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The past decade has witnessed the blossom of two fields: nucleic acid therapeutics and cancer 

immunotherapy. Unlike traditional small molecule medicines or protein biologics, nucleic acid 

therapeutics have characteristic features such as storing genetic information, immunomodulation, 

and easy conformational recovery. Immunotherapy uses the patients’ own immune system to treat 

cancer. A variety of strategies have been developed for cancer immunotherapy including immune 

checkpoint blockade, adoptive cell transfer therapy, therapeutic vaccines, and oncolytic 

virotherapy. Interestingly, nucleic acid therapeutics have emerged as a pivotal class of regimen for 

cancer immunotherapy. Examples of such nucleic acid immunotherapeutics include 

immunostimulatory DNA/RNA, mRNA/plasmids that can be translated into immunotherapeutic 

proteins/peptides, and genome-editing nucleic acids. Like many other therapeutic nucleic acids, 

nucleic acid immunotherapeutics often require chemical modifications to protect them from 

enzymatic degradation and need drug delivery systems for optimal delivery to target tissues and 

cells and subcellular locations. In this review, we attempted to summarize recent advancement in 

the interfacial field of nucleic acid immunotherapeutics for cancer treatment.
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INTRODUCTION

Cancer immunotherapy harnesses the host immune system to treat cancer,1 inhibit the 

progression of primary tumors and metastatic tumor,2 and prevent tumor relapse via elicit 

antitumor immune memory.3,4 Current approaches to cancer immunotherapy include 

adoptive cell transfer therapy,5 immune checkpoint blockade,6,7 oncolytic virotherapy,8 and 

cancer therapeutic vaccines.9 Nucleic acid therapeutics hold great potential for all these 

immunotherapy approaches. Natural nucleic acids encode, transmit, and express genetic 

information, and noncoding nucleic acids can also modulate biological functions.10 

Technology advancement has enabled the synthesis of virtually all forms of nucleic acids 

ranging from oligonucleotides and oligodeoxynucleotides to large mRNA, plasmids, and 

even whole chromosomes and genomes. The coupling of the versatile functionalities of 

nucleic acids with the capability to synthesize nucleic acids on demand offers virtually 

unlimited opportunities to develop functional nucleic acids including nucleic acid 

therapeutic.11-15 In the past few decades, cancer immunotherapy has emerged as another 

pivotal approach to cancer treatment. Cancer immunotherapy is an emerging field in which 

nucleic acid therapeutics hold tremendous potential. For instance, via RNA interference 

(RNAi)-mediated gene silencing, therapeutic interventions using small interfering RNA 

(siRNA) or small hairpin RNA (shRNA) that can inhibit the production of a pathological 

protein have been explored for cancer immunotherapy.16-20 In addition to siRNA/shRNA, 

other types of nucleic acid therapeutics such as antisense oligonucleotides, aptamers, 

immunostimulatory DNA/RNA, plasmid, mRNA, and more recently CRISPR/Cas9 gene 

editing systems have also been studied for cancer immunotherapy (Figure 1).21 The clinical 

translation of nucleic acid immunotherapeutics has faced unique challenges due to the 

unique physical chemical properties, pharmacological behaviors, and toxicology profiles. 

Nucleic acids are distinct from conventional small molecule medicines or peptides or 

proteins, in terms of chemistry and formulation, pharmacokinetics and pharmacodynamics, 

and pharmacology as well as adverse effects. For instance, nucleic acids, unless modified or 

formulated for protection from nucleases, are susceptible to enzymatic degradation.10,21 In 

the past few decades, hundreds of nucleic acid chemical modifications have been developed 

to address this challenge and promote the resistance of nucleic acids to enzymatic 

degradation. In addition, the intrinsic hydrophilicity and high negative electronic charge can 

often present multiple barriers to the effective delivery in vivo, and lead to fast clearance 

from the body and limited retention in the target tissues.22 Consequently, this can narrow the 

therapeutic windows for these nucleic acid therapeutics. By using chemical conjugates or 

drug delivery systems such as nanoparticles, nucleic acid therapeutics can be efficiently 

delivered to target tissues and cells and even subcellular locations.15,23 In this review, we 

will summarize multiple types of nucleic acid immunotherapeutics for cancer 

immunotherapy.

■ VERSATILE NUCLEIC ACID THERAPEUTICS FOR CANCER 

IMMUNOTHERAPY

For the application in cancer therapy, there are versatile nucleic acid immunotherapeutics 

including immunostimulatory (IS) nucleic acids of pathogen-associated molecular patterns 
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(PAMPs), plasmid, mRNA, immunomodulatory aptamers, and immunomodulatory gene 

regulation systems (Figure 1). IS nucleic acids of PAMPs can be recognized by the immune 

system as “foreign” or “danger” signals, thereby triggering innate immune responses.24 In 

addition, genetic carriers, such as plasmids and mRNA, can be engineered to transcribe RNA 

(for plasmids) or express proteins/peptides (for plasmids and mRNA), which subsequently 

activate anticancer immune responses for the immunotherapy of cancer.19,25 Moreover, 

nucleic acid genetic tools, such as gene-editing,26 gene silencing, or activating systems, can 

be leveraged to promote antitumor immune responses for cancer immunotherapy. Finally, 

nucleic acid aptamers have also been developed as agonists or antagonists of immune-related 

molecular targets for the purpose of immune activation that promotes the immunotherapeutic 

efficacy of cancer.27 Despite different target tissues and cells and even subcellular locations, 

the optimal immune activation and therapeutic efficacy of almost all these classes of nucleic 

acid immunotherapeutics require efficient drug delivery systems to prolong their 

bioavailability and overcome multiple biological barriers. In this section, we will discuss 

several common types of nucleic acid immunotherapeutics in terms of their properties, 

functionalities, and examples of delivery systems used for these therapeutics.

■ IMMUNOSTIMULATORY NUCLEIC ACIDS

PAMPs are independent immune modulators, which are regarded as “danger signals”, that 

are increasingly considered key components of many modern vaccines. PAMPs are highly 

conservative and distinct microbial molecules that bind to PRRs such as TLRs, retinoic acid-

inducible gene I (RIG-I)-like receptors (RLRs), and cytosolic cGAS expressed in the 

endosomes and the cytosol of innate immune cells (Figure 1).24,28 prrs, which can be 

activated by PAMPs, can upregulate the expression of proinflammatory cytokines, 

chemokines, type I IFNs, and costimulatory signaling molecules, all of which are important 

for the activation of innate and adaptive immunity for cancer immunotherapy.28

Double-stranded RNA (dsRNA) can be recognized as PAMPs including polyinosinic-

polycytidylic acid (poly-I:C) and its derivatives such as poly-IC12U (Ampligen) and poly-

ICLC (Hiltonol). These synthetic dsRNA can activate multiple elements of host defense in a 

pattern similar to that of viral infection. Nevertheless, an early clinical study of poly-I:C at 

exceptionally high dose (up to 75 mg/m2) revealed poor interferon induction, high toxicity, 

and no antitumor activity.29 To promote the therapeutic efficacy of poly-IC, derivatives have 

been developed to modulate the toxicity, interferon induction, and immunogenicity of poly-

I:C.30 Poly-I:C and its derivatives can enhance and prolong antigen-specific immune 

responses when used with antigens.31 By activating the TLR3 and RLRs signaling pathways, 

poly-I:C can induce a strong IFN response accompanied by upregulated expression of 

immunostimulatory cytokines, chemokines, and costimulators.32-34 In poly-IC12U 

(Ampligen), the uracil and guanosine residues are mismatched to decrease its half-life in 
vivo, which was found to overcome some toxicity issues associated with the parent poly-I:C.
35 As an immune adjuvant, poly-IC12U stimulates signal entirely through TLR3 and does 

not function through MDA-5.36,37 Poly-IC12U induces a lower expression of type I 

interferon than poly-I:C.36 Another poly-I:C derivative, poly-ICLC, which is electrostatic 

complexes of poly-I:C with cationic poly-L-lysine, shows obviously enhanced resistance to 

nucleolytic hydrolysis, which prolongs and enhances its activity in vivo.38,39 Similar to 
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poly-I:C, poly-ICLC has an independent signal through TLR3 and MDA-5 that is localized 

in cell endosome and cytoplasm, respectively.40,41

CpG oligodeoxynucleotides (CpG ODN or CpG) are another class of commonly studied 

PAMP nucleic acid immunotherapeutics. CpG DNA is an unmethylated sequence containing 

CpG-dinucleotides that is more common in bacterial genomes than in vertebrate genomes, 

where the activity of CpG dinucleotides is generally inhibited by methylation at the CG 

sites.42 CpG stimulates immune cells via TLR9 signaling pathway.43 In early studies, 

immunostimulatory activity of bacterial DNA was reported to inhibit the growth of a variety 

of tumors in syngeneic animal tumors, enhance NK cell activity, and induce the production 

of type I IFNs in mouse spleen cells and human peripheral blood leukocytes.44 Further 

studies showed that bacterial DNA as well as synthetic ODN containing a central CpG can 

induce B cell proliferation and activate macrophages and DCs.45 DNA sequences with 

immunostimulatory activity were identified, with a generic structure of 5′-purine–purine-

CpG-pyrimidinepyrimidine-3′ in the most immunostimulatory motifs.46 Activation of TLR9 

by CpG subsequently triggers the activation of downstream signaling pathways involving 

IRAK, TRAF6, NF-kB, and MAP kinases, similar to immunestimulating components 

derived from other pathogens.47 Worth noting, due to the location of TLR9 on endosome 

membrane, the uptake and endosomal maturation is required for CpG DNA to exhibit 

immunostimulatory activity.48 One caveat though is that the expression pattern of TLR9 is 

different in humans and mice. Specifically for DCs, which are pivotal for antigen 

presentation, murine TLR9 is expressed in both plasmacytoid DCs (pDCs) and myeloid DCs 

(mDCs), whereas human TLR9 is only expressed in pDCs but not in mDCs.49 Such 

discrepancy will likely impact TLR9 agonists, such as CpG, to be translated based on 

preclinical studies in mice into clinical studies in humans. In summary, CpG can activate 

DCs, NK cells, and B cells through TLR9 signaling pathways to elicit immune responses 

that can be leveraged to promote the therapeutic efficacy of diseases such as cancer.

Cytosolic dsDNA, especially if long enough, make up another class of PAMP nucleic acids 

that stimulates cytosolic dsDNA sensor, cGAS, and subsequently elicit proinflammatory 

immune responses. For instance, dsDNA from bacteria, viruses, protozoa, and dead cells can 

introduce dsDNA into cytosol of eukaryotic cells.50 Specifically, cytosolic dsDNA can 

activate cGAS to synthesize 2’3′-cGAMP, which activates STING signaling pathway to 

promote type I IFN responses.51 Indeed, in addition to 2′3′-cGAMP, many other types of 

CDNs such as cyclic dimeric guanosine monophosphate (c-di-GMP or cdG), cyclic dimeric 

adenosine monophosphate (c-di-AMP, cdA), and 3′3′-cyclic GMP-AMP (3′3′-cGAMP), 

which can be secreted by bacteria,52 can activate the STING signaling pathway (Figure 2). 

The stimulation of innate immune responses by STING activation defends eukaryotic cells 

against the invasion from bacteria, DNA viruses, or eukaryotic pathogens,24,42,53,54 and 

defends bacteria against infection from phage.55 Biochemically, upon CDN binding to 

STING, a conformational change of STING leads to the formation of “closed pocket” to 

tightly bind to the CDN ligand.56 After activated STING was transferred from endoplasmic 

reticulum (ER) to the discrete foci in the cell cytosol, STING recruited TBK1 and IKK 

kinases, which in turn activated IRF-3, STAT6, and NF-kB. After transposition to the 

nucleus, these activated transcription factors bind to the corresponding promoters to induce 

the production of type I IFNs and cytokines.57 In summary, nucleic acid agonists that 
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activate the cGAS-STING pathway hold great potential to elicit or augment 

proinflammatory responses that can be leveraged for the immunotherapy of cancer.

Given the great potential of these nucleic acid therapeutics for cancer immunotherapy, a 

variety of drug delivery systems have been developed to promote the delivery of these 

therapeutics to target tissues, cells, and subcellular locations. For example, cationic 

liposomes,58 emulsion,59 and microspheres60 have been developed to deliver poly-I:C and 

elicit antitumor immune responses.61 Moreover, a series of CDN delivery systems including 

liposomes,62 polymeric nanoparticles,63 and inorganic materials64 has also been developed.
50 Likewise, lipid nanoparticles (LNPs), including liposomes, ionizable lipids, and polymer–

lipid nanoparticles, have been developed to deliver CpG to target cells.21 Meanwhile, we 

previously developed a DNA-inorganic hybrid nanoflower for the delivery of CpG alone,65 

or in combination with synergistic immunostimulatory shRNA and tumor-specific 

neoantigen peptides.66

■ GENETIC NUCLEIC ACIDS FOR CANCER IMMUNOTHERAPY

Genetic DNA as Immunotherapeutics.

Gene therapy has made significant advancement for versatile applications including cancer 

immunotherapy. Plasmids are often used as genetic carriers.67 Synthetic plasmids typically 

possess one or more selective marker genes and one single synthetic polyclonal site 

sequence, which contains multiple restriction enzyme recognition site.67 For cancer 

immunotherapy, synthetic plasmids can be designed to encode tumor-specific antigens or 

tumor immunotherapeutic proteins or peptides (e.g., cytokines) that can elicit/augment 

antitumor immune responses in versatile target cells such as antigen-presenting cells, T cells, 

and tumor cells.68 One notable application of such immunotherapeutic plasmids is the 

genetic engineering of chimeric antigen receptor T cell (CAR-T cell). CAR-T cells are 

typically autologous T cells that are isolated from patients, then engineered ex vivo to 

express cancer cell-specific CAR and related immunostimulatory molecular signals, prior to 

proliferation and administration back into the donor patients for cancer immunotherapy.69 

Moreover, plasmids that encode antitumor cytokines such as IL-2, IL-12, and GM-CSF, 

costimulatory molecules (B7.1 or B7.2), and MHC molecules have been found to enhances 

antitumor immune responses including tumor antigen-specific T cell responses [e.g., 

tyrosinase-related protein-1 (Trp1)70 and melanocyte-specific self-antigen (gp100)71 for 

melanoma].72 Plasmids have also been studied to express tumor antigens as tumor 

therapeutic vaccines. For instance, plasmids that express a model antigen ovalbumin (OVA) 

modulated antigen-specific Th1 immunity response and delayed the tumor growth of 

B16F10-OVA murine melanoma in syngeneic mice.73

Conventionally, plasmids are delivered via viral carriers, which can not only mediate 

effective transfection but also bear intrinsic safety concerns. While these viral vectors can 

mediate efficient transfection, they also encounter efficacy and safety concerns such as 

preexisting antiviral immunity and off-targeting or random gene integration and mutation.74 

Nonviral gene delivery carriers, such as lipid nanoparticles and polymer nanoparticles, have 

been studied for plasmids delivery.75-77 For instance, poly(β-amino ester) nanoparticles78,79 

have been developed with a lymphocyte-targeting ligand as nanocarriers that can efficiently 
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load CAR-coding plasmids for the genetic engineering of CAR-T cells.80 Interestingly, in 

preclinical models, these nanoparticles programmed sufficient endogenous T cells in vivo 
for tumor immunotherapy, which hold the potential to use “off-the-shelf’ CAR-coding DNA 

nanoparticles for fast and economical CAR-T cell therapy of cancer.

mRNA Immunotherapeutics.

In addition to DNA plasmids, mRNA has recently garnered substantial enthusiasm for drug 

development including cancer immunotherapeutics.81,82 Traditional mRNA consists of a 

coding region (antigen translation) and noncoding flank [5′ and 3′ nontranslated regions 

(UTR) on either side of the coding region], a critical 5′ 7-methylguanosine triphosphate 

(m7G) cap, and a 3′ tail of poly(A) sequence.83 The 5′ m7G cap, 3′ poly(A) tail, and UTR 

are critical for the stability and translation of mRNA and mRNA therapeutics. mRNA 

therapeutics have several potential prominent advantages compared with DNA gene 

therapeutics.74,81,82,84 First, mRNA therapeutics are translated immediately when they are 

delivered to the cytoplasm, without the need of nucleus entry in the case of DNA gene 

therapeutics. Second, mRNA therapeutics avoid the risk of genomic integration for DNA 

gene therapeutics. Third, mRNA therapeutics are eventually degraded, and the expression 

from mRNA is transient, which bypass some of the long-term safety concerns over DNA 

gene therapeutics about the genotoxicity and long-term side effects.

mRNA has been studied for versatile applications in cancer immunotherapy. One example is 

mRNA vaccines. Customized mRNA vaccines encoding cancer antigenic determinants 

(epitopes) can be delivered into the cytoplasm of APCs such as DCs, followed by antigen 

expression and presentation to B cells and T cells to stimulate antitumor adaptive immune 

responses.83 In some cases, the long antigens encoded by mRNA vaccines can be degraded 

by proteasomes to peptide epitopes, which bind with MHC-I or MHC-II molecules to form 

peptide-MHC complexes that are then transported and presented on APC cell surfaces. By 

designing MHC-I- or MHC-II-restricted antigens in mRNA vaccines, CD8+ T cell and CD4+ 

T cell response, respectively, can be elicited or augmented (Figure 3).85,86 This versatility is 

critical especially because both the CD8+ T cell population and the CD4+ T cell population 

are crucial in cancer immunotherapy. Further, the modularity of mRNA allows easy 

integration of multiepitope antigens and synergistic immunostimulatory signal peptides into 

one mRNA vector for the optimal immunostimulation of a broad spectrum of antitumor 

immune responses. Similarly, for the development of human mRNA vaccines, antigens that 

are able to bind with human leukocyte antigen (HLA) can be easily incorporated for immune 

modulation.87 Besides synthetic subunit antigen mRNA vaccine, tumor total RNA has also 

been studied to activate a full spectrum of tumor-specific antitumor immune responses for 

tumor immunotherapy.83,88 Overall, mRNA vaccines hold great potential for cancer 

immunotherapy.

Like DNA gene therapeutics, the delivery of mRNA, including mRNA vaccines, into target 

tissues, targets cells, and their cytosol is also pivotal for the optimal immune modulation 

efficacy as well as the consequent therapeutic efficacy.89,90 A variety of nanoparticles have 

been engineered and tested in preclinical models and in the clinic to deliver mRNA 

immunotherapeutics. Nanocarriers can protect mRNAs from nuclease degradation and 
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enhance delivery efficiency by facilitating cell uptake into APCs.89 Preclinical studies have 

indicated that mRNA-based nanovaccines, using drug delivery carriers such as cationic 

liposomes, can effectively deliver mRNA in vivo and trigger efficient antitumor immune 

responses.91,92 Further, by complexing with positively charged protamine, mRNA vaccines 

can induce cellular and humoral immune responses in both mice and human, resulting in the 

production of antigen-specific IgG antibodies and activation of antigen-specific T cell 

responses for cancer immunotherapy.93 Moreover, polymer nanoparticles based on cationic 

and pH-responsive polymer such as poly(b-amino ester) have been investigated to load ionic 

mRNA via electrostatic interaction, and the resulting nanoparticles improved transfection 

efficiency and therapeutic effects of mRNA therapeutics.94

Gene-Regulating Nucleic Acids as Immunotherapeutics.

Cancer occurrence is caused by a wide range of abnormal gene expressions, and normalizing 

the expression of such genes holds the potential for cancer therapy including 

immunotherapy. Nucleic acid approaches to gene regulation include gene downregulation 

using antisense oligonucleotides (ASOs), RNA interference (RNAi) using small interfering 

RNAs (siRNAs) or small hairpin RNA (shRNA), and gene upregulation using small 

activating RNA (saRNA). For example, siRNA, which is typically 21–23 nucleotides in 

length, can facilitate the degradation of target complementary mRNA or inhibit the 

corresponding protein translation.20 In addition to designing siRNA for selective target gene 

therapy, targeted siRNA delivery systems have also been delivered to increase the 

therapeutic efficacy. For example, Yu et al. developed a conjugate of CpG oligonucleotide (a 

TLR9 agonist) with signal transducer and activator of transcription-3 (STAT3) siRNA. The 

resulting CpG-siRNA conjugate promoted the delivery efficiency of siRNA to TLR9+ APCs, 

in which the expression of the immunosuppressive STAT3 is significantly inhibited to 

promote antitumor immune responses.95 In other examples, siRNAs that silence the 

expression of immune checkpoints CTLA-4 and programmed cell death-ligand 1 (PD-L1) 

were studied to enhance T cell-mediated antitumor immune response;96,97 siRNA against 

immunosuppressive cytokine TGF-β knocked down the expression of TGF-β, thereby 

changing the melanoma immune microenvironment by ameliorating the immunosuppression 

to promote melanoma immunotherapy.18 Like many other types of nucleic acid therapeutics, 

nucleic acid chemistry and pharmacoengineering principles have been incorporated to 

develop siRNA that enhance their biostability, target selectivity, bioavailability, and the 

penetration ability across tissue barriers and cell membrane as well as endosome membrane, 

while reducing their unwanted immunogenicity.98 A variety of drug delivery systems 

ranging from bioconjugates and nanoparticles to hydrogels have been studied for siRNA 

delivery for versatile biomedical application including cancer immunotherapy.99-102

Gene-Editing Nucleic Acid Immunotherapeutics.

Gene editing has made a historical breakthrough in the past decade. Multiple gene-editing 

technologies, such as zinc-finger nucleases (ZFNs), transcription activator-like effector 

nucleases (TALENs), and more recently clustering regularly spaced short palindromic 

repeats (CRISPR)-associated proteins (CRISPR-Cas), have been investigated for gene 

therapy of a wide variety of diseases including cancer.103 Particularly, CRISPR-Cas-based 

RNA-guided genome-editing has been revolutionizing fields such as biomedicine and 
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biotechnology.104,105 For example, one of the CRISPR-Cas systems, CRISPR-Cas9, 

comprises two key components, a Cas9 as DNA endonuclease and a single-stranded RNA 

(sgRNA) that is used for site recognition based on Watson–Crick base pairing between 

sgRNA and target DNA.106,107 CRISPR-Cas9 can be used to engineer therapeutic immune 

cells by approaches such as building precisely genetically engineered CAR-T cells and 

knocking out immune checkpoints such as PD-1 and CTLA-4. The reduced expression level 

of such immune checkpoints would reinvigorate the otherwise exhausted antitumor immune 

cells, thereby promoting the antitumor immune responses and immune cells. For example, 

CRISPR/Cas9 was used to produce PD-1-deficient CD19-targeting CAR-T cells, thereby 

promoting the potency of CAR-T cells and enhancing the resulting therapeutic efficacy in 

PD-L1+ tumor.108,109 In 2017, the FDA approved Kymriah, a cellular gene therapy that uses 

CAR-T cells, to treat leukemia.110 Kymriah’s early success and the potential of CRISPR/

Cas9 laid the foundation to further advance gene-editing therapy for cancer by further 

promoting T cell-mediated cancer cell killing and reducing adverse side effects.111

Currently, CRISPR-based gene editing systems have been often delivered using viral vectors 

such as adenovirus (AV),112,113 adeno-associated virus (AAV),114 and lentivirus (LV).115 

Given the safety concerns such as preexisting antiviral immunity and off-targeting or 

random gene integration and mutation, as discussed above,74 alternative nonviral vectors 

have been investigated to address the above concerns for the delivery of CRISPR systems in 

various forms such as Cas-expressing DNA, Cas-expressing mRNA, and Cas ribonucleases 

(Figure 4).116-118

Aptamer Immunotherapeutics.

Aptamers are single-stranded RNA or DNA oligonucleotides with high compatibility and 

specificity to the target molecules.119 Aptamers are typically screened by a method called 

systematic evolution of ligands by exponential enrichment (SELEX).119 Compared to 

monoclonal antibodies used for cancer immunotherapy,120 aptamers may have several 

advantages121 including fast aptamer screening to a variety of molecular and cellular targets, 

reproducible and programmable aptamer synthesis, site-specific chemical modifications that 

can promote the stability or pharmacology or functionalities, and recoverable conformations 

and functionalities upon experiencing some high temperature or denaturing conditions. 

Aptamers can be designed to activate costimulus receptors or block immunosuppressive 

signals for triggering specific antitumor immune responses.122 In the tumor 

microenvironment, the lack of costimulating ligands causes the exhaustion of T cells, thus 

compromising their efficacy to elicit or augment antitumor immune responses.122 Pastorhas 

et al. has developed multivalent RNA aptamers as agonists for costimulation receptor CD28. 

These aptamers improved the costimulatory signal, which promoted the proliferation of 

CD4+ T cells and CD8+ T cells in vitro.123 In another study, CTLA-4 aptamers were 

developed, which, in multivalence, bound to CTLA-4 immune checkpoint with high affinity 

and inhibited the immunosuppression efficacy of CTLA-4.124 Relative to monomers, the 

tetrameric CTLA-4 aptamer enhanced its immunomodulation and therapeutic efficacies in 
vitro and in vivo. In a similar manner, to block the immunosuppression of immune 

checkpoint PD-1, a PD-1 DNA aptamer was developed to block the binding of PD-1 with 

PD-L1. By reinvigorating T cells after PD-1 blockade, this PD-1 aptamer inhibited tumor 
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growth and improved mouse survival rate in PD-L1-positive colon carcinoma in a syngeneic 

mouse model.125 In addition to serving as agonists or antagonists by aptamers per se, 

aptamers have been studied as targeting ligands for targeted delivery of molecular cargoes.
126,127

■ CHEMICAL MODIFICATIONS FOR NUCLEIC ACID 

IMMUNOTHERAPEUTICS

The evolution of nucleic acid chemistry over the past few decades has resulted in versatile 

chemical modifications of nucleic acid therapeutics (Figure 5).128 Note that these 

modifications can often be programably and site-specifically incorporated into nucleic acids 

during automated synthesis of oligonucleotides or oligodeoxynucleotides or during 

enzymatic synthesis of large nucleic acids. Versatile nucleic acid modifications have been 

developed to improve the biostability, enhance tissue- or cell-level delivery efficiency, add 

functionalities, or tune the immunogenicity of nucleic acids. In this section, we will discuss 

some of these chemical modifications that can be critical for nucleic acid 

immunotherapeutics.

Chemical Modifications to Overcome Nuclease Degradation.

Natural nucleic acids are often susceptible to nuclease degradation and hydrolysis. Chemical 

modifications of nucleic acids have been developed to confer protection from nuclease 

degradation. These modifications can be on the terminal ends, phosphate backbone, pentose 

sugar, or nucleotides. For instance, 3′-inverted thymidine increased the biostability of 

nucleic acids to resist 3′-exonuclease degradation in serum.129,130 Moreover, multiple types 

of modifications on the 2′-position of pentose sugar have been developed to increase 

nuclease resistance such as 2′-O-methyl (2′-OMe), 2′-amino (2′-NH2), or 2′-fluoro (2′-F).
128 Locked nucleic acids (LNA), in which the 2′-O and 4′-C of ribonucleotide is linked, are 

also often used for resistance against nuclease degradation and thermal denaturation.131 

Besides, the backbone of nucleic acids can also be engineered to increase nuclease 

resistance, and to reduce the negative charge of phosphodiester and weaken the electrostatic 

repulsion, the latter of which may to improve the penetration of the resulting nucleic acids 

through negatively charged cell membrane for cell uptake. Examples of such backbone 

modifications include peptide nucleic acids (PNAs), phosphorothioate (PS), tetramethyl 

phosphorodiamidate morpholino (PPMO), phosphoryl guanidine (Tmg), and triazole.
15,132,133 In addition, the chiral transition of natural DNA in D-configuration to its mirror L-

configuration may promote nuclease resistance as well as binding affinity.134 Finally, nucleic 

acid molecular engineering such as nucleic acid circularization and nanoengineering such as 

spherical nucleic acids have also proven able to increase the biostability of nucleic acids.135

Chemical Modifications to Reduce Immunogenicity of Nucleic Acids.

Nucleic acids may stimulate innate or adaptive immune responses, which are involved in the 

immune responses underlying many diseases such as autoimmune diseases and 

inflammation.136 While such immunogenicity could be leveraged for immune modulation, 

the immunogenicity of nucleic acids might also impair the efficacy of nucleic acid 

therapeutics in certain scenarios. For example, the immunogenicity of mRNA can be used to 
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promote immune responses when used as immunostimulatory vaccines, whereas such 

immunogenicity often needs to be inhibited in the cases of mRNAs that express therapeutic 

proteins or peptide.137 For example, natural RNA can be edited by adenosine deaminase 

(ADAR1) to generate A-to-I mutation of RNA, which alleviates the immune responses 

elicited by excessive RNA.138 For synthetic mRNA generated by in vitro transcription 

(IVT),139 modifications such as pseudoacridine are often incorporated to reduce the 

immunogenicity of RNA and increase its stability and translational capacity.140 On the other 

hand, chemical modifications can also be developed to increase the immunogenicity of 

nucleic acids for applications such as immunostimulatory vaccines. An example is that a 3′-
tripphosphate moiety in RNA can increase the immunogenicity of RNA motifs as RIG-1 

agonists, which have shown the potential for the immunotherapy of diseases such as cancer.
139

Chemical Modifications to Improve Pharmacokinetics and Pharmacodynamics of Nucleic 
Acids.

Nucleic acids are featured with high negative charge and high hydrophilicity, and many 

oligonucleotide therapeutics generally have small molecular sizes. All of these could be 

attributed to the fast clearance from the body and poor pharmacokinetics and 

pharmacodynamics. This often presents a challenge against the development of nucleic acid 

therapeutics that are required to have a therapeutically effective level over a relatively long 

period. To address this challenge, a variety of approaches, such as chemical modifications as 

well as nanoformulation, have been developed. PEGylation of nucleic acids, via conjugating 

nucleic acids with poly(ethylene glycol) (PEG), is commonly used to enlarge the molecular 

size of nucleic acids to slow down renal clearance and extend the in vivo half-life. For 

example, PEGylated MP7 DNA aptamer extended the in vivo half-life to block the 

interaction between PD-1 and PD-L1.125 Another strategy involves enabling nucleic acids to 

hitchhike endogenous molecular or cellular vehicles. For instance, a modification of 

cholesterol of oligonucleotides such as p40-targeting siRNA141 enables the conjugate to 

insert into cell membrane, which naturally contains of abundant cholesterol, thereby 

increasing the in vivo half-life. Lipidmodified oligonucleotides such as immunostimulatory 

CpG can also insert into cell membrane or interact with endogenous albumin to extend the in 
vivo half-life.142 Similar albuminbinding approaches using Evans blue derivatives or 

albuminbinding domain (ABD) peptides have also the ability to extend the half-life of 

oligonucleotides.143 The extended in vivo half-life of nucleic acid immunotherapeutics 

subsequently promoted the immune modulation and enhanced the cancer immunotherapeutic 

efficacy. In addition, drug delivery systems based on nanomaterials or macromaterials (e.g., 

hydrogel) have been developed for nucleic acid immunotherapeutics. Generally, these 

biomaterials can serve as a drug depot, protect nucleic acids from degradation, promote the 

delivery to target tissues and cells, or mediate efficient codelivery of multiple agents (e.g., 

vaccine adjuvants and antigens) for the optimal therapeutic efficacy.21,50,89,144

■ CONCLUSIONS

Nucleic acid therapeutics make up an emerging class of therapeutics that have characteristics 

compared to conventional small molecule medicines and monoclonal antibodies. The past 
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few decades of advancement in this field have developed multiple unconventional 

therapeutic strategies, established a plethora of nucleic acid chemistry, and developed 

formulations and delivery systems for the efficient delivery of different types of nucleic acid 

therapeutics for a variety of therapeutic purposes including cancer immunotherapy. The field 

of cancer immunotherapy has also made remarkable progress in the past decades, resulting 

in the FDA approval of multiple immune checkpoint inhibitors and CAR-T cell therapy as 

well as cancer therapeutic vaccines. However, current immunotherapy is only effective in a 

small subset of cancer patients of a limited subtypes of cancer. Novel approaches that 

complement or synergize with current immunotherapy have the potential to broaden the 

population of cancer patients that can benefit from immunotherapy. To this end, nucleic acid 

therapeutics represent an attractive class of therapeutics due to their versatile functionalities. 

As discussed, examples of cancer immunotherapeutic nucleic acids include 

immunostimulatory nucleic acids, gene-expressing or gene-regulating or gene-editing 

nucleic acids, and aptamers. Of note, the advancement of these nucleic acid therapeutics, 

including those for cancer immunotherapy, has been fueled by the development of a plethora 

of nucleic acid chemistries that enhance their biostability, improve their in vivo 
pharmacokinetics and pharmacodynamics, increase their functionalities, or tune their 

immunogenicity. Further, the development of drug delivery systems for different types of 

nucleic acids has also facilitated the development of the field of nucleic acid therapeutics. 

Quite a few nucleic acid therapeutics have been approved by the US FDA for the treatment 

of noncancer diseases. Many clinical trials involving nucleic acid therapeutics have been 

investigating their therapeutic efficacy and safety for cancer immunotherapy. It is expected 

that relative to conventional immunotherapeutics, nucleic acid immunotherapeutics would 

face unique challenges and opportunities. Meanwhile, the past experiences of currently FDA 

approved nucleic acid therapeutics would facilitate the development of nucleic acid 

therapeutics for cancer immunotherapy. Built on the versatile unique functionalities as well 

as the established and evolving nucleic acid chemistry and formulation technologies, it is 

expected that nucleic acids hold great potential to further advance the field of cancer 

immunotherapy and benefit a broad population of cancer patients.
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Figure 1. 
Schematic depiction of common nucleic acid therapeutics for cancer immunotherapy. 

Immunostimulatory (IS) nucleic acids of PAMPs are detected by pattern recognition 

receptors (PRRs) such as Toll-like receptors (TLRs) on the endosome membrane and cyclic 

GMP-AMP synthase (cGAS) in the cytosol that culminate in the production of type I 

interferons (IFNs) and proinflammatory cytokines, leading to the promotion of anticancer 

immune responses. Moreover, genetic carriers such as plasmids and mRNA can express 

functional RNA or protein/peptides that promote anticancer immune responses. Gene-

regulating nucleic acids, such as siRNA/shRNA, gene activating nucleic acids, antisense 

oligonucleotides, and gene-editing nucleic acids, can regulate immune-related genes for the 

activation of anticancer immune responses. Other nucleic acids such as aptamers can 

function as agonists or antagonists against immune-related molecular targets so as to 

promote anticancer immune responses. For cancer immunotherapy, these nucleic acid 

immunotherapeutics can be engineered to function in a wide variety of cells including 

antigen-presenting cells (APCs), T cells or natural killing (NK) cells, and cancer cells. 

dsDNA, double-stranded DNA; dsRNA, double-stranded RNA; STING, stimulator of 

interferon genes; cGAS, cyclic GMP-AMP synthase; TBK1, TANK-binding kinase 1; Stat6, 

signal transducer and activator of transcription 6; IRF3, interferon regulatory factor 3; IKK, 

IκB kinase; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TLR, 

Toll-like receptors; TRIF, TIR-domain-containing adapter-inducing interferon-β (TRIF); 

MHC, major histocompatibility complex; GM-CSF, granulocyte-macrophage colony-

stimulating factor; CARs, chimeric antigen receptors; CDNs, cyclic dinucleotides; TAA, 

tumorassociated antigen.
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Figure 2. 
Overview of nucleic acid immunotherapeutics that can activate the cGAS-STING signaling 

pathway. CDNs activate STING to produce type I IFNs that can be leveraged for cancer 

immunotherapy.52 Adapted with permission from ref 52. Copyright (2013) Elsevier 

Publishing Group.
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Figure 3. 
Schematic depiction of mRNA vaccines for cancer immunotherapy.86 Note that, by using 

MHC-I or MHC-II-restricted antigens that are translated from mRNA vaccines, both arms of 

CD8+ and CD4+ T cell responses, respectively, can be elicited or augmented. Adapted with 

permission from ref 86. Copyright (2013) Elsevier Publishing Group.
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Figure 4. 
Nonviral delivery of CRISPR-Cas9 system for gene editing. Cas9 ribonuclease can be 

delivered in the forms of Cas9-expressing DNA, Cas9-expressing mRNA, and Cas9 protein.
116 sgRNA can be delivered by expression from sgRNA-coding DNA or as independent 

oligonucleotides together with Cas9-expressing mRNA or Cas9 proteins. Adapted with 

permission from ref 116. Copyright (2017) American Chemical Society Publishing Group.
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Figure 5. 
Versatile chemical modifications that can improve the biostability, pharmacokinetics and 

pharmacodynamics, and immunogenicity of nucleic acids therapeutics. These modifications 

can be at the 5′- or 3′-terminals, the phosphodiester linkage, on the sugar rings, or on the 

bases.128 Adapted with permission from ref 128. Copyright (2017) MDPI Publication.
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