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Abstract: Immunotherapy combats tumors by enhancing the body’s immune surveillance and
clearance of tumor cells. Various nucleic acid drugs can be used in immunotherapy, such as DNA
expressing cytokines, mRNA tumor vaccines, small interfering RNAs (siRNA) knocking down
immunosuppressive molecules, and oligonucleotides that can be used as immune adjuvants. Nucleic
acid drugs, which are prone to nuclease degradation in the circulation and find it difficult to enter
the target cells, typically necessitate developing appropriate vectors for effective in vivo delivery.
Biomimetic drug delivery systems, derived from viruses, bacteria, and cells, can protect the cargos
from degradation and clearance, and deliver them to the target cells to ensure safety. Moreover, they
can activate the immune system through their endogenous activities and active components, thereby
improving the efficacy of antitumor immunotherapeutic nucleic acid drugs. In this review, biomimetic
nucleic acid delivery systems for relieving a tumor immunosuppressive microenvironment are
introduced. Their immune activation mechanisms, including upregulating the proinflammatory
cytokines, serving as tumor vaccines, inhibiting immune checkpoints, and modulating intratumoral
immune cells, are elaborated. The advantages and disadvantages, as well as possible directions for
their clinical translation, are summarized at last.

Keywords: biomimetic; drug delivery system; nucleic acid; immunotherapy; tumor immunosuppressive
microenvironment

1. Introduction

Immunotherapy, as an alternative cancer treatment following surgery, chemotherapy,
and radiotherapy, has been applied in clinical practice by regulating the body’s immune
system to kill tumors [1,2]. The interaction between the immune system and tumor in-
volves the recognition and killing of tumors by the immune system, as well as evading
immunosurveillance by tumors [3,4]. Based on this, the strategies of immunotherapy
primarily focus on enhancing antitumor immune responses such as cytokines, vaccines,
adjuvants, and adoptive cell transfer therapy, or reversing immune suppression such as
immune checkpoint blockade and elimination of immunosuppressive cells [5]. Numerous
immunotherapeutic agents have been approved by the Food and Drug Administration
(FDA) due to their favorable clinical responses [6,7]. Nevertheless, immunotherapy is still
in its infancy as only a small proportion of patients benefit from it, highlighting the urgent
need for the development of more effective and safer immunotherapeutic strategies [8,9].

Nucleic acid drugs, with the advantages of possessing abundant and clear therapeutic
targets, design simplicity, and long-lasting efficacy, can be majorly categorized into the
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following groups: microRNA (miRNA), small interfering RNA (siRNA), and antisense
oligonucleotide (ASO) for gene silence by degrading target RNA; plasmid DNA and mRNA
for introducing target genes; and the clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas system for versatile regulation of genes [10–14]. Nucleic acid drugs
have been widely used in antitumor immunotherapy [15]. For example, siRNA targeting
immune checkpoints can alleviate immunosuppression, and it can inhibit the expression of
target proteins more efficiently and specifically compared with antibodies or small molecu-
lar drugs [16,17]; mRNA tumor vaccines can trigger systematic immune responses, and
they can be designed to produce various antigen proteins efficiently with the bioreactors in
the cells of vaccinated patients [18,19]; and the CRISPR/Cas system can provide convenient
and accurate tools for manipulating genes such as designing multifunctional chimeric
antigen receptor (CAR)-T cells and regulating undruggable targets [20,21]. Furthermore,
nucleic acids from viruses or bacteria can serve as effective adjuvants due to their strong
immunostimulant ability [22–24]. Nucleic acid drugs have to overcome a series of bio-
logical barriers to enter target cells after administration, which necessitates the discovery
of strategies to improve their stability, circulation time, cellular uptake, and endosomal
escape [25,26]. Chemical modifications including sugar, backbone, nucleobase, and 3′- and
5′-terminal modifications have been developed to enhance the stability, affinity, and deliv-
ery efficiency of nucleic acids [27]. For instance, phosphorothioate backbone can improve
oligonucleotide stability; cholesterol, alkyl chain, or vitamin E modification can increase
the lipophilicity and cellular uptake of therapeutic nucleic acids; N-acetylgalactosamine
(GalNAc) conjugation can improve the hepatic delivery of oligonucleotides [28]. Delivery
systems including polymer micelles, liposomes, and lipid nanoparticles can improve the
in vivo behaviors of nucleic acids by encapsulating the cargos to protect them against nu-
cleases, penetrating the biological barriers to reach the lesion specifically, preventing their
non-specific binding to proteins and realizing endosomal escape [29,30]. Despite the fact
that several mRNA-loaded lipid nanoparticle vaccines are undergoing clinical trials and
yielding preliminary benefits [31], there is still a need to develop novel nucleic acid delivery
systems to fulfill additional needs such as extrahepatic delivery and enhanced biosafety.

In addition to the delivery efficiency, the compensation of a tumor immunosup-
pressive microenvironment (TIME) hampers the outcomes of immunotherapeutic nucleic
acid agents [32–34]. Tumor immunosuppression results from multiple levels: (i) evading
recognition by immune cells due to low mutational burden and immunogenicity [35,36];
(ii) escaping the attack from immune cells by upregulating immune checkpoints [37]; (iii) in-
hibiting the infiltration of immune cells by dense extracellular matrix and chemokines [38];
(iv) immunosuppressive cells and cytokines in the tumor microenvironment [39,40]; and
(v) intratumoral physicochemical properties such as weak acidity and hypoxia, and ab-
normal metabolic status [41–43]. Regarding the complexity of TIME, it is prospective to
combine nucleic acid drugs with other therapeutic strategies to synergistically activate
antitumor immunity.

Biomimetic drug delivery systems, derived from cells, bacteria, and viruses, can
improve the delivery efficiency with their targeting ability and long circulation time, and
activate immune systems with their endogenous activities and active components [44–46],
thus improving the safety and therapy effects. In this review, biomimetic nucleic acid
delivery systems for antitumor immunotherapy are introduced (Figure 1). Their design
strategies and mechanisms of regulating TIME are highlighted. Finally, the current progress
and future prospects of this field are discussed.
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Figure 1. Biomimetic nucleic acid drug delivery systems for relieving tumor immunosuppressive mi-
croenvironment. (a) Biomimetic platforms derived from viruses/bacteria/cells serve as nucleic acid
drug delivery systems. (b) The mechanisms of relieving tumor immunosuppressive microenviron-
ment, including expressing proinflammatory cytokines, serving as vaccines or adjuvants, knocking
down immune checkpoint molecules, reprogramming tumor-associated macrophages, and enhancing
the killing effect of T cells. ODN, oligonucleotides; TLR, Toll-like receptor; DC, dendritic cell; pMHC,
peptide-major histocompatibility complex; TCR, T cell receptor; RISC, RNA-induced silencing com-
plex; PD-1/PD-L1, programmed cell death 1/PD ligand 1; TAM, tumor associated macrophage; CAR,
chimeric antigen receptor.

2. Biomimetic Nucleic Acid Delivery System for Antitumor Immunotherapy
2.1. Virus-Derived Delivery Systems

The viral structure, consisting of a protein shell and a nucleic acid core, confers its
potential as a natural nucleic acid carrier [47]. Viruses containing genes of interest can
infect target cells and achieve nucleic acid delivery. Besides complete viruses, multiple
proteins with the ability to bind and encapsulate nucleic acid to form virus-like particles
are also promising vectors [48,49].

2.1.1. Virus

Viral vectors, one kind of the earliest tools for nucleic acid drug delivery, can deliver
DNA or mRNA sequences that encode therapeutic agents, CRISPR/Cas systems, and
oligonucleotides [50]. Lentiviruses, retroviruses, adenoviruses, and adeno-associated
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viruses (AAVs) are commonly used vectors. Lentiviruses and retroviruses infect cells and
integrate the target genes into the genome of host cells, which may lead to genotoxicity [51,
52]. Therefore, these two viruses are not suitable for in vivo therapy but are used for in vitro
gene editing of cells, such as the preparation of CAR-T cells [53]. Adenoviruses, with high
gene transduction efficiency, replicate in the host cell nucleus to accomplish transient
target gene expression without integration, which is suitable to generate short-term and
high-level therapeutic benefits [54]. AAVs, requiring the help of a helper virus to complete
replication, can persist in host cells for a long time and are suitable for therapies that require
long-term and stable gene expression, such as gene therapy, for inherited diseases [55]. The
aforementioned viruses have been utilized in the treatment of a wide range of refractory
diseases, and in particular, adenoviruses and AAVs have assisted in antitumor gene therapy
for a long time [56].

Delivery of nucleic acid drugs that express proinflammatory cytokines enhances anti-
tumor immunity. Proinflammatory cytokines need to be fast-acting or they may promote
tumor progression through chronic inflammatory pathways [57,58], and thus, adenoviruses
are potential vectors. Interferons (IFNs) can directly induce apoptosis of tumor cells and
enhance antitumor immunity by increasing the activity of various immune cells such as
dendritic cells (DCs), cytotoxic T cells, and proinflammatory macrophages [59]. Aden-
oviral vectors delivering genes encoding IFN-α or IFN-β have yielded clinical benefits
by augmenting antitumor immune responses [60,61]. ONCOS-102, an oncolytic virus in
clinical use, was constructed by introducing a granulocyte macrophage colony stimulating
factor (GM-CSF) gene into a tumor-selective replicative oncolytic adenovirus [62–64]. The
oncolytic adenovirus specifically lysed tumors and released tumor antigens; at the same
time, GM-CSF induced antigen-presenting cell (APC) maturation and natural killer (NK)
cell infiltration, exerting synergistic antitumor effects. In addition, a range of adenoviruses
have been developed to deliver genes encoding CD40 ligands to promote B cell and APC
activation [65], interleukin (IL)-12 to enhance cytotoxic T cell and NK cell-killing effects [66],
and chemoattractant cytokine ligand (CCL)-5 chemokines to recruit antitumor immune
cells [67] (Figure 2).

Tumor vaccines stimulate antitumor immunity, and viruses amplify immune stimu-
lation due to their immunogenicity. Therefore, viruses delivering genes encoding tumor
antigens present an effective platform, in which viruses act as a vector as well as an active
component. An attenuated strain of vaccinia virus expressing both a tumor-associated
antigen and IL-12 was designed to induce antitumor responses [68]. The multi-component
vaccine prolonged the survival time of patients when combined with first-line chemother-
apy, providing a viable adjuvant tumor therapy strategy.

The challenge of uncontrolled replication of virus-based therapeutics in vivo needs
to be addressed. To achieve the dual goals of rapid virus replication for in vitro prepara-
tion and non-replication for in vivo safety, premature termination codons (PTC) encoding
proteins for viral replication in specific systems in vitro and acting as a termination codon
in vivo can be introduced into the virus [69]. The engineered virus maintaining both
infectivity and immune activation effects is an intelligent drug delivery platform. CpG
oligonucleotides are synthetic agonists of Toll-like receptor (TLR) 9, which can activate
cellular and humoral immunity against specific antigens. Ji et al. constructed a vaccine
adjuvant-integrated influenza A viral delivery system by anchoring CpG and antigen pep-
tide on the surface of the virus [70]. The platform achieved lung targeting with the natural
lung tropism of influenza virus and initiated antitumor immune responses, significantly
inhibiting lung metastasis from melanoma, colorectal, and breast cancers.
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Figure 2. Oncolytic virus-based nucleic acid drug systems for activating antitumor immune responses.
The tumor specificity of an oncolytic virus can be improved by introducing tumor-specific promoters
to control the expression of therapeutics (1) and deleting replication genes whose function can be
compensated by tumor cells (2). TIME is also conducive for virus replication (3). Tumor lysate
after treatment with an oncolytic virus serves as a tumor vaccine, which can maturate DC and
activate tumor-killing effects of T cells. In addition, therapeutics encoded by the genes carried by
the virus, such as cytokines and chemokines, can promote APC maturation and recruiting immune
cells, respectively. TIME, tumor immunosuppressive microenvironment; DC, dendritic cell; APC,
antigen-presenting cell.

Although some viral drug delivery systems have been approved by the FDA for
clinical use, virus-based nucleic acid drug delivery still faces many challenges, including
complex preparation processes, expensive costs, rapid clearance, restricted size of target
gene fragments, and biosafety issues [71]. Notably, various strategies have been developed
for improving the biocompatibility of the viral drugs with the advances of biotechnology.
For example, knocking out disease-causing genes or modulating viral replication ability
enables many notorious viruses as vectors [72]. Tumor-specific promoters can be introduced
into the gene sequence to achieve tumor site-specific expression of the delivered nucleic
acid [73]. Tumor site-specific viral duplication can also be achieved by deleting genes
critical to viral replication whose function can be compensated by tumor cells [74]. In
addition, tumors with immunosuppression are more susceptible to virus infection [75]
(Figure 2).

2.1.2. Virus-like Particles

The structural characteristics of viruses have inspired the development of nucleic
acid delivery systems. Virus-like particles have been devised in virtue of the natural
affinity and packaging capabilities of proteins for nucleic acids, shielding nucleic acids
from enzymatic degradation while facilitating their uptake by cells [48,76,77]. The main
strategies for constructing protein-based nucleic acid delivery systems include preparing
protein nanocages to encapsulate nucleic acids, and using positively charged proteins to
compress nucleic acids by electrostatic interactions.

Ferritin, as an endogenous protein with excellent biocompatibility, can self-assemble
to form a hollow nanocage-like structure to encapsulate cargos. To enhance nucleic acid
loading of human heavy-chain ferritin (HFn), acidic amino acids in the protein cavity
were replaced with basic amino acids. Bioengineered HFn was efficiently loaded with the
TLR agonist CpG or miRNA29a and delivered them to DCs, inducing systemic antitumor
immune responses when synergized with photodynamic therapy [78]. Virus-derived coat
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proteins can also encapsulate nucleic acids. Encapsulation of prostatic acid phosphatase and
GM-CSF-expressing mRNAs with phage capsid proteins formed phage-like particles that
stimulated humoral and cellular immune responses against prostate cancer in mice [79].

Cationic proteins such as protamine can bind tightly to nucleic acids to form protein–
nucleic acid complexes. Meng et al. constructed a virus-like vaccine particle with a
protamine–mRNA core and a phospholipid bilayer shell. The immune adjuvant CpG
was adsorbed in the core as well. Virus-mimicking mRNA vaccines stimulated antigen
presentation by DCs, promoted intratumoral infiltration of T cells, and inhibited tumor
growth [80]. Similarly, a cationic liposome–protamine complex mRNA vaccine achieved
strong intranasal immunization and suppressed an aggressive Lewis lung cancer [81].

Natural nucleic acid delivery systems existing in the organism can mediate intracellu-
lar RNA delivery. In mammals, there exist many retrotransposon-associated proteins which
can bind to RNA. Through a systematic search for retrotransposon proteins in the human
genome, Segel et al. identified PEG10 as an efficient RNA carrier protein [82]. Selective
endogenous encapsidation (SEND) for cellular delivery was developed by selectively encap-
sulating RNA consisting of both the 5′ and 3′ untranslated region (UTR) with PEG10. SEND
could serve as an all-in-one vector for the CRISPR/Cas system by co-packaging sgRNA
(single guide RNA) and mRNA encoding Cas9. Human paraneoplastic antigen Ma2 is
also capable of forming virus-like capsids for nucleic acid drug delivery [83]. Endogenous
proteins are safer than viruses and cationic liposomes as nucleic acid drug delivery systems.
However, its encapsulation rate for different kinds of nucleic acid drugs still needs to be
further explored and optimized.

2.2. Bacteria-Derived Delivery Systems

Bacteria have been recognized as a potential tool for the treatment of tumors since the
19th century [84]. Bacteria can be used both to treat diseases directly, such as probiotics,
and as carriers for drug delivery [85]. Larger-sized bacteria can carry more cargo, such
as DNA, mRNA, or nanoparticles, than viruses can. Extracellular vesicles from bacteria
have also been widely used in drug delivery due to their rich active contents and in vivo
behavior [86] (Figure 3).

Figure 3. Bacteria-derived nucleic acid drug delivery systems for antitumor immunotherapy. Bacteria
and outer membrane vesicles (OMVs) can both encapsulate and adsorb the nucleic acid drugs. The
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controllability of bacteria can be improved by introducing an inducible promoter (1) or synchronized
lysis circuit (SLC) (2) into the gene circuits. Additionally, anaerobic bacteria can target a tumor with
their hypoxia tropism (3). Bacteria-derived nucleic acid drug delivery systems release cargos in
the tumor site or lymph node, whose effects can be further enhanced by the bacterial endogenous
components with immune activation ability. STING, stimulator of interferon gene; ICI, immune
checkpoint inhibitor; LPS, lipopolysaccharides; TLR, Toll-like receptor; PAMPs, pathogen-associated
molecular patterns.

2.2.1. Bacteria

Bacterial surfaces have abundant motifs that can be modified to carry nucleic acid
drugs. Target genes can also be introduced into the bacterial genome and can be translated
upon reaching specific sites [87]. Bacteria as nucleic acid delivery systems for immunother-
apy possess the following advantages: (i) immunostimulatory activity relieving TIME;
(ii) tendency to colonize hypoxic tumors (anaerobic bacteria) enabling tumor targeting; and
(iii) suitability for modifying genomes. The safety of bacteria can be improved by deleting
pathogen-associated genes [88].

Facultative anaerobes photosynthetic bacteria (PSB) with photosensitivity and hypoxia-
targeting ability provide a kind of multifunctional platform for antitumor drug delivery.
Zhang et al. adsorbed nanosheets incorporating a tumor mRNA vaccine onto PSB, con-
structing a system for the combination of immunotherapy and photothermal therapy [89].
The PSB accumulated at tumor sites after administration and released the mRNA vac-
cine after photothermal conversion. Photothermal therapy induced the immunogenic
cell death (ICD) of the tumor to release damage-associated molecular patterns (DAMPs),
which promoted the maturation of DCs when combined with the mRNA vaccine. The
PSB-based mRNA vaccine delivery system inhibited tumor progression by activating anti-
tumor immune responses and immune memory, demonstrating its promising nucleic acid
delivery ability.

Genes expressing therapeutic proteins can be introduced into the bacteria with a
complete protein synthesis system to form a drug production factory. Bacteria engineered
via synthetic biology have been constructed to deliver genes specifically to tumor sites
and release therapeutics in a controllable manner [90]. For example, a hypoxia-inducible
promoter was introduced into the gene circuit in the Escherichia coli (E. coli) Nissle to control
the expression of stimulator of interferon genes (STING) agonists [91]. STING agonist cyclic
diAMP was only released in hypoxic tumor sites for activating APCs. The stimulation
of the STING pathway and pattern recognition receptor amplified antitumor immunity
and combatted the tumor effectively in a clinical trial [92]. Biosensors detecting oxygen
levels, lactate levels, and pH levels can also be introduced to modulate the tropism of the
bacteria [93]. Synchronized lysis circuits (SLC) that can sense quorum density to control
the expression and release of proteins corresponding to carried genes can be introduced
into bacterial vectors to achieve the controlled release of therapeutics [94]. The interaction
of CD47 and signal regulatory protein (SIRP) α provides a “do not eat me” signal to inhibit
tumor phagocytosis by macrophages, and thus, antibodies against CD47 or SIRP have
been developed for reserving immunosuppression [95]. An E. Coli containing a gene
expressing a CD47 antagonist and an SLC was constructed for a locally released CD47
antagonist in tumors [96]. Similarly, the genes encoding immune checkpoint inhibitors or
proinflammatory chemokines were also introduced in the bacteria with SLC to prevent
dose-related drug toxicity [97].

2.2.2. Bacteria-Derived Nanovesicle

Outer membrane vesicles (OMVs) derived from Gram-negative bacteria show po-
tential for nucleic acid drug delivery because of their intrinsic nano-size and intercellular
interactions [98].

OMVs inherit components from bacteria with abundant pathogen-associated molecu-
lar patterns (PAMPs), which enable the efficient uptake and stimulation of DCs. To utilize
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the effective DC uptake of and activation by OMVs, Li et al. displayed mRNA on the
surface of OMVs via molecular glue linking [99]. mRNA was processed and presented
by DCs with the assistance of OMVs to enhance the tumor-killing ability of CD8+ T cells,
resulting in a complete tumor regression in 37.5% of colorectal cancer mouse models. The
“Plug-and-Display” strategy was simpler and faster than the conventional encapsulation
strategy, and more suitable for personalized mRNA vaccine delivery. When designing OMV
as a vector, its immunogenicity resulting in rapid clearance needs to be addressed. Tumor
microenvironment-sensitive linker-conjugated albumin or biomimetic mineralization on
OMVs reduced side effects and mononuclear phagocyte system clearance [100,101].

Bacterial cytoplasmic membrane vesicles containing cytosolic proteins, DNA, RNA,
and secreted proteins can also serve as nucleic acid vectors. The anti-inflammatory M2-
phenotype tumor-associated macrophages (TAMs) promote tumor growth and metastasis.
Reprogramming TAMs toward the M1 type can alleviate immunosuppression [102]. How-
ever, reprogrammed macrophages are phenotypically unstable under the influence of
immunosuppressive cytokines in a tumor microenvironment. Knockout of M2-type TAM-
related genes by gene engineering is expected to result in permanent regulation of TAMs.
In the study conducted by Zhao et al., a Cas9-sgRNA ribonucleoprotein targeting a TAM
reprogramming switch Pik3cg and a CpG-rich DNA fragment as a potent TLR9 ligand
were loaded into the bacterial cytoplasmic membrane vesicles using plasmid-transformed
E. coli as a production platform [103]. The nanovesicles were further decorated with pH-
responsive polyethylene glycol (PEG) to prolong circulation time and galactosamine to
deliver cargos targeting macrophages. Through stable reprogramming of the TAM phe-
notype, the nanovesicle transformed the tumor microenvironment from a “cold” state
to a “hot” one with an increase in antitumor immune cells and cytokines. This in vivo
CRISPR/Cas9 platform, based on bacterial cytoplasmic vesicles with a simple fabrication
process and precise delivery, paves the path for gene-modulating immunotherapy.

2.3. Cell-Derived Delivery Systems

Cells and their derivatives, including cell membrane and extracellular vesicles, can be
used as drug carriers to enhance the therapeutic efficacy by improving the pharmacokinetic
properties of drugs with their long circulation ability, increasing drug accumulation in target
tissues with their tissue-homing ability, promoting drug penetration to cross biological
barriers, and exerting their endogenous activities [104].

2.3.1. Cells

A variety of cells have been developed as drug delivery systems due to their unique
biological properties, such as erythrocytes with a long lifespan and long-circulating capacity,
neutrophils and macrophages targeting inflammatory sites, and NK cells and T cells that
can exert tumor-killing effects [105]. Utilizing cells as drug delivery vehicles involves
several primary processes: cell collection (from in vivo sources or cell lines), purification
and identification, cell expansion, cell modification, drug loading, quality assessment,
and reinfusion [106]. Drug loading can be achieved either by surface modification or by
endocytosis. Considering the instability of nucleic acid drugs, which may be inactivated by
intracellular enzymes after endocytosis, surface coupling is more suitable for the loading of
nucleic acid drugs.

Tumor cells are the most complete providers of tumor antigens to elicit individualized
vaccination effects [107]. Lysed tumor cells have been used to treat various cancers in clini-
cal trials, which compensates for the low responsiveness of a single-antigen vaccine [108].
Furthermore, adhesion molecules expressed on the cells can mediate targeting capabili-
ties [109]. To eliminate the carcinogenicity, repeated freezing–thawing has been carried out
to obtain tumor cell corpses as a versatile drug vector. Cryo-shocked tumor cells have been
utilized to deliver chemotherapeutic agents, immune checkpoint inhibitors, liposomes,
and CRISPR/Cas systems [110–112]. Cryogenic silicification, which preserves the cell
integrity and protein function as well as facilitates surface modification, provides a simple
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method for a whole tumor cell-based vaccine. Guo et al. first adsorbed positively charged
polyethyleneimine (PEI) on the surface of cryo-silicified tumor cells, which was negatively
charged due to silanol groups, and subsequently coated the cells with pathogen-mimicking
coatings (CpG and monophosphoryl lipid A) to form a cell-based vaccine and adjuvant
delivery platform [113]. The TLR agonists CpG and monophosphoryl lipid A enhanced the
vaccine uptake of DCs by 9 times and activated them. The silicified tumor cells acted both
as a prophylactic vaccine to prevent tumorigenesis and as a therapeutic vaccine to prolong
the survival of tumor-bearing mice by promoting function of tumor-associated effector
lymphocytes. In conclusion, the silicified tumor cells, which are easy to produce, stable
in storage, and capable of surface binding, provide an effective platform for activating
tumor-specific immune responses. Nevertheless, the safety issues should be carefully
evaluated when applying tumor cell-based drug delivery systems.

Polyinosinic–polycytidylic acid (Poly I:C), a synthetic double-stranded RNA mimic,
can boost immune responses and induce apoptosis of tumor cells [114]. Macrophages
can deliver drugs to the tumors by recognizing tumor-secreted chemokines and cytokines.
However, macrophage vectors may be reprogrammed to the M2 type in TIME. To amplify
the antitumor activity of macrophages, poly(lactic-co-glycolic acid) (PLGA) nanoparticles
encapsulating poly I:C were coupled onto the macrophage surface via a click chemistry re-
action [115]. The biomimetic system delivering poly I:C suppressed primary and metastatic
tumors by directly triggering apoptosis of tumor cells, promoting DCs maturation, and
polarizing macrophage vectors to the tumoricidal M1 type. The in situ activation strat-
egy provides a new insight for a macrophage-based drug delivery system to enhance
antitumor immunity.

2.3.2. Cell Membrane-Coated Nanoparticles

Cell membranes have been widely used to improve the biological properties of syn-
thetic nanoparticles. By wrapping the nanoparticle core with the cell plasma membrane
through extrusion, sonication, or electroporation, the obtained cell membrane-coated
nanoparticles display the same surface markers with natural cells and copy natural cellular
behaviors [116]. Different sources of cell membranes confer different properties to the en-
capsulated nanoparticles. For example, erythrocyte membranes can prolong the half-life of
the nanoparticles and evade clearance by the immune system [117]; inflammatory cells can
penetrate blood vessels and target tumors or inflammatory sites [118]; platelet membranes
can target circulating tumor cells [119]; and immune cells, tumor cells, and stem cells have
the potential to target tumor sites via homotypic recognition [120]. Hybrid membranes
derived from diverse cell types can also be fabricated to exhibit multifunctionality [121].
Moreover, cell membranes can be modified through gene editing and surface engineering
to enhance their target recognition and improve in vivo behaviors [122].

siRNA regulates gene expression through RNA interference (RNAi): cleaving mRNA
after binding to an RNA-induced silencing complex (RISC) [11]. siRNA broadens the strat-
egy for modulating therapeutic targets lacking drugs. In order to improve siRNA stability
and reduce “on-target, off-tumor” toxicity, the tumor cell membrane was utilized to coat
PLGA nanoparticles containing programmed cell death 1 ligand 1 (PD-L1) siRNA. Com-
pared to bare PLGA nanoparticles, cell membrane-camouflaged nanoparticles were more
easily taken up by tumor cells, resulting in a more effective PD-L1 knockdown [123]. Simi-
larly, the mesenchymal stem cell membrane with tumor tropism was utilized for coating
the PD-L1 siRNA and doxorubicin co-loaded polydopamine nanoparticle [124]. The drugs
were targeted and delivered to the tumor site, where doxorubicin exerted antitumor cyto-
toxicity and upregulated the expression of PD-L1 to provide more targets for PD-L1 siRNA.
Consequently, the combination of chemotherapy and gene therapy inhibited prostate cancer
bone metastases without causing noticeable side effects. A biomimetic siRNA delivery
system was also constructed by encapsulating a spermine-based nanoparticle compressing
PD-L1 siRNA and a photosensitizer indocyanine green (ICG) with the macrophage cell
membrane [125]. After specific uptake by tumor cells due to the recognition by Seglec-15
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on a macrophage cell membrane, PD-L1 siRNA achieved a lysosomal escape for degrading
PD-L1 mRNA, while IGG mediated photodynamic therapy for generating an in situ tumor
vaccine. After the treatment, the intratumoral CD4+ and CD8+ T cells were upregulated
by 8.2 and 9.5 times, respectively, and regulatory T cells (Treg) were downregulated. The
nanoplatform with macrophage membrane camouflage improved the in vivo behavior
of the loaded drugs, providing a viable strategy for immunotherapy based on siRNA. A
hybrid membrane derived from macrophages and tumor cells with dual properties could
also improve the delivery and lysosomal escape of siRNA with immune regulation capac-
ity [126]. In addition, efficient delivery of siRNA could also be achieved by modifying the
cell membrane surface with materials with targeting functions such as aptamers [127].

Tumor cell membranes as a source of tumor-associated antigens can be combined with
immune adjuvants to build integrated platforms as vaccines. Kroll et al. used the melanoma
cell membrane loaded with the CpG-containing PLGA nanoparticle to promote the uptake
of CpG by DCs [128]. CpG significantly upregulated the levels of co-stimulatory molecules
and promoted the secretion of proinflammatory molecules from DCs, enhancing the specific
immune response to tumor antigens. The treatment with the integrated platform prolonged
the median survival time of tumor-bearing mice from 20 days to 40 days, facilitating the
development of personalized antitumor vaccines.

Cell membranes can also be genetically edited to acquire additional functions and
thus be more suitable as drug delivery vehicles. For instance, genetically engineered
cell membranes expressing influenza virus fusion protein hemagglutinin could promote
lysosomal escape of encapsulated mRNA, providing a platform for vaccination and gene
therapy [129]. The intricate composition of cell membrane components provides versa-
tility, but also presents safety challenges. Therefore, bioinspired drug delivery systems
constructed from synthetic biomaterials are more controllable. Phospholipid and glycolipid
derivatives encapsulating mRNA-expressing T cell co-stimulatory receptors mimicked cell
membrane-encapsulated nanoparticles for cell-specific delivery of mRNA in vivo, provid-
ing a reference for the bottom-up design of cell membrane-based biomimetic drug delivery
systems [130].

2.3.3. Extracellular Vesicles

Extracellular vesicles with a membrane structure released by cells are mainly divided
into exosomes, microvesicles, and apoptotic bodies according to their origins and sizes [131].
The components in the extracellular vesicles, including lipids, glycoproteins, and nucleic
acids inherited from the origin cells, are stabilized under the protection of the phospho-
lipid bilayer. The lipid layer also allows extracellular vesicles to penetrate natural barriers
in vivo to deliver the contents to target cells and participate in intercellular signaling [132].
Strategies for nucleic acid drugs loaded into extracellular vesicles can be categorized into
endogenous and exogenous loading [133]. Endogenous loading is achieved by treating ori-
gin cells to pack the cargos into the vesicles, whereas exogenous loading is the introduction
of drugs into vesicles by electroporation or loading reagents. Generally, exogenous loading
such as electroporation is suitable for almost all nucleic acid drugs such as siRNA, mRNA,
and CRISPR/Cas systems.

Loading of siRNA into extracellular vesicles is usually performed through exogenous
strategies such as lipid anchoring, electroporation, and nanoparticle co-extrusion [134,135].
Modification of extracellular vesicles using biomaterials can further improve their targeting
effects and cellular uptake. For example, to overcome the blood–brain barrier and TIME
in glioblastoma, cerebrovascular endothelial cell-targeting peptides were coupled onto
neuronal cell-derived extracellular vesicles to form delivery vehicles for PD-L1 siRNA [136].
The vesicles were engulfed by macrophages after administration, which could migrate to
the irradiated inflammatory site after radiotherapy. Radiotherapy also upregulated the
intratumoral PD-L1 level, providing targets for siRNA. An ApoA1-modified tumor-derived
exosome coupled with siRNA targeting neutral sphingomyelinase type 2 also effectively
targeted tumor cells and enhanced the antitumor activity of CD8+ T cells by reducing the
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level of PD-L1 [137]. A virus-derived fusogenic protein with pH sensitivity was introduced
on extracellular vesicles obtained from M1-type macrophages [138]. PD-L1 siRNA was
then loaded into vesicles by electroporation. In the acidic tumor microenvironment, the
fusogenic protein mediated the membrane fusion of the vesicles and cell membranes,
bypassing the endocytosis pathway to inhibit siRNA degradation. PD-L1 siRNA downreg-
ulated the expression of PD-L1 in tumor cells, and the proinflammatory cytokines in the
M1 macrophage-derived vesicles reprogramed M2-type TAMs. Synergistic activation of
antitumor intrinsic and adaptive immunity inhibited in vivo tumor growth significantly,
indicating that extracellular vesicles from immune cells could act as an effective drug
delivery system with tumor tropism and endogenous active components. In addition,
tumor-derived exosomes enriched with tumor-associated antigens could also be developed
as a vaccine with the delivery of nucleic acid adjuvants [139].

Cell-secreted vesicles naturally contain certain mRNA that can be directly utilized for
disease treatment [140]. mRNA can be endogenously loaded into extracellular vesicles. By
fusing two vesicles formed by transfecting a plasmid expressing a targeting antibody and a
plasmid expressing a therapeutic mRNA into cells with the assistance of PEI, respectively,
hybrid vesicles could be generated for specific mRNA delivery [141]. To achieve targeting
of specific cells, CD64 was expressed on extracellular vesicles to bind antibodies (anti-CD71
and anti-PD-L1) that can target a glioblastoma tumor [142]. Engineered vesicles actively
loaded with IFN-γ mRNA were generated in a high-throughput manner using nanosecond
pulse electroporation. The nanovesicles would be internalized by tumor cells when binding
to certain receptors and release mRNA. The secreted IFN-γ upregulated tumor major histo-
compatibility complex (MHC) class I expression, enabling the immune system to recognize
tumor cells and thus reversing TIME. The adaptive vesicles have the potential to achieve
efficient mRNA delivery by altering the coupled antibodies based on the protein overex-
pressed at the target site. While mRNA delivery systems utilizing extracellular vesicles
for antitumor immunotherapy have not been extensively researched, certain technological
advancements have provided references for their study, which include employing cellular
nanoporation for large-scale production of mRNA-containing vesicles [143], enhancing
mRNA encapsulation and delivery through stabilization with retrovirus-like capsids [144],
and modifying vesicles with immune cell-targeting proteins to enhance uptake [145].

Extracellular vesicles can also be used to deliver CRISPR/Cas systems for effective
in vivo gene editing. In vitro loading of CRISPR/Cas may cause changes in vesicle proper-
ties or introduce artificial components. Stranford et al. developed a strategy to encapsulate
both cargo proteins (Cas9) and targeting proteins (CD2 single-chain fragment, CD2 scFv) in
vesicles by abscisic acid-inducible dimerization [146]. The bioengineered vesicles effectively
delivered gene editing system to CD2+ T cells, providing a versatile platform for targeted
delivery of biologics to other cell types. To achieve in vivo gene engineering of T cells,
extracellular vesicles containing CRISPR/Cas9 systems were decorated with antibodies
for T cell-targeting and a mutant type of the vesicular stomatitis virus glycoprotein for cell
fusion [147]. By using multiple targeting molecules toward human T cells, Cas9-packaging
enveloped delivery vehicles were able to generate gene-edited CAR-T cells in humanized
mice, establishing a programmable delivery mode for broadening therapeutic applications.

A concise overview of representative cell-derived nucleic acid delivery systems for
antitumor immunotherapy introduced in this section is summarized in Table 1.
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Table 1. Cell-derived nucleic acid delivery systems for activating antitumor immune response.

Nucleic Acid Drug Delivery Platform
Strategy of Constructing the

Biomimetic Nucleic Acid Drug
Delivery System

Mechanism of Activating
Antitumor Immune Response Antitumor Effects Ref.

CpG Cryo-silicified tumor cells
Polyethyleneimine (PEI)-adsorbed

cryo-silicified tumor cells were coated
with CpG.

CpG activated Toll like receptor
(TLR) 9 and silicified tumor cells

served as the vaccine.

The vaccine eradicated the
tumors in C57BL/6 mice bearing

ovarian cancer.
[113]

Poly I:C Macrophages

Poly(lactic-co-glycolic acid) (PLGA)
nanoparticles encapsulating poly I:C
were coupled onto the macrophage

surface.

Poly I:C triggered apoptosis of
tumor cells, promoted dendritic

cells (DCs) maturation, and
polarized macrophage vectors to

the M1 type.

The biomimetic system induced
84.9% tumor cell apoptosis
in vivo and inhibited lung
metastases by 74.9% in 4T1

tumor-bearing mice.

[115]

Programmed death
ligand 1 (PD-L1) small

interfering RNA (siRNA)
Tumor cell membrane

Tumor cell membrane was utilized to
coat PLGA nanoparticles containing

PD-L1 siRNA.

Cell membrane-coated
nanoparticles were more easily

taken up by tumor cells, resulting
in a more effective PD-L1

knockdown.

The nanoparticle induced
cytotoxicity in the source cells of

the cell membrane coating.
[123]

PD-L1 siRNA Mesenchymal stem cell
membrane

Mesenchymal stem cell membrane was
utilized for coating PD-L1 siRNA and
doxorubicin co-loaded polydopamine

nanoparticle.

Doxorubicin exerted antitumor
cytotoxicity and upregulated the
expression of PD-L1, which could

be inhibited by PD-L1 siRNA.

The biomimetic nanoparticle
inhibited PC-3 cell growth both

in vitro and in vivo.
[124]

PD-L1 siRNA Macrophage cell membrane

Spermine-based nanoparticle
compressing PD-L1 siRNA and a

photosensitizer ICG was encapsulated
with a macrophage cell membrane.

PD-L1 siRNA degraded PD-L1
mRNA, while IGG mediated
photodynamic therapy for

generating the in situ tumor
vaccine.

The combination therapy
achieved the apoptotic rate of
46.1% in vitro and the tumor

growth inhibition rate of ~80%
in vivo.

[125]

siRNA targeting
fibrinogen-like protein 1

Tumor cell–macrophage hybrid
membrane

PLGA nanoparticles encapsulating
siRNA and metformin were coated with

the hybrid membrane.

Metformin and siRNA
synergistically promoted
T-cell-mediated immune

responses.

The nanoparticle achieved an
apoptosis rate of 75.71% in 4T1

cells in vitro and a tumor
inhibitory rate of 97.3% in vivo.

[126]

CpG Melanoma cell membrane
Melanoma cell membrane was loaded

with a CpG-containing PLGA
nanoparticle.

CpG induced maturation of DCs
and the tumor cell membrane

provided tumor antigens.

The vaccine prevented tumor
occurrence in 86% of the mice
and inhibited tumor growth.

[128]
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Table 1. Cont.

Nucleic Acid Drug Delivery Platform
Strategy of Constructing the

Biomimetic Nucleic Acid Drug
Delivery System

Mechanism of Activating
Antitumor Immune Response Antitumor Effects Ref.

PD-L1 siRNA Neuronal cell-derived
extracellular vesicles

Cerebrovascular endothelial
cell-targeting peptides were coupled

onto neuronal cell-derived extracellular
vesicles to form delivery vehicles for

PD-L1 siRNA.

Radiotherapy upregulated the
intratumoral PD-L1 level,

providing targets for siRNA.

The combination therapy
inhibited glioblastoma in vivo

and extended the median
survival time from 22.5 to 47 d.

[136]

siRNA targeting neutral
sphingomyelinase type 2

ApoA1-modified
tumor-derived exosome

ApoA1-modified tumor-derived
exosome was coupled with

cholesterol-decorated PD-L1 siRNA.

The downregulation of neutral
sphingomyelinase type 2 reduced

the level of PD-L1.

The exosome achieved the PD-L1
silencing efficiency of 94.07% at

the protein level and significantly
delayed HepG2 tumor growth.

[137]

PD-L1 siRNA M1-type macrophage
extracellular vesicles

PD-L1 siRNA was loaded by
electroporation into vesicles expressing a
virus-derived fusogenic protein with pH

sensitivity.

PD-L1 siRNA downregulated the
expression of PD-L1 in tumor

cells, and the proinflammatory
cytokines in the M1

macrophage-derived vesicles
reprogramed M2-type tumor

associated macrophages (TAMs).

The combination immunotherapy
achieved the tumor inhibition

rate of over 80% in vivo.
[138]

Interferon (IFN)-γ mRNA Extracellular vesicles
expressing CD64

Antibodies-decorated vesicles loaded
with IFN-γ mRNA were generated with

nanosecond pulse electroporation.

The secreted IFN-γ upregulated
tumor major histocompatibility

complex (MHC) class I
expression, enabling the immune
system to recognize tumor cells.

The vesicle prolonged the
median survival time from 29 to

53 d in GL261-bearing mice.
[142]

sgRNA and Cas protein
Extracellular vesicles

expressing cell-targeting
antibodies

Extracellular vesicles containing
CRISPR/Cas9 systems were decorated

with antibodies for T cell targeting and a
mutant form of the vesicular stomatitis

virus glycoprotein for cell fusion.

The engineered vesicles
generated gene-edited chimeric
antigen receptor (CAR)-T cells

for killing tumor cells.

The in vivo-generated CAR-T
cells depleted CD19 B cells. [147]
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3. Conclusions and Perspectives

Nucleic acid drugs hold potential in cancer immunotherapy with plentiful targets
and high specificity. CRISPR/Cas systems regulating immune cell functions [148], DNA
encoding proinflammatory cytokines [149], mRNA expressing tumor antigens [18], siRNA
knocking down immune checkpoints [150], and oligonucleotides directly activating im-
mune cells [151] are promising strategies for stimulating antitumor immunity. Nevertheless,
the progress of nucleic acid drugs is impeded since they are susceptible to degradation by
nucleases and face challenges in cellular uptake due to their high molecular weight. Hence,
the development of delivery systems has emerged as a pivotal aspect of nucleic acid drug
discovery and advancement. Optimal delivery systems typically exhibit the following at-
tributes: (i) good biocompatibility, biodegradability, and low immunogenicity; (ii) shielding
nucleic acid drugs from serum nuclease degradation during the circulation; (iii) evading
rapid clearance by the liver or kidneys; and iv) precise delivery of the drugs into target cells
while sparing normal tissues from impact [152]. Several lipid nanoparticles for siRNA and
mRNA delivery have been approved by the FDA for treating virus infections and genetic
diseases, and a series of lipid nanoparticle-based mRNA tumor vaccines are under clinical
evaluation [31,153–155]. Although lipid nanoparticles have assisted certain nucleic acid
drugs to successfully enter the clinic, they still face challenges in achieving significant clini-
cal benefits, such as difficulty in organ/cell-selective delivery and immunogenicity of lipid
nanoparticles, and latent toxicity caused by lipid accumulation in tissues [156]. Therefore,
there remains a crucial necessity to pioneer novel nucleic acid drug delivery systems to
mitigate issues related to toxicity caused by artificial materials and off-target effects.

Biomimetic delivery systems derived from viruses/bacteria/cells have the potential
to augment the therapeutic efficacy of nucleic acid drugs, particularly in the realm of
immunotherapy, for the following several reasons: (i) precisely delivering cargos to target
sites with the natural tissue tropism; (ii) enhancing the drug uptake by specific cells
mediated by the inherent ligands; (iii) protecting the cargos from degradation and clearance;
and (iv) modulating TIME with the endogenous activities. Additionally, biomimetic vectors
can undergo further modifications through biological, chemical, and physical methods to
enhance their effectiveness, specificity, controllability, and safety.

Biomimetic systems derived from various sources possess unique properties. Viruses
are suitable for delivering DNA fragments encoding immunostimulatory molecules due
to their high transduction efficiency. Oncolytic viruses, including H101 and T-Vec, have
entered clinical practice for almost 20 years [157]. Toxicity has been a key barrier to viral
therapy. Recently, strategies based on synthetic biology, including limiting viral replication
in vivo or introducing tumor-specific response elements, could improve the safety of
viruses [70,158]. For example, SynOV1.1, the first synthetic biology-engineered virus to
enter clinical trials, is highly restricted to play a lethal role inside tumor cells and secrete
pro-inflammatory cytokines [159]. The use of protein packaging or compression of nucleic
acids to form virus-like particles is more biocompatible, but its transfection efficiency and
encapsulation rate need to be improved. With the mining and modification of endogenous
proteins, new protein vectors with high binding and transduction efficiency for nucleic
acid delivery are expected to be developed.

Bacteria-derived vectors with tumor-targeting and immune-activating capabilities
have the potential to carry a variety of nucleic acid cargos and be used in antitumor
combination therapy. Engineered Salmonella secreting IL-12 and Listeria monocytogenes
encoding tumor antigens have successfully activated the immune systems and yielded
certain clinical benefits [160]. However, Grade 3 or higher immune-related side effects
often occur in the clinical trials of antitumor bacterial therapies. Balancing the safety and
efficacy of therapeutic bacteria is challenging because removing toxic components may
compromise their effectiveness. Selecting appropriate patients or using synthetic biology
to enable bacteria to express toxic factors only in specific environments holds promise for
addressing this issue.
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Cell-derived platforms with multifaceted endogenous functionality and low immuno-
genicity have the potential to accommodate both safe and effective delivery of nucleic acid
drugs. Nevertheless, cell-based nucleic acid drug delivery systems remain largely in the
preclinical stage or demonstrate limited efficacy in clinical trials. For example, whole-tumor
cell vaccines engineered to secrete GM-CSF (GVAX) have not yielded meaningful outcomes
in patients bearing solid tumors and hematologic malignancies [161]. The complicated
in vivo behavior of the cells, the high heterogeneity of cell membranes, the uncontrol-
lable drug loading process of extracellular vesicles, and the compensatory effect of the
tumor immunosuppressive microenvironment limit the large-scale production and clinical
translation of cell-derived nucleic acid delivery systems.

Biomimetic nucleic acid delivery systems face many challenges in their development
and clinical translation, and more efforts are required. First, nucleic acid drugs need to be
carefully designed to enhance efficiency or reduce off-target toxicity. Intensive studies of
tumor-immune interactions are expected to provide new targets and design strategies for
developing new nucleic acid drugs. Second, the pharmacokinetics and pharmacological
mechanisms of biomimetic systems differ from those of traditional drugs and conventional
drug formulations, making it challenging to predict their in vivo behaviors. Studying the
biomimetic systems in humanized animal models may help predict their behavior in the
human body, and new evaluation methodologies need developing. Third, the complex
tumor immune microenvironment and patient heterogeneity lead to variable treatment
outcomes, highlighting the need for combined and personalized therapeutic strategies. Last
but not least, the stability and standardized production of biotherapeutics are challenging
due to their specific requirements, such as the inability to use high-temperature sterilization
to remove unwanted pathogens, as it may affect the drug’s activity.
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76. Tatarūnas, V.; Čiapienė, I.; Giedraitienė, A. Precise therapy using the selective endogenous encapsidation for cellular delivery

vector system. Pharmaceutics 2024, 16, 292. [CrossRef] [PubMed]
77. Berger, S.; Lächelt, U.; Wagner, E. Dynamic carriers for therapeutic RNA delivery. Proc. Natl. Acad. Sci. USA 2024,

121, e2307799120. [CrossRef] [PubMed]
78. Zhang, B.; Chen, X.; Tang, G.; Zhang, R.; Li, J.; Sun, G.; Yan, X.; Fan, K. Constructing a nanocage-based universal carrier for

delivering TLR-activating nucleic acids to enhance antitumor immunotherapy. Nano Today 2022, 46, 101564. [CrossRef]
79. Li, J.; Sun, Y.; Jia, T.; Zhang, R.; Zhang, K.; Wang, L. Messenger RNA vaccine based on recombinant MS2 virus-like particles

against prostate cancer. Int. J. Cancer 2014, 134, 1683–1694. [CrossRef]
80. Meng, C.; Chen, Z.; Mai, J.; Shi, Q.; Tian, S.; Hinkle, L.; Li, J.; Zhang, Z.; Ramirez, M.; Zhang, L.; et al. Virus-mimic mRNA vaccine

for cancer treatment. Adv. Ther. 2021, 4, 2100144. [CrossRef]
81. Mai, Y.; Guo, J.; Zhao, Y.; Ma, S.; Hou, Y.; Yang, J. Intranasal delivery of cationic liposome-protamine complex mRNA vaccine

elicits effective anti-tumor immunity. Cell. Immunol. 2020, 354, 104143. [CrossRef] [PubMed]
82. Segel, M.; Lash, B.; Song, J.; Ladha, A.; Liu, C.C.; Jin, X.; Mekhedov, S.L.; Macrae, R.K.; Koonin, E.V.; Zhang, F. Mammalian

retrovirus-like protein PEG10 packages its own mRNA and can be pseudotyped for mRNA delivery. Science 2021, 373, 882–889.
[CrossRef]

83. Madigan, V.; Zhang, Y.; Raghavan, R.; Wilkinson, M.E.; Faure, G.; Puccio, E.; Segel, M.; Lash, B.; Macrae, R.K.; Zhang, F. Human
paraneoplastic antigen Ma2 (PNMA2) forms icosahedral capsids that can be engineered for mRNA delivery. Proc. Natl. Acad. Sci.
USA 2024, 121, e2307812120. [CrossRef] [PubMed]

84. Gurbatri, C.R.; Arpaia, N.; Danino, T. Engineering bacteria as interactive cancer therapies. Science 2022, 378, 858–864. [CrossRef]
[PubMed]

85. Zhu, R.; Lang, T.; Yan, W.; Zhu, X.; Huang, X.; Yin, Q.; Li, Y. Gut microbiota: Influence on carcinogenesis and modulation
strategies by drug delivery systems to improve cancer therapy. Adv. Sci. 2021, 8, 2003542. [CrossRef] [PubMed]

86. Toyofuku, M.; Schild, S.; Kaparakis-Liaskos, M.; Eberl, L. Composition and functions of bacterial membrane vesicles. Nat. Rev.
Microbiol. 2023, 21, 415–430. [CrossRef] [PubMed]

87. Raman, V.; Van Dessel, N.; Hall, C.L.; Wetherby, V.E.; Whitney, S.A.; Kolewe, E.L.; Bloom, S.M.K.; Sharma, A.; Hardy, J.A.;
Bollen, M.; et al. Intracellular delivery of protein drugs with an autonomously lysing bacterial system reduces tumor growth and
metastases. Nat. Commun. 2021, 12, 6116. [CrossRef] [PubMed]

88. Li, Z.; Wang, Y.; Liu, J.; Rawding, P.; Bu, J.; Hong, S.; Hu, Q. Chemically and biologically engineered bacteria-based delivery
systems for emerging diagnosis and advanced therapy. Adv. Mater. 2021, 33, 2102580. [CrossRef] [PubMed]

89. Zhang, S.; Yu, J.; Liu, Y.; Xiong, B.; Fang, Y.; Zhu, Y.; Li, S.; Sun, L.; Zhou, B.; Sun, Y.; et al. Photosynthetic bacteria-hitchhiking 2D
iMXene-mRNA vaccine to enable photo-immunogene cancer therapy. Adv. Sci. 2024, 11, e2307225. [CrossRef]

90. Lynch, J.P.; Goers, L.; Lesser, C.F. Emerging strategies for engineering Escherichia coli Nissle 1917-based therapeutics. Trends
Pharmacol. Sci. 2022, 43, 772–786. [CrossRef]

91. Leventhal, D.S.; Sokolovska, A.; Li, N.; Plescia, C.; Kolodziej, S.A.; Gallant, C.W.; Christmas, R.; Gao, J.R.; James, M.J.; Abin-
Fuentes, A.; et al. Immunotherapy with engineered bacteria by targeting the STING pathway for anti-tumor immunity. Nat.
Commun. 2020, 11, 2739. [CrossRef] [PubMed]

https://doi.org/10.1038/mt.2009.9
https://www.ncbi.nlm.nih.gov/pubmed/19223865
https://doi.org/10.1097/CJI.0b013e318193d31e
https://www.ncbi.nlm.nih.gov/pubmed/19238013
https://doi.org/10.1097/JTO.0b013e31817c6b4f
https://www.ncbi.nlm.nih.gov/pubmed/18594319
https://doi.org/10.1126/science.aah5869
https://doi.org/10.1038/s41587-023-01796-7
https://doi.org/10.1056/NEJMra1706910
https://www.ncbi.nlm.nih.gov/pubmed/31365802
https://doi.org/10.1001/jamaoncol.2016.2064
https://www.ncbi.nlm.nih.gov/pubmed/27441411
https://doi.org/10.1038/s41586-023-06623-2
https://www.ncbi.nlm.nih.gov/pubmed/37853118
https://doi.org/10.1136/jitc-2020-001647
https://www.ncbi.nlm.nih.gov/pubmed/33504576
https://doi.org/10.1158/1541-7786.MCR-18-0504
https://doi.org/10.3390/pharmaceutics16020292
https://www.ncbi.nlm.nih.gov/pubmed/38399346
https://doi.org/10.1073/pnas.2307799120
https://www.ncbi.nlm.nih.gov/pubmed/38437544
https://doi.org/10.1016/j.nantod.2022.101564
https://doi.org/10.1002/ijc.28482
https://doi.org/10.1002/adtp.202100144
https://doi.org/10.1016/j.cellimm.2020.104143
https://www.ncbi.nlm.nih.gov/pubmed/32563850
https://doi.org/10.1126/science.abg6155
https://doi.org/10.1073/pnas.2307812120
https://www.ncbi.nlm.nih.gov/pubmed/38437549
https://doi.org/10.1126/science.add9667
https://www.ncbi.nlm.nih.gov/pubmed/36423303
https://doi.org/10.1002/advs.202003542
https://www.ncbi.nlm.nih.gov/pubmed/34026439
https://doi.org/10.1038/s41579-023-00875-5
https://www.ncbi.nlm.nih.gov/pubmed/36932221
https://doi.org/10.1038/s41467-021-26367-9
https://www.ncbi.nlm.nih.gov/pubmed/34675204
https://doi.org/10.1002/adma.202102580
https://www.ncbi.nlm.nih.gov/pubmed/34347325
https://doi.org/10.1002/advs.202307225
https://doi.org/10.1016/j.tips.2022.02.002
https://doi.org/10.1038/s41467-020-16602-0
https://www.ncbi.nlm.nih.gov/pubmed/32483165


Pharmaceutics 2024, 16, 1028 19 of 21

92. Luke, J.J.; Piha-Paul, S.A.; Medina, T.; Verschraegen, C.F.; Varterasian, M.; Brennan, A.M.; Riese, R.J.; Sokolovska, A.; Strauss, J.;
Hava, D.L.; et al. Phase I Study of SYNB1891, an engineered E. coli Nissle strain expressing STING agonist, with and without
atezolizumab in advanced malignancies. Clin. Cancer Res. 2023, 29, 2435–2444. [CrossRef] [PubMed]

93. Chien, T.; Harimoto, T.; Kepecs, B.; Gray, K.; Coker, C.; Hou, N.; Pu, K.; Azad, T.; Nolasco, A.; Pavlicova, M.; et al. Enhancing the
tropism of bacteria via genetically programmed biosensors. Nat. Biomed. Eng. 2022, 6, 94–104. [CrossRef] [PubMed]

94. Din, M.O.; Danino, T.; Prindle, A.; Skalak, M.; Selimkhanov, J.; Allen, K.; Julio, E.; Atolia, E.; Tsimring, L.S.; Bhatia, S.N.; et al.
Synchronized cycles of bacterial lysis for in vivo delivery. Nature 2016, 536, 81–85. [CrossRef] [PubMed]

95. Logtenberg, M.E.W.; Scheeren, F.A.; Schumacher, T.N. The CD47-SIRPα Immune Checkpoint. Immunity 2020, 52, 742–752.
[CrossRef] [PubMed]

96. Chowdhury, S.; Castro, S.; Coker, C.; Hinchliffe, T.E.; Arpaia, N.; Danino, T. Programmable bacteria induce durable tumor
regression and systemic antitumor immunity. Nat. Med. 2019, 25, 1057–1063. [CrossRef] [PubMed]

97. Gurbatri, C.R.; Lia, I.; Vincent, R.; Coker, C.; Castro, S.; Treuting, P.M.; Hinchliffe, T.E.; Arpaia, N.; Danino, T. Engineered
probiotics for local tumor delivery of checkpoint blockade nanobodies. Sci. Transl. Med. 2020, 12, eaax0876. [CrossRef] [PubMed]

98. Schwechheimer, C.; Kuehn, M.J. Outer-membrane vesicles from Gram-negative bacteria: Biogenesis and functions. Nat. Rev.
Microbiol. 2015, 13, 605–619. [CrossRef] [PubMed]

99. Li, Y.; Ma, X.; Yue, Y.; Zhang, K.; Cheng, K.; Feng, Q.; Ma, N.; Liang, J.; Zhang, T.; Zhang, L.; et al. Rapid surface display of
mRNA antigens by bacteria-derived outer membrane vesicles for a personalized tumor vaccine. Adv. Mater. 2022, 34, e2109984.
[CrossRef]

100. Qing, S.; Lyu, C.; Zhu, L.; Pan, C.; Wang, S.; Li, F.; Wang, J.; Yue, H.; Gao, X.; Jia, R.; et al. Biomineralized bacterial outer
membrane vesicles potentiate safe and efficient tumor microenvironment reprogramming for anticancer therapy. Adv. Mater. 2020,
32, e2002085. [CrossRef]

101. Li, S.; Li, X.; Meng, J.; Bao, W.; Wang, S.; Ye, P.; Gao, X.-D.; Wei, W. Dynamic shielding of bacterial outer membrane vesicles for
safe and efficient chemo-immunotherapy against tumors. Nano Res. 2023, 17, 836–847. [CrossRef]

102. Cassetta, L.; Pollard, J.W. A timeline of tumour-associated macrophage biology. Nat. Rev. Cancer 2023, 23, 238–257. [CrossRef]
103. Zhao, M.; Cheng, X.; Shao, P.; Dong, Y.; Wu, Y.; Xiao, L.; Cui, Z.; Sun, X.; Gao, C.; Chen, J.; et al. Bacterial protoplast-derived

nanovesicles carrying CRISPR-Cas9 tools re-educate tumor-associated macrophages for enhanced cancer immunotherapy. Nat.
Commun. 2024, 15, 950. [CrossRef] [PubMed]

104. Yang, J.; Shi, X.; Kuang, Y.; Wei, R.; Feng, L.; Chen, J.; Wu, X. Cell-nanocarrier drug delivery system: A promising strategy for
cancer therapy. Drug Deliv. Transl. Res. 2024, 14, 581–596. [CrossRef]

105. Yu, H.; Yang, Z.; Li, F.; Xu, L.; Sun, Y. Cell-mediated targeting drugs delivery systems. Drug Deliv. 2020, 27, 1425–1437. [CrossRef]
106. Yang, L.; Yang, Y.; Chen, Y.; Xu, Y.; Peng, J. Cell-based drug delivery systems and their in vivo fate. Adv. Drug Deliv. Rev. 2022,

187, 114394. [CrossRef]
107. Meng, J.; Lv, Y.; Bao, W.; Meng, Z.; Wang, S.; Wu, Y.; Li, S.; Jiao, Z.; Tian, Z.; Ma, G.; et al. Generation of whole tumor cell vaccine

for on-demand manipulation of immune responses against cancer under near-infrared laser irradiation. Nat. Commun. 2023,
14, 4505. [CrossRef] [PubMed]

108. Tanyi, J.L.; Bobisse, S.; Ophir, E.; Tuyaerts, S.; Roberti, A.; Genolet, R.; Baumgartner, P.; Stevenson, B.J.; Iseli, C.; Dangaj, D.;
et al. Personalized cancer vaccine effectively mobilizes antitumor T cell immunity in ovarian cancer. Sci. Transl. Med. 2018,
10, eaao5931. [CrossRef] [PubMed]

109. Padmanaban, V.; Krol, I.; Suhail, Y.; Szczerba, B.M.; Aceto, N.; Bader, J.S.; Ewald, A.J. E-cadherin is required for metastasis in
multiple models of breast cancer. Nature 2019, 573, 439–444. [CrossRef]

110. Ci, T.; Li, H.; Chen, G.; Wang, Z.; Wang, J.; Abdou, P.; Tu, Y.; Dotti, G.; Gu, Z. Cryo-shocked cancer cells for targeted drug delivery
and vaccination. Sci. Adv. 2020, 6, eabc3013. [CrossRef]

111. Zhao, Z.; Fang, L.; Xiao, P.; Sun, X.; Zhou, L.; Liu, X.; Wang, J.; Wang, G.; Cao, H.; Zhang, P.; et al. Walking dead tumor cells
for targeted drug delivery against lung metastasis of triple-negative breast cancer. Adv. Mater. 2022, 34, 2205462. [CrossRef]
[PubMed]

112. Liu, F.; Xin, M.; Feng, H.; Zhang, W.; Liao, Z.; Sheng, T.; Wen, P.; Wu, Q.; Liang, T.; Shi, J.; et al. Cryo-shocked tumor cells deliver
CRISPR-Cas9 for lung cancer regression by synthetic lethality. Sci. Adv. 2024, 10, eadk8264. [CrossRef] [PubMed]

113. Guo, J.; De May, H.; Franco, S.; Noureddine, A.; Tang, L.; Brinker, C.J.; Kusewitt, D.F.; Adams, S.F.; Serda, R.E. Cancer vaccines
from cryogenically silicified tumour cells functionalized with pathogen-associated molecular patterns. Nat. Biomed. Eng. 2022, 6,
19–31. [CrossRef]

114. Jiang, Q.; Wei, H.; Tian, Z. Poly I:C enhances cycloheximide-induced apoptosis of tumor cells through TLR3 pathway. BMC
Cancer 2008, 8, 12. [CrossRef] [PubMed]

115. Zhou, H.; He, H.; Liang, R.; Pan, H.; Chen, Z.; Deng, G.; Zhang, S.; Ma, Y.; Liu, L.; Cai, L. In situ poly I:C released from living cell
drug nanocarriers for macrophage-mediated antitumor immunotherapy. Biomaterials 2021, 269, 120670. [CrossRef] [PubMed]

116. Fang, R.H.; Gao, W.; Zhang, L. Targeting drugs to tumours using cell membrane-coated nanoparticles. Nat. Rev. Clin. Oncol. 2023,
20, 33–48. [CrossRef] [PubMed]

117. Xia, Q.; Zhang, Y.; Li, Z.; Hou, X.; Feng, N. Red blood cell membrane-camouflaged nanoparticles: A novel drug delivery system
for antitumor application. Acta Pharm. Sin. B 2019, 9, 675–689. [CrossRef] [PubMed]

https://doi.org/10.1158/1078-0432.CCR-23-0118
https://www.ncbi.nlm.nih.gov/pubmed/37227176
https://doi.org/10.1038/s41551-021-00772-3
https://www.ncbi.nlm.nih.gov/pubmed/34326488
https://doi.org/10.1038/nature18930
https://www.ncbi.nlm.nih.gov/pubmed/27437587
https://doi.org/10.1016/j.immuni.2020.04.011
https://www.ncbi.nlm.nih.gov/pubmed/32433947
https://doi.org/10.1038/s41591-019-0498-z
https://www.ncbi.nlm.nih.gov/pubmed/31270504
https://doi.org/10.1126/scitranslmed.aax0876
https://www.ncbi.nlm.nih.gov/pubmed/32051224
https://doi.org/10.1038/nrmicro3525
https://www.ncbi.nlm.nih.gov/pubmed/26373371
https://doi.org/10.1002/adma.202109984
https://doi.org/10.1002/adma.202002085
https://doi.org/10.1007/s12274-023-6225-6
https://doi.org/10.1038/s41568-022-00547-1
https://doi.org/10.1038/s41467-024-44941-9
https://www.ncbi.nlm.nih.gov/pubmed/38296939
https://doi.org/10.1007/s13346-023-01429-1
https://doi.org/10.1080/10717544.2020.1831103
https://doi.org/10.1016/j.addr.2022.114394
https://doi.org/10.1038/s41467-023-40207-y
https://www.ncbi.nlm.nih.gov/pubmed/37495590
https://doi.org/10.1126/scitranslmed.aao5931
https://www.ncbi.nlm.nih.gov/pubmed/29643231
https://doi.org/10.1038/s41586-019-1526-3
https://doi.org/10.1126/sciadv.abc3013
https://doi.org/10.1002/adma.202205462
https://www.ncbi.nlm.nih.gov/pubmed/35759925
https://doi.org/10.1126/sciadv.adk8264
https://www.ncbi.nlm.nih.gov/pubmed/38552011
https://doi.org/10.1038/s41551-021-00795-w
https://doi.org/10.1186/1471-2407-8-12
https://www.ncbi.nlm.nih.gov/pubmed/18199340
https://doi.org/10.1016/j.biomaterials.2021.120670
https://www.ncbi.nlm.nih.gov/pubmed/33485214
https://doi.org/10.1038/s41571-022-00699-x
https://www.ncbi.nlm.nih.gov/pubmed/36307534
https://doi.org/10.1016/j.apsb.2019.01.011
https://www.ncbi.nlm.nih.gov/pubmed/31384529


Pharmaceutics 2024, 16, 1028 20 of 21

118. Chen, Y.; Qin, D.; Zou, J.; Li, X.; Guo, X.D.; Tang, Y.; Liu, C.; Chen, W.; Kong, N.; Zhang, C.Y.; et al. Living leukocyte-based drug
delivery systems. Adv. Mater. 2023, 35, 2207787. [CrossRef] [PubMed]

119. Zhu, Y.; Xu, L.; Kang, Y.; Cheng, Q.; He, Y.; Ji, X. Platelet-derived drug delivery systems: Pioneering treatment for cancer,
cardiovascular diseases, infectious diseases, and beyond. Biomaterials 2024, 306, 122478. [CrossRef]

120. Ma, Y.; Yi, J.; Ruan, J.; Ma, J.; Yang, Q.; Zhang, K.; Zhang, M.; Zeng, G.; Jin, L.; Huang, X.; et al. Engineered cell membrane-coated
nanoparticles: New strategies in glioma targeted therapy and immune modulation. Adv. Healthc. Mater. 2024, 2400514. [CrossRef]

121. Peng, X.; Yang, L.; Yuan, P.; Ding, X. Hybrid cell membrane-based nanoplatforms for enhanced immunotherapy against cancer
and infectious diseases. Adv. Healthc. Mater. 2024, 2304477. [CrossRef] [PubMed]

122. Krishnan, N.; Jiang, Y.; Zhou, J.; Mohapatra, A.; Peng, F.X.; Duan, Y.; Holay, M.; Chekuri, S.; Guo, Z.; Gao, W.; et al. A modular
approach to enhancing cell membrane-coated nanoparticle functionality using genetic engineering. Nat. Nanotechnol. 2024, 19,
345–353. [CrossRef] [PubMed]

123. Chen, M.; Chen, M.; He, J. Cancer cell membrane cloaking nanoparticles for targeted co-delivery of doxorubicin and PD-L1
siRNA. Artif. Cells Nanomed. Biotechnol. 2019, 47, 1635–1641. [CrossRef] [PubMed]

124. Mu, X.; Zhang, M.; Wei, A.; Yin, F.; Wang, Y.; Hu, K.; Jiang, J. Doxorubicin and PD-L1 siRNA co-delivery with stem cell
membrane-coated polydopamine nanoparticles for the targeted chemoimmunotherapy of PCa bone metastases. Nanoscale 2021,
13, 8998–9008. [CrossRef] [PubMed]

125. Fang, Y.; Chen, S.; Zhang, M.; Lin, X.; Jin, X.; Zhang, M.; Liu, Y.; Wang, Y.; Shi, K. A trojan horse delivery vehicle carrying siRNA
nanotherapeutics with multiple tumor microenvironment responsiveness elicits robust antitumor immune responses in situ via a
"self-synergistic" approach. Adv. Healthc. Mater. 2023, 12, 2301401. [CrossRef] [PubMed]

126. Gong, C.; Yu, X.; Zhang, W.; Han, L.; Wang, R.; Wang, Y.; Gao, S.; Yuan, Y. Regulating the immunosuppressive tumor microenvi-
ronment to enhance breast cancer immunotherapy using pH-responsive hybrid membrane-coated nanoparticles. J. Nanobiotechnol.
2021, 19, 58. [CrossRef] [PubMed]

127. Lv, H.; Wang, T.; Ma, F.; Zhang, K.; Gao, T.; Pei, R.; Zhang, Y. Aptamer-functionalized targeted siRNA delivery system for tumor
immunotherapy. Biomed. Mater. 2022, 17, 024108. [CrossRef] [PubMed]

128. Kroll, A.V.; Fang, R.H.; Jiang, Y.; Zhou, J.; Wei, X.; Yu, C.L.; Gao, J.; Luk, B.T.; Dehaini, D.; Gao, W.; et al. Nanoparticulate delivery
of cancer cell membrane elicits multiantigenic antitumor immunity. Adv. Mater. 2017, 29, 1703969. [CrossRef]

129. Park, J.H.; Mohapatra, A.; Zhou, J.; Holay, M.; Krishnan, N.; Gao, W.; Fang, R.H.; Zhang, L. Virus-mimicking cell membrane-coated
nanoparticles for cytosolic delivery of mRNA. Angew. Chem. 2022, 61, e202113671. [CrossRef]

130. Li, W.; Zhang, X.; Zhang, C.; Yan, J.; Hou, X.; Du, S.; Zeng, C.; Zhao, W.; Deng, B.; McComb, D.W.; et al. Biomimetic nanoparticles
deliver mRNAs encoding costimulatory receptors and enhance T cell mediated cancer immunotherapy. Nat. Commun. 2021,
12, 7264. [CrossRef]

131. El Andaloussi, S.; Mäger, I.; Breakefield, X.O.; Wood, M.J. Extracellular vesicles: Biology and emerging therapeutic opportunities.
Nat. Rev. Drug Discov. 2013, 12, 347–357. [CrossRef] [PubMed]

132. Vader, P.; Mol, E.A.; Pasterkamp, G.; Schiffelers, R.M. Extracellular vesicles for drug delivery. Adv. Drug Deliv. Rev. 2016, 106,
148–156. [CrossRef] [PubMed]

133. Li, Z.; Liu, Z.; Wu, J.; Li, B. Cell-derived vesicles for mRNA delivery. Pharmaceutics 2022, 14, 2699. [CrossRef] [PubMed]
134. Roerig, J.; Mitrach, F.; Schmid, M.; Hause, G.; Hacker, M.C.; Wölk, C.; Schulz-Siegmund, M. Synergistic siRNA loading of

extracellular vesicles enables functional delivery into cells. Small Methods 2022, 6, 2201001. [CrossRef] [PubMed]
135. O’Brien, K.; Breyne, K.; Ughetto, S.; Laurent, L.C.; Breakefield, X.O. RNA delivery by extracellular vesicles in mammalian cells

and its applications. Nat. Rev. Mol. Cell Biol. 2020, 21, 585–606. [CrossRef]
136. Tian, T.; Liang, R.; Erel-Akbaba, G.; Saad, L.; Obeid, P.J.; Gao, J.; Chiocca, E.A.; Weissleder, R.; Tannous, B.A. Immune checkpoint

inhibition in GBM primed with radiation by engineered extracellular vesicles. ACS Nano 2022, 16, 1940–1953. [CrossRef] [PubMed]
137. Zhang, C.; Wu, Q.; Gong, Y.; Qin, Q.; Han, Q.; Cheng, Z.; Yan, Z. Biomimetic exosomal vesicles loaded with siRNA improves

antitumor immune responses by inhibiting the secretion of tumor-derived exosome PD-L1. Int. Immunopharmacol. 2024,
129, 111659. [CrossRef] [PubMed]

138. Liu, H.; Huang, L.; Mao, M.; Ding, J.; Wu, G.; Fan, W.; Yang, T.; Zhang, M.; Huang, Y.; Xie, H.-Y. Viral protein-pseudotyped and
siRNA-electroporated extracellular vesicles for cancer immunotherapy. Adv. Funct. Mater. 2020, 30, 2006515. [CrossRef]

139. Morishita, M.; Takahashi, Y.; Matsumoto, A.; Nishikawa, M.; Takakura, Y. Exosome-based tumor antigens-adjuvant co-delivery
utilizing genetically engineered tumor cell-derived exosomes with immunostimulatory CpG DNA. Biomaterials 2016, 111, 55–65.
[CrossRef]

140. Yu, T.; Wang, X.; Zhi, T.; Zhang, J.; Wang, Y.; Nie, E.; Zhou, F.; You, Y.; Liu, N. Delivery of MGMT mRNA to glioma cells by
reactive astrocyte-derived exosomes confers a temozolomide resistance phenotype. Cancer Lett. 2018, 433, 210–220. [CrossRef]

141. Wang, J.H.; Forterre, A.V.; Zhao, J.; Frimannsson, D.O.; Delcayre, A.; Antes, T.J.; Efron, B.; Jeffrey, S.S.; Pegram, M.D.; Matin, A.C.
Anti-Her2 scFv-directed extracellular vesicle-mediated mRNA-based gene delivery inhibits growth of Her2-positive human
breast tumor xenografts by prodrug activation. Mol. Cancer Ther. 2018, 17, 1133–1142. [CrossRef] [PubMed]

142. Dong, S.; Liu, X.; Bi, Y.; Wang, Y.; Antony, A.; Lee, D.; Huntoon, K.; Jeong, S.; Ma, Y.; Li, X.; et al. Adaptive design of mRNA-loaded
extracellular vesicles for targeted immunotherapy of cancer. Nat. Commun. 2023, 14, 6610. [CrossRef] [PubMed]

143. Yang, Z.; Shi, J.; Xie, J.; Wang, Y.; Sun, J.; Liu, T.; Zhao, Y.; Zhao, X.; Wang, X.; Ma, Y.; et al. Large-scale generation of functional
mRNA-encapsulating exosomes via cellular nanoporation. Nat. Biomed. Eng. 2020, 4, 69–83. [CrossRef] [PubMed]

https://doi.org/10.1002/adma.202207787
https://www.ncbi.nlm.nih.gov/pubmed/36317596
https://doi.org/10.1016/j.biomaterials.2024.122478
https://doi.org/10.1002/adhm.202400514
https://doi.org/10.1002/adhm.202304477
https://www.ncbi.nlm.nih.gov/pubmed/38709914
https://doi.org/10.1038/s41565-023-01533-w
https://www.ncbi.nlm.nih.gov/pubmed/37903891
https://doi.org/10.1080/21691401.2019.1608219
https://www.ncbi.nlm.nih.gov/pubmed/31027450
https://doi.org/10.1039/D0NR08024A
https://www.ncbi.nlm.nih.gov/pubmed/33973580
https://doi.org/10.1002/adhm.202301401
https://www.ncbi.nlm.nih.gov/pubmed/37537715
https://doi.org/10.1186/s12951-021-00805-8
https://www.ncbi.nlm.nih.gov/pubmed/33632231
https://doi.org/10.1088/1748-605X/ac5415
https://www.ncbi.nlm.nih.gov/pubmed/35147520
https://doi.org/10.1002/adma.201703969
https://doi.org/10.1002/anie.202113671
https://doi.org/10.1038/s41467-021-27434-x
https://doi.org/10.1038/nrd3978
https://www.ncbi.nlm.nih.gov/pubmed/23584393
https://doi.org/10.1016/j.addr.2016.02.006
https://www.ncbi.nlm.nih.gov/pubmed/26928656
https://doi.org/10.3390/pharmaceutics14122699
https://www.ncbi.nlm.nih.gov/pubmed/36559192
https://doi.org/10.1002/smtd.202201001
https://www.ncbi.nlm.nih.gov/pubmed/36284470
https://doi.org/10.1038/s41580-020-0251-y
https://doi.org/10.1021/acsnano.1c05505
https://www.ncbi.nlm.nih.gov/pubmed/35099172
https://doi.org/10.1016/j.intimp.2024.111659
https://www.ncbi.nlm.nih.gov/pubmed/38350356
https://doi.org/10.1002/adfm.202006515
https://doi.org/10.1016/j.biomaterials.2016.09.031
https://doi.org/10.1016/j.canlet.2018.06.041
https://doi.org/10.1158/1535-7163.MCT-17-0827
https://www.ncbi.nlm.nih.gov/pubmed/29483213
https://doi.org/10.1038/s41467-023-42365-5
https://www.ncbi.nlm.nih.gov/pubmed/37857647
https://doi.org/10.1038/s41551-019-0485-1
https://www.ncbi.nlm.nih.gov/pubmed/31844155


Pharmaceutics 2024, 16, 1028 21 of 21

144. Gu, W.; Luozhong, S.; Cai, S.; Londhe, K.; Elkasri, N.; Hawkins, R.; Yuan, Z.; Su-Greene, K.; Yin, Y.; Cruz, M.; et al. Extracellular
vesicles incorporating retrovirus-like capsids for the enhanced packaging and systemic delivery of mRNA into neurons. Nat.
Biomed. Eng. 2024, 8, 415–426. [CrossRef]

145. Yin, D.; Zhong, Y.; Ling, S.; Lu, S.; Wang, X.; Jiang, Z.; Wang, J.; Dai, Y.; Tian, X.; Huang, Q.; et al. Dendritic-cell-targeting virus-like
particles as potent mRNA vaccine carriers. Nat. Biomed. Eng. 2024. [CrossRef] [PubMed]

146. Stranford, D.M.; Simons, L.M.; Berman, K.E.; Cheng, L.; DiBiase, B.N.; Hung, M.E.; Lucks, J.B.; Hultquist, J.F.; Leonard, J.N.
Genetically encoding multiple functionalities into extracellular vesicles for the targeted delivery of biologics to T cells. Nat.
Biomed. Eng. 2024, 8, 397–414. [CrossRef] [PubMed]

147. Hamilton, J.R.; Chen, E.; Perez, B.S.; Sandoval Espinoza, C.R.; Kang, M.H.; Trinidad, M.; Ngo, W.; Doudna, J.A. In vivo human T
cell engineering with enveloped delivery vehicles. Nat. Biotechnol. 2024. [CrossRef] [PubMed]

148. Liu, Z.; Shi, M.; Ren, Y.; Xu, H.; Weng, S.; Ning, W.; Ge, X.; Liu, L.; Guo, C.; Duo, M.; et al. Recent advances and applications of
CRISPR-Cas9 in cancer immunotherapy. Mol. Cancer 2023, 22, 35. [CrossRef]

149. Harrington, K.; Freeman, D.J.; Kelly, B.; Harper, J.; Soria, J.C. Optimizing oncolytic virotherapy in cancer treatment. Nat. Rev.
Drug Discov. 2019, 18, 689–706. [CrossRef]

150. Barati, M.; Mirzavi, F.; Atabaki, M.; Bibak, B.; Mohammadi, M.; Jaafari, M.R. A review of PD-1/PD-L1 siRNA delivery systems in
immune T cells and cancer cells. Int. Immunopharmacol. 2022, 111, 109022. [CrossRef]

151. Kuai, R.; Ochyl, L.J.; Bahjat, K.S.; Schwendeman, A.; Moon, J.J. Designer vaccine nanodiscs for personalized cancer immunother-
apy. Nat. Mater. 2017, 16, 489–496. [CrossRef]

152. Manzari, M.T.; Shamay, Y.; Kiguchi, H.; Rosen, N.; Scaltriti, M.; Heller, D.A. Targeted drug delivery strategies for precision
medicines. Nat. Rev. Mater. 2021, 6, 351–370. [CrossRef] [PubMed]

153. Ma, Y.; Li, S.; Lin, X.; Chen, Y. A perspective of lipid nanoparticles for RNA delivery. Exploration 2024, 20230147. [CrossRef]
154. Akinc, A.; Maier, M.A.; Manoharan, M.; Fitzgerald, K.; Jayaraman, M.; Barros, S.; Ansell, S.; Du, X.; Hope, M.J.; Madden, T.D.;

et al. The Onpattro story and the clinical translation of nanomedicines containing nucleic acid-based drugs. Nat. Nanotechnol.
2019, 14, 1084–1087. [CrossRef] [PubMed]

155. Tenchov, R.; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid Nanoparticles—From Liposomes to mRNA Vaccine Delivery, a Landscape of
Research Diversity and Advancement. ACS Nano 2021, 15, 16982–17015. [CrossRef]

156. Kon, E.; Ad-El, N.; Hazan-Halevy, I.; Stotsky-Oterin, L.; Peer, D. Targeting cancer with mRNA-lipid nanoparticles: Key
considerations and future prospects. Nat. Rev. Clin. Oncol. 2023, 20, 739–754. [CrossRef] [PubMed]

157. Li, K.; Zhao, Y.; Hu, X.; Jiao, J.; Wang, W.; Yao, H. Advances in the clinical development of oncolytic viruses. Am. J. Transl. Res.
2022, 14, 4192–4206. [PubMed]

158. Huang, H.; Liu, Y.; Liao, W.; Cao, Y.; Liu, Q.; Guo, Y.; Lu, Y.; Xie, Z. Oncolytic adenovirus programmed by synthetic gene circuit
for cancer immunotherapy. Nat. Commun. 2019, 10, 4801. [CrossRef] [PubMed]

159. Peng, S.; Huang, H.; Wei, P.; Xie, Z. Synthetic gene circuits moving into the clinic. Quant. Biol. 2021, 9, 100–103. [CrossRef]
160. Kwon, S.-Y.; Thi-Thu Ngo, H.; Son, J.; Hong, Y.; Min, J.-J. Exploiting bacteria for cancer immunotherapy. Nat. Rev. Clin. Oncol.

2024, 21, 569–589. [CrossRef] [PubMed]
161. Soiffer, R.J.; Kooshesh, K.A.; Ho, V. Whole tumor cell vaccines engineered to secrete GM-CSF (GVAX). ImmunoMedicine 2021,

1, e1025. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41551-023-01150-x
https://doi.org/10.1038/s41551-024-01208-4
https://www.ncbi.nlm.nih.gov/pubmed/38714892
https://doi.org/10.1038/s41551-023-01142-x
https://www.ncbi.nlm.nih.gov/pubmed/38012307
https://doi.org/10.1038/s41587-023-02085-z
https://www.ncbi.nlm.nih.gov/pubmed/38212493
https://doi.org/10.1186/s12943-023-01738-6
https://doi.org/10.1038/s41573-019-0029-0
https://doi.org/10.1016/j.intimp.2022.109022
https://doi.org/10.1038/nmat4822
https://doi.org/10.1038/s41578-020-00269-6
https://www.ncbi.nlm.nih.gov/pubmed/34950512
https://doi.org/10.1002/EXP.20230147
https://doi.org/10.1038/s41565-019-0591-y
https://www.ncbi.nlm.nih.gov/pubmed/31802031
https://doi.org/10.1021/acsnano.1c04996
https://doi.org/10.1038/s41571-023-00811-9
https://www.ncbi.nlm.nih.gov/pubmed/37587254
https://www.ncbi.nlm.nih.gov/pubmed/35836877
https://doi.org/10.1038/s41467-019-12794-2
https://www.ncbi.nlm.nih.gov/pubmed/31641136
https://doi.org/10.15302/J-QB-021-0234
https://doi.org/10.1038/s41571-024-00908-9
https://www.ncbi.nlm.nih.gov/pubmed/38840029
https://doi.org/10.1002/imed.1025

	Introduction 
	Biomimetic Nucleic Acid Delivery System for Antitumor Immunotherapy 
	Virus-Derived Delivery Systems 
	Virus 
	Virus-like Particles 

	Bacteria-Derived Delivery Systems 
	Bacteria 
	Bacteria-Derived Nanovesicle 

	Cell-Derived Delivery Systems 
	Cells 
	Cell Membrane-Coated Nanoparticles 
	Extracellular Vesicles 


	Conclusions and Perspectives 
	References

