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Abstract: DNA can be used for precise construction of complex and flexible micro-nanostructures, including DNA origami, frame
nucleic acids, and DNA hydrogels. DNA nanomaterials have good biocompatibility and can enter macrophages via scavenger receptor-
mediated endocytosis. DNA nanomaterials can be uniquely and flexibly designed to ensure efficient uptake by macrophages, which
represents a novel strategy to regulate macrophage function. With the development of nanotechnology, major advances have been made
in the design and manufacturing of DNA nanomaterials for clinical therapy. In diseases accompanied by macrophage disturbances
including tumor, infectious diseases, arthritis, fibrosis, acute lung injury, and atherosclerosis, DNA nanomaterials received considerable
attention as potential treatments. However, we lack sufficient information to guarantee precise targeting of macrophages by DNA
nanomaterials, which precludes their therapeutic applications. In this review, we summarize recent studies of macrophage-targeting DNA
nanomaterials and discuss the limitations and challenges of this approach with regard to its potential use as a biological therapy.
Keywords: macrophages, DNA nanomaterials, therapy, macrophage-related diseases

Introduction

Macrophages are abundant immune cells that differentiate from monocytes and play a vital role in immune responses.
Macrophages specifically recognize targets through different surface receptors, and this recognition is necessary for their
phagocytic function.! Phagocytosis by macrophages is a key innate immune system mechanism to remove pathogens,
microorganisms, and harmful foreign particles from the body.> Macrophages also present antigens to recruit and activate
other immune cells (such as T and NK cells) to initiate adaptive immunity processes.’

In addition to their involvement in immune responses, macrophages also regulate inflammatory reactions. Depending on
the local environment, macrophages acquire different activation states. Traditionally, they are mainly divided into
a “classically activated” phenotype (also referred to as M1) and an “alternatively activated” phenotype (also referred to
as M2). Under stimulation with IFN-y and lipopolysaccharide(LPS), macrophages mainly present the M1 macrophage
phenotype (characterized by MHC-II and costimulatory molecules such as CD40, CD81, CD86, and intracellular iNOS
expression), known as “classically activated” phenotype. CD68" M1 macrophages promote inflammatory responses through
the secretion of pro-inflammatory factors, such as tumor necrosis factor a (TNF-a), interleukin 6 (IL-6), and IL-12. Under
stimulation with IL-4 and IL-13, macrophages present the M2 macrophage phenotype (characterized by CD206, CD163,
arginase-1 expression), also known as “alternatively activated” phenotype. The anti-inflammatory effect of CD206" M2
macrophages is mediated by the secretion of anti-inflammatory cytokines, such as transforming growth factor § (TGF-B)
and IL-10, which inhibit inflammation.* Changes in macrophage polarization phenotype occur in many pathological states
and play an important role in cancer, fibrosis, and infectious diseases.”® Therefore, the regulation of macrophage function is
an essential target for the treatment of diseases accompanied by disturbances of macrophage properties.

DNA nanomaterials with flexible structures and high biocompatibility are an emerging nanotechnology that can be used
to target macrophages. DNA nanomaterials can be engineered to enter macrophages through scavenger receptor-mediated
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endocytosis,” and various structural surface and shape modifications can increase the rate of uptake of these substances by
macrophages.®’ Unlike conventional nanomaterials,'® DNA nanomaterials are not overly toxic and have minor side effects
and good biological safety after the internalization by macrophages.'' These properties provide a unique advantage for
macrophage targeting. The high loading capacity of DNA nanomaterials is also a useful feature that can be exploited when
creating therapeutic agents targeting macrophages.

In this review, we provide a brief overview of the biological functions of macrophages in diseases, describe different
types of DNA nanostructures, and consider the necessary characteristics of macrophage-targeting DNA nanomaterials.
Next, we discuss the regulation of macrophages by DNA nanomaterials and their possible applications in various diseases.

Rationale for Macrophages as Therapeutic Targets in Diseases

Macrophages are present in almost all body tissues. Upon exposure to harmful stimuli (such as pathogens, microorgan-
isms, etc.), macrophages undergo a series of reactions and participate in the inflammatory response, a primary defense
mechanism in the body.'? During the early inflammatory stages or late stages of chronic inflammation, macrophages have
the pro-inflammatory phenotype. In contrast, macrophages show the anti-inflammatory phenotype during the late stages
of acute inflammation.'® This shift makes them key to multiple disorders (Figure 1).

Macrophages have two phenotypes: M1 macrophages secrete pro-inflammatory factors, initiating the creation of nitric
oxide (NO) and reactive oxygen species (ROS), which can be used to resist pathogen invasion. In contrast, M2 macro-
phages have an anti-inflammatory phenotype and secrete various cytokines, such as C-C motif chemokine ligand 22, and
anti-inflammatory mediators, such as arginase-1, to prevent excessive inflammatory damage to tissues.'*'> Phenotype

Figure | Rationale for using macrophages as therapeutic targets in diseases.
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transformation in macrophages is critical in multiple pathophysiological states. The enhanced antigen-presenting activity
and pro-inflammatory phenotypes of M1 macrophages eliminate infections caused by bacteria and viruses.'®'”

Changes in macrophage polarization accompany tissue damage and repair.'® When acute injury occurs, tissue-resident
and monocyte-derived macrophages act as receptors and effectors of inflammation and tissue damage.'” M1 macrophages
secrete inflammatory factors that play a classical inflammatory role, whereas M2 macrophages drive the repair process
following tissue damage.?® M2 macrophages have a profibrotic phenotype, which is a possible cause of scar formation
and fibrosis in various pathological states.*'

Tumor-associated macrophages (TAMs) are a crucial component of the tumor microenvironment. Differences in TAM
phenotype are essential for tumor development and progression. M1 TAMs recognize tumor cells and initiate the
subsequent immune response, thereby inhibiting tumor progression.”> M2 TAMs enhance immunosuppression by
secreting tumor growth-promoting cytokines, such as the epidermal growth factor and C-C motif chemokine ligand
18, factors that promote tumor metastasis, such as matrix metalloproteinases and urokinases, and tumor-promoting
substances (such as IL-10 and prostaglandin E2).** Thus, TAMs have become an attractive target for tumor therapy. For
example, targeting M2 macrophages was shown to suppress tumor growth and metastasis.>*

The key role of macrophages in inflammatory responses suggests that they cannot be ignored in diseases involving
inflammation. Unbalanced macrophage numbers during the inflammatory phase can lead to uncontrolled inflammatory
responses. At the onset of rheumatoid arthritis, macrophage infiltration is a manifestation of disease activity.”> M1
macrophages contribute to the release of inflammatory factors in the synovial fluid of joints, which worsens joint
erosion.”® Thus, modulation of macrophage phenotypes and inhibition of their activation are important therapeutic
strategies for rheumatoid arthritis (RA) inflammation.

In addition to their role in inflammation-related diseases, macrophages are involved in the development of athero-
sclerosis. Macrophage aggregation in the vessel wall is a major pathological feature of atherosclerosis. Macrophages
internalize lipids and retain them in the arterial wall, which is the basis of atherogenic plaque formation.’’ Both
macrophage numbers and phenotype affect this process. Oxidized cholesterol is taken up by macrophage scavenger
receptors. Oxidized cholesterol stored in the cells inhibits cytotoxicity.”® Abnormal apoptosis of macrophages, which is
a manifestation of clearance failure, exacerbates atherogenic plaque formation. The pro-inflammatory effect of M1
macrophages is also crucial for plaque formation and contributes to vulnerable plaques.” Given their critical role in
atherosclerosis, macrophages are attractive therapeutic targets.

M2 macrophages are key regulators of damage repair and play crucial roles in the initiation, maintenance, and resolution
of damage.*®>? Tissue macrophages are important chemokine producers that recruit T-cells and fibroblasts to coordinate the
development of fibrosis.>> Abnormal wound repair can lead to fibrosis and scar formation. M2 macrophages play an
essential role in fibrosis of various etiologies.** Targeting M2 macrophages may be used in antifibrotic therapy.

In-depth exploration of macrophage roles in inflammation and repair led to the realization that targeted regulation of
macrophage polarity and activation may help achieving a therapeutic effect by delaying disease progression and/or
reversing the disease occurrence.

DNA Nanomaterials

Overview of Functional DNA Nanostructures

DNA is a general polymer material that is widely used to construct complex nanostructures, as flexible conformation of its
deoxynucleotide chain can be achieved by precise design. DNA nanotechnology has enabled the development of complex,
convenient, and diverse DNA nanomaterials. With the development of DNA manipulation technology, DNA stiffness-based

tile and nanodynamic mechanical components can be produced,*>°

which are used as raw materials for constructing
nanostructures of different sizes.”’* Specific base arrangement and superposition of bases affect DNA flexibility.

DNA nanostructures can have single-layer, wireframe single-layer, and multilayer designs®® and be assembled into
one-dimensional or two-dimensional arrays, as well as three-dimensional DNA lattices. A three-dimensional DNA
crystal based on the bottom-up DNA assembly was reported in 2009.*> Subsequently, the concept of DNA origami

(DO) has brought new ideas and possibilities for the advancement of DNA nanotechnology.DO utilizes numerous short
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DNA oligonucleotides to create various designer nanoscale architectures by folding long single-stranded DNA.*' DO
significantly improves the scalability and complexity of DNA nanostructures, offering great potential for the develop-
ment of highly controlled nanomaterials.

Frame nucleic acid (FNA) structures, especially tetrahedral DNA nanostructures (TDNs)* that have been created
based on the DO technology, as well as other functional DNA nanomaterials are currently a focus of intensive research.
Various DNA self-assembled structures, such as DNA nanoflowers for immunotherapy and DNA nanotubes as drug
carrier platforms, have been used in preclinical therapy.43 44 DNA hydrogels have been also proposed as functional DNA
materials. Hydrogels can be divided into hybrid and pure DNA hydrogels.>® Owing to the three-dimensional network
structure formed by hydrophilic DNA cross-linking, DNA hydrogels have predictable structures and adjustable mechan-
ical strength.*> The programmability of DNA hydrogels may have great therapeutic potential as their properties enable
modulation of drug release. Functional DNA nanomaterials also include mixtures of proteins or nanoparticles, such as
DNA oligonucleotides attached to nanoparticles on poly(ethylene glycol)-coated superparamagnetic iron oxide nano-
particles (PEG-SPIONs).*® In addition, various chemical, fluorescent, and fluorescence-quenching groups can be
modified at both ends or in the middle of the DNA chain to enrich DNA function.*’*® For example, DNA nanomaterials
with a flat solid disk shape modified by the Cy5 dye can be efficiently taken up by macrophages.*” Mn*"-incorporating
tetrahedral DNA nanostructures can exert synergistic therapeutic effects.>”

Biological Properties of DNA Nanomaterials

Biological properties of DNA nanomaterials are closely related to their structure. As a therapeutic technology with great
potential, DNA nanotechnology has shown excellent structure stability, high load capacity, good biocompatibility and
biological safety, and high selectivity (Figure 2). These biological features render DNA nanotechnology a very important
modality in disease treatment.

The advantages of structural stability, high yield, versatility, and purity, are an important basis for the use of DNA
nanomaterials in biological applications. Most DNA nanostructures rely on hydrogen bonds to maintain their stability.
Recently, Wang et al used molecular docking tools based on a DNA framework to rationally design DNA nanomaterials
with higher stability.”' A method that utilizes topoisomerases to maintain the stability of DNA nanomaterials has been
reported recently.’® Topology isomerase transforms the original DNA topology into a nano-reticular structure, which
strengthens DNA nanomaterial and increases its stability.”® Schipperkes et al developed multifunctional DNA nanoma-
terials consisting of silica nanoparticles and carbon nanotubes functionalized with DNA.>*

Because their characteristics can be programmed and modified, DNA nanomaterials can be used as substance carriers
for therapeutic purposes. DNA nanomaterials loaded with pharmacological compounds, ribonucleic acids, and antibiotics
show high load capacities and can have different effects. Such DNA nanostructures have been made with the use of DNA
origami technology, DNA monocytes, nanocapsules, DNA self-assembly, and other approaches.

Good biocompatibility and biological safety are key advantages of DNA nanomaterials. DNA nanomaterials are
nontoxic and have been shown to have no side effects in several animal models.>> Hu et al reported high biocompatibility
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Figure 2 Biological properties of DNA nanomaterials. DNA- SPIONs, DNA superparamagnetic iron oxide nanoparticles.

Note: DNA-SPIONSs is adapted from Zhang L, Tian XY, Chan CKW, et al. Promoting the Delivery of Nanoparticles to Atherosclerotic Plaques by DNA Coating. ACS Appl
Mater Interfaces. 2019;11:13888-13904. Copyright {2019} American Chemical Society.*

Abbreviations: DNA nanoflowers; TDN, tetrahedral DNA nanostructures; DNA-based disk-shaped NPs, DNA-based disk-shaped nanoparticles.
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of silicon nanoparticle/carbon nanotube/DNA nanocomposites that had minimal adverse effects on the human body,
which enhanced the efficacy of the carried drug.>®

DNA nanomaterials show high selectivity. This feature, combined with the high loading capacity is particularly useful
for targeted therapy. Advances in research have enabled targeting specific cells and even subcellular structures by DNA
nanomaterials. DNA nanomaterials, such as DNA tetrahedron, spherical nucleic acids, and nanoparticle-templated DNA
nanostructures, can be taken up by cells through endocytosis to enable targeted intracellular delivery of functional
substances, such as small molecules, aptamers, and proteins.’’>®* DNA nanostructures target specific cells in a ligand-
receptor interaction-like fashion. The precise specificity of such cellular targeting is a landmark development in therapy.
Owing to its high specificity, precise targeted administration can reduce drug side effects and increase treatment utility.

The distinctive biological properties of DNA nanomaterials make them promising candidates for medical applica-
tions. The high selectivity of DNA nanomaterials gives them a unique advantage in targeted therapy.

Characteristics of DNA Nanomaterials Internalized by Macrophages

DNA nanomaterials exert their characteristic therapeutic effects by various mechanisms, including macrophage targeting
via scavenger receptor-mediated endocytosis (Figure 3).” Scavenger receptors are specifically expressed on the surface of
macrophages, where they take part in pathophysiological processes, such as inflammation. In Caenorhabditis elegans and
zebrafish, DNA nanomaterials are taken up by macrophages through scavenger receptor-mediated endocytosis.””*® Cui
et al reported that the DNA nanodevice E64-DNA was preferentially localized to mouse TAMs through endocytosis
mediated by the specific scavenger receptors SCARBI1 (class B scavenger receptor type 1) and MSR1 (macrophage
scavenger receptor 1).°! The novel scavenger receptor inhibitor PEGylated poly-lysine peptide has been shown to inhibit
the uptake of DNA nanoparticles by Kupffer cells in the liver.®*

Structural properties of DNA nanomaterials and modifications of the material surface significantly affect uptake
efficiency (Table 1). DNA nanostructure density and shape affect internalization by mouse macrophage-like cell line
RAW264.7 with high-density DNA structures having higher cellular uptake rates.® Ohtsuki et al used DO technology to
design rectangular DNA nanostructures with different rigidities.** They found that single-stranded circular DNA folded
into rectangular DNA nanostructure, and the number of staples positively correlated with the degree of uptake by
RAW264.7 cells. In contrast, the distance between DNA helices negatively correlated with the uptake rate. DNA with
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Figure 3 Various mechanisms of entry of DNA nanomaterials into cells. FA, folic acid; FA-DON, folic acid/DNA origami nanostructure.

Note: FA-DON is adapted from Ma Y, Lu Z, Jia B, et al. DNA Origami as a Nanomedicine for Targeted Rheumatoid Arthritis Therapy through Reactive Oxygen Species and
Nitric Oxide Scavenging. ACS Nano. 2022;16(8):12520—1253. Copyright {2022} American Chemical Society.®>

Abbreviation: NPs, nanoparticles.
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Table | Influence of Physiochemical Properties of DNA Nanomaterials on Their Interaction with

Macrophages
Physiochemical Parameters Influence of DNA Nanomaterials
on Macrophages
Composition High DNA density* Uptaket
Smaller average distance between DNA helices® Uptaket
Structure Folding of single-stranded circular DNA%* Uptaket
High folding degree®° Uptake?
Shape Multibranched shape-increasing pod number®>¢¢ Uptaket
Cytokine releasef
Ligand Folic acid modification® MI macrophage targeting?
Handle/anti-handle modified Cy5 dye*’ Uptake?
VCAM:-|-targeting peptides®’ RA macrophages targeting Uptaket

polypod-like structures can be efficiently taken up by macrophages. Mohri et al reported that uptake in RAW264.7, cells
increased with an increase in pod numbers.®>-%

The differences in cellular uptake are related not only to the structural properties but also to functional modifications
of DNA nanomaterials. DNA nanostructures can be edited to increase macrophage targeting. The modification by adding
functional groups such as peptides, folate, and dyes can promote the internalization by macrophages. In pathological
states, some glycoproteins, such as VCAM-1, are highly expressed on the surface of macrophages. Wang et al designed
DNA tetrahedron decoy oligodeoxynucleotides (TDN-dODNSs) carrying a peptide that bound specifically to VCAM-1,
which enabled targeting macrophages in a pathological state.®” Folic acid receptor is overexpressed in inflammation-
activated macrophages,” which provides theoretical support for the creation of DNA nanomaterials targeting macro-
phages via folic acid modifications. Ma et al developed a triangular origami nanostructure (FA-tDON), that targeted M1
macrophages via the added folate group.®®> Koga et al used DO technique to design flat solid disks functionalized with
different dyes and showed that mouse macrophage-like RAW264.7 cells preferentially accumulated disks containing
fluorophores conjugated with the handle/anti-handle modification of the Cy5 dye.*

The unique structure and endocytic mode of DNA nanomaterials give them the advantage of selective macrophage
targeting, thereby providing new therapeutic strategies for pathological responses in which macrophages participate.

Strategies for DNA Nanomaterials Targeting Macrophages

Regulation of Macrophage Polarization

The phenotypic transformation of macrophages depends primarily on the environmental signals. M1 macrophages have
a pro-inflammatory phenotype and secrete various inflammatory factors, such as TNF-a, IL-1B, and IL-6. M2 macro-
phages secrete large amounts of TGF-p and IL-10 to promote repair and angiogenesis.® DNA nanomaterials can
modulate macrophage polarity (Figure 4A). Wang et al reported that tetrahedral frame nucleic acids (tFNAs) inhibited
M2 macrophage polarization.” Zhang et al showed that tetrahedral DNA nanostructures induced M1 polarization of
RAW264.7 cells.”® The effects of DNA nanomaterials on macrophage polarization may enable them to have therapeutic
effects in diseases associated with dysregulation of macrophage properties.

Activation of Pattern Recognition Receptors in Macrophages

Pattern recognition receptors (PRRs) act as the frontline of immune response.”' According to their cellular location, PRRs
are classified into endosomal Toll-like receptors (TLRs) and cytosolic PRRs (such as STING signaling receptors).”? The
CpG motif is a well-characterized agonist of TLR9.” Li et al designed a stable and non-toxic TDN structure loaded with
immunoreactive methylated cytosine-phosphate-guanosine (CpG motif) oligodeoxynucleotides.”* Macrophage-like
RAW?264.7 cells internalized this TDN, which was then recognized by TLRY, leading to macrophage activation. In addition
to TDN, multiple DNA nanostructures with loaded CpG motifs can also activate TLRs, including self-assembled DNA
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Figure 4 Strategies for targeting macrophages by using DNA nanomaterials. (A) Tetrahedral frame nucleic acid regulates macrophage polarization. (B) DNA nanomaterials
activate pattern recognition receptors in macrophages. (C) DNA nanomaterials act as carriers of drugs modulating macrophage functions.

Abbreviations: Dex, dexamethasone; dODN, decoy oligodeoxynucleotides; ER, endoplasmic reticulum; IFN, interferon; IL, interleukin; siRNA, small interfering RNA; TLR,
toll-like receptor.

immunonanoflowers, Y-shaped DNA nanostructures, DNA-based disk-shaped nanoparticles, and polypod-like DNA nanos-
tructures (Figure 4B).**¢%7>7 Meanwhile, the expression of co-stimulatory signals such as CD40 and CD83 in macro-
phages was significantly increased, resulting from the activation of TLR9 by DNA nanomaterials.”®

The STING/type I interferon pathway is essential for autoimmunity. Liang et al reported that TDNs nanostructures
activate the STING/type I interferon pathway in macrophages,” which induces the production of IFN-B and
NF-kB-dependent pro-inflammatory cytokines.”’

DNA nanomaterials regulate autoimmunity in macrophages by activating PRRs. This provides a new direction for
treating autoimmune-related diseases.

DNA Nanomaterials as Carriers of Substances Acting on Macrophages

DNA nanomaterials loaded with glucocorticoids, small interfering RNAs (siRNAs), and deoxynucleotides show a high
load capacity and could play critical roles in the treatment of conditions accompanied by disturbances in macrophage
properties (Figure 4C). Sellner et al designed a DNA nanotube that enabled targeted delivery of dexamethasone to
macrophages. The anti-inflammatory strategy utilizing such drug delivery platform can reduce the off-target effects of the
delivered drugs.** Zhang et al used tFNA as a vector to deliver siRNA that targeted macrophages to downregulate TLR2
expression.”® The NF-kB dODNs specifically inhibited the expression of genes encoding pro-inflammatory cytokines by
acting on the NF-kB signaling pathway. Wang et al developed a self-assembled TDN loaded with NF-kB bait dODN that
decreased the inflammation response in macrophages.®’
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Application of DNA Nanomaterials for Treatment of Diseases

Accompanied by Macrophage Disturbances

Owing to their ability to target macrophages, DNA nanomaterials have received considerable attention as potential
treatments of pathological states associated with dysregulation of these cells. In particular, applications of DNA
nanomaterials to treat tumor, infectious diseases, arthritis, fibrosis, acute lung injury, and atherosclerosis may be
particularly promising (Table 2). The effects of DNA nanomaterials in these diseases based on macrophage targeting
are described in detail below.

Tumor
Chronic inflammation increases the risk of tumor. Continuous production of various growth factors and chemo-
kines in the tumor microenvironment promotes the proliferation and survival of tumor cells, leading to tumor
invasion and progression.®® Therefore, inhibition of persistent inflammation can effectively prevent and delay the
occurrence and development of tumors.®> Tumor-associated inflammation involves complex interactions between
multiple types of cells. TAMs play a key role in this process.*® Pro-inflammatory M1 macrophages secrete
antitumor factors, such as TNF-q, IL-6, and others, whereas anti-inflammatory M2 macrophages release cytokines
such as TGF-B, IL-10, and others, which promote tumor progression.®

TAMs are a promising target for tumor therapy. In recent years, researchers have developed various DNA nanomaterials
to treat tumors by regulating macrophage function (Figure 5A). DNA nanodevice E64-DNA designed by Cui et al targets
TAMs, particularly M2 macrophages.®’ The cysteine protease inhibitor E64 affects the localization of macrophage lysosomes
benefiting from scavenger receptor-mediated specific uptake. Excessive activity of cysteine proteases in TAM inhibits CD8"
T-cell activation by hindering antigen cross-presentation. The anti-tumor effect of E64-DNA was achieved by reducing the
expression of the lysosomal cysteine protease. A combination of E64-DNA and cyclophosphamide significantly reduced the
proliferation of E0771 carcinoma cells.®' Liang et al found TDNs can enter and activate macrophages.’® TDNs mainly exert
antitumor effects by promoting the activation of the cytosolic immune recognition receptor STING and polarization of M1
macrophages. Synergizing with Mn®", TDNs inhibited the growth of mouse Hepa 1-6 hepatoma cells by upregulating the
levels of IFN-f, iNOS, and various co-stimulatory molecules for antigen presentation.”’® Zhang et al designed self-assembled
DNA nanoflowers integrated with a CpG motif by the rolling circle replication.** These DNA nanoflowers effectively
delivered immune stimulation, triggering macrophage proliferation.* Tumor cells undergo apoptosis and necrosis resulting
from the secretion of inflammatory factors by activated macrophages DO nanostructures were also shown to bind to CpG
motifs by complementary hybridization to activate TLR9 in RAW264.7 macrophages.’®

DNA nanostructures have been shown to inhibit tumor growth and proliferation by promoting antigen cross-
presentation, proliferation, and immune activation of macrophages.

Infectious Diseases

When pathogens invade the body, various immune cells, including macrophages, elicit an immune response.The
occurrence of infectious diseases is closely linked to the activation of immune cells and the production of various
inflammatory factors. French et al observed the co-localization of the DNA flower structure in macrophages infected with
Mycobacterium tuberculosis and Leishmania infantum.*® This suggests that targeting macrophages by DNA nanostruc-
tures may remarkably facilitate treatment of infectious diseases.

To better explore their application prospects, various DNA nanomaterials have been tested in infectious disease
models (Figure 5B). Zhang et al studied the effects of TDNs on lipopolysaccharide (LPS)-induced macrophages.’® They
observed that TDNs attenuated the production of various cytokines, including IL-1B, IL-6, and NO in LPS-induced
RAW264.7 cells by inhibiting the phosphorylation of MAPK. In addition, TDNs inhibited ROS production and cell
apoptosis by activating the transcription of the antioxidative enzyme heme oxygenase-1 gene.”’

DNA nanostructures can also serve as a transport platform to carry “cargo” that regulates the ability of
macrophages to counteract infections. Zhang et al designed a TDN to deliver siRNA that blocks the LPS-
induced expression of TLR2, which inhibits the synthesis and release of inflammatory factors in macrophages.’®
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Table 2 DNA Nanostructures and Functional Substances They Carry for Treatment of Diseases with Macrophage Dysregulation

Functional Substance

DNA Nanostructure

Target

Mechanism

Indications

Cysteine protease
inhibitor
CpG-ODN

MnOz

TLR2 siRNA
Vancomycin
ZnO

NF-kB decoy

oligodeoxynucleotides

mTOR siRNA and
spermidine
SPION

E64-DNA

DNA nanoflowers

Tetrahedral DNA
Tetrahedral DNA

Tetrahedral DNA

Nucleic acid nanogels

DNA nanogels

Folic acid-modified triangular DNA
origami nanostructures

DNA tetrahedrons

Tetrahedral framework nucleic acids

DNA tetrahedron

DNA oligonucleotides-coated

Cysteine protease activity
in lysosomes
TLR9

STING
MARK

TLR2

Staphylococcus aureus
Escherichia coli

ROS and NO
P50/P65 complex

STAT and SMAD

AMPK-mTOR pathway

Stimulation of antigen cross-presentation by M2-like TAMs

Promotion of cell proliferation and secretion of immunostimulatory
factors

Promotion of M1 polarization and enhancement of the immune response
Decreased expression of LPS-induced NO, IL-1f, IL-6, and TNF-a

Reduced release of inflammatory factors
Delivery of antibiotics
Delivery of antibacterial agents

Scavenging of ROS and NO and promotion of the MI-to-M2 transition

Insertion into the P50/P65 complex and inhibition of the downstream
inflammatory cytokine release

Inhibition of the M2 macrophage polarization and macrophage—
myofibroblast transition

Stimulation of macrophage autophagy and regulatory changes in
macrophage phenotype.

Targeting M2 macrophages at the plaque and delivering the drugs

Triple-negative
breast cancer®'

T lymphoblast
leukemia*®

Liver cancer™®
LPS-Induced
inflammation”®
Sepsis’®

S. aureus infection”’
Peritonitis®°
Rheumatoid
arthritis®?
Inflammatory
arthritis®”

Bladder outlet
obstruction®’

Acute lung injury®'

. 46
Atherosclerosis

Abbreviations: AMPK, 5’ AMP-activated protein kinase; LPS, lipopolysaccharide; mTOR, mammalian target of rapamycin; ODN, oligodeoxynucleotide; ROS, reactive oxygen species; SPION, superparamagnetic iron oxide nanoparticle;
STAT, signal transducer and activator of transcription protein; TAM, tumor-associated macrophages; TLR, Toll-like receptor; TNF, tumor necrosis factor.
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Figure 5 Application of DNA nanomaterials in diseases associated with disturbances of macrophage properties. (A) E64-DNA (modified from ref.5°), CpG DNA
nanoflowers (NFs), and MnO, tetrahedral DNA nanostructures (TDNs) in the cancer therapy. (B) TDNs, Van- DNA nanogels (DNL) and ZnO-DNL in the anti-
infective therapy (Image B Van-DNL is adapted from Obuobi S, Julin K, Fredheim EGA, Johannessen M, Skalko-Basnet N. Liposomal delivery of antibiotic loaded nucleic acid
nanogels with enhanced drug loading and synergistic anti-inflammatory activity against S. aureus intracellular infections. | Control Release. 2020;324:620-632. Creative
Commons).”® (C) TDNS and triangular DNA origami nanostructures (tDONS) in the arthritis therapy. (D) Application of tetrahedral frame nucleic acids (tFNAs) in the
bladder outlet obstruction (BOO) therapy. (E) Application of TDNs in the therapy of acute lung injury. (F) DNA superparamagnetic iron oxide nanoparticles (SPIONs) in
the therapy of atherosclerotic plaques.
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tFNAs represent a new approach for the prevention and treatment of sepsis. DNA nanomaterials provide a better
platform for future antimicrobial therapies. Obuobi et al fabricated a DNA nanogel coated with liposomal vesicles
that relied on noncovalent electrostatic interactions to control the release of loaded antibiotics.”” Macrophages
infected with Staphylococcus aureus showed strong anti-inflammatory activity in synergy with loaded vancomycin.

DNA nanomaterials are potential therapeutic agents for treating various bacterial infections. Chen et al designed
neutrophil extracellular trap-like structures in which ZnO was adsorbed to DNA-HCI nanogels.*® These DNA nanogels
decreased the expression of TNF-a, IL-6, iNOS, and COX-2 in LPS-stimulated Raw264.7 cells. In a mouse infection
model, these DNA hydrogels alleviated peritonitis symptoms and inhibited the entry of Escherichia coli into the
circulatory system.

DNA nanomaterials are continuously being developed for therapy because of their superior biological safety,
programmability, and high load capacity. These substances have high specificity and can be particularly useful for future
targeted antimicrobial therapies.

Arthritis

Rheumatoid arthritis (RA) is an autoimmune disease characterized by the chronic inflammation of the joints and
synovium. RA severity is closely related to the number of macrophages present in the arthritic synovium.®’
Macrophages secrete pro-inflammatory cytokines, chemokines, and growth factors that destroy the bone and synovial
tissue.®® Thus, macrophages are important targets for the treatment of RA.

As a potential strategy for RA treatment, Wang et al created TDN-P-dODN, a DNA nanodrug that consists of
an NF-kB decoy oligodeoxynucleotide and VCAM-1 targeting peptide (P) bound to self-assembled DNA
tetrahedrons.” TDN-P-dODNs are taken up by macrophages and inserted across the P50/P65 complex in the
cytoplasm. TDN-P-dODNs reduced inflammation by inhibiting the downstream activity of the P50/P65 pathway.
Pro-inflammatory M1 macrophages express ROS and NO, leading to the development of synovitis and bone
damage, which cause RA. FA-tDON developed by Ma et al that targets M1 macrophages owing to folate
modification reduced the production of ROS and NO.®* Furthermore, FA-tDON promoted the transformation of
M1 macrophages into M2 macrophages, which may be a useful therapeutic strategy for RA (Figure 5C).

Thus, the unique biological properties of DNA nanostructures make them an emerging platform for RA therapy, and
targeting macrophages with DNA nanostructures may be a promising therapeutic approach.

Fibrotic Disease

Macrophages play a key role in inflammatory responses, tissue remodeling, and homeostasis. Of the two different phenotypes
of macrophages mentioned above, M2 macrophages (activated by IL-4, IL-10, IL-13, or TGF-B) inhibit inflammation and
have a pro-fibrotic phenotype that drives repair during tissue damage. However, they can also cause scarring in pathological
situations.?' Effective inhibition of macrophage polarization may be a viable strategy for anti-fibrotic therapy.

Targeting macrophages using DNA nanotechnology may be an important modality for anti-fibrotic therapy. Wang et al
found that the extent of M2 macrophage infiltration in the bladder wall was related closely to the degree of fibrosis in the bladder
outlet obstruction (BOO).® tFNA has been shown to inhibit the polarization of M2 macrophage.”® Thus Wang et al constructed
a tFNA that inhibited both M2 macrophage polarization and macrophage—myofibroblast transition process in BOO (Figure 5D).
The inhibition of M2 polarization mediated by tFNA can be attributed to the inactivation of the transcriptional activator STAT3/
6. Moreover, tFNAs inhibited the macrophage—myofibroblast transition by the inhibition of SMAD2/3 signaling.

Owing to the effect on macrophages, tFNA attenuated urethral orifice fibrosis. tFNA can also promote wound healing

89,90

and reduce skin fibrosis, suggesting that it may be an ideal and promising candidate for anti-fibrotic therapy.

Acute Lung Injury
Acute lung injury (ALI) is characterized by severe inflammation and damage to the lung tissue. Macrophages are among
the most critical effector cells in the pulmonary innate immune system that play an essential role in the initiation,

development, and outcome of ALL®"
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Targeting macrophages using DNA nanomaterials is a new therapeutic strategy for treating ALI. Intercellular
adhesion molecule-1 (ICAM-1) is overexpressed in many lung diseases, and 3D nanomaterials are specifically
targeted to the lungs using antibodies against ICAM-1.*" This also provides a possibility of specific targeting of
DNA nanomaterials in lung diseases. Huang et al designed a DNA nanoplatform loaded with mTOR siRNA and
spermidine that exerted an anti-inflammatory effect in ALI by regulating the macrophage phenotype.®' Spermidine
inhibits mTOR through adenosine 5’-monophosphate-activated protein kinase. The siRNA-mediated inhibition of
mTOR expression enhanced autophagy in macrophages, shifting their transition to the M2 phenotype (Figure SE).

Targeting macrophages in the lung makes delivery of DNA nanomaterials more efficient. As safe and specific carriers,
DNA nanomaterials deserve to be systematically explored as part of ALI treatment.

Atherosclerosis

During the development of atherosclerosis, macrophages internalize lipids and deposit them in the arterial wall to form
atherosclerotic plaques.”® The delivery of therapeutic agents specifically to the atherosclerotic plaques has been the focus
of many studies. DNA nanomaterials have also been used in atherosclerosis models owing to their biocompatibility and
flexible editing properties.

Zhang et al developed SPIONs coated with DNA oligonucleotides as efficient atherosclerotic plaque delivery
carriers.*® DNA-SPIONs enter RAW 264.7 cells via class A scavenger receptor and lipid rafts. In a mouse model of
atherosclerosis, DNA-SPIONs were delivered rapidly and specifically to M2 macrophages of atherosclerotic plaques
in vivo (Figure 5F). This demonstrates the potential of delivering therapeutics targeting atherosclerotic plaques.

Conclusions
Macrophages play an essential role in the immune defense against invasion. The regulation of the polarization and
immune activity of macrophages makes them a target in diseases characterized by dysregulation of macrophage proper-
ties. The unique structural and functional advantages of DNA nanomaterials have made them an active subject of study in
biological therapy. DNA nanomaterials can enter macrophages through scavenger receptor-mediated endocytosis, and
their shapes and surface modifications (eg, by folic acid, VCAMI-targeting peptide, Cy5 dye, and other functional
moieties) have been designed to promote the internalization by macrophages. DNA nanomaterials have been shown to
regulate macrophage polarization, activate PRRs, and serve as carrier systems to deliver drugs, siRNAs, and dODNS.
DNA nanomaterials have excellent biocompatibility and can function as delivery platforms to improve the efficiency of
drug delivery. This makes DNA nanomaterials an attractive option for the treatment of diseases accompanied by
macrophage dysregulation. In particular, DNA nanomaterials, such as tFNAs or TDNs, regulate macrophage polarity
and inhibit inflammatory factor production. DNA nanomaterials can also be designed into a variety of structures (such as
DNA nanoflowers, DNA hydrogels, and DNA tetrahedrons) for the treatment of tumors, infections, arthritis, BOO, ALI,
and atherosclerosis.

However, the current studies of DNA nanomaterials are still in their infancy. The structural and material superiority of
DNA nanotechnology and its therapeutic effectiveness have been verified so far only using animal models. The specific
mechanism of targeting macrophages and their effects on the diseases in humans requires further exploration.
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