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The immune system has evolved to defend organisms against exogenous threats

such as viruses, bacteria, fungi, and parasites by distinguishing between “self” and

“non-self”. In addition, it guards us against other diseases, such as cancer, by

detecting and responding to transformed and senescent cells. However, for

survival and propagation, the altered cells and invading pathogens often employ

a wide range of mechanisms to avoid, inhibit , or manipulate the

immunorecognition. As such, the development of new modes of therapeutic

intervention to augment protective and prevent harmful immune responses is

desirable. Nucleic acids are biopolymers essential for all forms of life and,

therefore, delineating the complex defensive mechanisms developed against

non-self nucleic acids can offer an exciting avenue for future biomedicine.

Nucleic acid technologies have already established numerous approaches in

therapy and biotechnology; recently, rationally designed nucleic acids

nanoparticles (NANPs) with regulated physiochemical properties and biological

activities has expanded our repertoire of therapeutic options. When compared to

conventional therapeutic nucleic acids (TNAs), NANP technologies can be

rendered more beneficial for synchronized delivery of multiple TNAs with

defined stabilities, immunological profiles, and therapeutic functions. This review

highlights several recent advances and possible future directions of TNA and NANP

technologies that are under development for controlled immunomodulation.
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Immunorecognition of nucleic acids

From prokaryotes to eukaryotes, all cellular forms of life possess a

variety of conserved defense mechanisms against pathogens. Bacteria

and archaea have evolved multiple intracellular immune systems to

protect against viral phage infections, including restricted-

modification (R-M), prokaryotic Argonaute proteins (pAgo),

clustered regularly interspaced palindromic repeats (CRISPR) and

CRISPR associated (Cas) proteins, abortive infection (Abi) and the

more recently discovered antiviral STAND NTPase (Avs) homolog

proteins (1, 2).

Conceptually parallel to eukaryotic organisms, prokaryotes have

both innate (e.g., R-M and pAgo) and adaptive (e.g., CRISPR/Cas)

systems; most of which target invading nucleic acids (1, 3). The R-M

and similar systems are based on the endonuclease-mediated cleavage

of any DNA that lacks specific epigenetic modifications. CRISPR/Cas-

mediated immunological memory consists of the insertion of short

DNA sequences from intruding DNA into CRISPR arrays in the host

genome, ultimately providing sequence-specific cleavage/degradation

of foreign nucleic acids after a second encounter (4, 5).

In eukaryotes, defense against pathogenic infection involves

multiple cellular and molecular strategies. One example of

protection against pathogenic nucleic acids is RNA interference

(RNAi), which is conserved from unicellular eukaryotes to

mammals. RNAi machinery has many functions, including the

recognition of ‘‘non-self’’ double-stranded RNAs originated from

viruses and retrotransposons triggering silencing of the target RNA

(6). Small silencing RNAs include small interfering RNAs (siRNAs),

microRNAs (miRNAs), and PIWI-interacting RNAs (piRNAs) that

regulate not only antimicrobial immunity but also “self” gene

expression. In cases of viral infection, Dicer-dependent production

of virus-derived small interfering RNAs (vsiRNAs) or Dicer-

independent production of virus-derived piRNAs (vpiRNAs) can

guide specific virus elimination (7).

Metazoan somatic cells have evolved cell-autonomous self-

defense mechanisms that synergize with specialized innate immune

cells. In addition to innate immunity, vertebrates have developed

adaptive immunity (8). While innate immunity provides the first line

of defense against infections or damaged cells, adaptive immunity

develops at a later stage and requires the activation of lymphocytes.

The innate immune system recognizes molecular structures (non-self)

that are absent on the host but produced by foreign pathogens.

Known as pathogen-associated molecular patterns (PAMPs), these

are structures that are distinctive for the particular pathogen and

include proteins, lipids, carbohydrates, and nucleic acids that are

unique to the viral or microbial pathogens. Examples of nucleic acid

PAMPs include single-stranded (ss) or double-stranded (ds) RNAs

present in replicating viruses and unmethylated CpG DNA typical for

viruses, bacteria, and fungi (9, 10). PAMPs are recognized through

their interactions with a diverse set of pattern recognition receptors

(PRRs) expressed by host cells. In addition to PAMPs, PRRs can

recognize so called damage-associated molecular patterns (DAMPs)

of endogenous origin, which are molecules released from damaged or

dying cells (11). PRRs are present in most cell types, but their

expression is highly abundant in certain myeloid sentinel cells such

as macrophages and dendritic cells. Examples of PRRs recognizing

foreign nucleic acids include: (i) cytosolic RIG-I-like receptors
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(RLRs), which recognize foreign RNA; (ii) Toll-like receptors

(TLRs), which are transmembrane proteins in the plasma and

endosomal membranes that identify “non-self” RNA and

unmethylated CpG DNA; (iii) the nucleotide oligomerization

domain containing (NOD)-like receptor (NLR) family pyrin

domain containing 1 (NLRP1) receptor, which forms part of a

macromolecular inflammasome complex; and (iv) cytosolic DNA

sensors (CDSs), which detect bacterial and viral DNA (7). These

pathways (briefly described below) are not mutually exclusive and can

be activated simultaneously and even synergistically within the

same cell.

Within the endosome, TLR3, TLR7, TLR8, and TLR9 detect

foreign nucleic acids. TLR3 is responsible for detecting dsRNA and

induces downstream activation of NF-kB (12, 13). DsRNA is

produced by most viruses during their replication process (14).

TLR7 is responsible for the detection of ssRNA. This is required by

the immune system for detection of RNA viruses, especially influenza,

which sequesters its double stranded RNA (15). TLR7 recognizes

ssRNA sequences containing successive uridines relative to sequences

with single uridines (16). TLR8 is phylogenetically and structurally

similar to TLR7 and is also responsible for the detection of ssRNA.

However, the localization and cytokine induction profiles for TLR7

and TLR8 differ slightly. TLR7 is predominantly expressed in the

lungs, spleen, and placenta and induces IFNa and IFN-regulated

cytokine production. In contrast, TLR8 is expressed in lungs and

monocytes and induces predominantly TNF production (17–19).

TLR9 detects non-methylated CpG-motifs found in bacterial or

viral DNA (20). All nucleic acid specific TLRs, activate the adapter

protein, MyD88 (21, 22), except for TLR3 that activates TRIF (23).

RIG-I, MDA5, and LGP2 are categorized as RIG-I-like receptors.

These receptors are involved in the sensing of RNA viruses and

initiate/modulate the immune response upon virus detection (24). ()A

critical component of innate cellular defense, located predominantly

in cytoplasm, is RIG-I, which can differentiate foreign RNAs from

native forms. The prevailing opinion is that the triphosphate on the

5’- blunt end (5’-ppp) of RNA duplexes that are at least 10 nucleotides

long is required for effective recognition by RIG-I, but apparently

single ssRNAs with 5’-ppp may also lead to RIG-I mediated responses

as shown by its activation during influenza A virus infections (25, 26).

Also, it has been demonstrated that the RNA aptamer Cl9, that is

specific to RIG-I, can trigger downstream signaling in a 5’-ppp

independent manner (27). The stimulation of RIG-I downstream

signaling subsequently leads to production of type I IFNs and IFN-

stimulated genes (ISGs) that are important for the induction of

adaptive immune responses.

Importantly, the cytosolic presence of 5’-ppp dsRNA is not

limited to RNA virus infection but can arise following infection

with several DNA viruses and intracellular bacteria due to the

transcriptional activity of DNA-dependent RNA polymerase III

(RNA Pol III) (28, 29). Cytosolic RNA Pol III therefore represents

an important component in host defenses against disparate

intracellular pathogens. In contrast, nuclear RNA Pol III, which can

transcribe a plethora of ncRNAs with diverse roles including the

control of immune functions (as extensively reviewed elsewhere (30,

31), synthesizes nucleus-specific ncRNAs containing 5’-ppp that are

not recognized by RIG-I under normal physiological conditions. In

this case, the presence of the nuclear envelope appears to help to
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isolate the RNA Pol III transcripts from cytosolic RIG-I until these

ncRNAs are processed further and become immunoquiescent. The

largest pool of such RNA Pol III transcripts are tRNAs that are

dephosphorylated by dual-specificity phosphatase 11 (DUSP11).

Another strategy to avoid RIG-I recognition is to shield the 5’-ppp

by binding to a protein. An example of this is the binding of the RNA

component of the signal recognition particle 7SL1 (RN7SL1) with the

protein signal recognition particle (SRP) (32).

RLRs and TLR3 recognition of foreign nucleic acids converge on

pathways that activate the transcription factors, interferon (IFN)-

regulatory factor (IRF) 3 and IRF7, and NF-kB. IRF3/7 stimulate

production of type I IFNs, whereas NF-kB induces the expression of

proinflammatory cytokines, chemokines, and adhesion and

costimulatory molecules that induce acute inflammation and

initiate adaptive immune responses. Furthermore, crosstalk occurs

between these receptors and their signaling components resulting in

complex immune responses to particular viral and nonviral nucleic

acids (33–36) (Figure 1).

The cyclic guanosine monophosphate–adenosine monophosphate

synthase (cGAS) -stimulator of IFN genes (STING) pathway is an

important mechanism underlying cytosolic dsDNA-induced type I IFN

responses. Activated cGAS generates the signaling molecule cyclic GMP-

AMP (cGAMP), which binds to STING and triggers its translocation

from the endoplasmic reticulum to the Golgi apparatus. STING then

activates the TBK1 kinase that, in turn, activates IRF3, leading to type I

IFN gene expression. STING also responds to other cytosolic DNA

including DNA-dependent activator of IFN-regulatory factors (DAI; also
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known as Z-DNA binding protein 1 (ZBP1)) and IFN inducible protein

16 (IFI16) (37). In addition to inducing IFN production, STING also

stimulates autophagy that serves both an innate immune function by

delivering cytosolic microbes to the lysosome for elimination (38), and a

role in adaptive immunity as a mechanism whereby microbial antigenic

epitopes are generated in the lysosomes for presentation to

lymphocytes (39).

In summary, activation of PRRs in addition to other pathways,

such as global inhibition of protein synthesis mediated by protein

kinase R (PKR) and oligoadenylate synthases (OASes) described

elsewhere, elicit multiple cellular responses including immediate

host responses such as inflammation and more specific subsequent

adaptive immunity that are capable of pathogen clearance and long-

term protection against reinfection (40).
Therapeutic nucleic acids and PRR
agonists as immunomodulators

The presence of an intricate array of PRRs for non-self or

abnormal RNA and DNA raises the safety concerns for broader

applications of therapeutic nucleic acids (TNAs). Accordingly, the

development of nanoparticle-carrier formulations that are

immunoquiescent has obvious benefits for the translation of this

highly promising biotechnology to the clinic, as severe complications,

including severe inflammatory reactions that include cytokine storms
FIGURE 1

Brief overview of cellular innate immunity with an emphasis on nucleic acid recognition. The first line of nucleic acid PRRs consists of TLRs that can
sense different PAMPs specific for non-self nucleic acids. Then cytosolic pathogen-associated nucleic acids can be sensed by members of the RLR family
(RIG-I, MDA5). The endogenous and viral DNAs can also lead to RIG-I activation following their transcription by cytosolic RNA pol III, or can be detected
directly as dsDNAs via cytosolic DNA sensing systems such as the cGAS-cGAMP-STING pathway. All of these pathways initiate the translocation of
transcription factors including IRF3/7 and NF-kB to the nucleus and the subsequent induction type I IFN and pro-inflammatory cytokine production.
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and complement activation-related pseudoallergies (CARPA),

are circumvented.

As recently discussed at length, the presence of an array of

cytosolic and endosomal nucleic acid sensors by most mammalian

cells represents a highly attractive target to bolster beneficial host

immune responses to infectious agents or to augment vaccine efficacy

(41). This is illustrated by the promise of nucleic acid sensor agonists

such as the TLR7 agonist, imiquimod, that has been approved for the

treatment of genital warts (HPV), and the recent “shock and kill”

strategies aimed at eradicating latent HIV viral reservoirs using TLR7

and TLR9 ligands, such as GS-9620 (vesatolimod) and MGN1703

(lefitolimod), respectively, to initiate viral reactivation and promote

immune-mediated killing of infected cells (42–44).

Efficacious vaccines require the use of adjuvants that target

pattern recognition receptors on antigen presenting cells to

promote their ability to deliver antigen to B and T cells, and to

provide essential co-stimulation, to achieve potent and long-lasting

antigen-specific humoral and cellular immune responses. Currently,

there are only a handful of vaccine adjuvants that are approved for

human use and most of these have limitations, such as the inability of

alum to promote cellular immune responses (45). As discussed

previously (41, 46), nucleic acid sensors, including TLRs, RLRs and

the cGAS-STING pathway, have been an attractive target for adjuvant

development. The well-known adjuvant alum is now recognized to

function through the induction of endogenous DAMPs, including

DNA-based TNAs, that activate nucleic acid sensing pathways (47,

48). Similarly, more recent preclinical studies have showed that

modified CpG-based adjuvants or combination adjuvants, such as

AS15 and K3 CpG + cGAMP, are potent inducers of both humoral

and cellular immune responses, and agonists of TLR3 and MDA5,

such as synthetic dsRNA TNAs including poly-IC, the RNase-

resistant derivative poly-ICLC (Hiltonol), and poly-IC12U

(Ampligen), have been explored for clinical use (46, 49, 50).

Furthermore, the TLR7 and TLR8 agonist 3M-052, formulated in a

lipid-based nanoparticle (3M-052-AF), is being evaluated as an

adjuvant for a preventive HIV vaccine, while a liposome formulated

cyclic dinucleotide-based adjuvant has been shown to protect against

a range of influenza strains (51, 52). As such, the array of nucleic acid

sensors expressed by mammalian cells, as well as the identification of

natural and synthetic ligands for these receptors, represents

tremendous potential for the development of novel and

effective adjuvants
Endogenous noncoding RNAs
as immunomodulators

RNA provides diverse functions; classically, RNA allows for the flow

of genetic information from DNA to proteins by mRNA translation,

where tRNA and rRNA are prominent in facilitating expression with the

help of post-transcriptional regulation via RNAi. The other noncoding

(nc) RNAs participate in splicing and, thus, finalize the functional

mRNA sequence. Besides this, a diverse cornucopia of short or long

ncRNAs are involved in physiological as well as pathological processes,

often described with little detailed mechanistic understanding. Most

interactions are carried out in association with proteins and all processes

are spatially and temporally controlled, which allows sensing of
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potentially pathogenic conditions and the alerting of host defensive

systems (53). Hence, a better understanding of these processes and the

ncRNAs involved may identify new targets for therapeutic intervention.

While a detailed understanding of the exact physiological roles of

endogenous ncRNAs in innate system are only now emerging, it has

become clear that dysregulation of their transcription, processing, and

trafficking can have serious impact on RIG-I activation. Similarly, the

participation of endogenous ncRNAs is open for therapeutic

exploitation, either as a target or an effector, and their potential has

recently been explored for some RNA Pol III transcripts (32).

The development and use of immune checkpoint inhibitors that

disrupt co-inhibitory T-cell signaling has revolutionized cancer

therapy. Upon relieving such blockade, the most efficient T-cell

anti-tumor responses occur in an inflammatory microenvironment

where there is an increased expression of type I IFNs, ISGs, pro-

apoptotic molecules, and T-cell attracting chemokines. Many

therapeutic strategies have focused on inducing inflammation

within tumors and an attractive emerging strategy has been to

exploit cellular nucleic acid PRRs (54).

Furthermore, the controlled stimulation of RIG-I in cancer cells

using ligands that mimic an infection represents a new adjunctive

therapeutic approach by increasing the susceptibility of tumor cells to

conventional treatments. Such a possibility is supported by the

observation that patients with intact RIG-I signaling are responsive

to radio- and chemotherapy, while those with RIG-I suppression

show tumor resistance (55). In addition, RIG-I activation renders

cultured cancer cells susceptible to natural killer cell-mediated killing

and promoted phagocytosis of tumor cells in vivo (56, 57). The

intrinsic molecular heterogeneity of tumor cells within each patient

generally requires a combinatorial approach. For example, the

simultaneous suppression of tumor cell survival by targeting factors

such as Bcl-2 or TGF-ß using RNAi approaches while simultaneously

increasing the immunogenicity of tumor cells by activating RIG-I

with 5’-ppp RNAs can decrease tumor viability. In summary, the

combinat ion of tradit ional approaches with emerging

immunostimulatory treatments holds the promise of improving

clinical outcomes (58–62).

Contrary to this, many tumors express high levels of ISGs in

response to DAMPs and inflammation at the tumor site is often

associated with cancer progression and treatment resistance. It is

likely that, under various stress conditions induced by cancer

treatment, endogenous RNAs can serve as DAMPs via as yet poorly

understood mechanisms. Under physiological conditions, epithelial

cells are typically not in contact with fibroblasts, but they may interact

at wound sites or at sites of tumor invasion. Such tumor-stromal cell

interactions may then lead to damage signal release that could prove

crucial for tumor invasiveness and resistance to therapy (63).

Emerging evidence suggests that ISG activation in responsive tumor

cells (e.g., breast cancer) by specific ncRNAs from stromal cells

promotes survival and progression of cancer (32). Exosomes that

deliver RN7SL1 ncRNA generated by RNA Pol III were identified as

the pivotal link between activated stromal cells and RIG-I dependent

activation of ISG signaling in breast cancer cells. While RN7SL1 is

shielded by SRP9 and SRP14 to avoid detection by RIG-I under

normal circumstances, naked RN7SL1 is transferred to stromal

exosomes following contact between fibroblasts and ISG-R breast

cancer cells. The unshielding of RN7SL1 and its loading into
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exosomes is a consequence of a disrupted stoichiometry between

RNA Pol III-driven transcription and unchanged SRP expression.

This imbalance is induced by stromal NOTCH1-MYC signaling

which, in turn, is enhanced by contact-dependent signaling by

breast cancer cells. As a result, RN7SL1 delivered by exosomes to

breast cancer cells activates RIG-I signaling (Figure 2) (32).

The immune recognition of RN7SL1 ncRNA has been employed

in a follow up study where it was used to enhance the function of

chimeric antigen receptor T-cells (CAR-T cells) (64). CAR therapy

has recently emerged as a major advance in cancer immunotherapy

with six different CAR-T cell products having been approved by the

US Food and Drug Administration thus far. This treatment is based

on T-cells isolated from the patient’s body and customized to their

needs by genetic engineering to express recombinant chimeric antigen

receptor (CAR) proteins on their membranes. CAR-T cells are then

expanded ex vivo and introduced into the patient where they continue

to divide and, using the engineered receptor, identify and eliminate

cancer cells displaying the specific antigen. CAR-T therapy has shown

remarkable efficiency in some hematologic cancers, but application of

this treatment to solid tumors has remained challenging. Poor

infiltration of CAR-T cells into the tumor microenvironment,

immunosuppressive conditions at the tumor site, and poor

expansion of CAR-T cells, are some of the issues that may be

responsible for these problems

To improve the performance of CAR-T cells in such solid tumors,

a plasmid encoding ncRNA RN7SL1 was used as a key component in

an experimental treatment. RN7SL1 ncRNA was overexpressed in

CAR-T cells and was found to activate IFN production in murine and

human immune cells. A construct expressing two clinically relevant

CARs, the M5BBz CAR targeting human mesothelin (MSLN) and the

19BBz CAR against human CD19, and RN7SL1 driven by the U6

promoter was then developed and tested. It was found that most of

the expanded CAR-T cell population that expressed RN7SL1 RNA
Frontiers in Immunology 05
showed a memory T-cell phenotype and persisted longer in both the

tumor and the bloodstream than RN7SL negative CAR-T cells, which

were quickly exhausted. RN7SL overexpression resulted in its

translocation to exosomes and its predominant export to immune

cells residing in the tumor microenvironment, but not cancer cells,

leading to IFN signaling. This, therefore, prevented the

immunosuppression and tumor progression previously observed in

another study (Figure 3) (64). Since RN7SL1 ncRNA was transcribed

from an engineered construct here, it raises the intriguing question of

whether natural and synthetic 5’-ppp ncRNAs provide similar

immunostimulatory activity in such a system.

Interestingly, a role for a long ncRNA (lncRNA) in RIG-I

regulation has been observed in a murine virus infection model.

The endogenous lncRNA, lnc-Lsm3b, is normally present in the

cytoplasm at low copy numbers, but such expression was increased

tenfold after infection with Sendai virus or vesicular stomatitis virus

(VSV). This upregulation was shown to be induced by a high

concentrations of type I IFNs in a time dependent manner.

Surprisingly, lnc-Lsm3b transcription silencing during infection

resulted in higher type-I IFN production, which suggests that lnc-

Lsm3b may suppress RIG-I activation at late stages of infection (65).

While the therapeutic potential of lnc-Lsm3b binding motifs as RIG-I

decoys is obvious, it remains unclear whether such treatments would

be similarly effective in decreasing of RIG-I activity in

human subjects.
Aptamers as extracellular
immunomodulators

Aptamers are single-stranded nucleic acids (RNA, DNA, or

chemical analogs) selected to adopt a conformation that allows for

the highest binding affinity and specificity to its pre-defined target.
FIGURE 2

During contact with stromal fibroblasts, breast cancer cells activate NOTCH1/MYC signaling that leads to higher transcription of ncRNA RN7SL1 carrying
5’-ppp. These transcripts then remain unshielded since levels of their protein-binding partner (SRP9/14) remain constant. Naked RN7SL1 is loaded to
exosomes and, upon interaction with breast cancer cells, can activate RIG-I signaling leading to an inflammatory tumor microenvironment that can
promote tumor progression and poor clinical outcomes.
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The correct aptamer sequences are identified during a process called

SELEX (systematic evolution of ligands by exponential enrichment),

where the library of ~1012 different oligonucleotides is presented to

the target molecule and subjected to several rounds of selection (66).

Due to their known sequence and batch-to-batch consistency,

aptamers selected against certain receptors can be used similarly to

their monoclonal antibody (mAbs) analogs to either prevent receptor

interactions with its natural ligand or inhibit/activate receptor

downstream signaling. However, compared to mAbs, aptamers have

a greater shelf life, and their storage and transportation does not

require cold chain maintenance. Also, aptamers have additional

benefits as they are synthetic and can be manufactured in

significantly less time than mAbs, as the chemical synthesis of

aptamers does not require living systems. Furthermore, aptamers

are amenable to chemical modifications and precise conjugation to

other drugs and imaging agents.

Cell-to-cell interactions between cancer and immune cells

represent a crucial interplay for tumor survival. One aspect of this

communication is represented by immune checkpoints, receptor-

ligand pairs expressed on the cell surface that control the strength

of T-cell activation under physiological conditions. When T-cells

recognize checkpoint proteins on tumor cells that are often

overexpressed, it sends an inhibitory signal that prevents T-cell

attack. Therefore, aptamers with proteins involved in the

inactivation of co-immunostimulatory pathways on the one side

and activators of signaling that lead to immune quiescence on the

other represent potent prospective therapeutic agents. Given that the

concept of immune checkpoint inhibitors has revolutionized cancer

immunotherapy, it is not surprisingly that several monoclonal
Frontiers in Immunology 06
antibodies targeting such interactions have already been approved

and many clinical trials are ongoing (67). Furthermore, it is fully

appreciated that the use of antibody combinations against multiple

targets can exert synergistic effects.

The application of extracellular immunomodulating aptamers has

contributed to this therapeutic approach with several original

concepts, as extensively reviewed by Thomas et al. (68). Due to the

programmability of nucleic acids, aptamers can be rationally designed

to assemble into higher order structures that enhance or even alter

their original functionality. Such a relatively simple approach cannot

be achieved with mAbs. The multivalent, and usually bispecific,

aptamers can be designed and synthesized as a single continuous

sequence, hybridized, or circularized (Figure 4A). The combinatorial

potential of linking aptamers together offers not only the possibility of

creating multivalent aptamers targeting the same or different epitopes

of the same target molecule, but also the assembly of aptamers

targeting diverse proteins. This presents an opportunity to promote

specific cell-to-cell interactions, where the immune cell can anchor to

the tumor cell and provide co-stimulatory signals more efficiently

(Figure 4B) (68–71).

Alternatively, before T-cell interactions with cancer cells, the co-

stimulatory signal on T-cells could be triggered by a bispecific aptamer

targeted to abundant protein, such as VEGF that is secreted to the tumor

stroma and linked to an agonistic aptamer specific for an inducible

costimulatory receptor, such as 4-1BB. This approach has been tested in a

murine model and was found to outperform the administration of an

agonistic 4-1BB Ab or 4-1BB aptamer alone (Figure 4C) (72).

One of the first studies to explore the binding of antagonist RNA

aptamers to T-cells expressing the negative co-stimulatory molecule
FIGURE 3

The use of endogenous RN7SL1 ncRNA to improve CAR-T cell therapy efficacy. Engineered CAR-T cells transcribe transgenic RN7SL1 ncRNA together
with a chimeric antigen receptor. The resulting cell-autonomous effect prevents T-cell exhaustion and increases cell expansion. In addition, excreted
exosomes transport RN7SL1 to intratumor myeloid cells, such as dendritic cells, rather than cancer cells, thereby avoiding inflammation triggered by
tumor cells.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1053550
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Panigaj et al. 10.3389/fimmu.2023.1053550
CTLA-4 showed that integration of four individual aptamers into a

tetravalent structure increased its bioactivity in a murine model (73).

Similarly, linking two RNA aptamers targeting the co-stimulatory

aptamer, exerted co-stimulatory activity on cytotoxic CD8+ T cells in

vitro and promoted tumor rejection in vivo (74). An interesting

functional change was described in two 2’-F modified RNA

aptamers specific for the CD28 receptor for B7. Binding of one

aptamer prevented co-stimulation via CD28, while binding of a

second aptamer did not have a functional outcome. However, when

both aptamers were linked together, either by double-strand linker or

fusion into a single-strand molecule, their binding led to CD28-

mediated activation (75). Gain of function upon assembly of aptamers

on the scaffold was also observed in the T cell costimulatory receptor

of T cells, which, in the monomer state, does not stimulate OX40.

However, the annealing of two RNA aptamers to two separate

complementary DNA oligonucleotides, linked by a polyethylene

spacer, led to dimerization of OX40 and subsequent activation of

downstream signaling (76). Indeed, the linking of individual aptamers

in one complex represents a potentially versatile combinatorial

therapeutic tool.

Although the principle of agonistic or antagonistic aptamers in

immunomodulation is relatively straightforward, many technological

and biological challenges remain. The engagement of aptamers with

cell surface molecules implies their delivery in a naked form, which

exposes them to degradation by serum nucleases. Traditionally,

replacing natural nucleotides with chemical analogs, either during

the SELEX process or post-selection, increases nucleic acid resistance

to nucleases (77). After therapeutic application, aptamers, due to their

small size, have a high chance of penetrating the tumor

microenvironment. However, their small size negatively affects the

rate of clearance, which is a contributor to half-life in the blood. To

overcome their shorter half-life in vivo, a higher dose of aptamers

might be required to increase their duration in the blood and allow for

delivery to target tissues and cells.
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The choice of target also determines the functional output. To

prevent side effects, the selected target receptor molecule should

ideally be as tumor cell specific as possible. Furthermore, receptor

turnover rate is an important factor that affects the effectiveness of

bispecific aptamers mediating cell-cell interactions. Rapid

internalization with bound aptamer decreases the chance of

establishing physical interactions between the cells. In other words,

the receptor has to be displayed on the surface for sufficient time to

allow the creation of a synapse between the immune and tumor cells.
Nucleic acid nanoparticles as
intracellular modulators

NANPs are innovative scaffolds composed of rationally designed

oligonucleotides or oligonucleotide chemical analogs. Because of their

biocompatibility, functional versatility of nucleic acids, and tunability

of their physicochemical and biological properties, NANPs have

demonstrated strong potential for the development of future

nanomedicine. Both RNA and DNA can form intra- or

intermolecular hydrogen bonds via canonical base pairing, allowing

for design and assembly of an almost limitless library of

architecturally diverse nanoscaffolds with high batch to batch

consistency (78, 79). The presence of a 2’-OH group in RNA ribose

sugars enables RNA to adopt more sophisticated geometric

optimization which expands the repertoire of possible hydrogen

bonds classified in 12 geometric families (79–81). This is why RNA

molecules naturally present a plethora of structural and long-range

interacting motifs that can be engineered into NANPs with precisely

controlled shapes (e.g., 3D vs 2D vs 1D), sizes (10-100 nm), and

compositions (RNA vs DNA vs chemical analogs); various

functionalities and bioactive properties can be encoded in the

NANPs’ architectures (82–85) (Figures 5A, B). Functionalization of

NANPs can be achieved via self-assembly of different TNAs, either
A

B C

FIGURE 4

Aptamers are nucleic acids selected to specifically bind the molecules of interest in a similar manner to monoclonal antibodies. (A) Nanotechnology
offers significant advantages in fusing individual aptamers to multivalent or bispecific molecules. Thus, by linking together the same or different aptamers,
the increased binding affinity and/or ability to crosslink target cell receptors can be achieved. (B) Bispecific aptamers can promote cell-to-cell
interactions with potential immunomodulatory applications. For example, a single stranded bispecific aptamer targeting CD28 on T cells and Multidrug-
Resistant-associated Protein 1 (MRP1), involved in chemotherapy on B16 melanoma cancer cells, has been used to provide the necessary co-stimulatory
signal for T cell activation. (C) Instead of cell membrane receptors that may be quickly internalized, an alternative strategy could be to target co-
stimulatory signals to proteins (e.g., VEGF) overexpressed on tumor stroma.
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using toeholds or by incorporating TNAs directly into the sequences

of nanoscaffolds. Both approaches allow the same NANP scaffolds to

be formulated with different TNAs and other functionalities. For

example, hexameric RNA rings have been designed to carry multiple

aptamers (e.g., specific for human epidermal growth factor receptor),

siRNAs targeting various genes, and fluorophores for NANPs’

visualization in cells and in vivo (82).

The psychochemical properties of NANPs are favorable for the

pharmaceutical industry. Depending on the overall design principles

and composition, various NANPs can be assembled under several simple

protocols (Figure 5C). Assembled NANPs can be subsequently stored

and transported in solution on ice or can be dehydrated and handled at

ambient temperatures. In a recent study, several novel protocols for

drying NANPs were compared with traditional lyophilization methods

(86). It was discovered that while the light assisted drying (LAD)

approach was fine-tunable and more reproducible in retention of

NANP structures upon rehydration, this approach only allowed for

processing a relatively small volume of NANPs solution, and processing

of only one sample at the time. Lyophilization permits high throughput

processing while also preserving structural stability of NANPs, but the

retention of biological functionality becomes questionable. Addition of

cryoprotectants such as trehalose seemed to aid in reducing the potential

structural damage, but more investigation is necessary to reveal biological
Frontiers in Immunology 08
and immunomodulatory potential of trehalose preserved NANPs in

clinical settings.

The physiochemical properties of nucleic acids also affect their

immunostimulatory properties. Unsurprisingly, the immunorecognition

of NANPs is dependent on nucleic acid composition, size, and

dimensionality as PRRs recognize distinct ligand motifs (87–89). Using

these parameters as predictive indicators of immunostimulatory properties,

NANPs can be designed to either be immunoquiescent or enhance desired

immunological responses. For example, the NANPs composed of DNA are

consistently immunoquiescent when transfected into human immune cells

but this was not the case for their RNA analogs (88). The proportion of

DNA and RNA can be specified during construction of DNA/RNA hybrid

NANPs for the desired immune response or lack thereof. Similarly, the vast

library of planar and globular NANP shapes allows for further

optimization of this immunomodulator scaffold. Globular 3D NANPs

made of RNA induce the strongest immunorecognition while the fibrous

1D NANPs are the least immunostimulatory (90). Furthermore,

incorporation of modified nucleic acids can be utilized to avoid certain

recognitions via specific PRRs. For example, incorporation of 2’-fluoro

modified pyrimidines in NANP strands abrogate TLR7-dependent

immune responses (91).

NANPs complexed with TNAs display great promise as immune

response modulators. Importantly, the NANP scaffold allows for
A B

D

C

FIGURE 5

Schematic depiction of various NANPs, their production, characterization, storage, and handling. (A) Computational 3D visualization of individual NANPs
with corresponding representative AFM images. (B) Two orthogonal NANPs design strategies are based either on the presence of both intra- and
intermolecular or only intermolecular bonds, which also determine the assembly protocol of corresponding NANPs. (C) Several protocols for efficient
one-pot NANPs self-assembly. Protocol (i) promotes secondary structure formation of individual monomers needed for NANPs assembly via long-range
interacting motifs. For this assembly protocol, the individual ssRNAs are first denatured by heating at 95°C and then snap cooled on ice to form
intramolecular Watson-Crick (W-C) bonds. The following incubation at 30°C in the presence of Mg2+ ions allows intermolecular bindings of monomers
and assembly of NANPs. In (ii)> protocol, monomers form only intermolecular canonical Watson-Crick base pairs, thus no pre-folding is needed, and any
intramolecular interactions should be avoided by design. The (iii) protocol allows for co-transcriptional assembly of different types of NANPs formed as
their RNA strands are transcribed from dsDNA templates. (D) Assembled NANPs can be stored and transported in anhydrous forms at ambient
temperatures. The impact on structure stability, immunorecognition, and functionality depends of dehydration protocol and needs to be checked after
rehydration for each type of NANP.
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controlled and coordinated delivery of multiple functional groups to

the same cell (92). For example, the individual strands of NANPs

functionalized with a combination of different TNAs and TNA-

functionalized RNA ring nanoscaffolds that target all four variants

of lysophosphatidylcholine acyltransferases (LPCATs) significantly

increased susceptibility of melanoma cells to radiation treatment (93).

Notably, recent evidence indicates that the orientation of added TNAs

can additionally contribute to the immunostimulatory properties of

NANPs. Accessibility of NANP components to PRR binding may

contribute to the observed difference in their immunostimulation. For

example, despite the number of 5’-ppp remaining constant for

functional and non-functional NANPs, RIG-I was specifically

activated in response to transfected NANPs that carried TNAs. The

response for some orientations of TNAs was stronger than for others.

This data indicates that the cytosolic sensor, RIG-I, can distinguish

between non-functional and functional NANPs and the extent of

functionalization (94).

Functional group delivery can be further controlled through the

intracellular reassociation of RNA/DNA hybrid NANPs. In this

scenario, a pair of complementary RNA/DNA hybrids are

engineered to be non-functional by carrying various split RNA

functionalities such as RNAi inducers and aptamers (95–98). When

interdependent RNA/DNA hybrids are both present in the cytosol,

there is complementary base-pairing at toehold regions that drive

branch migrations and the release of functional groups (89, 95, 96).

This system has been used to effectively deliver dicRNAi inducers for

the knockdown of gene expression of HIV-1 and relevant oncogenes

in vitro (83). Additionally, RNA/DNA fibers have been optimized to

deliver and activate both RNAi inducers and DNA decoys, targeting

NF-kB, a transcription factor that induces production of

proinflammatory cytokines (Figure 6) (99). These NF-kB targeting

NANPs display great promise for reducing inflammatory immune

response, as the decoys function to prevent translocation of activated

NF-kB to the nucleus. In addition, the RNAi inducers may serve to

reduce overall NF-kB expression.

In summary, the immune responses elicited by functionalized

NANPs depend on their shape. This has been previously shown where

all RNA-made NANPs, when functionalized with TNAs on each

monomer, induced high levels of type I (IFNa, IFNb, and IFNw) and
type III (IFNl) IFN responses. IFN responses to RNA cubes, rings,

and fibers where every monomer was functionalized were comparable

to ODN2216, a CpG oligonucleotide, a known IFN inducer. However,

when the fibers were only functionalized on every other monomer,

IFN response were significantly decreased, indicating that the spacing

between the functionalization groups plays an important role in PRR

activation. This decrease in IFN responses was mirrored by decreases

in the proinflammatory responses evoked by the NANPs with the

same amount of siRNA delivered (83).
Combinations of different carriers and
NANPs as intracellular modulators

In the absence of a carrier, the negative charge of all of our

NANPs prevented penetration through biological membranes (88,

100). As such, a variety of carriers, including cationic lipids,

liposomes, polymers, magnetic nanoparticles, mesoporous silica-
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based nanoparticles, and exosomes, most be employed as agents to

protect against nuclease degradation and to facilitate delivery (91,

100–103). Furthermore, in the absence of a carrier, NANPs are

essentially invisible to cells and so are immunoquiescent (104–106).

This makes them perfect candidates for extracellular use (107).

Cationic lipids and liposomes have been extensively explored as

carriers for TNAs and can also serve as viable carrier options for

NANPs. The transfection reagents lipofectamine and DOTAP have

been previously employed to deliver NANPs to non-immune and

immune cells (106, 108, 109). However, the use of Lipofectamine 2000

as a carrier is limited to in vitro cell delivery. Alternatively, cationic

bolaamphiplies form highly stable delivery vesicles that can be utilized

in vitro and in vivo due to low toxicity. Notably, bolaamphiplies are a

promising carrier as previous studies indicate that they deliver

siRNAs across biological barriers, including the blood brain barrier

(110, 111). Similar to lipid-based carriers, polymers, such as

polyethylenimine (PEI), poly(b-amino esters), polyamidoamine

(PAMAM) dendrimers, and branched PEI, can be employed to

deliver TNAs (100, 101, 112). The cationic, amphiphilic co-

polymer, poly(lactide-co-glycolide)-grafted-polyethylenimine (PgP)

is a micelle forming co-polymer that can deliver both TNAs and

TNA functionalized NANPs to multiple cell types in vitro (100) (95).

Recent data also indicates that PgP effectively delivers functional

NANPs following retro-orbital administration in mice models.

Similar to PgP, due to electrostatic interactions, NANPs can be

complexed with cationic PAMAM dendrimers (101). These

dendrimers facilitate NANP uptake to adherent cell lines and

PBMCs. Finally, exosomes, 30 – 150 nm vesicles released upon

fusion of multivesicular bodies with the cell membrane, mirror the

characteristics of the parent cell. Exosomes facilitate cellular

communication as cargo is delivered to neighboring cells by either

receptor-mediated endocytosis, micropinocytosis, or membrane

fusion. Exosomes have been documented to effectively deliver

TNAs and functional NANPs in vitro and in murine in vivo models

to target cells and/or tissues (113, 114). Exosomes also defend against

nuclease degradation and efficiently deliver NANPs of differing three

dimensional conformations functionalized with siRNA.

Importantly, carrier selection affects NANP immunostimulatory

properties. First , the carriers discussed above can have

immunostimulatory properties independent of the NANPs.

Additionally, carrier selection determines both the efficiency of

NANP delivery to specific cell types and the cellular route of

NANP entry (91). NANPs complexed with lipid-based carriers have

been demonstrated to first traffic through an endosomal

compartment prior to delivery to the cytosol (88, 91). RNA cubes,

rings, and fibers stimulate varying degrees of proinflammatory and

IFN responses in part due to recognition via endosomal TLRs. In

contrast to lipofectamine delivery, using a cationic amphiphilic co-

polymer carrier stimulates reduced inflammatory cytokine

production and no IFN production (100) Likewise, NANPs

delivered with dendrimers are largely immunoquiescent (101).

Due to highly cell type specific expression and subcellular

localization of PRRs, carrier selection can also impact nucleic acid

sensor detection of NANPs thereby altering the subsequent immune

responses. Previous studies using human peripheral blood

mononuclear cells have indicated that plasmacytoid dendritic cells

are the primary producers of IFNs following delivery of NANPs
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complexed with a lipid-based carrier (88, 91, 106). Notably, this

observation supports results in reporter cell-lines indicating that RNA

cubes and rings activate TLR7 and TLR9 as plasmacytoid dendritic

cells are known to express the endosomal Toll-like receptors, TLR7

and TLR9.

NANPs can be designed to have switchable, tunable, and

programable properties for a number of applications. As noted

above, RNA cubes are the most immunostimulatory. While similar

in shape, DNA and RNA cubes have different immune responses for

the same carriers; RNA cubes induce significant amounts of IFNa
and IFNw, while DNA cubes only produce IFNb and IFNl. RNA-
and DNA-based r ing s have been found to be more

immunostimulatory than their fiber counterparts (88). NANPs

have been designed to interact with the immune system via their

structure (88) and used to address specific biochemical problems

(99, 115, 116). This includes the use of NANPs as scaffolds to carry

TNAs with controlled and tunable immunostimulants (113) and the

use of functionalized NANPs to silence specific genes to inhibit virus

production (82). This has been achieved through the application of
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our knowledge of the structure and function of natural and artificial

classes of nucleic acids to NANP structure. Furthermore, known

therapeutics and targeting agents can be attached to NANPs, and

used for drug delivery, biosensing, and as molecular devices (89, 95,

115, 117–119).

Together, these studies indicate that cellular responses to

NANPs is dependent on their structure, composition, and

functionalization, in addition to type of carrier employed for

intracellular delivery. Previous work has shown trends in the

degree of immune response based on the previously mentioned

design features (106) (101). Differences in dimensionality (1D, 2D,

and 3D), composition (DNA or RNA), and connectivity

(intramolecular, intermolecular, or both) evoke varying immune

responses and enable NANPs to be customized based on the

intended therapeutic effect (107). The field of therapeutic nucleic

acids continues to advance and holds the promise of the

development of versatile new means to manipulate host cell

machinery to achieve a desired therapeutic effect in the absence of

detrimental recipient responses (120, 121).
A

B

FIGURE 6

Most common innate pathways shown to be activated upon NANPs internalization. (A) Intracellular delivery of NANPs requires carriers; naked NANPs are
immunoquiescent due to their ineffective crossing of biological membranes. Delivery of RNA rings and cubes trigger the immune system through TLR7.
By-passing of TLR sensing can be compensated by RIG-I that can detect RNA NANPs bearing 5’ triphosphates. DNA containing NANPs can be sensed
after promoter independent transcription of NANPs strands by RNA pol III. DNA fibers stimulate cellular immunity through cGAS-cGAMP-STING pathway.
Additionally, interdependent DNA/RNA fiber NANPs can be rationally designed to release of RNAi inducers and NF-kB decoys upon their intracellular re-
association. This results in gene specific silencing while simultaneously blocking NF-kB translocation to nucleus thus lowering the proinflammatory
immune responses. (B) Some of the architectural and compositional parameters that define immunorecognition of NANPs.
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Translation of immunomodulatory
nucleic acid therapeutics to the clinic

The immunomodulatory nucleic acids can be divided to two

groups. In the first group, nucleic acids deliver genetic information

that translates to immunogenic/immunomodulatory proteins such as

chimeric antigen (CAR-T therapy) or nucleic acid-based vaccines

(mRNA vaccines and adenovirus delivered vaccines). The second

group contains noncoding nucleic acids that directly interact with

proteins involved in immune pathways.

Noncoding nucleic acid-based therapeutics are only slowly entering

medical use. Since 1998, when first oligonucleotide drug, Vitravene (also

known as Fomivirsen) was approved by the FDA, only 15 non-coding

oligonucleotides have been approved for clinical use. This group contains

nine antisense oligonucleotides (ASOs), four siRNAs, one aptamer, and

one natural oligonucleotide product made by depolymerization of

porcine intestinal mucosal DNA (122–124) (Figure 7A). Six of these

formulations are administered subcutaneously, another six are

administered intravenously, two intravitreally, and one intrathecally

(Figure 7B). However, none of the approved oligonucleotides are

intended to be immunostimulatory. Recently, several clinical trials of a

short synthetic RNA ligand that is selective for RIG-I, RGT100, have

been conducted. One of these studies employing such a ligand (MK-

4621) has been terminated due to business concerns (125), but this agent

was found to activate RIG-I and contribute to modest antitumor activity,

albeit with no substantial improvement over current treatments (125). In

addition to antitumor activity, RIG-I agonists have been examined in

preclinical trials as antiviral agents (126). Specifically, short hairpin RNA

SLR14 complexed with polyethyleneimine was found to protect against

SARS-CoV-2 infection in human angiotensin-converting enzyme 2

transgenic mice (126).

Rintatolimod is a dsRNA composed of inosinic and cytidylic acid

residues that stimulates TLR3 but not cytosolic helicases. In addition,

it activates 2′-5′ adenylate synthetase. First identified in the 1970s,

rintatolimod has been tested clinically for the treatment of various

conditions including breast and ovarian cancers and HIV infections.

However, to date, the FDA has only granted it an orphan drug

designation status for patients with pancreatic cancer in 2020 and the
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treatment of Ebola virus infection in 2022 (127). It is currently in

Phase II and III double-blinded, randomized, placebo-controlled

clinical trials for the treatment of chronic fatigue syndrome/myalgic

encephalomyelitis (CFS/ME), and has shown promising results

(128, 129).

Another group of noncoding immunomodulatory RNAs that are

being tested in clinical trials include two spiegelmers, the L-

stereoisomer RNA acid aptamers (130). PEGylated NOX-E36 binds

the chemokine CCL2 thereby preventing the infiltration of CCR2-

dependent tumor associated macrophages that initiate tumor-

supporting angiogenesis (131, 132). In contrast, the NOX-A12

spiegelmer’s target is CXCL12 that is implicated in the exclusion of

T cells from the tumor microenvironment, and so blocking the

actions of this chemokine should lead to increased protective T-cell

infiltration. Excitingly, NOX-A12 has recently been studied in

patients with advance stage colorectal and pancreatic cancer where

it has been shown positive synergistic effects when combined with the

PD1 immune checkpoint inhibitor, Pembrolizumab (133, 134).

Summary

Innate immunity is an evolutionary conserved network that

provides immediate protection and precipitates specific and long-

term adaptive immunity. In addition to providing defense against

infectious organisms, the innate immune system can recognize danger

signals that originate from cell stress and/or tissue injury. The

integration of a wide range of signaling pathways initiated by

exogenous and endogenous stimuli culminates in the expression of

genes that underlie responses that include inflammation. The

existence of certain types of nucleic acids and their cellular location

is closely monitored by PRRs. These molecules play an important role

in distinguishing foreign or altered self-nucleic acids, or their

presence in appropriate locations, that can be manifestations of

viral and bacterial infection or cellular damage/transformation. Due

to their physicochemical properties, biocompatibility, and easy

synthesis, nucleic acids may represent an ideal tool to manipulate

the immune system. Immunogenic motifs from virus transcripts or

RNA genomes can be derived and synthetically selected sequences or
A B

FIGURE 7

Distribution of FDA approved noncoding nucleic acid therapeutics according to type (A) and route of administration (B). ASO- antisense
oligonucleotides, siRNAs- small interfering RNAs, APTs- aptamers.
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cellular ncRNAs can be employed. However, the potency of individual

immunogenic ncRNAs is currently unknown and their activity is

likely to differ based upon the particular application. However, the use

of NANP nanotechnology alone has already identified many of the

properties, such as composition, architectural parameters,

dimensionality, size, and chemical stability, that define the

immunogenicity of such structures (135). The complications

experienced in translating simple TNAs to clinical therapies are

also important considerations for complex NANPs, but it should be

noted that the properties of NANPs are more than the sum of their

constitutive parts (120). While resistance to nucleases and renal

clearance can be solved relatively easily, other safety and efficacy

concerns remain challenging. Targeted delivery, barrier penetration,

and toxicity, remain the principal obstacles for nucleic acid

therapeutics. This problem is compounded by the current

nonexistence of FDA guidance documents for such agents, in

contrast to other strategies including gene therapy. Another issue is

the scalability of NANP synthesis for mass production and the

present lack of simple and unified assembly protocols.

Despite these issues, it is clear that NANP technology holds great

promise and has high therapeutic potential. Over the last decade, we and

others have explored the possibility of multifunctional NANPs that carry

diverse functional moieties (aptamers, siRNAs, ASOs, decoys, etc.). It

now remains to combine immunostimulatory ncRNAs with NANP

scaffolds to create new multi-tasking NANPs that permit conditional

activation as the next generation of nucleic acid-based theranostics.
Author contributions

All authors listed have made a substantial, direct, and intellectual

contribution to the work and approved it for publication.
Frontiers in Immunology 12
Funding

Research reported in this publication was supported by the

National Institute of General Medical Sciences of the National

Institutes of Health under Award Number R35GM139587 (to KA).

The content is solely the responsibility of the authors and does not

necessarily represent the official views of the National Institutes of

Health. MP’s work on the subject was partially supported by the

VEGA grant 1/0869/21.
Acknowledgments

All figures were made with BioRender (www.biorender.com).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Bernheim A, Sorek R. The pan-immune system of bacteria: Antiviral defence as a
community resource. Nat Rev Microbiol (2020) 18(2):113–9. doi: 10.1038/s41579-019-
0278-2

2. Gao LA, Wilkinson ME, Strecker J, Makarova KS, Macrae RK, Koonin EV, et al.
Prokaryotic innate immunity through pattern recognition of conserved viral proteins.
Science (2022) 377(6607):eabm4096. doi: 10.1126/science.abm4096

3. Dimitriu T, Szczelkun MD, Westra ER. Evolutionary ecology and interplay of
prokaryotic innate and adaptive immune systems. Curr Biol (2020) 30(19):R1189–R202.
doi: 10.1016/j.cub.2020.08.028

4. Marraffini LA. CRISPR-cas immunity in prokaryotes. Nature (2015) 526(7571):55–
61. doi: 10.1038/nature15386

5. Hille F, Richter H, Wong SP, Bratovic M, Ressel S, Charpentier E. The biology of
CRISPR-cas: Backward and forward. Cell (2018) 172(6):1239–59. doi: 10.1016/
j.cell.2017.11.032

6. Li H, Li WX, Ding SW. Induction and suppression of RNA silencing by an animal
virus. Science (2002) 296(5571):1319–21. doi: 10.1126/science.1070948

7. Guo Z, Li Y, Ding SW. Small RNA-based antimicrobial immunity. Nat Rev
Immunol (2019) 19(1):31–44. doi: 10.1038/s41577-018-0071-x

8. Randow F, MacMicking JD, James LC. Cellular self-defense: How cell-autonomous
immunity protects against pathogens. Science (2013) 340(6133):701–6. doi: 10.1126/
science.1233028

9. Tan X, Sun L, Chen J, Chen ZJ. Detection of microbial infections through innate
immune sensing of nucleic acids. Annu Rev Microbiol (2018) 72:447–78. doi: 10.1146/
annurev-micro-102215-095605

10. Figueiredo RT, Carneiro LA, Bozza MT. Fungal surface and innate immune
recognition of filamentous fungi. Front Microbiol (2011) 2:248. doi: 10.3389/
fmicb.2011.00248
11. Roh JS, Sohn DH. Damage-associated molecular patterns in inflammatory
diseases. Immune Netw (2018) 18(4):e27. doi: 10.4110/in.2018.18.e27

12. Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-stranded
RNA and activation of NF-kB by toll-like receptor 3. Nature (2001) 413(6857):732–8.
doi: 10.1038/35099560

13. Ranjith-Kumar CT, Miller W, Xiong J, Russell WK, Lamb R, Santos J, et al.
Biochemical and functional analyses of the human toll-like receptor 3 ectodomain. J Biol
Chem (2007) 282(10):7668–78. doi: 10.1074/jbc.m610946200

14. Jacobs BL, Langland JO. When two strands are better than one: The mediators and
modulators of the cellular responses to double-stranded RNA. Virology (1996) 219
(2):339–49. doi: 10.1006/viro.1996.0259

15. Diebold SS, Montoya M, Unger H, Alexopoulou L, Roy P, Haswell LE, et al. Viral
infection switches non-plasmacytoid dendritic cells into high interferon producers.
Nature (2003) 424(6946):324–8. doi: 10.1038/nature01783

16. Zhang Z, Ohto U, Shibata T, Taoka M, Yamauchi Y, Sato R, et al. Structural analyses
of toll-like receptor 7 reveal detailed RNA sequence specificity and recognitionmechanism of
agonistic ligands. Cell Rep (2018) 25(12):3371–81.e5. doi: 10.1016/j.celrep.2018.11.081

17. Gorden KB, Gorski KS, Gibson SJ, Kedl RM, Kieper WC, Qiu X, et al. Synthetic
TLR agonists reveal functional differences between human TLR7 and TLR8. J Immunol
(2005) 174(3):1259–68. doi: 10.4049/jimmunol.174.3.1259

18. De Marcken M, Dhaliwal K, Danielsen AC, Gautron AS, Dominguez-Villar M.
TLR7 and TLR8 activate distinct pathways in monocytes during RNA virus infection. Sci
Signaling (2019) 12(605):eaaw1347. doi: 10.1126/scisignal.aaw1347

19. Heil F. Species-specific recognition of single-stranded RNA Via toll-like receptor 7
and 8. Science (2004) 303(5663):1526–9. doi: 10.1126/science.1093620

20. Latz E, Visintin A, Espevik T, Golenbock DT. Mechanisms of TLR9 activation.
J Endotoxin Res (2004) 10(6):406–12. doi: 10.1179/096805104225006525
frontiersin.org

http://www.biorender.com
https://doi.org/10.1038/s41579-019-0278-2
https://doi.org/10.1038/s41579-019-0278-2
https://doi.org/10.1126/science.abm4096
https://doi.org/10.1016/j.cub.2020.08.028
https://doi.org/10.1038/nature15386
https://doi.org/10.1016/j.cell.2017.11.032
https://doi.org/10.1016/j.cell.2017.11.032
https://doi.org/10.1126/science.1070948
https://doi.org/10.1038/s41577-018-0071-x
https://doi.org/10.1126/science.1233028
https://doi.org/10.1126/science.1233028
https://doi.org/10.1146/annurev-micro-102215-095605
https://doi.org/10.1146/annurev-micro-102215-095605
https://doi.org/10.3389/fmicb.2011.00248
https://doi.org/10.3389/fmicb.2011.00248
https://doi.org/10.4110/in.2018.18.e27
https://doi.org/10.1038/35099560
https://doi.org/10.1074/jbc.m610946200
https://doi.org/10.1006/viro.1996.0259
https://doi.org/10.1038/nature01783
https://doi.org/10.1016/j.celrep.2018.11.081
https://doi.org/10.4049/jimmunol.174.3.1259
https://doi.org/10.1126/scisignal.aaw1347
https://doi.org/10.1126/science.1093620
https://doi.org/10.1179/096805104225006525
https://doi.org/10.3389/fimmu.2023.1053550
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Panigaj et al. 10.3389/fimmu.2023.1053550
21. Akira S. Toll-like receptors and innate immunity. Adv Immunol (2001) 78:1–56.
doi: 10.1016/s0065-2776(01)78001-7

22. Zheng C, Chen J, Chu F, Zhu J, Jin T. Inflammatory role of TLR-MyD88 signaling
in multiple sclerosis. Front Mol Neurosci (2019) 12:314. doi: 10.3389/fnmol.2019.00314

23. Ullah MO, Sweet MJ, Mansell A, Kellie S, Kobe B. TRIF-dependent TLR signaling,
its functions in host defense and inflammation, and its potential as a therapeutic target. J
Leukocyte Biol (2016) 100(1):27–45. doi: 10.1189/jlb.2RI1115-531R

24. Loo Y-M, Gale M. Immune signaling by RIG-I-Like receptors. Immunity (2011) 34
(5):680–92. doi: 10.1016/j.immuni.2011.05.003

25. Thoresen D, Wang W, Galls D, Guo R, Xu L, Pyle AM. The molecular mechanism
of RIG-I activation and signaling. Immunol Rev (2021) 304(1):154–68. doi: 10.1111/
imr.13022

26. Pichlmair A, Schulz O, Tan CP, Naslund TI, Liljestrom P, Weber F, et al. RIG-I-
Mediated antiviral responses to single-stranded RNA bearing 5'-phosphates. Science
(2006) 314(5801):997–1001. doi: 10.1126/science.1132998

27. Hwang S-Y, Sun H-Y, Lee K-H, Oh B-H, Cha YJ, Kim BH, et al. 5'-Triphosphate-
RNA-Independent activation of RIG-I Via RNA aptamer with enhanced antiviral activity.
Nucleic Acids Res (2012) 40(6):2724–33. doi: 10.1093/nar/gkr1098

28. Chiu YH, Macmillan JB, Chen ZJ. RNA Polymerase III detects cytosolic DNA and
induces type I interferons through the RIG-I pathway. Cell (2009) 138(3):576–91.
doi: 10.1016/j.cell.2009.06.015

29. Zhang Y, Dittmer DP, Mieczkowski PA, Host KM, Fusco WG, Duncan JA, et al.
RIG-I detects kaposi's sarcoma-associated herpesvirus transcripts in a RNA polymerase
III-independent manner. Mbio (2018) 9(4). doi: 10.1128/mBio.00823-18

30. Kessler AC, Maraia RJ. The nuclear and cytoplasmic activities of RNA polymerase
III, and an evolving transcriptome for surveillance. Nucleic Acids Res (2021) 49
(21):12017–34. doi: 10.1093/nar/gkab1145

31. Graczyk D, White RJ, Ryan KM. Involvement of RNA polymerase III in immune
responses. Mol Cell Biol (2015) 35(10):1848–59. doi: 10.1128/MCB.00990-14

32. Nabet BY, Qiu Y, Shabason JE, Wu TJ, Yoon T, Kim BC, et al. Exosome RNA
unshielding couples stromal activation to pattern recognition receptor signaling in cancer.
Cell (2017) 170(2):352–66e13. doi: 10.1016/j.cell.2017.06.031

33. Zevini A, Olagnier D, Hiscott J. Crosstalk between cytoplasmic RIG-I and sting
sensing pathways. Trends Immunol (2017) 38(3):194–205. doi: 10.1016/j.it.2016.12.004

34. Tan RS, Ho B, Leung BP, Ding JL. TLR cross-talk confers specificity to innate
immunity. Int Rev Immunol (2014) 33(6):443–53. doi: 10.3109/08830185.2014.921164

35. Palazzo M, Gariboldi S, Zanobbio L, Dusio GF, Selleri S, Bedoni M, et al. Cross-talk
among toll-like receptors and their ligands. Int Immunol (2008) 20(5):709–18.
doi: 10.1093/intimm/dxn027

36. Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate receptors
in infection and immunity. Immunity (2011) 34(5):637–50. doi: 10.1016/
j.immuni.2011.05.006

37. Hopfner KP, Hornung V. Molecular mechanisms and cellular functions of cGAS-
STING signalling. Nat Rev Mol Cell Biol (2020) 21(9):501–21. doi: 10.1038/s41580-020-
0244-x

38. Gui X, Yang H, Li T, Tan X, Shi P, Li M, et al. Autophagy induction Via sting
trafficking is a primordial function of the cGAS pathway. Nature (2019) 567(7747):262–6.
doi: 10.1038/s41586-019-1006-9

39. Munz C. Antigen processing for MHC class II presentation Via autophagy. Front
Immunol (2012) 3:9. doi: 10.3389/fimmu.2012.00009

40. Sadler AJ, Williams BRG. Interferon-inducible antiviral effectors. Nat Rev
Immunol (2008) 8(7):559–68. doi: 10.1038/nri2314

41. McWhirter SM, Jefferies CA. Nucleic acid sensors as therapeutic targets for human
disease. Immunity (2020) 53(1):78–97. doi: 10.1016/j.immuni.2020.04.004

42. Macedo AB, Novis CL, De Assis CM, Sorensen ES, Moszczynski P, Huang SH,
et al. Dual TLR2 and TLR7 agonists as HIV latency-reversing agents. JCI Insight (2018) 3
(19). doi: 10.1172/jci.insight.122673

43. Lim SY, Osuna CE, Hraber PT, Hesselgesser J, Gerold JM, Barnes TL, et al. TLR7
agonists induce transient viremia and reduce the viral reservoir in SIV-infected rhesus
macaques on antiretroviral therapy. Sci Transl Med (2018) 10(439). doi: 10.1126/
scitranslmed.aao4521

44. Vibholm LK, Konrad CV, Schleimann MH, Frattari G, Winckelmann A, Klastrup
V, et al. Effects of 24-week toll-like receptor 9 agonist treatment in HIV type 1+
individuals. AIDS (2019) 33(8):1315–25. doi: 10.1097/QAD.0000000000002213

45. Hogenesch H. Mechanism of immunopotentiation and safety of aluminum
adjuvants. Front Immunol (2012) 3:406. doi: 10.3389/fimmu.2012.00406

46. Temizoz B, Kuroda E, Ishii KJ. Combination and inducible adjuvants targeting
nucleic acid sensors. Curr Opin Pharmacol (2018) 41:104–13. doi: 10.1016/
j.coph.2018.05.003

47. Desmet CJ, Ishii KJ. Nucleic acid sensing at the interface between innate and
adaptive immunity in vaccination. Nat Rev Immunol (2012) 12(7):479–91. doi: 10.1038/
nri3247

48. Junt T, Barchet W. Translating nucleic acid-sensing pathways into therapies. Nat
Rev Immunol (2015) 15(9):529–44. doi: 10.1038/nri3875

49. Martins KA, Bavari S, Salazar AM. Vaccine adjuvant uses of poly-IC and
derivatives. Expert Rev Vaccines (2015) 14(3):447–59. doi: 10.1586/14760584.2015.966085

50. Longhi MP, Trumpfheller C, Idoyaga J, Caskey M, Matos I, Kluger C, et al.
Dendritic cells require a systemic type I interferon response to mature and induce CD4+
Frontiers in Immunology 13
Th1 immunity with poly IC as adjuvant. J Exp Med (2009) 206(7):1589–602. doi: 10.1084/
jem.20090247

51. Fox CB, Orr MT, Van Hoeven N, Parker SC, Mikasa TJ, Phan T, et al. Adsorption
of a synthetic TLR7/8 ligand to aluminum oxyhydroxide for enhanced vaccine adjuvant
activity: A formulation approach. J Control Release (2016) 244(Pt A):98–107. doi: 10.1016/
j.jconrel.2016.11.011

52. Wang J, Li P, Yu Y, Fu Y, Jiang H, Lu M, et al. Pulmonary surfactant-biomimetic
nanoparticles potentiate heterosubtypic influenza immunity. Science (2020) 367(6480).
doi: 10.1126/science.aau0810

53. Cech T, Steitz JA, Atkins JF. RNA Worlds : New tools for deep exploration. 2nd ed.
Cold Spring Harbor, New York: Cold Spring Harbor Laboratory Press (2019).

54. Iurescia S, Fioretti D, Rinaldi M. Nucleic acid sensing machinery: Targeting innate
immune system for cancer therapy. Recent Pat Anticancer Drug Discovery (2018) 13(1):2–
17. doi: 10.2174/1574892812666171030163804

55. Ranoa DRE, Parekh AD, Pitroda SP, Huang X, Darga T, Wong AC, et al. Cancer
therapies activate RIG-i-like receptor pathway through endogenous non-coding RNAs.
Oncotarget (2016) 7(18):26496–515. doi: 10.18632/oncotarget.8420

56. Ellermeier J, Wei J, Duewell P, Hoves S, Stieg MR, Adunka T, et al. Therapeutic
efficacy of bifunctional siRNA combining TGF-b1 silencing with RIG-I activation in
pancreatic cancer. Cancer Res (2013) 73(6):1709–20. doi: 10.1158/0008-5472.CAN-11-
3850

57. Duewell P, Steger A, Lohr H, Bourhis H, Hoelz H, Kirchleitner SV, et al. RIG-i-like
helicases induce immunogenic cell death of pancreatic cancer cells and sensitize tumors
toward killing by CD8(+) T cells. Cell Death Differ (2014) 21(12):1825–37. doi: 10.1038/
cdd.2014.96

58. Demaria O, Cornen S, Daeron M, Morel Y, Medzhitov R, Vivier E. Harnessing
innate immunity in cancer therapy. Nature (2019) 574(7776):45–56. doi: 10.1038/s41586-
019-1593-5

59. Elion DL, Cook RS. Harnessing RIG-I and intrinsic immunity in the tumor
microenvironment for therapeutic cancer treatment. Oncotarget (2018) 9(48):29007–17.
doi: 10.18632/oncotarget.25626

60. Elion DL, Jacobson ME, Hicks DJ, Rahman B, Sanchez V, Gonzales-Ericsson PI,
et al. Therapeutically active RIG-I agonist induces immunogenic tumor cell killing in
breast cancers. Cancer Res (2018) 78(21):6183–95. doi: 10.1158/0008-5472.CAN-18-0730

61. Heidegger S, Kreppel D, Bscheider M, Stritzke F, Nedelko T, Wintges A, et al. RIG-
I activating immunostimulatory RNA boosts the efficacy of anticancer vaccines and
synergizes with immune checkpoint blockade. EBioMedicine (2019) 41:146–55.
doi: 10.1016/j.ebiom.2019.02.056

62. Poeck H, Besch R, Maihoefer C, Renn M, Tormo D, Morskaya SS, et al. 5'-
Triphosphate-siRNA: Turning gene silencing and RIG-I activation against melanoma.
Nat Med (2008) 14(11):1256–63. doi: 10.1038/nm.1887

63. Kalluri R. The biology and function of fibroblasts in cancer. Nat Rev Cancer (2016)
16(9):582–98. doi: 10.1038/nrc.2016.73

64. Johnson LR, Lee DY, Eacret JS, Ye D, June CH, Minn AJ. The immunostimulatory
RNA RN7SL1 enables CAR-T cells to enhance autonomous and endogenous immune
function. Cell (2021) 184(19):4981–95.e14. doi: 10.1016/j.cell.2021.08.004

65. Jiang M, Zhang S, Yang Z, Lin H, Zhu J, Liu L, et al. Self-recognition of an inducible
host lncRNA by RIG-I feedback restricts innate immune response. Cell (2018) 173
(4):906–19.e13. doi: 10.1016/j.cell.2018.03.064

66. Sola M, Menon AP, Moreno B, Meraviglia-Crivelli D, Soldevilla MM, Carton-
Garcia F, et al. Aptamers against live targets: Is in vivo SELEX finally coming to the edge?
Mol Ther Nucleic Acids (2020) 21:192–204. doi: 10.1016/j.omtn.2020.05.025

67. Lentz RW, Colton MD, Mitra SS, Messersmith WA. Innate immune checkpoint
inhibitors: The next breakthrough in medical oncology? Mol Cancer Ther (2021) 20
(6):961–74. doi: 10.1158/1535-7163.MCT-21-0041

68. Thomas BJ, Porciani D, Burke DH. Cancer immunomodulation using bispecific
aptamers. Mol Ther Nucleic Acids (2022) 27:894–915. doi: 10.1016/j.omtn.2022.01.008

69. Liu X, Yan H, Liu Y, Chang Y. Targeted cell-cell interactions by DNA
nanoscaffold-templated multivalent bispecific aptamers. Small (2011) 7(12):1673–82.
doi: 10.1002/smll.201002292

70. Soldevilla MM, Villanueva H, Casares N, Lasarte JJ, Bendandi M, Inoges S, et al.
MRP1-CD28 bi-specific oligonucleotide aptamers: Target costimulation to drug-resistant
melanoma cancer stem cells. Oncotarget (2016) 7(17):23182–96. doi: 10.18632/
oncotarget.8095

71. Pastor F, Kolonias D, McNamara JO, Gilboa E. Targeting 4-1BB costimulation to
disseminated tumor lesions with bi-specific oligonucleotide aptamers.Mol Ther (2011) 19
(10):1878–86. doi: 10.1038/mt.2011.145

72. Schrand B, Berezhnoy A, Brenneman R, Williams A, Levay A, Kong L-Y, et al.
Targeting 4-1BB costimulation to the tumor stroma with bispecific aptamer conjugates
enhances the therapeutic index of tumor immunotherapy. Cancer Immunol Res (2014) 2
(9):867–77. doi: 10.1158/2326-6066.CIR-14-0007

73. Santulli-Marotto S, Nair SK, Rusconi C, Sullenger B, Gilboa E. Multivalent RNA
aptamers that inhibit CTLA-4 and enhance tumor immunity. Cancer Res (2003) 63
(21):7483–9.

74. McNamara JO, Kolonias D, Pastor F, Mittler RS, Chen L, Giangrande PH, et al.
Multivalent 4-1BB binding aptamers costimulate CD8+ T cells and inhibit tumor growth
in mice. Crit Rev Microbiol (2008) 118(1):376–86. doi: 10.1172/JCI33365

75. Soldevilla MM, Villanueva H, Bendandi M, Inoges S, López-Dıáz de Cerio A,
Pastor F. 2-Fluoro-RNA oligonucleotide CD40 targeted aptamers for the control of b
frontiersin.org

https://doi.org/10.1016/s0065-2776(01)78001-7
https://doi.org/10.3389/fnmol.2019.00314
https://doi.org/10.1189/jlb.2RI1115-531R
https://doi.org/10.1016/j.immuni.2011.05.003
https://doi.org/10.1111/imr.13022
https://doi.org/10.1111/imr.13022
https://doi.org/10.1126/science.1132998
https://doi.org/10.1093/nar/gkr1098
https://doi.org/10.1016/j.cell.2009.06.015
https://doi.org/10.1128/mBio.00823-18
https://doi.org/10.1093/nar/gkab1145
https://doi.org/10.1128/MCB.00990-14
https://doi.org/10.1016/j.cell.2017.06.031
https://doi.org/10.1016/j.it.2016.12.004
https://doi.org/10.3109/08830185.2014.921164
https://doi.org/10.1093/intimm/dxn027
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1038/s41580-020-0244-x
https://doi.org/10.1038/s41580-020-0244-x
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.3389/fimmu.2012.00009
https://doi.org/10.1038/nri2314
https://doi.org/10.1016/j.immuni.2020.04.004
https://doi.org/10.1172/jci.insight.122673
https://doi.org/10.1126/scitranslmed.aao4521
https://doi.org/10.1126/scitranslmed.aao4521
https://doi.org/10.1097/QAD.0000000000002213
https://doi.org/10.3389/fimmu.2012.00406
https://doi.org/10.1016/j.coph.2018.05.003
https://doi.org/10.1016/j.coph.2018.05.003
https://doi.org/10.1038/nri3247
https://doi.org/10.1038/nri3247
https://doi.org/10.1038/nri3875
https://doi.org/10.1586/14760584.2015.966085
https://doi.org/10.1084/jem.20090247
https://doi.org/10.1084/jem.20090247
https://doi.org/10.1016/j.jconrel.2016.11.011
https://doi.org/10.1016/j.jconrel.2016.11.011
https://doi.org/10.1126/science.aau0810
https://doi.org/10.2174/1574892812666171030163804
https://doi.org/10.18632/oncotarget.8420
https://doi.org/10.1158/0008-5472.CAN-11-3850
https://doi.org/10.1158/0008-5472.CAN-11-3850
https://doi.org/10.1038/cdd.2014.96
https://doi.org/10.1038/cdd.2014.96
https://doi.org/10.1038/s41586-019-1593-5
https://doi.org/10.1038/s41586-019-1593-5
https://doi.org/10.18632/oncotarget.25626
https://doi.org/10.1158/0008-5472.CAN-18-0730
https://doi.org/10.1016/j.ebiom.2019.02.056
https://doi.org/10.1038/nm.1887
https://doi.org/10.1038/nrc.2016.73
https://doi.org/10.1016/j.cell.2021.08.004
https://doi.org/10.1016/j.cell.2018.03.064
https://doi.org/10.1016/j.omtn.2020.05.025
https://doi.org/10.1158/1535-7163.MCT-21-0041
https://doi.org/10.1016/j.omtn.2022.01.008
https://doi.org/10.1002/smll.201002292
https://doi.org/10.18632/oncotarget.8095
https://doi.org/10.18632/oncotarget.8095
https://doi.org/10.1038/mt.2011.145
https://doi.org/10.1158/2326-6066.CIR-14-0007
https://doi.org/10.1172/JCI33365
https://doi.org/10.3389/fimmu.2023.1053550
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Panigaj et al. 10.3389/fimmu.2023.1053550
lymphoma and bone-marrow aplasia. Biomaterials (2015) 67:274–85. doi: 10.1016/
j.biomaterials.2015.07.020

76. Dollins CM, Nair S, Boczkowski D, Lee J, Layzer JM, Gilboa E, et al. Assembling
OX40 aptamers on a molecular scaffold to create a receptor-activating aptamer. Chem Biol
(2008) 15(7):675–82. doi: 10.1016/j.chembiol.2008.05.016

77. Agnello L, Camorani S, Fedele M, Cerchia L. Aptamers and antibodies: Rivals or
allies in cancer targeted therapy? Explor Target Antitumor Ther (2021) 2(1):107–21.
doi: 10.37349/etat.2021.00035

78. Nagaswamy U, Voss N, Zhang Z, Fox GE. Database of non-canonical base pairs
found in known RNA structures. Nucleic Acids Res (2000) 28(1):375–6. doi: 10.1093/nar/
28.1.375

79. Bhattacharyya D, Mitra A. Canonical and non-canonical base pairs in DNA or
RNA: Structure, function and dynamics . Available at: https://osf.io/suhpw/download.

80. Velema WA, Kool ET. The chemistry and applications of RNA 2′-OH acylation.
Nat Rev Chem (2020) 4(1):22–37. doi: 10.1038/s41570-019-0147-6

81. Leontis NB, Westhof E. Geometric nomenclature and classification of RNA base
pairs. RNA (2001) 7(4):499–512. doi: 10.1017/s1355838201002515

82. Afonin KA, Viard M, Koyfman AY, Martins AN, Kasprzak WK, Panigaj M, et al.
Multifunctional RNA nanoparticles. Nano Lett (2014) 14(10):5662–71. doi: 10.1021/
nl502385k

83. Rackley L, Stewart JM, Salotti J, Krokhotin A, Shah A, Halman JR, et al. RNA
Fibers as optimized nanoscaffolds for siRNA coordination and reduced immunological
recognition. Adv Funct Mater (2018) 28(48). doi: 10.1002/adfm.201805959

84. Afonin KA, Kasprzak WK, Bindewald E, Kireeva M, Viard M, Kashlev M, et al. In
silico design and enzymatic synthesis of functional RNA nanoparticles. Acc Chem Res
(2014) 47(6):1731–41. doi: 10.1021/ar400329z

85. Afonin KA, Bindewald E, Yaghoubian AJ, Voss N, Jacovetty E, Shapiro BA, et al. In
vitro assembly of cubic RNA-based scaffolds designed in silico. Nat Nanotechnol (2010) 5
(9):676–82. doi: 10.1038/nnano.2010.160

86. Tran AN, Chandler M, Halman J, Beasock D, Fessler A, McKeough RQ, et al.
Anhydrous nucleic acid nanoparticles for storage and handling at broad range of
temperatures. Small (2022) 18(13):e2104814. doi: 10.1002/smll.202104814

87. Johnson MB, Halman JR, Satterwhite E, Zakharov AV, Bui MN, Benkato K, et al.
Programmable nucleic acid based polygons with controlled neuroimmunomodulatory
properties for predictive QSAR modeling. Small (2017) 13(42). doi: 10.1002/
smll.201701255

88. Hong E, Halman JR, Shah AB, Khisamutdinov EF, Dobrovolskaia MA, Afonin KA.
Structure and composition define immunorecognition of nucleic acid nanoparticles.Nano
Lett (2018) 18(7):4309–21. doi: 10.1021/acs.nanolett.8b01283

89. Halman JR, Satterwhite E, Roark B, Chandler M, Viard M, Ivanina A, et al.
Functionally-interdependent shape-switching nanoparticles with controllable properties.
Nucleic Acids Res (2017) 45(4):2210–20. doi: 10.1093/nar/gkx008

90. Chandler M, Afonin KA. Smart-responsive nucleic acid nanoparticles (NANPs)
with the potential to modulate immune behavior. Nanomaterials (Basel) (2019) 9(4).
doi: 10.3390/nano9040611

91. Johnson MB, Halman JR, Miller DK, Cooper JS, Khisamutdinov EF, Marriott I,
et al. The immunorecognition, subcellular compartmentalization, and physicochemical
properties of nucleic acid nanoparticles can be controlled by composition modification.
Nucleic Acids Res (2020) 48(20):11785–98. doi: 10.1093/nar/gkaa908

92. Stewart JM, Viard M, Subramanian HK, Roark BK, Afonin KA, Franco E.
Programmable RNA microstructures for coordinated delivery of siRNAs. Nanoscale
(2016) 8(40):17542–50. doi: 10.1039/c6nr05085a

93. Saito RF, Rangel MC, Halman JR, Chandler M, de Sousa Andrade LN, Odete-
Bustos S, et al. Simultaneous silencing of lysophosphatidylcholine acyltransferases 1-4 by
nucleic acid nanoparticles (NANPs) improves radiation response of melanoma cells.
Nanomedicine (2021) 36:102418. doi: 10.1016/j.nano.2021.102418

94. Chandler M, Rolband L, Johnson MB, Shi D, Avila YI, Cedrone E, et al. Expanding
structural space for immunomodulatory nucleic acid nanoparticles (NANPs) via spatial
arrangement of their therapeutic moieties. Adv Funct Mater (2022) 32. doi: 10.1002/
adfm.202205581

95. Afonin KA, Viard M, Martins AN, Lockett SJ, Maciag AE, Freed EO, et al.
Activation of different split functionalities on re-association of RNA-DNA hybrids. Nat
Nanotechnol (2013) 8(4):296–304. doi: 10.1038/nnano.2013.44

96. Afonin KA, Desai R, Viard M, Kireeva ML, Bindewald E, Case CL, et al. Co-
Transcriptional production of RNA-DNA hybrids for simultaneous release of multiple
split functionalities. Nucleic Acids Res (2014) 42(3):2085–97. doi: 10.1093/nar/gkt1001

97. Afonin KA, Viard M, Tedbury P, Bindewald E, Parlea L, Howington M, et al. The
use of minimal RNA toeholds to trigger the activation of multiple functionalities. Nano
Lett (2016) 16(3):1746–53. doi: 10.1021/acs.nanolett.5b04676

98. Martins AN, Ke W, Jawahar V, Striplin M, Striplin C, Freed EO, et al. Intracellular
reassociation of RNA-DNA hybrids that activates RNAi in HIV-infected cells. Methods
Mol Biol (2017) 1632:269–83. doi: 10.1007/978-1-4939-7138-1_18

99. Ke W, Hong E, Saito RF, Rangel MC, Wang J, Viard M, et al. RNA-DNA Fibers
and polygons with controlled immunorecognition activate RNAi, FRET and
transcriptional regulation of NF-kB in human cells. Nucleic Acids Res (2019) 47
(3):1350–61. doi: 10.1093/nar/gky1215

100. Halman JR, Kim KT, Gwak SJ, Pace R, Johnson MB, Chandler MR, et al. A
cationic amphiphilic Co-polymer as a carrier of nucleic acid nanoparticles (NANPs) for
Frontiers in Immunology 14
controlled gene silencing, immunostimulation, and biodistribution. Nanomedicine (2020)
23:102094. doi: 10.1016/j.nano.2019.102094

101. Avila YI, Chandler M, Cedrone E, Newton HS, Richardson M, Xu J, et al.
Induction of cytokines by nucleic acid nanoparticles (NANPs) depends on the type of
delivery carrier. Molecules (2021) 26(3). doi: 10.3390/molecules26030652

102. Cruz-Acuna M, Halman JR, Afonin KA, Dobson J, Rinaldi C. Magnetic
nanoparticles loaded with functional RNA nanoparticles. Nanoscale (2018) 10
(37):17761–70. doi: 10.1039/c8nr04254c

103. Juneja R, Vadarevu H, Halman J, Tarannum M, Rackley L, Dobbs J, et al.
Combination of nucleic acid and mesoporous silica nanoparticles: Optimization and
therapeutic performance. In Vitro ACS Appl Mater Interfaces (2020) 12(35):38873–86.
doi: 10.1021/acsami.0c07106

104. Afonin KA, Dobrovolskaia MA, Church G, Bathe M. Opportunities, barriers, and
a strategy for overcoming translational challenges to therapeutic nucleic acid
nanotechnology. ACS Nano (2020) 14(8):9221–7. doi: 10.1021/acsnano.0c04753

105. Dobrovolskaia MA, Afonin KA. Use of human peripheral blood mononuclear
cells to define immunological properties of nucleic acid nanoparticles. Nat Protoc (2020)
15(11):3678–98. doi: 10.1038/s41596-020-0393-6

106. Hong E, Halman JR, Shah A, Cedrone E, Truong N, Afonin KA, et al. Toll-like
receptor-mediated recognition of nucleic acid nanoparticles (NANPs) in human primary
blood cells. Molecules (2019) 24(6). doi: 10.3390/molecules24061094

107. Ke W, Chandler M, Cedrone E, Saito RF, Rangel MC, de Souza Junqueira M, et al.
Locking and unlocking thrombin function using immunoquiescent nucleic acid
nanoparticles with regulated retention in vivo. Nano Lett (2022) 22(14):5961–72.
doi: 10.1021/acs.nanolett.2c02019

108. Bila D, Radwan Y, Dobrovolskaia MA, Panigaj M, Afonin KA. The recognition of
and reactions to nucleic acid nanoparticles by human immune cells. Molecules (2021) 26
(14). doi: 10.3390/molecules26144231

109. Johnson MB, Halman JR, Burmeister AR, Currin S, Khisamutdinov EF, Afonin
KA, et al. Retinoic acid inducible gene-I mediated detection of bacterial nucleic acids in
human microglial cells. J Neuroinflamm (2020) 17(1):139. doi: 10.1186/s12974-020-
01817-1

110. Gupta K, Afonin KA, Viard M, Herrero V, Kasprzak W, Kagiampakis I, et al.
Bolaamphiphiles as carriers for siRNA delivery: From chemical syntheses to practical
applications. J Controlled Release (2015) 213:142–51. doi: 10.1016/j.jconrel.2015.06.041

111. Kim T, Viard M, Afonin KA, Gupta K, Popov M, Salotti J, et al. Characterization
of cationic bolaamphiphile vesicles for siRNA delivery into tumors and brain. Mol Ther
Nucleic Acids (2020) 20:359–72. doi: 10.1016/j.omtn.2020.02.011

112. Shi D, Beasock D, Fessler A, Szebeni J, Ljubimova JY, Afonin KA, et al. To
pegylate or not to pegylate: Immunological properties of nanomedicine's most popular
component, polyethylene glycol and its alternatives. Adv Drug Delivery Rev (2022)
180:114079. doi: 10.1016/j.addr.2021.114079

113. Ke W, Afonin KA. Exosomes as natural delivery carriers for programmable
therapeutic nucleic acid nanoparticles (NANPs). Adv Drug Delivery Rev (2021)
176:113835. doi: 10.1016/j.addr.2021.113835

114. Nordmeier S, Ke W, Afonin KA, Portnoy V. Exosome mediated delivery of
functional nucleic acid nanoparticles (NANPs). Nanomedicine (2020) 30:102285.
doi: 10.1016/j.nano.2020.102285

115. Chandler M, Lyalina T, Halman J, Rackley L, Lee L, Dang D, et al. Broccoli
fluorets: Split aptamers as a user-friendly fluorescent toolkit for dynamic RNA
nanotechnology. Molecules (2018) 23(12). doi: 10.3390/molecules23123178

116. Johnson MB, Chandler M, Afonin KA. Nucleic acid nanoparticles (NANPs) as
molecular tools to direct desirable and avoid undesirable immunological effects. Adv Drug
Delivery Rev (2021) 173:427–38. doi: 10.1016/j.addr.2021.04.011

117. Yokobayashi Y. Aptamer-based and aptazyme-based riboswitches in mammalian
cells. Curr Opin Chem Biol (2019) 52:72–8. doi: 10.1016/j.cbpa.2019.05.018

118. Panigaj M, Johnson MB, Ke W, McMillan J, Goncharova EA, Chandler M, et al.
Aptamers as modular components of therapeutic nucleic acid nanotechnology. ACS Nano
(2019) 13(11):12301–21. doi: 10.1021/acsnano.9b06522

119. Sajja S, Chandler M, Striplin C, Afonin KA. Activation of split RNA aptamers:
Experiments demonstrating the enzymatic synthesis of short RNAs and their assembly as
observed by fluorescent response. J Chem Educ (2018) 95:1861-1866. doi: 10.1021/
acs.jchemed.7b00759

120. Afonin KA, Dobrovolskaia MA, Ke W, Grodzinski P, Bathe M. Critical review of
nucleic acid nanotechnology to identify gaps and inform a strategy for accelerated clinical
translation. Adv Drug Delivery Rev (2022) 181:114081. doi: 10.1016/j.addr.2021.114081

121. Chandler M, Johnson B, Khisamutdinov E, Dobrovolskaia MA, Sztuba-Solinska J,
Salem AK, et al. The international society of RNA nanotechnology and nanomedicine
(ISRNN): The present and future of the burgeoning field. ACS Nano (2021) 15:16957-
16973. doi: 10.1021/acsnano.0c10240

122. Stein CA, Castanotto D. FDA-Approved oligonucleotide therapies in 2017. Mol
Ther (2017) 25(5):1069–75. doi: 10.1016/j.ymthe.2017.03.023

123. Igarashi J, Niwa Y, Sugiyama D. Research and development of oligonucleotide
therapeutics in Japan for rare diseases. Future Rare Dis (2022) 2(1):FRD19. doi: 10.2217/
frd-2021-0008

124. Kulkarni JA, Witzigmann D, Thomson SB, Chen S, Leavitt BR, Cullis PR, et al.
The current landscape of nucleic acid therapeutics. Nat Nanotechnol (2021) 16(6):630–43.
doi: 10.1038/s41565-021-00898-0
frontiersin.org

https://doi.org/10.1016/j.biomaterials.2015.07.020
https://doi.org/10.1016/j.biomaterials.2015.07.020
https://doi.org/10.1016/j.chembiol.2008.05.016
https://doi.org/10.37349/etat.2021.00035
https://doi.org/10.1093/nar/28.1.375
https://doi.org/10.1093/nar/28.1.375
https://osf.io/suhpw/download
https://doi.org/10.1038/s41570-019-0147-6
https://doi.org/10.1017/s1355838201002515
https://doi.org/10.1021/nl502385k
https://doi.org/10.1021/nl502385k
https://doi.org/10.1002/adfm.201805959
https://doi.org/10.1021/ar400329z
https://doi.org/10.1038/nnano.2010.160
https://doi.org/10.1002/smll.202104814
https://doi.org/10.1002/smll.201701255
https://doi.org/10.1002/smll.201701255
https://doi.org/10.1021/acs.nanolett.8b01283
https://doi.org/10.1093/nar/gkx008
https://doi.org/10.3390/nano9040611
https://doi.org/10.1093/nar/gkaa908
https://doi.org/10.1039/c6nr05085a
https://doi.org/10.1016/j.nano.2021.102418
https://doi.org/10.1002/adfm.202205581
https://doi.org/10.1002/adfm.202205581
https://doi.org/10.1038/nnano.2013.44
https://doi.org/10.1093/nar/gkt1001
https://doi.org/10.1021/acs.nanolett.5b04676
https://doi.org/10.1007/978-1-4939-7138-1_18
https://doi.org/10.1093/nar/gky1215
https://doi.org/10.1016/j.nano.2019.102094
https://doi.org/10.3390/molecules26030652
https://doi.org/10.1039/c8nr04254c
https://doi.org/10.1021/acsami.0c07106
https://doi.org/10.1021/acsnano.0c04753
https://doi.org/10.1038/s41596-020-0393-6
https://doi.org/10.3390/molecules24061094
https://doi.org/10.1021/acs.nanolett.2c02019
https://doi.org/10.3390/molecules26144231
https://doi.org/10.1186/s12974-020-01817-1
https://doi.org/10.1186/s12974-020-01817-1
https://doi.org/10.1016/j.jconrel.2015.06.041
https://doi.org/10.1016/j.omtn.2020.02.011
https://doi.org/10.1016/j.addr.2021.114079
https://doi.org/10.1016/j.addr.2021.113835
https://doi.org/10.1016/j.nano.2020.102285
https://doi.org/10.3390/molecules23123178
https://doi.org/10.1016/j.addr.2021.04.011
https://doi.org/10.1016/j.cbpa.2019.05.018
https://doi.org/10.1021/acsnano.9b06522
https://doi.org/10.1021/acs.jchemed.7b00759
https://doi.org/10.1021/acs.jchemed.7b00759
https://doi.org/10.1016/j.addr.2021.114081
https://doi.org/10.1021/acsnano.0c10240
https://doi.org/10.1016/j.ymthe.2017.03.023
https://doi.org/10.2217/frd-2021-0008
https://doi.org/10.2217/frd-2021-0008
https://doi.org/10.1038/s41565-021-00898-0
https://doi.org/10.3389/fimmu.2023.1053550
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Panigaj et al. 10.3389/fimmu.2023.1053550
125. ClinicalTrials.gov. Intratumoral/Intralesional administration of MK-4621/
JetPEI™ with or without pembrolizumab in participants with Advanced/Metastatic or
recurrent solid tumors (MK-4621-002). https://clinicaltrials.gov/ct2/show/NCT03739138

126. Mao T, Israelow B, Lucas C, Vogels CBF, Gomez-Calvo ML, Fedorova O, et al. A
stem-loop RNA RIG-I agonist protects against acute and chronic SARS-CoV-2 infection
in mice. J Exp Med (2022) 219(1). doi: 10.1084/jem.20211818

127. . Orphan drug designations and approvals. https://www.accessdata.fda.gov/
scripts/opdlisting/oopd/detailedIndex.cfm?cfgridkey=907922

128. Mitchell WM. Efficacy of rintatolimod in the treatment of chronic fatigue
Syndrome/Myalgic encephalomyelitis (CFS/ME). Expert Rev Clin Pharmacol (2016) 9
(6):755–70. doi: 10.1586/17512433.2016.1172960

129. Strayer DR, Young D, Mitchell WM. Effect of disease duration in a randomized
phase III trial of rintatolimod, an immune modulator for myalgic Encephalomyelitis/
Chronic fatigue syndrome. PloS One (2020) 15(10):e0240403. doi: 10.1371/
journal.pone.0240403

130. Eulberg D, Klussmann S. Spiegelmers: Biostable aptamers. ChemBioChem (2003)
4(10):979–83. doi: 10.1002/cbic.200300663
Frontiers in Immunology 15
131. Ehling J, Bartneck M,Wei X, Gremse F, Fech V, Mockel D, et al. CCL2-dependent
infiltrating macrophages promote angiogenesis in progressive liver fibrosis. Gut (2014) 63
(12):1960–71. doi: 10.1136/gutjnl-2013-306294

132. Bartneck M, Schrammen PL, Mockel D, Govaere O, Liepelt A, Krenkel O, et al.
The CCR2(+) macrophage subset promotes pathogenic angiogenesis for tumor
vascularization in fibrotic livers. Cell Mol Gastroenterol Hepatol (2019) 7(2):371–90.
doi: 10.1016/j.jcmgh.2018.10.007

133. Zboralski D, Hoehlig K, Eulberg D, Fromming A, Vater A. Increasing tumor-
infiltrating T cells through inhibition of CXCL12 with NOX-A12 synergizes with PD-1
blockade. Cancer Immunol Res (2017) 5(11):950–6. doi: 10.1158/2326-6066.CIR-16-0303

134. Suarez-Carmona M, Williams A, Schreiber J, Hohmann N, Pruefer U, Krauss J,
et al. Combined inhibition of CXCL12 and PD-1 in MSS colorectal and pancreatic cancer:
Modulation of the microenvironment and clinical effects. J Immunother Cancer (2021) 9
(10). doi: 10.1136/jitc-2021-002505

135. Chandler M, Johnson M, Panigaj M, Afonin K. Innate immune responses triggered
by nucleic acids inspire the design of immunomodulatory nucleic acid nanoparticles
(NANPs). Curr Opin Biotechnol (2020) 63:8–15. doi: 10.1016/j.copbio.2019.10.011
frontiersin.org

https://clinicaltrials.gov/ct2/show/NCT03739138
https://doi.org/10.1084/jem.20211818
https://www.accessdata.fda.gov/scripts/opdlisting/oopd/detailedIndex.cfm?cfgridkey=907922
https://www.accessdata.fda.gov/scripts/opdlisting/oopd/detailedIndex.cfm?cfgridkey=907922
https://doi.org/10.1586/17512433.2016.1172960
https://doi.org/10.1371/journal.pone.0240403
https://doi.org/10.1371/journal.pone.0240403
https://doi.org/10.1002/cbic.200300663
https://doi.org/10.1136/gutjnl-2013-306294
https://doi.org/10.1016/j.jcmgh.2018.10.007
https://doi.org/10.1158/2326-6066.CIR-16-0303
https://doi.org/10.1136/jitc-2021-002505
https://doi.org/10.1016/j.copbio.2019.10.011
https://doi.org/10.3389/fimmu.2023.1053550
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Therapeutic immunomodulation by rationally designed nucleic acids and nucleic acid nanoparticles
	Immunorecognition of nucleic acids
	Therapeutic nucleic acids and PRR agonists as immunomodulators
	Endogenous noncoding RNAs as immunomodulators
	Aptamers as extracellular immunomodulators
	Nucleic acid nanoparticles as intracellular modulators
	Combinations of different carriers and NANPs as intracellular modulators
	Translation of immunomodulatory nucleic acid therapeutics to the clinic
	Summary
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


