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Abstract

This protocol assesses proinflammatory properties of nucleic acid nanoparticles (NANPs) using a 

validated preclinical model, peripheral blood mononuclear cells (PBMCs), that is highly predictive 

of cytokine responses. The experimental procedure details the preparation of pyrogen-free 

NANPs, isolation of PBMCs from freshly collected human blood, and analysis of characteristic 

biomarkers (type I and III interferons) produced by PBMCs transfected with NANPs. Although 

representative NANPs with high and low immunostimulatory potential are used as standards 

throughout the procedure, this protocol can be adapted to any NANPs or therapeutic nucleic acids, 

irrespective of whether they are carrier based or carrier free; additional cytokine biomarkers can 

also be included. We test several commercial platforms and controls broadly accessible to the 

research community to quantify all biomarkers in either single- or multiplex format. The 

continuous execution of this protocol takes <48 h; when immediate analysis is not feasible, single-

use aliquots of the supernatants can be frozen and stored (−20 °C; 12 months).

Introduction

Nucleic acid–based technologies

A variety of rapidly evolving nucleic acid–based technologies benefit from the ability of 

RNA and DNA to form both canonical and non-canonical base pairings1. Currently, existing 

libraries of RNA (and DNA) motifs2–5 can be rationally combined to assemble various 

NANPs (Fig. 1a) that can be further decorated with therapeutic nucleic acids (TNAs)6 and 

used as next-generation TNA delivery platforms7,8. At its essence, the design strategy 
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combines different motifs, analogous to the assembly of LEGO blocks, and follows 

empirically rationalized rules to achieve a remarkable degree of structural control in bottom-

up assemblies9–13. The one-pot assembly of NANPs designed with this approach requires 

two-step incubation, enabling the correct folding of individual strands and further activation 

of magnesium-dependent long-range interactions (Fig. 1b). Another common strategy (Fig. 

1c) is based solely on canonical Watson–Crick interactions with ssRNAs and/or ssDNAs 

computationally programmed to interact only with their partner strands while avoiding any 

intramolecular pairings14. Similar design principles are widely used in structural DNA 

nanotechnology15 and DNA origami16 for the construction of a wide variety of functional 

DNA assemblies.

Therapeutic NANPs

The increasing appreciation and use of biocompatible NANPs has led to the establishment of 

a new field, in which the innate biological functions of nucleic acids are reprogrammed to 

tackle specific biomedical challenges8. In addition, the burgeoning NANP technology 

presents many advantages: (i) NANPs can be designed to deliver cocktails of different TNAs 

to diseased cells17–22, enabling simultaneous targeting of several biological pathways with 

higher synergistic effects; (ii) the thermal and chemical stabilities of NANPs are tuned with 

chemical modifications23,24, and NANPs’ immunorecognition is controlled by their structure 

and composition24–26; (iii) TNAs can be programmed into NANPs to induce responsive 

behavior23,27; (iv) pyrogen-free NANPs can be produced with high batch-to-batch 

consistency7, permitting their industrial-scale manufacture (endotoxin, a component of the 

cell wall of Gram-negative bacteria, is a common pyrogen that contaminates 

nanoformulations28, precluding their clinical use); (v) introduction of small molecules, 

aptamers, or antibodies into NANP structures makes them amenable to targeted delivery29; 

and (vi) carrier-free NANPs are immunoquiescent and safe for systemic administration25.

NANPs’ safety and immune-mediated efficacy considerations

To further advance the translation of NANPs from bench to clinic, the field is in great need 

of reliable experimental protocols for the assessment of both the safety and the efficacy of 

these novel nanomaterials. The assessment of immunological responses to NANPs has 

twofold importance. First, it contributes to the understanding of NANPs’ safety in that the 

systemic induction of inflammation is associated with the cytokine storm toxicity. Such 

assessment is especially critical in light of several recent announcements of halted clinical 

trials and biotech companies’ consequent withdrawal of TNAs formulated with lipid-based 

carriers because of adverse immune-mediated toxicities of those formulations (e.g., https://

pubmed.ncbi.nlm.nih.gov/32238921/). Second, an understanding of immunological 

responses to NANPs would be helpful in exploring the alternative indications and routes of 

administration to define conditions in which the local induction of inflammation is beneficial 

to the host because it improves the efficacy of vaccines and immunotherapies30.

Development of the protocol

Our labs initiated the very first systematic investigation of NANP recognition by immune 

cells25. In that work, as well as in our other related studies17,23,31–33, we used primary 

human PBMCs collected from healthy human donors. We specifically developed and 
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optimized the experimental settings for this particular model because PBMCs have been 

shown to produce the most predictive and reliable results in regard to potential cytokine 

storm toxicity as compared to common preclinical animal models such as rodents and 

primates. We base this conclusion on the recent experience of TeGenero Immuno 

Therapeutics’ product TGN1412, which caused cytokine storm in patients after successfully 

passing all preclinical safety studies in rats and non-human primates. The cytokine storm 

toxicity of TGN1412, however, was predicted in vitro in PBMCs derived from healthy 

donors34. PBMCs have also proven to be predictive of the quality of vaccine adjuvants35,36. 

Consequently, we identified PBMCs as a sensitive and affordable model that can be used to 

understand how particular NANPs can trigger the immune system. We confirmed the reliable 

performance of this model for >60 different NANPs analyzed in PBMCs isolated from >100 

healthy human donors17,23,25,26,31,33,37.

Advantages

The key advantage of this protocol is its modularity, which enables various NANPs to be 

studied together with a broad panel of induced cytokines assessed in clinically relevant 

settings. Other advantages include the ability to gain mechanistic insights into NANPs’ 

recognition by human immune cells, standardization of the most critical procedures for 

generating supernatants, and identification of appropriate controls, along with selection of 

critical biomarkers, while enabling individual researchers to choose the cytokine detection 

platform on the basis of the resources available in their labs. Therefore, we anticipate that 

this protocol can be applied to a broader range of nucleic acid–containing materials38–42.

Limitations

Although this Procedure is predictive of systemic effects of NANPs followed by injection 

into the blood, it does not assess the ability of NANPs to induce an inflammatory response 

in other cell types, which are responsible for the local responses to NANPs upon distribution 

to certain tissues. To analyze the response in other cell types (e.g., fibroblasts and 

adipocytes), this Procedure can be easily adapted by substituting another cell type of interest 

to the user for PBMCs. Likewise, to understand cytokine responses in PBMCs of patients 

with certain diseases, the Procedure can be adapted to PBMCs derived from whole blood of 

patients. Institutional review board and biosafety requirements would need to be considered 

for this adjustment, as discussed in the ‘Applications’ section.

Overview of the procedure

Based on extensive experimental work over the course of the past 6 years17,23,25,26,31,33, we 

introduce the comprehensive Procedure required to accurately assess the critical biomarkers 

of immunostimulation, as well as cells and molecular pathways responsible for the NANPs’ 

immunorecognition. We detail the protocols for pyrogen-free assembly and characterization 

of representative NANPs, isolation and handling of human PBMCs, transfection of NANPs, 

and assessment of biomarkers of NANPs’ proinflammatory responses, including type I and 

III interferons (IFN-α, IFN-β, IFN-ω, and IFN-λ). These cytokine responses were 

confirmed to be consistent for a large cohort (~100) of healthy human donors, even when the 

described procedures were performed by different technicians who had never worked with 

NANPs before17,23,25,26,31,33.
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In addition, a set of proinflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-8), also known 

as markers of pyrogenic responses, can be reproducibly measured in PBMCs using this 

protocol23,25. The regulated induction of proinflammatory cytokines and IFNs has become a 

powerful tool used in vaccines and immunotherapies43,44. However, excessive and 

uncontrolled production of cytokines, particularly TNF-α, may cause tissue necrosis at the 

site of injection45. Therefore, decreasing injection site reactions in patients is considered to 

be an essential safety goal46–50. The procedure, schematically summarized in Fig. 2, can 

potentially be used to detect any other cytokine in response to PBMC treatment with NANPs 

or other TNAs.

Applications

The empirically gained knowledge of relative immunostimulation contributes to establishing 

the safety profile of NANPs and opens endless possibilities for their use, not only as a drug 

delivery platform, but also as adjuvants for vaccines and immunotherapies. In addition, 

despite recent clinical successes (Onpattro51 and Givlaari52), the development of RNAi 

therapies has encountered several hurdles, of which severe inflammation and cytokine storm 

(https://pubmed.ncbi.nlm.nih.gov/32238921/) are not the least. The current protocol offers a 

quick and affordable preclinical tool aimed at addressing the gaps in the understanding of 

immunological recognition of NANPs and TNAs, thus further accelerating their clinical 

translation. The described experimental settings can be easily adopted and used by key 

stakeholders of NANP and TNA technologies—including the global community of basic 

researchers, regulatory scientists, international standard development organizations (e.g., 

ISO and ASTM International), biotechnology companies, big pharma, and environmental 

and occupational health scientists—to provide important information about NANP safety 

and, in relevant applications such as vaccines efficacy, to physicians, patients, and their 

families. If the user desires to investigate immunological responses to NANPs in the blood 

of patients with a particular disease (e.g., cancer), this protocol can be adapted and would 

require collection of blood from relevant donors under approval by the relevant institutional 

review board. Although the minimum recommended number of donors in the described 

protocol is three, one may increase the number of donors to that desirable for the given 

experiment.

Alternative methods

Human cell lines and engineered reporter cells (e.g., HEK-293 cells overexpressing human 

Toll-like receptor (TLR)3, TLR7, TLR8, and TLR9) can be used in preliminary studies to 

reveal common trends in immunostimulation by NANPs24,53,54. However, the cytokines’ 

pleiotropy55 and the genetic diversity of immune responses in human patients26 cannot be 

accurately addressed with these models, thus making their clinical relevance incomparable 

to studies with human PBMCs.

Experimental design

PBMCs—It is important to use freshly isolated PBMCs because cryopreservation 

procedures may alter biological responses of immune cells. For statistically meaningful 

results, we recommend using PMBCs isolated from at least three different donors; we also 
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advise using at least three technical replicates per sample per donor. The number of donors 

can be increased to address specific needs of the user’s laboratory.

Controls—We recommend the use of RNA and DNA cubes (Fig. 1c) as controls for all 

immunological studies because RNA cubes reliably demonstrate the highest 

immunostimulatory activity among all tested NANPs25,26, whereas their DNA analogs 

trigger only minimal activation of cytokine production. We also recommend using RNA 

rings as controls. Together, these three NANPs represent alternative design strategies, 

chemical composition (RNA versus DNA), and dimensionality (globular cubes versus planar 

rings). The immunological profiles of these NANPs are well studied. We summarize general 

trends in Table 1. We suggest that Lipofectamine 2000 (L2K) be used as a standard carrier 

because it has been investigated most extensively, and a change in carrier may result in 

modified inflammatory response to NANPs.

Preparation of nucleic acid components—All DNAs, fluorescently labeled oligos, 

and RNAs can be purchased from Integrated DNA Technologies (IDT). Alternatively, RNAs 

can be synthesized via in vitro run-off transcription with T7 RNA polymerase, as detailed 

elsewhere7. If purchased, we recommend including a purification step (denaturing PAGE) 

for each strand, as detailed elsewhere7. In addition, chemically synthesized RNAs have 5′-

OH groups, whereas in vitro transcribed RNAs contain 5′-triphosphates. This nuance needs 

to be considered before the immunological studies since different pattern recognition 

receptors can recognize these moieties within RNA.

NANP design and assembly—The design principles of the six-stranded cubes and rings 

used as control NANPs are detailed in a previous publication7. All sequences required for 

these NANPs assemblies are listed in Box 1. Importantly, because contamination with 

endotoxin (common for nanotechnology-based formulations28) can induce false-positive 

responses, the assembly of endotoxin-free NANPs must be confirmed7.

Cytokine detection—There is no harmonized approach for what cytokine detection 

platform to use, nor for the choice between single- and multiplex analysis. Protocol users 

should rely on their scientific judgment and the critical path of the project, focusing on 

particular types of nanoparticles to determine which types of cytokines and which method to 

use for analysis of supernatants. As an example, for this protocol, we show data generated 

using multiplex chemiluminescent assays (Quansys Biosciences). This protocol is used to 

detect type I and type III interferons (e.g., IFN-α, IFN-β, IFN-ω, and IFN-λ) when one 

needs to estimate the proinflammatory properties of NANPs because they stimulate these 

biomarkers according to their physicochemical properties and the responses are consistent 

between individual donors25. The detection of other proinflammatory cytokines (e.g., TNF-

α, IL-1β, IL-6, and IL-8) is recommended when one wants to screen NANP formulations for 

their pyrogenic properties. The analysis with and without a carrier, and comparison with the 

benchmark carrier L2K are recommended because immunological responses may change 

depending on the physicochemical properties of the NANPs and the routes of particles’ 

entry into immune cells. The supernatants prepared in Steps 32–39 could also be used for 

the detection of any other biomarkers produced by PBMCs. For example, IL-2 and IFN-γ 
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are the markers of T-cell activation and can be tested when the information regarding the 

ability of NANPs to activate T-lymphocytes is wanted. When the analysis of other cytokines 

and secondary messengers produced by PBMCs in response to NANPs is desired, Steps 1–

31 are performed without modifications; in Steps 32–39, one may need to add an additional 

positive control (i.e., substance known to induce the biomarker of interest in PBMCs; some 

examples are provided in Table 2), and the incubation time may also need to be adjusted 

from 24 h to a shorter (e.g., 6 or 8 h) or longer (e.g., 48 or 72 h) duration, depending on the 

current knowledge about that particular biomarker.

Any traditional single- or multiplex ELISA assay can be used. In the Materials section, we 

provide details about both commercial ELISA assays and low-cost, self-assembled single-

plex ELISA kits that researchers can choose to use on the basis of their resources and the 

laboratory equipment available. Owing to the differences in ranges and detection limits, one 

should follow the instructions from the cytokine detection kit to prepare a standard curve 

and sample dilution, and follow the instructions for the reagent dilution and incubation time. 

Detailed protocols for self-assembled single-plex ELISA validated according to the 

International Council on Harmonisation of Technical Requirements for Pharmaceuticals for 

Human Use have been described by our labs earlier56; these protocols provide tenfold 

reduction in cost per plate, thereby making these ELISAs more accessible to researchers 

with limited resources.

Understanding the mechanism of NANP recognition—To determine whether 

endosomal TLRs are involved in the inflammatory response to NANPs, one can use 

ODN2088 at a final concentration of 5 μg/ml. This inhibitor is added to the RPMI in Steps 

35 and 55. The results generated for NANPs alone and NANPs with ODN2088 are 

compared. To determine whether the uptake of NANPs requires scavenger receptors, one can 

use specific inhibitors such as fucoidan. This inhibitor is added to the cells in Step 35. In 

addition to or instead of fucoidan, one can also use poly-I or dextran sulfate as inhibitors of 

scavenger receptors. Poly-C and chondroitin sulfate are used as nonspecific controls for 

poly-I and dextran sulfate, respectively.

Materials

Biological materials

• Healthy human donor blood anti-coagulated with lithium (Li)–heparin, obtained 

from at least 3 healthy donors. Collect whole blood from healthy donor 

volunteers who have not been on medication and have been clear of infection for 

at least 2 weeks before blood donation. Use Li-heparin tubes and discard the first 

10 cc. For the best results, whole blood should be used within 1 h after 

collection. Prolonged storage (> 2 h) of whole blood will lead to a decrease in 

cell function ! CAUTION The blood used in this protocol was obtained under 

the National Cancer Institute-at-Frederick protocol OH9-CN046; equivalent 

approval from the user’s home institution is required to work with human blood. 

Collection of blood requires institutional approval and certified personnel 

▲CRITICAL Blood from donors with certain types of diseases (e.g., cancer) 
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can be used with appropriate institutional approval. ▲CRITICAL The use of 

cryopreserved blood or PBMCs is not recommended because cytokine response 

in these cells may be altered by the cryopreservation and storage procedures.

Reagents

• DNA and RNA strands (Box 1; custom-ordered from IDT (https://

www.idtdna.com) or an equivalent supplier)

• HyClone HyPure Water (cell-culture grade; GE Life Sciences, cat. no. 

SH30529.01)

• Acrylamide (acrylamide–bisacrylamide (37.5:1; 40% (vol/vol); VWR, cat. no. 

218 Q31Q32 97064–542) ! CAUTION Acrylamide–bisacrylamide is toxic if 

ingested or absorbed through the skin.

• Glycerol (Life Technologies, cat. no. 5514UA)

• Xylene cyanol (Sigma, cat. no. X-4126) ! CAUTION Avoid contact with and 

inhalation of xylene cyanol,

• Bromophenol blue (Sigma, cat. no. B-8026) ! CAUTION Avoid contact with 

and inhalation of bromophenol blue.z

• Trypan blue

• Magnesium chloride (MgCl2; Fisher, cat. no. M35–500)

• Tris–borate (TB) buffer (10×; Sigma, cat. no. T1503–5KG; or VWR, cat. no. 

97061–978)

• Triton X-100 (VWR, cat. no. 97062–208)

• Lipopolysaccharide (LPS) from K12 Escherichia coli (ultrapure; InvivoGen, cat. 

no. tlrl-peklps)

• ODN2216 (a CpG DNA oligonucleotide with mixed backbone and the following 

sequence 5ʹ-gg GGGACGATCGTCGggggG-3ʹ, where lowercase letters show 

phosphorothioate linkage and capital letters refer to phosphodiester linkage 

between nucleotides; InvivoGen, cat. no. tlrl-2216)

• Phytohemagglutinin (PHA-M; Sigma, cat. no.L8902)

• ODN2088 (a CpG oligonucleotide that inhibits activity of endosomal TLRs; 

Miltenyi Biotec, cat. no. 130-105-815)

• Fucoidan (inhibitor of scavenger receptor; Sigma-Aldrich, cat. no. F8190–

500MG)

• Dextran sulfate (inhibitor of scavenger receptor; Sigma-Aldrich, cat. no. D6001–

1G)

• Chondroitin sulfate (control for dextran sulfate; Sigma-Aldrich, cat. no. C9819–

5G)
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• Poly-I (scavenger receptor inhibitor; Sigma-Aldrich, cat. no. P4154)

• Poly-C, control for poly I (Sigma-Aldrich, cat. no.P4903)

• Phosphate-buffered saline (PBS; GE Life Sciences, cat. no. SH30256.01)

• RPMI 1640 (Invitrogen, cat. no. 11835–055)

• Fetal bovine serum (FBS; HyClone; GE Life Sciences, cat. no. SH30070.03)

• Penicillin–streptomycin (Invitrogen, cat. no.15140–148)

• L-Glutamine (GE Life Sciences, cat. no. SH30034.01)

• Ficoll-Paque Premium (GE Healthcare, cat. no.17-5442-02)

• Hank’s Balanced Salt Solution (HBSS; Invitrogen, cat. no. 24020–117)

• OptiMEM (Thermo Fisher, cat. no. 31985062)

• Lipofectamine 2000 (L2K; Thermo Fisher, cat. no.11668019)

• (Optional) Heparin (Sigma, cat. no. H3393)

• (Optional) Ethidium bromide for total gel staining (0.5 μg/mL; VWR, cat. no. 

97062–736)

• (Optional) SYBR Green (Invitrogen, cat. no. S7564)

• (Optional) Fluorescently labeled oligonucleotides (IDT, custom synthesis)

• Potassium chloride (KCl; Sigma, cat. no. P9333)

• (Optional) Cavicide (Metrex, cat.no. 13–1002)

ELISA kits

• Custom 4-plex type I and III interferon assays (Quansys Biosciences) are 

recommended for labs that have chemiluminescence imaging multiplex plate 

readers.

• (Optional) Single- or multiplex ELISA kit that enables measurement of TNF-α, 

IL-1β, IL-6, IL-8, IL-2, IL-12, IFN-α, IFN-β, IFN-ω and IFN-λ (Q-Plex Human 

Cytokine–Inflammation kit (e.g., Quansys Biosciences, cat. no. 110433HU). 

▲CRITICAL The Procedure detailed in this protocol is for the multiplex IFN 

kit from Quansys. The volumes, incubation times, incubation temperatures, and 

type and settings of plate reader may vary when kits from other manufacturers 

are used.

• (Optional) A multiplex cytokine and type II interferon (IFN-γ) panel (MSD, cat. 

no. K15049D) and custom type I and type III panels (e.g., Quansys Biosciences) 

are recommended for labs that have fluorescence- and luminescence-based 

multiplex readers, respectively.

• (Optional) ELISA kits (R&D Systems, cat. nos. DY9345–05, DIFNB0, D6050, 

and DIA00D) and low-cost self-assembled ELISAs (e.g., ITA-22, ITA-23, 

ITA-24 and ITA-25, https://ncl.cancer.gov/resources/assay-cascade-protocols) are 
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recommended for labs that have regular single-plex readers capable of detecting 

absorbance at 450 nm.

Equipment

• Lithium (Li)–heparin tubes

• Heating blocks with heated lids

• Vortex mixer

• Ice machine

• Short-wave UV lamp

• Tube rotator

• Vertical electrophoresis system for native-PAGE

• UV spectrophotometer (Thermo Scientific, model no. NanoDrop 2000)

• Imaging system (Bio-Rad, ChemiDoc MP model)

• Thin-layer chromatography (TLC) plate

• Scalpel

• Cutting board

• Plastic wrap

• Refrigerated microcentrifuge

• Pipettes in a range from 0.05 to 10 mL

• U-bottom cell culture–grade 96-well plates (VWR, cat. no. 10861–668)

• Polypropylene tubes, 50 and 15 mL

• Microcentrifuge tubes

• Centrifuge

• Refrigerator, 2–8 °C

• Freezer, −20 °C

• Cell culture incubator with 5% CO2 and 95% humidity

• Biosafety cabinet approved for biosafety level 2 (BSL-2) handling of biological 

materials

• Inverted microscope

• Hemocytometer

• Plate reader for cytokine detection (Quansys Biosciences ImagePro multiplex 

reader or Molecular Devices SpectraMax M5 reader for single-plex ELISA)

• Mini-PROTEAN Tetra Vertical Electrophoresis Cells (Bio-Rad)
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• Prism 8 (GraphPad)

Reagent setup

▲CRITICAL Box 2 provides strategies for avoiding contamination of NANPs with 

pyrogens.

5× NANP assembly buffer—5× NANP assembly buffer is 5× TB buffer, 10 mM MgCl2, 

and 250 mM KCl. Once made, this buffer can be stored at room temperature (20–22 °C) for 

2–3 months.

1× native-PAGE loading buffer—1× native-PAGE loading buffer is 50% (vol/vol) 

glycerol, 2× NANP assembly buffer, 0.01% (vol/vol) bromophenol blue, and 0.01% (vol/vol) 

xylene cyanol tracking dyes. Once made, this buffer can be stored at room temperature for 1 

year.

1× native-PAGE running buffer—1× native-PAGE running buffer is 1× TB buffer, 2 

mM MgCl2. Once made, this buffer can be stored at 4 °C for 1 year.

Complete RPMI 1640 medium—The complete RPMI 1640 medium should contain 10% 

(vol/vol; heat inactivated) FBS, 2 mM L-glutamine, and 100 U/mL penicillin–streptomycin. 

Store at 2–8 °C protected from light for no longer than 1 month. Before use, warm the 

medium to 37 °C in a water bath.

Lipopolysaccharide for positive control in proinflammatory cytokine and 
chemokine analysis—To make a 1-mg/mL stock of LPS, add 1 mL of sterile water to 1 

mg of LPS in the vial and vortex to mix. Make 20-μL aliquots and store at a nominal 

temperature of −20 °C. Avoid repeated freeze–thaw cycles. On the day of the experiment, 

thaw one aliquot and use it such that its final concentration in PBMCs culture is 20 ng/mL.

Phytohemagglutinin for positive control in type II interferon analysis—To make 

a 1-mg/mL stock of PHA-M, add 1 mL of sterile PBS or cell culture medium per 1 mg of 

PHA-M to the vial and gently rotate to mix. Store daily-use aliquots at a nominal 

temperature of −20 °C. Avoid repeated freeze–thaw cycles. On the day of the experiment, 

dilute the stock PHA-M solution in cell culture medium so that its final concentration in the 

positive control sample is 10 μg/mL.

ODN2216 for positive control in type I and type III interferon analysis—This 

mixed-backbone oligonucleotide activates TLR9 and is supplied as a lyophilized powder. 

Reconstitute the powder in pyrogen-free, nuclease-free water to a final concentration of 1 

mg/mL. Prepare single-use, 5-μL aliquots and store at −20 °C. On the day of the experiment, 

thaw an aliquot at room temperature and dilute it in culture medium so that its final 

concentration in the test sample is 5 μg/mL.

ODN2088 for mechanistic study to reveal potential involvement of endosomal 
TLRs—This oligonucleotide is a pan-TLR inhibitor; it is supplied as a lyophilized powder. 

Reconstitute the powder in pyrogen-free, nuclease-free water to a final concentration of 1 
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mg/mL. Prepare single-use, 5-μL aliquots and store at −20 °C. On the day of the experiment, 

thaw an aliquot at room temperature and dilute it in culture medium so that its final 

concentration in the test sample is 5 μg/mL.

Fucoidan, dextran sulfate, poly-I, chondroitin sulfate, and poly-C preparation 
for mechanistic studies—Each of these materials is supplied as a lyophilized powder. 

Dissolve the powder in PBS to prepare a stock with a nominal concentration of 1 mg/mL. 

Prepare single-use 5-μL aliquots and store them at −20 °C. On the day of the experiment, 

thaw aliquots at room temperature and dilute them in culture medium so that the final 

concentration of each in the test sample is 50 μg/mL. Fucoidan, poly-I, and dextran sulfate 

inhibit scavenger receptors, whereas chondroitin sulfate and poly-C do not. Chondroitin 

sulfate and poly-C are used as controls for dextran sulfate and poly-I, respectively.

Heat-inactivated fetal bovine serum—Thaw a 50-mL aliquot of FBS and equilibrate it 

to room temperature. Place the tube in a water bath set to 56 °C and incubate with mixing 

for 35 min. The heat inactivation takes 30 min, and the initial 5 min is used to bring the 

entire contents of the vial to 56 °C. Chill the serum and use it to prepare complete RPMI 

1640 medium.

Procedure

Assembly of NANPs ● Timing 1 h

1. Measure the concentrations of solutions of individual RNA (or DNA) strands 

required for NANP assembly (Box 1; ref.7) with a NanoDrop 2000 UV 

spectrophotometer; the extinction coefficients of individual strands are calculated 

using the IDT tools (https://www.idtdna.com/calc/analyzer).

2. Specify the final concentration of NANPs and mix individual strands at 

equimolar concentrations in pyrogen-free water (e.g., Lonza LAL-grade water).

3. Place the tubes with samples on a heating block (95 °C) and incubate for 2 min.

▲CRITICAL STEP Do not incubate the samples at 95 °C for longer than 2 

min; avoid adding the assembly buffer to the hot samples because it can promote 

the degradation of RNAs.

▲CRITICAL STEP We recommend the use of heating blocks with heated lids 

to avoid condensation and changes in the final concentration of NANPs.

4. For intramolecular NANP assemblies (e.g., RNA and DNA cubes), snap-cool the 

samples to 45 °C and incubate for 2 min, add 5× NANP assembly buffer to reach 

the appropriate concentration, and incubate at 45 °C for an additional 30 min; for 

intra/intermolecular NANP assemblies (e.g., RNA rings), snap-cool the samples 

on ice for 2 min, add 5× NANP assembly buffer, and incubate for 30 min at 30 

°C.

■PAUSE POINT Once assembled, NANPs can be stored at 4 °C for several 

weeks. However, continuous execution of the protocol is recommended to avoid 

any potential degradation of the NANPs
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Verification of NANP assemblies by native-PAGE ● Timing ≥2 h

5. Pre-cast a mini gel for non-denaturing polyacrylamide gel electrophoresis 

(native-PAGE) (8% (vol/vol) acrylamide (37.5:1), 1× TB buffer, 2 mM MgCl2). 

We recommend using Mini-PROTEAN Tetra Vertical Electrophoresis Cells.

6. Pre-run the gel in a cold room or refrigerator (4 °C) in 1× native-PAGE running 

buffer for 3–5 min at 150 V.

7. While pre-running the gel, mix NANPs (final concentration of ≥1 μM) with 

equal volumes of 1× native-PAGE loading buffer, up to a 10-μL of final volume.

8. Load samples into individual lanes of a gel (5 μL per lane) and run the system for 

30 min at 300 V at 4 °C.

▲CRITICAL STEP Wash the loading wells several times with running buffer 

before loading.

9. Visualize the gel with a ChemiDoc MP System (or similar) using total staining 

with ethidium bromide (or SYBR Green) or fluorescently labeled 

oligonucleotides entering the NANPs’ composition. NANPs are expected to 

migrate as a single band on non-denaturing gels.

▲CRITICAL STEP The presence of any other bands should, in total, constitute 

no more than 20% of the entire band percentage as determined by following the 

manufacturer’s instructions for the ChemiDoc analysis software.

? TROUBLESHOOTING

Purification of NANPs by native-PAGE ● Timing ≥12 h

10. If—after Step 9—the NANPs need to be further purified, prepare larger volumes 

and achieve a ≥10 μM concentration by following Steps 1–4 above.

11. Pre-cast a gel for non-denaturing polyacrylamide gel electrophoresis (native-

PAGE) (8% (vol/vol) acrylamide, 37.5:1). For purification, we recommend using 

a vertical gel of 16.5 cm × 22 cm with a spacer thickness of 1.5 mm for 10 wells.

12. Pre-run the gel in a cold room or refrigerator (4 °C) in 1× native-PAGE running 

buffer for 10 min at 150 V.

13. While pre-running the gel, mix NANPs with equal volumes of 1× native-PAGE 

loading buffer, up to a 100-μL final volume.

14. Load samples into individual lanes of the gel (100 μL per lane) and run it for 90 

min at 300 V at 4 °C.

15. Disassemble gel and place it into plastic wrap.

16. Place the TLC plate underneath the plastic-wrapped gel and visualize the NANP 

bands with a UV lamp on the short-wavelength setting.
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17. Use a scalpel to cut out the major NANP band in each lane and place them into 

separate aliquots of 1× NANP assembly buffer; use as much buffer as needed to 

completely cover the gel pieces.

18. Allow elution overnight; then assess the concentration of the purified NANPs 

with a NanoDrop 2000 UV spectrophotometer; the extinction coefficients of 

NANPs are calculated as the sum of extinction coefficients of the individual 

sequences that comprise them.

19. Confirm the absence of endotoxins in the assembled NANPs by LAL assay, 

using protocols developed by our groups7.

■PAUSE POINT Once purified, the NANPs can be stored at 4 °C for several 

weeks. However, continuous execution of the protocol is recommended to avoid 

any potential degradation of the NANPs.

? TROUBLESHOOTING

Assessment of structural integrity of the NANPs upon complexation with delivery reagents

● Timing ~2 h

20. Complex the NANPs with a carrier (Fig. 3a,b; refs.24,25,53. For complexation 

with L2K in a separate tube, combine 10 μL of NANP stock (1 μM 

concentration) and 2 μL of L2K; mix well by pipetting up and down repeatedly.

21. Incubate at room temperature for 30 min.

22. Take a 6-μL aliquot of NANP–L2K solution and add 2 μL of 10% (vol/vol) 

commercial Triton X-100.The remaining 6 μL of NANP–L2K solution will be 

used as a control in Step 24 and should be incubated at room temperature until 

then.

? TROUBLESHOOTING

23. Incubate the solution at room temperature for an additional 30 min.

24. Analyze all samples (NANPs, NANP–L2K, and NANP–L2K + Triton X-100 

solutions) on native-PAGE as described in Steps 5–9. NANP–L2K solution is 

expected to stay in the loading well, whereas Triton X-100–treated NANP–L2K 

solution will migrate in the gel according to its molecular weight, as would free, 

untreated NANPs; the structural integrity of the NANPs, therefore, is confirmed 

by comparing the free NANPs with the NANP–L2K and NANP–L2K + Triton 

X-100 samples.

■PAUSE POINT Once mixed with L2K, NANPs can be stored at 4 °C for 

hours. However, continuous execution of the protocol is recommended to avoid 

any potential aggregation.

Isolation of PBMCs ● Timing ~4 h

▲CRITICAL Human blood may contain blood-borne pathogens. Therefore, Biosafety in 
Microbiological and Biomedical Laboratories57 recommends following BSL-2 precautions 
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during blood work. Laboratory staff should wear pants, close-toed shoes, disposable gloves, 

a laboratory coat, and eye protection. In addition, all procedures with human blood in which 

splashes or aerosols may be created should be conducted inside a biological safety cabinet. 

Blood-borne pathogen awareness training may be required and is strongly recommended. 

Any laboratory personnel working with human-derived blood should refer to the relevant 

national and regional guidelines and regulations for handling of blood-borne pathogens for 

specific required precautions. Always follow your local and institutional policies for 

working with human blood and, in case of any concerns or questions, contact your biosafety 

officer or institutional biosafety committee. Obtaining blood from patients with certain types 

of diseases also requires institutional review board approval.

25. Place freshly drawn blood into 15- or 50-mL conical centrifuge tubes separated 

by donor. Add an equal volume of room-temperature PBS and mix well.

26. Use 3 mL of Ficoll-Paque solution per 4 mL of blood–PBS mixture, e.g., 15 mL 

of Ficoll-Paque per 20 mL of diluted blood in a 50-mL tube. Slowly layer the 

blood–PBS mixture over the Ficoll-Paque solution. Alternatively, the Ficoll-

Paque solution can be slowly layered underneath the blood–PBS mixture by 

placing the tip of the pipette containing Ficoll-Paque at the bottom of the blood 

sample tube.

▲CRITICAL STEP To maintain the Ficoll-Paque–blood interface, hold the 

tube at a 45° angle.

27. Centrifuge for 30 min at 900g at 18–20 °C, without braking.

▲CRITICAL STEP Turning off the brakes on the centrifuge is needed to avoid 

altering the gradient, which would result in the loss of the buffy coat. Depending 

on the type of centrifuge, one may also need to set the acceleration speed to the 

minimum.

28. Using a sterile pipette, remove the upper layer containing plasma and platelets 

and discard it. Using a fresh sterile pipette, transfer the mononuclear cell layers 

to fresh 15- or 50-mL centrifuge tubes (separated by donor).

29. Wash the cells by adding an excess (~3 times the volume of mononuclear layer) 

of HBSS and centrifuging for 10 min at 400g at 18–20 °C.

▲CRITICAL STEP The removal of excess Ficoll-Paque and platelet-rich 

plasma collected along with the PBMC fraction is critical to provide optimal cell 

viability and biological response. Usually 4 mL of blood–PBS mixture results in 

an ~2 mL fraction containing the cells of interest and requires at least 6 mL of 

HBSS for the wash step. We use 10 mL of HBSS per each 2 mL of cells.

30. Discard the supernatant by pipetting or using vacuum aspiration and repeat the 

wash step one more time.

31. Resuspend the cells in 1 mL of complete RPMI 1640 medium. Dilute the cells 

1:5 or 1:10 with trypan blue, count the cells, and determine their viability using 

trypan blue exclusion58. If viability is ≥90%, continue to next steps.
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? TROUBLESHOOTING

Exposing PBMCs to NANPs and collecting supernatants ● Timing ~24 h

32. Complex NANPs with a carrier. For complexation with L2K, in a separate tube, 

combine 20 μL of 1 μM NANP stock and 4 μL of L2K (for a 96-well plate; 

adjust the volume on the basis of the manufacturer’s recommendations if 

needed). Mix well by pipetting up and down repeatedly.

33. Incubate at room temperature for 5–30 min, then add 376 μL of OptiMEM.

34. While waiting for complexation in Step 32, adjust the PBMC concentration to 

1.3 × 106 viable cells/mL with complete RPMI 1640 medium.

35. Dispense 20 μL of complete RPMI 1640 medium (baseline), negative control 

(PBS), vehicle control (L2K in OptiMEM at the same concentration as that used 

for particle complexation), positive controls (PCs) and test samples (NANPs 

from Step 32) into the corresponding wells of a U-bottom 96-well plate. We 

advise doubling the number of wells with NANPs in order to prepare cell-free 

controls (CFCs) in Step 36. We advise setting up 4–6 extra replicates of positive 

controls. Supernatants collected from these extra PC samples will be used to 

prepare inhibition enhancement controls (IECs) in ELISA assays (Steps 40–53) 

to identify potential false-negative results. See Supplementary Fig. 1 for a 

diagram of the plate layout. Refer to Table 2 for information regarding positive 

controls and Table 3 for information regarding IECs and CFCs.

▲CRITICAL STEP If one wants to understand whether NANPs may potentiate 

or inhibit the cellular response to the assay positive control (LPS, PHA-M, or 

ODN2216), wells should also be set up to co-culture the positive control with 

NANPs in the presence of cells. In this case, each test well will receive 20 μL of 

the positive control, 20 μL of NANPs, 20 μL of complete RPMI 1640 medium 

and 40 μL of PBMCs from Step 34 (to contain 2.6 × 106 viable cells/mL).

36. Dispense 80 μL of PBMCs from Step 34 per well into the 96-well plate 

containing 20 μL per well of NANPs, controls, or medium in wells intended for 

CFC. Add 80 μL of complete RPMI 1640 medium instead of PBMC suspension 

to the CFC wells. The final number of cells per well is 100,000, and the total 

volume per well is 100 μL.

37. Repeat Steps 25–36 for cells obtained from each individual donor.

▲CRITICAL STEP There is no limit to the number of donors used in this test. 

We advise testing each NANP formulation with blood derived from at least three 

healthy donors.

38. Incubate the cells for 20 h in a humidified 37 °C, 5% CO2 incubator.

39. Spin the plate in a centrifuge at 400–700g for 10 min at room temperature. 

Transfer the supernatants to a fresh plate. Alternatively, the supernatants can be 

collected into Eppendorf tubes and cleared of cells by a brief centrifugation 

(18,000g, 20–24 °C, 5 min) and then transferred to fresh tubes for storage.
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▲CRITICAL STEP CFCs from Step 35 are processed the same way as PBMC 

samples and serve as a control for false-positive results. To test for potential 

false-negative results, supernatants from the positive control (Step 39) are spiked 

with NANPs at a final concentration identical to that of the test sample. 

Alternatively, supernatants from CFCs are spiked with relevant cytokine 

standards used in an ELISA or multiplex assay. If NANPs inhibit detection of 

cytokine, a decrease in the cytokine level will be seen as compared to the level of 

cytokine in the positive control or quality control.

▲CRITICAL STEP If the user plans on using multiple ELISA assays, the 

volumes described in the protocol can be scaled up proportionally to generate 

higher volumes of supernatants. In this case, to avoid repeated freeze–thaw 

cycles, it is better to prepare multiple, single-use aliquots of each supernatant. 

The size of such aliquots depends on the volume and sample dilution that are 

specific to a given ELISA.

■PAUSE POINT After Step 39, one can either proceed with ELISA analysis or 

store supernatants in aliquots at −20 or −80 °C for up to 1 year.

? TROUBLESHOOTING

Detection of biomarkers ● Timing ~4–6 h

40. Prepare the assay diluent, sample diluent, and wash buffer from the 4-plex 

interferon kit (Quansys Biosciences). Dilute the stock wash buffer provided with 

the kit 20-fold with distilled water. The assay and sample diluents are already at 

the ready-to-use concentrations.

▲CRITICAL STEP Store all buffers at room temperature for use on the same 

day that they are prepared.

41. Prepare calibration standards. First, add 200 μL of the stock calibrator (from the 

kit) to the first tube, labeled Standard or Calibrator 1. Next, add 120 μL of the 

assay diluent to the additional six tubes labeled sequentially as Standard or 

Calibrator 2 through 7. After that, perform serial, threefold dilution of the first 

standard by transferring 60 μL of Standard 1 to the Standard 2 tube, mixing by 

repeated up-and-down pipetting, and transferring 60 μL to the next tube, and so 

on until Standard 7 is reached.

42. Thaw frozen culture supernatants from Step 39 at room temperature or use 

freshly collected ones. To prepare IECs, spike PC supernatants with NANP–L2K 

solution prepared as described in Steps 20 and 21 and diluted with complete 

RPMI 1640 medium to achieve 2× the final concentration used to prepare 

NANP–L2K culture supernatants (e.g., if the final concentration tested in cells 

was 10 nM, then dilute to 20 nM). Use 30 μL of NANP–L2K for each 30 μL of 

PC supernatant. Alternatively, use CFC supernatant from Step 39 to prepare 

calibration standard 3 or 4 (i.e., the one that has a cytokine concentration falling 

in the middle of calibration curve).
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43. Dilute the culture supernatants twofold with sample diluent by mixing 60 μL of 

the culture supernatants with 60 μL of the sample diluent.

44. Add 50 μL of the assay diluent to each well on a multiplex ELISA plate.

45. Load 50 μL of standards from Step 41 and culture supernatants from Step 43 per 

well onto the 96-well multiplex plate loaded with assay diluent in Step 44 and 

incubate it at room temperature on a shaker set to ~500 r.p.m. for 2 h.

46. Wash the plate three times with the wash buffer prepared in Step 40. Use 300 μL 

of the wash buffer per well. Tap the plate on a paper towel to remove excess 

buffer and immediately proceed to the next step.

47. Add 50 μL per well of the detection mix, prepared by the reconstitution of 

lyophilized stock (from the 4-plex interferon kit, Quansys Biosciences) in 6 mL 

of distilled water.

48. Incubate the plate at room temperature on a shaker set to ~500 r.p.m. for 1 h.

49. Repeat Step 46.

50. Add 50 μL per well of the ready-to-use streptavidin–HRP (horseradish 

peroxidase) conjugate provided with the kit.

51. Incubate the plate at room temperature on a shaker set to ~500 r.p.m. for 15 min.

52. Repeat Step 46 two times and immediately proceed to the next step.

53. Add 50 μL per well of the detection reagent prepared by mixing equal volumes 

of detection reagent A and detection reagent B, and read the plate using a 

Quansys ImagePro reader equipped with Q-Viewv.3.112 or equivalent software. 

Process and analyze the data with Prism 8 or equivalent software.

▲CRITICAL STEP Analyze the supernatants from CFC samples prepared in 

Step 39 to account for potential false-positive responses. Analyze IECs from 

Step 42. This step will account for potential false-negative results.

▲CRITICAL STEP When analyzing the data, do not forget to account for the 

twofold dilutions of all study samples and the fourfold dilution for the IEC.

? TROUBLESHOOTING

Mechanistic insight into NANP uptake routes and immune receptor recognition

● Timing ≥24 h to prepare culture supernatants; 4–6 h for ELISA analysis

54. Follow the same procedure described in Steps 32–34 to set up culture 

supernatants.

55. When setting up treatments in Step 35, add additional samples containing 

NANPs and inhibitors as follows: If the involvement of TLRs is of interest, add 

ODN2088 to the cells before adding NANPs. If the involvement of scavenger 

receptors is of interest, then apply fucoidan, dextran sulfate, chondroitin sulfate, 

poly-I, and poly-C to separate wells and then add NANPs.
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56. Complete the Procedure by following Steps 36–39.

57. Follow Steps 40–53 to analyze the culture supernatants prepared in Steps 54–57.

■PAUSE POINT After Step 56 is complete, one can either proceed with ELISA 

analysis or store aliquots of the supernatants at −20 or −80 °C.

? TROUBLESHOOTING

Troubleshooting

Troubleshooting advice can be found in Table 4.

Timing

Steps 1–4, assembly of NANPs: 1 h

Steps 5–9, verification of NANP assemblies by native-PAGE: 2 h

Steps 10–18, gel purification of NANPs: ≥12 h

Step 19, confirmation of the absence of endotoxins in assembled NANPs by LAL assay: ~2h

Steps 20–24, assessment of structural integrity of NANPs upon complexation with delivery 

reagents: ~2 h

Steps 25–31, PBMC isolation: ~4 h

Steps 32–39, exposing PBMCs to NANPs and collecting supernatants: ~24 h

Steps 40–53, detection of biomarkers: ~4–6 h

Steps 54–57, mechanistic studies into NANP uptake routes and immune receptor 

recognition: ≥28–30 h

Anticipated results

Anticipated results for NANP assembly and retention of NANP structural integrity upon 
interaction with transfection reagents

We recommend carrying out native-PAGE experiments (Fig. 3) as a quick and low-cost way 

to verify the successful assembly of NANPs. The example shown in Fig. 3 demonstrates the 

correct formation of three representative NANPs. As controls, previously extensively 

characterized NANPs (e.g., RNA rings or RNA and DNA cubes) can be used. All bands can 

be quantified using the ChemiDoc software; as an alternative, the publicly available software 

ImageJ (https://imagej.nih.gov/ij/) can be used.

Anticipated results for endotoxin screening (Step 19)

The results should demonstrate that when the precautions described in Box 2 are followed, 

the endotoxin in NANP samples is undetectable (i.e., the measured levels are below the 

assay lower limit of quantification of 0.001 endotoxin units/mL/200 nM).
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Anticipated results for cytokine screening (Steps 32–57)

The results shown in Table 1 demonstrate that when NANP quality is achieved by 

appropriate performance of Steps 1–19, as well as when the complexation with a carrier and 

Steps 20–24 are followed, the induction of primary biomarkers of NANP 

immunostimulation (IFN-α, IFN-β, IFN-ω, and IFN-λ) detected in Steps 40–53 is observed 

(Fig. 3). When a different carrier is used, the spectrum and the magnitude of cytokine 

response may be different and therefore will provide novel information about the influence 

of the NANPs’ delivery carrier on their immunological recognition. The magnitude of the 

biomarker is determined by the physicochemical properties of the NANPs, in that RNA-

based NANPs, specifically RNA cubes, are the most potent immunostimulants, whereas 

DNA cubes and RNA rings are less immunostimulatory. Despite the difference in the 

magnitude of the interferon biomarker induction by NANPs with identical physicochemical 

properties, the type I interferons (IFN-α, IFN-β, IFN-ω) and type III interferon (IFN-λ) are 

consistently observed in all donors, as confirmed in our studies of >100 healthy donors, 

provided NANP delivery was achieved by a control carrier L2K.

These interferons have beneficial therapeutic properties. For example, they were shown to 

induce dendritic cell (DC) maturation and support DC function59–61. Type I interferons are 

also used for therapy of viral infections (e.g., hepatitis C), cancer (e.g., chronic myeloid 

leukemia), and immune-mediated disorders such as multiple sclerosis62–66. Type III 

interferons also have anti-cancer activity67. Clinical use of recombinant interferons is 

associated with fever-like reactions that are due to their systemic distribution and their 

ability to activate the immune cells in the blood68, and is also complicated by an anti-drug 

antibody (ADA) response in some patients69. When the ADA is neutralizing, it both affects 

the drug efficacy and contributes to toxicity70. These toxicities occur despite protein 

engineering attempts and conjugation with hydrophilic poly(ethylene glycol) (PEG)70. Not 

only does PEGylation of recombinant proteins not prevent immunogenicity of these 

products, but it may also create additional hurdles because the blood of healthy individuals 

contains pre-existing anti-PEG antibodies that may affect both the safety and efficacy of 

PEGylated drug products71–74. Owing to their ability to induce type I and type III 

interferons, NANPs could potentially address these problems by stimulating the hosts’ own 

type of interferon response.

If NANPs are tested without a carrier, and a broad spectrum of pyrogenic cytokines (TNFα, 

IL-1β, IL-6, IL-8) is detected, it would be highly suggestive of endotoxin contamination that 

was either undetected or introduced during handling and storage of the NANPs after the 

initial synthesis and analysis by LAL.

The protocol presented herein enables the screening of multiple NANPs, selection of one 

with a desirable magnitude of IFN response, understanding of potential contamination 

issues, and investigating the role of various carriers and their impact on the magnitude and 

spectrum of NANP-mediated cytokines in comparison to the control carrier L2K.
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Anticipated results for mechanistic analysis

If the addition of ODN2088 results in a decrease in the cytokine response to the given 

NANPs, this response is due to NANP recognition by endosomal TLRs (TLR3, TLR7, 

TLR8, and TLR9) (Fig. 3d). It is important to emphasize that this inhibitor cannot 

distinguish between individual endosomal TLRs.

If the addition of fucoidan results in a decrease in the cytokine response to the given 

NANPs, this response is due to NANP recognition by scavenger receptors. If the addition of 

either poly-I or dextran sulfate results in a decrease in the cytokine response to the given 

NANPs, whereas the addition of poly-C or chondroitin sulfate does not influence the result, 

this response is due to NANP recognition by scavenger receptors (Fig. 3e). When an 

alternative to the L2K carrier is used to deliver NANPs to the immune cells, the resulting 

spectrum of cytokines and/or magnitude of the cellular response may be different and will 

provide novel information about mechanisms of NANP recognition by immune cells. Most 

important, other inhibitors specific to the pathway of interest to the user of this protocol can 

also be used. Therefore, this protocol provides a versatile research tool to NANP 

researchers.

Reporting Summary

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article.

Data availability

The data presented in this article have been published before17,23,25,26,31,33 and are available 

to users without restrictions other than the copyright.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Box 1 |

Sequences of control nucleic acid nanoparticles

The sequences of the NANPs we propose for use as controls have been described 

earlier25 and are listed below. Each set of NANP sequences contains a fluorescently 

labeled (with Alexa Fluor 488 (AF488)) strand for NANP visualization. All NANP 

sequences are custom-ordered from Integrated DNA

RNA cube 5′–3′

rA: 

GGCAACUUUGAUCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCAC

G

rB: 

GGGAAAUUUCGUGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGG

UC

rC: 

GGACAUUUUCGAGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAG

G

rD: 

GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGC

C

rE: 

GGGAGAUUUAGUCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUG

U

rF: 

GGGAUCUUUACCUACCACGUUUUGCUGUCUCGUUUGCAGAAGGUCUUUCCG

A

rD-AF488: 

GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGC

C-AF488

DNA cube 5′–3′

dA: 

GGCAACTTTGATCCCTCGGTTTAGCGCCGGCCTTTTCTCCCACACTTTCACG

dB: GGGAAATTTCGTGGTAGGTTTTGTTGCCCGTGTTTCTACGATTACTTTGGTC

dC: GGACATTTTCGAGACAGCATTTTTTCCCGACCTTTGCGGATTGTATTTTAGG

dD: GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC

dE: GGGAGATTTAGTCATTAAGTTTTACAATCCGCTTTGTAATCGTAGTTTGTGT

dF: GGGATCTTTACCTACCACGTTTTGCTGTCTCGTTTGCAGAAGGTCTTTCCGA
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dD-AF488: 

GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC-

AF488

RNA ring 5′–3′

nrA: GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGC

nrB: GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGC

nrC: GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGC

nrD: GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGC

nrE: GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGC

nrF: GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGC

nrC-AF488: 

GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGC-AF488
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Box 2 |

How to avoid contamination of NANPs with pyrogens

1. Always wear disposable gloves (nitrile preferred) and avoid reusing them.

2. Never touch your face or unclean surfaces; change gloves as needed during 

NANP preparation.

3. Use pyrogen-free reagents and water.

4. Use autoclaved sterile pipette tips and avoid any cross-contamination with 

other samples.

5. Do not use cellulose-based filters, which can be a source of beta-glucan that 

will interfere with the LAL (Limulus amebocyte lysate) assay and further 

immunological studies.

6. Do not breathe, talk, cough, or sneeze around the open tubes during the 

preparation of the NANPs.
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Related links

Key references using this protocol

Hong, E. et al. Nano Lett. 18, 4309–4321 (2018): https://doi.org/10.1021/

acs.nanolett.8b01283

Rackley, L. et al. Adv. Funct. Mater. 28, 1805959 (2018): https://doi.org/10.1002/

adfm.201805959

Hong, E. et al. Molecules 24, 1094 (2019): https://doi.org/10.3390/molecules24061094

Afonin, K. A. et al. Nat. Protoc. 6, 2022–2034 (2011): https://doi.org/10.1038/

nprot.2011.418
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Fig. 1 |. The main strategies for NANP design.
a, Schematics showing the workflow for NANP production. b,c, Two main design strategies: 

the first relies on intramolecular bonds within each monomer that promote the formation of 

magnesium-dependent interacting motifs required for intermolecular interactions (b), and 

the second is based on assembly of NANPs and individual monomers designed to form 

intermolecular bonds only with their cognate partner strands (c). Scale bars, 500 nm (main); 

100 nm (insets). 3WJ, three-way junction; PK, pseudoknot; SELEX, systematic evolution of 

ligands by exponential enrichment; Us, uracils.
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Fig. 2 |. Schematic representation of the experimental design required to assess the 
immunological properties of NANPs and their interactions with PBMCs.
Corresponding Procedure steps are indicated in blue. Steps 54–57, which describe 

mechanistic studies, are not shown.
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Fig. 3 |. Verification that NANPs retain structural integrity upon complexation with 
Lipofectamine 2000, and of their cellular uptake.
a, Schematic representation of NANPs’ association with L2K, followed by their release 

upon detergent (Triton X-100) treatment. b, Ethidium bromide (EtBr) total staining native 

PAGE, indicating formation of NANPs, their complexation with L2K, and successful release 

upon treatment with Triton X-100. c, NANPs labeled with Alexa Fluor 488 (AF488) form 

complexes with L2K and retain their structural integrity upon detergent-mediated release. 

Note that in b and c, NANPs’ complexation with L2K prevents their entering the gel, 

whereas treatment with Triton X-100 restores NANPs’ electrophoretic mobility. d, Inhibition 

of NANPs’ inflammatory response due to TLR recognition. ODN2088 is the oligonucleotide 

that blocks the function of all endosomal TLRs. Each bar shows a mean response of three 

independent samples (N) and a standard deviation (N = 3) for each of three donors. e, 

Inhibition of the inflammatory response due to NANP uptake via scavenger receptor. 

ODN2216 is an oligonucleotide known to stimulate the IFN response and is used as a 

positive control; fucoidan, poly-I and dextran are known inhibitors of the scavenger receptor, 

whereas poly-C and chondroitin are non-specific (i.e., non-inhibitory) controls for poly-I and 

dextran, respectively. Each bar shows a mean response of three independent samples and a 

standard deviation (N = 3) for each of three donors. Each sample was tested in duplicate on 

an ELISA plate (%CV <25). The data used in d and e are reproduced with permission from 

ref.25, American Chemical Society. ODN2208 is a CpG DNA oligonucleotide with mixed 

backbone; ODN 2216 is a CpG oligonucleotide and TLR9 agonist; fucoidan is a complex 

polysaccharide; poly-I is polyinosinic acid; poly-C is polycytidylic acid; chondroitin is a 

glycosaminoglycan; dextran is a complex branched glucan. D, donor number; ULOQ, upper 

limit of quantification.
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Table 1 |

Examples of IFN responses to NANPs with various physicochemical properties

Amount detected (pg/ml)

Supernatant Donor 1 Donor 2 Donor 3

IFN-α

Untreated BLOQ BLOQ BLOQ BLOQ BLOQ BLOQ

ODN2216 29,287 28,034 16,963 15,605 15,179 13,193

L2K BLOQ BLOQ BLOQ BLOQ BLOQ BLOQ

DNA cube/L2K 4,889 4,602 2,375 2,262 4,198 5,121

RNA cube/L2K 25,530 19,965 17,564 17,204 14915 15,091

RNA ring/L2K 6,937 5,985 4,552 5,721 9,398 7,531

IFN-β

Untreated BLOQ BLOQ BLOQ BLOQ BLOQ BLOQ

ODN2216 141 118 82 82 69 BLOQ

L2K BLOQ BLOQ BLOQ BLOQ 162 BLOQ

DNA cube/L2K BLOQ BLOQ BLOQ BLOQ 162 BLOQ

RNA cube/L2K 450 343 369 311 362 299

RNA ring/L2K 64 BLOQ 77 BLOQ 132 BLOQ

IFN-ω

Untreated BLOQ BLOQ BLOQ BLOQ BLOQ 12.4

ODN2216 1,254 1,209 738 774 633 607

L2K BLOQ BLOQ BLOQ BLOQ BLOQ BLOQ

DNA cube/L2K 201 202 118 105 214 231

RNA cube/L2K 875 730 623 587 599 686

RNA ring/L2K 194 223 132 178 290 291

IFN-λ

Untreated BLOQ BLOQ BLOQ BLOQ BLOQ BLOQ

ODN2216 729 764 BLOQ BLOQ BLOQ BLOQ

L2K BLOQ BLOQ BLOQ BLOQ BLOQ BLOQ

DNA cube/L2K BLOQ BLOQ BLOQ BLOQ BLOQ BLOQ

RNA cube/L2K 887 698 382 417 600 482

RNA ring/L2K BLOQ BLOQ 146 BLOQ 147 146

BLOQ, below the lower limit of quantification. The data are reproduced with permission from ref.25, American Chemical Society. Each value in 
the table represents an independent sample tested in duplicate on an ELISA plate and is the mean of two responses (%CV <25).
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Table 2 |

Positive Controls to verify functionality of the test model

Description/control E.coli K12 LPS ODN2216 PHA-M

Primary purpose Positive control for Inflammatory 
cytokines (TNF-α, IL1β, IL-6, IL-8, 
IL-10, IL-12)

Positive control for Type I interferons 
(IFN-α, IFN-β, IFN-ω) and type III 
(IFN-λ)

Positive control for Type II 
interferon (IFN-γ)

Final concentration in 
assay

20 ng/mL 5 μg/mL 10 μg/mL

Positive controls shown in this table trigger different receptors and molecular pathways in PBMCs and therefore lead to the expression of different 
inflammatory markers. These controls provide important information about the functionality of the cells used in the study. More details are in Step 
35.
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Table 3 |

Controls to test for potential false-negative or false-positive results

Description/control IEC CFC

Primary purpose Rule out false-negative results Rule out false-positive results

Content Positive-control supernatant from Step 39 spiked with NANPs Complete cell culture medium and NANPs. See 
Step 35 for the details of preparation

CFC supernatant from Step 39 spiked with cytokine standards 
from ELISA kit

Inhibition enhancement control (IEC) and cell-free control (CFC) help reveal the ability of NANPs present in the culture supernatants to alter 
cytokine detection and cause false-positive or false-negative results. More details are in Step 35.
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Table 4 |

Troubleshooting table

Step Problem Possible reason Solution

9 NANP bands are not 
seen on total staining 
native-PAGE gel

Absence of divalent ions (Mg2+) Verify that Mg2+ was added to NANP assembly buffer, native-
PAGE gel, and native-PAGE running buffer

Additional bands 
besides the NANP band 
are observed on native-
PAGE gel

Individual monomers (ssRNAs and 
ssDNAs) tend to stick to the test-tube 
walls

Vortex all stock solutions of individual monomers for 5–10 s 
before NANP assembly

Monomer concentrations were not 
measured correctly

Measure the UV absorbance and calculate the monomer 
concentrations right before NANP assembly

NANPs stuck in the 
native-PAGE wells

Loading wells were not washed well 
enough

Wash the wells thoroughly before loading your samples

19 NANPs contain 
endotoxin

Pyrogen-free reagents and depyrogenated 
tools were not used

Use pyrogen-free water and sterile disposable consumables; 
depyrogenate non-disposable reagents and supplies by either 
baking at 230 °C for ≥30 min or by cleaning them with 
Cavicide, followed by rinsing with an excess of pyrogen-free 
water

22 NANPs are not 
efficiently released 
from the carrier

Triton X-100 is a detergent that may not 
be an efficient releasing agent because of 
the non-lipid-like nature of the carrier

Use heparin (instead of Triton X-100) to outcompete 
electrostatic interactions between NANPs and other polymeric 
or inorganic carriers53,75

25–
31

No buffy coat Centrifuge acceleration and or 
deceleration speed was not adjusted to be 
minimal

Check centrifuge settings to set the acceleration speed to 
minimal and turn deceleration speed off

Low PBMC yield Incomplete collection of the buffy coat Collect buffy coat using Eppendorf or equivalent pipette set 
for 1-mL volume. Avoid using serological pipettes, even when 
their volumes are 1–2 mL

Low cell viability Blood was exposed to extreme 
temperatures during transportation or was 
stored for >2 h after the collection and 
before the experiments

During summer, it is better to transport the blood using cold 
packs equilibrated to room temperature to avoid overheating 
the blood. During winter months, it is better to transport the 
blood on warm packs equilibrated to 37 °C to avoid 
overcooling the blood

Expired Vacutainers Check Vacutainer expiration dates

Diluted blood was held at room 
temperature for >2 h

Dilute blood with PBS immediately before loading onto 
Ficoll-Paque

Purified cells were kept in HBSS for >1 h After the last wash, replace wash buffer with complete RPMI 
1640 culture medium. If the cells cannot be treated 
immediately after the isolation, place them into an incubator 
set to 5% CO2 and 37 °C until ready to treat with controls and 
NANPs

Altered cell 
morphology

Same as described above in the ‘Low cell 
viability’ section

Same as described above in the ‘Low cell viability’ section

32–
39

High level of cytokines 
in the negative control

Blood was exposed to extreme heat 
during transportation

Avoid overheating the blood

Cell culture medium or reagents used to 
prepare the medium were contaminated 
with endotoxin

Prepare the medium using fresh reagents

Low signal in the 
positive control

Expired, degraded, or inappropriately 
stored controls

Prepare controls using fresh reagents. Avoid repeatedly 
subjecting stocks to freeze-thaw cycles. After preparation, 
prepare single-use aliquots of control stocks and store them at 
−20 °C

Repeated freeze-thaw cycles To avoid repeated freeze-thaw of supernatants, prepare small 
aliquots at the time of supernatant collection and store them at 
−20 °C

No positive response in 
NANP samples

Can be expected with small, planar, and 
fibrous NANPs

When unexpected, use fresh carrier (e.g., L2K) and store 
freshly prepared NANPs at 4 °C (for up to 1 week) or −20 °C 
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Step Problem Possible reason Solution

(for longer times). Verify NANP stability by gel-
electrophoresis

When unexpected, this can be due to 
NANP degradation or failure to complex 
with a carrier. It can also be caused by 
repeated freeze-thaw cycles

To avoid repeated freeze-thaw of supernatants, prepare small 
aliquots at the time of supernatant collection and store them at 
−20 °C

Unexpectedly high 
levels of IFNs and 
other cytokines in 
NANP supernatants

Contamination of NANPs, L2K, or cell 
culture medium with endotoxin and other 
innate immunity-modulating impurities

Test all components for the presence of endotoxin using LAL 
assay and replace contaminated materials with pyrogen-free 
ones

40–
53

High variability 
between replicates 
(%CV >25)

Incubation was not performed on the 
shaker; loose pipette tips, especially when 
multichannel pipettes are used; the plate 
was allowed to dry after wash steps

Perform incubations on a shaker; verify that tips are tight on 
pipettes; avoid long (>5 min) intervals between plate wash and 
addition of reagents, and keep the plate on a paper towel 
upside-down until ready to add the reagents to the plate

54–
57

No decrease in 
cytokine level in the 
presence of an inhibitor

NANP complexation with L2K did not 
work, a different carrier or no carrier was 
used, or the inhibitor quality was 
compromised during the storage or 
repeated freeze-thaw cycles

Verify that fresh L2K is used for the complexation. Use fresh 
inhibitors from commercial reagents as described in Steps 54–
57, then prepare single-use aliquots. Discard any unused 
inhibitor at the end of experiment; in order to avoid repeated 
freeze-thaw cycles, do not store
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