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Introduction
Autoimmune disorders are a significant public health issue, 
with an estimated prevalence in the population of 4.5%.1 These 
disorders are characterized by a breakdown in immunological 
tolerance, leading to attack on the body’s healthy cells, tissue, or 
organs. The most common autoimmune disorders include type 
I diabetes, Graves’ disease, Hashimoto’s thyroiditis, celiac dis-
ease, and rheumatoid arthritis (RA). Indeed, autoimmune dis-
orders are among the leading causes of morbidity in the United 
States and collectively are among the top 10 causes of death for 
women under age 65.2,3 Rheumatoid arthritis alone affects an 
estimated 1% of the population and, like other autoimmune dis-
eases, can lead to diminished quality of life and significant loss 
of income.4-6 Treatment for autoimmunity has generally focused 
on therapies that dampen the immune system as a whole such 
as corticosteroids or non-steroidal anti-inflammatory drugs 
(NSAIDs). These require long-term use at high doses, and 
there has been a push to develop more specific therapies, includ-
ing disease-modifying anti-rheumatic drugs (DMARDs) and 
biologic response-modifying drugs.7-10 Unfortunately, these 
directed therapies are only effective in a proportion of patients 
and are associated with significant side effects, including injec-
tion site reactions, toxicities associated with long-term use, and 
infection risk.9,11 In addition, most of the biologic therapies for 
autoimmunity have either cell-surface or secreted targets. 

Although intracellular targets have been identified, they are 
harder to pursue therapeutically, particularly if there are not 
good specific small molecule inhibitors available or if the exact 
function of the potential target is not fully elucidated. Thus, 
new therapies for rheumatoid arthritis and other autoimmune 
disorders that can be directed to intracellular proteins with min-
imal side effects are needed.

One such promising intracellular target for autoimmune dis-
ease is the enzyme indoleamine 2,3-dioxygenase 2 (IDO2). 
Using genetic knockouts, we have previously shown that elimi-
nation of IDO2 reduces autoimmune arthritis in the well-estab-
lished KRN.g7 murine model system of disease.12 Further 
studies have established that elimination of IDO2 specifically 
from B cells is enough to recapitulate the reduction in arthritis 
seen with IDO2 ko KRN.g7 mice, thus establishing B-cell-
expressed IDO2 as a pro-inflammatory mediator of autoim-
mune disease initiation, progression, and severity.12-14 Despite 
clear empirical evidence for the role of IDO2 in driving autoim-
munity, little is known about its function. IDO2 is 1 of 2 known 
IDO enzymes (IDO1 and IDO2) that, along with the liver 
enzyme tryptophan 2, 3-dioxygenase (TDO), catabolize the 
amino acid tryptophan. IDO1, the better studied of the two, is 
also associated with regulatory T-cell function and is an impor-
tant mediator of immune escape associated with cancer develop-
ment.15-18 Unlike IDO2, IDO1’s role in the autoimmune 
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response is unclear, with some studies suggesting a regulatory 
function,19-22 while others suggest a pro-inflammatory role23-25 
or no role at all.12,26 Although several small molecule inhibitors 
of IDO1 have been developed, small molecules that specifically 
inhibit IDO2 have yet to be identified.27,28 Our data suggest a 
therapeutic strategy specifically directed against IDO2, rather 
than IDO1 or the broader IDO pathway, could be of great ben-
efit to clinical disease management and has the potential to 
reduce side effects associated with targeting multiple members 
of the immunomodulatory tryptophan catabolic pathway.

As IDO2 is an intracellular protein and not known to be 
secreted or to be expressed on the cell surface, targeting this 
regulatory molecule is challenging. Prior work in preclinical 
models suggests that it may be possible to target IDO2 and 
other intracellular antigens with antibody therapies.29 However, 
a broadly applicable, easily adaptable therapy for intracellular 
antigens is urgently needed. siRNA therapies have shown 
promise in preclinical settings, but complications with target-
ing and delivery of siRNA to specific cells have made siRNA 
therapy less translatable for general clinical use.30 The use of 
DNA nanostructures as delivery systems overcomes many of 
these limitations.31 3DNA nanocarriers are flexible, branched, 
soluble nanostructures made from DNA, that can be custom-
ized with highly specific antibodies directed to the cell type of 
interest, while carrying small molecules, antibodies, or siRNA 
to their intracellular targets. Various 3DNA formulations have 
been shown to specifically engage relevant cell populations, 
escape degradation in the endosomal compartment of the tar-
get cells, and have limited accumulation in clearance organs 
such as the liver.32 These antibody-coupled 3DNA molecules 
have long-term stability in buffers and a half-life of at least 
26 hours in serum.32 In preclinical models, these 3DNA-based 
treatments have been successful in delivery of siRNA against 
HuR in ovarian cancers, antibodies against ICAM-1 in lung 
disease, cytotoxic doxorubicin directed to myofibroblast pre-
cursors in the eye associated with vision impairment, and a 
Wnt signaling agonist to microglia in the brain.32-36

Here, we are extending this technology as an approach to treat 
autoimmunity, where many potential therapeutic targets are 
intracellular proteins. As a model, we provide a test of the 3DNA 
delivery system for siRNA targeted to IDO2 in B cells as a way 
to ameliorate autoimmune disease. KRN.g7 is a well-character-
ized T-cell transgenic murine model system that recapitulates the 
joint inflammation, immune cell infiltrates, and destruction of 
cartilage and bone characteristic of human RA. We demonstrate 
successful targeted, low-dose 3DNA-based delivery of siRNA to 
B cells in this system, mitigating arthritis severity.

Methods
siRNA identif ication

B cells were purified from spleen tissue harvested from C57BL/6 
mice. Tissue was passed through a 70-µm nylon strainer to gen-
erate a single-cell suspension. B cells were isolated using 

negative selection by magnetic purification with CD43 beads 
(P/N 130-049-801; Miltenyi Biotec, Auburn, CA, USA). B 
cells (2 × 105) were cultured in 200 µL Iscove’s Modified 
Dulbecco’s Medium (IMDM) with 2.5% fetal calf serum 
(FCS), 5 µM 2-ME, 2 mM glutamax (Life Technologies, 
Carlsbad, CA, USA), 50 µg/mL gentamicin with 25 µg/mL 
lipopolysaccharide (LPS) + 5 ng/mL interleukin 4 (IL-4). 
Dharmacon Accell siRNA (GE Life Sciences, Boston, MA, 
USA; EQ-053502-00-0002, siRNA 1, 2, 3, and 4 = A-053502-
13,-14, -15, and -16, respectively) was added to a final concen-
tration of 100 µM. Cultures were incubated for 72 hours at 37°C 
with 5% CO2. RNA was prepared for quantitative real-time 
PCR (qRT-PCR) with RNeasy Mini Kit (Qiagen, Germantown, 
MD, USA) according to kit instructions. First-strand cDNA 
was synthesized using 1:1 random hexamer and oligo-dT 
primer (Promega GoScript, P/N A5000; Promega, Madison, 
WI, USA). IDO2 expression was measured by qRT-PCR using 
SYBR Green (P/N S4428; Sigma-Aldrich, St. Louis, MO, 
USA). Expression of target gene IDO2 was determined relative 
to β2-microglobulin (β2M) and calculated as 2^-ΔΔCt (CtIDO2 
gene—Ctβ2M) as primers had similar efficiencies. SYBR Green 
primers for IDO2 were 5′-GCCCAGAGCTCCGTG 
CTTCAT-3′ and 5′-TGGGAAGGCGGCATGTAGTCC-3′ 
and for β2M, 5′-CTCGGTGACCCTGGTCTTTC-3′ and 
5′-TTGAGGGGTTTTCTGGATAGCA-3′.

3DNA formulations

3DNA was manufactured by Genisphere LLC (Hatfield, PA, 
USA) in a series of sequential DNA strand hybridization and 
crosslinking steps to achieve a 2-layer 3DNA configuration. For 
internalization and biodistribution studies, dye-labeled oligos 
(AlexaFluor488 or AlexaFluor647) were crosslinked to the 2-layer 
3DNA structure, then targeting DNA conjugates were hybridized 
to the fluorescent 3DNA, to prepare formulations denoted as 
antibody-3DNA-fluor. Targeting DNA conjugates were prepared 
with anti-CD19 or Rat IgG2a isotype control antibodies (anti-
CD19, clone 1D3, P/N BE0150; isotype control clone 2A3, cata-
log # BE0089; BioXcell, Lebanon, NH, USA) using LC-SMCC 
(succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxy-
(6-amidocaproate)) crosslinker to attach amine-oligo to tris(2-
carboxyethyl)phosphine(TCEP)-reduced antibody via a 
maleimide to the free thiol group. Anti-CD19 was chosen because 
of its limited ability to deplete B cells.37,38 By nucleic acid sequence 
design, targeting DNA conjugates hybridize 3DNA sequences 
with a melting temperature (Tm) of 72°C. Hybridization was con-
ducted by incubating at 37°C for 30 minutes using a molar ratio of 
0.144:1 conjugate to 3DNA. For siRNA efficacy studies, the 
2-layer 3DNA structure was hybridized with modified siRNA 
and antibody-oligo conjugate to prepare formulations denoted as 
anti-CD19-3DNA-siIDO2, anti-CD19-3DNA-siControl, and 
Rat IgG-3DNA-siIDO2. The siRNA oligos were purchased 
from IDT (Integrated DNA Technologies, Coralville, IA, USA) 
with bases modified for stability and short DNA extension on 
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sense strand to hybridize 3DNA (IDO2 target sequence: 
CCCUCGUCCCUUAGUCUUU; Control target sequence: 
GUUGCGACUUAUCGUUCGG). Stability modification 
includes addition of 2′-O-Methyl RNA Bases, 2′ Fluoro Bases, 
and 2 additional 3′ terminal mU bases, which are commonly 
added to protect siRNA. By nucleic acid sequence design, DNA-
extended and stability-modified siRNA oligos hybridize 3DNA 
sequences with a Tm of 53°C. Hybridization was conducted by 
incubating at 37°C for 30 minutes using a molar ratio of 0.524:1 
siRNA to 3DNA. All conjugates are purified using thiophilic 
adsorption chromatography (TAC) to remove unconjugated oligo. 
In addition, they are purified using a diethylaminoethyl (DEAE) 
column to remove free antibody.

To test binding of 3DNA, spleen tissue was harvested from 
C57BL/6 mice. Tissue was passed through a 70-µm nylon 
strainer to generate a single-cell suspension. Cells were incu-
bated for 15 minutes at 4°C with 0.2 µg αCD19, Rat IgG2a 
isotype control, oligo-conjugated αCD19, αCD19-3DNA-
AlexaFluor647, or αCD19-3DNA-siIDO2. Secondary anti-
body used for detection of αCD19 or isotype control was 
anti-rat IgG2a-FITC (clone MRG2a-83 P/N 407505; 
BioLegend, San Diego, CA, USA). Cells were read on a BD 
FACSCanto flow cytometer with FACSDiVa software (BD 
Biosciences, San Jose, CA, USA) and data analyzed with 
FlowJo software (TreeStar, Ashland, OR, USA).

Internalization

Spleen cells were isolated from C57BL/6 mice as described 
above, stained on ice with the B-cell marker (B220-eFluor 570, 
clone RA3-6B2, P/N 41045280; eBioscience, San Diego, CA, 
USA), and incubated with anti-CD19-3DNA-AlexaFluor488 
(or Rat IgG-3DNA-AlexaFluor488) for 1 hour at 37°C to 
allow for internalization. Cells were fixed (IC Fixation Buffer, 
P/N 88882388; eBioscience) and subsequently incubated with 
DRAQ5 (P/N 424101; BioLegend) for nuclear visualization; 
20 000 labeled cells were acquired using an Amnis 
ImageStreamX Mark II imaging cytometer with INSPIRE 
software and analyzed using IDEAS software (Luminex, 
Seattle, WA, USA).

Biodistribution

The anti-CD19-3DNA-AlexaFluor647 and Rat IgG-3DNA-
AlexaFluor647 formulations were injected intravenously (i.v.) 
into the retro-orbital sinus of C57BL/6 mice. Mice were bled 
and spleens collected at 10 and 30 minutes after injection. 
Blood and spleen cells were stained for the following markers 
and analyzed by flow cytometry using a BD FACSCanto II 
and BDFACSDiVa software with subsequent analysis using 
FlowJo software (TreeStar): B cells (B220-PerCP, clone 
RA3-6B2, P/N 103234; BioLegend), T cells (CD4-APC-Cy7, 
clone GK1.5, P/N 100414 + CD8 APC-Cy7, clone 53-6.7, 
P/N 100714; BioLegend), macrophages (CD11b-FITC, clone 

M1/70, P/N 101206; BioLegend), and neutrophils (GR-1-PE, 
clone RB6-8C5, P/N 108408; BioLegend).

To test for 3DNA by PCR, pellets from spleen and periph-
eral blood lymphocytes (PBLs) injected with dye-labeled 
3DNA and isolated as described above were lysed in cell lysis 
buffer (P/N 9803; Cell Signaling Technology, Danvers, MA, 
USA) per the manufacturer’s instructions. Lysates were simi-
larly obtained from animals with no 3DNA treatment, then 
spiked with the appropriate 3DNA formulation to prepare 
standard curves specific for each sample and treatment. 
Detection of 3DNA in cell lysates was completed using probe-
based PCR with primers and probes specific for 3DNA and 
the Promega GoTaq Probe qPCR Master Mix. Each sample 
was run in triplicate. Polymerase chain reaction and quantita-
tive analysis were done using ABI 7300 PCR instrument and 
the system software.

Arthritis incidence

KRN TCR Tg mice on a C57BL/6 background have been 
described.39 Arthritic mice were generated by breeding KRN 
Tg C57BL/6 mice expressing the I-Ag7 major histocompati-
bility complex (MHC) class II molecule (KRN.g7). KRN.g7 
arthritic mice were injected twice weekly i.v. into the retro-
orbital sinus with anti-CD19-3DNA-siIDO2, anti-CD19-
3DNA-siControl, or Rat Ig-3DNA-siIDO2 beginning at 
weaning (3 weeks, just before arthritis onset) until 6 weeks of 
age and followed for arthritis development. The 2 rear ankles of 
KRN.g7 mice were measured starting at weaning (3 weeks of 
age). Measurement of ankle thickness was made above the 
footpad axially across the ankle joint, using a Fowler Metric 
Pocket Thickness Gauge (P/N 52-545-001; Fowler High 
Precision, Newton, MA, USA). Ankle thickness was rounded 
off to the nearest 0.05 mm. All mice were bred and housed 
under specific pathogen-free conditions in the animal facility 
at the Lankenau Institute for Medical Research. Studies were 
performed in accordance with National Institutes of Health 
and Association for Assessment and Accreditation of 
Laboratory Animal Care guidelines with approval from the 
Lankenau Institute for Medical Research Institutional Animal 
Care and Use Committee.

Results and Discussion
Nanocarrier formulations

As a strategy to inhibit IDO2 in B cells, we prepared 3DNA 
nanocarriers targeted with anti-CD19 antibody to deliver 
siRNA against IDO2. CD19 was chosen as a B-cell-directing 
target because anti-CD19 antibodies do not cause depletion of 
conventional splenic B cells on their own,37 simplifying inter-
pretation of potential therapeutic results. In addition, anti-
CD19 Ig has been shown to be readily internalized by B cells in 
models of lymphoma.40 Flow cytometric analysis showed equal 
cell binding of antibody alone and antibody-oligo conjugate, 
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suggesting the DNA conjugation chemistry did not negatively 
affect the binding capacity of the antibody (Figure 1A). To 
identify a suitable anti-IDO2 siRNA, 4 separate commercially 
available siRNA constructs were first tested in vitro. B cells 
from C57BL/6 mice were purified and IDO2 induced using 
LPS + IL-4 as previously described.13 The 4 siRNAs were then 
individually transfected into the purified B cells and IDO2 
mRNA isolated after 72 hours. Of these, siRNA 3 reduced the 
measurable level of IDO2 mRNA (Figure 1B) and was used in 
subsequent 3DNA formulations. To create the nanocarrier 
itself, unique DNA strands are hybridized to form monomers, 
which are subsequently assembled and crosslinked into the 
3-dimensional structure termed 3DNA. The resulting 2-layer 
3DNA scaffold is double-stranded in its core and single-
stranded in its peripheral DNA sequences. By design, targeting 
DNA conjugates are complementary to the 3′-terminal single-
stranded sequences of 3DNA, while dye-labeled oligos and/or 
modified siRNA oligos are complementary to the 5′- 
terminal 3DNA sequences. For internalization and biodistribu-
tion studies, dye-labeled oligos were crosslinked to 3DNA, and 

antibody-oligo conjugates were hybridized to the fluorescent 
3DNA (Figure 1C). For siRNA efficacy studies, modified 
siIDO2 oligos (or non-specific siControl oligos) and antibody-
oligo conjugates were hybridized to unlabeled 3DNA  
(Figure 1D). To ensure that the anti-CD19-3DNA nanocarrier 
has the same B-cell-binding capacity as unconjugated antibody, 
splenocytes were incubated with either anti-CD19 alone or 
siRNA or dye-labeled anti-CD19-3DNA construct (Figure 
1E). No differences were seen in binding capacity of the tar-
geted 3DNA compared with antibody alone.

B cells internalize anti-CD19-3DNA

To determine whether the 3DNA is able to bind to and inter-
nalize in B cells, internalization of 3DNA was measured by 
imaging cytometry. Splenocytes were isolated from C57BL/6 
mice, stained with the B-cell marker B220, and incubated with 
anti-CD19-3DNA-A488 or Rat IgG-3DNA-A488 for 1 hour 
at 37°C to allow for internalization. Intensity of 3DNA in B 
cells (B220+) and other splenocytes (B220–) demonstrates that 

Figure 1. 3DNA components and formulations. (A) Spleen cells from C57BL/6 mice were stained with unconjugated or oligo-conjugated anti-CD19 and 

examined by flow cytometry. Both unconjugated anti-CD19 and anti-CD19-oligo conjugate showed equal binding, demonstrating the DNA conjugation 

chemistry did not negatively affect the binding capacity of the antibody. (B) Purified B cells were stimulated with LPS + IL-4 to induce IDO2, transfected 

with anti-IDO2 siRNA, and IDO2 RNA levels were measured by qRT-PCR. Graphs show mean fold change in IDO2 ± SEM compared with control for n = 3 

per condition. (C, D) With both targeting and payload moieties confirmed, 2-layer, 3DNA nanocarrier was then formulated. Representative diagrams of 

3DNA targeting constructs were shown. (C) For targeting and biodistribution studies, dye-labeled oligos (red dots) are crosslinked to peripheral 3DNA 

sequences, while antibody-oligo conjugates (Y-shaped structures) are hybridized to peripheral 3DNA sequences. (D) For therapeutic efficacy studies, 

modified siRNA oligos (green) and antibody-oligo conjugates are hybridized to their respective complementary peripheral 3DNA sequences. (E) 

B-cell-binding capacity of 3DNA constructs was compared with the binding capacity of the unconjugated anti-CD19 antibody. B cells are able to bind 

antibody alone or anti-CD19 hybridized to 3DNA with identical capacity. SEM, standard error of mean.
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the anti-CD19 3DNA preferentially binds and internalizes to 
B cells, while isotype-control-hybridized 3DNA does not 
(Figure 2A). To determine whether the 3DNA actually enters 
the cell or whether it remains bound on the cell surface, the 
intensity of internalized 3DNA was determined. Surface B220 
staining was used to define the cell membrane and internalized 
3DNA defined as intensity of A488 label carried by the 3DNA 
in an area 4 pixels internal to the defined boundary. We find 
that substantial anti-CD19 3DNA is found inside the B cells, 
while little isotype control 3DNA is found inside the cell 
boundary (Figure 2B and C), indicating that targeting is pre-
cise and internalization successful.

Delivery of 3DNA to B cells in vivo

To test delivery to B cells in vivo, biodistribution studies were 
performed with anti-CD19-3DNA-A647 and Rat IgG-
3DNA-A647. Mice were injected with these formulations and 
blood and spleen taken at 10 and 30 minutes after injection and 
subsequently analyzed by flow cytometry. At 10 minutes after 
injection, >90% of B cells in the peripheral blood are labeled 
with the anti-CD19-3DNA, while most of the B cells do not 

take up the isotype-control-3DNA (Figure 3A). By 30 minutes, 
less than 15% of the peripheral blood B cells remain labeled with 
anti-CD19-3DNA (Figure 3B). This was not because the 
labeled B cells migrated out of the peripheral blood to the spleen, 
as the percentage of labeled B cells also decreased in the spleen 
after 30 minutes (Figure 3C and D). At both 10 and 30 minutes 
in the peripheral blood and spleen, there is minimal labeling of T 
cells and, while some neutrophils also have a label, they consti-
tute only a small proportion of total cells and take up both anti-
CD19 and isotype control 3DNA equally (Figure 3A-D). 
Interestingly, almost 50% of macrophages in the spleen and 
approximately 75% of macrophages in the peripheral blood are 
labeled with anti-CD19-3DNA by 10 minutes. This is likely due 
to non-specific engulfment of the 3DNA, as significant percent-
ages of macrophages also label with isotype-control-3DNA. 
Although some surface binding is clearly present in macrophages, 
Imagestream data show that little 3DNA is internalized into 
B220– cells (Figure 2A). As was seen in the B cells, by 30 min-
utes, most of the label has disappeared in the macrophages. Thus, 
the anti-CD19 3DNA is able to rapidly bind and be internalized 
by the targeted B cells. This targeting is efficient, with over 90% 

Figure 2. Anti-CD19-targeted 3DNA is internalized in B cells with limited binding of isotype control 3DNA. (A) Anti-CD19-3DNA or Rat Ig-3DNA 

hybridized with AlexaFluor488 was incubated for 60 minutes at 37°C with spleen cells from C57BL/6 mice and analyzed by imaging cytometry. Anti-CD19 

3DNA targets B cells (left panel), while isotype control 3DNA does not (right panel). (B) B220 staining was used to define the cell surface based on 

Imagestream images. Intensity of internalized anti-CD19 or Rat Ig-3DNA staining defined as the intensity of AlexaFluor488 staining in an area defined as 

the cell boundary eroded toward the cell center by 4 pixels. (C) Representative images show B220 surface staining (red) and anti-CD19 or isotype control 

3DNA (green) on individual cells. A representative experiment of 3 independent trials is shown.
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of circulating B cells showing binding of CD19-directed 3DNA 
within the first 10 minutes. The anti-CD19-3DNA does not 
appear to be toxic to the cells, as no significant differences are 
seen in the proportion of B cells and macrophages in peripheral 
blood or spleen when treated with anti-CD19-3DNA compared 
with isotype control (Figure 3E).

To confirm the presence of 3DNA itself in the target tis-
sues, and to determine whether the label was being rapidly 
cleaved or the 3DNA itself was being degraded, PCR was per-
formed to test for the presence of a DNA strand unique to the 
initiating monomer and 2nd layer of the 3DNA structure in 
whole PBLs and spleen. In agreement with our flow cytometry 
analysis, distribution to the spleen and peripheral blood is 
rapid, with much of the 3DNA disappearing by 30 minutes 
(Figure 3F). This finding suggests the 3DNA delivery system 
rapidly distributes to the tissues and is quickly broken down 
following target delivery. This rapid delivery and degradation is 
important because it indicates that the 3DNA is able to quickly 
release the therapeutic deliverable to the tissue of interest and 
that the delivery system itself does not linger in the cell.

Efficacy and dose response of in vivo delivery of 
siRNA with the 3DNA nanocarrier

Having established that the 3DNA delivery system can be suc-
cessfully directed to and internalized by B cells, we next exam-
ined whether this system could therapeutically deliver siIDO2 
to reduce autoimmunity in the KRN.g7 preclinical arthritis 
model. Previous work has established that reduction in IDO2, 
either by genetic deletion or antibody therapy, ameliorates 

arthritis in this system.12,14,29 To test efficacy of the 3DNA-
delivered anti-IDO2 siRNA, mice were dosed with 9.6 µg 
anti-CD19-3DNA-siIDO2. Control mice were left untreated 
or received an equal dose of either anti-CD19-siControl or 
RatIg-3DNA-siIDO2 (Figure 4A). In the KRN.g7 model, 
mice spontaneously develop arthritis starting at 4 weeks of age, 
with inflammation peaking around 6 weeks of age.39,41 
Treatment with anti-CD19-3DNA-siIDO2 delayed the time 
of onset and decreased the overall severity of arthritis (Figure 
4A). No effect on arthritis was observed in mice dosed with 
B-cell (anti-CD19)-directed 3DNA with a non-specific 
siRNA sequence (anti-CD19-3DNA-siControl). Likewise, 
IDO2 siRNA formulated with 3DNA molecule not directed 
to B cells (Rat Ig-3DNA-siIDO2) also did not affect arthritis. 
Importantly, the anti-CD19-3DNA-siControl and Rat 
Ig-3DNA-siIDO2 had a course of arthritis similar to untreated 
controls, indicating that the 3DNA constructs themselves do 
not provoke any toxicity or anti-CD19 mediated immune sup-
pression that can account for the reduction in arthritis. Thus, 
the 3DNA approach is able to successfully deliver an effica-
cious dose of siRNA to B cells, and the therapeutic effect 
requires both B cell targeting with the anti-CD19 antibody 
and IDO2 targeting with IDO2-specific siRNA.

Next, we examined the dose response of the siIDO2 3DNA 
to determine the maximal effect of the anti-IDO2 therapy and 
to determine the lowest dose that still results in a reduction in 
arthritis. Three-week-old KRN.g7 mice were dosed with anti-
CD19 3DNA hybridized with 1 of 6 doses of anti-IDO2 
siRNA (0.013, 0.1, 1.1, 3.2, 9.6, or 28.3 µg; Figure 4B). 
Increasing the siIDO2 dose to 28.3 µg did not provide a 

Figure 3. 3DNA rapidly binds to target B cells in vivo. AlexaFluor647-labeled anti-CD19 or isotype control 3DNA was injected intravenously into C57BL/6 

mice. Cells from the (A, B) peripheral blood and (C, D) spleen were harvested after (A, C) 10 minutes or (B, D) 30 minutes and analyzed by flow cytometry, 

with cell type defined with the following markers: B cells (B220), T cells (CD4 + CD8), macrophages (MΦ, CD11b), and neutrophils (GR-1). Graphs show 

the mean percentage of labeled cells ± SEM for n = 3 mice/group. (E) The proportion of the 2 cell types that primarily bind 3DNA, B cells, and 

macrophages is shown in the spleen and peripheral blood. Graphs show mean percentage of labeled cells ± SEM for n = 3 to 6 mice/group. (F) 3DNA in 

peripheral blood and spleen was measured by PCR. Graph shows the mean pg 3DNA ± SEM for n = 3 mice/group. Statistical significance is determined by 

t test with the Holm-Sidak correction for multiple comparisons. *P < 0.05; ***P < 0.001. n.s. indicates not significant; PCR, polymerase chain reaction; 

SEM, standard error of mean.
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therapeutic effect beyond that seen with the 9.6 µg dose. 
Reducing the siIDO2 dose to as low as 1.1 µg still provided the 
same therapeutic effect as higher doses. However, the thera-
peutic effect was lost when the dosage was lowered to 0.1 µg 
(Figure 4B). Interestingly, the inhibition of IDO2 seems to 
give an “all-or-none” response rather than a reduction in arthri-
tis relative to dosage: at 1.1 µg and above, arthritis was reduced 
and there was no additional effect seen by giving more siIDO2. 
Given an average mouse weight of 12 g at Day 21 and 20 g at 
Day 42, the corresponding efficacious siRNA dose ranges from 
~0.055 to ~2.3 mg/kg, in line with existing FDA-approved 
siRNA therapies ONPATTRO (patisiran, 0.3 mg/kg) and 
GIVLAARI (givosiran, 2.5 mg/kg).42  This strong biological 
response seen at a very low dose of siIDO2 highlights the ben-
efit of precise targeting with the B-cell-directed 3DNA. 
Without targeting, there is no activity of the siRNA, indicating 
the importance of mitigating the effect of IDO2 in B cells as a 
mechanism of arthritis reduction and the effective dose deliv-
ery by this nanotherapy system.

Summary
Many promising therapeutic targets are difficult to reach due 
to their lack of surface expression or the difficulty in targeting 
specific cell types for therapy. 3DNA nanotechnology can 
overcome these challenges, providing a rapid and effective 
method for targeting specific cell types with a variety of poten-
tial therapies, including small molecule cytotoxic compounds, 
antibodies, or siRNAs.

This work provides a direct in vivo test of the efficacy of 
3DNA as a delivery vehicle for autoimmune therapies. The 
versatility of this technology opens up a world of targets, 
including applications where small molecule inhibitors are 
lacking and direct antibody targeting is not possible. While the 
studies here provide a proof of concept for siRNA delivery, this 
technology has the potential to be used for efficient delivery of 
multiple therapy types directed to specific cells, thereby bypass-
ing toxicity issues associated with off-target effects and, because 

of the exquisitely targeted approach, requiring lower doses of 
drugs, antibodies, or siRNAs, thereby reducing side effects.
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