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Abstract

Cancer immunotherapy has shown great potential as witnessed by an increasing number of 

immuno-oncology drug approvals in the past few years. Meanwhile, the field of nucleic acid 

therapeutics has made significant advancement. Nucleic acid therapeutics, such as plasmids, 

antisense oligonucleotides (ASO), small interfering RNA (siRNA) and microRNA, messenger 

RNA (mRNA), immunomodulatory DNA/RNA, and gene-editing guide RNA (gRNA) are 

attractive due to their versatile abilities to alter the expression of target endogenous genes or even 

synthetic genes, and modulate the immune responses. These abilities can play vital roles in the 

development of novel immunotherapy strategies. However, limited by the intrinsic 

physicochemical properties such as negative charges, hydrophilicity, as well as susceptibility to 

enzymatic degradation, the delivery of nucleic acid therapeutics faces multiple challenges. It is 

therefore pivotal to develop drug delivery systems that can carry, protect, and specifically deliver 

and release nucleic acid therapeutics to target tissues and cells. In this review, we attempted to 

summarize recent advances in nucleic acid therapeutics and the delivery systems for these 

therapeutics in cancer immunotherapy.
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1. Introduction

Nucleic acid therapeutics have emerged as promising candidates for cancer treatment, 

including immunotherapy [1]. Nucleic acid therapeutics are a diverse class of DNA or RNA 

such as plasmids, mRNA, ASO, siRNA, miRNA, small-activating RNA (saRNA), aptamers, 

gene-editing gRNA, as well as immunomodulatory DNA/RNA. Nucleic acid therapeutics 

have versatile functionalities ranging from altering (up- or down- regulating) gene 

expression [2], to modulating immune responses [3,4]. Research on immunomodulatory 

nucleic acids can date back to 1995 [5], and since then, a growing number of potential 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Corresponding author. gzhu2@vcu.edu. (G. Zhu). 

Declaration of competing interest
The authors declare that there are no conflicts of interest.

HHS Public Access
Author manuscript
Med Drug Discov. Author manuscript; available in PMC 2021 July 29.

Published in final edited form as:
Med Drug Discov. 2020 June ; 6: . doi:10.1016/j.medidd.2020.100023.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


immunomodulatory nucleic acids have been discovered and tested for immunotherapy (Fig. 

1).

The high specificity, versatile functionality, reproducible batch-to-batch manufacture, and 

tunable immunogenicity of nucleic acid therapeutics make them good candidates for cancer 

immunotherapy. In this article, we will mainly discuss five categories of nucleic acid 

therapeutics for cancer immunotherapy. Gene-regulating nucleic acid drugs such as siRNA 

and ASO can regulate post-transcriptional gene expression, and silence targeted genes, 

further regulating intracellular signaling pathway involved in cancer progression [6]; Nucleic 

acids immunostimulants such as unmethylated cytosine-guanosine deoxynucleotides (CpG), 

poly I:C, 5′-triphosphate RNA, as well as di-cyclic nucleotides that active stimulator 

interferon genes (STING) that induce or augment anticancer immune activation [7-9]. 

mRNA therapeutics and plasmid DNA (pDNA) can be tailor-designed to express proteins or 

peptides of interest, such as antigens or cancer immunotherapeutic proteins [10]. Aptamers, 

which are short single-stranded nucleic acids, have been studied as nucleic acid versions of 

antibodies for cancer immunotherapy [11]. Finally, genome editing-related nucleic acids 

such as gRNA have been recently implemented to precisely edit target genes and therefore 

modulate gene expression for cancer immunotherapy [12].

Wide application of nucleic acid therapeutics is hinged on effective and specific delivery of 

these drugs into target tissues (Fig. 2), cells, as well as subcellular locations. Complex tumor 

microenvironment (TME) makes drug delivery to tumor cells intractable, which is further 

aggravated by the immunosuppression in TME. For instance, TME has tumor hypoxia, 

acidosis as well as high interstitial fluid pressure. Further, stromal cells in TME, such as 

cancer-associated fibroblasts (CAFs) that overexpress TGF-β, HGF, and TGF-β, facilitate 

the malignant tumor evolution and reduce the delivery efficiency of nucleic acid therapeutics 

into TME [13] (Fig. 2A). Another important class of tissue targets for cancer 

immunotherapy is lymphoid tissues, where various immune cells reside and a myriad of 

immune responses are orchestrated (Fig. 2B). It is thus pivotal to understand the delivery 

targets and accordingly design delivery systems for nucleic acid therapeutics.

Unlike traditional small molecule medicines or large biologics, the delivery of nucleic acid 

therapeutics can be generally impacted by their unique properties such as negative charges, 

hydrophilicity, susceptibility to enzyme degradation if not modified, potentially unwanted 

immunogenicity [14], as well as off-targeting effect [15]. Decades of research and 

development have devised a good number of strategies to address these issues and advance 

the development of nucleic acid therapeutics for disease treatment, such as cancer 

immunotherapy [10,16]. One commonly-used strategy to improve the biostability of nucleic 

acids is to chemically modify nucleic acids with, for example, 2’-F and 2’-O-methyl on the 

sugar, or phosphorothioate in the backbone [17,18]. Moreover, nanocarriers, which are 

widely used to load nucleic acid therapeutics, can also protect nucleic acids from nuclease 

degradation by generating steric hindrance for nucleases to access nucleic acids [19].
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2. Delivery of nucleic acid therapeutics in cancer immunotherapy

Nanodrug delivery systems have been developed to improve the efficacy of nucleic acid 

therapeutics by passive homing to target tissues such as tumor or lymph nodes [20]. 

Nanocarriers can be further modified with functional ligands for active targeted delivery and 

to improve cell endocytosis, via receptor-ligand interactions [21]. Lipid nanoparticles [22] 

and polymer nanoparticles [16] are among the most commonly used nanocarriers for nucleic 

acid delivery (Fig. 3). In addition, molecular bioconjugates of nucleic acid, such as N-

Acetylgalactosamine (GalNAc), have emerged as a promising approach for nucleic acid 

delivery to the liver [23].

2.1. Delivery of immunostimulatory nucleic acids

Immunostimulants can activate antitumor immune responses for cancer immunotherapy. 

Among such immunostimulants are nucleic acid of particular sequences, ranging from 

agonists for toll-like receptors (TLR), retinoic acid-inducible gene I (RIG-1) agonists, 

cyclic-GMP-AMP-synthase (cGAS) activators, to STING agonists. For instance, STING is a 

379 amino-acid protein located in the endoplasmic reticulum in a variety of cells types, and 

is composed of several transmembrane regions [7]. Upon sensing intracellular dsDNA, 

cGAS cyclizes endogenous GTP and ATP to produce 2′3’-cyclic-GMP-AMP (cGAMP). 

cGAMP binds to and activates the endoplasmic reticulum (ER) transmembrane receptor 

STING, triggering the activation of STING. Activated STING then serves as an adaptor for 

kinase TBK1 and transcription factor IRF-3 and leads to IRF-3 phosphorylation and 

dimerization. Phosphorylated IRF3 dimers translocate to the nucleus and induce the 

production and secretion of type I interferons (IFNs) [24].

STING agonists have been studied in preclinical systems and recently in clinical trials for 

cancer immunotherapy [25]. STINGs can be activated by CDNs such as cGAMP [26], 

oligonucleotides (directly activate cGAS to produce cGAMP for STING activation) [27], 

and non-nucleic acid small molecules [28]. For instance, Ramanjulu et al. reported a small 

molecule STING agonist, diABZIs, which is a symmetric amidobenzimidazole (ABZI)-

based compound that binds to human STING. diABZI activated CD8+ T cells in vivo after 

intravenous administration [28]. Nanoparticles, such as liposomes, that are loaded with 

STING agonists can accumulate in lymph nodes after local administration and mediate 

efficient cytosolic delivery of STING agonists [29-31]. For instance, Koshy et al. used 

cationic liposomes modified with PEG (Fig. 4) to deliver cGAMP. Such cGAMP-loaded 

liposome can promote the intracellular delivery of cGAMP and activate the STING signaling 

pathway, resulting in the secretion of type I IFNs into TME and improved tumor therapeutic 

efficacy in a metastatic melanoma model [32]. In another example, Shae et al. designed pH-

sensitive polymersomes with the ability of membrane-destabilization for intracellular release 

of the loaded cGAMP. These STING-NPs not only enhanced the cellular uptake, but also 

promoted endosomal escape of cGAMP into cytosol. When administrated by intratumorally 

or intravenously, STING-NPs significantly promoted the therapeutic efficacy of STING 

agonists in mouse models [33]. Interestingly, it has also been reported by Luo et al. that 

polymeric nanoparticles, named PC7A NPs, per se stimulated the STING pathway to 
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activate antitumor immunity [34], which provides a novel platform for nanovaccines based 

on the unique characteristics of the polymer.

Toll-like receptor (TLR) agonists are another class of immunostimulatory adjuvants that 

have been extensively explored in preclinical studies as well as clinical trials. Representative 

examples of immunostimulatory TLR agonists include unmethylated cytosine-phosphate-

guanine-containing oligonucleotides (CpG) for TLR9, R848 for TLR7/8, flagellin for TLR5, 

and polyinosinic-polycytidylic acid (poly I:C) for TLR3. For example, via pattern 

recognition, specific DNA sequences with unmethylated cytosine-phosphate-guanine (CpG) 

can be recognized by TLR9 to induce innate and adaptive immune responses via the 

MyD88-dependent nuclear factor (NF-κB) and mitogen-activated protein kinase signaling 

pathways, promoting the secretion of proinflammatory cytokines such as IL-2, IL-6, IFN-α, 

IFN-γ [8]. The delivery carriers for CpG range from organic biomaterials (polymer [35], 

albumin [36] and lipid nanoparticles [37] as well as inorganic materials [38-40]. TLR3 

agonist, poly I:C, is a synthetic immunostimulatory polymer agent that resembles dsRNA as 

it comprises long strands of inosine and cytidine, and is recognized mainly by TLR3 and 

MDA5 to work as adjuvants to induce antitumor immune response [9]. A vaccine named 

BiVax was developed, which mixed poly-IC with synthetic peptides, was shown to magnify 

the antigen-specific CD8+ T cell immune responses [41]. Poly I:C, as well as its formulation 

derivative poly-L-lysine and carboxymethylcellulose (poly-ICLC) are commonly used in 

clinical trials as immunostimulatory adjuvants [42,43].

2.2. Delivery of mRNA therapeutics

Natural RNA has various functions ranging from encoding proteins, eliciting innate immune 

responses, modulating protein or RNA functions [44]. mRNA relay genomic information 

from DNA to ribosome that uses mRNA as templates to translate protein in the cytoplasm 

[10]. The ability of mRNA to express necessarily any proteins and peptides over a long 

duration without reliance on nuclear localization for gene expression [45] makes mRNA 

therapeutics of tremendous potential for versatile applications, including cancer 

immunotherapy. Compared to gene therapy that inserts genes into genome, mRNA 

therapeutics bypass the risk of permanent gene integration into genome that might lead to 

adverse side effects. Nowadays, nucleic acid chemistry has been developed to synthesize 

mRNA that can resist enzymatic degradation or alleviate the immunogenicity of mRNA. 

Poly A tail of endogenous mRNA is able to bind multiple poly A binding proteins (PABPs) 

in a tandem manner, which can improve mRNA stability, as well as stimulate mRNA 

translation [46]. Consistently, for mRNA vaccines, a poly-A tail measuring around 120 

nucleotides enhanced mRNA stability and translational efficiency, providing a potential 

strategy for optimizing mRNA vaccines [47]. Other strategies of chemical modification 

include N1-methylpseudouridine, 5-methoxyuridine and pseudouridine modification of 

mRNA were proved to be effective to enhance mRNA stability and improve protein 

expression [48]. A recent study by Li et al. designed a translation initiation nanoplex, which 

comprised of an inherent molecular recognition between 7-methyguanosine-capped mRNA 

and eukaryotic initiation factor 4E (eIF4E) protein loaded in cationic carriers, polyamine. 

This ribonucleoproteins (RNPs) can mimick the first step of protein synthesis. They 

demonstrated that the nanoplex enhanced the mRNA transfection by improving the stability 
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of mRNA, and increased activation of cytotoxic CD8 T cells after induction to murine 

dendritic cells [49]. Besides, mRNA purification can reduce the innate immune activation 

caused by the leftover during the generation of mRNA therapeutics [50], so high-

performance liquid chromatography (HPLC) is applied to purify mRNA to reduce adverse 

immune response.

Further, mRNA can now be manufactured in vitro at large scales at a low cost. Specifically, 

mRNA can be reproducibly synthesized by in vitro transcription (IVT) using DNA 

templates, a T7, a T3 or an Sp6 phage RNA polymerase [44]. These technology 

advancements have altogether render mRNA therapeutics very promising for cancer 

immunotherapy, by versatile approaches such as ex vivo mRNA transfer for therapeutic 

adoptive cell engineering, and using cancer-specific antigen-encoding mRNA directly as 

cancer therapeutic vaccines [45].

The field of mRNA therapeutics has indeed made remarkable progress in the past decade. 

One example is RNActive® vaccines that was shown to be taken up by leukocytic cells and 

presented by APCs to trigger immune cell activation and adaptive immunity [51]. 

Meanwhile, the immune-stimulation was limited to the injection site and lymphoid site, and 

proinflammatory cytokine levels were not elevated by these vaccines in the serum of the 

immunized mice, suggesting the specificity of this mRNA vaccine.

Unmodified or unformulated mRNA can be degraded by ubiquitous RN-ases and can be 

difficult to be delivered to the cytoplasm. Lipid nanoparticles (LNP) can encapsulate mRNA, 

protect them from enzymatic degradation, and markedly enhance the potency of mRNA 

[52]. For example, LNPs that encapsulated self-amplifying mRNA encoding secreted 

alkaline phosphatase showed higher levels of transporter gene expression than naked RNA 

delivery [52]. To optimize the formulation of LNPs for mRNA vaccine delivery, Miao et al 
screened 1000 lipid formulations that were used for mRNA vaccination and found that the 

lipids with an unsaturated lipid tail, a dihydroimid-azole linker and cyclic amine head group 

performed best in melanoma and human papillomavirus (HPV) mouse tumor models. 

Moreover, cyclic amino head groups can activate the MyD88/RLR-independent STING 

pathway, eliciting a robust type I IFN activation and APC maturation, thus providing an 

additional mechanism for the mRNA carriers to potentiate immunostimulatory immune 

responses [53]. Moffett et al. developed a polymeric nanoparticle loaded mRNA that 

encoded a rare-cleaving megaTAL nuclease into lymphocytes (Fig. 5). Biodegradable poly 

(β-amino ester) (PBAE) was used to form nanoparticles to encapsulate mRNA, and PGA 

modified with targeting ligands,anti-CD3 and anti-CD8, was additionally added to balance 

the positive charge of PBAE mRNA nanoparticles [54]. These polymer nanoparticles 

showed a high transfection efficiency of mRNA, therefore efficiently reprogrammed naïve T 

cells to effector T cells.

pDNA is double-stranded DNA (dsDNA) composed of genes of interest and can be used to 

express mRNA or proteins/peptides or interest for gene therapy [55]. pDNA can replicate 

independently from chromosomal DNA, and the gene fragment in pDNA can also be 

integrated into the chromosomal genome for permanent expression of protein or peptide 

products. pDNA has been studied to encode regulatory proteins [56-58] or express RNA to 
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silence target genes for cancer immunotherapy. CaP NP is one of the most common 

strategies for pDNA delivery as it shows excellent biocompatibility, biodegradability, as well 

as pH-responsiveness [59]. Olton et al. reported that by optimizing the ratio of Ca/P and the 

mixing mode of Ca2+ and PO43− solutions, the CaP-pDNA nanoparticles yielded high 

transfection efficiencies [19]. CaP lipid nanoparticles were further developed and modified 

with targeting ligands for specific delivery to target cells in cancer immunotherapy [59,60]. 

Hu et al. prepared lipid-CaP nanoparticles modified with aminoethyl anisamide to deliver 

pDNA encoding relaxin, which reversed the stromal microenvironment and inhibit liver 

metastasis of colorectal, pancreatic, and breast cancer (Fig. 6). Furthermore, the combination 

of this relaxin-expression pDNA nanoparticles with programmed death-ligand 1(PD-L1) 

blockade further potentiated the immunotherapeutic efficacy in this cancer model 

[61].Polymer nanoparticles are also commonly used for pDNA delivery. Liu et al 
synthesized a copolymer named LA-PegPI, which is composed of PEI (molecular weight: 

~800 Da) cross-linked by myo-inositol (INO) and conjugated with a galactose-grafted PEG 

chain, to deliver a pDNA that encodes interleukin-15 (IL-15). The resulting IL-15 activated 

CD8+ T cells and natural killer (NK) cells to upregulate the expression of antitumor 

cytokines such as interferons-γ (IFN-γ), tumor necrosis factor (TNF), and interleukin-12 

(IL-12). As a result, LA-PegPI/pDNA effectively inhibited tumor growth in orthotopic 

hepatocellular carcinoma mouse model [62].

2.3. Nucleic acid aptamer-based delivery of cancer immunotherapeutics

Aptamers are single-stranded nucleic acid ligands that can be isolated from a random pool of 

oligonucleotides in the process of systematic evolution of ligands by exponential enrichment 

(SELEX) [63]. Aptamers can be efficiently selected in vitro against virtually any targets, 

exhibit high specificity with high binding affinity to targets, and can be reproducibly 

manufactured [11], all of which make them attractive alternatives to antibody- or peptide-

based target ligands [64]. The first aptamer drug approved by the US FDA in 2004 is a 

VEGF-targeting aptamer called Pegaptanib that treats age-related macular degeneration [64]. 

For cancer immunotherapy, McNamara et al. developed an aptamer that binds to 4-1 BB, 

which is a major costimulatory receptor expressed on APCs and plays an essential role in the 

activation of CD8+ T cells. They went on and showed that the corresponding multivalent 

aptamer co-stimulated T cell activation in vitro and mediated tumor rejection in mice 65]. 

Aptamers were also selected to block cytotoxic T-lymphocyte associated protein 4 (CTLA4) 

[66,67], T cell immunoglobulin-3 (TIM-3) [68], or act as an agonist for OX40 [69] for 

cancer immunotherapy. In addition, aptamers may be internalized into cells together with 

their receptors for the intracellular delivery of immune therapeutics. For example, IL-2, as an 

activation marker of shortlived effector cells has been reported that the downregulation of 

IL-2 signaling is beneficial to develop long-term memory T cells [70]. Rajagopalan et al. 
used a 4-1 BB-targeting aptamer conjugated to siRNA against CD25 (IL-2 receptor) to 

downregulate the IL-2 signaling in CD8+ T cells. The results showed that the aptamer-

siRNA conjugate could activate circulating T cells, increase the differentiation to memory T 

cells, and further suppress the tumor growth in a breast carcinoma model [71].
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2.4. Delivery of genome editing nucleic acids

Genome editing nucleases include zinc-finger nuclease [72], transcription activator-like 

effector nuclease (TALEN) [73] and clustered regularly interspaced short palindromic 

repeats/CRISPR associated protein (CRISPR/Cas) system [73,74]. Since the first application 

in mammalian cells in 2013, the CRISPR/Cas system, based on a RNA-guided nuclease, has 

revolutionized the precise genome manipulations [75]. Gene-editing has been employed to 

engineer T cells for the immunotherapy of diseases, such as acquired immunodeficiency 

syndrome (AIDS) [76] and cancers [77]. The CRISPR/Cas9 system is currently one of the 

most comprehensively studied tools because of its simple utilities, programmability, cost 

effectiveness, and most importantly, the highly efficient multiplex genome engineering 

capability [77]. For instance, CRISPR/Cas9 system contains two critical components, Cas9 

nuclease, and a gRNA, the latter of which is a fusion of a crRNA and a constant tracrRNA 

[74]. Recently, a class II CRISPR system has been developed based on Cas12a, also called 

Cpf1, which is a single RNA-guided endonuclease lacking tracrRNA. Cas12a cleaves DNA, 

forming a staggered DNA double-stranded break, and the sticky-end mediated DNA repair 

would facilitate the gene modifications in non-dividing cells, in which homology-directed 

repair (HDR) is difficult to achieve [75]. Genomic editing has expanded the landscape of 

cancer immunotherapy approaches such as adoptive T cell engineering and therapy. Recent 

work on T cell engineering applications using CRISPR/Cas9 has attracted the focus on 

improving the efficacy and safety of TCR re-directed T cells and the pre-clinical 

development of off-the-shelf universal chimeric antigen receptor (CAR) T cells [78]. This 

propelled a clinical trial involving the first use of CRISPR/Cas9 for cancer treatment in 

humans in the USA [79]. Using multiplex CRISPR/Cas9 genomic editing, allogeneic 

universal CAR T cells that are deficient in the TCR beta chain, beta-2-microglobulin (β2M), 

PD-1 and CTLA-4 have been generated [80-82]. These CAR T cells maintain functions both 

in vitro and in vivo without causing graft-versus-host-disease (GVHD). Furthermore, with 

the additional disruption of PD-1, TCR and human leukocyte antigen (HLA) class I-negative 

CAR T cells have exhibited significantly improved in vivo anti-tumor activities [81]. 

CRISPR/Cas9 can also be used to target a CAR to the T-cell receptor α constant (TRAC) 

locus to generate universal CAR T cells. It has been demonstrated that directing a CD19-

specific CAR to the TRAC locus not only resulted in uniform CAR expression in human 

peripheral blood T cells but also enhanced T-cell potency; these edited cells largely 

outperformed conventionally generated CAR T cells in a mouse model of acute 

lymphoblastic leukemia [83].

To overcome the physiological barriers against the delivery of gene-editing nucleic acid 

therapeutics [84], traditional physical approaches such as microinjection [85], 

electroporation [86], and viral vectors [87], as well as more recently non-viral carriers based 

on nanoparticles, have been explored [88-90]. Zuris et al. found that the engineered Cas9 

nucleases with negative charged protein can be efficiently delivered by positive charged 

liposomal reagents [91]. Liu et al. synthesized a lipid nanoparticle integrated with disulfide 

bonds to efficiently deliver Cas9 mRNA and sgRNA into hepatocytes, and knocked down 

proprotein convertase subtili-sin/kexin type 9 in mouse serum down to 20% of that in non-

treated mice [92]. When forming the Cas9 (ribonucleoproteins) RNPs, despite the positive 

charge of the nature nuclease proteins, the presence of a negatively charged gRNA molecule 
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can result in a net negative charge, which facilitated loading of the RNP/gRNA complexes 

into cationic lipid nanoparticles.

2.5. Delivery of gene-regulating nucleic acid therapeutics

Gene-regulating nucleic acid therapeutics have long been studied to modulate gene 

expression for the treatment of genetic diseases. Such nucleic acid therapeutics include 

siRNA, miRNA, small-activating RNA (saRNA), antagomir, antisense oligonucleotides, 

decoy oligonucleotides, as well as gRNA involved in gene editing.

siRNA is double-strand RNA (dsRNA) fragments of about 21–23 nucleotides long. In the 

cytoplasm, siRNA binds to RNA-induced silencing complex (RISC), where the passenger 

strand of siRNA is cleaved. The guide RNA of siRNA in the RISC will selectively bind with 

and degrade target mRNA, whereby down-regulating the expression of cellular protein [93]. 

In 2018, the first siRNA drug named Patisiran was approved by FDA to treat hereditary 

transthyretin amyloidosis (hAATR) with polyneuropathy [94]. siRNA therapeutics have also 

been enthusiastically developed for cancer immunotherapy [95], using drug delivery carriers 

such as polymer nanoparticles [6,96,97] and lipid nanoparticles [98-100]. For instance, 

Warashinia, et al. used YSK12-C4, an ionizable-cationic lipid to form lipid nanoparticle 

(YSK12-MEND) to load siRNA that can silence the suppressor of cytokine signaling 1 

(SOCS 1). YSK12-MEND resulted in a gene silencing efficiency higher than 90% in murine 

dendritic cells, showing a drastic enhancement in cytokine production and significant tumor 

suppression [99]. Song, et al. reported a polymer nanoparticle comprising of polyethylene 

glycol (PEG)- and mannose-modified trimethyl chitosan along with citraconic anhydride 

grafted poly (allylamine hydrochloride) (PC) to deliver siRNAs to silence genes encoding 

vascular endothelial growth factor (VEGF) and placental growth factor (PIGF). The 

nanoparticles efficiently accumulated in the tumor tissue and be internalized by M2 type-

tumor associated macrophage (TAM) as well as breast cancer cells, exerting robust 

suppression of breast tumor growth and lung metastasis [101].

ASO is single-stranded oligodeoxynucleotides that can target a specific mRNA to degrade 

the targeted complex by mechanisms such as endogenous cellular RNase H [5]. The first 

approved ASO, fomivirsen, is applied for the treatment of cytomegalovirus (CMV) retinitis 

in 1998 [102]. ASOs have been studied for the immunotherapy of cancer. For example, an 

ASO that target CD39 mRNA has been studied for cancer immunotherapy. CD39 is a 

protein which serves as ectonucleotidase to degrade ATP to immunosuppressive adenosine, 

and the knockdown of CD39 by ASOs can improve CD8+ T cell proliferation, whereby 

improving antitumor immune responses [103].

miRNA is endogenous small non-coding RNA of about 22 nt in length that can regulate 

target gene expression by a mechanism similar to siRNA [104]. One main challenge of 

miRNA delivery is to deliver them into tumor tissue with deep tissue penetration efficiently. 

Moreover, the complexation of tumor microenvironment also prevents miRNA from efficient 

intracellular delivery into target tumorcells [105]. In order to enhance the biostability, 

chemical modifications of miRNA have been used to avoid nuclease degradation [106-108]. 

Polymer-based nanoparticles such as PLGA-PEG nanoparticles [110] and PEI nanoparticles 

[111,112] were commonly used for miRNA therapy. For instance, Parayath, et al. used 
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CD44-targeting hyaluronic acid-poly(ethylenimine)(HA-PEI)-based nanoparticles to deliver 

miRNA-125b, an miRNA that can reprogram TAMs into an antitumor/proinflammatory 

(M1) phenotype, and found that the HA-PEI nanoparticles can accumulate in the 

macrophage-abated lung tissues of both naïve and KRAS/p53 double mutant genetically 

engineered(KP-GEM) non-small cell lung cancer mouse model. Moreover, through 

transfection with miRNA-125b, a > 6-fold increase in the M1/M2 macrophage ratio and 

300-fold increase in the iNOS (M1 marker)/Arg-1(M1 marker) ratio in TAMs were observed 

compared to the control group [113].

Antagomir, which is also called anti-micro RNA, prevents miRNA activity by irreversibly 

binding to the targeted miRNA [114]. For instance, as the upregulation of miRNA-21 results 

in HCC cell proliferation, Devulapally et al. used PLGA-b-PEG nanoparticles to encapsulate 

anti-miRNA-21 with gemcitabine to inhibit miRNA-21 (Fig. 7). The study demonstrates that 

down-regulation of endogenous miRNA-21 function with anti-miRNA-21 can reduce HCC 

cell proliferation by up-regulating miRNA-21 target proteins levels and can improve 

treatment efficiency in HCC cells in comparison to anti-miRNA-21 or GEM nanoparticles 

alone [109].

saRNA is a class of noncoding dsRNA about 21 nt in length with 2 nt overhangs at both end 

[115]. Though it shares similar structure with siRNA but has the opposite mechanism of 

gene regulation, saRNA in the cytoplasm is specifically loaded to an AGO2 protein and this 

RNA-AGO2 complex is transported to the nucleus to induce targeted gene promoters for 

gene activation [116]. It has been reported that saRNA-AGO2 complex in the nucleus 

recruits essential protein for transcription initiation such as RNA helicase A, RNA 

polymerase-associated protein CTR9 homolog (CTR9) and RNA polymerase II-associated 

factor 1 homolog(PAF1) [117]. Due to its ability of gene upregulation, saRNA shows the 

potential for applications such as cancer immunotherapy. Voutila et al. developed an saRNA 

that can upregulate the transcription factor CCATT/enhancer binding protein alpha (CEBPA) 

and found that saRNA retains activation of CEBPA mRNA, leading to an increase in 

functional C/EBP protein and albumin, and inhibits growth of liver cancer in a rat model of 

hepatocellular carcinoma (HCC) [118].

3. Conclusion and outlook

Nucleic acid therapeutics have shown unprecedented potential for a wide variety of diseases. 

Recent advancements in the fields of nucleic acid therapeutics and immuno-oncology have 

garnered broad interest in applying nucleic acid therapeutics for cancer immunotherapy. 

Nucleic acid therapeutics have versatile functionalities. From the development of gene-

regulating nucleic acid drugs (ASO, siRNA, gRNA, etc.) to pDNA and mRNA therapeutics, 

immunomodulatory nucleic acids, nuclei acid therapeutics take advantages of manipulating 

gene expression and hence regulating protein functions to modulate immune responses. 

Natural nucleic acids have characteristic negative charges, susceptibility to enzymatic 

degradation, as well as fast clearance from the body, all of which could hinder their clinical 

translation as therapeutics. Moreover, in order to achieve the efficient delivery of nucleic 

acid drugs to the desired tissues, cells, as well as subcellular locations, multiple 

physiological barriers present considerable challenges. For instance, systemically 
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administered tumor-targeted nucleic acid drugs may need to overcome the endothelial 

barrier in blood vessels, and then penetrate the tumor microenvironment to be efficiently 

uptaken by cells in the tumor microenvironment. As for nucleic acid drugs that enhance the 

immune responses, nucleic acid drugs are desired to accumulate in the lymphoid tissues and 

immune cells to improve the ability of tumor-infiltrating lymphocytes. Lastly, how to 

improve endosome escape upon cell uptake by endocytosis is critical for nucleic acid 

therapeutics that execute in the cytosol or even in nuclei. For instance, mRNA therapeutics 

need to be delivered to the cytosol for protein or peptide translation, immunostimulatory 

adjuvants based on cytosolic nucleic acid sensing, such as STING agonists, are also 

expected to be delivered to the cytosol, while the subcellular destinations of pDNA and 

genome-editing nucleic acids are typically nuclei. To address these challenges, various 

nucleic acid chemical modifications and drug delivery systems have been developed and 

validated to improve their biostability, pharmacokinetics, as well as tissue and cell delivery. 

Nucleic acid chemistry has been leveraged to develop a wide range of chemical 

modifications on the backbone, sugar, and nucleosides in order to increase the biostability 

and therapeutic potency, or ameliorate the off-targeting and adverse side effects. Moreover, a 

variety of drug delivery systems have been reported for tissue and cell delivery of nucleic 

acid therapeutics. Representative delivery systems for nucleic acid therapeutics include lipid 

nanoparticles, polymer nanoparticles, bioconjugates, as well as viruses which were not in the 

scope of the discussion in this article. Recently, multiple siRNA have been approved by US 

FDA for the treatment of liver diseases using lipid nanoparticles or GalNAc bioconjugates, 

showcasing the potential for nucleic acid therapeutics. Future efforts are desired to develop 

nucleic acid therapeutics, including delivery systems, for extrahepatic organs and tissues for 

disease treatment such as cancer immunotherapy. Moreover, such achievements in ASO and 

siRNA therapeutics are expected to inspire the development of other oligonucleotide 

therapeutics, such as microRNA and gRNA. Lastly, the experience in the field of pDNA 

therapeutics should also benefit the development of other nucleic acid therapeutics, 

especially the often large mRNA. As more and more immuno-oncology mechanisms are 

dissected, it is expected that the development of nucleic acid therapeutics as well as their 

delivery systems would play a pivotal role to address issues (e.g., generally low response 

rate and resistance to current immune checkpoint blockade) associated with current 

immunotherapy approaches and improve treatment outcomes in the immunotherapy of 

cancer.
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Fig. 1. 
Milestones for the development of nucleic acid therapeutics for immunotherapy.
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Fig. 2. 
Tumor microenvironment and lymphoid tissues as two common tissue-level targets for the 

delivery of nucleic acid therapeutics in cancer immunotherapy. (A) The tumor 

microenvironment harbors a variety of cells including tumor cells, antigen presenting cells 

(DC, macrophage), lymphocytes (T cells, B cells and NK cells), and fibroblasts, which play 

a critical role in the development of tumor initiation, proliferation, as well as metastasis. (B) 

Lymphatic organs such as lymph nodes and spleen are among the desired sites for cancer 

therapeutics such as vaccines. DC: dendritic cells; TAM: tumor-associated macrophage; 

MDSC: myeloid-derived suppressor cells; NK cell: natural killer cell; APC: antigen-

presenting cells; TGF-β: transforming growth factor-β; HGF: hepatocyte growth factor; 

MMP: matrix metalloproteinase.
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Fig. 3. 
Representative nanoparticulate drug delivery systems for nucleic acid therapeutics. (A) 

Delivery of nucleic acid therapeutics using micelles comprise of amphiphilic molecules, 

such as amphiphilic block polymers. Micelles contain hydrophilic regions as well as 

hydrophobic regions. After reaching the critical micelle concentration, micelles can be 

formed with nucleic acid loading in hydrophilic side via mechanisms such as electrostatic 

interactions or Van der Waals interactions. (B) Delivery of nucleic acid therapeutics using 

polymer nanoparticles that can load nucleic acids through various mechanism, most 

commonly using cationic polymers, which can form nanoparticles with negative nucleic acid 

via electrostatic interactions. (C) Delivery of nucleic acid therapeutics using lipid 

nanoparticles comprise of lipids such as lecithin, DOPC, and DSPE. Polyethylene glycol 

(PEG) modification of lipids enhance the half-life of lipid nanoparticles. DOPC: 1,2-

dioleoyl-sn-glycero-3-phosphocholine; DSPE: 1,2-distearoyl-sn-glycero-3-

phosphorylethanolamine. (D) Delivery of nucleic acid therapeutics using lipid calcium 

phosphate (CaP) nanoparticles. CaP encapsulates nucleic acids due to the co-precipitation of 

the phosphate on nucleic acid backbones with calcium-phosphate. Lipids make CaP 

nanoparticles more stable and can facilitate cellular delivery.
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Fig. 4. 
Schematic illustration of cGAMP delivery using liposomes. (A) The structure of liposomal 

cGAMP. (B) Compared to free cGAMP, liposomal cGAMP improved cellular uptake by 

antigen-presenting cells due to the benefit of positive charge, and after cell endocytosis, 

liposomal cGAMP can facilitate cGAMP to release from endosomes to further bind STING 

located in cytosol, triggering STING signaling pathway. Adapted by permission from [32] 

Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 5. 
T cell-targeting mRNA nanoparticles or in vivo T cell gene editing in cancer 

immunotherapy. (A) mRNA nanoparticles controllably deliver mRNA to lymphocytes or 

hematopoietic stem cells (HSCs) by merely mixing the mRNA nanoparticles with the cells 

in vitro. (B) Design of targeted mRNA-carrying nanoparticles. mRNA was complexed with a 

positively-charged PBAE polymer, which condenses mRNA into nanocomplexes. Antibody-

functionalized polyglutamic acid (PGA) was added to shield the positive charge of the 

PBAE-mRNA particles and confer lymphocyte-targeting. Adapted by permission from 

reference [54]. Copyright, 2017, Springer Nature.
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Fig. 6. 
Using CaP lipid nanoparticles for the delivery of relaxin-encoding pDNA for tumor 

immunotherapy. (A) High expression level of sigma-1 receptor (Sig-1R) on activated hepatic 

stellate cells (aHSCs). (B) Schematic illustration of CaP lipid nanoparticles. A Sig-1R-

targeting ligand, aminoethyl anisamide (AEAA), was conjugated on liposome surface for 

active targeting. (C) Distribution of DiD-labeled CaP lipid nanoparticles and DiD-labeled 

AEAA-conjugated CaP lipid nanoparticles in the organs after injection in mice bearing liver 

metastatic CT26-FL3 for 13 days. (D) Relative relaxin mRNA levels after the injection of 

pDNA CaP lipid nanoparticles. (E) Relative relaxin expression levels after the injection of 

pDNA CaP lipid nanoparticles. Adapted by permission from reference [61]. Copyright 2019, 

Springer Nature.
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Fig. 7. 
PEGylated-PLGA nanoparticles co-encapsulated with anti-miRNA-21 and GEM for HCC 

therapy. Anti-miRNA-21 and GEM co-encapsulated nanoparticles can improve treatment 

efficiency in HCC cells in comparison to nanoparticles treated with nanoparticles with equal 

concentrations of individually loaded anti-miRNA-21 and GEM. Adapted by permission 

from reference [109]. Copyright 2016, American Chemical Society.
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