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Abstract

3D wireframe DNA origami have programmable structural and sequence features that render

them potentially suitable for prophylactic and therapeutic applications. However, their innate
immunological properties, which stem from parameters including geometric shape and CpG
content, remain largely unknown. Here, we investigate the immunostimulatory properties of 3D
wireframe DNA origami on the TLR9 pathway using both reporter cell lines and primary immune
cells. Our results suggest that bare 3D polyhedral wireframe DNA origami induce minimal

TLR9 activation despite the presence of numerous internal CpG dinucleotides. However, when
displaying multivalent CpG-containing ssDNA oligos, wireframe DNA origami induce robust
TLR9 pathway activation, along with enhancement of downstream immune response as evidenced
by increases in Type | and Type Il IFN production in peripheral blood mononuclear cells. Further,
we find that CpG copy number and spatial organization each contribute to the magnitude of TLR9
signaling, and that NANP-attached CpGs do not require phosphorothioate stabilization to elicit
signaling. These results suggest key design parameters for wireframe DNA origami that can be
programmed to modulate immune pathway activation controllably for prophylactic and therapeutic
applications.
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Over the past several decades, the field of nucleic acid nanotechnology has enabled
the fabrication of programmable DNA-based assemblies of prescribed size, geometry,
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rigidity, and chemical composition.}~10 These nanomaterials now comprise a toolbox for

the design and fabrication of nanodevices capable of interacting with diverse cellular
environments.11-13 One class of discrete nucleic acid nanoparticles (NANPS) is scaffolded
DNA origami, which are folded by the hybridization of short, single-stranded DNA staples
to programmed complementary regions on a long, single-stranded DNA scaffold. These
NANPs can be fabricated on the 10-100nm scale known to be advantageous for prolonged
blood circulation half-life,14 tumor permeability,1> and lymph trafficking,16 though chemical
stabilization to increase serum half-life is required for some applications due to nuclease
activity.1718 Since the introduction of DNA origami by Paul Rothemund,® who used this
approach to pioneer the fabrication of 2D rectilinear, bricklike assemblies of parallel DNA
duplexes, DNA origami design has been generalized to enable the synthesis of 2D and

3D wireframe assemblies to fabricate arbitrary polyhedral geometries, including virus-like
geometries.1:3-5.9 Furthermore, the recent development of fully automated sequence design
algorithms such as DAEDALUS, TALOS, vHelix, and ATHENAL459 has facilitated the
design and fabrication of wireframe structures composed of dual-duplex or six-helixbundle
edges with variable mechanical properties, allowing for the production of virus-like and
other geometries for diverse biophysical and cellular applications.1~#8:9 Scalable scaffold
production strategies using M13 bacteriophage engineering and bioproduction have also how
enabled control over scaffold sequence composition and length, expanding the accessible
design space for wireframe NANPs.20-22

The ability to chemically functionalize NANPs permits the attachment of therapeutic nucleic
acid cargo such as siRNA and miRNA, as well as small molecules, aptamers, peptides, and
proteins with nanometer-level spatial control. This enables them to perform functions such
as active targeting or immune cell stimulation,11:13.23 thereby enhancing the potential for
NANPs to interface with biological systems Jn vitroand in vivo. 24-26 Furthermore, the
intrinsic immunostimulatory properties of NANPs used for such applications may contribute
crucially to their function as well. For example, strongly pro-inflammatory NANPs may be
well-suited for vaccine development, and conversely, minimally immunostimulatory NANPs
may be advantageous for therapeutic applications in which evasion of innate immune
stimulation is desired. However, the immunostimulatory properties of different classes of
NANPs may vary greatly, and while several studies have been undertaken in this direction

in recent years,27-34 the intrinsic immunostimulatory properties of 3D wireframe DNA
NANPs, as well as their ability to controllably modulate the innate immune response, have
yet to be elucidated.

The innate immune system contains several pattern recognition receptors (PRRs) that

are responsible for recognizing evolutionarily conserved pathogen-associated or damage-
associated molecular patterns (PAMPs or DAMPSs). Once bound to their ligands, these

PRRs trigger signaling through one of several convergent pathways to initiate innate
immune activation while simultaneously priming the adaptive immune response.35:36
Binding of PRRs to their corresponding ligand triggers activation of downstream signaling
pathways, ultimately resulting in the production of Type | interferons (IFNs) and other pro-
inflammatory cytokines that are essential to the initiation of a host of immune functions.37-38
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Toll-like Receptors (TLRs) are a family of transmembrane PRRs that sense and respond to
a wide variety of pathogen- or damage-associated ligands, including nucleic acids. TLRs
are composed of a N-terminal PAMP-binding ectodomain, a transmembrane domain and a
C-terminal Toll IL-1 receptor domain (TIR) and are subdivided into two groups according to
whether they localize at the cell surface membrane or within the endosomal membrane.39:40
The endosomal TLR subfamily, which consists of TLR3, TLR7/8, and TLR9, is involved

in nucleic acid recognition, where TLR3 and TLR7/8 recognize dsRNA and ssRNA,
respectively, and TLR9 responds to single-stranded DNA (ssDNA) containing unmethylated
cytosine-phosphate-guanine dinucleotides (CpGs).#1~43 Each of the monomers within the
TLR9 homodimer undergoes a conformational change upon binding to a CpG-containing
ssDNA oligo, enabling the formation of a 2:2 TLR9 monomer:CpG oligo complex in which
each monomer interacts with both CpGs.#44> Activated TLR9 homodimer formation brings
the two C-terminal TIR domains into close proximity, allowing for the assembly of the TIR-
containing adaptor protein (TIRAP) and MyD88 adaptor protein-containing myddosome
complex, the initiation of a downstream signaling cascade, and the eventual production of
Type | IFNs and pro-inflammatory cytokines.44:46-48

In recent years, the success of immune checkpoint inhibitors in the treatment of cancers has
stimulated widespread interest in harnessing the therapeutic potential of not just adaptive
immune pathways but also the innate immune system. As PRRs such as TLR9 are critical
contributors to the innate immune response, this has prompted investigations into the
application of TLR9 agonists as anti-cancer drugs, vaccine adjuvants, and combination
therapies, a few of which, such as MGN-1703 and SD-101, are in ongoing clinical
development.#3-53 While many of these agonists consist of functionalized oligonucleotides
with optimized CpG motifs, or CpG dinucleotides placed within a particular sequence
context that enhances the potency of TLR9 activation, several DNA-based nanostructures

have been used to stimulate innate immune signaling through TLR activation as
We||_28—30,34,54

For example, the Lied! group?8 placed CpG oligos onto immune inert DNA origami tubes

to induce CpG-dependent cytokine production and immune cell activation. In the same year,
Li et al. found that small self-assembled DNA tetrahedra functionalized at their vertices with
CpG motifs could induce enhanced secretion of inflammatory cytokines via activation of the
TLR9 pathway.30 More recently, the Ding group3* developed a cancer vaccine nanodevice in
which CpG loops were hybridized within an antigen-displaying DNA origami tube to enable
TLR9 activation following pH-triggered conformational change of DNA locks. And most
recently, Comberlato et a/. fixed CpG dimer pairs at distances of 7nm or 38nm on a 2D
nano-disk and showed that the 7nm dimer pair, which matched the distance between binding
sites in the TLR9 dimer, induced significantly increased immune activation compared with
the 38nm dimer pair, demonstrating the importance of effective spatially controlled ligand
presentation.29 However, this study was limited to dimer CpGs, whereas TLR9 signaling

is thought to be dependent not just on binding of individual TLR9 dimers but also on the
formation of activated dimer clusters. NANPs offer the distinct opportunity to control both
valency and spatial positioning of multivalent CpG ligands to investigate their impacts on
TLR9 activation.
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Previous studies using non-DNA nanotechnologies have also demonstrated that
incorporating CpGs into nanoparticles can influence the type of induced immune
response.>>-80 However, these studies were limited by the inability to precisely control
nanometer-scale spatial positioning and stoichiometry, so the effects of these parameters on
TLR9 activation remain poorly understood. Additionally, although Hong et a/. identified the
primary properties of structured DNA assemblies involved in immunological recognition3!
and Schilller et al. demonstrated that nonfunctionalized DNA origami tubes did not trigger
cytokine production or induce dendritic cell (DC) activation,8 the immunostimulatory
properties of unmodified wireframe DNA origami and the contributions of physical
parameters including sequence composition and geometry remain unknown.

Here, to address the aforementioned gaps in knowledge, we characterized the
immunological properties of unmodified 3D wireframe DNA origami by first examining
the effects of NANP geometry and structuring on the TLR9 pathway in isolation using
TLR9 reporter cells. We then engineered NANPs displaying discrete copy humbers of
CpG oligos with precise spatial organizations to reveal how CpG valency, inter-CpG
distancing, and spatial presentation each influence the magnitude of TLR9 activation.
Finally, we tested these engineered NANPs in peripheral blood mononuclear cells (PBMCs)
to investigate the overall impact of these immunomodulatory constructs within the more
complex, physiologically relevant environment of a mixed population of multiple immune
cell subtypes. Our study reveals design principles that may help engineer NANPs for
programmable immunostimulation in prophylactic and therapeutic applications.

RESULTS AND DISCUSSION

Design and characterization of wireframe DNA nanoparticles

Wireframe DNA origami nanoparticles were designed with DAEDALUS? and folded from
a bacterially-produced synthetic circular scaffold with a tenfold excess of single-stranded
DNA staples via thermal annealing.22 In order to characterize the immunostimulatory
properties of bare and CpG-modified NANPs, which are composed of dual-duplex DNA
edges and additionally contain 262 CpG dinucleotides randomly distributed throughout
the scaffold and staples (Table S1), we focused on multiple variations of one primary
NANP, a pentagonal bipyramid with 84 base pairs per edge (PB84) with an edge length of
approximately 28nm. As a comparative construct to investigate the effects of geometry on
TLR9 and cGAS-STING activation, we additionally fabricated an icosahedron with 42 base
pairs per edge (ICO42) with an edge length of approximately 14nm, which was designed
using the same scaffold as PB84 to eliminate the potential effects of sequence variation

on innate immune signaling (Figure 1A). In addition to the bare NANPs that we used to
probe the intrinsic immunogenicity of these wireframe structures, we also fabricated PB84
and 1CO42 constructs with 20-nt single-stranded overhangs on the 3’ end of select staples
(Figure 1, Figure S1). These overhang sequences comprised the commercially available
TLR9 agonist oligodeoxynucleotide (ODN) 2006/7909, a class B CpG ODN containing
three repeats of an optimized hexamer known to strongly activate human TLR9.41.61 wWe
used this approach to display CpG motifs multivalently at defined spatial locations on our
NANP constructs in order to interrogate the effects of CpG copy number, spacing, and
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organization on TLR9 activation (Figure 1B). Variations of the CpG overhangs, specifically
phosphorothioated and CpG-free sequences, were designed as comparative controls and
displayed on NANPs as well (Figure 1B). Validation of proper NANP self-assembly was
first performed using agarose gel electrophoresis. Successful folding was indicated by an
upward shift of the folded NANP band relative to the scaffold band, and the addition of
ssDNA overhangs enhanced the magnitude of the shift (Figure 1C, Figure S1). NANP
monodispersity was further characterized using dynamic light scattering (DLS), and the
hydrodynamic diameter of each sample was measured to validate batch-to-batch consistency
in NANP folding (Figure 1D, Figure S2). Fluorimetry using Cy5-labeled oligos hybridized
to the CpG overhangs confirmed that this approach presented the expected copy humbers of
CpGs on each NANP variant (Figure S3). To characterize the stability of NANPs with CpG
overhangs in cell assay conditions, NANPs were incubated in tissue culture media for up

to 24 hours and assessed using gel shift analysis (Figure S4). A gel clot endotoxin test was
used to verify that the endotoxin level of each sample was below a threshold of 1.5 EU/mL
prior to its application in cell assays.

Effects of unmodified DNA nanoparticles on TLR9 pathway activation

We first sought to characterize the baseline immunostimulatory properties of NANPs by
investigating the effects of unmodified PB84 and 1C0O42 on TLR9 pathway activation

using reporter cell lines. Consistent with previous findings,3 wireframe NANPs that

were not complexed with lipofectamine prior to incubation with reporter cells failed to
elicit a significant innate immune response, potentially due to a lack of internalization
(Figure S5). Thus, for all experiments described herein, all constructs were co-complexed
with lipofectamine to enable uniform internalization. Additionally, to investigate whether
lipofectamine-complexed NANPs traffic as anticipated, we performed confocal microscopy
and found that NANPs were effectively internalized into reporter cells and colocalized with
late endosomes and lysosomes, where TLR9 is expressed (Figure S6). HEK-Blue reporter
cells expressing stably transfected human TLR9 (HEK-Blue TLR9 cells) were incubated
with 10nM PB84 and 1C042, and to assess the relative impacts of NANP structuring,

we compared equivalent concentrations of the scaffold (phPB84) as well as the PB84 and
ICO42 staple sets as non-structured controls. After incubation of TLR9 reporter cells with
all NANP samples for 24 hours, we evaluated TLR9 activation, reported as an increase in
absorbance, and found that structured constructs resulted in minimal activation of the TLR9
pathway. Interestingly, the unstructured ssDNA scaffold induced only slightly higher levels
of TLR9 activation (Figure S7), even though the NANP scaffold and staple sets contained
several hundred CpG dinucleotides, as noted above. While only three sets of these CpG
dinucleotides would be classified as strongly stimulatory CpG motifs based on previously
identified sequence requirements,52:53 our result nevertheless suggests that the numerous
CpG dinucleotides within the scaffold and folded nanostructures may be less accessible

to TLR9 binding than otherwise anticipated. The effects of nanostructuring on shielding
immunostimulatory motifs such as CpGs from innate immune recognition may therefore be
an interesting question for further investigation in future work.
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To verify that the observed responses to these NANPs were indeed mediated by the TLR9
pathway, we performed the same set of experiments in the parental Null 1 cell line, which
does not express TLR9 (Figure S8), revealing that all formulations failed to elicit a response.

Designing DNA nanoparticles for variable immunostimulation

We next investigated the ability of 3D wireframe DNA NANPs to trigger programmable
activation of the innate immune response through rationally designed display of
immunostimulatory motifs. Since we did not observe significant stimulation of the TLR9
pathway by unmodified structured PB84, we reasoned that we could treat this structure as
immunologically inert in the context of this TLR9 reporter cell line. This NANP could then
be controllably functionalized with immunostimulatory motifs to systematically investigate
the relative impacts of various parameters governing nanoscale display, specifically

CpG copy number, inter-CpG spacing, and CpG spatial organization including surface
accessibility, without confounding levels of baseline TLR9 activation.

To this end, we fabricated PB84 variants displaying 0, 10, 20, or 40 copies of CpG-OH
distributed evenly across the exterior of the NANP (Figure 1B). Nanoparticles displaying
corresponding copy numbers of CpG-free overhangs (CpG-f-OH) of identical length and
GC content served as comparative controls. We transfected each of these formulations into
HEK-Blue TLR9 cells, and following a 24-hour incubation period, we verified that PB84
displaying 0 copies of CpG-OH did not activate TLR9. In contrast, each of the constructs
displaying 10, 20, or 40 copies of CpG-OH were able to induce TLR9 activation, where
increasing CpG-OH copy number on the nanostructure led to monotonic increase in TLR9
activation (Figure 2A, Figure S9). Importantly, the total concentration of CpG motifs was
held constant for each sample (Figure 2A), indicating that the magnitude of TLR9 activation
is dependent on one of the parameters that was changing across samples, such as the valency
of CpG motifs per NANP, rather than concentration. We also found that all constructs
displaying CpG-f-OH, regardless of copy number per NANP, did not induce significantly
higher levels of TLR9 activation compared with the unmodified nanostructure, which
showed that changes in non-CpG-containing total DNA content have no effect on TLR9
signaling (Figure S10). To test whether this method of controllable immunostimulation

was applicable to more than a single type of NANP, we also fabricated ICO42 displaying

0, 10, 20, or 30 copies of CpG-OH. As with PB84, we observed that the magnitude of
TLR9 activation was dependent on the copy number of CpG-OH presented by the NANP
(Figure 2B). However, the magnitudes of TLR9 pathway activation by the ICO42 and PB84
constructs displaying identical copy numbers of CpG-OH was different, suggesting that
different NANP geometries may also influence TLR9 activation levels through differences in
spatial organization of CpG overhangs on the NANP surface.

Investigating parameters controlling DNA nanoparticle-mediated immune activation

Because NANP structuring significantly affects the intensity of TLR9 signaling, we further
investigated the impact of CpG attachment to NANPs on TLR9 activation. As precise
control over directionality and spatial positioning is one distinct advantage of wireframe
DNA origami with regards to other nanomaterials, we began by testing whether the
orientation of CpG-OH presentation on NANPs affected TLR9 activation. Interestingly, we
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found that there were no significant differences in TLR9 signaling between PB84 constructs
displaying CpG-OHs towards the exterior versus towards the interior of the NANP (Figure
S11). This may be the result of the flexibility of the 20-nt sSDNA overhang and the porous
wireframe structure of wireframe NANPs: because only the duplex edges are solid, the 3’
terminus of the inward-facing overhangs may in fact end up on the exterior of the NANP.

To further investigate the contribution of the NANP itself to TLR9 activation, we compared
TLR9 activation induced by identical concentrations of free versus NANP-attached CpG-
OHs. We found that there was no TLR9 signaling in response to free CpG-OHs at any of

the tested concentrations, whereas the same concentrations of CpG-OH displayed on NANPs
induced strong TLR9 activation (Figure S12).

To test whether this lack of activation was due to degradation of free CpG-OHs by
intracellular DNases, we incubated HEK-Blue TLR9 cells with phosphorothioate-stabilized
free CpG-OHs (pCpG-OHs). Unlike the non-stabilized CpG-OHs, the magnitude of TLR9
activation was correlated with the concentration of pCpG-OHs delivered, as anticipated
(Figure S12). Interestingly, we found that when CpG-OHs were displayed on NANPs, they
were able to induce similar levels of TLR9 activation as their free pCpG-OH counterparts.
These results suggest that attachment of CpG-OHs to DNA nanoparticles produces a similar
effect to phosphorothioate stabilization of CpG oligos alone, implying that either NANP-
bound CpG-OHs may be less susceptible to DNase degradation, or that the effects of
NANP-mediated CpG-OH clustering may be able to compensate for the limited stability

of phosphodiester CpG overhangs. Lastly, we tested the effects of proximity between the
CpG motif and the NANP by varying the CpG location along the ssDNA overhang. For the
set of distances and NANPs explored here, we found that constructs where the CpG motif
was furthest away from the NANP induced significantly higher levels of TLR9 activation
compared to NANPs where the CpG motif was spatially closer along the sSDNA overhang
(Figure S13A). This suggests that these NANPs may provide a steric hindrance towards
CpG-TLR9 binding when there is insufficient distance between the dual-duplex edge of

the NANP and the CpG motif, which highlights spatial distancing between the NANP and
the CpG as another parameter that might influence the magnitude of TLR9 activation.
Interestingly, a previous study demonstrated that attachment of dsDNA linkers between CpG
oligos and the base DNA nanostructure resulted in TLR9 activation levels which decreased
proportionally with increasing linker length, highlighting what they described as ‘low spatial
tolerance’ for CpG-TLR9 binding.2° Our results corroborate these findings and suggest that
as the flexibility of the CpG oligo increases or decreases past a certain point, the efficacy of
precise spatial presentation is reduced.

In the preceding assays, CpG-OH valency, inter-CpG distance, and spatial organization were
all variable across the NANPs tested. To reduce the complexity of the system, we held
CpG-OH copy number constant and analyzed the effects of the remaining parameters on the
TLR9 pathway. Based on the crystal structure of activated TLR9 bound to CpG oligos,*®

we and others?® measured the distance between CpG binding domains within the TLR9
dimer to be ~7nm, which has also been shown to be optimal for TLR9 activation. To test

the role of this spacing within the context of wireframe origami NANPs, we fabricated three
PB84 constructs, each displaying 10 copies of CpG-OH with distances between adjacent
CpG overhangs varying from 7nm to 20nm (Figure 3A). Upon transfecting these samples
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into HEK-Blue TLR9 cells, we observed that the NANP in which adjacent CpG-OHs were
positioned 7nm apart induced a significantly higher level of TLR9 activation compared to
constructs with 14 and 20 nm CpG-OH spacing, consistent with prior observations of TLR9
activation exhibiting step-like behavior at 7nm.29

Next, to investigate the impact of the spatial distribution of CpG-OHs across the 3D

surface of NANPs on TLR9 signaling, we synthesized PB84 constructs with five CpG-OHs
displayed at low, medium, and high clustering densities on either one or both sides of the
NANP. Interestingly, although the distance between adjacent CpG overhangs were 10nm
and 25nm for the highest and lowest clustering density structures, respectively, we saw no
significant difference between the magnitude of TLR9 activation induced by any of the five
CpG-OH constructs (Figure 3B). In agreement with a previous report,2? this may suggest
that TLR9 binding has a low tolerance for CpG oligos displayed at sub-optimal distances
greater than 7nm apart. Additionally, we found that there was a significant difference in
TLR9 signaling between each of the five CpG-OH constructs tested and their corresponding
10 CpG-OH counterparts, even though the total CpG concentration and inter-CpG distances
were held constant for each pair of NANPs. This suggests that the presentation of CpG
overhangs on both sides of the NANP enhanced TLR9 binding relative to a single-sided
CpG display examined previously.2® As previous studies showed that clustering multiple
activated TLR dimers in close proximity mediated enhanced downstream signaling,52:63 the
10 CpG-OH constructs may be able to coordinate binding of more dimers than their five
CpG-OH counterparts, thereby increasing the strength of NANP-mediated TLR9 activation.
Additionally, different magnitudes of TLR9 activation were observed in response to these
NANPs compared to constructs in which all 10 overhangs were displayed on the same side
of the NANP, suggesting that it is not only valency and inter-CpG spacing that affects TLR9
activation, but the spatial distribution of these overhangs as well.

Because we had preliminary evidence that the geometry of the NANP, which impacts

CpG spatial organization, affects TLR9 activation (Figure 2), we folded several NANPs of
different shapes from the same phPB84 scaffold and attached CpG overhangs to each NANP,
ensuring that the distance between each pair of adjacent CpGs on every edge was fixed at
7nm (Figure 3C). When these constructs were transfected into HEK-Blue TLR9 cells, we
found that while NANPs with similar geometries induced similar levels of TLR9 activation,
there was a significant difference between the TLR9 response towards NANPs with very
different geometries, such as the tetrahedron and the icosahedron. This suggests that NANP
geometry is yet another parameter that influences the potency of TLR9 activation.

Interferon response towards immunostimulatory DNA NANPs in primary cells

To investigate whether the preceding NANP-induced immune pathway modulation of
immune pathway activation translated from reporter cell lines to primary cells, we evaluated
the impact of NANPs on cytokine and interferon induction in human PBMCs. PB84
displaying 0, 20, and 40 copies of CpG-OH were transfected into PBMCs, where the

total concentration of CpG-OHs in the 20 and 40 CpG-OH samples was held constant at
100nM. After incubation for 24 hours, the immunostimulatory activity of each construct
was quantified using a multiplexed enzyme-linked immunosorbent assay (ELISA) to
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measure secretion of IFNa, IFN, IFNw, and IFNA, interferons which are known to be
expressed in response to intracellular nucleic acids, as well as pro-inflammatory cytokines
IL-6, IL-12, and TNF-a..35:36 While expression levels of the pro-inflammatory cytokines
tested were minimal (Figure S14), we found strong Type | and Type 11 interferon
responses towards immunostimulatory NANPs (Figure 4). For all analytes tested, CpG-
OH-displaying PB84 constructs induced higher interferon expression compared with their
unmodified counterparts. Additionally, interferon production was generally, and in some
cases significantly, higher in response to PB84 displaying 40 copies of CpG-OH compared
to PB84 with 20 copies of CpG-OH, the same trend that was observed in the HEK-Blue
TLR9 reporter cells. In contrast, when 1CO42 with 0, 20, and 30 copies of CpG-OH

were transfected into PBMCs, the increase in IFN response towards 1ICO42 displaying
CpG-OHs appeared to saturate at 20 CpG-OHs. In most cases, ICO42 displaying 30 copies
of CpG-OH induced similar levels of IFNs to the unmodified 1CO42, and in a few cases,
lower IFN expression was observed in response to 1C0O42 with 30 CpG-OHs compared

to the unmodified NANP. To validate that this response was not due to the hook effect,

a phenomenon common to immunoassays in which excessively high concentrations of the
target analyte outcompetes the detection antibody for binding and results in an artificially
low signal, we re-tested samples at several dilutions and observed the same trend, indicating
that this response was accurately reported. As the peak of immune pathway activation and
interferon production may occur at a different time than was analyzed in this study, a time
course assay may provide further insight into these results and simultaneously elucidate
the dynamics of NANP-induced innate immune activation as well. Lastly, because PBMCs
consist of a heterogeneous population of immune cells such as B cells, monocytes, and
dendritic cells that express multiple different DNA sensing innate immune pathways, these
differences in response to distinct NANP geometries may be due to different levels of
contribution from additional immune pathways besides TLR9.

In particular, while the primary focus of this study has been on the endosomal ssDNA-
sensing TLR9 pathway, another critical nucleic acid sensing pathway that may be involved
in the immune response towards DNA NANPs is the cGAS-STING pathway. Unlike TLR9,
which requires specific sequence contexts for binding and activation, cGAS responds

to cytosolic dsDNA in a primarily sequence-independent manner. As a result, while

neither of the unmodified PB84 nor ICO42 constructs induced strong TLR9 signaling, we
hypothesized that they might instead elicit a substantial cGAS-STING response. To test this,
we transfected PB84, 1CO42, and their respective unstructured controls into THP1-Dual
reporter cells. After a 24-hour incubation, we observed that both structured NANPs strongly
activated the cGAS-STING pathway (Figure S15), whereas the unstructured scaffold and
staple controls induced lower levels of activation. As part of the PBMC assay design,

in order to maintain a constant CpG concentration across samples, the concentration of
NANPs, and therefore the concentration of cGAS ligand, was reduced proportionally.
Therefore, the increase in IFN expression between PB84 displaying 20 CpG-OH and 40
CpG-OH occurred despite NANP concentration being halved between samples, suggesting
that the increase in TLR9 activation was strong enough to overcome the decrease in CGAS-
STING activation. However, in the case of ICO42, the interferon expression triggered by the
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0 CpG-OH construct was already significant, suggesting that the primary pathway involved
in the ICO42-mediated immune response might be cGAS-STING.

CONCLUDING DISCUSSION

We characterized the baseline immunostimulatory effects of wireframe DNA origami
nanoparticles in reporter cell lines and found that unmodified nanostructures did not induce
a substantive TLR9 response. However, when these nanostructures were functionalized
with immunostimulatory CpG overhangs, changing the valency of CpGs attached to the
NANP resulted in controllably modulated TLR9 activation levels, even when the total CpG
concentration was kept constant. This suggested that the magnitude of TLR9 activation was
dependent on not only CpG concentration, but also parameters governing the nanoscale
display of CpG overhangs such as inter-CpG distance, consistent with results from a prior
study that examined CpG dimers alone.2®

To investigate the effects of multivalency and three-dimensional spatial display of CpGs,
we used wireframe DNA origami NANPs to fabricate constructs with controlled numbers
of attached CpG-OHs to characterize the impact of these parameters on TLR9 activation.
We found that changing the 3D structure of the nanoparticle upon which CpG overhangs
were displayed, for example from an icosahedron to a tetrahedron, resulted in different
magnitudes of TLR9 activation, revealing that 3D spatial distribution of CpG overhangs,
even with fixed inter-CpG spacing, influences TLR9 signaling. Moreover, the 3D nature of
our NANPs enabled us to systematically test a variety of different parameters such as inward
versus outward orientation of CpG overhangs and spatial organization of CpG dimers with
both fixed and variable spacing across a wide range of NANPs with different 3D structures.
These results revealed the importance of 3D structure and multivalency on TLR9 signaling.

To evaluate our designs in a physiologically relevant system that mimics the complex
environment that nanoparticles might face upon intravenous injection, we tested our
engineered immunostimulatory NANPs in primary immune cells and found that for certain
geometries, we were able to controllably modulate downstream production of Type I and 111
IFNs using the preceding design parameters identified in our work. However, we also found
that this method of tuning NANP immunostimulation was not directly transferrable across
all NANP geometries, so further work is needed to resolve the mechanistic basis of immune
activation by wireframe NANPs, in particular by identifying and further investigating

the specific subsets of immune cells that are primarily responsible for driving the NANP-
induced immune response.

In addition, an intriguing question is how the relative contributions of cGAS-STING

and TLR9 change across different NANPs and how these differences affect downstream
interferon production. As observed in Figure 4, the expression levels of IFNs incubated
with 1CO42 displaying 30 CpG overhangs decreased or exhibited no differences compared
to unmodified ICO42, in contrast to the increase in IFN expression induced by PB84
displaying CpG-OHs. Because the bare ICO42 induced significantly higher levels of

IFN production compared to bare PB84, a potential explanation for this observation is
that when the concentration of ICO42 was decreased across samples to keep the CpG
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concentration constant, the increase in TLR9 signaling might not have been sufficient to
compensate for the loss of cGAS-STING activation in response to this particular NANP
geometry. These results imply that the relative contributions of different DNA-sensing innate
immune pathways differ across NANP geometries. Consequently, the method of enhancing
nanoparticle immunostimulatory properties may be different depending on which pathway is
more strongly engaged by a specific NANP shape. This hypothesis may be tested by further
investigating the effects of NANP geometries on additional nucleic acid sensing pathways
such as AIM2.

Another open question is whether our NANPs can be internalized by immune cells such as
macrophages in the absence of transfection reagents. We showed in both reporter cell lines
and PBMCs that NANPs that were not complexed with lipofectamine did not elicit immune
pathway activation (Figure S5, S17). However, lack of immune signaling does not rule out
internalization. For example, the concentration of internalized structures or their duration

of internalization may not have been sufficient to induce detectable cytokine expression.
Investigating this would require systematic evaluation of immune pathway activation in
PBMC cell subsets and reporter cell lines, as well as examining interferon production

in PBMCs over longer timescales than investigated in this study, possibly also using
stabilized NANPs.16.17.61 nvestigating cellular binding and endocytosis directly with flow
cytometry and confocal microscopy of fluorescently labeled NANPs to characterize NANP
internalization in distinct cell types would also be highly valuable to complement this work.
Indeed, understanding the endocytic pathways through which NANPs may be endocytosed
by visualizing trafficking upon internalization with and without transfection reagents, or
including cell-specific targeting ligands, would be of significant interest in the future. Lastly,
another important question that would be interesting to explore in future work is whether
wireframe DNA NANPs primarily modulate TLR9 activation levels by enhancing activation
of individual TLR9 dimers or if they are capable of coordinating activation of clusters

of TLR9 dimers, a question that might be resolved using super-resolution fluorescence
imaging.64-66

While nucleic acid nanodevices have been applied to various therapeutic areas, their
immunostimulatory properties have been explored to a lesser degree. Such fundamental
understanding of NANP immunological properties is important to inform the design

of follow-on /n vivo studies using CpG overhangs (e.g., Zeng et al., bioRxiv and

Oktay et al., bioRxiv), to further explore prophylactic and therapeutic potential

of these nanomaterials.57-68 By establishing a deeper understanding of the baseline
immunostimulatory properties of unmodified wireframe NANPs and the relative impacts
of various NANP design parameters on DNA nanoparticle-mediated tunable TLR9
activation, we can work towards enabling the design of DNA nanostructures with specific
immunostimulatory profiles for targeted biological outcomes.

MATERIALS AND METHODS

Scaffold Synthesis.

The circular ssDNA scaffolds used to fold all variants of PB84 and 1CO42 described in
the paper were produced using a previous published method of bacterial production.?? £,
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coli SS320 cells (Lucigen) containing the circular phagemid comprising the target scaffold
sequence and a M13cp helper plasmid, provided by Dr. Andrew Bradbury (Los Alamos
National Laboratory), were grown overnight in 25mL 2 x YT broth (Sigma Aldrich, cat.
code Y2377) supplemented with 100 ug/mL ampicillin (Sigma-Aldrich, cat. code A5354—
10ML), 15 ug/mL chloramphenicol (Sigma-Aldrich, cat. code C0378-25G) and 5 ug/mL
tetracycline (Sigma-Aldrich, cat. code T7660) in a 200mL flask shaken at 200 RPM at 37C.
After 16 hours, the overnight was diluted to an OD600 of 0.05 in 2 x YT broth containing
the same supplements and grown for 8 hours at 200 RPM at 37C.

Scaffold Purification.

Bacterial cultures were centrifuged at 4000 x g for 30 minutes at 4C, transferred into a

clean bottle, and subjected to an identical centrifugation step. The clarified supernatant was
then filtered with a 0.45 um cellulose acetate filter (Sigma-Aldrich, cat. code CLS430516-
12EA), poured into a sterile 750mL bottle along with 6% w/v PEG-8000 (Sigma-Aldrich,
cat. code P2139-500G) and 3% wi/v NaCl (Sigma Aldrich, cat. code 7647145), and stirred
continuously for 16 hours at 4C. Following PEG precipitation, phage was harvested by
centrifuging the solution at 20,000 x g for 30 hour at 4C and discarding the supernatant.

The phage-containing pellet was then processed using an Endofree Plasmid Giga Kit
(Qiagen, cat. code 12391), with the following adjustments: a final concentration of 20
ug/mL Proteinase K (Sigma Aldrich, cat. code 3115828001) was added to Buffer P1, and the
solution was incubated at 37C for 1 hour prior to addition of Buffer P2. Following Buffer
P2 addition, the solution was heated to 70C for 10 minutes and allowed to cool back to
room temperature before proceeding with the rest of the standard protocol. Finally, after
addition of Buffer ER, 200mL of 100% ethanol was added to improve ssDNA binding. All
remaining steps are left unchanged. The concentration of purified ssDNA was determined by
measuring absorbance at 280nm using a Nanodrop (Thermo Scientific, cat. code 13400518),
and the purity of the sample was evaluated by running it on a 1% agarose gel in 1X TAE
stained with SybrSafe. A quantitative measure of sample endotoxin level was determined
using Endosafe LAL cartridges (Charles River Laboratories, cat. code PTS2001F) with the
Endosafe nexgen-PTS system (Charles River Laboratories, cat. code PTS150K), and Rapid
Single-Test LAL vials (Charles River Laboratories, cat. code r135) were used to establish
qualitatively whether sample endotoxin levels were below a pre-specified threshold. Both
endotoxin assays were performed according to manufacturer protocols.

Endotoxin Purification.

In the cases when additional endotoxin purification was needed, chilled 10% v/v Triton
X-114 (MilliporeSigma, cat. code 648468-50mL) was added to the sample to a final
concentration of 2% v/v Triton X-114. The sample was placed on a rocker at 4C for

30 minutes, then transferred to a rocker at 37C for 5 minutes. Lastly, the sample was
centrifuged at 30790xg for 30 minutes at 37C. The sample was then carefully removed
from the centrifuge and the top layer of the phase-separated sample was gently pipetted into
an endotoxin-free microcentrifuge tube. This process was repeated until sample endotoxin
levels were below the desired threshold for subsequent assays.
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Synthesis and Purification of DNA NANPs.

NANPs were designed using DAEDALUS, with modifications to add ssDNA overhangs
being carried out in Tiamat or UCSF Chimera. Briefly, to design inward- or outward-facing
overhangs, the locations of nick positions were shifted by the required number of bases to
ensure that the 3’ ends of staples would be pointing perpendicularly inward or outward with
respect to the center of the nanostructure. No additional nicks were created and all new nick
positions were located such that at least 8 bases separated the nick position from the location
of the nearest crossover. The modified NANP designs were exported into Excel, and the
staples chosen to be functionalized with ssDNA overhangs were extended by concatenating
the sequence of the overhang to the 3’ end of the existing staple sequence (Supplementary
Table 2). To fold NANPs, a circular exact size bacterially produced ssDNA scaffold was
mixed with a 5X excess of sSDNA staples, 1X TAE, 12mM MgCls, and nuclease-free water,
and folded through a 13 hour thermal annealing process in which the temperature was
gradually ramped down from 95C to 25C as described in previous literature.® To remove
the excess staples and buffer exchange into sterile PBS, nanostructures were pipetted into
Amicon Ultra 100kDa MWCO centrifugal filters (Sigma-Aldrich, cat. code UFC810024)
and spun at 1000xg for 30 minutes at room temperature for up to 5 rounds. In between

each round, the flow-through was discarded and additional PBS was added. Staples were
purchased through Integrated DNA Technologies (IDT) or synthesized in-house using

a Dr. Oligo synthesizer following the recommended protocol and purified using a size
exclusion column with a Waters HPLC. Phosphoramidites for in-house synthesis of the
phosphorothioated CpG overhang-containing staples (Supplementary Table 2) were ordered
from Glen Research.

Gel Shift Assay, Dynamic Light Scattering, Fluorimetry.

Agarose gel electrophoresis was used to analyze degree of NANP folding. 1.5% low melt
agarose (IBI Scientific, cat. code IB70057) was dissolved in buffer containing 1X TAE
(Corning, cat. code 46-010-cm) and 12 mM MgCl, (Sigma Aldrich, cat. code M2670) and
slowly heated to boiling, then cooled back to room temperature. SybrSafe was mixed into
the gel according to manufacturer protocols and the gel was allowed to set for at least

45 minutes at room temperature or 4C prior to gel electrophoresis. 100ng of DNA NANP
sample was mixed with gel loading buffer (final concentration 1X) with water to make up
the necessary volume. The gel was placed in a chamber containing pre-chilled gel running
buffer consisting of 1X TAE and 12mM MgCl,, and once the samples were loaded, the

gel was run at 85V for 120 minutes at 4C. Images were captured using a Typhoon FLA
7000 (GE Healthcare). DLS was used for validation of NANP monodispersity: samples
were diluted to 50nM in PBS, and 50uL of each sample was loaded into a plastic cuvette
to be evaluated on a ZetaSizer Nano ZSP (Malvern Analytical). Samples were analyzed

in triplicate using single angle scattering. Quantification of CpG copy number on NANPs
was measured using a Tecan Spark. A Cy5-conjugated ssDNA oligo purchased from IDT
was hybridized to folded NANPs via a 4 hour thermal annealing ramp during which the
sample temperature was decreased incrementally from 37C to 25C. Fluorescently labeled
NANPs were purified using the spin purification method described above and concentration
was determined using UV-Vis measurements taken on a Nanodrop with absorbances set to
260nm and 647nm. A fluorescent calibration curve was produced using serial dilutions of
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the free CpG overhang hybridized to the Cy5-conjugated ssSDNA oligo and measured with
the Tecan Spark to produce a regression line with which the coverage of CpGs on each
NANP variant was determined.

Reporter Cell Assays.

HEK-Blue TLR9 cells (Invivogen, cat. code hkb-htlr9) and THP1-Dual cells (Invivogen,
cat. code thpd-nfis) were cultured according to manufacturer protocols. One day prior

to cell assays, TLR9 cells were detached from the flask, centrifuged at 250xg for 5

minutes at room temperature and resuspended in fresh growth medium, consisting of
Dulbecco’s Modified Eagle Medium with 4.5 g/L glucose (Sigma-Aldrich, cat. code D6546—
6X500ML), 10% heat-inactivated FBS (Fisher Scientific, cat. code SH3007002Hl), 100
U/mL penicillin, 100 ug/mL streptomycin (Life Technologies, cat. code 15140148), 100
ug/mL Normocin (Invivogen, cat. code ant-nr) and 2mM L-glutamine (Fisher Scientific,
cat. code SH3003401). Cells were counted using a Cellometer Auto 2000 (Nexcelom) and
80,000 cells were seeded in 160uL media into a flat-bottom 96-well plate. Cells were
allowed to adhere for 24 hours prior to removal of growth medium from each well and
subsequent addition of 160uL of prewarmed HEK-Blue Detection Medium (Invivogen, cat.
code hb-det). To prepare NANP samples, LuM NANP stock was mixed with Lipofectamine
2000 at a ratio of 4 uL:1 uL and incubated for 30 minutes at room temperature. OptiMEM
was then added to dilute NANP samples to a working concentration of 50nM. 40uL of
NANP sample was added to each well, with each sample being tested in triplicate, and cells
were incubated at 37C and 5% CO, for 20-24 hours. TLR9 activation levels were quantified
by reading the absorbance of the 96-well plate at 620-655nm using a spectrophotometer and
normalized to a PBS negative control. For cGAS-STING assays, THP1-Dual reporter cells
were centrifuged at 250xg for 5 minutes at room temperature and resuspended in fresh test
medium, consisting of RPMI 1640 (Life Technologies, cat. code 11875093), 25mM HEPES
(Sigma Aldrich, cat. code 54457-250g-f), 10% heat-inactivated FBS, 100 U/mL penicillin,
and 100 ug/mL streptomycin. 100,000 cells in 160uL. media were seeded into a flat-bottom
96-well plate and 40uL of NANP sample was added to each well, with each sample being
tested in triplicate. Cells were incubated at 37C and 5% CO,, for 20-24 hours, after which
20uL of cell supernatant was carefully transferred into an opaque white 96-well plate. The
plate was loaded into a Tecan Infinite 200 Pro with an injector module and the injector was
set to the following parameters: 50uL injection per well, end-point measurement, 4 second
delay, 0.1 second reading time. The injector was primed with QUANTI-Luc assay solution
(Invivogen, cat. code rep-glcl), and the measurement was taken. Positive controls for TLR9
and cGAS-STING assays were not complexed with lipofectamine prior to incubation with
PBMCs.

PBMC Isolation, Stimulation, and Multiplex ELISA.

Research donor blood was obtained from anonymous healthy donor volunteers under

the IRB approved NCI-at-Frederick Protocol OH9-C-N046 and the MIT IRB approved
exemption E-3359. PBMCs were isolated from three separate human donor buffy coats
following the NCL protocol ITA-10 and tested following protocol 1TA-27.59 Briefly, blood
was mixed at a 1:1 ratio with fresh PBS and gently layered onto Ficoll-Paque (Fisher
Scientific, cat. code 45001751) at a ratio of 3 mL Ficoll-Paque to 4mL diluted blood
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in a 50mL Falcon tube. Tubes were centrifuged at 900xg for 30 minutes with minimum
acceleration and with the brakes off, after which the PBMC layer was gently pipetted into

a new 50mL tube. PBMCs were washed three times with HBSS (Life Technologies, cat.
code 24020117) and resuspended in complete RPMI, which consisted of RPMI 1640, 10%
heat-inactivated FBS, 100U/mL penicillin and 100 ug/mL streptomycin. Cells were counted
using a Cellometer Auto 2000 and 1.25 x 10° cells in 160uL media were seeded into a
flat-bottom 96-well plate. NANP samples were complexed with Lipofectamine 2000 (Life
Technologies, cat. code 11668027) at a ratio of 4:1 and incubated at room temperature for 30
minutes, after which OptiMEM (Life Technologies, cat. code 31985062) was added to dilute
the NANPs to the correct working concentration. 40uL of the lipofectamine-complexed
NANP sample was added to each well, with each sample being tested in triplicate, and

cells were incubated at 37C and 5% CO5 for 20—24 hours. 150uL of cell supernatant was
carefully transferred into a new 96-well plate, and the plate was flash frozen and stored at
—80C. Supernatant was then shipped on dry ice to Quansys Biosciences, which analyzed
production of IFNa, IFNB, IFNw, and IFNA using multiplexed ELISA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NANP design and characterization.
(A) DNA NANPs of varying sizes and geometries were fabricated using staples that were

either unmodified or extended with ssDNA overhangs containing CpG motifs. The location
and copy number of these CpG overhangs can be precisely controlled. Here we focused

on two structures: (i) an icosahedron displaying up to 30 CpG overhangs, and a (ii)
pentagonal bipyramid displaying up to 40 CpG overhangs. Red circles denote locations
along NANP edges where CpG overhangs are displayed. (B) Design variations were used
to explore the effects of CpG overhang copy number, inter-CpG distance, orientation,
sequence, and oligonucleotide composition. (C) A fluorescent agarose gel shift assay was
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used to analyze the quality of NANP folding after spin column purification. Pentagonal
bipyramids displaying 0, 10, 20, or 40 ssDNA overhangs were hybridized to complementary
Cy5-modified oligos. The gel image of the SybrSafe channel shows gel shifts corresponding
to the increasing molecular weight of each construct, while the gel image taken in the Cy5
channel exhibits an increase in band intensity due to the successive increase in Cy5-CpG
copy number on each NANP. Similarly, the increase in Cy5-CpG valency is demonstrated
by the shift from SybrSafe green to Cy5 red in successive lanes in the SybrSafe/Cy5
overlay gel image. Gel shift assays for icosahedral constructs are shown in Figure S1. (D)
Dynamic light scattering (DLS) was used to evaluate NANP hydrodynamic diameter and
polydispersity. Representative DLS measurements of an unmaodified pentagonal bipyramid
and an icosahedron are shown; measurements for all other NANP constructs tested are
shown in Figure S2.
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Figure 2. Magnitude of TLR9 activation can be modulated by varying copy number of CpG
overhangs (CpG-OHs) displayed on NANPs.

The strength of TLR9 activation corresponds to the valency of CpG-OHs for both (A)

PB84 and (B) Ico42 NANPs. The overall concentration of CpG-OHs was held constant
across samples by decreasing NANP concentrations correspondingly. For all assays, baseline
absorbances were determined from the PBS control and subtracted from experimental
samples. Absorbances were then normalized to the ODN2006 positive control (pos. con).
Data show the average absorbance of samples in triplicate with standard error, where n

= 3 biologically independent assays performed on separate days. P values are from a
one-sided analysis of variance (ANOVA) with a post-hoc Tukey test to correct for multiple
comparisons (*: P <0.05; **: P <0.01, ***: P < 0.001, ****: P < 0.0001). All unlabeled
pair-wise comparisons are not significant.
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Figure 3. Magnitude of TLR9 activation is dependent on inter-CpG distance, CpG-OH nanoscale
organization, and NANP geometry.

(A) TLR9 activation measured in response to stimulation with PB84 displaying 10 CpG-
OHs at varying inter-CpG distances shows that the strongest activation is induced by the
construct in which adjacent CpGs were displayed 7nm apart. (B) PB84 constructs were
folded with either one or both sides of the NANP displaying 5 CpG-OHs. Total CpG-OH
concentration was kept constant across all samples. TLR9 activation is significantly stronger
for constructs in which both sides of PB84 were modified with CpG-OHs compared to their
single-sided counterparts. (C) Significant differences in the magnitude of TLR9 activation
were observed in response to stimulation by CpG overhangs displayed on different NANP
geometries folded from the same phPB84 scaffold: a tetrahedron (Tet210), octahedron
(Oct105), PB84, 1C042, and a dodecahedron (Dod42). Total CpG-OH concentration was
kept constant across all samples. Baseline absorbances were determined from the PBS
control and subtracted from experimental samples. Absorbances were then normalized to
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the ODN2006 positive control (pos. con). Data show the average absorbance of samples in
triplicate with standard error, where n = 3 biologically independent assays. P values are from
a one-sided analysis of variance (ANOVA) with a post-hoc Tukey test to correct for multiple
comparisons (*: P <0.05; **: P <0.01, ***: P < 0.001, ****: P <0.0001). All unlabeled
pair-wise comparisons are not significant.
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Figure 4. Interferon expression levelsin PBM Cs can be modulated by engineered
immunostimulatory NANPs.
Elevated levels of (A) IFNa, (B) IFNB, (C) IFNA, and (D) IFNw were observed in response

to PB84 constructs displaying 20 or 40 CpG-OHs compared to unmodified 0 CpG-OH
PB84, while the addition of 20 or 30 CpG-OHs to 1C0O42 constructs had minimal effect in
some cases and reduced interferon expression levels in others. NANP concentrations were
adjusted across samples to ensure constant CpG concentration for all modified constructs.
A mixture of ODN22186, lipopolysaccharide, and phytohemagglutinin was used as the assay
positive control (pos. con). Each bar represents averaged triplicate data from a single donor,
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where n = 3 donors. P values are from a one-sided analysis of variance (ANOVA) with a
post-hoc Tukey test to correct for multiple comparisons (*: P < 0.05; **: P < 0.01, ***: P <
0.001, ****: P < 0.0001). All unlabeled pair-wise comparisons are not significant.
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