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Abstract

Recent clinical successes using therapeutic nucleic acids (TNAs) have accelerated the transition of 

nucleic acid nanotechnology toward therapeutic applications. Significant progress in the 

development, production, and characterization of nucleic acid nanomaterials and nucleic acid 

nanoparticles (NANPs), as well as abundant proof-of-concept data, are paving the way toward 

biomedical applications of these materials. This recent progress has catalyzed the development of 

new strategies for biosensing, imaging, drug delivery, and immunotherapies with previously 

unrecognized opportunities and identified some barriers that may impede the broader clinical 

translation of NANP technologies. A recent workshop sponsored by the Kavli Foundation and the 

Materials Research Society discussed the future directions and current challenges for the 

development of therapeutic nucleic acid nanotechnology. Herein, we communicate discussions on 

the opportunities, barriers, and strategies for realizing the clinical grand challenge of TNA 

nanotechnology, with a focus on ways to overcome barriers to advance NANPs to the clinic.
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Graphical Abstract

In the past two decades, the broad biomedical applications of nucleic acids, given their 

innate functions and high degree of programmability, gave rise to two independently 

established fields known as DNA and RNA nanotechnology. In each of these disciplines, 

rationally designed oligonucleotides and long, single-stranded DNA or RNA molecules are 

programmed to organize into supramolecular nucleic acid nanoparticles (NANPs), with 

controlled physicochemical properties and biological activities. Nucleic acid nanoparticles 

can be designed for biosensing, nanoscale material organization, biocomputing, and 

biocompatible nanoscaffolding with embedded functionalities for controlled and targeted 

delivery to diseased cells and tissues. To categorize the main strategic directions covering all 

potential applications of these innovative technologies, two scientific societies were 

established. The International Society for Nanoscale Science, Computation and Engineering 
(ISNSCE), was established in 2004 to cover the major research endeavors in DNA 

nanotechnology. More recently, the International Society of RNA Nanotechnology and 
Nanomedicine (ISRNN) was organized in 2016 to exploit the current advances in RNA 

nanotechnology and therapeutics. Despite some conceptual overlap in the overall missions 

of these societies, ISNSCE mainly supports the research areas of material sciences, 

molecular computation, and nanoengineering from DNA oligomers used as building blocks, 

whereas ISRNN mostly focuses on biomedicine, pharmaceutical sciences, imaging, and 

diagnostic applications of RNA nanoassemblies that widely employ architectural principles 

found in natural RNA structures.

Many interdisciplinary research groups worldwide from both fields have made 

breakthroughs in the computer-assisted design1–3 and large-scale fabrication3–7 of NANPs, 
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advanced their characterization both in vitro and in vivo, and generated significant amounts 

of proof-of-concept data for a variety of therapeutic applications of these novel 

nanomaterials.

Despite the scientific breadth and rigor of these interconnected fields, the translation of these 

innovative, promising technologies to clinical settings has not yet progressed, with no 

candidates currently approaching clinical trials. However, the recent release of Onpattro,8 

the first U.S. Food and Drug Administration (FDA)-approved lipid-nanoparticle-formulated 

small interfering RNA (siRNA), marked a milestone for TNAs, and furthered their 

development with a second RNA interference (RNAi) therapy (GalNac-conjugated siRNA, 

Givlaari)9 entering the market just one year later. Currently, there are six RNAi therapies in 

phase III10–15 and eight others in phase I and II clinical trials.16 In addition to specific RNAi 

inducers, there are several other classes of TNAs, such as antisense oligonucleotides, 

mRNAs, aptamers, ribozymes, and gene-editing therapeutics, which are either already 

approved (12 TNAs) or in clinical trials (33 TNAs).16

In this Nano Focus, we relate discussions pertaining to the clinical translation of 

DNA and RNA nanotechnology and propose a strategy for overcoming key 

challenges in this area.

All of these ongoing advances open a plethora of new opportunities for NANP technologies 

and have paved the way for their more focused development and clinical translation. 

However, poor therapeutic index and species variability both in the manufacturing of TNAs 

and in their in vivo performance create additional major hurdles for their clinical translation.
17–20 Among other commonly accepted challenges,17–20 potential barriers substantially 

impeding the translation of NANP technologies include the lack of unified protocols and 

standards for their synthesis and characterization and gaps both in mechanistic 

understanding of their immunological properties and in published proof-of-concept in vivo 
studies demonstrating novel efficacy or mode of action.

To discuss these barriers and to chart a path toward overcoming them by identifying the 

most promising further directions in therapeutic RNA and DNA nanotechnology, we 

organized a workshop with support from the Materials Research Society and the Kavli 

Foundation in Boston, Massachusetts on December 7, 2019. Leading researchers from the 

fields of DNA and RNA nanotechnology convened for constructive discussion. In this Nano 

Focus, we relate discussions pertaining to the clinical translation of DNA and RNA 

nanotechnology and propose a strategy for overcoming key challenges in this area.

Identified Opportunities To Be Explored.

Specific opportunities for NANPs include but are not limited to the following product 

categories: (i) subunit and peptide vaccines; (ii) artificial antigen-presenting cells (APCs) 

that promote cytotoxic T lymphocyte (CTL) activation; (iii) caged and multispecific affinity 

platforms as CTL redirectors and modulators; (iv) monoclonal antibody (mAb) mimics; and 

(v) virus-like nanoparticles for targeted delivery of mRNAs, antisense oligonucleotides 

(ASOs), and other therapeutic nucleic acid payloads including clustered regularly 

interspaced short palindromic repeats (CRISPR) ribonucleoproteins (Figure 1).
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The overall goals of prophylactic vaccines and immunotherapies are to stimulate innate and 

adaptive immunity and to restore immune homeostasis without affecting the patient. 

Although various types of immune cells are involved in mounting the response against a 

pathogen, APCs, and particularly dendritic cells (DCs), represent the most common targets 

for vaccine delivery. Substances that help APCs to recognize, to process, and to present 

antigenic fragments to T cells, also known as adjuvants, are commonly used to optimize 

immune response and to promote the generation of memory B cells. Typical cellular targets 

for immunotherapies are DCs, macrophages, and cytotoxic T lymphocytes. Various 

nanoparticles are commonly considered for vaccines and immunotherapy delivery, and the 

benefits of their use in this field have been extensively discussed elsewhere.21,22 Recent 

advances in vaccines and immunotherapies,23,24 along with beneficial properties of NANPs 

for these indications,25 have also been reviewed in detail. Herein, we briefly review several 

of them to highlight this opportunity.

Antigen-presenting cells exposed to NANPs typically secrete type I and type III interferons 

(IFNs),26 which are known for their ability to induce DC maturation.27–29 The magnitude of 

IFN induction in response to NANPs depends in part on their physicochemical properties 

(e.g., molecular weight, CpG composition, size, and geometry);26 therefore, the ability of 

NANPs to induce an IFN response may help to personalize vaccines so that IFN levels that 

are optimal for a given individual may be induced. This property may be combined with 

subunit or peptide delivery and is particularly important because inflammation triggered by 

adjuvants varies between individuals.30 Cytokine levels in response to the same adjuvant 

may be insufficient for effective vaccination for one individual and too toxic for another. 

Customizing vaccines to the individual’s immune system is, therefore, an attractive avenue 

for personalized vaccination that is both efficacious and free from adverse immune-mediated 

effects. Both types I and III IFNs in the form of recombinant protein therapeutics are used to 

combat viral infections and cancer.31–35 Despite proven efficacy, systemic administration of 

recombinant proteins may cause side effects (e.g., fever or fever-like reactions and chills)36 

and induce antidrug antibodies (ADAs).37 Such ADAs may affect drug efficacy and cause 

toxicity and, in some instances, neutralize recombinant protein therapeutics.38 A variety of 

approaches are used to minimize the immunogenicity of recombinant IFNs, but none is 

completely efficient at eliminating the ADA response.38 For example, one of the most 

commonly used approaches—conjugation of protein to polyethylene glycol (PEG)—often 

fails due to the immunogenicity of the PEG itself and the presence of pre-existing antiPEG 

antibodies in healthy donors’ blood.39–41 Due to their ability to induce IFN responses, 

NANPs could potentially provide a solution to these problems by directing a patient’s 

immune system to produce its own IFNs that are not immunogenic. However, significant 

research is still needed to understand the induction of ADAs by NANPs themselves, which 

may lead to neutralization or, in worse cases, lupus-like pathology and disease.

Substances that activate Toll-like receptors (TLRs) are popular adjuvants in the vaccine and 

immunotherapy fields.42 However, some of these substances, particularly TLR7/8 agonists, 

are too toxic to be injected into the blood, so an alternative method of delivery must be 

utilized.42 Hong et al. demonstrated that NANPs made of RNA activate an IFN response via 
TLR7.43 When exposed to human blood cells, NANPs do not cause inflammation or an IFN 

response unless their uptake by the blood cells is directed by a delivery carrier.26 These 
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findings emphasize an important property of RNA-based NANPs, namely, a potent TLR7 

agonist ability that manifests only after NANPs are internalized by APCs, thus creating an 

opportunity for NANPs to be used as delivery-controlled adjuvants. This agonistic activity 

makes NANPs an alternative to resiquimod, a well-known TLR 7/8 agonist that is only safe 

for use in topical applications due to the overt immunostimulation that occurs immediately 

when this adjuvant enters the systemic circulation.44

The ability of NANPs to act as scaffolds for in vivo delivery of TNAs45–52 can be leveraged 

to alter the expression of genes that are responsible for altered immune responses against 

tumors, the so-called cancer immunity cycle.53 Moreover, NANPs may be designed to 

possess split functionalities whereby they carry no function when used independently but 

acquire functionality only after co-delivery into the same cell.47,54,55 This modality enables 

researchers to use NANPs to turn on and off biological responses when such controls are 

needed. The advantage of such dual-functionality NANPs is the elimination of off-target 

toxicity when an individual NANP is delivered into the off-target cell. One design of the 

dual-functional NANPs includes so-called split functionality in which a first NANP aimed at 

performing one function (e.g., activation of the immune response) is administered as a single 

treatment and then a second NANP with alternative functionality (e.g., inhibition of the 

immune response) is administered to neutralize the effect of the first NANP.54,55 This 

modality enables additional control over the immune cells activated by immunotherapy (e.g., 
CTLs) and, therefore, is instrumental in immunotherapy to avoid adverse effects arising due 

to activation of the immune system, which is often overstimulated and may lead to 

autoimmunity. Another example of controlled immune activation is via NANPs releasing 

NF-kB decoy oligonucleotides.55 Because altered NF-kB function is often observed in 

various types of cancer,56–59 the inhibition of NF-kB by decoy-releasing NANPs has the 

potential to create a new therapeutic modality for cancer therapy. The same property would 

also benefit vaccines that contain TLR agonists inducing a robust tumor necrosis factor 

(TNF) response. Although TNF is needed to activate APCs, high levels of this cytokine may 

lead to tissue necrosis at the site of vaccine injection. Having NANPs release NF-kB decoy 

oligonucleotide and activating type I IFN in such vaccines would help to control undesirable 

cytokine levels and provide optimal levels of desirable cytokines. Proof of efficacy of NF-

kB-controlling NANPs has been recently reported55 and warrants further research in this 

area.

Nucleic acid nanoparticles may be designed to possess split functionalities whereby 

they carry no function when used independently but acquire functionality only after 

co-delivery into the same cell.

Specific areas of research to explore this opportunity include NANPs optimized for organ 

biodistribution60 and active, specific cellular targeting and uptake61 followed by intracellular 

action in the form of (i) programmable scaffolds for therapeutic nucleic acids; (ii) targeted 

delivery of nucleic acid gene therapeutics (CRISPR, siRNAs, miRNAs, etc);62,63 (iii) 

organization, control (activation or inhibition), and delivery vehicles for endosomal escape 

and unique tissue and intracellular distribution; and (iv) controlled induction of beneficial 

immune responses for cancer therapeutics64 and prophylactic vaccines.65 Lessons learned 

from clinical translation of traditional nucleic acid therapeutics suggest that, in situations 

Afonin et al. Page 5

ACS Nano. Author manuscript; available in PMC 2021 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



when more proven approaches like GalNAc are not an option, delivery using nanocarriers 

might be beneficial.

Barriers and Strategies for Overcoming Them.

Several barriers were prioritized as critical to overcome in order to accelerate the translation 

of therapeutic nucleic acid nanotechnology to the clinical settings, including overcoming (1) 

the translational Valley of Death; (2) the lack of systematic studies required for regulatory 

submissions; and (3) inefficient communication between stakeholders (Figure 1).

Valley of Death.

Translation from the bench to the clinic requires both resources and a specialized knowledge 

set encompassing good laboratory practices (GLPs), good manufacturing practices (GMPs), 

the FDA guidance for the industry relevant to the given drug product category and 

indication, and a solid GLP-validated bioanalytical suite of assays for nanoparticle 

characterization, as well as a workforce qualified to perform studies compliant with the 

GLP/GMP regulatory requirements. Such a knowledge set and workforce are typically not 

available in academia because most academic investigators have neither resources nor 

sufficient budgets to support the requisite translational infrastructure. Likewise, industrial 

and regulatory organizations equipped for translational studies compliant with FDA 

requirements often do not have the skillset and understanding of sophisticated technologies 

such as NANPs. These disparities in part contribute to the gap known as the “Valley of 

Death” faced by many new technologies, which must be overcome to benefit patients in 

need. Additional hurdles include the high costs and limited access to non-human primate 

models that are commonly used to evaluate safety of traditional TNAs. Crossing the Valley 

of Death, therefore, is critical to accelerate the translation of DNA and RNA NANPs to 

clinical settings and requires a concerted, coordinated effort across multiple stakeholders. In 

particular, the following resources and activities may lower this barrier: (i) leveraging 

existing resources such as the Nanotechnology Characterization Laboratory (NCL) to 

provide knowledgebase and characterization support for cancer nanomedicines; (ii) 

introducing GMPs and GLPs into laboratories that are aiming to translate their products to 

preclinical studies, or offering clear commercial research organization (CRO) partners and 

paths to assist with translation; (iii) scaling up production of pyrogen-free NANPs with 

defined physicochemical and immunological properties and high batch-to-batch consistency 

in partnership with CROs and other interested parties and laboratories; (iv) obtaining support 

from government-funded programs such as PAR-20–116 and the Biomedical Advanced 

Research and Development Authority are needed to enable translational studies in larger 

animal models including dogs and non-human primates.66 Mechanisms for translational 

funding are required to enable these translational efforts, and they must specifically 

appreciate the need to support the major financial and personnel commitments needed to 

cross the Valley of Death between basic, fundamental research and translational clinical 

material production and validation.

Crossing the Valley of Death is critical to accelerate the translation of DNA and 

RNA nucleic acid nanoparticles to clinical settings and requires a concerted, 

coordinated effort across multiple stakeholders.
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Lack of Systematic Studies Required for Regulatory Submissions.

The FDA reviews efficacy and safety data for various drug products (small molecules, 

biologics, nucleic acids), medical devices, and combination products.67 As of January 20, 

2020, the FDA released five guidance documents for industry to express the Agency’s view 

of cosmetic, veterinary, and human pharmaceutical products containing nanotechnology.68 

Currently, products containing nanomaterials are regulated according to the safety and 

efficacy regulatory suite established for other drug products but with some nuances. For 

example, if a nanotechnology product contains both small molecular drug and biologics, 

then the studies required for drugs and for biologics would both have to be undertaken to 

characterize that nanomaterial.67 The FDA has a series of indications- and product-specific 

guidance documents for gene therapies;69 however, specific guidance recommendations for 

NANPs are not yet among these documents. Bioavailability, barrier penetration, in vivo 
delivery, and unwanted toxicity create safety concerns that are among the major obstacles 

preventing the field from entering clinical stages. Studies investigating NANP absorption, 

distribution, metabolism, excretion, and toxicity (ADME/Tox), as well as understanding of 

clearance rates and safety in rodent and non-rodent species are needed prior to clinical 

studies.

These barriers can be eliminated by (i) developing NANP-based formulations targeted to 

organs and tissues other than the liver (i.e., extrahepatic targeting of NANPs); (ii) sensing 

and actuation for improving therapeutic index; (iii) performing in vivo studies in rats and 

dogs or non-human primates and comparing the findings to those with traditional nucleic 

acid therapeutics; (iv) organizing seminars and workshops between academic and industrial 

researchers working on RNA and DNA NANPs and regulatory scientists; and (v) promoting 

FDA reviewers to interact with and to provide guidance to academic investigators regarding 

study design for ADME/Tox and the immunological safety of drug products and vaccines.

Inefficient Communication between Stakeholders.

The gap in communication between clinicians and nanotechnologists further delays the 

understanding and timely identification of important therapeutic challenges. This barrier 

may be reduced or eliminated by the following activities: (i) creating non-monetary 

incentives for clinicians to present achievable webinars on unmet needs in particular 

therapeutic areas; (ii) creating forums for clinicians and scientists to brainstorm ideas and to 

discuss potential collaborations; (iii) initiating new funding opportunities for driving these 

translational collaborations.

In each of these cases, an overarching need for academic researchers and basic scientists 

involved in NANP studies is to demonstrate both clear efficacy and translational capability 

of their materials for the Valley of Death to be crossed. Whereas traditional funding 

mechanisms and academic publication rewards are well-suited to the former, they are not 

typically oriented toward supporting the latter. Moreover, academic researchers are not 

typically trained, equipped, nor supported financially for translation, which will require a 

new, collaborative model to emerge for NANPs to translate successfully to the clinic in the 

near future (Figure 1).
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CONCLUSIONS AND PROSPECTS

The overarching sentiment of this meeting highlighted the need to improve our mechanistic 

understanding of the interaction of NANPs with non-human primate and other model 

organisms, as well as eventually with humans, including but not limited to mechanisms of 

metabolism, clearance, immunotoxicity, and distribution to organs and target tissues. 

Another important conclusion was the urgent need for the development of standardized 

methods and reference materials to assist the global nucleic acid nanotechnology community 

in translating this technology to clinical stages. In all cases, benchmarking NANPs’ efficacy, 

toxicity, and immunogenicity and, therefore, their translational potential and impact for 

well-established delivery and vaccine technologies including lipid nanoparticles, viral 

vectors, and polymeric formulations will also be essential for the field to demonstrate its 

potential value and benefits to patients and clinicians.

Paths Forward.

To promote the potential of highly promising and innovative NANP therapies further, 

additional efforts should be placed on (i) expanding the functional, therapeutic chemical 

space of nucleic acid nanotechnology; (ii) simplifying the design and improving the yields 

of functional NANP assemblies; (iii) establishing universal nomenclature and protocols for 

production and characterization of NANPs; (iv) creating working groups of MDs, PhDs, and 

biomedical engineers and unifying the efforts of pharma, academia, and the government 

(FDA, NIH) to identify timely and important disease targets, therapeutic challenges, and 

regulatory path-ways; (v) introducing feedback loops for patients, clinicians, academics, and 

industry partners; and, perhaps most importantly, (vi) using comparative studies to 

demonstrate the relative clinical benefit and value of NANPs over competing, pre-existing 

gene therapeutic and vaccine formulations (Figure 1). These goals might be achieved by 

creating an interdisciplinary and international consortium of academics, contract research 

organizations, industrial partners, and government agency counterparts, specifically focusing 

on overcoming the grand challenge of clinical translation of NANPs (Figure 1).
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Figure 1. 
Overview of (1) clinical opportunities for nucleic acid nanoparticles (NANP) therapeutics 

include small interfering RNAs, antisense oligonucleotides, mRNAs, CRISPR 

ribonucleoproteins, and vaccine vectors; (2) translational barriers that are limiting progress 

from academia to the clinic to benefit patients; (3) proposed strategy to overcome these 

translational barriers; and (4) our recommendation of a consortium to help translate NANPs 

to the clinic.
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