma compared to free nanoparticles,*°]
T cell-mediated anti-tumor immunity was still largely limited
due to the immunosuppressive property of dense ECM,
which inhibited immune cell infiltration, resulting in the
unsatisfactory therapeutic efficacy of cancer immunotherapy,
particularly immunotherapeutics delivered by immune cells
like CAR-T cells. To maximize the therapeutic effect of cancer
immunotherapy with cell-based delivery methods, targeting
ECM components and tumor-associated fibroblasts to coop-
erate with immunotherapy becomes a promising strategy and
attracts rising attention.

Targeting tumor-associated fibroblasts to improve CAR-T
cell therapy has emerged with the potential to regulate abnor-
mal ECM and facilitate effector T cell infiltration. Fibroblast
activation protein (FAP), as one of the overexpressed trans-
membrane serine proteases in tumor-associated fibroblasts,
becomes a good candidate for tumor-associated fibroblast
targeting due to its great selectivity.[®”] FAP CAR-T cells
showed the FAP-specific cytotoxicity against FAP+ stromal
cells and an effective tumor growth inhibition ability as a
single treatment.[*°] Also, Kakarla et al. showed the improved
efficacy of the combination treatment of FAP CAR-T cells
and EphA2 CAR-T cells, leading to the clearance of FAP+
tumor-associated fibroblasts and enhancing the treatment
outcome of CAR-T cells targeting the tumor-associated anti-
gen EphA2 locally and systemically.(”!) Matrix components
such as collagens and HA are also being investigated as
possible targets to overcome physical barriers and further
facilitate cancer immunotherapy using cell-based delivery
systems. For example, collagenases and matrix metallopro-
teinases (MMPs) are two main enzymes that could degrade
collagens and remodel the stiff ECM.[°>°] Zhang et al. cre-
atively designed a two-region chimeric antigen receptor for
macrophages as the adoptive macrophage therapy to target
tumor tissues and destroy natural ECM physical barriers
(Figure 2A,B).1*) The extracellular region of the chimeric
antigen receptor was able to target breast cancer biomarker
human epidermal growth factor receptor 2 (HER2), endow-
ing macrophages with tumor targeting ability. And CD147,
as the ECM metalloproteinase inducer, was designed as the
intracellular region of the chimeric antigen receptor to upreg-
ulate synthesis and expression of cellular MMPs. After the
injection of modified macrophages in the HER2 4T1 mouse
model, the results indicated that this adoptive macrophage
treatment assisted by MMP-mediated collagen degradation
substantially reduced the tumor progression, as evidenced
by the average weight of tumors from control macrophage
was approximately twice as large as that from CAR-147
macrophage-treated mice. Besides the direct modulation of
tumor-associated fibroblasts and ECM components, another
promising method for locally recruiting effector immune
cells and increasing immune cell penetration into tumor
parenchyma is the site-specific accumulation of chemokines
like CXCLIO at tumor regions (Figure 2C).195] The CXCLI10-
encapsulated nanoparticles hitchhiked on the surface of red
blood cells were released selectively at the metastatic lung
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tissue, resulting in chemokine gradients that enhanced
immune cell infiltration locally. Similarly, Nishio et al. devel-
oped CCL5 and IL-15 loaded oncolytic adenovirus that
could infect tumor cells to ectopically express CCL5.[*°]
Infected tumor cells that expressed CCL5 enhanced the
effective migration of infused CAR-T cells, which increased
anti-tumor activity.

Another physical obstacle to immunotherapy is the abnor-
mal vasculature at tumor sites, which supplies nourishment
to tumor cells facilitating tumor development and metastasis
while simultaneously preventing immune cell infiltration.!”!
Pro-angiogenic factors, for example, vascular endothelial
growth factor (VEGF) and epidermal growth factor-like pro-
tein 7, restrict leukocyte-endothelial interactions that are
essential for immune effector cell penetration into the tumor
parenchyma, and also hinder the presentation of tumor-
associated antigens by suppressing dendritic cell matura-
tion, given the immunosuppressive environment generated
by abnormal tumor vascular networks.”>?] Hypoxia due
to inadequate oxygen delivery caused by aberrant vascu-
larization has also been shown to recruit immunosuppres-
sive cells in the tumor microenvironment, including tumor-
associated macrophages (TAMs), regulatory T cells (Tregs),
and myeloid-derived suppressor cells (MDSCs).[*’] Thus,
given the importance of tumor vascularization in the gen-

eration and function of anti-cancer immune response, com-
bining anti-angiogenic treatment with cancer immunother-
apeutics has emerged as a new trend for controlling tumor
growth and improving patient survival. Especially, enhanc-
ing therapeutic efficiency by normalizing tumor blood vessels
to increase the quantity of infiltrating T cells demonstrated
a remarkable anti-tumor performance in immune cell-based
drug delivery systems for cancer immunotherapy.['°>'°!] For
example, Chinnasamy et al. reported that T cell combina-
tional treatment using two distinct targeting antibodies, one
targeting VEGFR-2 on tumor vascular endothelial cells and
the other targeting tumor-associated antigens, such as gp100
or TRP-1, had a synergistic impact that anti-VEGF anti-
bodies enhanced the infiltration of tumor antigen-reactive
T cells into melanoma tumor parenchyma, extending the
survival time of tumor-bearing mice significantly.'’?) The
results showed that when mice were co-administered with
anti-VEGFR2 CAR-T cells, the absolute number of Thyl.1
+ Tg-Pmel T cells was 25.3- and 12.7-fold higher in the
spleen and tumor tissues on day 3, respectively. In addition
to the immune cell-based delivery strategies, Li et al. devel-
oped the combination treatment of an anti-angiogenesis treat-
ment with Vadimezan and anti-PD-1-loaded platelets, tak-
ing advantage of hemorrhage-triggered platelet recruitment,
to fight against tumor metastasis by unleashing T cell-based
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anti-tumor immune response (Figure 2D).11%] Vadimezan-
based therapy damaged the tumor vasculature locally, trigger-
ing a coagulation cascade that attracted anti-PD-1 antibody-
carried platelets. The engineered platelets accumulated at
tumor sites could be activated and released anti-PD-1 anti-
bodies locally in the form of platelet-derived microparticles,
invigorating T cell activities against tumor cells. In general,
overcoming physical obstacles to cancer immunotherapy with
cell-based delivery techniques utilizing various types of cells
as delivery vehicles has shown promising therapeutic results,
particularly when treating solid tumors with aberrant tumor
vascularization and ECM dysregulation.

3.2 | Tumor immunosuppressive
microenvironment with immunosuppressive
cells and cytokines

Two major characteristics that govern the tumor immuno-
suppressive microenvironment, which results in a chronic
inflammatory state and anti-tumor immunosuppression, are
immunosuppressor cells and immunosuppressive cytokines.
Immunosuppressive cells, including MDSCs, Tregs, and M2
polarized macrophages, promote tumor progression and
metastasis by creating a pre-metastatic anti-inflammatory
microenvironment, enabling epithelial-mesenchymal transi-
tion and promoting tumor angiogenesis.!'*) Meanwhile, the
tumor-induced cytokines secreted by immunosuppressive
cells and other immune-related cells in the tumor microen-
vironment would also modulate the anti-tumor immunity
and facilitate the tumor growth.['’*] Studies have demon-
strated that transforming growth factor-8 (TGF-B),[*°]
interleukin (IL)-4,1190] 11.-8,[1071 and TL-101"°8! are crucial for
tumor development and immunological regulation. Hence,
treatment strategies targeting immunosuppressor cells and
immunosuppressive cytokines are thought to be potential
approaches for boosting anti-tumor immunity induced by
cancer immunotherapies, which also affect the bioactivity
and function of cell-based drug carriers.

Approaches that target various immunosuppressive cells
or immunosuppressive cytokine pathways to allow immunity
improvement by cancer immunotherapy using cell-based
delivery systems have been developed because of a better
knowledge of the critical functions of immunosuppressive
cells and related cytokines in anti-tumor immune modula-
tion. MDSCs accumulating at tumor sites have been proved
to hinder the immune activity of T cells, B cells, and natural
killer cells, in the meantime promoting the immune escape
of tumor cells.'”?) As a result, either increasing MDSC
maturation into dendritic cells or decreasing MDSC accumu-
lation might improve immunotherapeutic efficacy. All-trans
retinoic acid (ATRA) could enhance tumor MDSC devel-
opment into mature DCs while decreasing the suppressive
ability of granulocytic MDSCs. Therefore, Long et al. utilized
this characteristic to improve CAR-T cell therapy engineered
with CD19-specific chimeric antigen receptors with the aid of
ATRA.!"%] Sunitinib, a receptor tyrosine kinase inhibitor, was

also used to improve the anti-tumor efficacy of autologous
DCs-based immunotherapy, showing excellent tolerability
and supportive immunologic responses as well as an exten-
sion of median and long-term survival of tumor-bearing
mice.l" In the case of other immunosuppressor cells, such
as Tregs, which primarily suppress effector T cells, cytokines
including IL-7, IL-15, and IL-21 have been used as regulators
to modulate activities of Tregs.["'>!"] The concurrent delivery
of adjuvant cytokines with engineered cells could be achieved
by stably attaching cytokine-encapsulated nanoparticles to
cell surfaces via surface thiol groups (Figure 3).1°*) In order
to enhance cooperative in vivo T cell expansion, IL-15 and
IL-21 were co-loaded into multilamellar lipid nanoparticles,
and melanoma-specific carrier T cells exhibited excellent
tumor elimination capacity against B16F10 melanoma.
Besides cytokine nanoparticles, cytokines were also able to
be designed as nanogel backpacks by Irvine group, which
could hitchhike on the membrane of engineered T cells by
reduction-sensitive chemical linkers (Figure 4A)."* Once
T cells reached the tumor site, the release of cytokine from
nanogels was induced by T cell activation-triggered reduction
potential on the cell surface, which interacted with disulfide
bonds in nanogels, displaying the T cell modulation and
high anti-tumor effectiveness. Besides, with the assistance of
soluble IL-15 superagonists incorporated into physical voids
of scaffolds, Stephan et al. created a bioactive polymer carrier
capable of transporting and growing tumor-reactive T cells
to significantly increase anti-cancer ability of immune cells
(Figure 4B,C).[15] Notably, adoptive cell transfer of ex vivo
expanded Tregs has shown tremendous promise in suppress-
ing autoimmune disease and prolonging murine allograft
life with the help of IL-2 nanoparticles, despite the fact
that Tregs are not ideal for anti-cancer immunotherapy.!''°]
Furthermore, besides therapies that are targeting immuno-
suppressive cells, immune-inhibitory cytokines like TGF-f
(Figure 4D) and IL-4 (Figure 4E) have also proven to be great
targets for enhancing therapeutic outcomes of adoptive cell
therapy.!'"”18] Engineering with inverted cytokine receptors,
which could invert the inhibitory effect of cytokines and
signaling inhibition substantially enhancing tumor treatment
effectiveness, enabled CAR-T cell treatments against a variety
of malignancies. Overall, enhancing cancer immunother-
apy with cell-based delivery strategies by modulating
the immunosuppressive microenvironment composed of
immunosuppressive cells and cytokines has recently emerged
as an appealing approach, though the complicated and para-
doxical immunological roles of immunosuppressive cells and
cytokines need to be further investigated for future clinical
applications.

33 |
signals

Upregulation of immunosuppressive

Immune evasion of tumor cells under T cell surveillance
owing to the overexpression of immunosuppressive lig-
ands on tumor cell surfaces severely inhibits anti-tumor
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immunotherapy efficacy. T cell-based adaptive immunity is
critical for establishing an effective and long-term immune
response that protects human bodies against tumor cell eva-
sion, allowing cancer immunotherapy to reach its maxi-
mum therapeutic potential.l''”) However, the existence of
immune checkpoint pathways negatively regulates effec-
tor T cells, causing T-cell anergy so that anti-tumor
immune response is durably limited at tumor sites.'°] As
a result, using immune checkpoint inhibition as an adju-
vant treatment to target inhibitory checkpoint receptors
to unleash the suppressed anti-tumor activity of cancer
immunotherapies shows promises in raising the response
rate of immunotherapeutics.'>’! Several immune check-
point inhibitors, such as anti-PD-1/PD-L1, CTLA-4, anti-
lymphocyte activation gene 3, and anti-T cell immunoglob-
ulin and mucin-3 antibodies, have been extensively studied
and are currently being tested in late-stage clinical trials to
treat a variety of cancers.[”!] Because of flexible modification
methods and unique biofunctionalities of cell carriers, com-
bining immune checkpoint inhibitors with cell-based delivery
systems using various techniques such as genetically cell engi-
neering and cell surface decoration is recognized as an effec-
tive strategy to facilitate cancer immunotherapeutics.
Therapeutic cancer vaccines, a type of cancer immunother-
apy, utilize tumor-specific antigens, DNA, or mRNA to
develop an eflicient anti-tumor immunity against specific
types of tumor cells, relying on T cell-mediated adaptive
immunity in particular.'”?] The immune response elicited
by therapeutic cancer vaccines is dependent on two compo-
nents: one is the supply of tumor-associated antigens, and the
other is antigen-presenting cell, which activates the adaptive

immune response by presenting antigen to T cells. There-
fore, cell-based delivery strategies are frequently applied in
the development of therapeutic cancer vaccines, especially
cancer cell membrane-coated nanoparticles as tumor anti-
gen resource,'”’] and dendritic cell vaccination since den-
dritic cells are the most effective antigen presenting cells in
the immune system.['**) However, the response rate of den-
dritic cell vaccination itself is only lower than 15%, and can-
cer cell membrane-coated nanoparticles could not have the
most effective immune response under a strong immuno-
suppressive environment.[”>?°) As a result, the concept of
utilizing immune checkpoint inhibition to improve the ther-
apeutic effectiveness of cancer vaccines has gained popu-
larity. For example, Teng et al. combined a hepatocellu-
lar carcinoma-specific dendritic cell vaccine and anti-PD-
L1 antibodies and achieved enhanced anti-tumor immune
responses.|'””] Hassannia et al. further confirmed the under-
lying mechanisms of how PDI1/PD-L1 pathway silencing
was related to the treatment efficacy of dendritic cell
vaccine, showing that PD-LI inhibition could upregulate
the expression of HLA-DR and CD86 to prime T cells
and could also effectively enhance the migration of den-
dritic cells toward CCL21 chemokine (Figure 5).'”%) As for
cancer cell membrane-based vaccine delivery approaches,
when tumor-bearing mice were given a combination of
cancer cell membrane-coated nanoparticles and anti-PD-1
antibody immunotherapy, mice survived better than indi-
viduals given solely cancer cell membrane-based vaccines
(Figure 6A).[2°] Moreover, cancer cell membrane-based vac-
cines additionally encapsulating various immune-adjuvant
nanoparticles like toll-like receptor 7 agonist*] and CpG
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oligodeoxynucleotide 1826!'*] were also demonstrated to
have better treatment outcomes when integrating with
immune checkpoint inhibitors (Figure 6B). Aside from can-
cer vaccines, several studies have emphasized the syner-
gistic impact of adoptive cell transfer and immune check-
point blockade by genetically engineering CAR-T cells with
immune checkpoint inhibitors as well.['*»32] Rupp et al.
reported that PD-1 deficient anti-CD19 CAR-T cell-mediated
killing of tumor cells in vitro was increased, as was the elimi-
nation of PD-LI-expressing tumor xenografts in vivo, which
proved that the PD-1 disruption could enhance anti-tumor
efficacy of CAR-T cell therapy (Figure 6C).['"?] Hu et al.
also reported that a biodegradable hydrogel could be used
as a reservoir for sustainedly releasing melanoma-targeting
CAR-T cells, IL-15-loaded nanoparticles, and human platelets
coupled with anti-PD-L1 antibodies when placed into the
tumor-resection cavity in a melanoma tumor-bearing ani-
mal model (Figure 7).**] The adjuvant IL-15, which was
released continuously from nanoparticles, and aPD-L1 anti-
bodies, which were delivered by platelet-derived micropar-
ticles, worked together to enhance CAR-T cell viability and
protect CAR-T cells from exhaustion, allowing them to retain
anti-tumor immune activities. The quantitative biolumines-
cence intensity of tumors treated with the combinational
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Schematic illustration of PD-1/PD-LI pathway inhibition-enhanced T cell responses to dendritic cells, promoting response rate and survival.

treatment was more than 60 times lower than other treat-
ment groups at week 3. Promising therapeutical outcomes
were observed, with local tumor recurrence being significantly
reduced and abscopal anti-tumor effects being promoted. Fur-
thermore, helper-dependent adenoviruses that express PD-L1
inhibitors could improve the anti-tumor impact of oncolytic
immunotherapy utilizing engineered adenovirus-loaded mes-
enchymal stromal cells, resulting in the reduced tumor pro-
gression in an orthotopic lung cancer mouse models.[**! To
summarize, immune checkpoint blockade is effective for facil-
itating anti-tumor efficacy of different cancer immunotherapy
using cell-based delivery techniques to overcome overexpres-
sion of immunosuppressive ligands.

3.4 | Metabolic restriction

Due to the continual growth of tumor tissues, unique regional
metabolic patterns in the tumor microenvironment play a
key role in immunomodulation and inflict metabolic stress
on immune effector cells, altering their anti-tumor immune
behaviors. The rapid proliferation and division of tumor
cells demand a level of oxygen and glucose owing to a high
rate of glycolysis, which results in the hypoxia and lactate
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accumulation in tumor regions.[*!] The low oxygen level in
the tumor microenvironment limits T cell growth and anti-
tumor effects and facilitates cancer metastasis and immune
resistance.!**) In addition to the inhibitory effect of hypoxia
on effector T cells, hypoxia and low glucose levels at tumor
sites can attract immunosuppressive cells, such as MDSCs
and Tregs. Due to the recruitment of MDSCs and Tregs,
indoleamine 2,3-dioxygenase (IDO), the immunoregulator
related to tryptophan metabolism, is elevated at tumor sites,
which develops anti-inflammatory responses and immuno-
logical tolerances to apoptotic cells.['**) Meanwhile, during
tumor metabolism, ROS are produced, causing oxidative
stress and disrupting adoptive cell therapy’s anti-tumor
efficacy.l®”] Given the importance of metabolism profile
and hypoxia in the tumor microenvironment, shielding cell-
delivered therapeutics from environmental stress or using
environmental stress to inhibit tumor cell proliferation might
be a viable strategy for improving immunotherapy outcomes.

Targeting immunosuppressive IDO expressed by tumor
cells and dendritic cells has shown great T cell-based immune
enhancement ability when combined with other treatment

modalities, such as radiotherapy, chemotherapy, and immune
checkpoint blockade.[*®) Therefore, Zhang et al. developed
PD-1-presenting nanovesicles derived from 293T cell mem-
branes encapsulating small-molecule IDO inhibitors called
1-methyl-tryptophan (1-MT) (Figure 8A).[5°] The cumula-
tive effects of 1-MT-mediated IDO inhibition and PD-1/PD-
L1 pathway blockage synergistically increased CD8+ T cell
infiltration and a considerably improved T cell-based immune
response against melanoma. Aside from IDO overexpression,
increased ROS levels at tumor sites are another impediment
to anti-tumor immune activity, particularly CAR-T cell ther-
apy. To retain their anti-tumor potential, T cells co-expressing
catalase along with a CAR were designed to overcome high
levels of ambient ROS with higher amounts of intracellular
catalase, compared with normal CAR-T cells."**] However,
because it is difficult for cell-based immunotherapies to avoid
damage caused by high ROS levels after delivery, researchers
ingeniously exploited ROS-induced damage to kill tumor cells
using cell-based delivery methods to produce excessive ROS
artificially."*'*3] For example, Huang et al. reported that
engineered M1 macrophages carrying oxaliplatin prodrug and
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photosensitizer were able to be activated by near-infrared light
to generate cytotoxic ROS (Figure 8B).l'*?] Photodynamic
treatment was able to eliminate tumor cells, which then pro-
duced tumor-associated antigens, triggering an anti-tumor
immune response and facilitating anti-PD-L1 immune check-
point blockade. In both 4T1 and EMT6 mice models, primary
and bone metastatic cancers were eliminated. Engineered
macrophages with oxaliplatin prodrug and photosensitizer-
treated mice had the greatest frequency of CD8 + T cells infil-
tration, which was 5.9- and 10.4-fold greater than the PBS
group, in the 4T1 and EMT6 model respectively. Besides, the
overall survival rate of tumor-bearing mice was improved
with minimal systemic toxicity. Furthermore, training T
cells to acclimate to hypoxia at tumor sites can be another
helpful strategy for increasing the anti-tumor efficacy of
effector immune cells. Gropper et al. activated cytotoxic T
lymphocytes under hypoxic conditions to generate hypoxic
cytotoxic T cells (Figure 8C).["*4] Results demonstrated that
mice treated with hypoxic cytotoxic T cells showed consider-
able tumor regression and a longer survival time than mice
treated with normal cytotoxic T cells. To summarize, since a
lot of immunotherapies rely on metabolic control to be effec-
tive, a better knowledge of how immunometabolism influ-
ences therapeutic outcomes is required to create novel treat-
ment techniques that make cell-based delivery systems more
feasible.

4 | CONCLUSION

Nowadays, due to a better understanding of biological and
structural specialties of various cells, including immune cells,
blood cells, and stem cells, the potential delivery applica-
tions of cell-based delivery systems in cancer immunother-
apy have been revealed and widely implemented, with great
success in improving delivery efficacy and optimizing thera-
peutic outcomes of immunotherapeutic drugs. Clinical inves-
tigation of cancer immunotherapeutics transported by flex-
ibly engineered cell carriers displays exciting advantages
over traditional drug delivery systems, showing board uti-
lization in various cancers ranging from blood cancer to
solid tumors.[*>4°] Compared with traditional delivery sys-
tems, engineered cell carriers are more biocompatible, and
can offer a variety of benefits such as low immunogenic-
ity, evading immune clearance, site-specific accumulation,
inherent interaction with tumor cells, and immune mod-
ulation activities.[*’] Moreover, various engineering meth-
ods endow cell-based carriers with the potential to integrate
the functionalities of previously developed systems, which
bring new opportunities for addressing unmet challenges in
the clinic.["*15] Cell-based carriers pave a way for precision
and personalized medicine by engineering patients’ own cells
as therapeutics or delivery systems. Furthermore, the recent
approval of CAR-T cells for clinical treatment boosts the
development of cell-based therapy, which will ignite a promis-
ing research frontier for engineering cells for effective and pre-
cision treatment.!'*’]

However, there is still a long way to go to make full use
of cell-based delivery carriers in clinical applications. One
factor limiting the accessibility of cell-based carriers is the
requirement of skilled professionals and high-standard oper-
ating conditions for cell engineering. For personalized cell-
based formulations that are customized for each individual,
sophisticated procedures for engineering cells may lead to
the considerable cost of time and money that restrict the
expansion of their clinical applications. For “off-the-shelf”
products, thorough investigations are needed to optimize the
conditions for storage and transportation that can preserve
the activity and function of cells. In addition, correlation
between in vitro activity and in vivo performance of cell-
based therapy should be carefully evaluated to avoid lim-
ited therapeutic outcomes as well as potential side effects in
the clinical setting. Therefore, unpredictable immunogenic-
ity to cell-based delivery carriers, varying treatment response
rates among patients, and an unknown optimal dosage are
still challenges that need to be addressed before cell carrier-
facilitated cancer immunotherapy may be used in clinical tri-
als. Furthermore, anti-tumor immune resistance mechanisms,
such as impaired immune cell infiltration, immunosuppres-
sive cell recruitment, metabolic microenvironment change,
and immunosuppressive pathway upregulation, obstruct ther-
apeutic efficacy of cancer immunotherapy. As a result, there
has been a considerable interest in employing various strate-
gies to overcome hurdles to effective cancer immunother-
apy with cell-based carriers (Table 2). With the develop-
ment of advanced manufacture technology, the establishment
of quality control standards, and the maturity of the regu-
latory system, cell-based carriers are bound to have ample
scope for application and will provide an option for cancer
immunotherapy in the future.

Notably, with the growing interest and extensive study
of combination cancer immunotherapy, using cell-based
carriers as excellent platforms to combine two or more
immunotherapeutics has become a new trend, such as
immune checkpoint blockade, adoptive cell transfer, and
cytokine-based immunotherapy.!'*#1*°] Combining the ben-
efits of several immunotherapeutics, cell-delivered combina-
tional immunotherapy shows excellent synergetic or combi-
national anti-tumor effects, aided by the positive activities of
cell carriers. For example, Xie et al. presented an interest-
ing study that employed leukocyte membrane-coated mag-
netic nanoclusters to magnetically target tumor sites deliver-
ing loaded TGF-{ inhibitors and membrane-anchored PD-1
antibodies, taking advantage of membrane camouflage to pro-
long the circulation time and enhance therapeutic efficacy.!*"]
It cannot be overstated that the successful integration of
combination cancer immunotherapy using cell carriers is
dependent in large part on significant advances in multi-
disciplinary fields such as bioengineering, chemistry, and
material sciences, which have resulted in more and better
cell/cell-membrane engineering and modification methods.
For instance, the conjugation method based on key-lock inter-
action between proteins provides new perspectives on cell
surface modification.?>°1152] As a result of evolving new
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TABLE 2 Summary of the barriers to effective cancer immunotherapy
delivered by cell-based carriers and recent advances in overcoming those
barriers

Barriers to cell-based
delivery of cancer

immunotherapy Strategies

Physical barriers to (i) Targeting the overexpressed FAP in
immune cell tumor-associated fibroblasts! ']
infiltration (ii) Applying collagenases and MMPs to degrade

collagens and remodel the stiff ECM[?]
(iii) - Site-specific accumulation of chemokines to
locally increase immune cell

infiltration[®>°¢]
(iv) Normalizing tumor blood
vasculaturel102103]
TME with immuno- (i) Increasing MDSC maturation into dendritic
suppressive cells and cells or decreasing MDSC
cytokines accumulation[!011]
(ii) Modulating activities of Tregs with
cytokines! 31141161
(iii) Engineering cell-based delivery systems with
inverted immunosuppressive cytokine
receptors! 171181
Upregulation of Immune checkpoint blockadel!23127-134]
immunosuppressive
signals
Metabolic restriction (i) Targeting immunosuppressive IDO with

IDO inhibitors**]

(ii) ROS level increasement-induced tumor cell
damagel*?]

(iii) Training T cells to acclimate to hypoxia
tumor region[m]

technologies, the viability and functionalities of carrier cells
might be better preserved, and spatiotemporal release of
loaded immunotherapeutics will be achieved.

Furthermore, how to design treatment regimens with the
consideration of the heterogeneity of tumor tissue and the
individual difference in immune response is essential for
improving the anti-tumor efficacy of precision medicine
among patients. The anti-tumor immune response modu-
lated by treatment modalities may differ, and this may be
affected in part by the patient’s own metabolic features.[*!)
Studies have shown that diets play an essential role in
regulating human body metabolism and gut microbiota
with anti-tumor immunomodulatory effects.[>¥1>4]  Ag
an adjuvant therapy to improve the treatment result of
immunotherapy, manipulating the gut microbiota to mod-
ulate systemic anti-tumor immunity has become a new
approach.!”®>] Meanwhile, obesity contributes to anti-cancer
immune regulation through adipokine production and
the overexpression of immune checkpoint ligands, which
should be taken into account when developing personalized
immunotherapy.1>%1>7]

Although cell-based drug delivery systems are promising
tools in cancer immunotherapy, showing significant thera-
peutic efficacy based on the potential of diverse functional-
ization of cell carriers with biological and chemical methods

to overcome the restriction of taking effects, solid preclini-
cal and clinical studies are required for further development
with the help of multidisciplinary collaboration. Specifically, a
profound understanding of tumor immune-oncology and ver-
satile technologies in cell engineering will enormously facili-
tate the translation and application of cell carrier-based anti-
tumor immunotherapy in the clinical setting.
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