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Abstract

Liposomal spherical nucleic acids (LSNAs) are a class of nanomaterial used broadly for 

biomedical applications. Their intrinsic capacity to rapidly enter cells and engage cell surface and 

intracellular ligands stems from their unique three-dimensional architecture, which consists of 

densely packed and uniformly oriented oligonucleotides on the surface of a liposomal core. Such 

structures are promising for therapeutics because they can carry chemical cargo within the lipid 

core in addition to the nucleic acids that define them, in principle enabling delivery of multiple 

signals to a single cell. On the basis of these traits, we have designed novel dual-targeting LSNAs 

that deliver a nucleic acid specific for TLR9 inhibition and a small molecule (TAK-242) that 

inhibits TLR4. Toll-like receptors (TLRs) play a large role in pathogen recognition and disease 

initiation, and TLR subtypes are differentially located within the lipid membranes of the cell 

surface and within intracellular endosomes. Oftentimes, in acute or chronic inflammatory 

conditions, multiple TLRs are activated, leading to stimulation of distinct, and sometimes 

overlapping, downstream pathways. As such, these inflammatory conditions may respond to 

attenuation of more than one initiating receptor. We show that dual targeting LSNAs, comprised of 

unilamellar liposomal cores, the INH-18 oligonucleotide sequence, and TAK-242 robustly inhibit 

TLR-9 and TLR-4 respectively, in engineered TLR reporter cells and primary mouse peritoneal 

macrophages. Importantly, the LSNAs exhibit up to a 10- and a 1000-fold increase, respectively, in 

TLR inhibition compared to the linear sequence and TAK-242 alone. Moreover, the timing of 

delivery is shown to be a critical factor in effecting TLR-inhibition, with near-complete TLR-4 

inhibition occurring when cells were pretreated with SNAs for 4 h prior to stimulation. The most 
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pronounced effect observed from this approach is the benefit of delivering the small molecule 

within the SNA via the receptor-mediated internalization pathway common to SNAs.

Graphical Abstract

INTRODUCTION

Nanomaterials are attractive for treating human diseases because they offer advantages in 

terms of efficient, specific, and potent drug delivery. Specifically, increased cellular uptake, 

improved pharmacokinetics, biocompatibility, and biodistribution enable enhanced 

therapeutic efficacy and potency through high affinity binding.1 One such material at the 

leading edge of nanomaterial therapeutics development is the spherical nucleic acid (SNA). 

SNAs are a unique class of nanomaterial characterized by the dense packing of radially 

oriented oligonucleotides on the surface of a nanoparticle core. The spherical, multivalent 

architecture confers properties that distinguish SNAs from their linear DNA or RNA 

counterparts, such as high cellular uptake without the need for ancillary transfection 

reagents, increased resistance to nuclease degradation, and minimal nonspecific activation of 

the immune system.2–4 These properties make SNAs attractive as single entity agents for 

biological and medical applications particularly because the oligonucleotide shell, not the 

core, governs these properties.5–10 In fact, multiple SNA architectures have been designed 

and synthesized that were directly informed by the target disease or molecular pathway, i.e., 

BCL2L12-targeting siRNA-conjugated gold-based SNAs for glioblastoma,11 protein core 

SNAs for delivery of functional proteins,9 and liposomal SNAs (LSNAs) for the codelivery 

TLR9 activating DNA and tumor antigen for cancer vaccines.12

Toll-like receptors (TLRs) are attractive therapeutic targets due to their role as the molecular 

first-responders of innate immunity, which are found at the cell surface (TLRs 1, 2, and 4−6) 

or within endosomes (TLRs 3 and 7−9). Their activation relies upon specific recognition of 

conserved pathogenic or damage-associated motifs. Pathogen or damage-associated ligand 

binding to these receptors initiates a proinflammatory response resulting in the production of 

cytokines, chemokines, and reactive oxygen species, immune cell activation, migration, and 

proliferation, and eventual identification and destruction of the invading pathogen.13 While 

activation of TLRs contributes to the clearance of an infection, persistent overstimulation of 
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TLRs contributes to the pathogenesis of several chronic inflammatory diseases, such as 

lupus, rheumatoid arthritis, sepsis, and ischemia reperfusion injury.14–17 The severity of 

these diseases may be, in part, due to simultaneous activation of multiple receptors leading 

to stimulation of downstream inflammatory pathways, such as NF-κB-mediated production 

of cytokines and interferons. Multireceptor activation is a common feature in many acute 

and chronic inflammation-mediated diseases (e.g., TLR2, TLR3, and TLR4 in sepsis; TLR3 

and TLR4 in rheumatoid arthritis; TLR4 and TLR9 in liver ischemia reperfusion injury and 

fibrosis).35,36 Thus, the ability to simultaneously target multiple TLRs, both at the cell 

surface and within the endosome of the same cell, may enhance treatment of these 

inflammation-mediated diseases.

We have previously shown that SNAs are potent immunomodulators capable of engaging 

endosomal TLRs 7, 8, and 9 with their sequence-specific RNA or DNA shell.12,18 Though 

these endosomal TLRs are typically activated by linear oligonucleotides, TLR activation by 

gold- and liposome-based SNAs is orders of magnitude more potent than activation by linear 

nucleic acids in macrophages12 and dendritic cells.18 The liposomal version has entered 

Phase 1b/2 human clinical trials.19 In addition, TLR9 inhibition by LSNAs attenuates liver 

fibrosis in mouse models.12 It remains to be determined, however, if the incorporation of 

additional TLR targeting agents, such as small molecules, will synergize with the TLR-

targeting nucleic acid shell of the SNA and if there is a relationship between codelivery of 

TLR inhibiting molecules, multireceptor inhibition, and overall impact on inhibition of 

downstream markers of inflammation.

In this study, we synthesized LSNAs that codeliver INH-18, an oligonucleotide inhibitor of 

TLR9, and TAK-242,20,21 a small molecule inhibitor of TLR4 (SI Figure 1). The DNA shell 

of the SNA enables rapid uptake into cells and engages TLR9 within endosomes. The 

encapsulated TAK-242 is transported as cargo within the LSNA and is released inside the 

cell where it is known to associate with the intracellular domain of TLR4.22,23 To investigate 

their ability to attenuate inflammation, these dual TLR-targeting LSNAs were tested in both 

engineered reporter cells as well as primary mouse peritoneal macrophages for their ability 

to downregulate proinflammatory markers downstream of each receptor. These dual TLR-

targeting SNAs provide two advantages: (1) they allow one to codeliver the oligonucleotide 

and small molecule therapeutic inhibitors to the same cells, and (2) when compared with 

small molecule delivery alone, they increase the rate of delivery. These experimental 

observations allow one to maximize the synergistic effects of small molecules with SNAs 

and, in principle, lay the foundation for creating combination therapies.

RESULTS AND DISCUSSION

Physical and Chemical Analysis of Liposomal Spherical Nucleic Acids.

The synthesis and characterization of liposomes with and without encapsulated TAK-242 

were carried out based on reported LSNA synthesis protocols with modifications (SI Figure 

1).8 Dynamic light scattering (DLS) was used to measure the average size of the bare 

liposomes lacking oligonucleotides, 25 nm for empty- and 36 nm for TAK-encapsulated 

liposomes (Figure 1A,B) with a polydispersity index of 0.15 for both, which indicates 

synthesis of uniform structures (Figure 1C). The concentration of lipids in bare liposomes 

Ferrer et al. Page 3

Bioconjug Chem. Author manuscript; available in PMC 2019 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was measured by quantifying the concentration of phosphorus in solution using inductively 

coupled plasma optical emission spectroscopy (ICP-OES). Because TAK-242 contains one 

sulfur atom, ICP-OES was used to measure the amount of sulfur within liposomes, which 

calculated an average of 74 TAK-242 molecules per liposome (SI Figure 2A). Finally, DLS 

was used to determine the size of the particles before and after attachment of DNA to their 

surfaces (with and without TAK-242). Consistent with SNA formation, a size shift of 

approximately 10 nm is observed upon oligonucleotide functionalization (a 24-mer ssDNA, 

Figure 1A,B). The final compositions, resultant sizes, and polydispersity indices of 

synthesized LSNAs are consistent with uniform structures (Figure 1C). To determine 

whether TAK-242 leached from the LSNAs, we employed dialysis using a 3000 MW cutoff 

and observed 6−8% loss of TAK-242 from LSNA and 8−17% from bare liposomes over an 8 

h period (SI Figure 2B). There was minimal loss of TAK-242 from the liposomes, likely due 

to the hydrophobicity of the drug, and an even lesser degree of drug loss from the LSNAs, 

which is attributed to the increased stability of the liposomal SNA as compared with bare 

liposomes.12

In Vitro Analysis of LSNA TLR Inhibitory Potency.

To evaluate the inhibitory activity of the synthesized LSNAs, we used engineered HEK293 

cell lines (HEK-Blue) that stably express either mouse TLR4 (mTLR4) or mouse TLR9 

(mTLR9) and an NF-κB reporter gene. HEK-Blue cells expressing mTLR4 can only be 

stimulated by TLR4 ligands, such as LPS or MPLA. Likewise, HEK-Blue cells expressing 

mTLR9 only respond to TLR9 ligands, such as unmethylated CpG DNA. Following a 4 h 

coincubation of these cells with the appropriate TLR agonists and LSNAs (Figure 1C, 2A) 

or corresponding free inhibitors, a dose-dependent response was observed for both TLR4 

and TLR9 in response to LSNA treatment. In HEK-Blue mTLR9 cells, 1 nM of LSNA2, 

containing the sequence INH-18 on the surface, inhibited TLR9 activation by 64% and 

completely inhibited TLR9 signaling at 100 nM (Figure 2B). Free INH-18 was able to 

inhibit TLR9 activation by 41% at 1 nM, but similar to the LSNA, completely attenuated 

TLR9 signaling at 100 nM and higher concentrations. In HEK-Blue mTLR4 cells, LSNA3, 

containing TAK-242, was able to inhibit TLR4 activation by 33% at the lowest 

concentration and showed strong dose dependence with 90% inhibition of TLR4 at the 

highest concentration (Figure 2C). By comparison, after a 4 h incubation, free TAK-242 

inhibited just 20% of TLR4 signaling at the highest concentration.

These results suggest that free INH-18 and LSNAs functionalized with INH-18 may enter 

cells at similar rates or through the same mechanism, whereas, free TAK-242 uptake and 

engagement of TLR4 are likely slower than the TAK-encapsulated LSNAs. To probe the 

uptake mechanism of linear INH-18, TAK-242, and the LSNAs, we used 50 μg/mL 

fucoidan, a polysaccharide derived from seaweed and a known inhibitor of scavenger 

receptor A (SR-A), the receptor that mediates SNA endocytosis into cells.24,25 Indeed, when 

SR-A was blocked in HEK-Blue mTLR9 cells following stimulation with CpG DNA (ODN 

1826), it was not possible to suppress TLR9 activation and the NF-κB pathway, suggesting 

that both linear INH-18 and LSNA2 rely on SR-A for entry into cells (Figure 3A). Similarly, 

when HEK-Blue mTLR9 cells were pretreated with fucoidan prior to stimulation with ODN 

1826, these cells could not be activated (Figure 3B). However, when HEK-Blue mTLR4 
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cells were pretreated with fucoidan, there was minimal effect on the activation of TLR4 and 

the NF-κB pathway and its subsequent inhibition by free TAK-242 as demonstrated by the 

44−89% inhibition over the full range of concentrations tested. However, LSNA3 with 

encapsulated TAK-242 was less effective at inhibiting the NF-κB pathway demonstrating 

0−53% inhibition from 1 nM to 1 μM LSNA treatment (Figure 3C). This indicates that the 

activity of TAK-encapsulated LSNAs was diminished due to reduced uptake by SR-A 

mediated endocytosis.

To further probe how these similarities in uptake mechanism for free INH-18 and LSNAs 

and differences in uptake mechanism for TAK-242 and TAK-encapsulated LSNAs might 

affect the overall antagonist efficacy, we varied the timing of TLR agonist and antagonist 

administration (Figure 4A,F). We found that increasing the pretreatment time from 30 min 

(Figure 4B,D) to 4 h (Figure 4C,E) increased the activity of all antagonists. The potency of 

LSNA2, functionalized with INH-18, at 10 nM increased from 16 to 64% inhibition when 

the pretreatment time was increased from 30 min to 4 h. As previously seen, the TLR9 

inhibitory activity of free INH-18 in solution was very similar to that of the LSNAs bearing 

the same motif showing increased inhibition at 10 nM from 22 to 55% (Figure 4B,C), which 

supports the idea that they utilize the same uptake mechanism. On the other hand, increasing 

the pretreatment incubation time of TAK-encapsulated LSNAs (Figure 4D,E) made a 

dramatic difference. At the 4-h pretreatment time, 1 nM of TAK-242 encapsulated LSNA3 

already demonstrated 66% inhibition and increased to 89% inhibition at 1 μM LSNAs, 

whereas TAK-242 free in solution exhibited a more dose-dependent response, demonstrating 

12−78% inhibition over the same concentration range.

Interestingly, at the highest concentration tested, LSNA1, the nontargeting LSNA, was 

capable of limiting TLR9 activation. To probe the ability of the nontargeting T24 DNA 

strand on LSNA1 to inhibit TLR9, we compared it to the activity of its linear counterpart (SI 

Figure 4). Again, when used as a pretreatment, LSNA1 is capable of inhibiting TLR9 97% at 

1 μM, however, linear T24 has no inhibitory effect on TLR9 (SI Figure 4B). Though some 

reports claim that TLR9 activity modulation is not sequence dependent,26,27 the ability of 

the nontargeting LSNA to engage and blunt TLR9 activation may also be due, in part, to its 

multivalent structure rather than its sequence.28–30

Conversely, when TLR antagonists and LSNAs were given to cells following a period of 

activation, the opposite trend is observed. When post-treatment time was increased from 30 

min (Figure 4G,I) to 4 h (Figure 4H,J), a slight increase in antagonist activity was only 

observed in TLR9 stimulated cells (Figure 4G,H). At 30 min and 10 nM concentration, free 

INH-18 and LSNA2 exhibited 21 and 28% inhibition, respectively, but this increased to 64 

and 36% inhibition, respectively, when the post-treatment time was increased to 4 h. Again, 

we observed that the activity of free INH-18 was similar to that of the LSNAs, with no 

significant differences from 1 nM to 1 μM, indicating that both molecules were capable of 

competing with the activating ligand for TLR9 binding with higher affinity. In TLR4 

stimulated cells, there was no observed inhibitory activity of either TAK-242 or TAK-

containing LSNAs at 30 min (Figure 4I), and only 36% inhibition at 4 h with the highest 

concentration of LSNA3 (Figure 4J). These results suggest that after MPLA activates TLR4, 

there may be either (1) a conformational change of the receptor’s intracellular domain that 
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prevents TAK-242 binding22 or (2) an inability of TAK-242 to displace adapter proteins 

necessary for downstream NF-kB signaling once these proteins are bound to TLR4,23 unless 

there are high levels of the drug present in the cell.

Inhibition of Pro-Inflammatory Cytokines in Mouse Peritoneal Macrophages.

We next sought to investigate the inhibitory potential of LSNAs in a clinically relevant cell 

type. Peritoneal macrophages play a critical role as sentinel cells of the immune system that 

partake in inflammatory and reparatory processes that contribute to maintenance of tissue 

homeostasis. They are derived from the bone marrow (resident peritoneal macrophages) and 

the bloodstream (monocytes that infiltrate the peritoneal cavity in response to a stimulus and 

differentiate into peritoneal macrophages).31–33 Peritoneal macrophages were elicited from 

male and female wild type mice, and the uptake of LSNAs in cells was confirmed using dual 

fluorophore-labeled LSNAs with a TAMRA-labeled lipid core and Cy5-labeled 

oligonucleotides. Flow cytometry was used to detect cells that stained positive for both the 

lipid core (TAMRA) and DNA (Cy5) components of LSNAs. Results show that over 60% of 

isolated peritoneal cells stained double positive. We also evaluated whether stimulation of 

these cells affected the ability to take up LSNAs, and no change in the percent of double 

positive stained cells was observed (SI Figure 5). Only by the use of 50 μg/mL fucoidan to 

block SRA was a decrease of 7−15% seen in the percent of double positive stained cells.

Next, we evaluated the ability of free inhibitors or LSNAs to inhibit IL-6 (Figure 5A−C) and 

TNFα (Figure 5D-F) production in TLR4- and TLR9-stimulated peritoneal macrophages, 

varying concentration and treatment time similar to that which was described for the HEK-

Blue studies (SI Figure 6A−F). Results show that when both receptors were activated, the 

highest concentration of a combination of INH-18 and TAK-242, whether free in solution or 

in LSNA form (LSNA4), was the most potent inhibitor of IL-6 and TNFα, capable of 

reducing the number of cytokine-producing cells by about 50%. Similar to what was seen in 

engineered cells, peritoneal macrophages pretreated with antagonists demonstrated the 

highest degree of inhibition of IL-6 and TNFα, with decreasing potency when antagonists 

were given at the time of stimulation, and very little therapeutic effect when given as a post-

treatment, particularly for IL-6. Interestingly, LSNA3, which contained TAK-242 and an 

outer shell of nontargeting T24 DNA, was capable of suppressing IL-6 production. This 

suggests that in order to use these dual targeting LSNAs effectively for the remediation of a 

TLR-driven clinical indication, the best approach would be to use them as a prophylactic, 

when possible.

Of note, there appeared to be sex-specific responses both to stimulation and inhibition. IL-6 

production in male mice appeared to be more sensitive to inhibitor treatment, whereas a 

TNFα response was only observed in female mice (Figure 5D−F and SI Figure 7). It is well-

known that male and female animals, including humans, display immunological differences 

in their ability to mount an immune response, the type of immune response mounted, and 

their ability to combat certain pathogens. Though the mechanism is not well understood, it is 

thought that both differential gene expression and hormones play a role.34 It is possible that 

the kinetics of IL-6 and TNFα production by peritoneal macrophages varies with sex, thus 
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the timing of agonist and antagonist administration in these experiments could account for 

the observed variability.

CONCLUSIONS

These dual TLR-targeting SNAs are important for a variety of reasons. First, in the context 

of TLR activation or inhibition, they are, to the best of our knowledge, the first conjugates 

that allow one to codeliver small molecules and nucleic acids into the same cells and 

requisite intracellular compartments. Second, the novel structures enhance small molecule 

delivery, thereby increasing potency. Third, the ability to codeliver small molecules and 

oligonucleotides will potentially allow one to develop therapeutic lead compounds for more 

complex diseases. Indeed, in diseases in which multiple TLRs have become activated, such 

as TLR3 and TLR4 in rheumatoid arthritis35 or TLR4 and TLR9 in liver fibrosis,36 

codelivery of the key inhibitory molecules into the same cells to turn off the immune 

response likely will be required.37–39 Therefore, taken together, the results of this study, 

combined with the biocompatibility and modularity of the LSNA platform, sets the stage for 

the development of a variety of LSNAs with combinatorial targeting capabilities and a high 

potential to translate them into clinical practice.

MATERIALS AND METHODS

DNA Synthesis and Characterization.

DNA oligonucleotides were synthesized on a universal, solid support (Glen Research, 26–

5010) using automated phosphoramidite chemistry. Free strand TLR9 inhibitory 

oligonucleotide (INH-18) sequence is 5′-CCTGGATGGGAACTTACCGCTGCCA-3′; on 

the nanoparticle, TLR9 inhibitory sequence is 5′-CCTGGATGGGAACTTACCGCTGCCA-

Spacer18-Spacer18-cholesterol-3′, where Spacer18 refers to hexaethylene glycol 

phosphoramidite (ChemGenes, CLP-9765) and cholesterol refers to cholesteryl-TEG 

phosphoramidite (Glen Research, 10–1975-90). Free in solution, nontargeting 

Oligonucleotide ( T24 ) sequence is 5 ′-TTTTTTTTTTTTTTTTTTTTTTTTT-3′; on the 

nanoparticle, the nontargetin g sequence is 5 ′-TTTTTTTTTTTTTTTTTTTTTTTT-

Spacer18-Spacer18-cholesterol-3′. All oligonucleotides were synthesized with a 

phosphorothioate backbone. Sequences were purified by reverse-phase high-pressure liquid 

chromatography (Varian HPLC, Agilent) using triethylammonium acetate buffer to 

acetonitrile gradient and characterized using matrix assisted laser desorption ionization-

time-of-flight mass spectrometry (negative mode, MALDI-TOF, Bruker Autoflex III).

Liposomal Particle Synthesis and Characterization.

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid monomers were purchased from 

Avanti Polar Lipids, Inc. TAK-242 (CLI-095) was purchased from Invivogen. Lipids with or 

without TAK-242 were dissolved in chloroform and mixed. The chloroform was evaporated 

under nitrogen, and the lipid film was subsequently lyophilized. The lipid film was then 

rehydrated in a buffer containing 20 mM Tris-HCL and 150 mM NaCl. The lipid solution 

was probe sonicated at an amplitude of 40% for 30−40 min (QSonica). Following 

sonication, lipids were centrifuged at 4000 rpm for 90 min to remove larger lipid vesicles. 
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The supernatant was removed and extruded through polycarbonate membranes of 

increasingly smaller pore size (80, 50, and 30 nm), until the resulting lipid particles were 

monodisperse, ascertained by dynamic light scattering (Malvern). The particles were passed 

through a column containing cross-linked Sepharose to remove any unencapsulated material. 

The concentration of lipids and encapsulated TAK-242 were determined by inductively 

coupled plasma optical emission spectroscopy (Thermo iCAP 7600). The 1.3 mM lipids 

were mixed with 15 μM cholesterol-terminated DNA for 3−4 h at 37 °C to allow for 

cholesterol intercalation into the lipid bilayer of the liposomes. Size and polydispersity were 

measured by DLS.

In Vitro Cell Culture of Engineered HEK Reporter Cells.

HEK-Blue mouse TLR9 (HEK-m9) cells and HEK-Blue mouse TLR4 (HEK-m4) cells were 

used to assess TLR9 and TLR4 activation (Invivogen). Both HEK-m9 and HEK-m4 cells 

were initially cultured from frozen stocks in high glucose DMEM (Gibco) containing 10% 

(v/v/) fetal bovine serum (Gibco), 50 U/mL penicillin, 50 μg/mL streptomycin (Thermo 

Fisher), and 100 μg/mL Normocin (Invivogen) for at least two passages. To select for cells 

expressing mouse TLR9, HEK-m9 cells were split into DMEM containing 10% (v/v) fetal 

bovine serum, 50 U/mL penicillin, 50 μg/mL streptomycin, 100 μg/mL Normocin, 30 μg/mL 

Blasticidin (Invivogen), and 100 μg/mL Zeocin (Invivogen). HEK-m4 cells were selected for 

in DMEM containing 10% (v/v) fetal bovine serum, 50 U/mL penicillin, 50 μg/mL 

streptomycin, 100 μg/mL Normocin, and 1X HEK-Blue Selection (Invivogen). When cells 

were ready to be tested (50−80% confluent), they were cultured in DMEM containing 10% 

(v/v) heat-inactivated fetal bovine serum. HEK-m9 cells were stimulated using ODN 1826 

(Invivogen), and HEK-m4 cells were stimulated using MPLA (Invivogen) for set periods of 

time then followed by a wash step to remove agonists and antagonists from the media. The 

Quanti-Blue assay (Invivogen) was allowed to develop per the manufacturer’s instructions.

Primary Mouse Peritoneal Macrophage Induction and ELISPOT for Secreted Cytokines.

Peritoneal macrophages were isolated from 8 to 12 week old male and female C57Bl/6 mice 

as described previously.40 Animals were handled according to methods and procedures 

approved by the Institutional Animal Care and Use Committee at Northwestern University. 

Briefly, mice received an intraperitoneal (IP) injection of sterile 3.8% thioglycollate media 

(Sigma). Then, 3−5 days following thioglycollate injection, mice were euthanized and IP 

injected with cold, sterile PBS, and the abdomen was lightly massaged to dislodge 

macrophages. The PBS was removed from the peritoneum, and cells were centrifuged at 

1600 rpm for 5 min. Red blood cell lysis was performed using ACK lysis buffer (Gibco) for 

2−3 min at 37 °C. Cells were rinsed with sterile PBS and centrifuged again. The supernatant 

was removed, and the cells were resuspended in RPMI 1640 media (Life Technologies). 

Cells were counted and 15 000−20 000 cells/well were seeded onto precoated plates (Becton 

Dickenson, according to manufacturer protocol) and allowed to attach for 60 min. Following 

the attachment period, unattached cells were washed away and RPMI 1640 containing 10% 

fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin were added. Next, 

TLR agonists, antagonists, and LSNAs were added. Enzyme-linked immunospot (ELISpot) 

assays to detect secreted cytokines were performed following the manufacturer’s protocol 
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(Becton Dickinson). Plates were read on an ImmunoSpot analyzer (Cellular Technology 

Limited).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of LSNAs. A size shift of 10−15 nm was observed when empty liposomes 

(A) and TAK-encapsulated liposomes (B) were functionalized with a 24-mer ssDNA strand 

(A, black to blue shift; B, white to pink shift). The final compositions of LSNAs with and 

without TLR9-targeting DNA and/or TAK-242 showed uniform size shifts and 

polydispersity indices (PDI) (C).
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Figure 2. 
Simultaneous treatment of HEK-Blue cells with TLR agonists and antagonists. Cells were 

treated for 4−24 h with both TLR agonists and antagonists (A). A 4 h treatment of HEK-

Blue mTLR9 cells (B) and HEK-Blue mTLR4 cells (C) with appropriate agonists ODN 

1826 and MPLA, respectively, and free antagonists or LSNAs demonstrates receptor 

specificity and a dose-dependent inhibition of TLR activity.
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Figure 3. 
Blockage of scavenger receptor A (SR-A) using fucoidan. Following TLR9 activation using 

ODN 1826, SR-A blockage prevents interaction of free INH-18 and LSNAs with TLR9 (A). 

SR-A blockage prior to TLR activation prevents interaction of ODN 1826 CpG DNA with 

TLR9 as well as INH-18 and LSNAs (B) and partially inhibits LSNA delivery of TAK-242 

without any effect on free TAK-242 interaction with TLR4 (C).
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Figure 4. 
LSNA pre- and post-treatment kinetics. Cells were treated with LSNAs or TLR specific 

inhibitors (blue arrow) prior to exposing them to stimulating agonists (red bar) (A). HEK-

Blue mTLR9 cells (B, C) and HEK-Blue mTLR4 cells (D, E) were treated for 30 min or 4 h 

with free inhibitors and LSNAs prior to stimulation with ODN 1826 or MPLA, respectively. 

Cells were treated with stimulating agonists (red bar) for 4 h prior to exposing cells to 

LSNAs or TLR specific inhibitors (blue arrow) (F). HEK-Blue mTLR9 cells (G, H) and 

HEK-Blue mTLR4 cells (I, J) were stimulated with the ODN 1826 or MPLA, respectively, 
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prior to a 30 min or 4 h treatment with LSNAs or free in solution TLR inhibitors. 

Pretreatment leads to increased potency of both TLR9 and TLR4 inhibitors as well as TLR-

targeting LSNAs, whereas, post-treatment shows decreased potency. Both dose- and time-

dependencies for inhibition of TLR activity were observed.
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Figure 5. 
Pro-inflammatory cytokine production by peritoneal macrophages. The effects of free 

inhibitor or LSNA treatment on dual TLR4- and TLR9-stimulated peritoneal macrophages 

was measured by the number of IL-6 (A-C) and TNFα (D-F) producing cells during 

simultaneous treatment, pretreatment of inhibitors or LSNAs, and post-treatment of 

inhibitors or LSNAs. Results indicated that only a combination of TAK-242 and INH-18, 

whether free in solution or incorporated into an LSNA, resulted in decreased IL-6 and TNFα 
production. (*P < 0.05).
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