
Therapeutic applications of DNA
origami-based programmable nanoparticles

a dissertation submitted
by

Olivia Jane Young Arnold
to

Harvard-MIT Program inHealth Sciences and Technology

in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
in the subject of

Medical Engineering andMedical Physics

Massachusetts Institute of Technology
Cambridge, Massachusetts

May 2024

©2024 – Olivia Jane Young Arnold
all rights reserved.
TheauthorherebygrantstoMITanonexclusive,worldwide, irrevocable, royalty-
free license to exercise any and all rights under copyright, including to repro-
duce, preserve, distribute and publicly display copies of the thesis, or release the
thesis under an open-access license.

Authored By: Olivia Jane Young Arnold
Harvard-MITDepartment of Health Sciences and Technology
January 29, 2024

Certified by: WilliamM. Shih
Founding Core Faculty, Wyss Institute atHarvard University
Professor,DepartmentofBiologicalChemistryandMolecularPharmacology,Har-
vardMedical School
Professor, Department of Cancer Biology, Dana-Farber Cancer Institute

Accepted by: Collin Stultz
Director, Harvard-MIT Program inHealth Sciences and Technology
Nina T. and RobertH. Rubin Professor inMedical Engineering and Science
Professor of Electrical Engineering and Computer Science



Thesis advisor: Professor Dr. William Shih Olivia Jane Young Arnold

Therapeutic applications of DNA origami-based
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Abstract

DNAorigami utilizes the complementaryWatson andCrick base pairing of DNA to self-assemble
highlyprogrammablenanoparticles. Thesenanoparticles havedistinct advantages over othernanopar-
ticle deliveryplatforms, includingpolymeric and lipidnanoparticles, in that theyofferprecise nanoscale
resolution control over the attachment of therapeutic cargo, while other nanoparticle platforms only
offer control over average ligand density. In this thesis, we demonstrate the therapeutic utility ofDNA
origami for cancer and infectious diseases. First, we demonstrate that modulating the nanoscale ar-
rangement of an adjuvant enhances the efficacy of cancer vaccines. Second, we demonstrate that
this DNA origami nanoparticle can be used as a modular delivery vehicle for infectious disease as-
sociated antigens, enabling rapid response during pandemic situations. Third, we demonstrate the
conjugation of CD40 ligand, an immune-activating molecule, onto the DNA origami nanoparticle,
and describe initial investigations into the diverse spatial arrangements of CD40L and preliminary
effects on the immune response. Collectively, these studies illustrate the potential of DNA origami
as a therapeutic for various disease areas, as well as its potential as a tool for investigating biological
receptor-ligand interactions.
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1
Introduction

1.0.1 Motivation

In this chapter, we present an introduction to DNA nanotechnology, with a specific focus on DNA

origami and its applications in biological systems. Many studies have beenpublishedwhich suggest the

therapeutic utility of DNA origami in model systems; however, DNA origami has never been tested

in the clinic with human patients. As such, we discuss the challenges in clinical translation of DNA

origami-based therapeutics. Finally, we outline the scope of the thesis which seeks to validate the effi-

cacy of DNA origami-based therapeutics in pre-clinical models, and also demonstrate the modularity

of the platform for conjugation of diverse cargo for various disease applications.

1.0.2 Structural DNA nanotechnology

The building block of life is deoxyribose nucleic acid, more commonly referred to asDNA.The struc-

ture of DNAwas first elucidated in 1953 by James Watson and Francis Crick with insight from Ros-

1



alind Franklin and Maurice Wilkins216. With this structural data, they discovered that DNA is a

polymer composed of four nucleotide base pairs, namely adenine (A), thymine (T), cytosine (C), and

guanine (G). Adenine tends to bind to thymine in an interaction with two hydrogen bonds, while cy-

tosine tends to bind to guanine via three hydrogen bonds in a highly predictable and programmable

pattern. These base pairs come together in a double helix, typically found in nature in the “B-form”,

where each strand of DNA is wound in a right-handed helix around the same center axis. The discov-

ery of the double helix structure and the so-calledWatson and Crick base-pairing principles provided

the critical foundation for structural DNA nanotechnology.

Even though the principles ofDNAwerewell understood, it was not until several decades later that

the idea of using DNA as a building material (rather than a genetic material) was conceived and the

field of structural DNA nanotechnology was born. Nadrian (Ned) Seeman is credited with founding

the field. In 1982, Seeman proposed the idea of using DNA to create nanoscale structures by exploit-

ing theWatson andCrick complementary base-pairing property of DNA (Fig. 1.1)170 . DNA, unlike

other nanoscale materials, had a precise language that could be programmed to enable self-assembly

of the DNA into nanoscale shapes. In his work, Seeman designed DNA junctions with sequence-

specific ‘sticky ends’ (a few nucleotides of an oligonucleotide which extend beyond the structure and

encourage self-assembly with complementary unpaired nucleotides) which self-assembled into DNA

arrays170. Seeman further demonstrated the feasibility of this idea by designing and fabricating several

higher-order nanoscale shapes, including cubes, arrays and other geometries (Fig. 1.1)219,32.

Seeman’s work soon gave rise to amethod for self-assembly of DNA structures, theDNA tile tech-

nique127. With this method, DNA tiles were developed with several overhang ’arms’ that enabled

the fabrication of highly periodic and symmetric structures. The DNA tensegrity triangle tile was

assembled in 2009, marking a milestone in the field, as it was the first designed three-dimensional

nanostructure crystal that was well-ordered enough to diffract to atomic resolution236. Complemen-

tary to theDNA tiles technique, Peng Yin developed a special kind of single-strandedDNA tile called

2



Figure 1.1: Brief timeline of discoveries in the DNA origami field. Figures were adapeted from the following publications:
DNA junction 170; 3D DNA cube 32; 2D DNA origami 162; 3D DNA origami 49; DNA origami box with controllable lid (Fig.
1.1) 8; Complex curvature 73; DNA bricks 91. Use of these figures is covered under the fair use provisions of U.S. copyright
law.
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a DNA brick (Fig. 1.1)91 . Each DNA brick has a unique single-stranded DNA sequence which can

interact with other bricks, creating two- or three-dimensional objects. With these discoveries, DNA

cemented itself as a viable building material for nanoscale structures.

1.0.3 DNA origami

In 2006, Paul Rothemund introduced the technique calledDNAorigami, which is the technique uti-

lized to build the nanostructures in this thesis work162 (Fig. 1.1). DNA origami is a novel nanofab-

rication tool that enables specific folding of a long ‘scaffold’ DNA strand into a 3D nanostructure

via complementary base pairing of short ‘staple’ (20-80 bp) oligonucleotides. The source of the long

DNA scaffold is typically the M13 bacteriophage genome, as synthesis of oligonucleotides that are

thousands of base pairs in length is extremely inefficient95, even though this could change as novel

technologies enable efficient synthesis of long DNA strands. Self-assembly of these DNA origami

nanostructures requires the presence of positive cations (typically Mg2+) to counteract the repulsive

force due to the close packing of the negatively chargedDNAbackbone. This breakthrough discovery

of DNA origami allowed for the fabrication of more complex two- and three-dimensional nanostruc-

tures. Despite these advances in the field, DNA origami nanostructures are limited by the length of

the scaffold strand and by the chosen lattice (square lattice or honeycomb) for templating the design.

The first DNA origami nanostructures were two-dimensional structures. Douglas and colleagues

in the Shih lab first demonstrated the development of complex three-dimensional nanostructures (Fig.

1.1)49. Douglas also designed a software program, cadnano, which now facilitates design of such com-

plex structures, encouraging adoption of the technology by many labs worldwide50. Other advances

in the field include introducing curvature into theDNAorigami (Fig. 1.1), unlocking awider array of

structures44,73, and the development of hollow structures via ‘wire-frame’ origami, which are not con-

strained to any lattice, and thus are better able to approximate any desired shape49,213. Nevertheless,

these ‘wire-frame’ structures are less rigid than solid DNA origami structures, which can limit their
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Figure 1.2: Representative three‐dimensional renderings of variousDNAorigami nanostructures, showcasing the diversity
of structures which can be formed using the DNA origami technique. A. This three‐dimensional structure is a DNA origami
square lattice block, as described by Ke et al. 90, and utilized in the subsequent chapters of this thesis. B. This three‐
dimensional structure is a 30 nm barrel structure, as described by Wickham et al.218. C. This three‐dimensional structure
is a nanocube, as described by Scheible et al. 166.

range of applications. Researchers have also developed methods for fabricating higher-order super-

structures, expanding beyond the nanoscale195,208,223.

1.0.4 Functionalizing DNA origami

In contrast to other nanoparticle strategies which only offer control over average ligand density, DNA

origami offers precise structural control at the nanoscale level and the capability to act as a modular

billboard for various cargos162,49,44,73,90. The diameter of the DNA double helix is approximately 2.5

nm with 10.5 base pairs per turn of the helix and a rise of 0.335 nm per base pair in physiological

salt and temperature conditions; the exact dimensions of the DNA double helix depend on the envi-

ronmental conditions, as well as the form of the nanoscale assembly. The dimensions of the double

helix dictate the resolution of the DNA origami nanostructure; because the width of a DNA double

helix is 2.5 nm, the minimum ligand spacing on the DNA origami nanostructure is 2.5 nm between

neighboring ligands.

More recent studies have imparted additional dynamicity onto DNA origami, by programming
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in specific motifs which react to environmental stimuli. For example, studies have demonstrated the

feasibility of DNA walkers, which are capable of motion via the hybridization and displacement of

‘fuel’ strands225,178,143. Responsive containers for cargo delivery have been developed which rely on

i-motifs and open and close in response to changes in pH55,176,125. Imparting DNA origami with

specific functions suggests the potential of DNA origami as nanoscale molecular machines.

With the development of DNA origami, researchers began designing more functional nanostruc-

tures for specific applications, includingbutnot limited todrugdelivery systems, biosensors, nanorobots

andmolecularmachines31,139,17,66. Recent discoveries in the field have uncovered newmethods to im-

prove the stability, complexity and functionality of DNA nanostructures for practical applications.

For example, researchers have identified coating methods to extend the half-life of DNA origami in

serum-containing media, by protecting the structure from serum nucleases152,7, and have also identi-

fied coating methods to promote endosomal escape inside a target cell182. These advances are critical

for the translation of DNA origami for biological applications.

1.0.5 Uncovering biology with DNA origami

More recently, DNA origami has been used as a tool to study biology at the nanoscale level and un-

derstand how nanoscale spatial arrangement affects downstream signaling processes211,77,46. In fact,

numerous reviews have beenwritten about howDNAorigami can be utilized to investigate biological

systems98,57,130,56. With DNA origami, researchers can probe biological processes at a resolution that

is unattainable by even super-resolution light microscopy46. Cargo number, spacing and stoichiome-

try can be varied in a systematic fashion to uncover the optimal configuration for a desired biological

response. Furthermore, researchers can vary the shape of the nanostructure, as well as the structure’s

rigidity and curvature to understand the effect on downstream cell signaling pathways.

Although DNA origami has been used as a tool to study many varied biological responses, includ-

ing apoptosis, viral capsid arrangement, coagulation and enzyme activities16,234,185,161,96,212, many
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studies focus on improved understanding of immune processes77,46,198,173,188,59,94. DNA origami is

a powerful tool to investigate how the spatial arrangement of activating ligands plays a role in hu-

man immune response, especially as increasing lines of evidence suggest that the nanoscale spacing of

immune stimulating molecules affect the subsequent immune polarization, via multimerization and

cross linking of the corresponding receptors. As such, several studies have investigated how the copy

number, position and spatial arrangement of biological cargo affects biological responses.

There are many other studies that validate that nanoscale spacing matters in inducing a biologi-

cal response. For example, Veneziano et al. and Wamhoff et al. demonstrates how antigen spacing

on a wireframe DNA origami nanostructure affects B cell activation and ultimately the neutralizing

antibody response198,211. Many studies also focused on TCR-MHC interactions, as the immuno-

logical synapse is known to have a precise nanoscale arrangement. Sun et al. showed how spacing of

MHCcomplexes on artificial antigen presenting cells (APCs) affects T cell activation before therapeu-

tic infusion188. Dong et al. showed that TCR patterning affects both the sensitivity and kinetics of

downstream signaling46. Zhang et al. focused on the effect of receptor binding domain organization

on SARS-CoV-2 immunity230. Furthermore, one chapter of this thesis will focus on investigating the

biological effect of CpG adjuvant spacing in the context of cancer vaccines228, while another chap-

ter will focus on better understanding the biological effect of CD40 ligand spatial arrangement on

adaptive immune responses.

DNA origami is a valuable tool for understanding biology. Many researchers have taken it a step

further and have applied DNA origami nanostructures for biosensing, detection and diagnostics. For

example, Sun et al. showedhow the arrangement of pMHCmultimers canbe tuned todetectCD8+T

cells189. Other studies demonstrated that the rational arrangement of DNAprobes onDNAorigami

nanoparticles improved the recognition efficiency of such probes, enabling the detection of disease-

specific microRNA74,118. These studies and others highlight some of the translational applications

of DNA origami.
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1.0.6 DNA origami as a therapeutic

Beyond biosensors and diagnostics, researchers have also utilized DNA origami nanoparticles to de-

liver therapeutic cargo. DNA origami is highly addressable and offers precise control over the shape

and size of the nanoparticle, as well as the arrangement of the associated cargo.

Many studies demonstrate the utility of DNA origami nanostructures for drug delivery. The first

cargo to be delivered to cells via DNA origami are intercalating chemotherapy drugs, such as doxoru-

bicin235,84. These drugs can intercalate into theDNAduplexes of the nanostructure, enabling simple

loading and tunable release of the cargo without requiring chemical conjugation235. This delivery

strategy was validated in a living murine model in 2016 with daunorubicin, a similar intercalating

chemotherapeutic72.

Chemical conjugation of therapeutic cargo to oligonucleotides unlocks many more therapeutic

possibilities for delivery viaDNAorigaminanoparticles, beyond just intercalatingdrugs. DNAorigami

has been demonstrated to deliver therapeutically relevant DNA, RNA, peptides, and proteins to tar-

get cells, including dendritic cells and tumor cells, inducing downstream signaling processes215,114,117.

Several studies have focused on delivery of CpG, a single-strandedDNA sequence that serves as an ad-

juvant144,169,228,52, as it is readily integrated into the DNA-based nanoparticle.

DNAorigami can alsobeused todeliverDNAor siRNAdirectly for gene editing applications229,192,222.

In 2019, Zhang et al. demonstrated siRNA-induced gene silencing inmature plants viaDNAorigami

delivery229. Tang et al. demonstrated efficient in vivo gene editing of a tumor-associated gene by de-

livering Cas9 protein and an associated guide RNA192.

Additionally, DNAorigami has also been used to deliver therapeutically relevant proteins and pep-

tides. Zhao et al. demonstrated the delivery of RNase A to kill targeted tumor cells233. Wagen-

bauer et al. demonstrated delivery of single chain antibody fragments (scFvs) to engage and activate

T cells207. Several other studies conjugate neoantigen peptides as the relevant antigen for immune
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activation188,228,87.

Furthermore, DNA origami has demonstrated potential as a stimuli-responsive therapeutic, deliv-

ering cargo to an acidic environment or only after binding of a specific “key” DNA strand114,47. The

majority of initial studies of DNAorigami therapeutics have relied on cancer as the disease of interest,

likely due to the widespread availability of model cell lines and murine models.

However, the COVID-19 pandemic has renewed interest in usingDNAorigami as a vaccine deliv-

ery strategy. One study examined the spatial arrangement of the receptor binding domain (RBD) pro-

tein in a DNA origami-based SARS-CoV-2 vaccine144, while another designed DNA origami nanos-

tructures to trap SARS-CoV-2, among other viruses134,180. Additionally, DNA origami is not just

limited to applications in cancer and infectious diseases. Studies also investigatedDNAorigami in the

context of autoimmune disorders and thrombosis, respectively234,123, suggesting that DNA origami

nanoparticles could serve as a viable delivery strategy for a host of diseases.

In summary, this brief section showcases the wide diversity of therapeutically relevant cargo which

can be delivered via DNA origami and highlights two disease areas, which will be further explored in

the remaining chapters of this thesis, whereDNAorigami has demonstrated promising initial efficacy

via pre-clinical studies.

1.0.7 Therapeutic nanoparticles

Nanotechnology as a field was founded in 1959, whenRichard P. Feynman presented a paper termed,

“There’s Plenty of Room at the Bottom: an invitation to enter a new field of physics”60. By 1991,

the term “nanomedicine” had been published for the first time in the book “The Nanotechnology

Revolution”51. As such, nanoparticles, defined as particles with one dimension less than 100 nm156,

have been used for several decades to deliver therapeutic cargo to target cells. The first therapeutic

nanoparticle, Doxil, a liposomal formulation of the chemotherapy doxorubicin, was approved by the

FDA in 19959, and since then, more than 30 therapeutic nanoparticles have been approved by the
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FDA11.

Many review articles have compared different nanoparticle platforms9,10,11,5. For the purpose of

this article, we will not summarize their work and encourage readers to refer to the above cited review

articles. Lipid nanoparticles have become especially notable recently for their utility in the mRNA

SARS-CoV-2 vaccines in 2021194. Even though nanoparticles have been clinically approved for cer-

tain diseases9, they have faced challenges in translation for many other disease areas. These challenges

encompass both biological issues (e.g. biodistribution, trafficking to disease site) and technological

issues (e.g. manufacturing scale-up, efficacy prediction, optimization of critical parameters)9. These

challenges are similar to the challenges thatDNAorigami nanoparticleswill face on the path to clinical

translation.

The main difference between these nanoparticle platforms andDNA origami nanoparticles is that

other nanoparticles can only control the homogenous density of cargo (e.g. loading high or low

amounts of therapeutic cargo) on the entire surface or encapsulated within the nanoparticle, while

DNAorigami canprecisely control the distance betweenneighboring cargo in a heterogenous fashion.

This difference has proven to be critical in cell studies and murine models, which directly compare ir-

regular cargo spacingwith precise nanoscale cargo spacing, as controlled byDNAorigami228,38,198,211.

However, we have not identified any study that directly compares DNA origami nanoparticles with

clinically-approved nanoparticle platforms. We believe that this direct comparison is necessary to crit-

ically evaluate whether DNA origami can outperform other nanoparticle delivery strategies.

In summary, therapeutic nanoparticles have been validated in the clinic for several decades. They

have faced challenges on the path to clinical translation, just as DNA origami nanoparticles will face

challenges. Finally, DNA origami needs to be directly compared to clinically-approved nanoparticle

platforms in order to gain traction as a viable therapeutic delivery strategy for clinical use.
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1.0.8 Advantages of DNA origami in therapeutics

DNA origami offers several advantages in therapeutics compared to other nanoparticle delivery plat-

forms. We have identified some of these advantages as follows: (1) precise nanoscale delivery of multi-

ple cargo; (2) modular, highly programmable design; (3) well-established fabrication and (4) minimal

cold-chain storage requirements.

First andmostnotably,DNAorigamioffers precise control over cargo spatial arrangement at nanoscale

resolution. This control allows for optimization of the ideal spacing to elicit a desired biological re-

sponse; ideal spacing of immunostimulatory cargo has been demonstrated to enhance immune po-

larization in murine models228. Additionally, multiple different cargo (for example, antigens and

adjuvants) can be conjugated onto the same particle with precise stoichiometry and spacing, allowing

for co-delivery of multiple cargo to the same cell.

Second, DNA origami has a modular, highly programmable design. This modularity is a dis-

tinct advantage for diseases where rapid fabrication of a therapeutic is desirable. For example, in

the later chapters, we will demonstrate the utility of DNA origami for personalized cancer medicine

as a neoantigen vaccine. The highly modular DNA origami is ideal for the purpose of personalized

medicine because the nanoparticle with the associated adjuvant can be fabricated in advance, and then

patient-specificneoantigens canbe identified, rapidly synthesized and fabricatedonto thenanoparticle

viaWatson andCrick base pairing chemistry in aminimum amount of time. This modularity is also a

distinct advantage for pandemic preparedness, as the adjuvant-conjugated nanoparticle can be stored

until a viral variant of concern is identified; then, the variant associated-antigen can be synthesized

and fabricated onto the nanoparticle for rapid dissemination. Additionally, this modularity means

that virtually any cargo can be conjugated onto the DNA origami, as long as the cargo is amenable to

oligonucleotide conjugation.

Third,DNAorigami fabrication iswell-established and efficient at bench-top scales. DNAorigami
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is self-assembled during an overnight annealing temperature ramp, then purified, conjugated with

appropriate cargo via simple base-pairing hybridization, and further processed for biological applica-

tions. Self-assembly tends to have a greater than 90% yield (data not shown), while polyethylene glycol

(PEG) purification has a recovery yield of at least 50%172, depending on the DNA origami structure.

Fourth,DNAorigami nanostructures are stable at 4°C, contrastingwithmRNAvaccines needing -

20°C to -80°Ccold chain storage205. As such,DNAnanostructures donot have the cold-chain storage

requirements that hampered worldwide delivery of mRNA vaccines.

In summary, DNA origami has several distinct advantages as a therapeutic platform, most no-

tably, in its precise control over the nanoscale arrangement of cargo, which has demonstrated increase

therapeutic efficacy in murine models228. Beyond this initial advantage, DNA origami is also highly

modular, and has robust manufacturing at bench-top scales and minimal cold-chain storage require-

ments, suggesting that it is well-suited for applications in personalized medicine and pandemic re-

sponse, where modularity and speed of fabrication are highly desired.

1.0.9 Challenges of DNA origami in therapeutics

DNA origami faces several barriers on the path to clinical translation. The key challenges that we and

others have identified are as follows: (1) in vivo stability, (2) targeting, (3) cost, (4) manufacturing

scale-up and (5) demonstration of safety2,45. All of these challenges will likely have to be addressed

before a DNA origami-based therapeutic is approved for clinical use. The first challenge of DNA

origami translation is the stability of the structures in vivo45. Our body harbors many nucleases to

degrade foreign DNA. DNA origami is no exception, as it is recognized by our immune system as

foreignDNA. As such, researchers have developed several post-fabrication processingmethods to im-

prove the stability of DNA in physiological conditions18. One method is oligolysine coating, where

cationic lysines coat the negatively charged nanoparticle, and PEG groups shield the DNA origami

structure from degradation152. Furthermore, another study showed that glutaldehyde-crosslinking
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of the oligolysines imparts further stability7. However, no long-term in vivo studies have been per-

formed with DNA origami, so we do not know the extent of this stability in vivo. The major innova-

tion that led to mRNA becoming a therapeutic modality was the identification of pseudouridine as

a modified base that imparted significant stability to the mRNAmolecule while also diminishing its

in vivo immunogenicity88. A similar innovation may be necessary for DNA to persist in vivo and to

ultimately achieve clinical translation.

The second major challenge of DNA origami translation is targeting and in vivo distribution.

DNA origami is readily taken up by cells in vitro120; however, only a few studies have investigated

how the nanoparticles distribute within animal models231,116. These studies have highlighted that in

vivo distribution is highly dependent on the shape of theDNAorigami nanoparticle231, although the

kidney is the primary organwhere these nanoparticles accumulate45. Researchers have tried to impart

additional targeting capacity via conjugation of DNA aptamers, which are DNA sequences with sec-

ondary structures that bind to markers on the surface of specific target cells31,155,82,147,65. However,

more studies are needed to understand andmanipulate the trafficking ofDNAorigami nanoparticles.

The third major challenge is the cost of DNA. With current prices for DNA synthesis, DNA

origami is expensive compared to other nanoparticlemodalities. However, the price ofDNAdecreases

every year as companies scale up production and competition increases, with consistent decreases by

a factor of 1.5 each year, in a manner similar to Moore’s law136. Several studies have highlighted ad-

vances in single-stranded DNA synthesis, suggesting further improvements are on the horizon for

commercial scale synthesis95,15,153,133,111,146. Dobrovolskaia et al. estimate that the cost permilligram

of DNA origami as 141.39 USD, compared to an estimated 141.50 for PEGylated liposomes, sug-

gesting that the cost of DNA origami is on par with liposomal formulations, although it remains to

be seen if this holds true with manufacturing scale-up45. Additionally, the decreasing cost of DNA

synthesis is expected to continue, suggesting that DNA origami could becomemore cost-competitive

with other nanoparticle technologies in the future.
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The fourth major challenge of translating DNA origami to the clinic is the manufacturing novelty

and complexity. One particularly challenging material is the scaffold DNA, which is several thou-

sand base pairs in length. We typically harvest the M13 bacteriophage genome in-house to use as the

scaffold strand and design the DNA origami with this sequence as a template25. However, for man-

ufacturing consistency and ultimate approval by the FDA, it would be ideal to synthesize this DNA

enzymatically. To date, the longest single stranded DNA produced by enzymatic synthesis is 15000

bp199, which is longer than the scaffold strand of 8634 base pairs used in the studies detailed in later

chapters. Nevertheless, even though synthesis of these long lengths is possible, the yield of DNA syn-

thesis is incredibly low, making production of a high quantity of DNAprohibitively expensive. Kano

Therapeutics is one start-up that is tackling this challenge and claims to have developed amore robust

method for synthesis of long single-stranded DNA products58. More than just the synthesis of the

scaffold DNA, scale-up of the entire DNA origami manufacturing process could present challenges,

as parts of the protocol are highly specialized and have been optimized for the lab environment. For

example, to purify theDNAorigami, we rely on a procedure called polyethylene glycol (PEG)purifica-

tion, which requires adding a specific percentage of PEG to each sample, spinning down the mixture,

and then carefully removing the supernatant via pipette. This protocol may be difficult to scale-up

for larger scale studies. However, several other purification methods have been validated with DNA

origami and may be more appropriate for large-scale DNA origami synthesis172. Finally, Afonin et

al. highlighted how the ability to conjugate these nanostructures with peptides, nanobodies, anti-

bodies, small molecules and other cargos leads to more complex therapeutics and ultimately a more

convoluted path to regulatory approval, as each type of cargo is reviewed by a different center within

the FDA2. In summary, DNA origami is a novel technology and requires a novel manufacturing

procedure whichmust be scaled up and carefully validated by the FDA. As such, we expect that man-

ufacturing may be a hurdle on the path to clinical translation.

The final major challenge that we have identified is the safety of DNAorigami nanoparticles in hu-
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mans. Even though the immunogenicity and toxicity have been studied in the short-term in murine

models and non-toxicity was confirmed120, the long-term immunogenicity and side effects of DNA

origami therapeutics must be studied in clinical trials. For example, even with the oligolysine coat-

ing152, the DNA origami nanoparticles will degrade over time in the presence of serum. The degra-

dation products of the DNA origami nanostructures need to be characterized for safety. Afonin et

al. highlighted that there are many open questions about how nucleic acid nanotechnologies interact

with the immune system and these questions must be answered in order to tailor formulations for

effective therapeutics, while also minimizing undesirable immune stimulation and adverse effects2.

Additionally, if M13 phage DNA is used as the DNA origami scaffold, as it is used in our pre-clinical

studies, thenwe need to confirm that the foreign phageDNAdoes not have immunogenic properties,

especially as there are many toll-like receptors and other innate immune receptors which are activated

by DNA45. Furthermore, prior clinical studies with DNA oligonucleotides have been led to signifi-

cant side effects, including decreases in immune cell counts, splenomegaly, plasma coagulation inhi-

bition, activation of TLR9 and other pattern recognition receptors, and others, which highlight the

need to carefully examine the safety of DNA origami45. Future studies must extensively characterize

the pharmacokinetics, pharmacodynamics, immunogenicity and toxicology profiles of these thera-

peutic DNA origami-based nanoparticles, before moving to a clinical trial and eventually obtaining

FDA approval.

This list of challenges is not an exhaustive list, but rather key hurdles that we have identified that

must be overcome for DNA origami to reach the clinic. We believe that all of these hurdles are sur-

mountable, but shouldnot be treated lightly, as they are all critical considerations in the path to clinical

translation. Afonin et al. recommend that a nucleic acid nanotechnology consortium, where trans-

lational efforts can be consolidated, would expedite the translation of DNA nanotechnology from

bench-to-bedside2. We agree that combined efforts would dramatically accelerate this process and

may be necessary to overcome all of the above hurdles in a timely fashion.

15



1.0.10 Conclusion

In thefieldofDNAnanotechnology, there arenowseveralmethods to createprecisely definednanoscale

structures in a robust and generalizable way. DNAorigami is particularly notable for its ability to gen-

erate rigid nanostructures from a single long ‘scaffold’ strand of DNA. Advances in coatings for the

DNA nanostructures, which protect the DNA from degradation by serum nucleases, unlocked the

application of these DNA origami nanostructures in biological systems.

Studies from the past decade have applied these rigid DNA origami nanostructures to understand

biological signaling, to detect biomarkers and most recently, to treat disease. As a therapeutic, DNA

origami has the unique advantage of being highly programmable for modular conjugation of diverse

cargo, while also offering precise control over the nanoscale spacing of cargo. Furthermore, studies

have suggested that the nanoscale spacing of cargo plays a critical role in subsequent biological signal-

ing, suggesting that this level of control over cargo spacing is valuable in therapeutics design.

Nevertheless, we believe that prior studies have not highlighted the full potential of DNA origami

as a therapeutic platform. The reminder of this thesis will focus on demonstrating the diverse appli-

cations of DNA origami as a modular, highly programmable, disease-agnostic therapeutic platform.

1.0.11 Scope of the thesis

In this thesis, we describe four studies which validate the utility of DNA origami for therapeutic ap-

plications. First, we present a study where CpG, an immune adjuvant, is conjugated onto the DNA

origami nanoparticle in various nanoscale arrangements, and the optimal CpG arrangement is iden-

tified and validated in extensive in vivo and in vitro studies, with a focus on cancer models. Second,

we describe how this CpG-conjugated DNA origami nanoparticle can be repurposed for infectious

disease applications, highlighting the modularity and programmability of DNA origami. Third, we

describe conjugation ofCD40L, an immune activatingmolecule, in various spatial arrangements onto
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theDNAorigami nanoparticle and detail why an optimal arrangement ofCD40Lwas not uncovered.

Taken together, these works highlight the potential ofDNAorigami as a therapeutic platform for var-

ious cargo and disease areas, as well as a tool for understanding biological receptor-ligand interactions.
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2
Fine tuning of CpG spatial distribution

with DNA origami for cancer vaccination

2.1 Author Contributions

The contents of Chapter 2 are reproduced from Zeng, Y.C., Young, O. J., Wintersinger, C.M., Anas-

tassacos, F.M., MacDonald, J. I. , Isinelli, G., Dellacherie, M.O., Sobral, M., Bai, H., Graveline, A.R.,

Vernet, A., Sanchez, M., Mulligan, K., Choi, Y., Ferrante, T.C., Fell, G.G., Neuberg, D., Wu, C.J.,

Mooney, D.J., Kwon, I.C., Ryu*, J.H., Shih*, W.M., (2022). Fine tuning of CpG spatial distribution

with DNA origami for improved therapeutic cancer vaccination. Biorxiv.

*Co-corresponding authors

Y.C.Z. developed and planned the experiments, carried out the vaccine fabrication and valida-

tion, and wrote the manuscript. J.H.R. and W.M.S provided experimental and theoretical guid-
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ance and edited the manuscript. O.J.Y. assisted Y.C.Z. in performing experiments, analyzing data and

manuscript editing. C.M.W., F.M.A., J.I.M. and GI assisted with the DNA origami design, model-

ing and fabrication. H.B. performed the RNA sequencing analyzing. M.O.D, M.S, M.S, A.R.G.,

A.V. andM.S. helped with animal study design, modeling and sampling. T.C.F assisted with confocal

experiment. Y.C. assisted with 3D modeling and manuscript editing. G.G.F and D.N. guided statis-

tical analysis. C.J.W. guided the experiment design and offered manuscript editing. D.M. and I.C.K.

provided project support and manuscript editing.

2.2 Abstract

Multivalent presentation of ligands often enhances receptor activation and downstream signaling.

DNA origami offers precise nanoscale spacing of ligands, a potentially useful feature for therapeu-

tic nanoparticles. Here, we use a square block DNA origami platform to explore the importance of

spacing of CpG oligonucleotides. CpG engages Toll-like receptors (TLRs) and thereby acts to ac-

tivate dendritic cells. Through in vitro cell-culture studies and in vivo tumor-treatment models, we

demonstrate that square blocks induce Th1 immune polarization when CpG is spaced at 3.5 nm. We

observe that this DNA origami vaccine enhances DC activation, antigen cross-presentation, CD8+

T cell activation, Th1-polarized CD4+ activation and natural killer cell activation. The vaccine also

synergizes effectively with anti-PD-L1 for improved cancer immunotherapy in melanoma and lym-

phoma models and induces long-term T cell memory. Our results suggest that DNA origami may

serve as a platform for controlling adjuvant spacing and co-delivering antigens in vaccines.

2.3 Introduction

Therapeutic personalized cancer vaccine technologies havemade tremendous strides in recent years164.

Successful vaccination requires immune activation via engagement of pattern-recognition receptors
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such asToll-like receptors (TLRs) expressed by antigen-presenting cells (APCs). One class ofTLR lig-

ands isCpGoligodeoxynucleotides (termedCpGshere) containingunmethylated cytosine-phosphate-

guanosine present in bacteria and viruses14,19. Recognition of CpGs by TLR9 in APCs can be ex-

ploited to boost the antigen-specific immune response19. Nanoparticles that display multiple copies

of CpGs represent promising candidates for cancer vaccine adjuvants97,169. However, limited knowl-

edge exists on optimizing specific spatial arrangements of CpGs on nanoparticles to influence the

magnitude, duration, and polarization of immune responses, which could be critical for designing

future vaccines targeting cancer or infectious diseases.

The nanoscale distribution of ligands on therapeutic nanoparticles is believed to impact which

signaling pathways are activated in targeted cells, as subtle differences in ligand spacing can be trans-

lated into diverse cellular responses26,174,104. The adjuvant CpG is well known to provoke differential

Th1 or Th2 immune responses, depending on the context of CpG presentation154. In particular, the

spacing between multiple CpGs presented by therapeutic nanoparticles may determine immune po-

larization. The crystal structure of CpG-boundTLR9 shows twoCpGmolecules binding to dimeric

TLR9 with a spacing of 2.9 nm142. Studies on poly (lactic-co-glycolic acid) (PLGA) nanoparticles

revealed that a higher density of CpGs induced a Th1-polarized immune response, while a lower

density provoked a Th2-polarized response112. Another study suggested that CpGs at an optimum

spacing of 3.5 nm can interlock with multiple TLR9s like a zipper, resulting in amplified immune

responses168,110; however, these CpGs were presented in a double-stranded DNA context, whereas

TLR9 is thought to bind to single-strandedDNA142. Recently, CpGdimerswere fabricated onDNA

origami with 7 nm and 38 nm spacing37, where only the former strongly activated RAW264.7 cells.

Most recently, another study found that both CpG copy number and spatial organization could con-

tribute to the magnitude of TLR9 signaling when CpGwas fabricated on a wireframe DNA origami

structure52. These studies collectively indicate that CpG spacing at the nanoscale can impact recep-

tor activation and subsequent immune polarization. For cancer therapy, a Th1-polarized APC re-
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sponse would be beneficial, leading to Th1-polarized CD4 and cytotoxic CD8 T lymphocyte activa-

tion and secretion of antitumor cytokines85. Additionally, nanoparticles with optimally spacedCpGs

could enable significantTh1 immune polarizationwith aminimal adjuvant dose, potentially reducing

adjuvant-associated side effects224. However, many currently investigated nanomaterials (excluding

DNA origami) control only the average spacing, potentially resulting in mixed induction of Th1 and

Th2 responses.

DNA origami, recognized for its rigid compact structure, controlled drug release, and precise stoi-

chiometric loadingwithmultiple cargos102,197,114,117is explored in cancer therapy. It facilitates the dis-

play of nanoscale ligand arrangements37,52,94,16 such asCpGs and co-deliver tumor antigens. Employ-

ing Watson-Crick complementary base-pairing, a long single-stranded DNA (ssDNA) scaffold, and

short staple strands self-assemble into custom three-dimensional (3D)nanoscale shapes162,49,115,177,44.

CpGs can be specifically incorporated into DNA origami via linking to staple strands, and antigens

are co-delivered for enhanced presentation and cross-presentation175,131,34. Methods have been devel-

oped to stabilizeDNAnanostructures against denaturation anddegradation via electrostatic formula-

tionwithPEGylatedoligolysine152,7. Furthermore,DNAorigami iswell toleratedwhen administered

systemically120,210. This study introduces square blockDNAorigami (SQB) to investigateCpGswith

finer-tuned nanospacings (2.5 to 7 nm) for inducing a Th1-polarized immune response (Fig. 2.1A,B)

in our DNA origami vaccine, referred to as DoriVac.

2.4 Results

2.4.1 Fabrication of DoriVacwith different CpG spacings

SQBDNAorigami, with a rigid structure and densemodification sites, achieves precise ligand spacing

as small as 2.5 nm. Unlike other CpG-conjugated nanoparticles, CpG-functionalized DNA origami

allows versatile modification with additional cargos (e.g., antigens for co-delivery), maintaining CpG
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Figure 2.1: DNA origami square blocks (SQBs)‐based vaccines (DoriVac) were fabricated with different spacings of CpG
adjuvant. A. Proposed schematic of the DoriVac containing CpG (green) as adjuvant, OVA protein (blue) as model antigen
and Cy5 dye (pink) as tracer. B. Schematic figure showing DoriVac co‐delivering antigen and adjuvant at optimal spacing
induces improved Th1‐polarized immune response. C. The modification sites and CpG array on DNA origami SQB. Differ‐
ent CpG (green dots indicate the positions for a single CpG strand) spacings were designed to arrange CpGs on specific
helix ends of the SQB. CpG1, 2, 3, and 4 refer to four versions of DoriVac with different CpG spacings. D. Representa‐
tive TEM images of the 3D SQB nanostructure. White arrows indicate dimensions of SQB. E. Schematic figure showing
i. conjugation strategy between OVA and anti‐handle via an SMCC linker. ii. Conjugation strategy between neoantigen
(short peptide) and anti‐handle via azide‐DBCO click chemistry. F. Schematic of the DoriVac composition, purification
with polyethylene glycol (PEG) and coating with PEGylated oligolysine (K10‐PEG5k). G. Agarose gel results showing the
SQB folded with different CpG spacing imaged for SYBR Safe (left) and Cy5 (right) (no antigen included). H. Agarose gel
results of SQB with and without K10‐PEG5k coating after incubation with 10% FBS culture medium for 18, 48 and 72
hours. I. Agarose gel results of DoriVac (CpG0‐OVA, CpG2‐OVA) freshly prepared or stored at low temperature (4 ◦C) for
30 days. Model antigen OVA is conjugated with Alexa Fluor 488 (AF488) and SQB is attached with Cy5. J.Quantification
on uptake of DoriVac by BMDCs. Model antigen OVA is conjugated with Alexa Fluor 488 (AF488) and SQB is attached
with Cy5. DoriVac is treated at 1 nM SQB or equivalent amounts of free CpG and/or OVA as loaded on the SQB for the
controls. n=6 replicates of a single prep of BMDC cells randomly distributed into separate wells. K. Confocal images of
BMDCs treated with DoriVac for 1 day. The scale bar represents 10 µm. Data are presented as mean values +/‐ SEM in
figure 1j. One‐way ANOVA was applied for statistical analysis.
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spatial distribution. Optimizing adjuvant spacing and stoichiometry enables tailored dosing for max-

imum efficacy with minimal toxicity224. Designed using CaDNAno software, SQB couples anM13-

based ssDNA scaffold (SupplementaryTable 1)with hundreds of complementary staple strands (Sup-

plementary Table 2)50 (Supplementary Figure 1–3). Featuring 126 double helices, these structures

allow facile modification on both ends of the helices, where ssDNA docking handles can be pro-

grammed for precise, addressable spacing of cargos. With one face flat and the other with extruding

helices (Fig. 2.1C), thesemonodispersed structures have dimensions of 35 × 22.5 × 27 nm and exhibit

minimal aggregation, as evidenced by TEM imaging (Fig. 2.1D, Supplementary Figure 3).

We explored variousCpG spatial patterns on the SQBflat face (Fig. 2.1C, Supplementary Figure 4).

CpG-functionalized staple strands were initially incorporated during SQB folding, with subsequent

purification using polyethylene glycol (PEG) precipitation (Fig. 2.1E, F). Eighteen phosphorothioate-

modified CpG strands (20 mer) were introduced with controlled distances (2.5, 3.5, 5, and 7 nm)

corresponding toCpG1,CpG2,CpG3, andCpG4 (SupplementaryTable 3, Supplementary Figure 5-

10). All CpGswere orientedwith the 5´ end extruding from SQB, except for CpG1, which used amix

of ten 5´ and eight 3´ extensions, or a 3´-3´ linkage via DBCO-azide click chemistry for 2.5 nm spacing

(see Methods, Supplementary Figure 5). CpG conjugation efficiency exceeded 90% for DoriVac with

18 CpGs and 80-90% for over 18 CpGs (Supplementary Figure 10). CpG0, lacking conjugated CpG

strands, served as an origami control. For investigating CpG spacing’s impact in the vaccine setting,

model antigen protein or neoantigen peptides weremodified onto theDNAorigami through SMCC

linkage or DBCO-Azide click chemistry (Fig. 2.1E, Supplementary Figure 6, 7). DoriVac fabrication

included two PEG purification steps and K10-PEG5k coating for stability against nuclease and low

salt152,7. SQB coated with K10-PEG5k survived in 10% FBS culture for at least 72 hours (Fig. 2.1H).

DoriVac remained monodispersed and stable after storage at 4°C for one month (Fig. 2.1I).

To explore CpG spacing’s impact on Th1-polarized immune responses, we conducted sequential

immune cell co-culture experiments, analyzed using flow cytometry and ELISA (Supplementary Fig-
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ure 11). SQBs (CpG0 –CpG4) uptake byHeLa cells, 293T cells, andmouse BMDCs was confirmed

in several leading cell culture studies (Supplementary Figure 12). BMDCs exhibited greater apopto-

sis when exposed to free CpG than CpG-SQBs, indicating cytotoxicity of free CpG compared to the

samemolar amount in SQBs (Supplementary Figure 13A–E). Co-delivery of antigen and adjuvant by

SQB notably enhanced antigen uptake (Fig. 2.1J). DoriVac efficiently entered BMDCs, colocalizing

with late endosomes in confocal imaging (Fig. 2.1K, Supplementary Figure 14A).

2.4.2 Enhanced Th1 polarization from 3.5 nm CpG spacing

Subsequently, we assessed the impact of CpG spacing on various DC cell types, including mouse

BMDCs, humanplasmacytoidDCs (pDCs),monocyte-derivedDCs (moDCs), andmouseRAW264.7

macrophages. The population ofmature BMDCs (indicated byCD86 andMHC II double-positive)

significantly increased in the CpG2 group with 3.5 nm CpG spacing (Fig. 2.2A, Supplementary Fig-

ure 13G–J).CD40 canbind to the ligands onThelper cells as a costimulatory signal forTh1-polarized

immune response140. Moreover, DEC205 has been reported as a receptor of CpG on the cell surface

and also a marker of activated DCs involved in antigen uptake107. The CD40+DEC205+ cell pop-

ulation notably increased in all DoriVac-treated groups, especially in the CpG2 group (Fig. 2.2B,

Supplementary Figure 14B). The CpG2 group exhibited the highest increase in SIINFEKL MHC

I+ and TLR9+MyD88+ populations (Supplementary Figure 14C, D). ELISA assays demonstrated

thatDoriVac stimulatedBMDCs to producemoreTh1-polarizing cytokines (IL-12, TNFα, and IL-6)

and fewer Th2-polarizing cytokines (IL-10 and IL-4) compared to free CpG and free OVA adminis-

tration (bolus vaccine) (Supplementary Figure 14E, G, J, K, Supplementary Figure 14F, H, L). The

marked increase in IL-12/IL-10 ratio indicated that CpG delivered at a spacing of 3.5 nm (CpG2)

induced greater Th1 polarization compared to delivery through other spatial configurations (Fig.

2.2C, Supplementary Figure 13K–M, Supplementary Figure 14I)226,78,167. Of note, the SQB alone

(CpG0) generated only minimal IL-12 and IL-10 secretion, indicating the low immunogenicity of
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DNA origami (Supplementary Figure 14E-H). The CpG2 group consistently induced the strongest

Th1 polarization on human pDCs and moDCs (Fig. 2.2D, E, Supplementary Figure 15). Notably,

moDCs exhibited a more vigorous response to DoriVac stimulation compared to pDCs, aligning

with a recent study indicating preferential internalization of DNA origami by CD11b+myeloid cells

(Supplementary Figure 15)120. Further verification onmouseRAW264.7macrophages revealed a sig-

nificant increase in CD11c+, SIINFEKL MHC I+, and CD40+DEC205+ populations (Fig. 2.2F,

G, Supplementary Figure 16A). When compared with liposome nanoparticles, commonly used in

vaccine formulation, DoriVac demonstrated significantly enhanced stimulation of CD11c, CD40,

CD11b, PD-L1, andCD103expression, alongwith twelve timesmore expressionof SIINFEKLMHC

I+ on RAW264.7 cells (Fig. 2.2H, I, Supplementary Figure 16B, C, Fig. 2.2J, Supplementary Figure

16D).

Tounderstand the geneprofilingof immunepolarization,weperformedmRNAsequencing (RNAseq)

analysis on theBMDCsamples, which corroborated (Fig. 2.2K, Supplementary Figure 17) the ELISA

results and demonstrated upregulation of IL-12, IL-1, and IL-6 gene expression (Th1-polarizing cy-

tokines) and downregulation of IL-10, IL-4, and IL-18 gene expression (Th2-polarizing cytokines)

in the context of CpG2 with 3.5 nm spacing compared to bolus vaccine and other spacing configura-

tions. DCmaturationmarkers (CD40, CD80, CD86, andDEC205), andMHC Imolecules (H2-K1

and H2-K2) were upregulated in the CpG2 group compared to others. Furthermore, we found that

TLR13 is significantly increased in DoriVac groups in the TLR signaling pathway (Fig. 2.2L. Sup-

plementary Figure 17G). A previous study showed that chicken TLR21 is an innate CpG receptor

distinct from human TLR993, and showed similarity to mouse TLR13. We suspect that TLR13

might also be a receptor for CpGs delivered by SQB in our study, although a different study showed

mouse TLR13 recognizes RNA145. Based on the gene sequencing results, this pathway might not

rely on MyD88 activation (Fig. 2.2L). It coincides with the previous study that TLR9 was activated

by plasmidDNAeven inMyD88-deficientmice183. Some other pathways thatmay participate inDC



Figure 2.2: CpG, delivered at a spacing of 3.5 nm on DNA origami SQB, provides enhanced dendritic cell (DC) activation
for Th1‐polarized immune response. A, B. Representative scatter plots (left) and percentages (right) of double‐positive
CD86+MHCII+ and CD40+DEC205+ populations detected in mouse BMDCs by flow cytometry. C. The ratio of IL‐12
to IL‐10 detected by ELISA after one‐day stimulation with various vaccine groups treated to mouse BMDCs. D. IFNγ
expression in human plasmacytoid DCs (pDCs) treated with various vaccine groups as determined by flow cytometry. E.
TNFα secretion in humanmonocyte‐derived DCs (moDCs) treated with various vaccine groups as determined by Luminex.
F, G. Percentages of CD11c+ and SINFEKLMHC I+ population detected in mouse RAW264.7 cell lines by flow cytometry.
H, I. CD11c and CD40 expression on RAW264.7 cells treated with DoriVac or liposome carrying the same amount of CpG
and OVA. NC is unstained flow control. J. Percentages of SINFEKLMHC I+ population detected in mouse RAW264.7 cells
treated with DoriVac or liposome carrying the same amount of CpG and OVA by flow cytometry (n=3 cell numbers). K.
Heatmap of the expression patterns of BMDC genes across all the treated groups. The scale bar represents the normalized
expression intensity. L, M. Heatmap of the expression patterns of BMDC genes related to potential signaling pathways.
Sham (CpG0) refers to SQB conjugatedwithOVA antigen butwithout CpG. VariousDNAorigami vaccine constructs (based
on the concentration of 1 nM SQB), free OVA (4 nM for A‐C, K‐M or 10 nM for D‐J) or free CpG (18 nM) was treated. In
the graphs, “n” represents replicates of a single prep of BMDC cells (A, B: n=5, C: n=8), pDCs (D: n=4), moDCs (E: n=4) or
Raw264.7 (F, G, J: n=3) randomly distributed into separate wells. Data are presented as mean values +/‐ SEM. One‐way
ANOVA was applied for statistical analysis of Figure 2A‐G with Tukey’s post hoc multiple comparisons test. Two‐tailed
student T test was applied for Figure 2J. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’ refers
to P ≤ 0.0001.



activation include but are not limited to: Type1 JAK-STAT pathway (Fig. 2.2M, Supplementary Fig-

ure 17D), BMP-SMADpathway (Supplementary Figure 17E), and STINGpathway (Supplementary

Figure 17F), based on the gene sequencing analysis. Of note, CpG2 showed the highest immune stim-

ulation. Altogether, these data demonstrate that the spatial distribution of CpGhas potent biological

effects to direct Th1 polarization, and that adjuvant spacing can impact vaccine effectiveness.

2.4.3 Distinct anti-tumor effects from varied CpG spatial patterns

Wenextqueriedwhether antigen-specificCD4andCD8Tcell responses couldbe triggeredbyDoriVac-

pulsed DCs co-cultured with OVA-specific OT-I and OT-II T cells. Flow cytometry results revealed

that both CD8 and CD4 T cell activation were increased by CpG2 (3.5 nm spacing) pulsed DCs

(Supplementary Figure 18A–D). Interferon (IFN)γ-expressing Th1-polarized CD4 T cells were sig-

nificantly increased in the CpG2 group when the antigen was co-delivered (Fig. 2.3A). IL-2 secretion

by CD4 T cells showed negligible differences among different spacings (Supplementary Figure 18E).

TGFβ secretion by CD4 T cells was downregulated in all the DoriVac groups (Supplementary Figure

18F). IFNγ and IL-2 secreted by OT-I CD8 T cells were markedly increased in the CpG2 group (Fig.

2.3B,C), corresponding to increased proliferation ofCD8 cells (Fig. 2.3D, E), whileCpG-SQBswith-

out co-delivery of antigen showed a similar trend but limited secretion of IFNγ and IL-2. In addition,

CpG2 led to increased tumor cell killing by activated CD8 T cells compared to other spacings (Fig.

2.3F, Supplementary Figure 19). These data indicate that (1) spacing of CpG at 3.5 nm enhances the

Th1-polarized immune response; and (2) simultaneous presentation of antigen and adjuvant through

DoriVac strongly stimulates DCs and preferentially increases cross-presentation via MHC I for im-

proved CD8 T cell activation.

Aprevious study showed thatwhen twoCpGswere conjugated together as a dimer at the 3´ end, the

DC stimulation could be enhanced227. This study motivated us to explore whether a spatial configu-

ration of CpG dimers might affect receptormultimerization. To this end, we conceptualized adjacent



Figure 2.3: T cell activation by DCs instructed by DoriVac bearing varying CpG spatial patterns and densities revealed
distinctive anti‐tumoral effects. A, B. Quantification of IFNγ in the co‐culture supernatant of OT‐II CD4 and OT‐I CD8
T cells by ELISA. C. Quantification of IL‐2 in the co‐culture supernatant of OT‐I CD8 T cells by ELISA. D. Representative
scatter plots of CFSE fluorescent dye labeled OT‐I CD8 T cells in three groups. Red frame, passage 6 and 7 proliferated
cells. Blue frame, non‐proliferating cells. E. The frequency of OT‐I CD8 T cells at passage 7. F.Quantification of live tumor
cells after 48 hours co‐culture of OT‐I CD8 T cells activated with various DoriVac constructs and B16‐OVA melanoma
cells. G. Designs with different spacings of CpG dimer on SQB. Two CpG oligonucleotide strands were placed as a dimer
unit and distributedwith three different spacings (CpG2, CpG2‐d1, CpG2‐d2). H.Quantification of live tumor cells after 72
hours co‐culture of OT‐I CD8 T cells activated with various DoriVac constructs and B16‐OVA melanoma cells. I. Designs
with 12–63 CpGs spaced at 3.5 nm, and one with 18 irregularly spaced CpGs. J. Quantification of live tumor cells after
48 hours co‐culture of OT‐I CD8 T cells activated with various DoriVac constructs and B16‐OVA melanoma cells. NC
represents negative control without treatment. Various DoriVac constructs (1 nM SQB), free OVA (4 nM for A–F, 6 nM
for G–J) or free CpG (18 nM) were tested. In the graphs, “n” represents replicates of a single prep of OT‐II CD4 T cells (A:
n=4), OT‐I CD8 (B, C, E: n=4), or B16OVA tumor cells (F, J: n=4, H: n=6) randomly distributed into separate wells. Data
are presented as mean values +/‐ SEM. One‐way ANOVA was applied for statistical analysis of all the figures with Tukey’s
post hoc multiple comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’ refers to P
≤ 0.0001.



CpGs (with 3.5 nm spacing between the two monomers) as a dimer unit and spaced them apart on

the SQB with decreasing densities (CpG2-d1 and CpG2-d2 in Fig. 2.3G). Interestingly, we found

that both IL-12 and IL-10 were elevated as spacing of the dimer increased even though we did not ob-

serve an associated change in the IL-12/IL-10 ratio (Supplementary Figure 20A–C). However, CD8

and CD4 T cell activation (indicated by IFNγ secretion) decreased as the dimer spacing increased

(Supplementary Figure 20D, E), and the tumor-killing effects showed a corresponding decrease (Fig.

2.3H, Supplementary Figure 20K¬–M). These data suggest that spatial configuration of CpGs could

impact receptor activation and subsequent immune polarization through higher-order receptor mul-

timerization (i.e. beyond dimerization). Furthermore, DNAorigamimay provide an informative tool

to further study the role of multimerization in TLR activation and other receptor activation.

Another study previously demonstrated that increasing the molar ratio of CpG on a DNA duplex

induced increasing secretion of IL-12132. To investigate if the number of CpGs influences the im-

mune polarization, we kept constant the CpG 3.5 nm spacing, antigens per DNA origami particle,

andnumber of particles, but only increased the number ofCpGsper particle from12 to 63 (Fig. 2.3I).

Irregularly spaced CpGs (CpGi) were also designed as a control with 18 CpGs. IL-12 and IL-10 se-

cretion both increased when there were more CpGs (Supplementary Figure 20F, G). However, IL-10

secretion was greatly induced with 35 and 63 CpGs (Supplementary Figure 20G). The IL-12/IL-10

ratio was higher with 12 or 18 CpGs than with 35, 63, or irregularly spaced CpGs (Supplementary

Figure 20H). We found that 12 to 18 CpGs showed no difference in terms of IFNγ secretion from

CD4 OT-II T cells, but 12 CpGs induced less IFNγ secretion from CD8 OT-I T cells (Supplemen-

tary Figure 20I, J). However, 35, 63, and irregularly spaced CpGs induced less IFNγ expression in

both CD4OT-II and CD8OT-I T cells, consistent with elevated IL-10 leading to inhibition of CD8

T cell function181. The tumor-killing effects were most notable in the 18 CpGs group (Fig. 2.3J,

Supplementary Figure 20N). These data suggest that both optimal CpG stoichiometry and uniform

CpG spacing may be beneficial for Th1 immune response.



2.4.4 DoriVac distribution and immune stimulation in vivo

To explore the potential of DoriVac as a vaccine, its biodistribution was first evaluated through in

vivo fluorescence imaging. DoriVac primarily accumulated in the nearest draining lymphnodes (LNs)

from the injection sitewithminimal increase in other LNs (Fig. 2.4A, Supplementary Figure 21). The

DoriVac persisted in the draining LN for at least 48 hours and the antigen maintained high intensity

even after 48 hours as evidenced by AF488 conjugated on OVA (Fig. 2.4A, B). The SQB was cleared

by both the liver and kidneywithin two days, as theCy5 fluorescent signal was barely detectable at this

time point (Fig. 2.4A-C). Lung and spleen only showed minimal Cy5 signal increase at two and four

hours (Fig. 2.4C). Administration of the DoriVac in naïve mice verified that optimized spatial config-

urations (CpG2; 3.5 nm spacing and 18 CpGs) could greatly increase DC activation and improve the

CD8+ tetramer+ population without increasing the immunosuppressive regulatory T cells (Tregs)

(Fig. 2.4D–H, Supplementary Figure 22). Encouraged by the preferential Th1 immune response,

two doses of the DoriVac treatment were subcutaneously injected on days 0 and 7 as a prophylactic

treatment, and then the mice were inoculated with B16-OVA tumor cells on day 14 (Fig. 2.4I). On

day 28, measurable tumors were observed in control groups and in 40% of the bolus vaccine group

(Fig. 2.4J). No tumors were observed in DoriVac-treated group until day 42. While all mice in the

untreated group and 60% of mice in the bolus vaccine group died by the conclusion of the study,

only one mouse in the CpG2 group died but with a much longer life span compared to other groups

(Fig. 2.4K). These results verified the prophylactic efficacy of the DoriVac in an aggressive murine

melanoma model.

2.4.5 Therapeutic DoriVac treatment in mouse melanoma models

We assessed DoriVac’s therapeutic antitumor effect in a melanoma mouse model, treating tumor-

bearing mice with 10, 20, 40, or 80 pmoles of DoriVac, each with optimized spatial configurations
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Figure 2.4: DoriVac distribution, in vivo immune‐cell stimulation and prophylactic‐vaccination effects. A. Representative
ex vivo images showing the organ distribution of the DoriVac within 48 hours after subcutaneous injection on left shoulder
analyzed by IVIS machine detecting the fluorescence carried on the vaccine nanoparticles. The images showed the AF488
(OVA) or Cy5 (SQB) in different organs. LN1: left brachial; LN2: right brachial; LN3: left inguinal; LN4: right inguinal. B,
C. Radiant efficiency of AF488 and Cy5 in different organs corresponding to in vivo accumulation. D‐H. Before applying
the vaccine in a tumor model, we vaccinated naïve C57BL/6 mice and detected DC activation and T cell response in
the draining lymph node on day 1 and day 8 post vaccination. n=4 lymph node samples from independent mice. D.
Representative scatter plots showing CD11c+ DC cells in the lymph nodes on day 1 post vaccination. E. Flow results
showingMHC II+ CD40+ population on DCs. F. Flow results showing SIINFEKLMHC I expression on DCs. G. Flow results
showing CD8 T cell population bound with SIINFEKL MHC I tetramer on day 8 in the lymph node. H. Representative
scatter plots showing CD4+CD25+FoxP3+ Treg cells in the lymph nodes on day 1 after vaccination. I. Schematic showing
prophylactic vaccination treatment plan and tumor challenge protocol in C57BL/6 mice. J. Tumor growth graph. Note
that only one mouse in the DoriVac‐treated group demonstrated tumor growth, after a remarkably delayed tumor onset
(4 weeks after tumor inoculation). K.Mouse survival curve (n=5 mice). Control refers to untreated group. ** in this graph
refers to comparison with the control. Data are presented as mean values +/‐ SEM. One‐way ANOVA was applied for
statistical analysis of graphs E, F and G with Tukey’s post hoc multiple comparisons test. Two‐way ANOVAwas applied for
statistical analysis of graph J with Tukey’s post hoc multiple comparisons test. Survival curves were analyzed by Kaplan‐
Meier method and log‐rank test for graph K. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’
refers to P ≤ 0.0001.
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Figure 2.5: Immune cell profiling revealed a Th1‐polarized immune response after therapeuticDoriVac treatment inmouse
melanoma models. A. Schematic delineating mouse tumor model setup and therapeutic vaccination treatment plan in
C57BL/6 mice. B. Average tumor volume growth trajectories (n=5 mice). C.Mouse survival curve (n=5 mice). * refers to
comparison with the control. B16‐OVA tumor‐bearing C57BL/6 mice were treated with vaccines on days 3, 7 and 11,
and then sacrificed on day 15. The draining lymph nodes (D) and tumor tissue (E–I) were processed for flow cytome‐
try (n=5 mice). D. Percentages of SIINFEKL MHC I+ cells in the CD11c+ population in draining lymph node. E. Number
of intratumoral CD3+ tumor‐infiltrating lymphocytes (TILs) out of 500,000 cells in various treatment groups. F. Repre‐
sentative scatter plots (left) and percentages (right) of SIINFEKL MHC I tetramer+ cells in intratumoral CD8+ T cells. G.
Representative IL‐2+ scatter plots on CD8+ cells (left) and percentages of IL‐2+ cells in CD8+ and CD4+ T cells (right). H,I.
Quantification of CD25+FoxP3+CD4+ Treg cells and CD11b+F4/80+CD206+ immunosuppressive type 2 macrophages
population in tumor tissue. J.Mouse tumor model setup and therapeutic vaccination treatment plan with DoriVac bearing
neoantigen in C57BL/6 mice. K. B16F10 tumor growth graph (n=8 mice). L. B16F10 tumor weight on day 13 (n=8 tumor
tissues from individual mice). M, N. Representative scatter plots and percentage of double‐positive IFNγ+NK1.1+ popu‐
lations detected in NK1.1+CD3‐ population by flow cytometry (n=8 mice). O. Cytokine expression profile of the plasma
samples analyzed by multiplexed Luminex after sacrificing the mice on day 13 (n=8 plasma samples from independent
tumor‐model mice). Data are presented as mean values +/‐ SEM. Two‐way ANOVA was applied for statistical analysis
of graphs B and K with Tukey’s post hoc multiple comparisons test. One‐way ANOVA was applied for statistical analysis
of graphs D–I, L and N with Tukey’s post hoc multiple comparisons test. Survival curves were analyzed by Kaplan‐Meier
method and log‐rank test for graph C. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’ refers to
P ≤ 0.0001.
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of CpG (CpG2). Results showed that 10 or 20 pmoles efficiently inhibited tumor growth and in-

creased survival (Supplementary Figure 23A, B). Notably, 20 pmoles of DoriVac contained only 5.4

µgOVA and 2.2 µgCpG, significantly less than other pre-clinical CpG studies113. When applying 20

pmoles ofDoriVacwith different spacings or corresponding bolus controls, CpG2with optimal CpG

configuration (3.5 nm spacing) significantly delayed tumor growth compared to other spacings (Fig.

2.5A, B, Supplementary Table 5). The median survival of CpG2 DoriVac (26 days) was higher than

other groups (18-21 days) (Fig. 2.5C, Supplementary Figure 23C, D). Anti-CD8 antibody treatment

abolished therapeutic effects in CpG2, suggesting DoriVac strongly relies on CD8 activation (Fig.

2.5B, C). Immune cells from LNs and tumor tissues showed increased DC accumulation, improved

DCmaturation and cross-presentation, decreased myeloid-derived suppressor cells, increased mono-

cytes in CpG2 (Fig. 2.5D, Supplementary Figure 24A–J). Th1-polarized CD4 and CD8 T cells were

more activated in CpG2 than bolus vaccine (Supplementary Figure 25). Notably, 3.5 nm spacing in-

duced significantly increased CD8 activation compared to other spacings (7 nm or irregular spacing)

(Supplementary Figure 25A, C). In the tumor tissue, infiltrated CD3 T cells accumulated notably in

the CpG2 group (Fig. 2.5E, Supplementary Figure 26A–D). CpG2 group showed increased effec-

tor memory cells and effector cells in both CD4 and CD8 T cell populations (Supplementary Figure

26E–H). A large portion of infiltrated CD8 T cells were OVA-specific in CpG2-treated group, sig-

nificantly more than CpG4 group where CpG spacing was at 7 nm (Fig. 2.5F). More IL-2+ CD8+

and CD4+ T cells were found in CpG2 group (Fig. 2.5G). Tregs, myeloid-derived suppressor cells,

and M2 macrophages in tumor tissue were not increased in DoriVac-treated groups, with a further

decreased trend in CpG2 group (Fig. 2.5H, I, Supplementary Figure 26I-M). Furthermore, 35 CpGs

(3.5 nm spacing) did not show enhanced therapeutic effect compared to 18 CpGs (CpG2, 3.5 nm

spacing), most likely due to decreased CD8 activation (Supplementary Figure 27. Supplementary

Figure 20F–J). These results indicate that DoriVac CpG2, with optimal CpG configurations (3.5 nm

spacing and 18 CpGs), directed a Th1-polarized immune response in the treated tumor through a
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cohort of immune-cell regulation.

We further assessed DoriVac’s therapeutic efficacy applying neoantigens (Fig. 2.5J). For targeting

neoantigens in the murine B16F10 melanoma model, DoriVac was fabricated with B16F10 neoanti-

gen peptides, M27 andM33 (CD8+ responsive) andM30 andM47 (CD4+ responsive)113,101 (Sup-

plementary Figure 28). DoriVac bearing neoantigen induced significant tumor suppression compared

to the untreated control, with one mouse in the DoriVac group showing no tumor after three treat-

ments on day 3, 7, and 12 (Fig. 2.5K, L, Supplementary Figure 29A). Additionally, DoriVac sig-

nificantly increased NK cell activation detected by IFNγ expression (indicated by NK1.1+IFNγ+),

without an obvious increase in NK cell number in the LN (Fig. 2.5M, N, Supplementary Figure

29B-E). Additional immune cell profiling on DC and T cells revealed similar activation phenotypes

as shown in Fig. 2.4 and Supplementary Figure 24 and 25. Plasma analysis by multiplex Luminex

for cytokine profiling on day 13 showed a massive increase in Th1-polarized cytokines in DoriVac-

treated groups, including TNFα, IFNγ, IL-12, CCL-2, IL-6, CXCL10, and G-CSF, with no increase

in Th2-polarized cytokines compared to bolus vaccine or untreated groups (Fig. 2.5O). Evaluation of

anti-dsDNA antibodies and anti-PEG antibodies disclosed that the increase in anti-dsDNA antibod-

ies is associated with effective anti-tumor effects196 instead of DNA origami nanoparticles themselves

(Supplementary Figure 30A, B). There was also no significant elevation of anti-PEG IgG observed in

mouse serum (Supplementary Figure 30C). These results indicate that DoriVac may serve as a safe,

effective, and modular platform for presenting various neoantigens to induce therapeutic anti-tumor

efficacy.

2.4.6 Synergistic efficacy fromDoriVac combined anti-PD-L1

Having observed elevated PD-L1 expression on DCs in the draining LN of DoriVac-treated groups

(Fig. 2.6A), we speculated that combining DoriVac with immune checkpoint inhibition would fur-

ther enhance therapeutic effects (Fig. 2.6B). Indeed, combining with αPD-L1 (but not αPD-1) signif-
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Figure 2.6: DoriVac combined with immune checkpoint inhibitor anti‐PD‐L1 exhibited synergistic, durable T cell re‐
sponses. A. Percentages of PD‐L1+ cells on dendritic cells (DCs) in the lymph node (n=5 lymph node samples from in‐
dependent tumor‐model mice). PD‐L1 expression was increased on the DCs in the DNA origami vaccine‐treated groups,
correlating with the increase in the activated DC population, which provided a rationale for combination with anti‐PD‐L1
immune checkpoint inhibitor. B. Experimental design schematic for the combination treatment with anti‐PD‐L1 antibody
(αPD‐L1). CpG2 DoriVac (200 nM) was subcutaneously administrated on days 3, 7, and 11 and anti‐PD‐L1 (200 µg/mice)
was administered on the days 6, 8, 10, 12, and 14 to B16‐OVA tumor‐bearing mice. C, D. The tumor photos (white circle
indicates faded tumor) and associated graph of subcutaneous tumor growth in C57BL/6 mice (n=5 mice). The combina‐
tion therapy significantly inhibited tumor growth and induced tumor regression in 80% (4 out of 5) of mice. E. Percent
survival of B16‐OVA tumor‐bearing mice in various treatment groups (n=5 mice). All four mice with demonstrated tumor
regression survived with no sign of recurrence and survived a tumor rechallenge administered at four months. F. Percent
survival of EG7‐OVA tumor‐bearing mice in various treatment groups (n=8 mice). All the mice survived from the DoriVac
treatment in combination with αPD‐L1. G, H. IFNγ ELISpot results on the splenocytes of the survived mice at 6 months
showed more CD8 and CD4 T cell spots (as indicated by the purple color) in all the DoriVac applied groups. Data are
presented as mean values +/‐ SEM. One‐way ANOVA was applied for statistical analysis of graph A with Tukey’s post hoc
multiple comparisons test. Two‐way ANOVA was applied for statistical analysis of graph D with Tukey’s post hoc multiple
comparisons test. Survival curves were analyzed by Kaplan‐Meier method and log‐rank test for graph E and F. ‘*’ refers to
P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’ refers to P ≤ 0.0001.
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icantly inhibited tumor growth and induced regression in 4 out of 5 mice in the B16-OVAmelanoma

model (Fig. 2.6C, D, Supplementary Figure 31). All four mice with tumor regression survived and

exhibited no signs of recurrence (Fig. 2.6E). Rechallenging the surviving mice with 2 × 105 B16-

OVA tumor cells four months later resulted in complete tumor remission (Supplementary Figure

31D). ELISpot assays conducted one year after the initial tumor cell inoculation revealed that only

DoriVac-included groups could induce SIINFEKL-specific CD8 T cell activation (Supplementary

Figure 31E). Beyond the B16-OVAmodel, DoriVac demonstrated enhanced therapeutic efficacy com-

pared to bolus vaccine groups in the EG7-OVA lymphoma tumor model (Supplementary Figure

32A). All mice treated with DoriVac in combination with αPD-L1 survived (Fig. 2.6F). ELISpot re-

sults on the splenocytes and peripheral blood mononuclear cells (PBMCs) of the surviving mice at 6

months disclosed long-term durable CD4 and CD8 T cell memories in the DoriVac-applied groups

(Fig. 2.6G,H, Supplementary Figure 32B-D).These results highlightDoriVac’s ability to induce both

innate and adaptive immune cell activation with a durable T cell response. Moreover, the antigen-

specific immune response induced by DoriVac synergized with immune checkpoint inhibition for

improved cancer immunotherapy.

2.5 Conclusion

In this study, we utilized a square-blockDNAorigami architecture to compare the spacing ofCpG lig-

ands within the range of 2.5 nm to 7 nm, alongside co-delivery of antigen, resulting in Th1-polarized

immune responses. DNA origami serves as a versatile delivery platform for various cargos, offering

precise nanospacing control. Its advantages include easy fabrication and purification, high stability,

substantial drug loading capacity, and low immunogenicity. These attributes empower DoriVac to

elicit effective immune responses withminimal adjuvant quantities. We envision the rapid and conve-

nient loading of patient-specific antigens/neoantigens onto prefabricated, adjuvant-containing DNA
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origami to create personalized cancer vaccines easily combinable with FDA-approved immune check-

point inhibitors. This technology platform also holds promise for investigating other cellular ligand-

receptor interactions where nanoscale ligand spacing critically influences receptor signaling and sub-

sequent immune polarization. Our findings suggest that the DoriVac platform may extend beyond

cancer applications to address infectious diseases, given its capacity to generate robust and durable

CD4 and CD8memory T cell responses.
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2.8 Materials andMethods

Our research complies with all relevant ethical regulations at Harvard University, Dana Farber Can-

cer Institute, and Wyss Institute. Biosafety protocols were approved by the Harvard Committee on

Microbiological Safety. All animal studies (Protocol No. IS00003369) were approved by the Institu-

tional Animal Care and Use Committee (IACUC) of HarvardMedical School.

2.8.1 Fabrication of SQBs

SQBs were designed using square-lattice CaDNAno and assembled using previously publishedmeth-

ods for folding of 3DDNAorigami90. Construction plans for SQB, scaffold and staple sequences are

listed in Figs. S1–2 andTables S1–3, respectively. Short syntheticDNA staple strandswere purchased

on a 100 nmole or 10 nmole scale from Integrated DNA Technologies, Inc. Scaffold p8634 was pro-

duced in-house using previously published protocols48, and purified from endotoxins by extraction

with 2% Triton-X11471. To assemble the structures, DNA staple strands were mixed to a final con-

centration of 100 nM or 500 nMper strand (as higher concentrations are better for large scale folding

as needed for in vivo applications). The optimized folding conditions used were 5 mM Tris, 1 mM

ethylenediaminetetraacetic acid (EDTA; pH8.0), 12mMMgCl2, 20–100 nM scaffold, 5 times excess

core staple strands (in excess compared to the scaffold concentration), 10 times excess handle conju-

gated staples and 20 times excess CpG-containing staples. Folding was performed in a thermocycler

with the following program: denaturing at 80°C for 15 minutes, and then annealing from 50°C to

40°C decreasing at -0.1°C every 10 minutes and 48 seconds for a total folding time of 18 hours. All

constructs were purified using PEG-8000 purification (below). The quality of SQBs was analyzed via

agarose gel electrophoresis and negative-stain transmission electron microscopy (TEM).
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2.8.2 Fluorescent labeling of SQBs

SQBs were labeled with Cy5 fluorophores. DNA oligonucleotides

/5AmMC6/GGGATAAGTTGATTGCAGAGC-3´(anti-handle)weremodifiedwith a 5´ amine and

covalently coupled toCy5fluorophores viaN-hydroxysuccinimide (NHS) ester coupling (Lumiprobe).

DNA oligonucleotide (1 mM in ddH2O) was mixed with 10 times excess of Cy5-NHS (10 mM in

DMSO) and supplemented with 10% of NaHCO3 (1M, buffer at pH 8.0). The reaction was carried

out in the dark overnight at room temperature shaking at 400 rpm. Zeba size-exclusion and desalting

columns (7KMWCO;ThermoScientific,Waltham,MA)were used to removeunreacteddye through

centrifugation at 1000 g for 2minutes. The columnswere washedwith 400 µL of ddH2O three times

before use, according to manufacturer’s protocol. The Cy5 conjugated oligonucleotides were added

to the SQB folding pool with 5 times excess to ensure complete conjugation. Eight staples linked with

complementary handle strands (5´-GCTCTGCAATCAACTTATCCC-3´) were used to capture the

Cy5-linked strands.

2.8.3 CpG-containing staple strands attachment toDNA origami SQB

CpG-containing staple strands were appended on one end of double helices on the flat side of the

SQBs. For most of the staples on the flat face of the SQB, 10 thymine residues were added to the end

of the staples on the flat face of the SQB (known as a poly-thyminemodification) tominimize aggrega-

tion of origami. The CpG oligonucleotides with nuclease resistant phosphorothioate (PS) backbone

(5´-tccatgacgttcctgacgtt-3´) replaced the poly T at designed positions for nanoscale patterning as de-

scribed. TheCpG strands were added to the 5´ ends of the staples (Supplementary Table 3), except for

where indicated below (Supplementary Figure 5). The CpG-containing staples were either ordered

from IDTormade in-house by a splint guidedT4 ligation (Supplementary Figure 5A–D). ForCpG1,

to ensure that the CpG orientation was uniform, 3´-3´ linkage of CpGwith some staples were applied
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by dibenzocyclooctyne (DBCO)-azide (Sigma, US) click chemistry (Supplementary Figure 5E–H).

When folding the SQBs, the CpG-containing staple strands were 20 times in excess compared to the

scaffold concentration to ensure complete conjugation of the CpG-containing strands.

2.8.4 Ovalbumin (OVA) conjugation and quantification

For OVA conjugation, 24 sites on the extruding site of SQB were replaced with

5´-CGTCCCCTTTTAACCCTAGAA-3´ handle oligo at poly T positions. The complementary

anti-handle oligo 5´-TTCTAGGGTTAAAAGGGGACG-3´ was modified with an amine group at

the5´ end. This oligowas conjugatedwith succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate

(SMCC) linker through NH2-NHS ester reaction. The SMCC-linked oligo was purified through

Nap column (GE Healthcare Life Sciences). The purified SMCC-linked oligo was conjugated with

OVA through cysteine (thiol)-maleimide group coupling. The maleimide group of SMCC-modified

anti-handle can be attached to 4 cysteine residues on OVA (Fig. 2.1D, Supplementary Figure 6).

SMCC-linked oligo that was not conjugated with OVAwas washed away through 30KAmicon filter

(Sigma) filtration for up to 7 times. The conjugatedOVA-oligo was incubatedwith theDNAorigami

SQB at 37°C for 2 hours at 3 times excess. Free OVA-oligo was removed by PEG precipitation, as

described below. To quantify the OVA protein conjugation, a standard curve of fluorophore inten-

sity versus the molar concentration of the AF488-OVA (ThermoFisher, O34781) was made. Briefly,

we tested the different AF488 reading by Nanodrop after diluting the protein to a range of concen-

tration that is close to the theoretical concentration of conjugated OVA. The linear curve correlates

the OVA molar concentration and the fluorophore intensity. Three individual experiments were ex-

ecuted to get a repeatable equation for calculation. After OVA was fabricated to the SQB and the

vaccine was purified, the AF488 intensity was detected by using the equation to calculation the OVA

molar concentration. Bydividing the concentrationof SQB, thenumber ofOVAper SQB is estimated

(Supplementary Figure 7).
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2.8.5 SQB purification by PEG precipitation

After annealing, SQBmonomers orOVAor peptide conjugatedCpG-SQBswere purified from excess

staples or excess OVA via PEG precipitation. Typically, 1 × TE buffer (5 mMTris, pH 8.0 and 1 mM

EDTA) containing 15% (w/v) PEG-8000 (Fisher Scientific, BP2331), and 510 mMNaCl was added

to the origami sample at 1:1 volume in an Eppendorf tube and mixed gently. Note that it is essential

to use PEG-8000 containing less than 5%water. The concentration ofMgCl2was adjusted by adding

high concentration MgCl2 stock to the PEG buffer to obtain 10 mM MgCl2 concentration in the

final mixture. The mixture was centrifuged at 16,000g for 25 minutes at room temperature. The

supernatant was carefully removed, and the pellet was re-suspended in 1 × TE buffer supplemented

with 10 mM MgCl2. This purification procedure was either carried out once or twice, depending

on the desired purity level. This procedure is also used to concentrate the SQB monomer when high

concentration is desired. The final SQB concentration after PEG precipitation was determined by

NanoDrop.

2.8.6 K10PEG5 coating of SQBs

SQBs with or without OVAwas mixed with oligolysine-PEG5k, in short K10-PEG5k

(methoxy-poly(ethylene glycol)-block-poly(L-lysine hydrochloride); n=113, x=10) (Alamanda poly-

mers) such that nitrogen in amines: phosphates in DNA ratio was 1:1, according to the published

method152. Samples were incubated at room temperature for 1 hour. After coating, the concentra-

tion of SQBwas calculated based on the volume increase. K10-PEG5k coating does not affect vaccine

efficacy (Supplementary Figure 14M).To removeK10-PEG5k for agarose gel verification in Fig. 2.1H,

the nuclease was inactivated by 5mMEGTA and 10% β-mercaptoethanol in 10mMMgCl2 incubat-

ing at 37°C for 1 hour and then the K10-PEG5k shell was removed by incubating the samples with

chondroitin sulfate 31 at 37°C for 2 hours.
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2.8.7 DNase I degradation assay

SQBs (1 µg) were incubated with 1.0 U/µL DNase I (NEB) with 10 × DNase I buffer diluted in wa-

ter (Gibco). Samples were incubated at 37°C for 30minutes and then analyzed using 15% denaturing

polyacrylamide (PAGE) gel to observe theCpG loading efficiency comparing to the calculated theoret-

icalCpGoligos. Denaturing PAGEgel (15%)wasmade in-house using 9mLurea concentrate, 4.5mL

urea diluent, 1.5 mL urea buffer (all three from Fisher Scientific), 10 µL tetramethylethylenediamine

(TEMED) and150µL10wt% ammoniumpersulfate (APS) casting intomini-cassette (ThermoFisher

Novex). Loading wells were generated by inserting the comb into the cassette.

2.8.8 Confocal imaging

Localization of OVA and SQB in the BMDCs was imaged using a Zeiss 710 confocal microscope

equipped with 405 diode (405 nm), Ar (458, 488, 514 nm), and white light (633 nm) lasers for live

cell tracking. For staining of late endosomes, cells were exposed to CellLight™ Late Endosomes-

RFP (Life technologies, Catalog no. C10589) one day before. The cells were cultured with different

version of vaccines, and the AF488 from OVA and Cy5 conjugated on SQB were detected for their

colocalization with late endosome.

2.8.9 BMDC isolation and stimulation

C57BL/6mice at the age of 6–8monthswere sacrificed, and the femurs and tibias were obtained. The

muscle and connective tissues were removed from the femurs and tibias. A 25G syringe needle was

used to flush the inner bone and collect themarrow. The solution was pipetted to release marrow; the

marrow clot was then filtered through 40 µm cell strainer. The cells were spun down at 300 g for 5

minutes. The cells were resuspended at a density of 3million cell per mL in RPMI1640medium sup-

plemented with 10% low endotoxin FBS (Gibco), 50 μM β-mercaptoethanol, 20 ng/mL granulocyte-
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macrophage colony-stimulating factor (GM-CSF; R&DSystems) and penicillin–streptomycin. Note

that red blood cells were not removed. Fresh culture mediumwas added at day 3 and day 5. On day 7,

the floating immature bone marrow derived dendritic cells (BMDCs) were collected for stimulation.

BMDCswere seeded in 96 well with the density of 0.1 million in 100 or 200 µLmedium. 0.01–1 nM

of different DNA origami vaccine and controls were applied for BMDC stimulation for 1–2 days,

depending on the experiment set-up. In the majority of our in vitro cell culture studies (Fig. 1-3,

Supplementary Figure 13-S20), we have applied 1 nM SQB origami. For the control bolus vaccine,

we have used an equivalent amount of CpG (usually 18 nMCpG if not specified otherwise) and anti-

gens (4-10 nMof antigens). The supernatantwas collected and stored in -80°C freezer for later ELISA

analysis. The cells were collected for antibody staining and flow cytometry analysis or for downstream

T cell co-culture. For cell culture study, there are usually 5 replicates in each group. For each n=5 in

vitro cell-culture study, a single preparation of cells was harvested from several animals, combined, and

then split into 5 replicate wells. Furthermore, for each of these studies, we have repeated 3–4 times

with 3–6 replicates each.

2.8.10 Isolation of OT-I andOT-II T cells and co-culture with BMDCs

The transgenic T cell receptors of OT-I and OT-II mouse were designed to recognize OVA residues

257–264 in the context of H2-Kb (MHC I) and residues 323–339 in the context of I-Ab (MHC II).

6–8 week C57BL/6-Tg(TcraTcrb)1100Mjb/J OT-I mice and B6.Cg-Tg(TcraTcrb)425Cbn/J OT-II

mice were purchased from Jackson Laboratory. Mice were sacrificed according to established proce-

dures and the spleens were obtained. The spleens were processed into single cell suspension by mash-

ing the spleen using the top of the plunger of a syringe in a 70 µm cell strainer. CD8 OT-I cells and

CD4 OT-II were isolated by MojoSort kit purchased from BioLegend (480035, 480033) according

to the manufacturer protocol. Approximately 2–5 million cells were isolated from each spleen. The

isolated cellswere labeledwith carboxyfluorescein succinimidyl ester (CFSE;Biolegend423801), incu-
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bated in 37°C for 20minutes. Then theCFSEwas bleached by theT cell culturemedium,RPMI1640

supplementedwith 10%FBS andpenicillin–streptomycin. For co-culture, the culturemedium for the

BMDCs was removed completely. OT-I and OT-II T were added into the wells in fresh T cell culture

medium at the number of 0.3-0.5million based on the yield of isolation (BMDCversusT cells, 1:3-5),

and allowed to culture together for 2 days. After 2 days of co-culture, the supernatant was collected

and stored in -80°C freezer for ELISA and the cells were collected for antibody staining and flow cy-

tometry analysis. Some T cells were applied for a tumor cell killing assay.

2.8.11 Tumor cells and in vitro tumor cell killing assay

B16-OVA melanoma cells are a kind gift from Dr. David Mooney (Harvard University). B16-OVA

cells were cultured at 37°C in DMEM supplemented with 10% heat-inactivated FBS (Thermo Fisher

Scientific), 100 U/mL penicillin and streptomycin (Mediatech), 2 mM L-glutamine (Thermo Fisher

Scientific). For in vitro tumor cell killing experiment, 3,000 tumor cells in 100µLmediumwere seeded

in 96well plate one day beforeCD8T cell co-culture. The next day, 30,000 of the previously activated

OT-I CD8 T cell suspension from the BMDC co-culture was added into the tumor cell wells and

supplemented with 70 µL additional culture medium. The ratio of tumor cell and OT-I CD8 T

cells was 1:10 and cells were cultured together for up to three days, depending on the experimental

protocol. The live tumor cells were quantified via confocal microscopy on day 2 or day 3.

2.8.12 Vaccine distribution

The in vivodistributionofDoriVacwas assessed in healthyC57BL/6mice. Micewere subcutaneously

injected with DoriVac (200 μg/kg, one injection) at the left shoulder. After a 2, 4, 24 and 48 hour

post-injection period, respectively, mice were sacrificed, followed by extraction of major organs (LNs,

kidney, liver, spleen, and lung). Fluorescence intensities for Alexa Fluor488 (AF488) conjugated on
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OVA andCy5 conjugated on SQB from organs were analyzed using an IVIS Lumina Series III system

(PerkinElmer) and quantified using Living Image software (PerkinElmer).

2.8.13 Flow cytometry

BMDCs or cell suspensions collected from LN, blood, or tumors were washed with PBS and stained

with Zombie UV viability dye (BioLegend, 423108) and then washed with cell staining buffer (Bi-

oLegend, 420201). The cells were then stained with cell surface antibodies conjugated with various

fluorophores (Supplementary Table 4 and 5). Intracellular staining was initiated by fixation and/or

permeabilization reagents (BioLegend, 424401). Cells were then stained with antibodies conjugated

with various fluorophores. Antibodies (Supplementary Table 4) were arranged into different pan-

els, appropriate compensations were set up to compensate for fluorescent emission overlap, and the

stained cells were analyzed on Fortessa X-20 (BD Biosciences). Storage events were gated on the pop-

ulation of interest. Flow data was analyzed using FlowJo V10. We followed a generic way to gate on

all the cells excluding debris, then singlets and live cells. The gating for single maker or double-marker

positive population was out of the live cell population or other mother populations.

2.8.14 ELISA

Cytokines IL-12, IL-10, IL-6, TNFα, IL-4, TGFβ, IL-2, and IFNγ were evaluated in the culture su-

pernatant, in the serum or the LN tissue by Quantikine ELISA kit (R&D Systems). Following the

manufacturer’s instructions, the samples were diluted according to protein concentration, reacted

with the appropriate antibodies and the intensity determined via a microplate reader.
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2.8.15 Luminex

The samples for Luminex experiments are either from human cell culture supernatant or from blood

plasma. Blood samples collected frommice were collected into heparin-lined tubes and put on ice un-

til processed. Bloodwas then centrifuged at 4°C, 350 x g for 5minutes. The top plasma layer was then

collected and transferred to tubes and stored at -80°C until ready to be used. Cytokines were detected

using either Bio-Plex Pro™Mouse Cytokine Th1/Th2Assay (Bio-Rad,M6000003J7) or theMouse

Magnetic LuminexAssay (RD Systems, LXSAMSM20) by followingmethods provided bymanufac-

turer. Human cytokines were detected using the Human Th1/Th2 11-plex Luminex Performance

Assay (RD Systems, LKTM008) by following the manufacturer’s methods.

2.8.16 RNA sequencing and data analysis

The BMDCs were treated with different vaccines for 1 day and collected by TRIzol (Invitrogen).

RNA sequencing (RNA-seq) was carried out byGenewiz using an ultra-low input RNA-seq package

that includes polyA selection and sequencing on an Illumina HiSeq with 150-bp pair-ended reads.

Sequence reads were trimmed to remove possible adapter sequences and nucleotides with poor qual-

ity using Trimmomatic v.0.36. The trimmed reads were mapped to the Mouse GRCm38 reference

genome using the STAR aligner v.2.5.2b. Unique gene hit counts were calculated by using feature

Counts from the Subread package v.1.5.2 followed by differential expression analysis using DESeq2.

Gene ontology analysis was performed using Database for Annotation, Visualization, and Integrated

Discovery (DAVID). Principal component analysis (PCA) analysis and transcriptomic heatmapswere

graphed using R4.0.2.
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2.8.17 Animal model and treatment

C57BL/6J female mice (5–6 weeks) were purchased from the Jackson Laboratory and maintained in

the Harvard Medical School animal facility. For therapeutic vaccination, after one-week accommo-

dation in the animal facility, 5 × 105 B16-OVA, 2 × 105 B16F10 or 1 × 106 EG7-OVA cells (kindly

given fromDr. DavidMooney’s lab at Harvard) were administered subcutaneously (s.c.) on the right

flank of the mice. The establishment of the tumor model was identified by visualization of tumor

mass after the tumor cell inoculation. All tumor-bearing mice were randomly divided into multi-

ple groups (n=5-8 in each group) and received appropriate vaccine treatment on day 3, 7 and 14 (or

otherwise stated). Tumor growth and mouse survival were recorded. For CD8 depletion, mice were

intraperitoneally (i.p.) given 100 μg of anti-CD8 antibody (BioXCell, BP0004-1) diluted in 100 μl of

PBS every other day for three total injections, starting the day before vaccination. For sampling, the

last treatment was moved to day 11 and the mice were sacrificed on day 15 to make sure the sampling

could be completed before the mice in control group started to die. For prophylactic vaccination,

mice were treated on day 0 and 7 and then inoculated with 2 × 105 B16-OVA tumor cells on day 14.

For anti-PD-L1 (BioXCell, BE0101) or anti-PD-1 (BioXCell, BE0146) combination study, the mice

were given 5 doses subcutaneously close to vaccine site at 200 μg per dose diluted in 100 µL PBS on

day 6, 8, 10, 12, and 14 in addition to vaccine administration as outlined in the vaccine schedule in

Figure 4. The animal housing facility maintained a 12-hour light and 12-hour dark cycle, with room

temperature set at 71°F and a relative humidity of 50%. These conditions are continuouslymonitored

using an electronic building monitoring system with on-site response personnel available 24/7.

2.8.18 Tumor growth and mouse survival

Tumor growth was evaluated by calculating the tumor volume using caliper measurements of length,

width, and height of the tumor every 3–4 days after tumor inoculation. Survival time was calculated
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as life span from the day of tumor inoculation (day 0). The mice were euthanized in the cases of large

tumor size (more than 20 mm in any single dimension) and/or poor body condition were observed.

The life spans of the mice were recorded at the day of euthanasia.

2.8.19 IFNγ ELIspot

After splenocytes or PBMDCs were harvested and processed according to protocols above, the cells

were plated into a 96-well round-bottom plate, with each well containing cells from an individual

mouse in 200 μL of media. We stimulated each well with 2 μg/mL of the associated peptide. The

MHC IOVA peptide epitope (OVA peptide (257-264), sequence: SIINFEKLC, ThermoFisher) was

used to probe antigen-specificCD8+T cell responses, while theMHC IIOVApeptide epitope (OVA

peptide (323-339), sequence: ISQAVHAAHAEINEAGR,ThermoFisher)wasused toprobe antigen-

specificCD4+T cell responses. After 48 hours of stimulated pre-incubation at 37°C, we collected the

cells (1200 rmp, 5minutes, 4°C) and resuspended in 100 μLof sterile splenocytemedia. We incubated

the cells for 36 hours at 37°C and then process the ELIspot plate according to the manufacturer’s

instructions (RND Systems, Mouse IFNγ ELIspot kit, 505841). Any wells that were dry after the

incubation steps were removed from the analysis. The plate was analyzed via an ELIspot plate reader

byDana FarberCancer Institute’s Center for Immuno-oncology (CIO)Translational Immunogenics

Laboratory (TIGL). The number of spot forming units (SFUs) per initial number of cells plated was

quantified.

2.8.20 Statistical analyses

GraphPadPrism9 and 10were used tomake graphs, analyze the statistics, and calculate P values. One-

way ANOVA was applied for flow cytometry data and ELISA data with Tukey’s post hoc multiple

comparisons test. The analysis of mouse tumor volume trajectory was performed using a generalized
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linearmixed effectmodel, fit to a log transformed response looking at tumor volumegrowth rate across

days. This analysis was executed usingR version 4.04 and utilizing the lme4 package version 1.1-26 for

all mixed modeling estimation. Survival curves were analyzed by Kaplan-Meier method and log-rank

test. A two-tailed student t-test was applied to analyze the significance between two groups. P value

≤ 0.05 was considered statistically significant. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers

to P ≤ 0.001; ‘****’ refers to P ≤ 0.0001. Error bars represent standard error of the mean (SEM).

2.9 Data and Code Availability

Data supporting the findings of this study are presented in the paper and the supplementarymaterials.

The RNA sequencing data for stimulated BMDCs generated and analyzed in this publication have

been deposited in NCBI’s Gene Expression Omnibus under accession No. GSE251850. Source data

is available for Figures 1–6 and Supplementary Figures 7, 10, 12–16, 18–20, 22–27, and 29–32 in the

associated source data file. No custom code or mathematical algorithms were used in this study.
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3
DNA origami vaccine (DoriVac)

nanoparticles improve both humoral and

cellular immune responses to infectious

diseases

3.1 Author Contributions

The contents of Chapter 3 are reproduced fromZeng*, Y.C., Young*, O.J., Si, L.*, Ku,M.W.*, Isinelli,

G., Rajwar, A., Jiang, A., Wintersinger, C.M., Graveline, A.R., Vernet, A., Sanchez, M., Ryu, J.H.,

Kwon, I.C., Goyal #, G., Ingber #, D.E., Shih #, W.M., (2024). DNA origami vaccine (DoriVac)

nanoparticles improve both humoral and cellular immune responses to infectious diseases. Biorxiv.
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Y.C.Z. and L.S. developed the idea. Y.C.Z., O.J.Y., L.S., and M.W.K. planned experiments. O.J.Y.

fabricated and tested the vaccine. Y.C.Z. and O.J.Y. led the animal studies and immune-cell profiling.

L.S. led the HR2 design and neutralization study. M.W.K. and A.R. fabricated the protein vaccine

and tested via organ-on-a-chip. O.J.Y. drafted themanuscriptwith the guidance of Y.C.Z. andL.S. and

supported by M.W.K. and A.R. in figure and writing preparation. Y.C.Z., O.J.Y., G.I., L.S., M.W.K.,

A.R., and A.J. performed experiments. O.J.Y. modeled the SQB in Fusion with C.M.W. providing

assistance. A.R.G., A.V. and M.S. assisted animal study design, model set-up, and sampling. J.H.R.

and I.C.K. supported the project and manuscript editing. W.M.S., Y.C.Z., D.E.I., and G.G. provided

overall guidance for the project, and edited the manuscript.

3.2 Abstract

Current SARS-CoV-2 vaccines have demonstrated robust induction of neutralizing antibodies and

CD4+Tcell activation; howeverCD8+ responses are variable, and the durationof immunity andpro-

tection against variants are limited. Here we repurposed our DNA origami vaccine nanotechnology,

DoriVac, for targeting infectious viruses, namely SARS-CoV-2, HIV, and Ebola. The DNA origami

nanoparticle, conjugated with infectious-disease-specific heptad repeat 2 (HR2) peptides, which act

as highly conserved antigens, and CpG adjuvant at precise nanoscale spacing, induced neutralizing

antibodies, Th1 CD4+ T cells, and CD8+ T cells in naïve mice, with significant improvement over a

bolus control. Pre-clinical studies using lymph-node-on-a-chip systems validated that DoriVac, when

conjugated with antigenic peptides or proteins, induced promising cellular immune responses in hu-

man cells. These results suggest that DoriVac holds potential as a versatile, modular vaccine nan-

otechnology, capable of inducing both humoral and cellular immunities. The programmability of

this nanoparticle underscores its potential utility in addressing future pandemics.
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3.3 Introduction

The coronavirus disease 2019 pandemic highlighted the need for swift vaccine development. Initial

focus on rapid vaccine design for pandemics12,62,151,163,92 led to the novel mRNA vaccines, mRNA-

1273 (manufactured by Moderna) and BNT162b2 (manufactured by Pfizer), which rely on lipid

nanoparticle delivery of mRNA encoding an early variant of the spike protein. Despite their suc-

cess, the emergence of SARS-CoV-2 variants like B.1.351 (Beta)193, B.1.617.2 (Delta)33, and B.1.529

(Omicron)21 raised concerns about the vaccine efficacy as variants demonstrated the ability to evade

immunity68,67,80,124,214,217,221. The immune evasion observed with current vaccines necessitates in-

terventions effective against mutations.

Current SARS-CoV-2 vaccines focus on the receptor binding domain (RBD) of the spike protein.

Viruses rely on RBD to bind to cells and initiate infection, and then heptad repeat 1 (HR1) and hep-

tad repeat 2 (HR2) to fuse the viral and cell membranes. HR1 and HR2, conserved across various

viruses, self-assemble into α-helical coils, and then assemble into superhelical structures to facilitate

fusion179,29,75,30,86,126. While the RBD region and other viral regions are subject to viral evolution,

HR1 and HR2 sequences remain highly conserved, providing a conserved antigen for vaccines122.

Only three amino acids differ between the original SARS-CoV-2 HR1 sequence and the Omicron

variant (Supplementary Table 1). HR1 andHR2 also harbor T cell epitopes andmay induce neutral-

izing antibodies, serving as viable antigens for vaccine design54,70. HR2, with a simpler structure than

HR1, has been successfully targeted by vaccines,122,76 and was selected as the antigen for delivery via

our vaccine nanotechnology for SARS-CoV-2, HIV, and Ebola (Supplementary Table 2).

While the vaccine community traditionally prioritized neutralizing antibody responses105, there

is now growing acknowledgement of the essential role of cellular immune responses (dendritic cells,

CD4+ andCD8+T cells) for broad viral protection68,70,138,160,191,42,109,22,128. Functional T cells pre-

vent immune escape of mutated strains68. SARS-CoV-2 mutated strains have been demonstrated
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to escape neutralizing antibody responses, but not T cell responses158. CD4+ T cells support anti-

body generation135, and studies show thatCD4+T cell transfer can protect against viral challenge232.

Mild SARS-CoV-2 infections exhibit robust CD8+ T cell reactivity150,171 contributing to rapid viral

clearance191. Depleting CD8+T cells in non-human primates increases susceptibility to SARS-CoV-

2 re-infection129. In HIV and Ebola, CD8+ T cells are crucial for long-term control and vaccine-

induced protection. CD8+ depletion led to failure in controlling simian immunodeficiency virus in

non-human primates64,35. In Ebola, CD8+ cells were essential for immune protection in non-human

primates, while antibody transfer failed to protect187. An ideal vaccine should induce both humoral

and cellular immune responses, including neutralizing antibodies and long-term memory T cells68.

mRNA vaccines demonstrate robust CD4+ responses, but variable CD8+ responses; both influence

long-term immunity220,13,141,103,38.

Multiple vaccine candidates have been developed to induce neutralizing antibodies and cellular

responses against the SARS-CoV-2 spike protein, including over 60 different nanoparticle formu-

lations205,148. Despite the success of lipid nanoparticle-based mRNA vaccines, these vaccines face

challenges like manufacturing complexity, cold-chain requirements, limited stability, high cost, poor

cargo loading efficiency, limited control over cargo stoichiometry, and off-target effects205,81. Here,

we introduce DoriVac, a DNA origami vaccine nanoparticle, as a versatile nanotechnology for in-

fectious disease. While previous studies have demonstrated vaccine delivery with DNA origami for

cancer228,52,117 and individual infectious diseases144,198,230, this study aims to demonstrate its broad

applicability for infectious diseases. DoriVac induced robust humoral and T cell immune responses

against SARS-CoV-2, HIV, and Ebola viruses inmousemodels, demonstrating the nanotechnology’s

programmability for various infectious-disease HR2 antigens. This approach may broadly apply to

pathogen vaccine development by conjugating the respective antigens to the DNA origami.
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3.4 Results

3.4.1 Fabrication of modular DoriVac nanoparticles

We previously developed a DNA origami nanoparticle, termed square block (SQB), for its square-

lattice architecture forprecise spatial presentationofCpGadjuvants228. Formed through self-assembly

of a long scaffold strand with corresponding short ‘staple’ strands, DoriVac is easy to manufacture

and highly stable without cold-chain requirements, exhibits high cargo-loading efficiency due to the

robustness of DNA hybridization, and offers precise control over cargo attachment. This nanotech-

nology facilitates optimized spatial arrangement of immune-activating adjuvants, resulting in robust

cellular immune responses in various cancers, as previously published228. The SQB flat face, mod-

ified with 18 CpG strands at 3.5 nm spacing, induces type I (Th1) skewed immune activation (Fig.

3.1Ai)228.

We applied DoriVac technology to create vaccines for SARS-CoV-2, HIV, and Ebola viruses by

linking highly conserved viral HR2 peptides to the extruding face of the SQB nanoparticles (Fig.

3.1Aii). HR2 peptides contain MHC-I and MHC-II epitopes, which are crucial for broadly acti-

vating cellular immunity. To this end, we designed peptide-oligonucleotide conjugates with the ap-

propriate “anti-handle” strand through DBCO-Azide click chemistry for specific attachment onto

24 specific “handle” sites of the extruding face of the SQB (Fig. 3.1A, B). The SQB nanoparticle

co-delivers CpG adjuvant and disease-specific HR2 antigens to antigen presenting cells. B cells pro-

duce neutralizing antibodies, which can block the membrane fusion of the virus with the host cell

(Fig. 3.1C). Dendritic cells (DCs) present and cross-present the antigens to activate both CD4+ and

CD8+ T cells (Fig. 3.1D). The oligonucleotide-HR2-peptide conjugates were purified via PAGE pu-

rification (Fig. 3.1E). The agarose-gel electrophoresis band shift demonstrates successful fabrication

of peptide-functionalized SQB (Fig. 3.1F). To confirm peptide conjugation efficiency to the SQB, we

digested the DNA origami via DNase I and estimated peptide occupancy of greater than 95% of the



Figure 3.1: DNA origami vaccines (DoriVac) were fabricated with infectious‐disease‐specific peptides. A. Schematic of
DoriVac, consisting of a DNA origami square block (SQB) nanoparticle conjugated with CpG at precise spacing of 3.5 nm
andwith infectious disease‐specific peptides. B. Schematic demonstrated conjugation of DBCO‐modified‐oligonucleotide
to an azide‐modified peptide via copper‐free click chemistry. C. i. A schematic showing how HR2 protein mediates virus‐
host fusion; HR2 can serve as a conserved target for infectious‐disease vaccines. ii. Schematic showing how production of
anti‐HR2 antibodies (mAbs) prevents virus‐host cell‐membrane fusion and thereby inhibits viral infection. D. Schematic of
DNA origami SQB nanoparticles delivering antigen and adjuvant at a precise spacing to antigen presenting cells, eliciting
both humoral and cellular immune responses. E. Denaturing PAGE gel demonstrating successful conjugation and purifi‐
cation of infectious‐disease‐specific HR2 peptides to anti‐handle oligonucleotides (“oligo”). F. Agarose gel demonstrating
successful conjugation of oligo‐HR2 peptides to the SQB DNA origami nanoparticle. G, H. SDS‐PAGE gel demonstrating
the results after DNase I digestion of infectious disease‐specific HR2 peptides alone or conjugated with SQBs. DNase I
digestion of the SQBs, followed by the analysis of the conjugated peptides using silver staining, confirms the successful
peptide conjugation on the SQBs. I ‐ L. Proposed schematics of the SQBs conjugated with CpGs (SQB‐CpG) and SQBs
conjugated with CpGs and HR2 peptides (CoV‐2‐HR2 DoriVac, HIV‐HR2 DoriVac, Ebola‐HR2 DoriVac), respectively, and
their representative TEM images. The specific HR2 peptide sequences associated with each infectious disease are listed.



conjugation sites via silver stain (Fig. 3.1G-H, Supplementary Table 3). Fabrication of SARS-CoV-2-

HR2, HIV-HR2, and Ebola-HR2DoriVac was verified via TEM (Fig. 3.1I-L, Supplementary Figure

1). Aggregation was observed via agarose gel, especially in the case of the HIV and Ebola SQBs of

which the majority are dimers, possibly due to hydrophobic peptide interactions.

3.4.2 DoriVac induces robust humoral immune responses

Having successfully fabricated the vaccine, we evaluated DoriVac’s efficacy for induction of both

humoral and cellular immune responses in vivo. Naïve mice were administered 20 pmol of HR2-

fabricated DoriVac, comprising 0.36 nmol (2.2 μg) of CpG and 0.48 nmol of antigen (1.5 – 3.2 μg)

(Fig. 3.2A). Two subcutaneous doses of DoriVac were given on day 0 and day 20, compared to bolus

vaccine consisting of free CpG adjuvant and HR2 peptide. Blood samples were collected on day 14

and 28 for peripheral blood mononuclear cells (PBMCs) and plasma processing. On day 21, half of

the mice from each group were sacrificed for immune cell profiling (Supplementary Table 4-6). On

day 35, the remaining mice were sacrificed for immune cell profiling.

On day 21, B cells from PBMCs exhibited increased CD40 expression, a marker of activation and

antigen-presentation capacity, in all three DoriVac treatment groups (Fig. 3.2B), surpassing the bolus

vaccine, suggesting that DoriVac is superior in inducing B cell activation. Day 35 revealed a height-

ened plasma memory B cell population in the bone marrow, as evidenced by an increased CD19low

CD38low CD27high subpopulation after DoriVac treatment (Fig. 3.2C), despite unchanged overall

B cell numbers (Supplementary Figures 2–4). SARS-CoV-2-HR2-DoriVac treatment induced ele-

vatedHR2 peptide-specific IgG1 antibody responses, as quantified via ELISA, compared to the bolus

vaccine (Fig. 3.2D, Supplementary Figure 4). Neutralizing antibodies harvested from SARS-CoV-

2-HR2-DoriVac groups significantly reduced infection in a SARS-CoV-2 pseudovirus (SARS-CoV-

2pp) assay (Fig. 3.2E). In contrast, we did not observe neutralization of the pseudovirus for HIV and

Ebola in our assay, possibly due to the weak immunogenicity of the antigens associated with these
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Figure 3.2: Immune profiling reveals the DoriVac elicits improved neutralizing antibody responses compared to a bolus
vaccine. A. Schematic delineating the vaccine administration protocol for naïve C57BL/6 mice and the data collection
timeline. Lymph nodes (LNs) and spleens were collected on day 21 and day 35 after sacrificing the mice for flow cytome‐
try and ELISpot analysis. Plasma was collected on Days 14 and 28 for anti‐HR2 antibody quantification and pseudovirus
neutralization assays. Bone marrow and heart blood was collected at the conclusion of the study, day 35, to analyze B
cell markers. B. B cells collected from the blood demonstrated increased markers of activation and antigen‐presentation
capabilities (CD40) and memory capacity (CD38) after two doses of DoriVac treatment (n=4) as determined by flow cy‐
tometry on day 21. NC refers to negative control. C. B cells collected from the blood on Day 21 demonstrated increased
plasma‐memory‐cell population as evidenced by the increased CD19‐ CD38low CD27high subpopulation as determined
by flow cytometry (n=4). D. DoriVac treatment enhanced HR2‐specific IgG antibody production as evidenced via ELISA
assay, after two doses of DoriVac (on Day 35) compared to a bolus vaccine of free peptide and free CpG. Samples were
diluted 1:100 before quantification. Data has been normalized (n=8). E. SARS‐CoV‐2 pseudovirus (SARS‐CoV‐2pp) neu‐
tralization assay (n=3‐4, 1:10 dilution, Day 28) in model cell line ACE2‐293T (n=4). F. Plasma was collected four hours
after the first treatment dose on Day 0. The inflammatory cytokine response was quantified via Luminex ELISA assay
(Bio‐Plex Pro Mouse Cytokine 20‐plex Assay (Bio‐Rad)) (n=3 for treated groups; n=1 for negative (i.e. untreated) control).
Data are represented as mean ± SD. The pseudovirus and ELISA data were analyzed by one‐way ANOVA (with correction
for multiple comparisons using a Tukey test) and significance was defined as a multiplicity‐adjusted p value less than 0.05.
The flow data were analyzed by multiple unpaired t‐tests and significance was defined as a two‐tailed p value less than
0.05. ‘*’ refers to p≤ 0.05; ‘**’ refers to p≤ 0.01; ‘***’ refers to p ≤ 0.001.
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viruses (Supplementary Tables 7–10). We did observe modest antigen-specific IgG1 responses for

HIV and Ebola after HIV-HR-DoriVac and Ebola-HR2-DoriVac treatment, respectively (Fig. 3.2D,

SupplementaryFigure 4). We examined initial cytokine responses fourhours post thefirst vaccinedose

to naïve mice (Fig. 3.2F). Type 1 cytokines (TNFα, IL-2, IFNγ, IL-12) were slightly elevated, while

type 2 cytokines (IL-4, IL-10) exhibited no obvious elevation after DoriVac treatment compared to

the bolus vaccine group and the untreated mice89. Overall, these findings affirm DoriVac’s superior

induction of humoral immune responses compared to those induced by a bolus vaccine, demonstrat-

ing its effectiveness in reducing the infection rate of SARS-CoV-2 pseudovirus.

3.4.3 DoriVac induces DC activation

To ensure enduring immune protection against viral variants, a vaccine should stimulate both hu-

moral and cellular immune responses. We first checked the DCs, which serve as a link between in-

nate and adaptive immune responses. On day 21 — one day after the second vaccine dose— half

of the mice were sacrificed, and the draining lymph nodes near the injection site were collected for

flow (Supplementary Figure 5). DoriVac increased the overall DC population (Fig. 3.3A) and acti-

vated DCs (CD11c+ CD86+) compared to the bolus vaccine (Fig. 3.3B). Plasmacytoid DCs (pDCs)

are crucial in the anti-viral response in humans, secreting abundant type-1 interferon, fostering T

cell activation and recruiting other immune cells61. The human pDC-like population (CD11c+ Gr-

1+) significantly increased after DoriVac treatment (Fig. 3.3C), suggesting an increased anti-viral re-

sponse. Activation markers MHC-II, PD-L1 and CD40 also increased after DoriVac administration

(Fig. 3.3D–F). A notable rise was observed in the CD40+ DEC205+ DC population, indicating an

increase in the activated, endocytic DC population (Fig. 3.3G). These results demonstrated DoriVac

induced robust activationofDCs inhealthymice (SupplementaryFigure 6). Furthermore, co-delivery

of SQB and HR2 peptide did not elicit the same level of DC activation as observed with the delivery

of HR2 peptide-conjugated SQBs (Supplementary Figure 7). This observation is consistent with the



Figure 3.3: Immuneprofiling revealsDoriVac elicits superior antigenpresenting cell responses compared to a bolus vaccine.
C57BL/6 mice were treated with DoriVac (20 pmol) on Day 0 and Day 20. The mice were sacrificed on Day 21 and the
draining lymph nodes (LNs) were processed into single‐cell suspensions and analyzed by flow cytometry. A. Percentages
of CD11c+ cells in the draining LNs (n=4) were quantified. NC means negative (i.e. untreated) control. B. Percentages of
CD11c+ CD86+ DCs in the draining LNs (n=4) as determined by flow cytometry. C. Percentages of human plasmacytoid
DC (pDC)‐like (CD11c+ Gr‐1+) DCs in the draining LNs (n=4) as determined by flow cytometry. D. Percentages ofMHC‐II+
DCs in the draining LNs (n=4) as determined by flow cytometry. E. Percentages of PD‐L1+ population in the draining LNs
(n=4) as determined by flow cytometry. F. Percentages of CD40+ population in the draining LNs (n=4) as determined by
flow cytometry. G. Percentages of CD40+ DEC205+ population in DCs in the draining LNs (n=4) as determined by flow
cytometry. DoriVac demonstrated a significant increase in DC activation compared to bolus‐vaccine treatment. Data are
represented as mean ± SD. The flow data were analyzed by multiple unpaired t‐tests and significance was defined as a
two‐tailed p value less than 0.05. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’ refers to P ≤
0.0001.



outcomes previously noted in DoriVac studies involving tumor-bearing mice228, further supporting

the notion that the enhanced efficacy of the conjugated delivery system in activating DCs.

3.4.4 DoriVac demonstrates activation of CD4+ T cells

In our previous study involving DoriVac in mouse cancer models228, we showed that DC activation

by DoriVac leads to broad T cell activation. We aimed to confirm T cell induction by DoriVac in

the context of viral antigens. Antigen-specific T cell activation was assessed via IFNγ ELISpot assay

on splenocytes; our results demonstrated a significant increase in antigen-specific T cells after SARS-

CoV-2-HR2 DoriVac administration (Fig. 3.4A, B). In contrast, HIV-HR2 DoriVac administration

led to only a modest increase, and Ebola-HR2 DoriVac showed no apparent effect (Fig. 3.4A, B;

Supplementary Figure 8). We attribute this to the limited immunogenicity of theHR2 peptides used

forHIV and Ebola, validated by their weaker predicted binding toMHC-I andMHC-II in bothmice

and humans viaNetMHCpan-4.1157. In contrast, the SARS-CoV-2HR2 peptide exhibited stronger

binding predictionswith six epitopes classified as strong binders, compared to zero to two epitopes for

HIV and Ebola (Supplementary Tables 7–10). These findings underscore the importance of antigen

selection in achieving effective antigen-specific T cell activation. Notably, these results confirmed that

SARS-CoV-2-HR2DoriVac induces significantlymore antigen-specificT cells compared to the bolus

vaccine.

Beyond overall T cell responses, we confirmed the presence of activated Th1CD4+T cells via flow

cytometry (Supplementary Figure 9 for gating strategy). CD107a notably increased in the CD4+ T

cell population, indicating enhanced CD4+ T cell activation and increased cytotoxic potential (Fig.

3.4C)190. PD-1 was also upregulated in the CD4+ T cell population, demonstrating increased ac-

tivation (Fig. 3.4D). The T regulatory cell (Treg) population significantly decreased after treatment

with DoriVac, suggesting reduced immunosuppression (Fig. 3.4E). Antigen-specific CD4+ T cell

activation (CD8+ T cells depleted by positive sorting) was quantified via IFNγ ELISpot, revealing a
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Figure 3.4: DoriVac induces enhanced Th1 CD4+ T cell activation in mice. A. IFNγ ELISpot demonstrating frequency of
antigen‐specific T cells in splenocytes on day 35 (n=4) after treatment with DoriVac compared with the bolus vaccine.
B. Quantification of IFNγ ELISpot spot forming units (SFUs) demonstrates significant increase in SARS‐COV‐2 antigen‐
specific T cell frequency after treatment with DoriVac compared with the bolus vaccine and negative (i.e. untreated)
control. C. Percentages of CD4+ CD107a+ T cells in the LN (n=4) as determined by flow cytometry and representative
flow plots on day 35. NC means negative (i.e. untreated) control. D. Percentages of the LN CD4+ PD‐1+ population (n=4)
as determined by flow cytometry on day 21. E. Percentages of LN CD4+ T regulatory cell (Treg) population (n=4) as deter‐
mined by flow cytometry on day 21. F. IFNγ ELISpot demonstrating frequency of CD4+ enriched antigen‐specific spleno‐
cytes (n=4, day 35) after treatment with SARS‐CoV‐2‐HR2 DoriVac. G. Corresponding quantification of IFNγ ELISpot
spot forming units (SFUs). Data are represented as mean ± SD. The ELIspot data in B were analyzed by two‐way ANOVA
(with correction for multiple comparisons using Tukey’s test). The ELISpot data in G were analyzed by one‐way ANOVA
(with correction for multiple comparisons using Tukey’s test). In both analyses, statistical significance was defined as a
multiplicity‐adjusted p value less than 0.05. The flow data were analyzed by multiple unpaired t‐tests and significance
was defined as a two‐tailed p value less than 0.05. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01.
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Figure 3.5: DoriVac induces enhanced antigen‐specific CD8+ T cell activation in mice compared to bolus vaccine. A.
Percentages of CD8+ IFNγ+ T cells in the lymph node (LN; n=4) on Day 21 as determined by flow cytometry and rep‐
resentative flow plots from the SARS‐CoV‐2 data. NC means negative (i.e. untreated) control. B. Percentages of CD8+
CD107a+ T cells in the LN (n=4) on Day 21 as determined by flow cytometry. C. Percentages of CD8+ PD‐1+ T cells in
the LN (n=4) on Day 21 as determined by flow cytometry. D. Percentages of CD8+ CD69+ T cells in the LN (n=4) on Day
21 as determined by flow cytometry and representative flow plots. E‐F. IFNγ ELISpot demonstrating frequency of CD8+
enriched antigen‐specific splenocytes (n=4, day 35) and accompanying quantification of IFNγ ELISpot SFUs demonstrates
an increase significant difference in SARS‐COV‐2 antigen‐specific CD8+ T cell frequency after treatment with DoriVac
compared with the bolus vaccine. Data are represented as mean ± SD. The flow data were analyzed by multiple unpaired
t‐tests and significance was defined as a two‐tailed p value less than 0.05. The ELISpot data were analyzed by one‐way
ANOVA (with correction for multiple comparisons using Tukey’s test). Statistical significance was defined as a multiplicity‐
adjusted p value less than 0.05. ‘*’ refers to p ≤ 0.05; ‘**’ refers to p ≤ 0.01; ‘***’ refers to p≤ 0.001; ‘****’ refers to p ≤
0.0001.

significant increase in antigen-specific activation after SARS-CoV-2 vaccination (Fig. 3.4F, G). These

results verified activation of CD4+ T cells, demonstrating an antigen-specific immune response criti-

cal for immune memory.

3.4.5 DoriVac induces an antigen-specific CD8+ T cell activation

Furthermore, after two vaccine doses, we confirmed activation of cytotoxic CD8+ T cells. DoriVac

increased the population of IFNγ secreting cytotoxic CD8+ T cells (Fig. 3.5A) and degranulating

CD107a+ CD8+ T cells (Fig. 3.5B) in the LNs. PD-1 and CD69 were upregulated in the CD8+



T cell population (Fig. 3.5C-D), indicating increased activation. On Day 35, after the second dose,

we quantified antigen-specific CD8+ enriched T cells (CD4+ T cell depleted by positive sorting) in

the spleen via IFNγ ELISpot, showing increased antigen-specific CD8+ T cells after SARS-CoV-2

DoriVac (Fig. 3.5E, F). Co-delivery of SQB, free HIV-HR2 peptide, and free CpG did not induce

similar level of T cell activation as observed with the delivery of DoriVac (Supplementary Figure 10).

3.4.6 Human immune-cell validation of peptide-conjugated DoriVac

Beyond murine models, we assessed DoriVac immunogenicity using a human LN organ-on-a-chip

model. This model mimics the human LN for rapid prediction of vaccine responses in humans69.

Analyzing the impact of SARS-CoV-2-HR2DoriVac onhumanmonocyte-derivedDCs, we observed

increased CD86, CD40, HLA-DR, and CD83 expression, indicating DoriVac can activate human

DCs (Fig. 3.6A, Supplementary Table 11, Supplementary Figure 11). DoriVac treatment also ele-

vated inflammatory cytokines secreted by DCs compared to the bolus (Fig. 3.6B). Analyzing effector

T cell responses on the human LN organ-on-a-chip model after nine days of vaccination, DoriVac

displayed a substantial increase in CD4+ and CD8+ T cell activation in two of the three donors, as

evidenced by TNFα+ and IL-2+ staining (Fig. 3.6C, Supplementary Table 12, Supplementary Figure

12) Polyfunctionality analysis (examining T cells that express IFNγ, TNFα and IL-2) revealed signif-

icantly more CD4+ polyfunctional cells induced by DoriVac than the bolus vaccine, and an overall

increase CD8+ polyfunctional cells (Fig. 3.6D). Inflammatory cytokine analysis indicated similar lev-

els induced by bolus andDoriVac across three donors (Fig. 3.6E). These findings suggest thatDoriVac

induces a robust immune response in an in vitro human immune system that closely predicts human

vaccine response.



Figure 3.6: Peptide‐conjugated (SARS‐CoV‐2‐HR2) DoriVac effectively stimulates human dendritic cells (DCs) and induce
enhanced immunogenicity compared to bolus vaccine on lymph node (LN) organ‐on‐a‐chip model. A. Human monocyte‐
derived DCs were stimulated for 24 hours with bolus or DoriVac, and the DC activation markers were analyzed using
flow cytometry. B. Relative fold changes in cytokines and chemokines after 24 hours of human monocyte‐derived DCs
with bolus or DoriVac. Fold change relative to no treatment is shown. C. Graph quantifying polyfunctional T cells, as
determined by their ability to co‐secrete IFNγ, TNFα and IL‐2 as determined via intracellular cytokine staining and flow
cytometry. D. LN organ‐on‐a‐chips (n = 3) were vaccinated with bolus or the SARS‐CoV‐2‐HR2 DoriVac. Nine days after
vaccination, T cell responses were assessed via intracellular cytokine staining and flow cytometry after ex vivo stimulation
with SARS‐CoV‐2 HR2 peptide and PMA/Ionomycin. Graph quantifying the average cytokine‐producing CD8+ and CD4+
T cell populations at 9 days after vaccination in three different donors. Each symbol represents one donor. E. Relative
fold changes in IL‐6, IL‐8, IP‐10, MIP‐1β and TNFα at 9 days after transduction either of the bolus or DoriVac on the LN
organ‐on‐a‐chip. Fold change relative to no treatment is shown. Data are represented as mean ± SD. The flow data were
analyzed by unpaired t‐test and significance was defined as a two‐tailed p value less than 0.05. ‘*’ refers to p ≤ 0.05.



Figure 3.7: Preclinical validation of protein antigen‐conjugated DoriVac immunogenicity in a human lymph node organ‐
on‐chip model and a tonsil organoid model. A. Schematic representation of protein‐oligonucleotide conjugation, demon‐
strating the utilization of DBCO‐NHS ester crosslinker to link an azide‐modified oligonucleotide to the protein via free
amine groups on lysines. B. SDS‐PAGE gel demonstrating the successful conjugation of monkeypox‐specific proteins to
oligonucleotides. C. SDS‐PAGE gel demonstrating the successful conjugation of Hepatitis B surface antigen (HBsAg) pro‐
teins to oligonucleotides. D. Agarose gel demonstrating the successful conjugation of infectious‐disease protein onto the
SQB DNA origami. E‐F. Confirmation via SDS‐PAGE gel of successful protein conjugation after DNase degradation of the
DNA origami scaffold and staple strands and analysis of the remaining protein via silver stain. G‐I. LN chips (n = 2) were
vaccinated with bolus or DoriVac harboring CpG and full‐length HBsAg. The T cell responses were assessed using intra‐
cellular cytokine staining and flow cytometry after ex vivo stimulation with autologous DC‐pulsed HBsAg (1:10 effector
:target ratio), nine days after vaccination. Graph quantifies the G CD8+ polyfunctionality after nine days of vaccination
in two different donors. Polyfunctionality is defined by T cells producing IFNγ, TNFα, and IL‐2, H IFNγ+ CD8+ popula‐
tions, and I IFNγ+ CD4+ populations. J. Tonsil organoids from one donor were vaccinated with bolus or DoriVac harboring
CpG and full length monkeypox antigens (E8L, H3L or M1R). T cell responses were assessed using intracellular cytokine
staining and flow cytometry after ex vivo stimulation with 15‐mer monkeypox antigenic peptides (overlapping by 11‐mer)
and PMA/Ionomycin stimulation for the last 4 hours of incubation. Graph quantifies the cytokine‐producing effector
CD8+ and CD4+ populations, nine days after vaccination (n = 3 cell samples obtained from one preparation, treated with
DoriVac fabricated with three different monkeypox antigens). Data are represented as mean ± SD. The flow data were
analyzed by one‐way ANOVA (with correction for multiple comparisons using Tukey’s test). Significance was defined as a
multiplicity‐adjusted p value less than 0.05. The grouped flow data was analyzed by multiple unpaired t‐tests. Significance
was defined as a p value less than 0.05. ‘*’ refers to p≤ 0.05.



3.4.7 Human immune-cell validation of protein-conjugated DoriVac

We further expanded our investigation to showcase the versatility of DoriVac, enabling the conjuga-

tion of full-length viral protein antigens. Protein vaccines historically faced limitations in presenting

antigens onMHC-I and inducingCD8+T cell responses159. As a proof-of-concept, we selected hep-

atitis B surface antigen (HBsAg) and three monkeypox antigens (E8L, H3L andM1R), validated for

prior immunogenicity in their respective diseases (Supplemetary Table 13)36,40. This study demon-

stratesDoriVac versatility in eliciting bothCD4+ andCD8+Tcell responses against protein antigens.

Theprotein-‘anti-handle’-oligonucleotide conjugatewas synthesizedusingDBCO-azide click chem-

istry, where azide-modified oligonucleotidewas conjugated to a protein via aDBCO-NHS ester linker

(Fig. 3.7A). Successful conjugation was confirmed by SDS-PAGE gel (Fig. 3.7B, C). The protein-

‘anti-handle’-oligonucleotide conjugate was hybridized to the corresponding ‘handle’ strands on the

SQBviaWatson-Crickbase-pairing. Protein-conjugatedDoriVac exhibited reducedmobility in agarose

gel electrophoresis compared to unconjugated DNA origami (Fig. 3.7D). Successful protein conju-

gation was observed via SDS-PAGE gel analysis after DNase I digestion (relative to a protein-only

control) (Fig. 3.7E,F).

Initially, we assessed T cell responses to HbsAg-conjugated DoriVac and bolus vaccine in the hu-

man LN organ-on-a-chip system nine days post-vaccination. DoriVac-stimulated DCs, pulsed with

HBsAg, induced IFN-γ secretion in both CD4+ and CD8+ subsets, demonstrating antigen-specific

T cell activation (Fig. 3.7G-I, Supplementary Table 12, Supplementary Figure 12). Polyfunctionality

of T cells, measured by CD8+ T cells secreting IFNγ, TNFα and IL-2, was higher for DoriVac than

the bolus (Fig. 3.7I). Additionally, we evaluated the immunogenicity of monkeypox antigens using

a tonsil organoid model206, observing increased CD4+ IL-2+ and TNFα+ effector T cells, as well as

a higher percentage of IL-2+, TNFα+ and IFNγ+ CD8+ T cells (Fig. 3.7J). These findings illustrate

the capability of DoriVac to induce cellular immunity against protein antigens of various infectious
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diseases.

3.5 Conclusion

Enduring immunememory and protection against variants rely on cellular immune responses, partic-

ularlyCD8Tcells that target lessmutable viral proteins. SARS-CoV-2 vaccineswith greater than 90%

protection demonstrated Th1-skewed immunity119,41,106,83,209, emphasizing the importance of Th1

CD4 and CD8 T cell responses for protection. In recent decades, DNA origami has achieved crucial

milestones, indicating its potential as amodular therapeutic nanoparticle. Its programmabilitymakes

it a versatile ‘plug-and-play’ vaccine nanotechnology, particularly relevant for emerging infectious dis-

eases. In this proof-of-concept study, HR2-DoriVac, conjugated with infectious-disease-associated

peptides and proteins, successfully elicited robust neutralizing antibodies and antigen-specific CD4

andCD8T cell activation in healthymice, a notable contrast to some SARS-CoV-2 vaccines with lim-

ited T cell responses. DoriVac presents four distinct advantages: (1) precise nanoscale arrangement

of antigen and adjuvant for their co-delivery on each nanoparticle; (2) well-established, simple, and

scalable fabrication; (3) modular, programmable design adaptable for various antigens via DNA hy-

bridization; (4) stability at 4°C, contrasting with mRNA vaccines needing -20°C to -80°C cold chain

storage205.

While robust antigen-specific T cell activation was observed with SARS-CoV-2-HR2 DoriVac,

the same level of activation was not observed for HIV and Ebola. However, significant activation

of B cells, DCs, CD4 and CD8 T cells for HIV and Ebola, suggested a strong immune response, al-

beit possibly insufficient for protection from infection. The chosen antigens for HIV and Ebola are

also predicted to be weakly immunogenic in humans (Supplementary Table 14-17), so future studies

could focus on identifying more immunogenic peptides for HIV and Ebola for human HLA, po-

tentially enhancing antigen-specific activation. Viral rechallenge studies, contingent on availability
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of BL3 facilities, could further assess the effectiveness of DoriVac-induced immune activation against

live viruses. Additionally, a direct comparison with mRNA-based vaccines would be beneficial; how-

ever, differences in dosing regimens and experimental setups may present challenges in making direct

comparisons.

This proof-of-concept study suggests the potential of DoriVac, when conjugated with antigens as-

sociatedwith emerging infectious diseases, to rapidlymanufacture vaccines capable of offering protec-

tion against variants and future outbreaks. The unique programmable modularity of DoriVac allows

for the creation of multiplexed nanoparticles, each carrying a different antigen. This feature holds

the promise of developing a universal vaccine, adaptable to a wide range of pathogens, by targeting

multiple antigens simultaneously. Such versatility and adaptability establish DoriVac as a noatble ad-

vancement in the field of vaccine technology, especially in the context of rapidly evolving infectious

threats.
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3.7 Materials andMethods

3.7.1 SQB fabrication

SQB fabrication is detailed in a previous publication, including scaffold and staple sequences228,90.

Scaffold p8634 was produced in-house, as previously published48. DNA staple strands were pur-

chased from IDT. Folding concentrationswere 5mMTris base, 1mMethylenediaminetetraacetic acid

(EDTA; pH 8.0), 12 mMMgCl2, 20–100 nM scaffold, 5 times excess of the basic staple strands (rel-
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ative to scaffold concentration), 10 times excess of handle-conjugated staple strands (for attachment

of relevant infectious-disease antigens) and 20 times excess CpG-staple strands. An 18-hour thermo-

cycler program was used to fabricate SQBs: denaturation at 80°C for 15 minutes, then annealing via

a temperature ramp from 50°C to 40°C decreasing at -0.1°C every 10 minutes and 48 seconds. Most

staple strands include ten thymidine residues at the end of the double helices tominimize aggregation.

The CpG-containing strands were appended on the flat face of the SQB. The CpG oligonucleotides

withnuclease-resistantphosphorothioatebackbones (5´ –TCCATGACGTTCCTGACGTT-3´, IDT)

replaced the corresponding thymine residues in a3.5nmnanoscale pattern as determinedpreviously228.

CpG was appended to the 5´ ends of designated strands.

3.7.2 HR2 peptide conjugationwith ‘anti-handle’ oligonucleotide

An ‘anti-handle’ oligonucleotide, which corresponds to 24 sites of ‘handle’ oligonucleotide on the ex-

truding face of the SQB, was ordered from IDT with an 5’ amine

(aminoC6-TTCTAGGGTTAAAAGGGGACG). HR2 peptides were ordered fromGenScript with

an azide-modifiedN-terminal lysine (Fig. 3.1 I–L; Supplementary Table 2) for DBCO-Azide copper-

free click chemistry reaction between the peptide and oligonucleotide. The oligonucleotide was pre-

pared at 1 mM with phosphate buffer (pH 8.0). The dibenzocyclooctyne-N-hydroxysuccinimidyl

ester (DBCO-NHS ester; Millipore, 761524) (diluted in DMSO to 2 mM) was incubated with the

oligonucleotide (diluted inphosphate buffer pH8.0 to 100uM) in 1:1 volume ratio and1: 20oligonu-

cleotides toDBCO ratio (with final concentration ofDBCO>1mM) and incubated overnight at am-

bient temperature. The oligonucleotide-DBCO was purified via Illustra NAP column (GE Health-

care Life Sciences, 17-0852-02), elutedwith sterile water, and concentrated via 3KAmiconUltraCen-

trifugal Filter Unit (Millipore; UFC500324). DBCO incorporation was confirmed via OD310 peak.

Concentration measured via A260 with the NanoDrop. The Azide-modified HR2 peptides, repre-

senting SARS-CoV-2, HIV and Ebola, were dissolved in DMSO to 5 mM. The peptide-Azide was
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mixed with the oligonucleotide-DBCO at a ratio of 1.5: 1 and incubated overnight at room tempera-

ture in 1 × PBS.

3.7.3 Denaturing PAGE (dPAGE) verification and purification of peptide-

conjugated oligonucleotide

15% denaturing PAGE (dPAGE) was used to confirm peptide-oligonucleotide conjugation. dPAGE

gel (15%) was prepared using 9mL urea concentrate (Fisher Scientific EC-833), 4.5 mL urea dilutant,

1.5 mL urea buffer, 10 µL tetramethylethylenediamine (TEMED) and 150 µL 10 wt% ammonium

persulfate in a casette (ThermoFisher NovexNC2010)228. 5 picomoles of the sample were mixed in a

1:1 ratio with formamide loading buffer (FLB) and denatured at 80°C for 10 minutes before loading

into wells. Electrophoresis was carried out in 0.5 × TBE buffer at 250V for 45 minutes, followed by

staining with SYBR Gold and imaging using the Typhoon Gel Scanner. For purification, the mix-

ture was combined with formamide loading buffer (FLB), loaded into an 8% dPAGE gel in a large

well formed using a taped comb, and run at 250V for 50 minutes. The peptide-oligonucleotide was

observed through UV shadowing on a thin layer chromatography plate, excised, crushed, and im-

mersed in 1× TE buffer. After overnight shaking at 25°C, purification was performed using Freeze

‘N Squeeze DNAGel Extraction Spin Columns (Bio-Rad; 7326165) and ethanol precipitation. The

resulting peptide-oligonucleotide was resuspended in 1× PBS, and its concentration was determined

using NanoDrop. Confirmation of purification was achieved via dPAGE.

3.7.4 Protein conjugationwith ‘anti-handle’ oligonucleotide

We generated protein-oligonucleotides by conjugating azide-modified DNA handles to the protein

(obtained fromSinoBiologic orAdvanced ImmunoChemical, SupplementaryTable 13) via the amino

group present on lysine residues using DBCO-Azide click chemistry. The reaction was incubated in
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phosphate buffer with a pH of 8.0 overnight 4°C and was subsequently agitated at 37°C for 30 min-

utes. At higher pH levels (> 8.0), NHS reactivity towards the ɛ-amino groups of lysines is enhanced

compared to the α-amino group137. The protein was simultaneously labeled with NHS-Cy3 dye.

DTT was also added to the reaction to reduce any disulfide bonds.

3.7.5 Silverstainverificationandpurificationofprotein-conjugatedoligonu-

cleotide

Silver stain confirmed protein-oligonucleotide conjugation. The sample, mixed with 4× NuPAGE

LDS sample buffer (ThermoFisher; NP0008), underwent incubation at 95°C for 2 minutes before

loading onto 4–12% NuPAGE Bis-Tris gels (ThermoFisher; NP0322) and electrophoresis at 150V

for 45 minutes in 1× MES SDS running buffer (ThermoFisher; NP0002). Gel analysis followed

Pierce’s (24612) silver staining protocol using Image Lab 6 on a Gel Doc EZ Imager (Bio-Rad). Pu-

rification utilized a 10KAmicon filter; the reaction sample, supplementedwith phosphate buffer, was

centrifuged at 14000rcf for 30 minutes until the flow-through reached a DNA concentration of less

than 1 ng/µl, indicating removal of all unconjugated DNA. Buffer exchange was carried out to 1xTE

10mMMgCl2.

3.7.6 Peptide- or protein-conjugated oligonucleotide hybridizationwith

SQB

The peptide-oligonucleotides or protein-oligonucleotides were hybridized to the SQBDNA origami

in a 2× excess, maintaining 10 mMMgCl2 and 1× TE by adding stock 10× TE and 100mMMgCl2.

SQBswere added last to ensure a consistent buffer environment. The resulting conjugated SQBswere

incubated at 37°C for 1–2 hours with shaking, followed by purification through PEG precipitation.

Analysis was performed using agarose gel electrophoresis, TEM, and a DNase I degradation assay.
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3.7.7 Agarose gel electrophoresis

SQBswere analyzed via 2% native agarose gel electrophoresis. Gel was preparedwith 0.5 ×TBE buffer

with 11mMMgCl2 and 0.005% v/v SYBR Safe (ThermoFisher S33102), run at 70V for 2 hours, and

imaged via a Typhoon Gel Scanner.

3.7.8 Transmission electron microscopy (TEM) analysis

Transmission electron microscopy (TEM) was utilized to assess structural integrity and SQB aggre-

gation using negative-stain techniques. Formar-coated, carbon-stabilized grids, either self-prepared

or obtained from Electron Microscopy Services (FCF200-CU-TA), were plasma-discharged for 30

seconds for passivation. Subsequently, 4–10 nM SQBs were deposited on the grids for 45 seconds,

followed by blotting with filter paper. Uranyl-formate solution (0.75% w/v in H2O) was applied to

the grid, blotted off, and a second application lasted for 2 minutes before blotting. Imaging of the

grids occurred using a JEOL JEM-1400 TEM in brightfield mode at 120 kV.

3.7.9 SQB purification via PEG precipitation

CpG-SQBs or peptide- or protein-conjugated CpG-SQBs were purified via PEG precipitation. 1 ×

TEbuffer (5mMTris base, pH8.0 and 1mMEDTAacid) containing 15%w/v PEG-8000 (Fisher Sci-

entific, BP2331) and 510mMNaCl was added to the SQB sample at 1:1 volume andmixed gently via

pipetting. MgCl2 stockwas added to the PEG solution to achieve 10mMMgCl2 final concentration.

As described previously, the solutionwas incubated for 30min on the benchtop, centrifuged at 16000

g for 25 minutes and the supernatant was removed228. This procedure purifies and concentrates the

sample, as a high concentration is often required for further studies. The concentration was deter-

mined via Nanodrop; the sample purity and integrity were confirmed via agarose gel electrophoresis

and TEM.
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3.7.10 DNase I degradation and silver stain analysis of peptide conjuga-

tion efficiency

One µg of SQBs was incubated with 1.0 U/µL DNase I (NEB) with 10 × DNase I buffer diluted in

water (NewEngland BiolabsM0303S). Samples were incubated in the thermocycler for 30minutes at

37°C. The silver stain was performed as described above. ImageJ was used to quantify band intensities

and determine peptide or protein loading efficiencies.

3.7.11 K10-PEG5k coating of SQBs

PEG-purifiedSQBsweremixedwitholigolysine-PEG5k (K10-PEG5k;methoxy-poly(ethylene glycol)-

block-poly(L-lysinehydrochloride); n=113, x=10;AlamandaPolymers (mPEG20K-b-PLKC10)based

on the calculated number of phosphates in the SQB sequence. An appropriate quantity of K10-

PEG5k was added to match the number of nitrogens in its amines with the SQB phosphates, fol-

lowing a previously published method152. The mixture underwent incubation at 37°C for at least 30

minutes, and concentration was determined based on dilution.

3.7.12 Animal model and treatment

C57BL/6 mice (6–8 weeks old) were obtained from Jackson Laboratory and housed at the Harvard

Medical School (HMS) animal facility. Eight groups of eight mice each underwent the following

treatments: (1) SARS-CoV-2-HR2 DoriVac, (2) SARS-CoV-2 HR2 bolus, (3) HIV-HR2 DoriVac,

(4) HIV-HR2 bolus, (5) Ebola-HR2DoriVac, (6) Ebola-HR2 bolus, (7) SQB-CpG+ free HIV-HR2

peptide, and (8) untreated. The bolus contained an equivalent dose ofCpG andHR2peptide in PBS.

Following one-week acclimation, mice received the first treatment dose (100µL of DoriVac contain-

ing 0.36 nmoles of CpG, 0.48 nmoles of HR2 peptide) subcutaneously on days 0 and 20. Blood was

drawn via submandibular vein puncture four hours after dosing and also on days 14, 20, and 28. On
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days 21 and 35, fourmice from each groupwere sacrificed; heart blood, LNs, spleens, and femurswere

collected. All procedures were approved by theHMS Institutional Animal Care andUse Committee.

3.7.13 Lymph-node-on-a-chip and tonsil organoid vaccination

Lymph-node-on-a-chip (LN chip) was fabricated as previously described69. Tonsil organoids was

seeded according to a prior publication206. Human patient‐derived apheresis collars and tonsil were

obtained from theCrimson Biomaterials CollectionCore Facility under approval ofHarvardUniver-

sity’s Institutional Review Board. Chips and organoid culture were treated with 1 nM of vaccine. In

LN chip experiments, medium (RPMI supplemented with 10% FBS, 1% antibiotics, IL-2 and IL-4 as

previously described69) was circulated for 4 days of treatment (i.e., effluents were added back to the

inlet perfusion reservoir), and at day 4, a 1:1 mix of effluent and fresh mediumwas used for perfusion

to maintain the cytokine milieu. In the tonsil organoid experiment, fresh media was added in a 1:1

ratio at day 4. At the study’s conclusion, cells were harvested by blocking one port of the basal chan-

nel and manually pipetting Cell Recovery Medium (Corning, 354253, 200 µL per chip) through the

other port to extract the ECM and cells. The ECM was incubated in Cell Recovery Medium for 1

hour at 4 °C to depolymerize it and release associated cells. The released cells were centrifuged at 300

× g for 5 minutes and resuspended in PBS.

3.7.14 Processing blood cells

Blood was collected either via heart extraction or through a submandibular cheek draw into heparin-

coated tubes. Plasma and blood cells were separated via centrifugation at 800g and 4°C for 5minutes.

The collected plasma was stored at -80°C until analysis, while the blood cells underwent treatment

with red blood cell lysis buffer (10×) from BioLegend (420301) three times, following the manu-

facturer’s protocol. Peripheral blood mononuclear cells (PBMCs) were subsequently analysed using
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ELISpot and/or flow cytometry (Cytoflex LX).

3.7.15 LuminexMultiplex ELISA analysis

The customized Bio-Plex Pro Mouse Cytokine Standard 23-plex kit from Bio-Rad included the fol-

lowing cytokines: IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13,

IL-17A, Eotaxin, G-CSF, GM-CSF, IFNγ, MCP-1, MIP-1α, MIP-1β, RANTES, TNFα, following

themanufacturer’s protocol. Data collection was performed using the Bio-Plex 3D Suspension Array

System (Bio-Rad).

3.7.16 Processing lymph nodes (LNs)

Following euthanasia, the upper axillary and superficial cervical LNs from the mouse were harvested

and stored in cold PBS, as previously outlined228. These LNs were processed into single-cell suspen-

sions for flow cytometry analysis (Cytoflex LX) by gently mashing them through a 40 µm cell strainer

using a sterile syringe plunger into a petri dish. Cells were collected into 1.5 mL Eppendorf tubes,

centrifuged at 400g for 5 minutes at 4°C, and the supernatant was discarded. The cell pellet was re-

suspended in 700 µL of PBS and distributed into 96-well plates for flow cytometry analysis.

3.7.17 Processing spleens

Following euthanasia, mouse spleens were harvested, washed with PBS, andmashed through a 40 µm

cell strainer into a 60mmpetri dish using a sterile syringe plunger. The resulting single-cell suspension

was washed with complete RPMI-1640 media (containing 10% fetal bovine serum and 1% penicillin-

streptomycin), collected into a Falcon tube, and subjected to two treatments with red blood cell lysis

buffer (BioLegend; 420301) following the manufacturer’s protocol. The cell pellet was resuspended

in 2 mL of complete RPMI media, and the cell count was determined. These splenocytes were used
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for flow cytometry or ELISpot assays.

3.7.18 Processing bone marrow

Following euthanasia, femurs were repeatedly washed with PBS. Muscle fibers and connective tissues

were extracted using forceps. Marrow extraction involved flushing the bone with a syringe into a PBS-

filled dish. The collectedmarrow clotwas pipetted, filtered through a 40µmcell strainer, and gathered

into a Falcon tube. The resulting single-cell suspension underwent centrifugation at 300 × g for five

minutes. After discarding the supernatant, the pellet was treated with red blood cell lysis buffer (Bi-

oLegend 420301) following the manufacturer’s instructions. The suspension was centrifuged at 300

× g for fiveminutes and subsequently resuspended in culturemedia for flow cytometry (CytoflexLX).

3.7.19 Flow cytometry

Single cell suspensions of LNs, PBMCs, spleens, and bone marrow were obtained. The suspensions

were washed with PBS, stained with Zombie UV (BioLegend; 423108) or ViaKrome 808 (Beckman

Coulter C36628) viability dye and washed with cell staining buffer (BioLegend, 420201). The cells

were stained with fluorophore-conjugated cell surface antibodies (Supplementary Table 4-6, 11-12).

Intracellular stainingwasperformedusingpermeabilization andfixation reagents (BioLegend; 424401).

Antibodieswere arranged into appropriate panels, compensationswere set up tominimize fluorescent

emission overlap, and the cells were analyzed on a Cytoflex LX flow cytometer. Storage events were

gated on the population of interest, based on protocols published previously228, and according to the

gating in Supplementary Figures 2, 5, 9, 11 and 12. Flow data was analyzed using FlowJo V10.
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3.7.20 CD8 and CD4 enrichment of splenocytes

Splenocytesweredepleted forCD4orCD8Tcells usingCD8DynabeadsTM(Thermofisher, 11145D)

or CD4 Microbeads (Miltenyi Biotec, 130-117-043), according to manufacturer’s instructions. The

remaining sample was enriched for CD4 T cells (via CD8 T cell depletion) or enriched for CD8 T

cells (via CD4 T cell depletion). Splenocytes were maintained in 4°C for 36 hours before processing

for CD8 T cell enrichment. For CD8 depletion, the DynabeadsTM were washed in isolation buffer

and placed in the magnet. At the same time, cells were prepared at a concentration of 1 × 107 cells

per mL in isolation buffer. The prewashed beads were added, and the solution was incubated for 30

minutes at 4°C with gentle tilting. After, the tubes were placed in the magnet for 2 minutes and the

supernatant was transferred to a new tube for further analysis. The beads and associated cells were

discarded. Regarding CD4 depletion via Microbeads, the cells were incubated with the microbeads

for 10 minutes at 4°C and then processed through an LD column, yielding the CD8-enriched (CD4-

depleted) population in the flow-through for subsequent analysis.

3.7.21 IFNγ ELISpot

Samples were processed into single-cell suspensions, followed by plating PBMCs or splenocytes into a

96-well round-bottom plate, each containing cells from an individual mouse in 200 μl of media. The

cell quantities utilized were: two and a half million cells for splenocytes on day 21, three million cells

for splenocytes on day 35, two million cells for PBMCs, and eight and a half million cells for CD4

and CD8 enriched samples. Each well was stimulated with 2 μg/mL of HR2 peptide. After 48 hours

of incubation, cells were collected, resuspended in 100 μl of sterile splenocyte media, and plated onto

an ELISpot plate (RND systems, Mouse IFNγ ELISpot kit, 505841). The plate was incubated for 36

hours at 37°C, processed as per the manufacturer’s guidelines, and analyzed using an ELISpot plate

reader at Dana Farber Cancer Institute’s Center for Immuno-oncology Translational Immunogen-
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ics Laboratory to determine the fold increase in cells for DoriVac treated groups compared to bolus

groups.

3.7.22 Enzyme-linked Immunosorbent Assay (ELISA)

Plasma IgG from vaccinated mice was quantified using an ELISA method. Nunc Maxisorp ELISA

plates (ThermoFisher, USA 44-2404-21) were coated with HR2 peptide at a concentration of 2–20

µg/mL in 100 µL of coating buffer (100 mM bicarbonate/carbonate buffer, pH 9.5) and incubated

overnight at 4℃. After washing three times with washing buffer (PBS containing 0.05% Tween 20),

150 µL of blocking buffer (2% bovine serum albumin (Sigma, USA 9048-46-8) in washing buffer)

was applied for 1 h at 37℃. After removing the blocking buffer, 100 µL of plasma samples diluted

in blocking buffer (1:100, 1:200, 1:400 dilutions) were added and incubated for 1 h at 37℃. After

washing three times with washing buffer, 150 µL of blocking buffer was applied for 1 h at 37℃. After

removing the blocking buffer, 100 µL of HRP-conjugated anti-mouse IgG antibody (Cell Signaling

Technology, USA 7076) diluted in blocking buffer was applied for 1 h at 37℃. After washing five

times with washing buffer, 50 µL of 3,3’,5,5’-tetramethyl benzidine substrate (Sigma 54827-17-7) for

detection was added, and the reaction was stopped after 15 min by the addition of 50 µL of 1 M

H2SO4. Absorbance at 450 nm was measured using an automated plate reader (BioTek).

3.7.23 Pseudovirus assay

Plasma was isolated by collecting the clear supernatant post-centrifugation. Samples were diluted in

1× PBS at varying ratios (1:10, 1:100, 1:1000) and cultured with the corresponding pseudovirus and

ACE2-293 T cells. Data in the figures represents the optimal 1:100 dilution. Relative pseudovirus

infection level was assessed as the ratio of infected cells in each group to those in the bolus group,

which was assigned a relative infection level of 1.0.
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3.7.24 Statistical analyses

One-way or two-way ANOVA or unpaired t-test(s) with appropriate corrections for multiple com-

parisons as detailed in the figure captions was applied to determine the statistical significance of all

flow, ELISpot, and ELISA data in Figures 2–7. GraphPad Prism 10 was used to make graphs, analyze

statistics, and calculate p values. A p value ≤ 0.05 was considered statistically significant. ‘*’ refers to

p ≤ 0.05; ‘**’ refers to p ≤ 0.01; ‘***’ refers to p≤ 0.001; ‘****’ refers to p ≤ 0.0001. Error bars represent

standard deviation (SD).
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4
Constructing DNA origami nanoparticles

with immunostimulatory CD40 ligands as a

novel adjuvant

4.1 Author Contributions

This work was performed in collaboration with William M. Shih and Yang C. Zeng. O.J.Y, W.M.S

and Y.C.Z. conceived of this project and developed the idea. O.J.Y planned and carried out experi-

ments with the assistance of W.M.S amd Y.C.Z. Peter Sulc and Matthew Sample from Arizona State

University performed the molecular dynamics simulations, with feedback fromO.J.Y andW.M.S.
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4.2 Abstract

CD40 ligand (CD40L) is a critical co-stimulatory molecule that is required for effective dendritic cell

(DC) licensing, enabling DC interactions with CD8+T cells and ultimately, inducing a robust adap-

tive immune response. Moreso, crosslinking of the CD40 receptor is critical for DC licensing, requir-

ing many CD40L complexes to interact with many CD40 receptors at once. Previous CD40 agonists

have been tested clinically, where they have shown robust immune responses, but have been hindered

by severe adverse events caused by off-target immune activation. Here, we demonstrate the design,

fabrication and characterization of a CD40L-conjugated DNA origami nanoparticle and model the

expected molecular dynamics of the nanoparticle. This nanoparticle offers precise control over lig-

and spacing down to a pitch of 2.5 nm, a level of spatial control that cannot be achieved with other

nanoparticles. We hope that future studies will test and optimize this nanoparticle as a novel immune

adjuvant with potential therapeutic applications in cancer, as well as chronic infectious diseases.

4.3 Introduction

Cancer is the leading cause of premature death in the US and in many countries world-wide23. Can-

cer immunotherapy is a powerful treatmentmodality that activates the patient’s own immune system

to eradicate cancer cells. Cancer immunotherapies have improved patient survival, but the overall

success rate has been less than 25%, suggesting that there is much room for improvement200. Many

studies aim to improve the efficacy of immunotherapy by presenting antigen, adjuvant, and other im-

munomodulatory cues as a ‘cancer vaccine’ to dendritic cells, which play a critical role in directing

the immune response34,3,4. However, most technologies cannot reproduce the nanoscale organiza-

tion at which these cues are naturally presented, leading to suboptimal DC activation. One such

cue, CD40L, which is endogenously presented by CD4+ T helper cells, interacts with the receptor

CD40 on activated DCs. CD40 activation induces subsequent upregulation of critical immune-
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Figure 4.1: Relevant clinical trials for both CD40 ligand and anti‐CD40 agonists. CD40 ligand and anti‐CD40 agonists have
been tested extensively in clinical trials. Some early CD40 agonists failed in clinical trials due to their severe toxicity, often
attributed to the high doses required for therapeutic efficacy. Currently, there are several active trials in various types of
cancers, often in combination with the standard of care. All data is updated as of March 2023.

activating signals121,28,27. Soluble CD40L and anti-CD40 agonists have demonstrated significant

anti-tumor effects in pre-clinical studies. To date, no clinical candidates have received FDA approval,

even though this could change in the near future with several promising clinical candidates undergo-

ing testing100,99,108,24,140,186,203,204,202 (Figure 4.1).

Even though CD40 ligand has been demonstrated to have robust immune effects in pre-clinical

studies and clinical trials via DC licensing (Fig. 4.2A), the efficacy in human patients was at times

severely limited by the adverse events caused by a high dose. However, studies suggest that higher order

nanoscalemultimerization ofCD40 is critical for activation, as the density ofCD40Lon the surface of

T helper cells varies dramatically during inactivated and activated states, ranging from approximately

200 complexes/µm2 in naïve T cells to 600 or more complexes/µm2 in activated T helper cells165,1.
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This higher order multimerization has not been reproduced with prior CD40L clinical candidates.

As such, our hypothesis based on the literature and prior clinical trials is that a dense CD40L pattern

will engage more CD40 receptors on the DC, leading to CD40multimerization and subsequent DC

activation (Fig. 4.2B)121,28,27,165,1.

DNA origami offers a new method to present CD40L with dense patterning. DNA origami is

a novel nanofabrication tool that enables specific folding of a long scaffold DNA strand into a 3D

nanostructure. Unlike other nanofabrication strategies, DNA origami offers structural control at the

nanoscale level and the capability to act as a modular billboard for various cargos44,49,73,90,162. This

chapter will demonstrate precise patterning of CD40L onto the DNA origami nanoparticles and will

simulate the behavior of these nanoparticles in physiological conditions using molecular dynamics.

4.4 Results

4.4.1 Design of CD40 ligand (CD40L)-conjugated DNA origami nanoparti-

cles

Pioneering studies in the Shih lab in the field ofDNA3Dnanostructures have fabricated and validated

DNA-origami square-lattice block nanoparticles (SQBs) that control cargo spacing44,49,228. With this

technology, we can precisely pattern CD40L onto the flat surface of the SQB with a range of copy

numbers and spatial arrangements (Fig. 4.2C). DNAorigami SQBnanoparticles were folded by com-

bining the p8634 scaffold DNA and staple strands at an appropriate temperature ramp, according to

previously published protocols228. We designed custom ssDNA ‘handles’ to decorate each position

for CD40L conjugation on the SQB independently. These handles can be partnered in a sequence-

specific fashionwith the CD40L protein that is linked to ssDNA complementary ‘anti-handles’. Un-

fortunately, there are no rigorous studies on the natural spatial arrangement of CD40L on the T cell

surface, as the nanoscale spacing is below the resolution limit for many relevant imaging techniques.
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Additionally, it is difficult to predict the optimal DNA origami spacing based on the endogenous

spacing. However, 5.3 nm spacing is observed between neighboring CD40L residues in the CD40L-

CD40 crystal structure, suggesting that this spacing may be physiologically relevant6. Therefore, we

constructed CD40L patterns with spacing of 5, 7, 10 and 20 nm between each complex and and with

varying numbers of complexes on the DNA origami nanoparticles (Fig. 4.2D). We aimed to enhance

the activation of the CD40 receptor by precisely delivering CD40L through the DNA origami SQB,

ideally surpassing the potency of the natural endogenous interaction.

4.4.2 Conjugation of CD40L to oligonucleotide

Two crucial parameters dictate CD40 activation. First, the trimeric organization of the CD40L com-

plex promotes activation. CD40L trimers, and even CD40L dimers, lead to significantly more activa-

tion of a single CD40 receptor than a CD40L monomer79. Second, the higher order arrangement

of CD40L complexes plays a pivotal role, as increased CD40L complex density is associated with

increased CD40 activation165,1. Research indicates that multimerization of multiple CD40L com-

plexes, and crosslinking of the corresponding CD40 receptor, is essential for CD40 pathway activa-

tion. Certain therapeutics leverage multiplexed CD40L complexes (linked via chemical conjugation),

which show promising outcomes compared to the use of a single CD40L molecule100,99,53. Even

though peptide mimics63, minimal peptide epitopes, and monomers of CD40L were considered for

the following experiments, recent studies have raised questions about the validity of these peptide

mimics20 and have suggested that monomers are less effective as therapeutics (Supplemental Figure

1 showcases some of the alternative CD40L designs considered). With this in mind, we decided to

move forward with a CD40L protein dimer with a single-stalk, which enabled the conjugation of a

single oligonucleotide to a singleCD40Lprotein for single-point attachment of eachCD40Lprotein-

oligonucleotide to the DNA origami nanoparticle (Supplementary Table 1-2, Supplementary Figure

2)79. The chosen CD40L protein dimer is based on murine CD40L, which works well for the pur-
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Figure 4.2: Design ofCD40 ligand (CD40L)‐conjugatedDNAorigami nanoparticles. A.Schematic demonstrating themech‐
anism of action of CD40 ligand in activating and licensing dendritic cells. B. Schematic demonstrating how CD40 mul‐
timerization leads to dendritic cell (DC) and T cell activation. i. Multimerization of CD40 leads to a cascade of immune
effects, including IL‐12 production, which is critical to T cell activation. ii. Without CD40 multimerization, there is no
immune signaling cascade. C. Schematic of CD40L‐conjugated DNA origami nanoparticles, consisting of a DNA origami
square block (SQB) conjugated with CD40L protein on the flat face. D. Schematic of the various copy number and spatial
arrangements of CD40L which were designed for the SQB structure.
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Figure 4.3: Conjugation of CD40L to the oligonucleotide. A. Schematic demonstrating the bis‐sulfone‐PEG4‐DBCO re‐
action to a desired oligonucleotide via DBCO‐azide click chemistry and then the reaction of the bis‐sulfone conjugated
oligonucleotide to the His‐tag of the CD40L protein. B. Silver stain SDS‐PAGE gel demonstrating successful conjugation of
the CD40L protein with an oligonucleotide. C. Schematic showing the desired purification of the CD40L‐oligonucleotide,
ensuring that all unconjugated oligonucleotide is removed. D. Silver stain SDS‐PAGE gel demonstrating the purification
of the CD40L‐oligonucleotide via Amicon filtration and highlighting the increased yield after precoating the Amicon filter
with Tween. E. Native PAGE gel demonstrating the purity of the CD40L‐oligonucleotide, as less than 5% of the sample is
unconjugated oligonucleotide. F. SEAP absorbance measured from HEK‐CD40 reporter cell assay demonstrates that the
CD40L‐oligonucleotide retains its CD40 stimulating activity and is not hindered by the conjugation of the oligonucleotide.
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poses of our experiments as murine CD40L activates human CD40 in a similar manner as human

CD40L due to the fact that they share 78% of their sequence184. We implemented and optimized a

bis-sulfone conjugation chemistry to attach the oligonucleotide to adjacent histidine residues in the

His-tag region of the CD40L protein (Fig. 4.3A,B, Supplementary Figure 3-4). This chemical conju-

gation strategy was chosen as it was one of the few site-selective methods to attach an oligonucleotide

to a protein. Other methods, including lysine labeling or SMCC chemistry to cysteines, would result

in a heterogenousmixture of protein-oligonucleotides, where the oligonucleotide is conjugated to dif-

ferent sites on the protein (Supplementary Table 3). The CD40L protein-oligonucleotide was then

purified via 10K Amicon filtration, which removed the unconjugated oligonucleotide, as confirmed

by SDS-PAGE gel (Fig. 4.3C-E, Supplementary Figure 5). The CD40L protein-oligonucleotide was

confirmed to activate the CD40 receptor by inducing activation of HEK-CD40 reporter cells (Fig.

4.3).

4.4.3 Fabrication of CD40L-conjugated SQBs

We successfully fabricated the CD40L protein-oligonucleotide on the SQB with spacing of 5, 7, 10

and20nmviaWatson andCrick base-pairing hybridization. Agarose gel verified successful fabrication

and purification of the CD40L-SQBs as evidenced by a bandshift after conjugation andminimal low-

molecular weight staple strands on the gel (Fig. 4.4A). We then characterized the conjugated DNA

origami constructs via agarose gel electrophoresis, TEM, dynamic light scattering and silver stain.

TEM demonstrated that the DNA origami nanoparticles were well-formed and exhibited minimal

aggregation after CD40L conjugation (Fig. 4.4B). Dynamic light scattering was further used to vali-

date the size change after CD40L conjugation and to confirmminimal aggregation, as demonstrated

by a polydispersity index under 0.3 for all samples, which is considered the metric for a homogenous

population (Fig. 4.4C)43. DNase degradation of the DNA origami SQB, followed by subsequent sil-

ver stain of the remaining protein product was used to validate thatCD40L proteins were successfully
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Figure 4.4: Fabrication and characterization of the CD40L‐conjugated DNA origami nanoparticle. A. Agarose gel demon‐
strating successful conjugation of the CD40L‐oligonucleotides to the SQB DNA origami nanoparticle. B. Representative
TEM images of the CD40L‐conjugatedDNA origami nanoparticle. C. Representative dynamic light scattering graphs show‐
ing i. a DNA origami SQB before and after conjugation with the CD40L‐oligonucleotide at 12 sites, and ii. a DNA origami
SQB before and after conjugation with the CD40L‐oligonucleotide at 3 sites. D. SDS‐PAGE gel demonstrating the results
after DNase I digestion of the CD40L‐oligonucleotide alone or conjugated with the SQBs. DNase I digestion of the SQBs,
accompanied by analysis of the conjugated CD40L protein using silver staining, confirms sucessful CD40L protein conju‐
gation onto the SQB.
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conjugated onto the SQB (Fig. 4.4D).

4.4.4 Molecular dynamic simulations of CD40L-conjugated SQBs

Molecular dynamics simulations were used to confirm that the CD40L conjugated onto the SQB at a

high density was accessible for binding toCD40, and also to validate that the spatial arrangement pro-

grammedvia themolecular pegboardof theDNAorigaminanoparticlemaintained its precise arrange-

ment in physiological conditions. Using a protein-DNA anisotropic network model (ANM) pro-

grammed via oxDNA, we simulated the behavior of the CD40L-conjugated DNA origami nanopar-

ticle in physiological conditions (Fig. 4.5A). Molecular dynamics suggested that the oligonucleotide

‘handles’ haveflexibility, leading to variedprotein spacing that is typically greater than theprogrammed

spacing on theDNAorigami nanoparticle (Fig. 4.5B).Theprotein-protein distance is oftenmore flex-

ible than theDNA-DNAdistance, likely due to the observed tendency of proteins to ‘splay’ out at the

edges due to entropy (Fig. 4.5C). Additionally, proteins on the edge of the DNA origami nanoparti-

cle have greater distance fluctuations when compared to proteins on the center of the DNA origami

nanoparticle (Fig. 4.5C). With regards to the various nanoparticle spacing designs, each design has

a distinct average distance between adjacent proteins (Fig. 4.5D,E), suggesting that the designs can

be used in the future to understand the effects of different CD40L spacing on subsequent biological

responses. The core DNA-DNA distances are similar to the programmed spacing, within 10-20% of

the expected distance, but the outward-facing DNA have greater fluctuations, which leads to greater

distances between the adjacent proteins compared to the programmed spacing (Fig. 4.5F). Finally, 5

nm programmed spacing appears to be a feasible spacing for packing of CD40L, and does not appear

to be limited by steric hindrance. In summary, these simulations suggest that the designs are appropri-

ate for testing differential CD40L spacing, even though the flexibility of the protein-oligonucleotides

should be considered.



Figure 4.5: Molecular dynamics simulations of the CD40L‐conjugated DNA origami nanoparticles. A. Three‐dimensional
representation of the CD40L‐conjugated DNA origami SQB, with the scaffold strand in gray and each individual sta‐
ple strand as a distinct color. B. Three‐dimensional representation of the CD40L‐SQB with 10nm programmed spac‐
ing between adjacent CD40L proteins. Schematic also demonstrates the root mean square fluctuations (RMSF) of each
component throughout the molecular dynamic simulation. C. Graph and corresponding three‐dimensional representation
showing the theoretical protein‐protein distance between two middle proteins compared with the protein‐protein dis‐
tance between the middle and the top proteins. D. Three‐dimensional representation of the most probable conformation
for i. the CD40L‐SQB with 5 nm programmed spacing, ii. the CD40L‐SQB with 7 nm programmed spacing, iii. and the
CD40L‐SQB with 10nm programmed spacing. Schematic also demonstrates the root mean square fluctuations (RMSF) of
each component throughout the molecular dynamic simulation. E. Graph showiing the predicted protein‐protein for each
of the SQB designs represented in E, and differentiating between two middle proteins and the middle and top proteins. F.
Schematic demonstrating the root mean square fluctuations (RMSF) in nanometers of each helix throughout the molecular
dynamic simulation.



4.4.5 In vitro testing of CD40L-conjugated DNA origami nanoparticles

To test the hypothesis that the spatial arrangement of CD40L affects downstream immune signal-

ing, we tested the various CD40L-conjugated DNA origami nanoparticle designs (Fig. 4.6A-D) in

a HEK-CD40L reporter cell assay. Unfortunately, the CD40L-conjugated DNA origami nanopar-

ticles did not demonstrate activation of CD40. Our positive controls confirmed that CD40 is acti-

vated by a commercial CD40L monomer, as well as by the CD40L-oligonucleotide construct. With

these results, we have several hypotheses as to why activation was not demonstrated with the CD40L-

conjugated DNA origami nanoparticle. First, we must consider that the hybridization of the CD40L

onto the DNA origami nanoparticle either sterically impedes the binding of CD40L to the CD40 re-

ceptoror renders theCD40Lnonfunctional. Wecould consider redesigning theCD40L-oligonucleotide

hybridization strategy tomake theCD40L proteinmore accessible (i.e. by increasing the linker length

or changing the orientation) ormodifying the hybridization protocol tominimize denaturation of the

CD40L protein (i.e. by decreasing the hybridization temperature or removing the shaking step). We

also considered that the PEGprecipitation purification strategy or theK10PEGcoating strategy could

impede interaction of CD40Lwith CD40 or denature the CD40L protein. Additionally, we also ob-

served some aggregation of theCD40L-SQBs, whichmay also occlude interaction of theCD40Lwith

CD40. We were not able to determine the exact cause of the CD40L-SQB inactivity by the time of

publication, but hope that future studies may continue to investigate how the spatial arrangement

of CD40L affects immune polarization, as literature and other prior studies suggest that multimer-

ization of CD40L is critical to CD40 pathway activation. We believe that DNA origami is uniquely

suited to investigating this interaction, even though some optimization of the CD40L-conjugated

DNA origami nanoparticles is required.
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Figure 4.6: In vitro testing of CD40L‐conjugated DNA origami nanoparticles. A. Schematic of in vitor testing via HEK‐
CD40L reporter cell assay. Upon CD40 activation, SEAP is released from the HEK‐CD40L reporter cells and can be
measured as a color change via spectrophotometry. B. 1 nM dose of CD40L via CD40L‐conjugated DNA origami nanopar‐
ticles demonstrates minimal activation, as measured via SEAP absorbance, compared to relevant positive controls. C. 10
nM dose of CD40L via CD40L‐conjugated DNA origami nanoparticles demonstrates minimal activation, as measured via
SEAP absorbance, compared to relevant positive controls. D. 10 nM dose of CD40L via CD40L‐conjugated DNA origami
nanoparticles demonstrates minimal activation, as measured via SEAP absorbance, compared to relevant positive controls.
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4.5 Conclusion

In conclusion, we have designed and constructedDNA origami nanoparticles conjugated with a high

density of CD40 ligands. We hope that delivery of a high density of CD40 ligands would promote

crosslinking of the CD40 receptor, enabling activation of the pathway without an prohibitively high

therapeutic dose, even though this was not tested in initial studies. We also demonstrate molecular

dynamics simulations which predict that the CD40 ligand is accessible to the receptor and maintains

differential nanoscale arrangement in physiological conditions, despite the flexibility of the protein-

protein distance.

Notably, we were not able to determine an optimal spatial arrangement of CD40L for subsequent

immune activation, as CD40L did not demonstrate functionality after conjugation on the DNA

origaminanoparticle. Wehypothesize that the fabricationofCD40Lonto theDNAorigaminanopar-

ticle may have interfered with the functionality of CD40L.We considered testing different hybridiza-

tion procedures for attaching the CD40L-oligonucleotide onto the SQB, as the 37°C temperature

with mechanical shaking may have been too harsh for the CD40L functionality. Additionally, we

considered that the purification and coating may have also hindered the functionality of CD40L af-

ter conjugation onto the SQB, although we have not observed this with CpG conjugation. Finally,

we considered redesigning the CD40L-oligonucleotide to include a longer linker, if the current linker

length is too short for CD40L-CD40 binding. Moreover, various factors, such as the rigidity of the

DNAorigami nanoparticles, can also influence the effectiveness of CD40L-conjugatedDNAorigami

nanparticles, especially as the rigidity of the nanoparticle differs significantly from the flexible cell

membrane where CD40L is endogenously presented. Nevertheless, we do not believe that factors

like rigidity would render the CD40L completely nonfunctional, but rather may be an interesting

parameter to investigate in the future.

We hope that future experiments will further optimize the conjugation of CD40 ligand and per-
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form in vitro experiments to test the efficacy of the CD40L-conjugated DNA origami nanoparti-

cle. Ultimately, we hope that other researchers will explore whether an optimal spacing exists that

could promotemultimerization of the correspondingCD40 receptor, thereby licensing dendritic cells

and enhancing immune responses, as prior literature highlights the importance of multimerization in

CD40 activation. This information could, in turn, guide the design of a more effective immune ad-

juvant.
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4.7 Materials andMethods

4.7.1 Material sources

The p8634 scaffold was harvested in-house from theM13 bacteriophage, per established protocols48.

All short oligonucleotides, including the oligonucleotides for conjugationwithCD40Land all strands

forDNAorigaminanoparticle fabrication,were obtained fromIDT(www.idtdna.com). TheCD40L

protein, consisting of a dimeric murine CD40L extracellular domain and a single protein stalk, was

obtained from Dr. Zhirui Wang of the University of Colorado Anschutz Medical Campus Wang

Protein Core, and the production process in Pichia yeast was detailed in a prior paper79. HEK-Blue

CD40L reporter cells were obtained from InvivoGen (Catalog hkb-cd40).
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4.7.2 Conjugation of CD40L protein to oligonucleotide

The CD40L dimer protein was reacted via bis-sulfone-DBCO conjugation chemistry to attach the

azide-modified ‘anti-handle’ oligonucleotide (IDT) directly to the His-tag region of the protein. The

protocol was adapted from prior publications which relied on bis-sulfone-DBCO conjugation for

protein-oligonucleotide conjugation39,201,149,59. Thebis-sulfone-polyethylene glycol 4-dibenzocyclooctyne

(bis-sulfone-PEG4-DBCO, Click Chemistry Tools, 1144-25) was diluted to 10mM concentration in

DMF, and then further diluted into 1XPBS at a pH of 7.4 to 5mM concentration and incubated for

1-3 hours at room temperature. This ‘activated’ bis-sulfone-PEG4-DBCOwas then reacted with the

azide-oligonucleotide at 1:1 v/v ratio with the bis-sulfone-PEG4-DBCO at a 20X excess overnight at

roomtemperature. The excess bis-sulfone-PEG4-DBCOwas removedby running the sample through

a 3KAmicon filter; as a final step of purification, the buffer was exchanged to 1XPBS at pH 6.3. Con-

jugation was confirmed by measuring the absorbance at 309 nm to confirm DBCO incorporation.

Purificationwas confirmedby running the purified andunpurified oligonucleotide on aNative PAGE

at 200V for 60min, staining with SYBR gold for 10minutes, and comparing with an oligonucleotide

dilution series to confirm that less than 5% of the sample is unconjugated oligonucleotide. After con-

jugating the oligonucleotide with the bis-sulfone-PEG4-DBCO, the bis-sulfone-oligonucleotide was

conjugated with the CD40L protein. The CD40L dimer protein was buffer exchanged to 1XPBS

pH 6.3 with Zeba Spin Desalting Column (7KMWCO, 0.5 ml) and then reacted overnight with the

bis-sulfone-oligonucleotide at a 20:1 oligonucleotide to protein ratio.

4.7.3 Purification and validation of CD40L-oligonucleotide

The excess bis-sulfone-oligonucleotide in the CD40L protein-oligonucleotide reaction was removed,

and the buffer was switched to 1XPBS pH 7.4 using 10K Amicon filtration. The Amicon, coated

with 1% Tween initially, was employed for purification by centrifuging the sample at 14,000 × g for
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1 min. The concentrate was resuspended in 1× PBS, pH 7.4, and the concentration process was re-

peated 4–7 times to ensure complete removal of the unconjugated oligonucleotide. Afterward, the

column was inverted into a clean eppendorf tube and centrifuged for 2 min at 1000 × g to collect the

sample. Confirmation and quantification of the protein-oligonucleotide conjugation were done via a

silver stain. Samples were mixed with 4XNuPAGELDS sample buffer (ThermoFisher; NP0008), in-

cubated at 70°C for 10minutes, loaded onto 4-12%NuPAGEBis-Tris gels (ThermoFisher; NP0322),

and ran at 150V for 45minutes. Subsequently, the gel was subjected to silver staining according to the

manufacturer’s instructions (Pierce, 24612), and imagingwas conducted using the Silver Stain setting

on Image Gel 6 on Gel Doc EZ Imager (Biorad).

4.7.4 Native PAGE gel electrophoresis

NativePAGEgel electrophoresiswas used to confirmthat theprotein-oligonucleotideproductwas ad-

equately purified. An Novex Native PAGE 4-20% TBE gel was used (ThermoFisher, EC62252BOX.

Samples containing approximately 5 picomoles of DNAwere mixed with sucrose loading buffer (6X,

made in-house) and water as needed. Subsequently, the samples were loaded onto the gel, which was

run in 0.5 X TBE buffer at 200V for approximately 60 minutes at 4°C to minimize band smearing.

Afterward, the gel was stained with SYBRGold for 10 minutes to label the DNA and imaged using a

Typhoon or Sapphire Gel Scanner.

4.7.5 HEK-Blue CD40L reporter cell assay

HEK-Blue CD40L reporter cells (Invivogen, #hkb-cd40) were used to confirm that conjugation of

the oligonucleotide to the His-tag of the CD40L protein construct did not impede the interaction

of CD40L with the CD40 receptor. The cells were cultured and samples were assayed as described

by the manufacterer’s protocol. 50,000 cells per well (180 μL in volume in media DMEM, 4.5 g/L
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glucose, 2 mML-glutamine, 10% FBS, 1%Pen-Strep) were plated on a 96-well plate, along with 20 μL

of each sample at the desired concentration. Recombinant human CD40L (Invivogen, rcyec-hcd40l)

was used as a positive control, while recombinant IFNγ was used as a negative control. The plate was

incubated for 20-24 hours, and 20 μL of supernatant was harvested from each well. The supernatant

was added to 180 μL of Quanti-BLUE solution, incubated for 1-3 hours and SEAP levels were deter-

mined via spectrophotometer reading at 630 nm.

4.7.6 Fabrication of square block DNA origami nanoparticles

This study relied on the DNA origami square block (SQB), as published in previous lab papers228,90.

The single-strandedp8634 scaffoldDNA(harvested in-house) assembles into the square latticenanopar-

ticle via the complementaryWatson-Crick base pairing of hundreds of short ‘staple’ oligonucleotides

(IDT); sequences of all DNA strands are included in the prior publications228,90. The SQB folding

process was conducted in a thermocycler, undergoing an 18-hour program involving strand denatu-

ration at 80°C for 15 minutes followed by annealing at decreasing temperatures (50°C to 40°C) over

specific time intervals. The folding was executed in a specified folding buffer comprising 5mM Tris,

1 mM ethylenediaminetetraacetic acid (EDTA; pH 8.0), 12 mMMgCl2, 20 – 100 nM scaffold, with

staple strands in fivefold excess to the scaffold and handle-conjugated staples in tenfold excess for cargo

attachment. SQBs were subjected to PEG purification before and after CD40L conjugation, as de-

tailed below.

4.7.7 Conjugation of CD40L protein to DNA origami nanoparticles

The 126 double helices have overhang ‘handle’ strands at specific programmed sites, allowing for pat-

terning of CD40L via ’handle/anti-handle’ Watson and Crick complementary base-pairing. To hy-

bridize the CD40L-conjugated ‘anti-handle’ olignucleotide to the ‘handle’ oligonucleotide extrud-
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ing from the SQB, the CD40L-conjugated ‘anti-handle” oligonucleotide is added in 2X excess to

the SQB sample, while maintaining overall buffer conditions of 1XTE 10 mM MgCl2. The sam-

ple is hybridized at 37°C with shaking for 1-2 hours. Agarose gel electrophoresis is used to confirm

hybridization. Purification is performed by PEG precipitation as detailed below.

4.7.8 Purification of DNA origami nanoparticles

PEG purification serves the dual purpose of concentrating the sample and eliminating excess staple

strands or cargo-conjugated strands for subsequent use. This purification process was conducted

post-fabrication of SQBs and following cargo conjugation. A 15% w/v PEG-8000 (Fisher Scientific,

BP2331) buffer, prepared in 1X TE buffer, was utilized for this process. The PEG buffer, along with

MgCl2, was mixed with SQBs at a 1:1 volume ratio in a 1.5 mL Eppendorf tube and gently pipetted.

The final concentration of MgCl2 in the mixture was adjusted to 10 mM. Following a 30-minute in-

cubation, the solutionwas centrifuged at 16,000g for 25minutes, yielding a pellet containing purified

SQBs. The SQB pellet was resuspended in an appropriate buffer (1X TE, 10 mMMgCl2) via room

temperature shaking, and the final concentration was determined using NanoDrop.

4.7.9 TEM imaging

The high-resolution structure and monodispersity of the DNA origami nanoparticles were visual-

ized using negative-stain transmission electronmicroscopy (TEM).Carbon-coated grids, initially sub-

jected to a 30-second plasma discharge treatment for cleanliness, were utilized for sample preparation.

4.0μL of a 5 nM solution of DNA origami nanoparticles was applied to these grids, followed by a

45-second incubation to allow nanoparticle adsorption, subsequent gentle blotting to remove excess

sample, and the addition of 0.75% uranyl formate solution for contrast enhancement. After blotting

away excess solution, a 2-minute incubation with a second drop of uranyl formate was performed.
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TEManalysis was conducted using a JEOL JEM-1400TEMoperating at 120 kV in brightfieldmode.

4.7.10 Agarose gel electrophoresis

DNA origami samples underwent analysis using 2% native agarose gel electrophoresis prepared in

0.5X TBE solution containing 11mM MgCl2 and 0.005% v/v SYBR safe dye. The electrophoresis

was conducted at 70V for 2 hours, and the agarose gels were imaged using a Typhoon or Sapphire Gel

Scanner.

4.7.11 Dynamic light scattering

Dynamic light scattering with aMalvern Zetasizer Nano ZS was employed to measure size alterations

and particle uniformity post-CD40L conjugation. Approximately 40 μL of a 5 nMSQB solutionwas

dispensed into a clean microcuvette (Malvern Panalytical, ZEN0040) to ensure minimal air bubbles

and wiped to remove fingerprints. The cuvette was analyzed in the Zetasizer, obtaining size distribu-

tion data per the manufacturer’s guidelines, with three replicates for each sample. The resulting data

was depicted in a size versus intensity plot.

4.7.12 Confirmation of CD40L protein conjugation on the DNA origami

nanoparticle

To confirmCD40L protein conjugation onto the DNA origami nanoparticles, a DNase digestion as-

saywas conducted, degrading theDNAcomponentwhile preserving theproteins. CD40L-conjugated

SQBs were incubated with DNase I (NEB) enzyme and a 10× DNase I buffer (Gibco) at 37°C for 30

minutes, targeting the degradation of DNA molecules specifically. After the DNase digestion, the

sample was mixed with 4X NuPAGE LDS sample buffer (ThermoFisher; #NP0008) and incubated

at 70°C for 10 minutes in the thermocycler to denature the proteins and inactivate DNase I. Subse-
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quently, the denatured protein sample underwent electrophoresis on 4-12% NuPAGE Bis-Tris gels

(ThermoFisher; #NP0322) using 1X MES SDS running buffer (ThermoFisher; #NP0002) at 150V

for 45 minutes. Visualization of DNA-conjugated proteins was achieved via silver staining (Pierce,

#24612), enabling detection based on silver-binding properties. Gel images were obtained using the

Silver Stain setting on an Image Lab 6 system with a Gel Doc EZ Imager (Bio-Rad). Band intensi-

ties were compared to a CD40L protein control dilution series to estimate the number of CD40L

complexes conjugated per DNA origami nanoparticle.

4.7.13 Molecular dynamics simulations

Molecular dynamics simulations were performed by Matthew Sample and Petr Sulc at Arizona State

University, relying on a protein-DNA anisotropic network model (ANM) which was implemented

in oxDNA (https://oxdna.org/). We relied on the a CD40L protein dimer, adapted from the pro-

tein data bank (PDB: 3QD6). Even though this is not the exact protein used in our structures, the

structure and corresponding behavior of the modeled protein should be similar to the protein used

experimentally. The modeled protein is the human CD40L protein trimer, which was modified to

a dimer in PyMol by deleting one of the monomers. In contrast, the protein used experimentally is

a murine dimeric CD40L protein, with a single stalk. Notably, murine and human CD40L share

78% of their sequence and have a highly similar structure184, suggesting that this was an appropriate

choice for our preliminarymodels. The linker was alsomodeled as amalemide-SMCC linker which is

slightly smaller than the bis-sulfone-PEG4-DBCO linker used in our experimental set-up, but is not

expected to change the conclusions made from these simulations.
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5
Conclusion

In the past decade, DNAnanotechnology has proven that it offers several distinct advantages for ther-

apeutics. To our knowledge, DNA origami is one of the only nanoparticle systems that can precisely

tune the nanoscale arrangement of cargo. This nanoscale arrangement is particularly relevant in bio-

logical systems, where nanoscale structural arrangements can have a dramatic effect on downstream

cellular signaling pathways and ultimately cellular function. Studies, including those detailed in this

thesis, show that DNA origami is highly programmable and offers precise control over the nanoscale

arrangement of cargo. Furthermore, this thesis and other studies demonstrate how arrangement of

cargo at the nanoscale affects subsequent physiological responses, suggesting that nanoscale arrange-

ment is another parameter which can be tuned to create the optimal therapeutic. These investigations

would be unattainable, without the nanoscale precision provided by DNA origami.

This thesis highlights how the nanoscale arrangement of specific ligands, namelyCpG, changes the

subsequent immune response in the context of both cancer and various infectious diseases. A later
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chapter details another receptor-ligand pair, CD40-CD40L, which we believe could also be differen-

tially activated based on the nanoscale arrangement of CD40L; however, this study was ultimately

hindered by challenges in the functional hybridization of the protein to the DNA origami nanoparti-

cle. Many other therapeutic cargo could be conjugated onto theDNAorigami nanoparticle for future

therapeutic applications. Additionally, beyond DNA origami’s application as a therapeutic, DNA

origami also serves as a robust tool to study nanoscale receptor-ligand arrangements in biological sys-

tems. If future studies apply this tool to various different receptor-ligand pairs, we expect to learn

the key parameters (cargo quantity, stoichiometry, nanoscale arrangement, among others) that affect

biological responses. These types of receptor-ligand studies may inform the design of more precise

therapeutics.

The work outlined in this thesis is one step in the development of DNA origami technology for

therapeutic applications. In Chapter 2, we describe the pre-clinical validation of the CpG-conjugated

DNA origami nanoparticle in various in vitro and in vivo cancer studies. In Chapter 3, we demon-

strated the applicability of the DNA origami nanoparticle in other disease area, namely infectious

diseases. Relying on the CpG adjuvant in the same nanoscale arrangement that was uncovered to be

optimal inChapter 2,we repurpose thenanoparticle and characterize the immune cell responses, high-

lighting that the DNA origami nanoparticle induces robust humoral and cellular immune responses.

In Chapter 4, we detail the fabrication of CD40L-conjugatedDNAorigami nanoparticles as a poten-

tial adjuvant. Even though we were not able to determine an optimal spatial arrangement for CD40L

as we did for CpG in Chapter 2, we were able to describe fabrication of CD40L-conjugated DNA

origami nanoparticles, as well as simulate the nanoparticles behavior in physiological conditions, giv-

ing us a better understanding of the rigidity of the programmed spatial arrangement. Additionally,

we still believe that CD40L is a promising molecule for future study with DNA origami technology,

as the multimerization of CD40 is uniquely suited for investigation with DNA nanotechnology.

In the near term,wehope thatmanymore studieswill validate the importance of nanoscale arrange-
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ment of cargo for various receptor-ligand pairs. The DNA origami square block detailed in this thesis

shows great versatility as a molecular pegboard for attachment of many different types of cargo. For

instance, future studies may investigate peptide, protein, andRNA conjugation onto aDNAorigami

scaffold for various diseases, including cancer, infectious diseases, autoimmune diseases andmore. Re-

lying on Watson and Crick base-pairing chemisty, theoretically any type of cargo can be conjugated

onto the DNA origami scaffold, as long as a complementary oligonucleotide can be stably attached to

the cargo.

In the long-term, we envision a future where medicines are precisely designed and every parameter

is tuned for an optimal, personalized therapeutic response. DNA origami is one tool to uncover the

precise parameters for optimal therapeutics. DNA origami also serves as a viable scaffold for person-

alized therapeutics, including neoantigen-directed cancer vaccines, as the particle is highly modular.

Finally, DNA origami also has the unique ability to react to biological stimuli, whether by chang-

ing shape in response to a pH change or by templating biomolecule assembly as a nanofactory. Even

though DNA origami as a ‘molecular robot’ has only been demonstrated in proof-of-concept stud-

ies, we can envision a future of ‘living medicine’ where therapeutics can be programmed to react and

perform functions inside a patient.

Even though we have not yet seen clinical translation of DNA nanotechnology, the pre-clinical

studies suggest that clinical translation is a possibility for the future. We recognize that DNA origami

will face some challenges in clinical translation. The square block nanoparticle design presented in

these studies relies on M13 p8634 phage DNA, which would have to be validated to be safe in hu-

mans. Additionally, the current protocol for manufacturing of the DNA origami particles is achiev-

able on the bench-scale, but may need refinement in order to scale up. Finally, DNA origami is costly;

however, the cost of DNA synthesis is decreasing every year and the length of strands that can be

synthesized is increasing every year, suggesting that DNA origami may be a viable therapeutic op-

tion, especially for personalized medicine delivery. Even if DNA origami does not achieve clinical
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translation, DNA origami studies like these uncover critical principles of therapeutic design, which

are relevant to all nanoparticle platforms, regardless of the clinical translation of DNA origami itself.

Furthermore, we believe that some of the principles of DNAorigami could be applied to create RNA

or even protein-based ‘origami-type’ structures in the future, as we understand more about the rules

of RNA and protein folding.

In summary, this thesis demonstrates the potential of highly programmable DNA origami thera-

peutics in various disease areas and facilitate the clinical validation of DNA origami-based therapeu-

tics.
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Supplementary Figure 1. CaDNAnoSQ SQB design. This is a screen shot of the basic SQB design. 
The structure was designed using CaDNAnoSQ and Python software. The scaffold is p8634, whose 
corresponding DNA sequence is presented at Supplementary Table 1. 
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Supplementary Figure 2. Routing strategy of SQB as displayed on the CaDNAnoSQ interface.  
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Supplementary Figure 3. SQB folding optimization. (A, B) The SQBs were annealed under 
various temperature ramps, time courses and MgCl2 concentrations. Time course for (A) 18 hours, (B) 
66 hours and temperature condition is left panel (temperature ramp from 60 to 25°C), right panel (50 
to 40°C). MgCl2 concentration are denoted at the top of agarose gel images. The optimal condition 
was determined as the condition which produced a high folding efficiency and minimal aggregation 
of the resulting SQB. The optimal temperature ramp conditions were determined to be: 80°C for 15 
minutes, and then a declining temperature ramp starting at 50°C and declining to 40°C with -0.1°C 
every 10 minutes and 48 seconds. The optimal time course was 18 hours and the optimal MgCl2 

concentration was 12 mM. (C, D) TEM images of the optimally folded SQBs. (C) There is no obvious 
SQB aggregation. (D) A higher magnification image showing the SQB structure. (E) The high 
magnification images of a single SQB and the precise dimensions. 
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Supplementary Figure 4. CpG spatial distribution on the flat face of the SQB. (A) These figures 
show the Cy5 dye, antigen (Ag) and CpG positions on DNA origami. CpG is conjugated on the end 
of the double helices on the flat face of the SQB and Cy5 and antigen are conjugated on the opposite 
site of CpG face which has extruding helices. The CpG strands was fabricated as an extension of the 
staple strands at desired positions. The 126 helices are labeled between 0 and 125. The sequences of 
the CpG staples and positions are found in Supplementary Table 3. DNA origami without CpG 
conjugation is denoted as CpG0. DNA origami labeled as CpG1, 2, 3, 4 has eighteen CpG strands 
with various spacing distance 2.5, 3.5, 5, 7 nm, respectively. CpG2-d1 and CpG2-d2 has wider spacing 
for CpG dimers (dimer CpG spaced at 3.5 nm). Finally, DNA origamis with different number of CpG 
strands (12, 18, 35, 63) are denoted as 12 CpGs, 18 CpGs (same as CpG2), 35 CpGs and 63 CpGs, 
respectively. 18 CpGs with random position of CpG strands is denoted as 18 CpGs with irregular 
spacing (CpGi). (B) A schematic figure from CaDNAno file showing CpG attachment from CpG2 
on the end of double helices of No. 32, 34 and 36. All the CpGs fabricated are single stranded, the 
CpGs are added during phosphoramidite synthesis of the staple strands by the vendor (IDT), or else 
added via splint-templated ligation. (C) Proposed model of  CpG and TLR9/TLR13 interaction that 
induces Th1 polarization when CpG is spaced at 3.5 nm. 
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Supplementary Figure 5. CpG ligation. Most experiments in this study relied on commercially 
produced CpG-containing strands. We also self-assembled the CpG strands by ligating the CpG with 
original staples, and purifying the ligated staples via denatured PAGE gel. This technique is a viable 
option to minimize the costs associated with CpG-SQB fabrication. (A) Ligation strategy for all CpG 
patterns except for CpG1. The CpG has a 5´ end extruding from the origami. (B) Ligation strategy 
for CpG1 (2.5nm) where some of the staples linked CpG on both 5´ and 3´ end. (C) PAGE gel 
demonstrating the ligation results. The top band is the ligated full-length product. The second faint 
band is the unreacted original staples without poly Ts. The third bright band is all the splint DNA 
after denaturation. The faint forth band is the excess of CpG strand. (D) PAGE gel corresponding to 
the alternative ligation strategy for CpG1 with a CpG linked to both the 5´ and 3´ staple ends. (E) 
The ligation method described in (B) cannot generate uniform orientation of CpG and obtain the 
dense CpG patterned associated with CpG1. To this end, we applied DBCO-azide click chemistry to 
ligate 3´ and 3´ ends of staples and CpG strands to ensure all CpG strands have the same orientation, 
with the 5´ ends extruding from the SQB. The associated staples were modified with DBCO on their 
3´ ends, and CpGs were modified with Azide on their 3´ ends. We also investigated a variant CpG2L 
(i.e. 3.5 nm spacing) with the 3´-3´ DBCO-azide linkage for all eighteen CpG extensions, and found 
the ability of these nanoparticles to induce Th1 polarization was diminished compared to the CpG2. 
Therefore we cannot conclude that the effects observed on dendritic cells between CpG1 and CpG2 
are due solely to differences in spacing. (F) Denaturing PAGE gel result showing the successful 
conjugated strands (upper band). (G) A schematic demonstrating the alternative fabrication strategy 
that results in uniform CpG orientation for CpG1. Green arrows indicate CpG strands, head is the 3´ 
end and tail is the 5´ end. After ligation strategy with click chemistry, CpG strands have uniform 
orientation. (H) TEM imaging of CpG1-SQB, demonstrating monodispersed SQBs. 
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Supplementary Figure 6. Ovalbumin (OVA) conjugation optimization. There are 4 cysteine 
residues on the whole protein ovalbumin which could be conjugated to DNA oligonucleotides via an 
SMCC linkage reaction. Our aim was to generate a majority of the OVA product with a single 
oligonucleotide attached (1 oligo-OVA) for SQB appending. (A) The 3D structure of OVA protein. 
Cysteine residues, which can be linked with SMCC and subsequently conjugated to a DNA 
oligonucleotide, are labeled. (B) Oligo-SMCC and OVA were reacted at various ratios. The SDS 
PAGE gel showed the unconjugated OVA protein (first lane) or OVA conjugated with 1~4 oligos. 
(C) SDS PAGE gel of the OVA-oligo reaction products. A 1:1 molar ratio of OVA to oligo-SMCC 
increased the yield of the singly appended 1 oligo-OVA protein compared to more conjugated forms 
of the OVA and unconjugated OVA. The 1 OVA-oligo product had a yield of around 25–28% and 
was the dominant SMCC reaction product under the optimized conditions. 
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Supplementary Figure 7. OVA conjugation, purification, and concentration verification. The 
OVA-oligo conjugate was mixed with purified CpG-SQB directly and incubated for 2 hours at 37°C. 
(A, B) Various concentrations of OVA-oligo were mixed with the SQB to determine the appropriate 
amount to ensure complete hybridization. The Alexa Fluor 488 (AF488) fluorescent intensity was 
quantified via ImageJ and the appropriate amount of OVA-oligo for optimal conjugation was 
determined to be three times in excess of SQB multiplied by five times due to the yield of 1 OVA-
oligo. (C) The AF488 intensity correlates with the number of conjugated OVA. We quantified the 
AF488 intensity to determine the average amount of OVA conjugated to the SQB. (D) We performed 
three different conjugation experiments of OVA to SQB and calculated independently the amount of 
OVA conjugated to the SQB. Due to the size constraints of the OVA protein, the average of these 
three trials showed that 6 OVA proteins can be appropriately conjugated to the SQB, while we were 
able increase this number to 12 OVA proteins in later experiment by improving the purity of the 
OVA-oligo. (E) All constructs showed AF488 signal after conjugation with OVA. CpG conjugated 
without OVA does not show strong AF488 signal (left panel). OVA conjugation correlates with 
increased AF488 signal (right panel). (d1 and d2 refer to CpG2-d1 and CpG2-d2, 35 and 63 refer to 
35 and 63 CpG strands were conjugated onto SQB at spacing of 3.5 nm) (F) TEM images of 
conjugated CpG2-OVA-SQBs as the complete DoriVac vaccine. The arrows delineate the OVA 
protein. (G-I) To assess the handle/anti-handle stability, we conducted a PBS incubation experiment 
on OVA-conjugated DoriVac. The DoriVac was initially coated with K10-PEG5k and subsequently 
diluted 50 times (volume dilution) in PBS buffer. We evaluated the OVA conjugation using agarose 

gel analysis. Over the course of incubating the DoriVac at 37 ℃, we observed a minor release of OVA 
from the origami structure. To quantify the amount of OVA protein dissociated from the origami, we 
utilized Image J to measure the fluorescent intensity of AF488 conjugated on OVA. (H) This intensity 
measurement of OVA in the agarose gel allowed us to compare it with the theoretical intensity of 24 
OVA molecules (n=1 gel image from G analyzed). (I) It is important to note that the K10-PEG5k 
coating neutralizes the charge of DNA origami, enabling them to remain in the well. As a result, the 
fluorescence detected in the well indicates the presence of OVA that remains conjugated to the DNA 
origami. (J–L) To further investigate, we conducted a comparison between the sample incubated in 
PBS for 4 days and that incubated in folding buffer. For a more precise analysis of OVA dissociation, 
we utilized a series of sample dilutions during gel examination. Our findings revealed that OVA 
dissociation occurs more rapidly in PBS than in the folding buffer through image J fluorescence 
intensity analysis (n=3 gel lanes analyzed from J, corresponding to three different concentrations of 
origami). These results underscore the importance of enhancing the preservation method for DNA 
origami after conjugation with cargos, especially for long-term storage, to ensure successful clinical 
translation. Data are presented as mean values +/- SEM. Two-tailed student’s t-test was applied for 
statistical analysis of  graph L. ‘*’ refers to P ≤ 0.05. 
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Supplementary Figure 8. Folding of CpG-SQB constructs with varied CpG spacing. TEM 
images of CpG1 to CpG4.  
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Supplementary Figure 9. Folding of CpG-SQB with higher concentration for in vivo 
application. We increased the scaffold concentration for CpG-SQB folding to as high as 100 nM 
scaffold concentration without jeopardizing structure integrity. For optimal folding, The scaffold was 
cultured with 5 times excess basic staple strands and 10-20 times excess of the functional staple strands 
for linking cargos. (A, B) TEM images of SQBs folded with 100 or 200 nM concentration of scaffold. 
(C) The agarose gel result of SQBs folded at different scaffold concentrations. 100 nM is the highest 
scaffold concentration that maintains structural integrity. At 200 nM scaffold concentration, the 
folding quality appears to be lower than for 100 nM. 
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Supplementary Figure 10. CpG loading efficiency. This experiment verified the experimental 
number of CpG strands loaded onto the SQB DNA origami. We attempted various amounts of excess 
CpG-containing staple strands and verified 20 times in excess of the theoretical limit of CpG-
containing staple strands could achieve ~90% loading efficiency. (A) The SQBs were digested by 
DNase I, which degrades the SQB, but not the associated CpG. CpG has a PS backbone that is not 
targeted by DNase. Various temperature ramps, annealing times and different amounts of excess 
CpG-containing staple strands were tested. After DNase I digestion, the solution was analyzed via 
denaturing PAGE gel at 250 V for 40 minutes. (B) Upper: agarose gel of various CpG-SQB constructs 
before DNase I digestion, denaturing PAGE gel of various CpG-SQB constrsucts after DNase I 
digestion. The four lanes correspond to four different constructs: CpG-SQB folded with various CpG 
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spacings (CpG2: 3.5 nm, 18 CpGs; CpG4: 7 nm, 18 CpGs; CpGi: irregular spacing, 18 CpGs) and 
various amounts of CpG per SQB (CpG5: 35 CpG, 3.5 nm). The agarose gel band corresponds to the 
dye on SQB (upper). The corresponding denaturing gel was stained with SYBR gold (lower). (C) The 
band intensity was calculated by ImageJ and compared to the band intensity corresponding to the 
theoretical amount of conjugated CpG. 100% loading efficiency indicates that all 18 possible CpG 
sites were conjugated. “150% loading efficiency” in this case indicates that 27 CpG were successfully 
conjugated for a CpG-SQB design that has 35 possible CpG conjugation sites (indicating 
approximately 80% actual loading efficiency), n=4 ImageJ samplings from the single gel image in B. 
(D–F) Denaturing PAGE gel results of CpG loading efficiency comparing more samples 
corresponding to the CpG designs shown in Supplementary Figure 4 and Supplementary Figure 20. 
(G, H) Denaturing PAGE gel and quantification results showing CpG abundancy of CpG4 and 
CpG2-d2 after being cultured in the complete culture medium with 10% FBS for 2 hours. The CpG 
conjugation efficiency remained at a similar level when compared to that measured before incubation 
with cell media (c.f. Supplementary Figure 10 B,F,G). “18 free CpG” sample means intact 18 free 
CpGs without culturing, indicating theoretical CpG amount. Data are presented as mean values +/- 
SEM in graphs C and H.  
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Supplementary Figure 11. Serial cell co-culture study design to verify Th1 immune 
polarization by SQB stimulation. The cell culture study took place in sequence. Dendritic cells 
(DCs) were isolated from mouse bone marrow to obtain immature DCs. BMDCs were stimulated by 
various DNA origami vaccine constructs. The DC supernatant was removed and the pulsed BMDCs 
were co-cultured with freshly isolated OT-I CD8 or OT-II CD4 T cells for 48 hours. SQB-stimulated 
DCs present the OVA antigen to T cells and provide co-stimulatory signals for T cell activation and 
proliferation. The DCs and T cells and associated supernatant were collected for flow cytometry and 
ELISA. Amplified and activated T cells were then co-cultured with B16-OVA tumor cells in a 1:10 (T 
cell: tumor cell) ratio. Tumor cells were labeled with calcein green fluorescent dye. Tumor killing 
effects were observed by fluorescence release or via live cell counting. 
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Supplementary Figure 12. CpG-SQB uptake in three cell types. Our group recently discovered 
that low-salt denaturation of DNA origami can be prevented, and nuclease digestion greatly slowed, 
by electrostatic coating of DNA nanostructures with PEGylated oligolysine (K10-PEG5k) 1. This 
finding extends of the utility of DNA origami in vivo. 293 T cells and HeLa cells grow robustly after 
adding K10-PEG5k coated DNA origami structures (CpG0-SQB). 293 T cells have more pseudopods 
for endocytosis compared to HeLa cells, leading to more efficient uptake.  (A) Uptake of CpG-SQB 
in HeLa cells. Images taken by fluorescent microscope (10×). (B) Uptake of CpG-SQB in 293T cells. 
Images taken by fluorescent microscope (20×). (C) Percentage of Cy5-expressing BMDCs analyzed 
by flow cytometry, after culture with various SQB concentrations for 24 hours. 1 nM of SQB DNA 
origami almost saturated the BMDCs, as demonstrated by the greater than 90% uptake efficiency. 
Consequently, 1 nM DNA origami were applied for all subsequent cell-culture experiments. 
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Supplementary Figure 13. BMDC maturation was stimulated by CpG-SQBs. CpG conjugated 
SQBs (without conjugated antigen) were applied to stimulate immature bone marrow derived dendritic 
cells (BMDCs). Various SQB constructs containing CpGs (based on the concentration of  1 nM SQB) 
or free CpG (18 nM) was treated. (A) Representative microscope images showing BMDCs after two-
day stimulation by various constructs and relevant controls. Magnification: 10×. (B, D) Free CpG 
induced severe cell apoptosis and cell death, as detected by Annexin V and PI staining (n=4 replicates 
of  a single prep of  BMDC cells randomly distributed into separate wells). (C, E) Higher concentration 
of  CpG-SQBs showed decreased cell apoptosis and cell death (n=6 replicates of  a single prep of  
BMDC cells randomly distributed into separate wells). (F) BMDC viability as detected by flow 
cytometry after 48 hours of  co-culture (n=4 replicates of  a single prep of  BMDC cells randomly 
distributed into separate wells). (G–J) Flow cytometry data showing frequencies of  CD40, CD86, 
MHC II and CD80, after 2-day stimulation by CpG-SQB constructs with various spacing. 3.5 nm and 
5 nm spacing of  CpG on SQB showed significantly increased DC maturation compared to an 
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equivalent amount of  free CpG (n=7 or 5 replicates of  a single prep of  BMDC cells randomly 
distributed into separate wells, as shown in the dots). (K–M) Amount of  IL-12 and IL-10 secretion in 
the BMDC culture supernatant after one day of  stimulation, as quantified by ELISA, (n=4 replicates 
of  a single prep of  BMDC cells randomly distributed into separate wells, and culture supernatant 
recovered independently from each well). The IL-12/IL-10 ratio, a critical marker of  Th1 polarization, 
revealed that 3.5 nm spacing (CpG2) was optimal. CpG0 refers to SQB without CpG and antigen in 
this Figure. Data are presented as mean values +/- SEM. One-way ANOVA was applied for statistical 
analysis of  the results in the graphs with Tukey’s post hoc multiple comparisons test. ‘*’ refers to P ≤ 
0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’ refers to P ≤ 0.0001. 
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Supplementary Figure 14. BMDCs activation by various DNA origami vaccine constructs and 
relevant controls. (A) Confocal images showing the colocalization of DoriVac in the endosome and 
ER. All the images share the same scale bar the bottom row, scale=10 µm. (B) Frequency of DEC205+ 
cells in BMDCs treated with DoriVac and various CpG-SQB controls. DEC205 was significantly 
increased when BMDCs were cultured with CpG-SQB with 3.5 nm CpG spacing (n=4 replicates of  
a single prep of  BMDC cells randomly distributed into separate wells). DoriVac co-delivering of 
antigen and adjuvant also increased DEC205 expression. (C) Representative SIINFEKL MHC I 
expressing cell population scatter plots (left panel) and corresponding frequencies in the total cell 
population (n=4 replicates of  a single prep of  BMDC cells randomly distributed into separate wells). 
(D) Frequencies of double-positive TLR9 and MyD88 expressing population, detected via antibody 
intracellular staining (n=5 replicates of  a single prep of  BMDC cells randomly distributed into 
separate wells). CpG2 induced more TLR9 activation and downstream MyD88 expression. (E, F) 
ELISA detection of  the Th1-polarizing IL-12 cytokine and the Th2-polarizing IL-10 cytokine after 1-
day stimulation with various DNA origami vaccine constructs (based on the concentration of 1nM 
SQB), free OVA (4 nM) or free CpG (18 nM) (n=8 replicates of  a single prep of  BMDC cells 
randomly distributed into separate wells, and culture supernatant recovered independently from each 
well). (G, H) ELISA detection of  the Th1-polarizing IL-12 cytokine and the Th2-polarizing IL-10 
cytokine after 2-day stimulation (n=7 replicates of  a single prep of  BMDC cells randomly distributed 
into separate wells, and culture supernatant recovered independently from each well). (I) IL-12 versus 
IL-10 ratio on day 2 (n=7 replicates of  a single prep of  BMDC cells randomly distributed into separate 
wells, and culture supernatant recovered independently from each well; data points where cytokine 
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levels were not detectable were omitted, thus some conditions display fewer than seven data points). 
(J, K) TNFα and IL-6 detection by ELISA within the BMDC supernatant. TNFα expression in all the 
SQB vaccine groups was significantly higher than the corresponding bolus vaccine (free CpG and free 
OVA) (n=5 replicates of  a single prep of  BMDC cells randomly distributed into separate wells, and 
culture supernatant recovered independently from each well). CpG2 stimulation demonstrated the 
most increased IL-6 expression compared to controls. (L) IL-4 detection by ELISA within the BMDC 
supernatant. CpG2 and CpG3 stimulation demonstrated the lowest IL-4 expression (n=5 replicates 
of  a single prep of  BMDC cells randomly distributed into separate wells, and culture supernatant 
recovered independently from each well). (M) Positive population (%) of BMDC maturation markers 
after 1-day stimulation by free CpG or CpG coated with K10-PEG5k. Sham (CpG0) refers to SQB 
conjugated with OVA antigen but without CpG in this Figure (n=3 replicates of  a single prep of  
BMDC cells randomly distributed into separate wells ). Data are presented as mean values +/- SEM. 
One-way ANOVA was applied for statistical analysis of  the results in the graphs with Tukey’s post 
hoc multiple comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; 
‘****’ refers to P ≤ 0.0001. 
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Supplementary Figure 15. Spacing effects on human DCs. (A) Representative images showing 
human plasmacytoid DCs (pDCs) being stimulated under different conditions. Obvious cell clots after 
stimulation were observed in CpG2 group. All the other spacing showed similar cell morphology 
compared to CpG2. (B, C) Flow results of  CD80 and PD-L1 expression on human pDCs. (D, E) 
Luminex results showing IL-6 and TNFα. We did not observe obvious differences in IL-12 and IL-
10 cytokine levels likely because the cell number is limited. (F) Representative images showing human 
monocyte derived DCs (moDCs) after various stimulationa conditions. (G) Flow results of  CD80, 
PD-L1 and TLR9 showed improved cell stimulation by CpG2. All the other spacing showed similar 
stimulation compared to CpG2. However, the cytokine results showed that CpG2 stimulated the 
strongest IL-6 (H) and IL-1b (I) secretion. Various DNA origami vaccine constructs (based on the 
concentration of  1 nM SQB), free OVA (10 nM) or free CpG (18 nM) was treated. All the graphs in 
this figure have a sample number of n=4 replicates of  a single prep of  human pDC or moDC cells 
randomly distributed into separate wells. Data are presented as mean values +/- SEM. One-way 
ANOVA was applied for statistical analysis of  the results in the graphs with Tukey’s post hoc multiple 
comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’  refers 
to P ≤ 0.0001. 
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Supplementary Figure 16. RAW264.7 cell activation and SQB versus liposome in RAW264.7. 
(A) Double-positive CD40+DEC205+ population detected in BMDCs by flow cytometry, n=3 
replicates of  a single culture of  RAW264.7 cells randomly distributed into separate wells. Comparing 
DoriVac with liposome carrying the equivalent amounts of  CpG and OVA, DoriVac showed enhanced 
CD11b expression (B), as well as PD-L1+CD103+ population (C).  (D) More SIINFEKL epitopes 
were presented through MHC I. Various DNA origami vaccine constructs (based on the concentration 
of  1 nM SQB), free OVA (10 nM) or free CpG (18 nM) was treated. Data are presented as mean 
values +/- SEM. One-way ANOVA was applied for statistical analysis of  the results in graph A with 
Tukey’s post hoc multiple comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01. 
  



. 

 

 

 

 

 
 

Supplementary Figure 17. RNA-sequencing analysis to characterize transcription changes 
induced by various origami vaccines. (A) Principal component analysis of the BMDC samples 
stimulated by various SQB constructs. (B) Gene Ontology (GO) enrichment of differentially 
expressed genes between the CpG2 stimulated group and the unstimulated negative control. (C) Heat 
map of the top 20 differentially upregulated genes in CpG2. (D-F) Analysis of related genes in 
different signaling pathways. (G) Western blot results showing the expression of both TLR9 and 
TLR13. We observe a greater quantity of TLRs were stimulated in CpG2, CpG3 and CpG4 groups 
(ff: free CpG + free OVA). Various DNA origami vaccine constructs (based on the concentration of  
1 nM SQB), free OVA (4 nM) or free CpG (18 nM) was treated. 
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Supplementary Figure 18. T cell activation by various DoriVac and corresponding controls. 
(A, B) Representative CD69 scatter plots of CD8 and corresponding frequencies of CD69-expressing 
cells, n=4 replicates of  a single prep of  OT I CD8 T cells randomly distributed into separate wells. 
(C, D) Representative CD69 scatter plots of CD4 T cells and corresponding frequencies of CD69-
expressing cells, n=3 replicates of  a single prep of  OT II CD4 T cells randomly distributed into 
separate wells. (E) ELISA detection of IL-2 in the supernatant of CD4 OT II cells co-cultured with 
pulsed BMDCs for 2 days. The IL-2 secretion showed negligible difference among different spacings. 
OVA conjugated CpG-SQBs (left panel) induced the highest IL-2 level, n=4 replicates of  a single 
prep of  OT II CD4 T cells randomly distributed into separate wells. (F) ELISA detection of TGFβ 
in the supernatant of CD4 OT II cells co-cultured with pulsed BMDCs for 2 days. All DoriVac 
demonstrated less TGFβ secretion compared to bolus vaccine and SQB without CpG (CpG0, OVA 
conjugated), n=4 replicates of  a single prep of  OT II CD4 T cells randomly distributed into separate 
wells. Various DNA origami vaccine constructs (based on the concentration of  1 nM SQB), free OVA 
(4 nM) or free CpG (18 nM) was treated. Data are presented as mean values +/- SEM. One-way 
ANOVA was applied for statistical analysis of  the results in the graphs with Tukey’s post hoc multiple 
comparisons test. ‘*’ refers to P ≤ 0.05; ‘****’ refers to P ≤ 0.0001. 
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Supplementary Figure 19. In vitro tumor killing by vaccine constructs with various CpG 
spacing. (A) The images of activated T cell - tumor cell co-culture after 2 days. T cells were activated 
by co-culturing with BMDCs stimulated by DoriVac, control vaccine or unstimulated (as shown in 
labeling). T cells are imaged as small green dots. The B16-OVA tumor cells were stained with calcein 
green. Cell spreading is characteristic of healthy tumor cells. Tumor cell aggregations are characteristic 
of cell killing by CD8 T cells. Scale=75 µm. (B) The images represent a different iteration of the 
experiment. Tumor killing was observed on day 2. Stimulation by DoriVac with various spacings of 
CpG was compared. Scale=100 µm. (C) Calcein green intensity in the supernatant of various groups. 
Increased calcein is associated with greater T cell activity and increased tumor cell killing, as tumor 
cell killing leads to increased calcein green release. Various DNA origami vaccine constructs (based 
on the concentration of  1 nM SQB), free OVA (4 nM) or free CpG (18 nM) was treated, n=5 replicates 
of  a single culture of  B16-OVA tumor cells randomly distributed into separate wells. Data are 
presented as mean values +/- SEM. One-way ANOVA was applied for statistical analysis of  the results 
in the graphs with Tukey’s post hoc multiple comparisons test. ‘****’ refers to P ≤ 0.0001. 
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Supplementary Figure 20. DC and T cell activation and in vitro tumor killing by various CpG 
dimer patterns and densities. DNA origami SQBs are a great tool to study the dimer-trigger unit 
where two CpG molecules are closely associated in a dimer. Different spacing strategies (as shown in 
Supplementary Figure 4) are easily applied on the SQB platform with controlled CpG orientation to 
investigate higher-order multimerization. The OT I CD8 T cells were primed by BMDCs treated with 
various CpG-SQB constructs. (A, B) ELISA detection of IL-12 and IL-10 secreted from BMDCs 
after 1-day stimulation. IL-12 and IL-10 secretion both increased when CpG dimer spacing increased. 
(C) The IL-12/IL-10 ratio calculated from measurements in A and B. The IL-12/IL-10 ratio was 
constant as CpG dimer spacing increased, in contrast to the effect observed as CpG monomer spacing 
increased (decreased IL-12/IL-10 ratio as shown in Fig. 2G) (D, E) IFNγ quantification by ELISA 
from CD4 OT-II and CD8 OT-I T cells after 2-day coculture. (F, G) ELISA detection of IL-12 and 
IL-10 secreted from BMDCs after 1-day stimulation by different number of  CpGs on DoriVac. IL-
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12 and IL-10 secretion both increased in the context of additional CpGs. However, IL-10 secretion 
was greatly induced with 35 and 63 CpGs. (H) The IL-12/IL-10 ratio from measurements in F and 
G. The IL-12/IL-10 ratio decreased as the number of  CpGs increased. When the number of  CpG 
was increased from 12 to 18, the IL-12/IL-10 ratio remained constant. Irregular spacing also increased 
IL-10 secretion and decreased the IL-12/IL-10 ratio compared to CpG2. (I, J) Quantification of  IFNγ 
from the supernatant of co-cultured OT-II CD4+ or OT-I CD8+ T cells with pulsed BMDCs for 2 
days by ELISA. 12 CpGs and 18 CpGs showed no IFNγ secretion difference from CD4 OT-II T 
cells, but 18 CpGs induced more IFNγ secretion from CD8 OT-I T cells. 35, 63 and irregularly spaced 
CpGs showed less IFNγ expression in both CD4 OT-II and CD8 OT-I T cells, suggesting that 18 
CpGs maximizes IFNγ secretion. (K) Representative flow plot of CD69 expression (a CD8 T cell 
activation marker) in different treatment groups. 12 CpGs and other 3 dimer patterns were also 
examined. (L) Representative flow plot of effector memory cells as indicated by the frequency of the 
effector memory CD8+CD44+CD127+CD62L- population. CD8 T cell activation decreased as the 
dimer spacing increased, suggesting that 3.5 nm spacing of the CpG dimer is optimal. (M) Increased 
spacing of  the CpG dimers decreased the amount of  observed tumor-cell killing (aggregated cells) 
associated with activated CD8 T cells. Scale=100 µm. (N) 18 CpGs per SQB demonstrated the most 
tumor-cell killing activity compared to the relevant controls. Increased CpG density (35 or 63 CpGs 
per SQB) resulted in decreased tumor killing after sequential co-culture. Decreased CpG density (12 
or less CpGs per SQB) also resulted in decreased tumor killing with sequential co-culture, suggesting 
that 18 CpGs per SQB is optimal for tumor-cell killing activity and aligning with previous results. 
Various DNA origami vaccine constructs (based on the concentration of  1 nM SQB), free OVA (6 
nM) or free CpG (18 nM) was treated. Scale=100 µm. All the graphs in this figure have a sample 
number of n=4 replicates from a single prep of  BMDCs randomly distributed into separate wells, and 
culture supernatant independently collected from each well. Data are presented as mean values +/- 
SEM. One-way ANOVA was applied for statistical analysis of  the results in graphs A to J with Tukey’s 
post hoc multiple comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 
0.001; ‘****’ refers to P ≤ 0.0001. 
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Supplementary Figure 21. DoriVac distribution. The vaccine was administrated at 0 hour with a 
concentration of 600 nM in 100 ul on the left shoulder of the C57BL6 mice. The AF488 and Cy5 
fluorescent signal was recorded by IVIS at 2, 4, 24 and 48 hours. AF488 was labeled on OVA protein 
conjugated on the SQB. Cy5 was conjugated directly on the SQB. (A) Representative image showing 
the various organs’ Cy5 signal at different time point. All the results were standardized to avoid 
individual bias. The schematic of ROI gating was also showed. The vaccine dominantly accumulated 
in draining lymph nodes (blue circle). (B) Representative image showing the LN AF488 signal gating. 
(C) Representative image showing the liver AF488 signal gating. 
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Supplementary Figure 22. Vaccination in naïve healthy mice. The mice were vaccinated by 
various versions of the DoriVac and bolus vaccine. The lymph nodes (LNs) were processed into single 
cell suspension for flow cytometry analysis on day 1 or day 8 after vaccination. Blood cells were also 
collected on day 8 for CD8 tetramer cell analysis. (A) Cell gating strategy for lymphocytes. The subset 
of CD3+ or CD11c+ cells was gated from all live cells. Based on CD3 gating, the subpopulations of 
CD4 and CD8 T cells were gated. (B, C) Frequencies of CD11c+ DCs and CD4+CD25+FoxP3+ Treg 
population. (D, E) Representative scatter plots of the CD40 and MHC II double positive population 
and SINFEKL MHC I population of DCs from three different treatment groups. (F, G) Frequencies 
of CD69 positive cells in CD8 and CD4 T cells in the draining LN 1 day after vaccination. (H) 
Representative scatter plots of CD8 tetramer cells found in the LN 8 days after vaccination. Note that 
DC and T cell activation markers showed no difference compared to untreated control on day 8 after 
vaccination, suggesting that vaccination boosts are necessary for durable immune responses. (I) 
Frequency of CD8 tetramer population in the blood cells, collected 8 days after vaccination. For all 
the graphs in this figure, n=4 lymph node samples from independent mice. Data are presented as 
mean values +/- SEM. One-way ANOVA was applied for statistical analysis of  the flow results with 
Tukey’s post hoc multiple comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01. ‘***’ refers 
to P ≤ 0.001. 
 



. 

 

 

 

 
 

Supplementary Figure 23. Therapeutic vaccination effects of DoriVac in the B16-OVA 
melanoma tumor model. (A,B) Different vaccine concentrations were tested for a total of three 
doses in B16-OVA model. 40 and 80 bolus vaccine (Free CpG + Free OVA) corresponding the same 
amount of antigen and adjuvant in 40 pmoles and 80 pmoles DoriVac. The tumor growth and mice 
survival results disclose that 10 and 20 pmoles DoriVac induced the most beneficial immune response 
(n=4 mice in control and bolus vaccine 40 pmoles groups, n=5 mice in all the other groups). 
Increasingly, the increased DoriVac amount does not lead to further benefits. The bolus vaccines did 
not show any benefits in this study. (C) Full panel images showing tumor growth in various groups 
15 days after tumor inoculation. (D) Tumor growth curves were plotted for each individual mouse in 
each group. Data are presented as mean values +/- SEM in Graph A. Two-way ANOVA was applied 
for statistical analysis of  graph A with Tukey’s post hoc multiple comparisons test. Survival curves 
were analyzed by Kaplan-Meier method and log-rank test for graph B. ‘*’ refers to P ≤ 0.05; ‘**’ refers 
to P ≤ 0.01. 
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Supplementary Figure 24. Additional lymphocyte analysis from treated tumor-bearing mice. 
(A)  For immune profiling experiments, mice were treated with vaccines on day 3, 7 and 11, and then 
sacrificed on day 15. This is a slightly different vaccination strategy than was used for the treatment 
experiments to ensure that all mice were alive at the time of sacrifice. (B) Cell gating strategy for 
lymphocyte DC panel. (C) Cell gating strategy for lymphocyte T cell panels. Live cells were gated for 
CD3+ cells. CD4 and CD8 T cells were gated based on the CD3 gating, and then subsequently gated 
for T cell subpopulations. (D, E) Representative images from flow scatter plots and corresponding 
frequencies of CD11c positive population. (F) Representative scatter plots of SINFEKL MHC I 
population. (G, H) Representative scatter plots and corresponding frequencies of CD40 and MHC II 
double positive population. CpG2 showed the most significant DC maturation, as demonstrated by 
the frequency of CD40+MHC II+. (I) DEC205+ subset was gated out of CD40+ MHC II+ cells. 
Codelivery of antigen with CpG adjuvant through SQB could greatly increase antigen uptake indicated 
by enhanced DEC205 expression compared to OVA delivered freely. (J) Representative scatter plots 
(left) and percentage quantifications (right) of myeloid-derived suppressor CD11b+Gr-1+ cells (red) 
and CD11b+Gr-1- monocytes (blue) in the LN. For all the graphs in this figure, n=5 lymph node 
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samples from independent tumor-model mice. Data are presented as mean values +/- SEM. One-way 
ANOVA was applied for statistical analysis of  the flow results with Tukey’s post hoc multiple 
comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01. 
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Supplementary Figure 25. Additional lymphocyte T cell analysis from treated tumor-bearing 
mice. (A) Representative CD69+ scatter plots of CD8+ cells (left) and percentages of CD69+ cells in 
CD8+ and CD4+ T cells (right). (B) Representative CD44+ plots of CD8+ cells (left) and percentages 
of CD44+ cells in CD8+ and CD4+ T cells (right). (C) Representative SIINFEKL tetramer plots on 
CD8+ cells (left) and percentages of tetramer cells in CD8+ T cells (right). (D) Representative IFNγ+ 
scatter plots of CD8+ or CD4+ T cells (left) and percentages of IFNγ+ cells in CD8+ or CD4+ T cells 
(right). IFNγ-expressing CD4 Th1 cells and CD8 cell were both significantly increased in all the 
origami vaccine groups co-delivering OVA and CpG. For all the graphs in this figure, n=5 lymph 
node samples from independent tumor-model mice. Data are presented as mean values +/- SEM. 
One-way ANOVA was applied for statistical analysis of  the flow results with Tukey’s post hoc multiple 
comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’ refers 
to P ≤ 0.0001. 
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Supplementary Figure 26. Extensive tumor infiltrating lymphocytes (TILs) analysis from 
treated tumor-bearing mice. (A) The tumor tissue was collected on day 15 and processed into single 
cell suspension for flow cytometry. Cell gating strategy were shown. CD3+ cells were gated out of live 
cells directly. Based on CD3 gating, CD4 and CD8 T cells were gated for T cell subpopulations. (B) 
In some cases, CD3+CD4+ or CD3+CD8+ cells were gated separately. (C, D) Number or frequency 
of infiltrated CD4 and CD8 T cell populations. (E) CpG2 and CpG4 groups showed increased 
frequency of the CD8+CD44+ memory cell population. (F) Gating for T memory cell sub-populations 
by CD62L and CD127. (G) CpG2 showed significantly increased T effector memory 
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CD4+CD127+CD62L- T cell and effector CD4+CD127-CD62L- T cell population  compared to 
relevant controls. (H) CpG2 showed significantly increased CD8+CD127-CD62L- effector and 
effector memory CD8+CD127+CD62L- T cell population compared to relevant controls. (I) 
Representative scatter plots of CD4+ TNFα+ population. (J) The CD4+ TNFα+ population was 
significantly downregulated in CpG2 group. (K) The CD8+ TNFα+ subpopulation frequency did not 
show an obvious difference among various groups. (L) Representative scatter plots of the CD4+ Treg 
subpopulation in the tumor environment of treated mice. (M) Quantification of Gr-1+CD11b+ 
myeloid-derived suppressor cells in tumor tissue. For all the graphs in this figure, n=5 tumor samples 
from independent mice. Data are presented as mean values +/- SEM. One-way ANOVA was applied 
for statistical analysis of  the flow results with Tukey’s post hoc multiple comparisons test. ‘*’ refers to 
P ≤ 0.05; ‘**’ refers to P ≤ 0.01. 
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Supplementary Figure 27. 35 CpGs at 3.5 nm spacing showed reduced therapeutic effects 
compared to 18 CpGs at the same spacing when administered on the DNA origami SQB 
platform. (A) Tumor growth was not significantly different between 18 CpGs and 35 CpGs treated 
groups (n=5 mice). (B) Tumor growth curves of all 5 mice treated with the 35 CpGs per SQB vaccine 
showed similar profiles (Tumor growth curve of mice treated with 18 CpGs per SQB vaccine is shown 
in Supplementary Figure 23E: CpG2). (C) Survival curves of the DoriVac treated groups with 35 
CpGs compared to 18 CpGs. The DoriVac with 35 CpGs per SQB group had median survival of 22 
days versus 26 days in 18 CpGs group. (D) Immune cell profiling showed significant differences 
between the different treatment groups, n=5 samples from independent mice either from LN or TILs 
(tumor infiltrated lymphocytes). The differences were mainly associated with cross-presentation and 
CD8 T cell response. 35 CpGs induced less CD8 activation but increased the CD4+ IL-2+ population. 
Data are presented as mean values +/- SEM. Two-way ANOVA was applied for statistical analysis of  
graph A with Tukey’s post hoc multiple comparisons test. Two-tailed student t-test was applied for 
statistical analysis of  graph D. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; 
‘****’ refers to P ≤ 0.0001. 
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Supplementary Figure 28. Fabrication of neoantigen vaccines. (A) Denaturing page gel showing 
conjugated neoantigen peptides or tumor associated peptide (gp100) with single stranded oligo DNA 
using DBCO-Azide click chemistry. These products were purified through band cutting and ethanol 
precipitation. (B) Agarose gel result showing conjugation of neoantigens with CpG2-SQB. 
Conjugation with M33 and M30 did not lead to aggregation while, conjugation with M27 and M47 
did. (C) A protocol showing how different proportions of the peptides were tested, while maintaining 
a constant total number of MHC I and MHC II peptides identical. (D) Agarose gel result showing the 
testing of different proportions of peptides. (E) A protocol demonstrating how we fabricated the 
vaccine eventually for the animal study. (F) Agarose gel result showing purified neoantigen DoriVac 
compared to the CpG2-SQB. 
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Supplementary Figure 29. Neoantigen modified DoriVac treatment in B16F10 melanoma 
model.(A) Tumor images were taken on day 12 post tumor inoculation. (B-D) Representative scatter 
plots and percentages of NK cells in the draining LN. NK1.1 and CD3 were plotted together to 
evaluate the NK1.1+CD3- and NK1.1lowCD3+ populations. (E) Percentages of IFNγ expression NK 
cells in the NK1.1lowCD3+ population. For C-E, n=8 lymph node samples from independent mice. 
Data are presented as mean values +/- SEM. One-way ANOVA was applied for statistical analysis of  
graph C-E with Tukey’s post hoc multiple comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 
0.01; ‘***’ refers to P ≤ 0.001; ‘****’ refers to P ≤ 0.0001. 
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Supplementary Figure 30. Immunogenicity of DNA origami. (A) The anti-dsDNA IgG antibody 
titer was measured by ELISA after administering 3 doses of 20 pmol DoriVac in the B16OVA tumor 
model. Note that the group of CpG2-SQB + SQB-OVA was treated with 40 pmole of SQB 
nanoparticles to include same amount of OVA and CpG with DoriVac. However, this group didn’t 
show increased anti-dsDNA IgG, indicating that the anti-dsDNA IgG might not be correlated with 
DNA origami nanoparticle used for treatment (n=5 plasma samples from independent mice). By 
analyzing anti-tumor effect occurred by DoriVac, the increase in anti-dsDNA IgG may be attributed 
to their anti-tumor effects. (B) The anti-dsDNA IgA/G/M antibody titer in the blood was measured 
after administering 3 doses of 20 pmol DoriVac in the B16F10 tumor model. The titer showed a four-
fold increase compared to the control and bolus vaccine groups (n=8 plasma samples from 
independent mice). (C) The anti-PEG IgG antibody titer was measured by ELISA after administering 
3 doses of 20 pmol DoriVac in the B16OVA tumor model. No significant elevation of anti-PEG IgG 
was observed in mouse serum (n=10 plasma samples from independent mice). Data are presented as 
mean values +/- SEM. One-way ANOVA was applied for statistical analysis with Tukey’s post hoc 
multiple comparisons test. ‘****’ refers to P ≤ 0.0001. 
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Supplementary Figure 31. DoriVac treatment combined with αPD-L1 or αPD-1 for melanoma. 
(A) Tumor images were taken on day 12 post tumor inoculation. (B) Tumor growth curve. DoriVac 
combination with αPD-1 did not exhibit synergy effects. αPD-1 was applied at the same time points 
and doses as αPD-L1 (n=5 mice).(C) Percent survival of B16-OVA tumor-bearing mice in various 
treatment groups. The median survival of untreated control, DoriVac treated, αPD-1treated and 
combination treated groups are 21, 25, 32, and 33 days, respectively. One mouse from the αPD-1 
monotherapy group and one mouse from the combination group showed durable tumor regression 
and survived. n=5 mice. (D) The survival curve of mice from DoriVac and αPD-L1 combination 
group compared to controls. The survived mice were rechallenged with 2×105 B16-OVA tumor cells 
after 4 months. All the survived mice from the treatment groups (αPD-1(n=1), DoriVac + αPD-
1(n=1) and DoriVac + αPD-L1 (n=4)) showed complete tumor remission after rechallenging. (E) 
One year after tumor rechallenging, before we sacrificed the mice, we took blood samples and 
performed an IFNγ ELISpot experiment on the survived mice PBMCs, stimulating with SIINFEKL 
peptides to look at the quantity of antigen-specific T cell responses. All the DoriVac applied groups 
showed obvious CD8 T cell responses as evidenced by the IFNγ spots. Two mice from DoriVac + 
αPD-L1 group were sacrificed in advance for student practice purposes and were not able to be tested 
for ELISpot. Data are presented as mean values +/- SEM in graph B. One-way ANOVA was applied 
for statistical analysis with Tukey’s post hoc multiple comparisons test. ‘****’ refers to P ≤ 0.0001 
compared all other groups with the untreated control. Survival curves were analyzed by Kaplan-Meier 
method and log-rank test for graphs C and D. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01. In graph 
C, ‘**’ refers to P ≤ 0.01 comparing the two groups. 
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Supplementary Figure 32. DoriVac treatment in EG7-OVA lymphoma model.(A) Schematic 
delineating mouse EG7-OVA lymphoma model setup and therapeutic vaccination treatment plan in 
C57BL/6 mice. (B, C) Statistical summary of the splenocyte ELISpot results of Fig. 6G, H (n=5-8 
splenocytes from independent mice, based on how many mice survived in different group). (D) 
ELISpot results showing the memory CD8 T cells in PBMCs 6 months after the tumor rechallenge in 
EG7-OVA model, comparing the bolus vaccine and DoriVac group. Data are presented as mean 
values +/- SEM in graph B and C. One-way ANOVA was applied for statistical analysis with Tukey’s 
post hoc multiple comparisons test. ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 
0.001; ‘****’ refers to P ≤ 0.0001. 
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Supplementary Figure 33. Summary of Th1 versus Th2 immune polarization. (A) 
Conventionally, type I (Th1) and type II (Th2) refer to two categories of CD4 positive T helper cells. 
However, in the context of the tumor immune microenvironment, Th1 and Th2 refer to two types of 
immune polarization characterized by specific infiltrating cells and cytokines. Th1 polarized immune 
responses are associated with increased DC maturation, Th1 polarization of CD4 cells, CD8-mediated 
killing of tumor cells and increased cancer regression. IL-12, IL-6, IFNγ and IL-2 are identified as 
critical Th1-polarizing cytokines. In the context of Th2 immune polarization, the tumor can escape 
immune surveillance. The Th2-polarized microenvironment is characterized by Th2-polarized CD4 
cells, T regulatory cells, myeloid suppressor cells and cytokines IL-10, TGFβ and IL-4, which serve to 
dampen the anti-tumor response. One factor that may affect Th1 or Th2 immune polarization is the 
choice of immune adjuvant, such as CpG and dsRNA. In this experiment, SQBs co-delivering antigen 
and adjuvant CpG at optimal spacing induces improved Th1-polarized immune response which is 
beneficial for anti-tumor immunity.   



. 

 

 

 

 
 
Supplementary Figure 34. Full scan for Supplementary Figure 17G, starting from the second lane 
to the ninth lane.  
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DNA scaffold for SQB| p8634 sequence 
AATGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCTCGCGCCCCAAATGAAAATATAGCTAAACAGGTTATT
GACCATTTGCGAAATGTATCTAATGGTCAAACTAAATCTACTCGTTCGCAGAATTGGGAATCAACTGTTATATGGAA
TGAAACTTCCAGACACCGTACTTTAGTTGCATATTTAAAACATGTTGAGCTACAGCATTATATTCAGCAATTAAGCTC
TAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGAGCAATTAAAGGTACTCTCTAATCCTGACCTGTTGGAGTTTG
CTTCCGGTCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTG
ATGCAATCCGCTTTGCTTCTGACTATAATAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTCGTTTTCTG
AACTGTTTAAAGCATTTGAGGGGGATTCAATGAATATTTATGACGATTCCGCAGTATTGGACGCTATCCAGTCTAAA
CATTTTACTATTACCCCCTCTGGCAAAACTTCTTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGTAA
ACGAGGGTTATGATAGTGTTGCTCTTACTATGCCTCGTAATTCCTTTTGGCGTTATGTATCTGCATTAGTTGAATGT
GGTATTCCTAAATCTCAACTGATGAATCTTTCTACCTGTAATAATGTTGTTCCGTTAGTTCGTTTTATTAACGTAGATT
TTTCTTCCCAACGTCCTGACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCACAATGATTAAAGTTGA
AATTAAACCATCTCAAGCCCAATTTACTACTCGTTCTGGTGTTTCTCGTCAGGGCAAGCCTTATTCACTGAATGAGCA
GCTTTGTTACGTTGATTTGGGTAATGAATATCCGGTTCTTGTCAAGATTACTCTTGATGAAGGTCAGCCAGCCTATG
CGCCTGGTCTGTACACCGTTCATCTGTCCTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGTCTGCGCC
TCGTTCCGGCTAAGTAACATGGAGCAGGTCGCGGATTTCGACACAATTTATCAGGCGATGATACAAATCTCCGTTGT
ACTTTGTTTCGCGCTTGGTATAATCGCTGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTTCGTTTTA
GGTTGGTGCCTTCGTAGTGGCATTACGTATTTTACCCGTTTAATGGAAACTTCCTCATGAAAAAGTCTTTAGTCCTCA
AAGCCTCTGTAGCCGTTGCTACCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCC
TTTAACTCCCTGCAAGCCTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCATTGTCGGCGCAAC
TATCGGTATCAAGCTGTTTAAGAAATTCACCTCGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTTGGA
GCCTTTTTTTTGGAGATTTTCAACGTGAAAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTTTCTATTCTCACTCCG
CTGAAACTGTTGAAAGTTGTTTAGCAAAATCCCATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAAACT
TTAGATCGTTACGCTAACTATGAGGGCTGTCTGTGGAATGCTACAGGCGTTGTAGTTTGTACTGGTGACGAAACTC
AGTGTTACGGTACATGGGTTCCTATTGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTT
CTGAGGGTGGCGGTTCTGAGGGTGGCGGTACTAAACCTCCTGAGTACGGTGATACACCTATTCCGGGCTATACTTA
TATCAACCCTCTCGACGGCACTTATCCGCCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTC
TCAGCCTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGGGGCATTAACTGTTTATACGGGCA
CTGTTACTCAAGGCACTGACCCCGTTAAAACTTATTACCAGTACACTCCTGTATCATCAAAAGCCATGTATGACGCTT
ACTGGAACGGTAAATTCAGAGACTGCGCTTTCCATTCTGGCTTTAATGAGGATTTATTTGTTTGTGAATATCAAGGC
CAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGG
GTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCCGGTGGTGGCTCTGGTTCC
GGTGATTTTGATTATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTAC
AGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTT
TCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGG
TGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTC
TTTGGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTT
TTATATGTTGCCACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAATCATGCCAG
TTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGCTATCTGCTTACTTTTCT
TAAAAAGGGCTTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCTTAACTCAATTCTTGT
GGGTTATCTCTCTGATATTAGCGCTCAATTACCCTCTGACTTTGTTCAGGGTGTTCAGTTAATTCTCCCGTCTAATGC
GCTTCCCTGTTTTTATGTTATTCTCTCTGTAAAGGCTGCTATTTTCATTTTTGACGTTAAACAAAAAATCGTTTCTTAT
TTGGATTGGGATAAATAATATGGCTGTTTATTTTGTAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTT
GGTAAGATTCAGGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATCTTGATTTAAGGCTTCAAAACCTCCCGCA
AGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAATACCGGATAAGCCTTCTATATCTGATTTGCTTGCTATTG
GGCGCGGTAATGATTCCTACGATGAAAATAAAAACGGCTTGCTTGTTCTCGATGAGTGCGGTACTTGGTTTAATACC
CGTTCTTGGAATGATAAGGAAAGACAGCCGATTATTGATTGGTTTCTACATGCTCGTAAATTAGGATGGGATATTAT
TTTTCTTGTTCAGGACTTATCTATTGTTGATAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTTTATTGTCGTCG
TCTGGACAGAATTACTTTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTA
CATGTTGGCGTTGTTAAATATGGCGATTCTCAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACTGGTAAGAATTT
GTATAACGCATATGATACTAAACAGGCTTTTTCTAGTAATTATGATTCCGGTGTTTATTCTTATTTAACGCCTTATTTA
TCACACGGTCGGTATTTCAAACCATTAAATTTAGGTCAGAAGATGAAATTAACTAAAATATATTTGAAAAAGTTTTCT
CGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTATATAACCCAACCTAAGCCGGAGGTTAAA
AAGGTAGTCTCTCAGACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTATCGCTAT
GTTTTCAAGGATTCTAAGGGAAAATTAATTAATAGCGACGATTTACAGAAGCAAGGTTATTCACTCACATATATTGA
TTTATGTACTGTTTCCATTAAAAAAGGTAATTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTTCTTGATGTTTGT
TTCATCATCTTCTTTTGCTCAGGTAATTGAAATGAATAATTCGCCTCTGCGCGATTTTGTAACTTGGTATTCAAAGCA
ATCAGGCGAATCCGTTATTGTTTCTCCCGATGTAAAAGGTACTGTTACTGTATATTCATCTGACGTTAAACCTGAAAA
TCTACGCAATTTCTTTATTTCTGTTTTACGTGCAAATAATTTTGATATGGTAGGTTCTAACCCTTCCATTATTCAGAAG
TATAATCCAAACAATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGATAATTCCGCTCCT
TCTGGTGGTTTCTTTGTTCCGCAAAATGATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTA
ATACGAGTTGTCGAATTGTTTGTAAAGTCTAATACTTCTAAATCCTCAAATGTATTATCTATTGACGGCTCTAATCTA
TTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATTCCTTTCAACTGTTGATTTGCCAACTGACCAGA
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TATTGATTGAGGGTTTGATATTTGAGGTTCAGCAAGGTGATGCTTTAGATTTTTCATTTGCTGCTGGCTCTCAGCGT
GGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTATTTT
TAATGGCGATGTTTTAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACGTA
TTCTTACGCTTTCAGGTCAGAAGGGTTCTATCTCTGTTGGCCAGAATGTCCCTTTTATTACTGGTCGTGTGACTGGT
GAATCTGCCAATGTAAATAATCCATTTCAGACGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCTGTT
GCAATGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAGGCCGATAGTTTGAGTTCTTCTACTCAGGCAAGTG
ATGTTATTACTAATCAAAGAAGTATTGCTACAACGGTTAATTTGCGTGATGGACAGACTCTTTTACTCGGTGGCCTC
ACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGC
TCCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCG
CATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTT
CGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTT
CCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCT
GATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACA
CTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAACCACCATCAAACAGGATTTTC
GCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGT
TGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGAT
TCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAG
CTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACA
ATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCATTCTCCTGTGACTCG
GAAGTGCATTTATCATCTCCATAAAACAAAACCCGCCGTAGCGAGTTCAGATAAAATAAATCCCCGCGAGTGCGAGG
ATTGTTATGTAATATTGGGTTTAATCATCTATATGTTTTGTACAGAGAGGGCAAGTATCGTTTCCACCGTACTCGTG
ATAATAATTTTGCACGGTATCAGTCATTTCTCGCACATTGCAGAATGGGGATTTGTCTTCATTAGACTTATAAACCTT
CATGGAATATTTGTATGCCGACTCTATATCTATACCTTCATCTACATAAACACCTTCGTGATGTCTGCATGGAGACAA
GACACCGGATCTGCACAACATTGATAACGCCCAATCTTTTTGCTCAGACTCTAACTCATTGATACTCATTTATAAACTC
CTTGCAATGTATGTCGTTTCAGCTAAACGGTATCAGCAATGTTTATGTAAAGAAACAGTAAGATAATACTCAACCCG
ATGTTTGAGTACGGTCATCATCTGACACTACAGACTCTGGCATCGCTGTGAAGACGACGCGAAATTCAGCATTTTCA
CAAGCGTTATCTTTTACAAAACCGATCTCACTCTCCTTTGATGCGAATGCCAGCGTCAGACATCATATGCAGATACTC
ACCTGCATCCTGAACCCATTGACCTCCAACCCCGTAATAGCGATGCGTAATGATGTCGATAGTTACTAACGGGTCTT
GTTCGATTAACTGCCGCAGAAACTCTTCCAGGTCACCAGTGCAGTGCTTGATAACAGGAGTCTTCCCAGGATGGCG
AACAACAAGAAACTGGTTTCCGTCTTCACGGACTTCGTTGCTTTCCAGTTTAGCAATACGCTTACTCCCATCCGAGAT
AACACCTTCGTAATACTCACGCTGCTCGTTGAGTTTTGATTTTGCTGTTTCAAGCTCAACACGCAGTTTCCCTACTGT
TAGCGCAATATCCTCGTTCTCCTGGTCGCGGCGTTTGATGTATTGCTGGTTTCTTTCCCGTTCATCCAGCAGTTCCAG
CACAATCGATGGTGTTACCAATTCATGGAAAAGGTCTGCGTCAAATCCCCAGTCGTCATGCATTGCCTGCTCTGCCG
CTTCACGCAGTGCCTGAGAGTTAATTTCGCTCACTTCGAACCTCTCTGTTTACTGATAAGTTCCAGATCCTCCTGGCA
ACTTGCACAAGTCCGACAACCCTGAACGACCAGGCGTCTTCGTTCATCTATCGGATCGCCACACTCACAACAATGAG
TGGCAGATATAGCCTGGTGGTTCAGGCGGCGCATTTTTATTGCTGTGTTGCGCTGTAATTCTTCTATTTCTGATGCT
GAATCAATGATGTCTGCCATCTTTCATTAATCCCTGAACTGTTGGTTAATACGCATGAGGGTGAATGCGAATAATAA
AGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGC
ACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGA
ATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTG
AGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCATCTACACCAACGTGACCTAT
CCCATTACGGTCAATCCGCCGTTTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGA
AAGCTGGCTACAGGAAGGCCAGACGCGAATTATTTTTGATGGCGTTCCTATTGGTTAAAAAATGAGCTGATTTAAC
AAAAATTTAATGCGAATTTTAACAAAATATTAACGTTTACAATTTAAATATTTGCTTATACAATCTTCCTGTTTTTGGG
GCTTTTCTGATTATCAACCGGGGTACATATGATTGACATGCTAGTTTTACGATTACCGTTCATCGATTCTCTTGTTTG
CTCCAGACTCTCAGGCAATGACCTGATAGCCTTTGTAGATCTCTCAAAAATAGCTACCCTCTCCGGCATTAATTTATC
AGCTAGAACGGTTGAATATCATATTGATGGTGATTTGACTGTCTCCGGCCTTTCTCACCCTTTTGAATCTTTACCTAC
ACATTACTCAGGCATTGCATTTAAAATATATGAGGGTTCTAAAAATTTTTATCCTTGCGTTGAAATAAAGGCTTCTCC
CGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAACCGATTTAGCTTTATGCTCTGAGGCTTTATTGCTTAATTT
TGCTAATTCTTTGCCTTGCCTGTATGATTTATTGGATGTT 
 

Supplementary Table 1. Sequence of P8634.  
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Basic staple strands Length and positions 

GGACTCCACAGAGGTGGTCAGATGATGACCGTACTCAAAC 40mer, [0, 63] start, [26, 40] end 
TTTTTTTTTTGGGCGATGGCCCCATAAACATTGCTTTTTTTTTT 44mer, [1, 17] start, [24, 17] end 
AGGTGCCGTAAAGCACCGAAATCGTTGCAAGGAGCAGAAG 40mer, [3, 48] start, [24, 56] end 
TTTTTTTTTTCGTGGCGAGAAATTGTCTCCATGCTTTTTTTTTT 44mer, [5, 17] start, [20, 17] end 
AGAAACGCCAGGGTGGCCCCCGATACAGAGATAGTTAGAGTGGCAAAT 48mer, [5, 48] start, [31, 63] end 
GCAAGTGTAGCGGTCATGCGTATTAAGGTATAGGACATTCATCCTGGG 48mer, [7, 48] start, [33, 63] end 
TTTTTTTTTTTGGTTGCTTTGAGAAATGACTGATTTTTTTTTTT 44mer, [9, 17] start, [16, 17] end 
TATAAAAAGTGTAAAGCGCCGCGCATCCAGAAATTCCATG 40mer, [9, 48] start, [18, 56] end 
GGAACGGTACGCCGCAGGAGCTAAACAGGAGGGCCGGAAGGTGGAAAC 48mer, [12, 63] start, [17, 63] end 
TTTTTTTTTTTCTGAACTCGCTACGGCGGGTTTTGTTTTATGGAG 45mer, [13, 17] start, [13, 63] end 
CTCAGAATCCTGAGAAAACATATAATTATCAGTAACAGTATCAGGGTT 48mer, [15, 48] start, [45, 63] end 
AACCCAATTCAGAGCGCTCGCGGGGATTTATTTTATTTTTTTTTT 45mer, [14, 47] start, [12, 17] end 
TTTTTTTTTTACCGTGCAAAATAGAAACCACCAGTTTTTTTTTT 44mer, [17, 17] start, [38, 17] end 
GCCTTGCTCTGCGTGTTGCCCGAAGATTCGCC 32mer, [16, 63] start, [47, 63] end 
TAAGTCTAGGGCGCTGCCGCTACAGGGCGCGTACTATTTTTTTTTT 46mer, [18, 47] start, [8, 17] end 
TTTTTTTTTTAGACATCACGAATAGATAATACATTTTTTTTTTT 44mer, [21, 17] start, [34, 17] end 
AAAAGATTTGGGGTCGTGACGGGGAAAGCCGGCGAATTTTTTTTTT 46mer, [22, 47] start, [4, 17] end 
TTTTTTTTTTTGATACCGTTTAGAACCTCAAATATTTTTTTTTT 44mer, [25, 17] start, [30, 17] end 
TTTCTTTAACTACGTGAACCAAAATCCCTTAT 32mer, [24, 47] start, [1, 63] end 
TATCTAAAACGTCAAAGGGCGAAAAACCGTCTATCATTTTTTTTTT 46mer, [27, 48] start, [0, 17] end 
TGAGTATCAACAGTGCCAAAATCAACTGTTGG 32mer, [29, 56] start, [54, 56] end 
GTTCAGGAGGTTTTCCAATAGTGACCGTGCAT 32mer, [30, 63] start, [57, 63] end 
TTTTTTTTTTTCAAACCCTCAACGCATTCACCCTTTTTTTTTTT 44mer, [31, 17] start, [50, 17] end 
TGGTCAGTTCTGAGCAGACATACAGCATCACCCAAATCAA 40mer, [31, 48] start, [2, 40] end 
AAGGTTATTTAATGGACGGCCAGTAGTTAATTTGGGCGCA 40mer, [32, 63] start, [58, 56] end 
ATAGAGCCTGGCAGATCCGGTGTCGGAAGGGA 32mer, [33, 48] start, [5, 47] end 
TTTTTTTTTTTTGAGGATTTAGCCACCAGGCTATTTTTTTTTTT 44mer, [35, 17] start, [46, 17] end 
GACTTTACAAGGTTTATGTAGATGGGGGCGAAAGGAGCGG 40mer, [35, 48] start, [6, 40] end 
AAACAATTTCTTGTTGATCAGAAATTGAATTAAAAAATAATGGTTTGA 48mer, [35, 56] start, [60, 56] end 
TATCAAAAGGTCTGCAATGTGCGACGAGCACG 32mer, [37, 48] start, [9, 47] end 
TTTTTTTTTTAAGGAGCGGAATACAGAGAGGTTCTTTTTTTTTT 44mer, [39, 17] start, [42, 17] end 
TATTCCTGGATGATTACGAGTACGCATCGTGCTTTCCTCG 40mer, [39, 48] start, [10, 40] end 
CAGAGCAGGCAATGCATGACGACTATCCTGATTGTTTGGC 40mer, [41, 40] start, [40, 48] end 
TTTTTTTTTTGAAGTGAGCGAAAAGGGTGAGAAATTTTTTTTTT 44mer, [43, 17] start, [68, 17] end 
TCAGGATTATACTTCTGGAGGATCTAAAGTACCTAGCATGATTTCAAC 48mer, [43, 48] start, [73, 63] end 
CTGGTCGTGGGTTTTGCGGAACAATATTATCA 32mer, [45, 48] start, [17, 47] end 
GAGAAACAATATGTACACGCTCAATTAAACCA 32mer, [44, 63] start, [75, 63] end 
TTTTTTTTTTATCTGCCACTCAAGAATCGCCATATTTTTTTTTT 44mer, [47, 17] start, [64, 17] end 
CGCCTGAAAAGTATTAATTTTAAAACAAATCCCCATTAATTTAATGCG 48mer, [46, 47] start, [8, 48] end 
AGCAATAAGTTATACAATAGGAACTCCAATAA 32mer, [46, 63] start, [77, 63] end 
TTTTTTTTTTCATGCGTATTAATAAATAAGGCGTTTTTTTTTTT 44mer, [51, 17] start, [60, 17] end 
TTATTATTTCAATATCTCTTTAGGTATCAATGTTGTGCCATTAGAGCT 48mer, [50, 47] start, [4, 48] end 
CTGCAAGGTGAAAAATCTAAAAGGATATACTG 32mer, [52, 47] start, [24, 48] end 
TTTTTTTTTTTATTACGCCAGCACTATATGTAAATTTTTTTTTT 44mer, [55, 17] start, [56, 17] end 
GGGGGTATCACGCTGAGAGCCAGCTTGAGTAT 32mer, [55, 48] start, [27, 47] end 
GAAGGGCGATCGGTGCGGGCCTCTTCGCTTTTTTTTTT 38mer, [54, 55] start, [54, 17] end 
CTCCGGCTAATCCAAAATATAATGCTGTAGCTCAACATGT 40mer, [56, 63] start, [82, 40] end 
TTTTTTTTTTTGCTGATGCAAAAGTTTCATTCCATTTTTTTTTT 44mer, [57, 17] start, [80, 17] end 
TATATTTTGCCAAGCTAACGCCAGTGCGCATCACCTTGCTGCTGAAAC 48mer, [59, 48] start, [25, 47] end 
TTTTTTTTTTTAAATAAGAATAAAAGGTGGCATCTTTTTTTTTT 44mer, [61, 17] start, [76, 17] end 
AATCAATCCCTGATTAATGAAAGAAACAACTA 32mer, [61, 48] start, [33, 47] end 
TCATATGCAAATGCGCGATTCAGCTTCTTAGAGCCGTCAAGGTGTTTA 48mer, [63, 48] start, [21, 47] end 
AGGCATTTGAAGACGCATCAGTAATATCATCAACTGCGTGTAACAATC 48mer, [66, 47] start, [15, 47] end 
TTTTTTTTTTTTTAACAACGCCAACATTATGACCTTTTTTTTTT 44mer, [65, 17] start, [72, 17] end 
ATTTAATCATAGGCGATCCGATAGAGTAACAT 32mer, [65, 48] start, [37, 47] end 
TTTTTTTTTTGGCCGGAGACAGTCAAATCACCATCAAT 38mer, [69, 17] start, [69, 55] end 
ATGATATTGTCCAGACGACGATAAAGAGAATATGGAACTT 40mer, [69, 56] start, [42, 48] end 
AGGCAATAAACAACATCCCTCATAAAGGTGGCGAGGCATACTTGCCCT 48mer, [71, 48] start, [101, 63] end 
ATGCAATGCAGTAATAAGATTCAAATTAACTC 32mer, [70, 47] start, [43, 47] end 
TTTTTTTTTTCTGTAATACTTTATTACGCAGTATTTTTTTTTTT 44mer, [73, 17] start, [94, 17] end 
TCCAAGAAGCAACACTGAGGAAACGGGAATTAATAGGCTGGAACCTAT 48mer, [72, 63] start, [119, 63] end 
ATAAAGCCGTTTAGTACTTAATTGTTGTTGTGAGTGTACGCGTTATTA 48mer, [74, 47] start, [36, 48] end 
ATTAAGCACATTAACAGCCTAATTACTAGAAAACATCATT 40mer, [74, 55] start, [49, 47] end 
TTAGCAAAATAGCCGAGTCATAAAGGACAGAT 32mer, [74, 63] start, [105, 63] end 
TTTTTTTTTTAATTCTACTAATTAGCTATCTTACTTTTTTTTTT 44mer, [77, 17] start, [90, 17] end 
AGCGAACCTTGAATCCACCCACAAGGCATTTT 32mer, [76, 63] start, [107, 63] end 
CTTGCGGGTTTCGCAAGGGTAATTGACTTCAAACAACGGA 40mer, [79, 56] start, [109, 63] end 
TAACCTGTTTTTCAAACCGTGTGACCAACAGTTCAGGTTTCTAAAATA 48mer, [78, 47] start, [32, 48] end 
ATGGTCAATCTGCGAATCGCAAAGAACGCGAGAGTTGGGT 40mer, [78, 55] start, [53, 47] end 
TTTTTTTTTTTATAACAGTTGATAGACGGGAGAATTTTTTTTTT 44mer, [81, 17] start, [86, 17] end 
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CGAGTAGAATATTATTCGTTTTAAAAAAATGACCAGAACCTACGAAGG 48mer, [81, 56] start, [110, 56] end 
TGTCTGGATCCAATCGCAAGATAAATTATGTG 32mer, [80, 47] start, [52, 48] end 
TAAAGCCCTAGGTTGGGTTATATATGGCGAAA 32mer, [83, 48] start, [55, 47] end 
TTTTTTTTTTTTAACTGAACACTCCATGTTACTTTTTTTTTTTT 44mer, [87, 17] start, [106, 17] end 
TTAAGCCCATATTTTCATTTGCGAAATACCGA 32mer, [88, 47] start, [60, 48] end 
TTTTTTTTTTCGAAGCCCTTTTAGTAATCTTGACTTTTTTTTTT 44mer, [91, 17] start, [102, 17] end 
AACGGAATCATAAAGCTAAATGTACAGTAGGG 32mer, [92, 47] start, [64, 48] end 
TTTTTTTTTTGTTAGCAAACGTAATTTCAACTTTTTTTTTTTTT 44mer, [95, 17] start, [98, 17] end 
GAATAGATCATACATATATTTTAAAAGCCTTTTCAGGCAG 40mer, [96, 55] start, [66, 48] end 
CATTATACCAGTCAGGACGTTGGGACACCACG 32mer, [97, 40] start, [96, 56] end 
TTTTTTTTTTAATCATTGTGAAACCGCCACCCTCTTTTTTTTTT 44mer, [99, 17] start, [124, 17] end 
ATTTTGTCAGTAAATTGCCCGGAAGTCTTTCCAGAGGATA 40mer, [99, 56] start, [122, 48] end 
GAATAAGGGTAATTAAGACTCCTTTGCGGGAG 32mer, [101, 48] start, [73, 47] end 
GTAACAAAAAGAACTGGCATGAGACGGCGGTTGTACCAAAAACATGTA 48mer, [100, 47] start, [65, 47] end 
GACTTGAGTAGTAAATAAGAGGCTGAGACTCCCTATTTCGGCTGACCT 48mer, [100, 63] start, [102, 48] end 
TTTTTTTTTTAAGAACCGGATAAGGATTAGGATTTTTTTTTTTT 44mer, [103, 17] start, [120, 17] end 
TTGAAAGATATAATGAAATAGCAAAGTAGTAG 32mer, [105, 48] start, [77, 47] end 
AAGGGAACAAGAGCAAGAAACTCATCCGGGCGCGAGCTGAAACACCGG 48mer, [104, 47] start, [61, 47] end 
AGCGCGTTTAATTGTATGATGATACAGGAGTGCTGAATTTGAAATCCG 48mer, [104, 63] start, [106, 48] end 
TTTTTTTTTTAGCCGGAACGAGATAAGTTTTAACTTTTTTTTTT 44mer, [107, 17] start, [116, 17] end 
ATTGTGTCACCGTTCCTTAAAGGCCGCTTAAA 32mer, [106, 63] start, [114, 48] end 
AACAAAGTATACAGGGAAGCGCATTTCCCAAT 32mer, [109, 48] start, [81, 47] end 
CCAGCGATAATAACATAAAAATCGTATTACGG 32mer, [108, 47] start, [80, 48] end 
CCTCAGAGTGCGGGATCAGGAGGTTGAGGCAG 32mer, [108, 63] start, [112, 48] end 
TTTTTTTTTTGAATACACTAAATTGGCCTTGATTTTTTTTTT 42mer, [111, 17] start, [112, 17] end 
CACCAACCTAAAACGAAAGAGGCAAAATTTTTTTTTT 37mer, [110, 55] start, [110, 17] end 
GTCAGACGAACACTCATCTTTCCAAAATAGCAGCCTTTACTATGCAAC 48mer, [112, 47] start, [83, 47] end 
TTTTTTTTTTTATTCACAAACAAATAAATCCTCATTTCCGGACCC 45mer, [113, 17] start, [108, 48] end 
GCCAGAATAAGCGCGACGACCTGCCCTGAACA 32mer, [114, 47] start, [87, 47] end 
CGCAGTCTTACTGGTAGCGCAGACGGTCAATCGAATTGAGAAGTCAGA 48mer, [115, 40] start, [87, 55] end 
TTTTTTTTTTGGGGTCAGTGCCTTGAGTAACAGTGCTTTTCATCAT 46mer, [117, 17] start, [104, 48] end 
CCAAAAGGAGCCCCGTATAAACAGGACCAACTTCATCAAGTAAGAAAA 48mer, [118, 63] start, [91, 47] end 
CCCCCTGCTCAAGAGATTCATTACCCAAATTTGCAATAATGTAAGCAG 48mer, [119, 40] start, [91, 55] end 
TTTTTTTTTTAGCGGGGTTTTGCTCAGTACCAGGCCGTCCATCAAC 46mer, [121, 17] start, [100, 48] end 
AGTGCCGTCATTCAGTGATGGTTTAGAAAATATTTAAGAATAATGTGT 48mer, [122, 47] start, [71, 47] end 
GGTTGATACCCTCAGATTACCTTATGCAGTTT 32mer, [123, 40] start, [99, 55] end 
TTTTTTTTTTAGAACCGCCACCCTCAGAGCCACCACCC 38mer, [125, 17] start, [125, 55] end 
TCATTTTCAGGTTTAGTACCGCCATAAGTATAGGGCTTGA 40mer, [125, 56] start, [98, 48] end 
TAAATCGGTATCAATGAGAACCCTAATTGAGGAAGACTCCAATTTCAT 48mer, [3, 64] start, [48, 64] end 
AAAGGGAGTTTTTCTTAATAAAAGGATATAGAAACCAGTT 40mer, [4, 71] start, [34, 64] end 
ACCACACCCCTGGGGTAACTATCGGATACTTGTATTGCGC 40mer, [8, 71] start, [38, 64] end 
CCGATTAACTGTACAAGTGTTTTTTCAATATAGGGGATTT 40mer, [11, 64] start, [41, 71] end 
TGAGGCCACTCGAATTCGTAAGATTTTAGACAATGATAAA 40mer, [15, 80] start, [13, 71] end 
AGAACTCAGCCTAATGTCCACACAACATACGA 32mer, [16, 79] start, [10, 64] end 
CAATATTAAAATCCTTTGAGCTTGTACATCGGGTCGGACTTCGTAAAA 48mer, [19, 64] start, [66, 64] end 
CGACCAGTTTCACCAGGCGGGGAGAGGCGGTTCGCTGCGCATACAAAT 48mer, [20, 79] start, [18, 64] end 
AGTTTATAGTCAATGGCAACAGTTTAAAACGAAACAGTACAAATTTAA 48mer, [25, 64] start, [60, 64] end 
AGGCGGTCAGTATATATACCGAACAGAATAGCTGTTTGATGGTGGTTC 48mer, [27, 64] start, [2, 64] end 
ACGCTTGTCAAGAGTCCACTATTAAAGAACGTAAATCAAAGAACCACC 48mer, [27, 80] start, [24, 64] end 
AAGTAACACCGCCTGCTGCATATGGAAGAGTC 32mer, [28, 79] start, [52, 64] end 
AGCACTGCCAGTCACAGAAAGCGTTGGCCCTGAGAGACCT 40mer, [33, 80] start, [4, 72] end 
CGACAACTCGCAACACTGATTGCTTAAAGCCA 32mer, [35, 64] start, [64, 64] end 
AAATCAAATGAGTAGACATTGCAACTGCCCGCTTTCCACC 40mer, [37, 80] start, [8, 72] end 
ATGATGGCAGTTGCCAGAATAATGGTAATTCTCAACCGTT 40mer, [39, 64] start, [69, 71] end 
AGAACCTACTGGAACTGCTGGTCAATAATCAG 32mer, [43, 80] start, [15, 79] end 
AAAGAGCAAATATGAACGGGAAAGCAAATTAA 32mer, [42, 79] start, [14, 80] end 
ACCTGCAGCGTGGATGGGAGTAAGACATTTTG 32mer, [46, 79] start, [18, 80] end 
TAGAAGAATTTAACCAAATTCTTAGCAAAGAAAGTACCGCAGGAAACC 48mer, [49, 64] start, [92, 64] end 
TTAATTTGGAACAAGACCCGTTAGTTGAATGG 32mer, [50, 79] start, [22, 80] end 
CAGTCACGGGTGTAGATCATCTTCTAGATACAAGGTTTTGGAGAGATA 48mer, [53, 64] start, [88, 64] end 
ACGTAATTTTCCCTTATATTACGGCGCTGGCAATTAAAAA 40mer, [53, 72] start, [24, 80] end 
TAGGTCTGAGAGATCCGACGCTGAATGTCTGAGGTTGGAGAATAGTCT 48mer, [55, 64] start, [25, 79] end 
CTTCTACCTTTTTAACCTGCCAGTAAACAGCC 32mer, [56, 79] start, [80, 64] end 
ACGACGACTAGATTAAGGCACCGCTTTTGTAA 32mer, [57, 80] start, [28, 80] end 
ACCCGCCTATAAATCACATTTAACTGTTATCAAAGACGGAGTCCAATC 48mer, [60, 79] start, [21, 79] end 
TTCGCGTCGGCGTTTTATCATACAGCGGAATCACAAAGTTCCAGGCGC 48mer, [61, 64] start, [102, 64] end 
CTGTAGCCATTAATTAATATATGTGCAGTTAATCGAAAGGTCTGACCT 48mer, [61, 80] start, [23, 79] end 
ATTGTGTATTGAATACGTACCTTTAAACAGCAAACGAGGACCCGTAGC 48mer, [64, 79] start, [17, 79] end 
CCCGGTTGCTTATCATGCAAGGATGGAATTAC 32mer, [65, 64] start, [94, 64] end 
AAAAGCCCCAGTAACACAAGTTACAAGGTGTTATCTCATTCCGCCAGC 48mer, [65, 80] start, [19, 79] end 
CGACAAAATTTTAGAAGTTCAGCTACGCAAAGAAGAAAAA 40mer, [67, 64] start, [97, 71] end 
ACGCGCCTAGATCTACAAAGGAAAGAAGGGTT 32mer, [71, 80] start, [43, 79] end 
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AATAAAATGGTCTATCAGGTCATTACAGAAAT 32mer, [70, 79] start, [42, 80] end 
TGTCTTTCATAATCAGAACGGTAATGTAATTGCGTAGATTACCAGGAG 48mer, [72, 79] start, [38, 80] end 
GAACGCGATGGCCTTCGCTCATTTTTAAGCAAAAGAAGATAGTCCGTG 48mer, [76, 79] start, [34, 80] end 
CCTGACATTGATCGGATTCTCCGTCGTCGCTA 32mer, [78, 79] start, [50, 80] end 
TTTAGTTTGCCCGAAAGAGCGCTACCTGATAACGGTCATAATGGCTTT 48mer, [81, 64] start, [116, 64] end 
ATTGCTGATAAGAAACGATTTCTTTACAAAATTTGAGGGGGTCACGTT 48mer, [82, 71] start, [58, 72] end 
TTAACGTCTTCGAGCTGCCACCACGATTTGTAGCAGGGAG 40mer, [84, 71] start, [114, 64] end 
AAGAGGAAGACATCTTACCAACGCTGGGATAG 32mer, [86, 79] start, [58, 80] end 
CCCTCAAACAGACTGTGAACGGTGAAAAGGCTTATTCTGAAACGGAAC 48mer, [89, 64] start, [119, 79] end 
TGCCAGAGAATCATTACCGCGAAGCCAAAACGTTAATATTTTTCAATT 48mer, [91, 80] start, [46, 80] end 
ATCATAACCCGTCACCGACGAGAAGTTTTGTCTAGGTGTATCATACAA 48mer, [93, 64] start, [123, 79] end 
AACATATAGAACGAGTACAATCAATACTCAGGAGGGATAG 40mer, [95, 64] start, [125, 71] end 
TCATATGGGTAGAAAGATTCAGAAAATGCAGA 32mer, [99, 80] start, [71, 79] end 
GGAGGGAAATACATAAACCAGACGTAATCGGCAGAACAAGATATTTAA 48mer, [101, 80] start, [64, 80] end 
AATTATCACCTCGTTTCGCCAAAAAAATATCCCATCCTAAAATCGATG 48mer, [100, 79] start, [66, 80] end 
TAAAGGTGCAGTAGCACTTTTGCAAAAGAAGAACTCATCG 40mer, [100, 87] start, [75, 79] end 
GAGCCAGCAAAGTATTGAATTTTCTGTATGGGGATCTAAAACATTGAG 48mer, [103, 64] start, [101, 79] end 
GATAGCAGGATAGCGTACAGTTCATATTCTAAAATCAAGAGAGTAACA 48mer, [105, 80] start, [60, 80] end 
TTTAGCGTTGCTTTAACCAATACTGGCCCCAATAGCAAGCTTAAATCA 48mer, [104, 79] start, [62, 80] end 
AGTTTGCCATTAGCGTAATCAGGTCTTTATCAAAGCCTTA 40mer, [104, 87] start, [79, 79] end 
AGAGCTCGATACCCTGACTATTATAATTTTAT 32mer, [106, 79] start, [78, 80] end 
CCGGAACCAAAAGATTAACCAGACTTGCCAGTTAATTGCTCCAGCCAG 48mer, [109, 80] start, [56, 80] end 
AACCGCCAGACTAAAGTTAGAGAGTACTTTGT 32mer, [108, 87] start, [84, 72] end 
AATGCCACACCACCAGAGCCGGAGCCCTCAGATCAAAGCG 40mer, [110, 71] start, [85, 79] end 
AGCATTGACGTCACCCTCAGCAGCTGAGGCTTTCACACCA 40mer, [112, 71] start, [109, 79] end 
AGTAAGCGTCAACAATGACAACAACCGGAACC 32mer, [115, 64] start, [106, 80] end 
TCGGTTTATCAGCTTGCTCCAAAATACCCATC 32mer, [117, 64] start, [105, 79] end 
AACTAAAGGTCACCAATGAAAAGAACCAGTTT 32mer, [119, 80] start, [91, 79] end 
CGCCTGTAGACATTCAACCGACCAAAATCAGTTGAGATTTACAAGAAA 48mer, [123, 80] start, [70, 80] end 
TTTTTTTTTTTTCCAGTTTGGAAGAAAATGCTGAATTTTTTTTTTT 46mer, [0, 110] start, [27, 110] end 
TTTTTTTTTTTGCCCCAGCAGGCCGAACTGATAGCCTTTTTTTTTT 46mer, [2, 110] start, [25, 110] end 
TTTTTTTTTTGCCCTTCACCGCCAAGAATACGTGGCTTTTTTTTTT 46mer, [4, 110] start, [23, 110] end 
TTTTTTTTTTCATTAATGAATCGTGGATTATTTACATTTTTTTTTT 46mer, [6, 110] start, [21, 110] end 
TTTTTTTTTTTGCGTTGCGCTCACAGGAAAAACGCTTTTTTTTTTT 46mer, [8, 110] start, [19, 110] end 
TTTTTTTTTTAAATTGTTATCCGTTTGATTAGTAATTTTTTTTTTT 46mer, [10, 110] start, [17, 110] end 
TTTTTTTTTTCCCGGGTACCGAGCCGAGTAAAAGAGTTTTTTTTTT 46mer, [12, 110] start, [15, 110] end 
TGCACTTCCGAGTCACAGGAGAATGGATCTTTTTTTTTT 39mer, [13, 72] start, [13, 110] end 
CCGTTTCTAGGTCATGGTCATAGCTGTTTCCTGTGTGTTTTTTTTTT 47mer, [14, 79] start, [11, 110] end 
TTTTTTTTTTTCTGTCCATCACGAAACCAGCAATACTTTTTTTTTT 46mer, [14, 110] start, [39, 110] end 
AATACTTCCTCACAATAGTGAGCTAACTCACATTAATTTTTTTTTTT 47mer, [17, 80] start, [9, 110] end 
TTTTTTTTTTAACATCACTTGCCACTCAACGAGCAGTTTTTTTTTT 46mer, [16, 110] start, [37, 110] end 
ACGCTGGCGTAAGTCGGGAAACCTGTCGTGCCAGCTGTTTTTTTTTT 47mer, [18, 79] start, [7, 110] end 
TTTTTTTTTTCATGGAAATACCTCGTATTGCTAAACTTTTTTTTTT 46mer, [18, 110] start, [35, 110] end 
GTCTGAAAGCCAACGCTGAGACGGGCAACAGCTGATTTTTTTTTTTT 47mer, [21, 80] start, [5, 110] end 
TTTTTTTTTTTTGGCAGATTCACACTGGTGACCTGGTTTTTTTTTT 46mer, [20, 110] start, [33, 110] end 
CTATTGAGAACGTTGCAGCAAGCGGTCCACGCTGGTTTTTTTTTTTT 47mer, [22, 79] start, [3, 110] end 
TTTTTTTTTTACAGACAATATTTTAACTATCGACATTTTTTTTTTT 46mer, [22, 110] start, [31, 110] end 
TTAATGCGGAAAATCCCCGAGATAGGGTTGAGTGTTGTTTTTTTTTT 47mer, [25, 80] start, [1, 110] end 
TTTTTTTTTTCTAAAACATCGCCTTCGCATCAAAGGTTTTTTTTTT 46mer, [24, 110] start, [29, 110] end 
TTTTTTTTTTTTCGCGTCGTCTTCACAGCGATGCCAGAGTCTGTAGT 47mer, [26, 110] start, [26, 64] end 
TTTTTTTTTTAGAGTGAGATCGGTTCTGGTGCCGGATTTTTTTTTT 46mer, [28, 110] start, [55, 110] end 
TTTTTTTTTTCATTACGCATCGCGAATCCTTGAAAATTTTTTTTTT 46mer, [30, 110] start, [53, 110] end 
TTTTTTTTTTAAGAGTTTCTGCGGAGTGAATAACCTTTTTTTTTTT 46mer, [32, 110] start, [51, 110] end 
TTTTTTTTTTTGGAAAGCAACGAGATGAAACAAACATTTTTTTTTT 46mer, [34, 110] start, [49, 110] end 
TTTTTTTTTTCGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 46mer, [36, 110] start, [47, 110] end 
TTTTTTTTTTATCAAACGCCGCGTTCAGGTTTAACGTTTTTTTTTT 46mer, [38, 110] start, [45, 110] end 
TTTTTTTTTTACCATCGATTGTGCCATATCAAAATTTTTTTTTTTT 46mer, [40, 110] start, [43, 110] end 
GACGCAGACCTTTTCCATGAATTGGTAACTTTTTTTTTT 39mer, [41, 72] start, [41, 110] end 
TTTTTTTTTTATTTGCACGTAAAGCCTGAGAGTCTGTTTTTTTTTT 46mer, [42, 110] start, [67, 110] end 
TTTTTTTTTTTCAGATGAATATACAAAAACAGGAAGTTTTTTTTTT 46mer, [44, 110] start, [65, 110] end 
TTTTTTTTTTGGCGAATTATTCATTGTTAAAATTCGTTTTTTTTTT 46mer, [46, 110] start, [63, 110] end 
TTTTTTTTTTTCAAGAAAACAAAAGCTTTCATCAACTTTTTTTTTT 46mer, [48, 110] start, [61, 110] end 
TTTTTTTTTTTGCTTCTGTAAATGGGAACAAACGGCTTTTTTTTTT 46mer, [50, 110] start, [59, 110] end 
TTTTTTTTTTCATAGCGATAGCTAGTATCGGCCTCATTTTTTTTTT 46mer, [52, 110] start, [57, 110] end 
TTTTTTTTTTAACCAGGCAAAGCGCCATTCGCCATTCAGGCTGCGCA 47mer, [54, 110] start, [54, 64] end 
TTTTTTTTTTGGAAGATCGCACTCCTTTTGATAAGATTTTTTTTTT 46mer, [56, 110] start, [83, 110] end 
TTTTTTTTTTGGATTGACCGTAATAACGAGCGTCTTTTTTTTTTTT 46mer, [58, 110] start, [81, 110] end 
TTTTTTTTTTATTAAATGTGAGCTTAGTTGCTATTTTTTTTTTTTT 46mer, [60, 110] start, [79, 110] end 
TTTTTTTTTTCATTAAATTTTTGAAATCAGATATAGTTTTTTTTTT 46mer, [62, 110] start, [77, 110] end 
TTTTTTTTTTATTGTATAAGCAACAAGCCGTTTTTATTTTTTTTTT 46mer, [64, 110] start, [75, 110] end 
TTTTTTTTTTGAGCAAACAAGAGTTTACGAGCATGTTTTTTTTTTT 46mer, [66, 110] start, [73, 110] end 
TTTTTTTTTTAGCTATTTTTGAGGTTTATCAACAATTTTTTTTTTT 46mer, [68, 110] start, [71, 110] end 
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CTAGCTGATAAATTAATGCCGGAGAGGGTTTTTTTTTTT 39mer, [69, 72] start, [69, 110] end 
TTTTTTTTTTAGATAAGTCCTGAAGGAATACCACATTTTTTTTTTT 46mer, [70, 110] start, [95, 110] end 
TTTTTTTTTTAGAAACCAATCAAACGATAAAAACCATTTTTTTTTT 46mer, [72, 110] start, [93, 110] end 
TTTTTTTTTTTTTTCATCGTAGGGGGGTAATAGTAATTTTTTTTTT 46mer, [74, 110] start, [91, 110] end 
TTTTTTTTTTAAGGCTTATCCGGGAAAACGAGAATGTTTTTTTTTT 46mer, [76, 110] start, [89, 110] end 
TTTTTTTTTTTGCACCCAGCTACAGTCAGAAGCAAATTTTTTTTTT 46mer, [78, 110] start, [87, 110] end 
TTTTTTTTTTTCCAGAGCCTAATCGGAAGCAAACTCTTTTTTTTTT 46mer, [80, 110] start, [85, 110] end 
TTTTTTTTTTGGTCATTTTTGCGGATGGCTTAGAGCTTA 39mer, [82, 110] start, [82, 72] end 
TTTTTTTTTTCAACAGGTCAGGAACTTTTTCATGAGTTTTTTTTTT 46mer, [84, 110] start, [111, 110] end 
TTTTTTTTTTGCGGATTGCATCAGCCTCCCTCAGAGTTTTTTTTTT 46mer, [86, 110] start, [109, 110] end 
TTTTTTTTTTACCATAAATCAAATTGCCATCTTTTCTTTTTTTTTT 46mer, [88, 110] start, [107, 110] end 
TTTTTTTTTTAATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 46mer, [90, 110] start, [105, 110] end 
TTTTTTTTTTAAATAGCGAGAGGCCATTACCATTAGTTTTTTTTTT 46mer, [92, 110] start, [103, 110] end 
TTTTTTTTTTTCAACTAATGCAGGGTAAATATTGACTTTTTTTTTT 46mer, [94, 110] start, [101, 110] end 
TTTTTTTTTTAACATTATTACAGTTTACCAGCGCCATTTTTTTTTT 46mer, [96, 110] start, [99, 110] end 
TCTACGTTAATAAAACGAACTAACGGAACTTTTTTTTTT 39mer, [97, 72] start, [97, 110] end 
TTTTTTTTTTAAGACAAAAGGGCGCATTCCACAGACTTTTTTTTTT 46mer, [98, 110] start, [123, 110] end 
TTTTTTTTTTGGAAATTATTCATAAACAACTTTCAATTTTTTTTTT 46mer, [100, 110] start, [121, 110] end 
TTTTTTTTTTCAAGGCCGGAAACGAATTGCGAATAATTTTTTTTTT 46mer, [102, 110] start, [119, 110] end 
TTTTTTTTTTAGCGACAGAATCAGTGAATTTCTTAATTTTTTTTTT 46mer, [104, 110] start, [117, 110] end 
TTTTTTTTTTATAATCAAAATCACCATCGCCCACGCTTTTTTTTTT 46mer, [106, 110] start, [115, 110] end 
TTTTTTTTTTCCGCCACCCTCAGGCATCGGAACGAGTTTTTTTTTT 46mer, [108, 110] start, [113, 110] end 
TTTTTTTTTTGAAGTTTCCATTAAACGGGTAAAATACGT 39mer, [110, 110] start, [110, 72] end 
TTTTTTTTTTGGTAGCAACGGCTACAGAGGCTTTCCGCC 39mer, [112, 110] start, [112, 72] end 
TTTTTTTTTTATAACCGATATATTCGGTCGCGAAAGACA 39mer, [114, 110] start, [113, 87] end 
TTTTTTTTTTACAGCTTGATACCGATAGTTGCGCCGTACGCCCCCTT 47mer, [116, 110] start, [107, 79] end 
TTTTTTTTTTTAATTTTTTCACGTTGAAAATCTTTCGAG 39mer, [118, 110] start, [117, 87] end 
TTTTTTTTTTCAGTTTCAGCGGAGTGAGAATAGAAAATGAAAATCAC 47mer, [120, 110] start, [103, 79] end 
TTTTTTTTTTAGCCCTCATAGTTAGCGTAACATTTTGCT 39mer, [122, 110] start, [121, 87] end 
TTTTTTTTTTCACTGAGTTTCGTCACCAGTACAAACCCGTAGAAAAT 47mer, [124, 110] start, [99, 79] end 
CAAGCCCAATAGGAACCCATGTACCGTAATTTTTTTTTT 39mer, [125, 72] start, [125, 110] end 

 
Supplementary Table 2. DNA oligonucleotide staple sequences for SQB design 
corresponding to figure S2. (Left: purple strands, middle: green strands, right: orange strands) 
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CpG-containing staples for various CpG spacing patterns Start End 

2.5nm spacing-CpG1-18 strands   

TTTTTTTTTTCATGGAAATACCTCGTATTGCTAAACt*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 18[110] 35[120] 

TTTTTTTTTTTTGGCAGATTCACACTGGTGACCTGGt*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 20[110] 33[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGGAAAGCAACGAGATGAAACAAACAt*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 34[120] 49[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 36[120] 47[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGCGAATTATTCATTGTTAAAATTCGt*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 46[120] 63[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAAGAAAACAAAAGCTTTCATCAACt*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 48[120] 61[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CATTAAATTTTTGAAATCAGATATAGt*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 62[120] 77[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTGTATAAGCAACAAGCCGTTTTTATTTTTTTTTT 64[120] 75[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TTTTCATCGTAGGGGGGTAATAGTAAt*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 74[120] 91[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAGGCTTATCCGGGAAAACGAGAATGt*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 76[120] 89[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 90[120] 105[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAATAGCGAGAGGCCATTACCATTAGTTTTTTTTTT 92[120] 103[110] 

   
2.5nm spacing-CpG1-18 strands 3´-3´ linkage   

TTTTTTTTTTCATGGAAATACCTCGTATTGCTAAAC  18[110] 35[120] 

TTTTTTTTTTTTGGCAGATTCACACTGGTGACCTGG 20[110] 33[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGGAAAGCAACGAGATGAAACAAACA 34[120] 49[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 36[120] 47[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGCGAATTATTCATTGTTAAAATTCG 46[120] 63[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAAGAAAACAAAAGCTTTCATCAAC  48[120] 61[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CATTAAATTTTTGAAATCAGATATAG  62[120] 77[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTGTATAAGCAACAAGCCGTTTTTATTTTTTTTTT 64[120] 75[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TTTTCATCGTAGGGGGGTAATAGTAA  74[120] 91[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAGGCTTATCCGGGAAAACGAGAATG  76[120] 89[120] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 90[120] 105[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAATAGCGAGAGGCCATTACCATTAGTTTTTTTTTT 92[120] 103[110] 

   

3.5nm spacing-CpG2-18 strands   

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAGAGTTTCTGCGGAGTGAATAACCTTTTTTTTTTT 32[120] 51[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGGAAAGCAACGAGATGAAACAAACATTTTTTTTTT 34[120] 49[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 36[120] 47[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATCAAACGCCGCGTTCAGGTTTAACGTTTTTTTTTT 38[120] 45[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAGATGAATATACAAAAACAGGAAGTTTTTTTTTT 44[120] 65[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGCGAATTATTCATTGTTAAAATTCGTTTTTTTTTT 46[120] 63[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAAGAAAACAAAAGCTTTCATCAACTTTTTTTTTT 48[120] 61[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTAAATGTGAGCTTAGTTGCTATTTTTTTTTTTTT 60[120] 79[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CATTAAATTTTTGAAATCAGATATAGTTTTTTTTTT 62[120] 77[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTGTATAAGCAACAAGCCGTTTTTATTTTTTTTTT 64[120] 75[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GAGCAAACAAGAGTTTACGAGCATGTTTTTTTTTTT 66[120] 73[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AGAAACCAATCAAACGATAAAAACCATTTTTTTTTT 72[120] 93[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TTTTCATCGTAGGGGGGTAATAGTAATTTTTTTTTT 74[120] 91[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAGGCTTATCCGGGAAAACGAGAATGTTTTTTTTTT 76[120] 89[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ACCATAAATCAAATTGCCATCTTTTCTTTTTTTTTT 88[120] 107[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 90[120] 105[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAATAGCGAGAGGCCATTACCATTAGTTTTTTTTTT 92[120] 103[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAACTAATGCAGGGTAAATATTGACTTTTTTTTTT 94[120] 101[110] 

   
5nm spacing-CpG3-18 staples   
t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GCCCTTCACCGCCAAGAATACGTGGCTTTTTTTTTT 4[120] 23[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CATTAATGAATCGTGGATTATTTACATTTTTTTTTT 6[120] 21[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGCGTTGCGCTCACAGGAAAAACGCTTTTTTTTTTT 8[120] 19[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAATTGTTATCCGTTTGATTAGTAATTTTTTTTTTT 10[120] 17[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAGAGTTTCTGCGGAGTGAATAACCTTTTTTTTTTT 32[120] 51[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGGAAAGCAACGAGATGAAACAAACATTTTTTTTTT 34[120] 49[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 36[120] 47[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTAAATGTGAGCTTAGTTGCTATTTTTTTTTTTTT 60[120] 79[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CATTAAATTTTTGAAATCAGATATAGTTTTTTTTTT 62[120] 77[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTGTATAAGCAACAAGCCGTTTTTATTTTTTTTTT 64[120] 75[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GAGCAAACAAGAGTTTACGAGCATGTTTTTTTTTTT 66[120] 73[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ACCATAAATCAAATTGCCATCTTTTCTTTTTTTTTT 88[120] 107[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 90[120] 105[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAATAGCGAGAGGCCATTACCATTAGTTTTTTTTTT 92[120] 103[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 
 t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 
 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 
 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 
 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 
 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 
 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 
 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t* 
 



. 

 

 

 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ACAGCTTGATACCGATAGTTGCGCCGTACGCCCCCTT 116[120] 107[79] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TAATTTTTTCACGTTGAAAATCTTTCGAG 118[120] 117[87] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CAGTTTCAGCGGAGTGAGAATAGAAAATGAAAATCAC 120[120] 103[79] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AGCCCTCATAGTTAGCGTAACATTTTGCT 122[120] 121[87] 

   
7.5nm spacing-CpG4-18 staples   
t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TTCCAGTTTGGAAGAAAATGCTGAATTTTTTTTTTT 0[110] 27[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GCCCTTCACCGCCAAGAATACGTGGCTTTTTTTTTT 4[110] 23[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGCGTTGCGCTCACAGGAAAAACGCTTTTTTTTTTT 8[110] 19[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CCCGGGTACCGAGCCGAGTAAAAGAGTTTTTTTTTT 12[110] 15[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CATTACGCATCGCGAATCCTTGAAAATTTTTTTTTT 30[110] 53[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGGAAAGCAACGAGATGAAACAAACATTTTTTTTTT 34[110] 49[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATCAAACGCCGCGTTCAGGTTTAACGTTTTTTTTTT 38[110] 45[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGAAGATCGCACTCCTTTTGATAAGATTTTTTTTTT 56[110] 83[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTAAATGTGAGCTTAGTTGCTATTTTTTTTTTTTT 60[110] 79[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTGTATAAGCAACAAGCCGTTTTTATTTTTTTTTT 64[110] 75[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AGCTATTTTTGAGGTTTATCAACAATTTTTTTTTTT 68[110] 71[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GCGGATTGCATCAGCCTCCCTCAGAGTTTTTTTTTT 86[110] 109[110]  

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 90[110] 105[110]  

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAACTAATGCAGGGTAAATATTGACTTTTTTTTTT 94[110] 101[110]  

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGTAGCAACGGCTACAGAGGCTTTCCGCC 112[110]  112[72]  

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ACAGCTTGATACCGATAGTTGCGCCGTACGCCCCCTT 116[110]  107[79]  

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CAGTTTCAGCGGAGTGAGAATAGAAAATGAAAATCAC 120[110]  103[79]  

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CACTGAGTTTCGTCACCAGTACAAACCCGTAGAAAAT 124[110]  99[79] 

   
CpG2-dimer 1   
*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCTGTCCATCACGAAACCAGCAATACTTTTTTTTTT 14[110] 39[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATGGAAATACCTCGTATTGCTAAACTTTTTTTTTT 18[110] 35[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tACAGACAATATTTTAACTATCGACATTTTTTTTTTT 22[110] 31[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAAGAGTTTCTGCGGAGTGAATAACCTTTTTTTTTTT 32[110] 51[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 36[110] 47[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tACCATCGATTGTGCCATATCAAAATTTTTTTTTTTT 40[110] 43[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGATTGACCGTAATAACGAGCGTCTTTTTTTTTTTT 58[110] 81[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATTAAATTTTTGAAATCAGATATAGTTTTTTTTTT 62[110] 77[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGAGCAAACAAGAGTTTACGAGCATGTTTTTTTTTTT 66[110] 73[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGATAAGTCCTGAAGGAATACCACATTTTTTTTTTT 70[110] 95[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTTTTCATCGTAGGGGGGTAATAGTAATTTTTTTTTT 74[110] 91[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTGCACCCAGCTACAGTCAGAAGCAAATTTTTTTTTT 78[110] 87[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGAAATTATTCATAAACAACTTTCAATTTTTTTTTT 100[110] 121[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGCGACAGAATCAGTGAATTTCTTAATTTTTTTTTT 104[110] 117[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCCGCCACCCTCAGGCATCGGAACGAGTTTTTTTTTT 108[110] 113[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tATAACCGATATATTCGGTCGCGAAAGACA 114[110] 113[87] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTAATTTTTTCACGTTGAAAATCTTTCGAG 118[110] 117[87] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGCCCTCATAGTTAGCGTAACATTTTGCT 122[110] 121[87] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCTGTCCATCACGAAACCAGCAATACTTTTTTTTTT 14[110] 39[110] 

   
CpG2-dimer 2   
*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTTCCAGTTTGGAAGAAAATGCTGAATTTTTTTTTTT 0[110] 27[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATTAATGAATCGTGGATTATTTACATTTTTTTTTT 6[110] 21[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCCCGGGTACCGAGCCGAGTAAAAGAGTTTTTTTTTT 12[110] 15[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCTGTCCATCACGAAACCAGCAATACTTTTTTTTTT 14[110] 39[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTTGGCAGATTCACACTGGTGACCTGGTTTTTTTTTT 20[110] 33[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTTCGCGTCGTCTTCACAGCGATGCCAGAGTCTGTAGT 26[110] 26[64] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tATTTGCACGTAAAGCCTGAGAGTCTGTTTTTTTTTT 42[110] 67[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGCGAATTATTCATTGTTAAAATTCGTTTTTTTTTT 46[110] 63[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATAGCGATAGCTAGTATCGGCCTCATTTTTTTTTT 52[110] 57[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGAAGATCGCACTCCTTTTGATAAGATTTTTTTTTT 56[110] 83[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATTAAATTTTTGAAATCAGATATAGTTTTTTTTTT 62[110] 77[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGCTATTTTTGAGGTTTATCAACAATTTTTTTTTTT 68[110] 71[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAAGACAAAAGGGCGCATTCCACAGACTTTTTTTTTT 98[110] 123[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGCGACAGAATCAGTGAATTTCTTAATTTTTTTTTT 104[110] 117[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGAAGTTTCCATTAAACGGGTAAAATACGT 110[110] 110[72] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGTAGCAACGGCTACAGAGGCTTTCCGCC 112[110] 112[72] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTAATTTTTTCACGTTGAAAATCTTTCGAG 118[110] 117[87] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCACTGAGTTTCGTCACCAGTACAAACCCGTAGAAAAT 124[110] 99[79] 

   

3.5nm spacing-12 CpG strands   



. 

 

 

 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTGGAAAGCAACGAGATGAAACAAACATTTTTTTTTT 34[110] 49[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 36[110] 47[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCAGATGAATATACAAAAACAGGAAGTTTTTTTTTT 44[110] 65[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGCGAATTATTCATTGTTAAAATTCGTTTTTTTTTT 46[110] 63[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCAAGAAAACAAAAGCTTTCATCAACTTTTTTTTTT 48[110] 61[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATTAAATTTTTGAAATCAGATATAGTTTTTTTTTT 62[110] 77[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tATTGTATAAGCAACAAGCCGTTTTTATTTTTTTTTT 64[110] 75[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGAAACCAATCAAACGATAAAAACCATTTTTTTTTT 72[110] 93[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTTTTCATCGTAGGGGGGTAATAGTAATTTTTTTTTT 74[110] 91[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAAGGCTTATCCGGGAAAACGAGAATGTTTTTTTTTT 76[110] 89[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 90[110] 105[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAAATAGCGAGAGGCCATTACCATTAGTTTTTTTTTT 92[110] 103[110] 

   

3.5nm spacing-35 CpG strands   

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCTGTCCATCACGAAACCAGCAATACTTTTTTTTTT 14[110] 39[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AACATCACTTGCCACTCAACGAGCAGTTTTTTTTTT 16[110] 37[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CATGGAAATACCTCGTATTGCTAAACTTTTTTTTTT 18[110] 35[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TTGGCAGATTCACACTGGTGACCTGGTTTTTTTTTT 20[110] 33[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ACAGACAATATTTTAACTATCGACATTTTTTTTTTT 22[110] 31[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CATTACGCATCGCGAATCCTTGAAAATTTTTTTTTT 30[110] 53[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAGAGTTTCTGCGGAGTGAATAACCTTTTTTTTTTT 32[110] 51[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGGAAAGCAACGAGATGAAACAAACATTTTTTTTTT 34[110] 49[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 36[110] 47[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATCAAACGCCGCGTTCAGGTTTAACGTTTTTTTTTT 38[110] 45[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTTGCACGTAAAGCCTGAGAGTCTGTTTTTTTTTT 42[110] 67[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAGATGAATATACAAAAACAGGAAGTTTTTTTTTT 44[110] 65[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGCGAATTATTCATTGTTAAAATTCGTTTTTTTTTT 46[110] 63[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAAGAAAACAAAAGCTTTCATCAACTTTTTTTTTT 48[110] 61[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGCTTCTGTAAATGGGAACAAACGGCTTTTTTTTTT 50[110] 59[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGATTGACCGTAATAACGAGCGTCTTTTTTTTTTTT 58[110] 81[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTAAATGTGAGCTTAGTTGCTATTTTTTTTTTTTT 60[110] 79[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CATTAAATTTTTGAAATCAGATATAGTTTTTTTTTT 62[110] 77[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTGTATAAGCAACAAGCCGTTTTTATTTTTTTTTT 64[110] 75[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GAGCAAACAAGAGTTTACGAGCATGTTTTTTTTTTT 66[110] 73[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AGATAAGTCCTGAAGGAATACCACATTTTTTTTTTT 70[110] 95[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AGAAACCAATCAAACGATAAAAACCATTTTTTTTTT 72[110] 93[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TTTTCATCGTAGGGGGGTAATAGTAATTTTTTTTTT 74[110] 91[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAGGCTTATCCGGGAAAACGAGAATGTTTTTTTTTT 76[110] 89[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGCACCCAGCTACAGTCAGAAGCAAATTTTTTTTTT 78[110] 87[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GCGGATTGCATCAGCCTCCCTCAGAGTTTTTTTTTT 86[110] 109[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ACCATAAATCAAATTGCCATCTTTTCTTTTTTTTTT 88[110] 107[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 90[110] 105[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAATAGCGAGAGGCCATTACCATTAGTTTTTTTTTT 92[110] 103[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAACTAATGCAGGGTAAATATTGACTTTTTTTTTT 94[110] 101[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAGACAAAAGGGCGCATTCCACAGACTTTTTTTTTT 98[110] 123[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGAAATTATTCATAAACAACTTTCAATTTTTTTTTT 100[110] 121[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CAAGGCCGGAAACGAATTGCGAATAATTTTTTTTTT 102[110] 119[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AGCGACAGAATCAGTGAATTTCTTAATTTTTTTTTT 104[110] 117[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATAATCAAAATCACCATCGCCCACGCTTTTTTTTTT 106[110] 115[110] 

   
3.5nm spacing-63 CpG strands   
*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTTCCAGTTTGGAAGAAAATGCTGAATTTTTTTTTTT 0[110] 27[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTGCCCCAGCAGGCCGAACTGATAGCCTTTTTTTTTT 2[110] 25[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGCCCTTCACCGCCAAGAATACGTGGCTTTTTTTTTT 4[110] 23[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATTAATGAATCGTGGATTATTTACATTTTTTTTTT 6[110] 21[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTGCGTTGCGCTCACAGGAAAAACGCTTTTTTTTTTT 8[110] 19[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAAATTGTTATCCGTTTGATTAGTAATTTTTTTTTTT 10[110] 17[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCCCGGGTACCGAGCCGAGTAAAAGAGTTTTTTTTTT 12[110] 15[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCTGTCCATCACGAAACCAGCAATACTTTTTTTTTT 14[110] 39[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAACATCACTTGCCACTCAACGAGCAGTTTTTTTTTT 16[110] 37[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATGGAAATACCTCGTATTGCTAAACTTTTTTTTTT 18[110] 35[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTTGGCAGATTCACACTGGTGACCTGGTTTTTTTTTT 20[110] 33[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tACAGACAATATTTTAACTATCGACATTTTTTTTTTT 22[110] 31[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCTAAAACATCGCCTTCGCATCAAAGGTTTTTTTTTT 24[110] 29[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTTCGCGTCGTCTTCACAGCGATGCCAGAGTCTGTAGT 26[110] 26[64] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGAGTGAGATCGGTTCTGGTGCCGGATTTTTTTTTT 28[110] 55[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATTACGCATCGCGAATCCTTGAAAATTTTTTTTTT 30[110] 53[110] 



. 

 

 

 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAAGAGTTTCTGCGGAGTGAATAACCTTTTTTTTTTT 32[110] 51[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTGGAAAGCAACGAGATGAAACAAACATTTTTTTTTT 34[110] 49[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 36[110] 47[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tATCAAACGCCGCGTTCAGGTTTAACGTTTTTTTTTT 38[110] 45[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tACCATCGATTGTGCCATATCAAAATTTTTTTTTTTT 40[110] 43[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tATTTGCACGTAAAGCCTGAGAGTCTGTTTTTTTTTT 42[110] 67[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCAGATGAATATACAAAAACAGGAAGTTTTTTTTTT 44[110] 65[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGCGAATTATTCATTGTTAAAATTCGTTTTTTTTTT 46[110] 63[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCAAGAAAACAAAAGCTTTCATCAACTTTTTTTTTT 48[110] 61[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTGCTTCTGTAAATGGGAACAAACGGCTTTTTTTTTT 50[110] 59[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATAGCGATAGCTAGTATCGGCCTCATTTTTTTTTT 52[110] 57[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAACCAGGCAAAGCGCCATTCGCCATTCAGGCTGCGCA 54[110] 54[64] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGAAGATCGCACTCCTTTTGATAAGATTTTTTTTTT 56[110] 83[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGATTGACCGTAATAACGAGCGTCTTTTTTTTTTTT 58[110] 81[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tATTAAATGTGAGCTTAGTTGCTATTTTTTTTTTTTT 60[110] 79[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCATTAAATTTTTGAAATCAGATATAGTTTTTTTTTT 62[110] 77[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tATTGTATAAGCAACAAGCCGTTTTTATTTTTTTTTT 64[110] 75[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGAGCAAACAAGAGTTTACGAGCATGTTTTTTTTTTT 66[110] 73[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGCTATTTTTGAGGTTTATCAACAATTTTTTTTTTT 68[110] 71[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGATAAGTCCTGAAGGAATACCACATTTTTTTTTTT 70[110] 95[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGAAACCAATCAAACGATAAAAACCATTTTTTTTTT 72[110] 93[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTTTTCATCGTAGGGGGGTAATAGTAATTTTTTTTTT 74[110] 91[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAAGGCTTATCCGGGAAAACGAGAATGTTTTTTTTTT 76[110] 89[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTGCACCCAGCTACAGTCAGAAGCAAATTTTTTTTTT 78[110] 87[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCCAGAGCCTAATCGGAAGCAAACTCTTTTTTTTTT 80[110] 85[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGTCATTTTTGCGGATGGCTTAGAGCTTA 82[110] 82[72] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCAACAGGTCAGGAACTTTTTCATGAGTTTTTTTTTT 84[110] 111[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGCGGATTGCATCAGCCTCCCTCAGAGTTTTTTTTTT 86[110] 109[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tACCATAAATCAAATTGCCATCTTTTCTTTTTTTTTT 88[110] 107[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 90[110] 105[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAAATAGCGAGAGGCCATTACCATTAGTTTTTTTTTT 92[110] 103[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTCAACTAATGCAGGGTAAATATTGACTTTTTTTTTT 94[110] 101[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAACATTATTACAGTTTACCAGCGCCATTTTTTTTTT 96[110] 99[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAAGACAAAAGGGCGCATTCCACAGACTTTTTTTTTT 98[110] 123[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGAAATTATTCATAAACAACTTTCAATTTTTTTTTT 100[110] 121[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCAAGGCCGGAAACGAATTGCGAATAATTTTTTTTTT 102[110] 119[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGCGACAGAATCAGTGAATTTCTTAATTTTTTTTTT 104[110] 117[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tATAATCAAAATCACCATCGCCCACGCTTTTTTTTTT 106[110] 115[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCCGCCACCCTCAGGCATCGGAACGAGTTTTTTTTTT 108[110] 113[110] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGAAGTTTCCATTAAACGGGTAAAATACGT 110[110] 110[72] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tGGTAGCAACGGCTACAGAGGCTTTCCGCC 112[110] 112[72] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tATAACCGATATATTCGGTCGCGAAAGACA 114[110] 113[87] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tACAGCTTGATACCGATAGTTGCGCCGTACGCCCCCTT 116[110] 107[79] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tTAATTTTTTCACGTTGAAAATCTTTCGAG 118[110] 117[87] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCAGTTTCAGCGGAGTGAGAATAGAAAATGAAAATCAC 120[110] 103[79] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tAGCCCTCATAGTTAGCGTAACATTTTGCT 122[110] 121[87] 

*t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*tCACTGAGTTTCGTCACCAGTACAAACCCGTAGAAAAT 124[110] 99[79] 

   

irregular spacing-CpGi-18 staples   

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TTCCAGTTTGGAAGAAAATGCTGAATTTTTTTTTTT 0[110] 27[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGCCCCAGCAGGCCGAACTGATAGCCTTTTTTTTTT 2[110] 25[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TGCGTTGCGCTCACAGGAAAAACGCTTTTTTTTTTT 8[110] 19[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCTGTCCATCACGAAACCAGCAATACTTTTTTTTTT 14[110] 39[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TTGGCAGATTCACACTGGTGACCTGGTTTTTTTTTT 20[110] 33[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AGAGTGAGATCGGTTCTGGTGCCGGATTTTTTTTTT 28[110] 55[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CGTGAGTATTACGAAAATCGCGCAGATTTTTTTTTT 36[110] 47[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*ATTTGCACGTAAAGCCTGAGAGTCTGTTTTTTTTTT 42[110] 67[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGCGAATTATTCATTGTTAAAATTCGTTTTTTTTTT 46[110] 63[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*TCAAGAAAACAAAAGCTTTCATCAACTTTTTTTTTT 48[110] 61[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*GGATTGACCGTAATAACGAGCGTCTTTTTTTTTTTT 58[110] 81[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AGCTATTTTTGAGGTTTATCAACAATTTTTTTTTTT 68[110] 71[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AGAAACCAATCAAACGATAAAAACCATTTTTTTTTT 72[110] 93[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CAACAGGTCAGGAACTTTTTCATGAGTTTTTTTTTT 84[110] 111[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AATGTTTAGACTGCACCGTAATCAGTTTTTTTTTTT 90[110] 105[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AACATTATTACAGTTTACCAGCGCCATTTTTTTTTT 96[110] 99[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*AAGACAAAAGGGCGCATTCCACAGACTTTTTTTTTT 98[110] 123[110] 

t*c*c*a*t*g*a*c*g*t*t*c*c*t*g*a*c*g*t*t*CCGCCACCCTCAGGCATCGGAACGAGTTTTTTTTTT 108[110] 113[110] 
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Supplementary Table 3. CpG-containing staple sequences for various CpG spacing patterns. 
The CpG strands were self-ligated or fabricated by IDT company. The CpG strands replace original 
poly-T strands (orange) at desired helix positions as shown in the second column. For all the CpG-
containing staple strands, a sequence of poly T oligonucleotide at the 5´ end or 3´ end (or both) was 
substituted by the CpG sequence. The majority of the staple stands have the CpG sequence on the 
5´end to maintain equivalent orientation of CpG across all designs. CpG1 has 3´-3´ linkage to achieve 
same CpG orientation. The positions in the second column correspond to the labeled helices in 
Supplementary Figure 4 (helices are numbered between 0 and 125). * refers to the PS modification of 
CpG oligonucleotides. In the second and third columns, the number before the square brackets refers 
to the helix position; the number inside the square brackets refers to the nucleotide base position 
corresponding to the CaDNAno file. 
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Antibodies Fluorophores 
Catalog No.  
(Mostly from 
Biolegend) 

  Antibodies Fluorophores 
Catalog No. 
(Mostly from 
Biolegend) 

CD11c BV570 117331   CD3 BV570 100225 

CD40 PE 124610   CD4 PE 100408 

CD80 APC/fire750 561134   CD8 APC/CY7 100714 

CD86 PE/CY7 105014   CD69 PE-CY7 104512 

MHC-II BV421 107632   CD25 BV711 102024 

PD-L1 BV711 124319   CD62L PerCP 104430 

DEC205 PerCP/Cy5.5 138208   CD127 APC 135012 

Viability Zombie UV 423108   CD44 AF700 103026 

CD11b BV605 101257   FoxP3 BV421 126419 

Gr-1 FITC 108406   IL-2 PE-cy5 503824 

F4/80 PE594  123146   IFNγ BV510 505841 

CD206 BV650              141723   IL-4 PE594 504132 

NK1.1 PE 156504   TNFα PE594  506346 

TLR9 FITC  ab58864  
CD8 
Tetramer 

BV421 
MBL-TB-

5001-4 

MyD88 /  ab135693   
Goat Anti-
Rabbit IgG 
H&L 

AF594 ab150080 

 
Supplementary Table 4. Antibodies used for flow cytometry for mouse cells. These antibodies were 
grouped into different panels depending on the experimental goals.  
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Antibodies Fluorophores 
Catalog No.  
BD Bioscience 

CD40 BV510 563456 

CD80  APC/CY7 561134 

CD86 PE/CY7 561128 

MHC-II  BV421 562804 

PD-L1  AF700 565188 

CD205 BV605 744058 

TLR9 PE 560425 

IL-4 BV711 564112 

IFNγ PerCP-Cy™5.5 560704 

 
Supplementary Table 5. Antibodies used for flow cytometry for human cells.   
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Supplementary Discussion 
 
Recent advances have illustrated the potential benefits of DNA origami in the context of cancer 
immunotherapy 2-4. Several studies have demonstrated that the spatial arrangements of ligands on 
DNA origami resulted in significant differences in activation of their cognate receptors and 
downstream signaling in cells 5-7. In this study, DoriVac improved both CD4 and CD8 T cell 
proliferation, activation, and cytokine secretion, most noticeably with a CpG spacing of 3.5 nm and 
18 CpGs per SQB. Previous studies also investigated other CpG engineering strategies, such as 3´-3´ 
linked CpG immunomer 8, CpG side chains of DNA duplex 9, DNA dendrimer with looped CpG 10, 
and G-quadruplex-based CpG 11,12. All these studies indicated that higher-order CpG display may be 
needed for enhanced immune activation. In this work, we report a finely tuned nanospacing of CpG 
that is narrower than that explored in previous DNA origami studies. We speculate that the 
mechanistic basis for the preferred 3.5 nm spacing may relate to the required distance between binding 
sites on a TLR dimer, based on the CpG-TLR9 crystal structure, and also to geometrical constraints 
of higher-order TLR9 multimerization 13. More generally, co-presenting antigen and adjuvant with 
precisely defined configurations and stoichiometries on DNA origami provides a tool to characterize 
critical spatial parameters of danger signals and antigens for future vaccine development. Our 
comprehensive pre-clinical results confirm that the improved activation, cross-presentation, and 
cytokine secretion induced on DCs by DoriVac with optimal CpG configurations translate into 
superior T cell priming and polarization (compared to bolus vaccine, liposomal controls, and 
suboptimal CpG configurations on SQB). We also observed NK cell activation, which offers 
additional anti-tumor benefits. The effect was more pronounced when the antigen was co-delivered 
on the same particle as the CpG adjuvant, demonstrating that co-delivery is a critical aspect of this 
modular platform.  

Some previous studies reported that CpG could assist with elimination of large tumors. These cases 
were either achieved by aggressive application of CpG both peritumorally and contralaterally 14 or 
preceded by surgical excision of the primary tumor 15. CpG-functionalized nanoparticle vaccines have 
also been broadly investigated recent years 16. For example, CpG and HPV E7 peptide co-delivered 
by mannose-modified liposomes decreased tumor growth of established large TC-1 grafted tumors in 
a mouse model 17. As of 2022, several CpG based drugs for cancer are in clinical trials, with none yet 
having been approved by the FDA 18-20.  Display of CpG on DNA origami has been studied by several 
research groups. Schuller et al attached up to 62 CpG sequences on hollow 30-helix DNA origami to 
stimulate cellular immunity 21. CpG displayed on origami, compared to free CpG, induced greater 
secretion of IL-6 and IL-12 in DC cells. Comberlato et al. designed spatial patterns of CpG motifs on 
DNA origami, with 7 nm spacing that significantly activated TLR9 in RAW264.7 macrophages 22. This 
work represents the earliest published report of how varying CpG nanospacing on DNA origami can 
affect immune cell activation. Following this study, Du et al reported that DNA origami wireframe 
modified with different CpG copy numbers and spatial organization lead to different levels of Type I 
and Type III interferon (IFN) production through TLR9 signaling23. Two other recent publications 
explored CpG display on DNA origami without variation in nanospacing, and both reported 
therapeutic efficacy in mouse models. One study applied CpG on a pH-responsive DNA origami 
nanodevice together with antigens, leading to a potent anti-tumoral T-cell response 4. The other study 
applied DNA origami to co-deliver the receptor binding domain of SARS-CoV-2 along with CpGs, 
leading to robust protective immunity against SARS-CoV-2 24. 
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We achieved notable therapeutic effects in various tumor models by applying a modest dose of antigen 
and adjuvant (only 5.4 µg of antigen and 2.2 µg of CpG adjuvant) delivered by a DNA origami 
nanoparticle, which is a much smaller dose than that used in prior murine studies (100 µg antigen and 
100 µg of CpG) 25. A similar finding was reported in a previous study, where 4 μg of CpG was 

fabricated on ultrasmall (∼25–50 nm) polymeric nanoparticles and co-delivered with antigen, resulting 
in substantial protection of mice from syngeneic tumor challenge 26. Another recent study used 
spherical nucleic acid (SNA) nanoparticles that contained 9 nmol (~60 µg) of CpG in their animal 
efficacy study 27. In contrast, we were able to achieve a protective immune response against tumors 
using as little as 0.36 nmol (2.2 µg) of CpG in DoriVac. This highlights an advantage of DNA origami-
based vaccines in achieving effective immune responses with minimal amounts of adjuvant. The 
significant therapeutic effects observed in the context of a low dose of adjuvant suggest that the DNA 
origami vaccine could potentially reduce adjuvant-related toxicity 28,29,30.  
 
Supplemental methods 
 
Fluorescent labeling of SQBs  
SQBs were labeled with Cy5 fluorophores. DNA oligonucleotides 
/5AmMC6/GGGATAAGTTGATTGCAGAGC-3´(anti-handle) were modified with a 5´ amine and 
covalently coupled to Cy5 fluorophores via N-hydroxysuccinimide (NHS) ester coupling (Lumiprobe). 
DNA oligonucleotide (1 mM in ddH2O) was mixed with 10 times excess of Cy5-NHS (10 mM in 
DMSO) and supplemented with 10% of NaHCO3 (1M, buffer at pH 8.0). The reaction was carried 
out in the dark overnight at room temperature shaking at 400 rpm. Zeba size-exclusion and desalting 
columns (7K MWCO; Thermo Scientific, Waltham, MA) were used to remove unreacted dye through 
centrifugation at 1000 g for 2 minutes. The columns were washed with 400 µL of ddH2O three times 
before use, according to manufacturer’s protocol. The Cy5 conjugated oligonucleotides were added 
to the SQB folding pool with 5 times excess to ensure complete conjugation. Eight staples linked with 
complementary handle strands (5´-GCTCTGCAATCAACTTATCCC-3´) were used to capture the 
Cy5-linked strands. 

Agarose gel electrophoresis 
Folded SQB samples or purified SQB samples (CpG and/or OVA conjugated) were subjected to 2% 
native agarose gel electrophoresis at 70 V for 2.5 hours (gel prepared in 0.5 × TBE buffer 
supplemented with 11 mM MgCl2 and/or 0.005% (v/v) EtBr or SYBR safe). The gel was imaged 
using a Typhoon imager.  

TEM analysis 
The structural integrity of the SQB was verified using negative stain transmission electron microscopy 
(TEM). Prior to adding the samples, grids were cleaned using plasma discharge for 30 seconds. 3.0 µL 
of 4-10 nM SQB solution was then deposited on a carbon coated Formvar grid (Electron Microscopy 
Sciences). After 3 minutes, the sample was wicked from the grid by gently blotting the grid with the 
edge of the filter paper. A drop of uranyl formate solution (2% w/v in H2O) was then deposited onto 
the grid for 30 seconds, and the excess solution was wicked using filter paper. Studies were conducted 
using a JEOL JEM-1400 transmission electron microscope in brightfield mode at 80 kV. 

DNase I degradation assay 
SQBs (1 µg) were incubated with 1.0 U/µL DNase I (NEB) with 10 × DNase I buffer diluted in water 
(Gibco). Samples were incubated at 37°C for 30 minutes and then analyzed using 15% denaturing 
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polyacrylamide (PAGE) gel to observe the CpG loading efficiency comparing to the calculated 
theoretical CpG oligos. Denaturing PAGE gel (15%) was homemade using 9 mL urea concentrate, 
4.5 mL urea diluent, 1.5 mL urea buffer (all three from Fisher Scientific), 10 µL 
tetramethylethylenediamine (TEMED) and 150 µL 10 wt% ammonium persulfate (APS) casting into 
mini-cassette (ThermoFisher Novex). Loading wells were generated by inserting the comb into the 
cassette. 

Cell uptake assay 
Cell uptake were performed using HeLa tumor cell line and Human Embryonic Kidney cells (HEK293) 
maintained in high-glucose Dulbecco’s modified Eagle medium (DMEM) (Gibco, Gaithersburg) and 
10% fetal bovine serum (FBS) (Lonza, Wakersville) with penicillin–streptomycin. For flow cytometry, 
HEK293 cells were seeded at a density of 250,000 cells/mL into tissue culture treated 48 well plates 
(BD Life Sciences) and allowed to grow for 24 hours in 200 µL of media. CpG-SQBs with various 
spacings were added to a final concentration of 0.1–1 nM and incubated with cells. All samples were 
performed in triplicate. Raw264.7 cells were purchased from ATCC and applied for some of the 
stimulation studies. CpG-SQBs with various spacings were added to a final concentration of 1 nM 
and incubated with cells Raw264.7. 

Western Blot 
Cells were plated and stimulated with different versions of vaccines. Following stimulation, cells were 
lysed using Pierce RIPA buffer (Thermo Scientific). Protein levels were detected using Pierce BCA 
protein assay (Thermo Fisher Scientific, 23227). Samples were then prepared combined with 4x LDS 
sample buffer and DTT before being sonicated for 15 minutes followed by a 10-minute incubation at 
70°C. Proteins were separated using an SDS Page gel before transfer. Thermo Fisher iBlot 2 Dry 
Blotting System was used to transfer proteins to the membrane. After transfer, the membrane was 
blocked for 30 minutes in 2% Dry Milk Powder (RPI, M17200) in PBS-T (1% Tween 20 in Dulbecco’s 
Phosphate Buffered Saline) and incubated with a primary antibody then a second antibody. Primary 
antibodies used included anti-mouse TLR9 (Abcam, ab58864), anti-mouse TLR13 (Novus, NBP2-
24539SS), and anti-GAPDH (Biovision, A1814). Secondary antibodies used included Anti-Rabbit IgG 
(H+L), Mouse/Human ads-HRP (Southern Biotech, 4050-05) and Mouse IgG HRP-conjugated 
Antibody (R&D Systems, HAF007). 
 
Preparation of pDC and moDC 
Human PBMCs were obtained from Catherine Wu’s lab. Plasmacytoid DCs (pDCs) were isolated 
using the kit purchased from Miltenyi Biotec (130-097-415). Human monocyte derived DCs (moDCs) 
were kindly given by our neibougher lab. Both the pDCs and moDCs were cultured in 10% low-
endotoxin FBS containing DMEM culture medium. The cells were stimulated by 1nM of  various 
SQB-CpGs in 96-well plate. The cell number is 100,000 or 200,000 cells per well. 
 
Liposome Preparation 
First, 6.2mg of POPC (Anatrace, P516) was measured into a glass tube and dissolved in sufficient 
amount of chloroform (VWR, BDH83627.400). The tube was then covered with parafilm, and a 
constant stream of Nitrogen gas was blown into the tube until all chloroform evaporated. Then, the 
tube was dried in a vacuum overnight. Lipids were then dissolved in 1 × TE (5 mM Tris and 1 mM 
EDTA) with 1% sodium cholate (VWR, 101183-986) to a final concentration of 6.25mM by sonicating 
for 1 hour. Dissolved lipids were incubated at 4°C for 1 hour with appropriate amounts of CpG and 
OVA-AF488 (Ovalbumin, Alexa Fluor™ 488 Conjugate, ThermoFisher, O34781). Incorporation 
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frequencies were determined previously using a standard curve made by measuring fluorescent signals 
of liposomes after incorporation of various concentrations of OVA-AF488 or Cy5-tagged 
oligonucleotide. This protocol was optimized to ensure that the CpG and OVA were incorporated at 
an equivalent dose to that delivered by the SQB. Bio-Beads SM-2 Adsorbents (Bio-Rad, 1523920) 
were prepared via 3 washes with 0.5mL 1 × TE followed by spinning at 3 minutes at 16000 rcf and 
removing the floating, inactivated beads after each step. Activated Bio-beads were then added to each 
sample are a ratio of 300mg of Bio-beads to 250 µL of sample and gently rotated at 4°C overnight. 
Liposomes were concentrated using a 30 kDa Amicon Ultra-0.5 Centrifugal Filter Unit (Millipore 
Sigma, UFC5030) and then diluted with 1 × TE to the desired final concentration.  
 
Neoantigen peptide antigen conjugation with ‘handle’ oligonucleotide 
A ‘anti-juno handle’ oligonucleotide, which corresponds to 24 sites on the extruding face of the SQB, 
were ordered from IDT with an amine modification on the 5’ terminal (NH2-
TTCTAGGGTTAAAAGGGGACG). These handle strands will replace some of the poly-T 
oligonucleotides on the extruding face of the SQB. The neoantigen peptides were ordered from 
GenScript with an azide-modified lysine on the N terminal. The ‘handle’ oligonucleotide was diluted 
to a final concentration of 1000 µM with phosphate buffer (pH 8.0). The neoantigen peptides were 
dissolved in DMSO, according to the manufacturer’s instructions. The oligonucleotide was conjugated 
with dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS ester; Millipore, #761524). The 
DBCO-NHS ester (diluted in DMSO to 2000 µM concentration) was incubated with the 
oligonucleotide (diluted in phosphate buffer pH 8.0 to 200 µM concentration) in 1:1 volume ratio and 
incubated overnight at ambient temperature. The final concentration of DBCO-NHS ester exceeded 
the concentration of the oligonucleotide 10:1, to ensure that all oligonucleotides were successfully 
conjugated with DBCO-NHS ester. After incubation, the product was purified via Illustra NAP 
column (GE Healthcare Life Sciences, #17-0852-02) and eluted with sterile water. The flow-through 
was concentrated via 3K Amicron Ultra Centrifugal Filter Unit (Millipore; #UFC500324) at 14,000 
rcf for 15 minutes at 4°C. DBCO incorporation was confirmed by observation of an OD310 peak 
and final concentration was determined via measurement of A280 using the NanoDrop.  
 
The N-terminal azide modified neoantigen peptides (M27: 
REGVELCPGNKYEMRRHGTTHSLVIHD; M33: DSGSPFPAAVILRDALHMARGLKYLHQ, 
M30: PSKPSFQEFVDWENVSPELNSTDQPFL, M47: 
GRGHLLGRLAAIVGKQVLLGRKVVVVR) were conjugated with the DBCO-conjugated 
oligonucleotide via a copper-free click chemistry reaction. The peptide was combined with the DBCO-
conjugated oligonucleotide at a ratio of 1.5: 1. 10X PBS was added to the reaction mixture so that the 
final reaction included 1XPBS. The reaction was incubated overnight at room temperature. 15% 
denaturing PAGE (dPAGE) was used to confirm successful conjugation of the peptide to the DBCO-
modified oligonucleotide. 8% dPAGE was used to purify the samples. The reaction mixture was 
combined with formamide loading buffer (FLB) at a volume ratio of 1:1. The resulting mixture was 
loaded into a dPAGE gel, and the gel run at 250V for 50 minutes. The peptide-conjugated 
oligonucleotide band was observed via UV shadowing on a thin layer chromatography (TLC) plate 
and cut out with a razor blade. The gel was crushed with a pestle in a 15 mL Falcon tube. 1 × TE 
buffer was added in a 1:1 volume ratio and the solution was incubated overnight at 25°C, shaking at 
high speed. The gel solution was filtered through Freeze ‘N Squeeze DNA Gel Extraction Spin 
Columns (Bio-Rad; #7326165) according to the manufacturer’s protocol and then purified via ethanol 
precipitation. The peptide-oligonucleotide pellet was resuspended in 1 × PBS, and the concentration 
was determined via NanoDrop. Successful purification was confirmed via dPAGE analysis. 
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Denaturing PAGE (dPAGE) verification of peptide-conjugated oligonucleotide 
Denaturing PAGE gels were cast using SequaGel-UreaGel System Kit (Fisher Scientific; #EC-833). 
5 picomoles of the samples were mixed with formamide loading buffer (FLB) in 1:1 volume ratio. The 
mixture was denatured at 95°C for 2 minutes and then loaded into the wells. The gel was run in 0.5 × 
TBE buffer for 45 minutes at 250V. The gel was stained with SYBR Gold for 10 minutes and then 
imaged with the Typhoon Gel Scanner. 
 
Ethanol precipitation 
The peptide-oligonucleotide conjugates were purified via ethanol precipitation. After filtering, 100% 
ethanol and 3M NaOAc were added to the sample in a 50mL Falcon tube, so that a final concentration 
of 80% ethanol and 0.3M NaOAc was achieved. The solution was placed in the -80°C freezer for a 
minimum of one hour. The sample was then spun down at high speed in a pre-cooled RC6+ 
Superspeed Centrifuge (Thermo Scientific). The sample was spun for 16,000g for 1 hour at -20°C. A 
white pellet was observed after spinning. The pellet was washed twice with 5 mL of 75% ethanol. The 
pellet was dried at ambient temperature and resuspended in 1 × PBS.  
 
Neoantigen peptide-conjugated oligonucleotide hybridization with SQB 
The purified peptide-conjugated oligonucleotides were hybridized to the PEG purified SQB. The 
peptide-conjugated oligonucleotides were added in 2 × excess to the SQB, maintaining a final 
concentration of 10mM MgCl2 and 1 × TE via addition of stock solutions of 10 × TE and 100mM 
MgCl2. The SQBs were added last to ensure that they are not subjected to variable concentrations of 
TE and MgCl2, which can disrupt the structural integrity of the DNA origami. The peptide-SQB 
solution was incubated for 1-2 hours at 37°C while shaking. The purity and integrity of the sample 
was confirmed via agarose gel electrophoresis and TEM. The peptide-SQBs were purified via PEG 
purification and their concentration was determined via NanoDrop. The number of peptides 
conjugated to each SQB was determined via a DNA I degradation assay (below).   
 
DNAse I degradation and silver stain analysis 
The peptide loaded SQBs were subjected to DNase I degradation. 1 picomole of SQBs was incubated 
with 1.0 U/µl DNase I (NEB) with 10 × DNase I buffer diluted in water (Gibco). Samples were 
incubated in the thermocycler for 30 minutes at 37°C. The sample was combined with 4 × NuPAGE 
LDS sample buffer (ThermoFisher; #NP0008), incubated at 70°C for 10 minutes in the thermocycler, 
and loaded in 4-12% NuPAGE Bis-Tris gels (ThermoFisher; #NP0322). The gel was run in 1 × MES 
SDS running buffer (ThermoFisher; #NP0002) at 200V for 32 minutes. The gel was analyzed via 
silver stain (Pierce, #24612), following the manufacturer’s protocol. The gel was imaged under Silver 
Stain setting on Image Lab 6 on a Gel Doc EZ Imager (Bio-Rad). ImageJ was used to quantify the 
band intensity and determine the conjugation efficiency of the peptides to the SQBs. 
 
Processing LNs 
The axillary and superficial cervical LNs on the left side of the mouse (the same side as the vaccine 
injection) were collected for flow. The LNs were meshed through a 70 µm cell strainer using a syringe 
plunger to obtain a single cell suspension. The suspension was separated and stained with various 
panels of multiple antibodies. The cells were then washed and analyzed using flow cytometry 
(LSRFortessa, BD).  
 
Processing blood cells 
Blood cells were collected in heparin-coated tubes to prevent clotting. Plasma was collected by 
spinning at 500 x g  for 5 minutes to separate the plasma cells from other blood cells. Plasma was 
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saved at -80 °C before analyzing. The blood cells were treated with red blood cell lysis buffer 3 times. 
The remaining peripheral blood mononuclear cells (PBMCs) were analyzed using flow cytometry or 
via ELIspot (LSRFortessa, BD). 

Tumor cell processing into single cell suspension 
Mice were sacrificed on day 15 after tumor inoculation. The melanoma tumors ranged from 2–15 mm 
in diameter at the time of sacrifice for tumor-cell processing. The tumors were dissociated from the 
skin and muscle. The tumor tissues were then sliced into 1–2 mm pieces and dissociated in DMEM 
supplemented with 80 U/mL collagenase type IV (Gibco # 17104019), 20 U/mL DNase I in HBSS 
(Sigma #11284932001), and 2 mg/mL bovine serum albumin (Sigma, #05470) for 1.5 hours at 37°C, 
shaking at a slow speed to ensure proper mixing. The resultant cell suspension was filtered through a 
70 μm cell strainer to obtain a single cell suspension. The cells were then stained with antibodies in 
various panels for flow cytometry analysis. 

Anti-dsDNA antibody and anti-PEG antibody test 
The plasma samples collected from various animal tumor model studies were applied to evaluate the 
anti-dsDNA antibody and anti-PEG antibody in the mouse serum after being treated by different 
conditions. The anti-mouse dsDNA IgG (#5120), anti-mouse PEG IgG (#PEG-030), and anti-mouse 
dsDNA IgA/G/M (#5110) ELISA kits were purchased from Alpha Diagnostic. For anti-dsDNA 
antibody tests, the plasma samples were diluted 100 times. For anti-PEG antibody tests, the plasma 
samples were diluted 10 times. The experiments were performed following the detailed instruction 
provided by the manufacturer.  

Extended statistical analyses 
The linear mixed effect model for tumor volume trajectory in figure 5B was estimated using a random 
intercept for each mouse, and fixed effect estimates for time, treatment modalities and their interaction. 
The intercept is defined as the control group starting at day 0. Day is treated as continuous and is 
highly significant. It modifies the effect of the control across time. All other arm variables represent 
the intercept for the growth rates of various modalities of treatment. The intercepts are not 
significantly different from the controls. The interaction variables, between Day and Arm measure the 
trajectories of that modalities rate. Here the trajectory growth rate for 3.5nm (CpG2) is significantly 
lower than the control, and show the greatest reduction in tumor volume across time when compared 
to the control. Irregular Spacing (CpGi) & Free CpG2+Free OVA are both statistically different from 
the control, and show a greater reduction in tumor volume across time than the control. The statistical 
difference between CpG2-SQB+SQB-OVA & 7nm (CPG4) and the control is marginally significant, 
with both arms responding better than the control. If we change the reference arm from control to 
CpG2, the growth of every other treatment is larger than the CpG2 whose growth rate is now dictated 
by day and its intercept (Supplementary Table 6). The trajectory growth rate for CpG2 is significantly 
slower than CpG4 and CpGi. For other tumor growth results with less groups involved, two-way 
ANOVA was applied with Tukey's multiple comparisons test. 
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Supplementary Table 6. Statistics results for Fig. 5B tumor trajectory growth when using CpG2 as 
the reference arm. 
 
Statistics and Reproducibility 

We have collected TEM images such as those shown in Figures 1D and G for independently fabricated 
nanostructures more than ten times, all with similar results. For Figures 1H and 1I, we have generated 
similar agarose gels twice, both times with similar results. For Figure 1K, we performed similar 
experiments three times, all with similar results. For Supplementary Figure 3 A and B, we performed 
this experiment a single time . For Supplementary Figure 3 C–E, we have repeated these experiments 
more than ten times, all with similar results. For Supplementary Figure 5 C and D, we have performed 
these experiments multiple times as a validation process. Figure Supplementary Figure 5 F and H, we 
have done twice. For Supplementary Figure 6 B and C, we have repeated more than 10 times. For 
Supplementary Figure 7 A and B, we have done twice. For Supplementary Figure 7 E and F, we have 
repeated at least 3 times. For Supplementary Figure 7 G and J, we have done twice. For Supplementary 
Figure 8, we have repeated at least 4 times as our validation process. For Supplementary Figure 9A–
C, we have done once. For Supplementary Figure 10A, D-F, we have done once. For Supplementary 
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Figure 12A and B, we have done once. For Supplementary Figure 13A, we have repeated at least 6 
times. For Supplementary Figure 14A, we have done once. For Supplementary Figure 17G, we have 
done twice. For Supplementary Figure 19A, we have repeated three time. For Supplementary Figure 
20 M and N, we have done twice.  For Supplementary Figure 28 A, B, D and F, we have done three 
times. All the independently repeated experiments showed similar results. 
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Variant Sequence 

SARS-CoV-2 (Alpha) 
GDISGINASVVNIQKEIDRLNEVAKNLNESLIDL
QELGKYEQYIK 

SARS-CoV-2 (Omicron) 
GDISGINASVVNIQKEIDRLNEVAKNLNESLIDL
QELGKYEQGSG 

 
Supplementary Table 1 | Differences between HR2 sequences in variants of SARS-CoV-2. The amino 
acids that differ between the two variant sequences are colored in red. HR2 peptide is highly conserved, 
compared to many epitopes within the spike region, which renders the effectiveness of HR2-based SARS-CoV-2 
vaccines less susceptible to antigenic drift. 
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Peptide Name Sequence 
Molecular 
Weight 

Number of 
Residues 

Net Charge 
at pH 7 

Hydrophobicity 
(GRAVY) 

SARS-CoV-2 
HR2 
 

{Lys(N3)}GDI
SGINASVVNI
QKEIDRLNE
VAKNLNESLI
DLQELGKYE
QYIK 

5203.81 g/mol 
 

46 -2.0 -0.52 

HIV HR2 

{Lys(N3)}WN
NMTWMEWD
REINNYTSLI
HSLIEESQNQ
QEKNEQELL
ELDKWASLW
NWF 

6600.19 g/mol 52 -5.9 -1.14 

Ebola HR2 

{Lys(N3)}IEP
HDWTKNITD
KIDQIIHDFV
DK 

3049.38 g/mol 25 -1.8 -0.98 

 
Supplementary Table 2 | Peptide sequences and relevant properties. Peptides were purchased with N-
terminal azide modifications from IDT. The azide modifications enable a click-chemistry reaction between the 
azide-modified peptide and a DBCO-modified oligonucleotide. A negative value in the Grand AVerage of 
hydropathY (GRAVY) score indicates peptides that are net hydrophilic at pH 7. 
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Sample 
Intensity of DoriVac 
Band 

Intensity of Peptide 
Band (Control) 

Percent Conjugation 
Efficiency 

SARS-CoV-2 DoriVac 5885.468 5770.296 102.0% 

Ebola DoriVac 2660.154 2573.125 103.4% 

HIV DoriVac 3330.874 3436.288 96.9% 

 
Supplementary Table 3 | Peptide conjugation efficiency. Peptide conjugation efficiency was determined by 
using the band intensity of a DNase I-digested infectious disease SQB, as calculated by ImageJ, and comparing it 
with the band intensity of the theoretical amount of peptide. 
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Antibody Fluorophore BioLegend Catalog Number 

CD11c BV510 117338 

CD40 PE 124610 

CD80 APC/fire 750 104740 

CD86 PE/Cy7 105014 

MHC-II BV421 107632 

PD-L1 BV785  124331 

DEC205 PerCp/Cy 5.5 138207 

CD11b BV605 101257 

CD103 AF700 121442 

Gr-1 FITC 108406 

Viability Zombie UV 423108 

 
Supplementary Table 4 | Antibodies used for dendritic-cell (DC) flow cytometry. These antibodies were 
grouped into different panels depending on the experimental goals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

179



 

Antibody Fluorophore BioLegend Catalog Number 

B220 BV510 103247 

CD19 AF700 115528 

CD138 BV650 142518 

Ter119 (Ly-76) BV785 116245 

CD38 PE/Fire 700 102747 

IgG1  PerCP/Cyanine5.5 406612 

IgG2a BV421 407117 

CD40 PE/CY7 124622 

CD27 APC/fire750 124237 

PD-L2 PE594 107216 

Fas (CD95) FITC 152606 

Viability Zombie UV 423108 

 
Supplementary Table 5 | Antibodies used for B cells flow cytometry. These antibodies were grouped into 
different panels depending on the experimental goals.  
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Antibody Fluorophore BioLegend Catalog Number 

CD3 BV785 100232 

CD8 APC/Cy7 100713 

CD4 PE 100408 

CD69 PE-Cy7 104512 

CD62L PerCp 104430 

CD44 AF-700 103026 

CD127 APC 135012 

CD25 BV650 102037 

PD-1 BV605 135220 

CD107a FITC-AF488 121608 

Viability Zombie UV 423108 

FoxP3 (Intra) BV421 126419 

TNFα (Intra) PE594 506346 

IL-2 (Intra) PE - Cy5 503824 

IFN-γ (Intra) BV510 505841 

 
Supplementary Table 6 | Antibodies used for T cells flow cytometry. These antibodies were grouped into 
different panels depending on the experimental goals. 
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MHC-I or 
MHC-II 

Allele Start End Length Peptide Core peptide region Rank 

MHC-I H-2-Db 8 17 10 ASVVNIQKEI ASVVNIQEI 0.04 

MHC-I H-2-Db 3 11 9 ISGINASVV ISGINASVV 0.09 

MHC-I H-2-Kb 6 13 8 INASVVNI INAS-VVNI 0.37 

MHC-I H-2-Kb 30 37 8 SLIDLQEL SLID-LQEL 0.37 

MHC-I H-2-Db 8 20 13 ASVVNIQKEIDRL ASVVNIDRL 0.39 

MHC-I H-2-Db 29 37 9 ESLIDLQEL ESLIDLQEL 0.44 

MHC-I H-2-Kb 13 20 8 IQKEIDRL IQKE-IDRL 0.99 

MHC-I H-2-Db 4 11 8 SGINASVV SGI-NASVV 0.68 

MHC-II H2-IAb 2 16 15 
DISGINASVVNIQK
E 

INASVVNIQ 2 

MHC-II H2-IAb 3 17 15 
ISGINASVVNIQKE
I 

INASVVNIQ 2.4 

MHC-II H2-IAb 1 15 15 
GDISGINASVVNIQ
K 

INASVVNIQ 3.4 

MHC-II H2-IAb 4 18 15 
SGINASVVNIQKEI
D 

INASVVNIQ 4.4 

MHC-II H2-IAb 5 19 15 
GINASVVNIQKEID
R 

INASVVNIQ 18 

MHC-II H2-IAb 15 29 15 
KEIDRLNEVAKNL
NE 

DRLNEVAKN 29 

MHC-II H2-IAb 14 28 15 
QKEIDRLNEVAKN
LN 

DRLNEVAKN 36 

MHC-II H2-IAb 16 30 15 
EIDRLNEVAKNLN
ES 

DRLNEVAKN 40 

 
Supplementary Table 7 | Predicted murine MHC epitopes of the SARS-CoV-2 HR2 peptide and 
associated MHC binding. NetMHCpan-4.1 was used to predict the top eight murine MHC-I and MHC-II 
epitopes of each HR2 peptide. The default cutoff for MHC binders was used as described by NetMHCpan59. A 
lower rank score for the peptide is associated with stronger binding to MHC. 0.5% was defined as the cutoff for 
‘strong’ MHC-I binders while 2% was defined as the cutoff for ‘weak’ MHC-I binders. Any peptides that had a 
rank score >2% were assumed to not bind to MHC-I. 2% was defined as the cutoff for ‘strong’ MHC-II binders 
while 10% was defined as the cutoff for ‘weak’ MHC-II binders. Any peptides that had a rank score >10% were 
assumed to not bind to MHC-II.  
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MHC-I or 
MHC-II 

Allele Start End Length Peptide Core peptide region Rank 

MHC-I H-2-Db 11 19 9 REINNYTSL REINNYTSL 0.09 

MHC-I H-2-Kb 17 24 8 TSLIHSLI TSL-IHSLI 0.42 

MHC-I H-2-Kb 16 23 8 YTSLIHSL YTS-LIHSL 0.5 

MHC-I H-2-Db 30 38 9 QQEKNEQEL QQEKNEQEL 0.39 

MHC-I H-2-Db 27 38 12 SQNQQEKNEQEL SQNQNEQEL 0.43 

MHC-I H-2-Kb 12 19 8 EINNYTSL EINN-YTSL 0.79 

MHC-I H-2-Db 11 20 10 REINNYTSLI REINNYTSI 0.7 

MHC-I H-2-Db 29 38 10 NQQEKNEQEL NQQENEQEL 0.85 

MHC-II H2-IAb 16 30 15 
YTSLIHSLIEESQN
Q 

LIHSLIEES 11 

MHC-II H2-IAb 15 29 15 
NYTSLIHSLIEESQ
N 

LIHSLIEES 14 

MHC-II H2-IAb 14 28 15 
NNYTSLIHSLIEES
Q 

LIHSLIEES 20 

MHC-II H2-IAb 17 31 15 
TSLIHSLIEESQNQ
Q 

LIHSLIEES 20 

MHC-II H2-IAb 12 26 15 EINNYTSLIHSLIEE NYTSLIHSL 21 

MHC-II H2-IAb 13 27 15 INNYTSLIHSLIEES YTSLIHSLI 23 

MHC-II H2-IAb 11 25 15 REINNYTSLIHSLIE NYTSLIHSL 26 

MHC-II H2-IAb 21 35 15 
HSLIEESQNQQEK
NE 

IEESQNQQE 30 

 
Supplementary Table 8 | Predicted murine MHC epitopes of the HIV HR2 peptide and associated MHC 
binding. NetMHCpan-4.1 was used to predict the top eight murine MHC-I and MHC-II epitopes of each HR2 
peptide. The default cut-off for MHC binders was used as described by NetMHCpan59. A lower rank score for the 
peptide is associated with stronger binding to MHC. 0.5% was defined as the cut-off for ‘strong’ MHC-I binders 
while 2% was defined as the cut-off for ‘weak’ MHC-I binders. Any peptides that had a rank score >2% were 
assumed to not bind to MHC-I. 2% was defined as the cut-off for ‘strong’ MHC-II binders while 10% was defined 
as the cut-off for ‘weak’ MHC-II binders. Any peptides that had a rank score >10% were assumed to not bind to 
MHC-II.  
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MHC-I or 
MHC-II 

Allele Start End Length Peptide Core peptide region Rank 

MHC-I H-2-Db 8 17 10 KNITDKIDQI KNITDIDQI 1.8 

MHC-I H-2-Kb 13 21 9 KIDQIIHDF KIDQIIHDF 4 

MHC-I H-2-Kb 10 17 8 ITDKIDQI IT-DKIDQI 4.9 

MHC-I H-2-Db 10 18 9 ITDKIDQII ITDKIDQII 4 

MHC-I H-2-Db 8 18 11 KNITDKIDQII KNITIDQII 5.3 

MHC-I H-2-Db 6 14 9 WTKNITDKI WTKNITDKI 5.6 

MHC-I H-2-Db 13 21 9 KIDQIIHDF KIDQIIHDF 6.1 

MHC-I H-2-Kb 9 17 9 NITDKIDQI NITDKIDQI 7.4 

MHC-II H2-IAb 3 17 15 
PHDWTKNITDKID
QI 

WTKNITDKI 19 

MHC-II H2-IAb 2 16 15 
EPHDWTKNITDKI
DQ 

WTKNITDKI 19 

MHC-II H2-IAb 1 15 15 
IEPHDWTKNITDK
ID 

WTKNITDKI 23 

MHC-II H2-IAb 4 18 15 
HDWTKNITDKID
QII 

WTKNITDKI 31 

MHC-II H2-IAb 5 19 15 
DWTKNITDKIDQI
IH 

WTKNITDKI 57 

MHC-II H2-IAb 6 20 15 
WTKNITDKIDQII
HD 

NITDKIDQI 60 

MHC-II H2-IAb 7 21 15 
TKNITDKIDQIIHD
F 

ITDKIDQII 62 

MHC-II H2-IAb 10 24 15 
ITDKIDQIIHDFVD
K 

IDQIIHDFV 67 

 
Supplementary Table 9 | Predicted murine MHC epitopes of the Ebola HR2 peptide and associated 
MHC binding. NetMHCpan-4.1 was used to predict the top eight murine MHC-I and MHC-II epitopes of each 
HR2 peptide. The default cut-off for MHC binders was used as described by NetMHCpan59. A lower rank score 
for the peptide is associated with stronger binding to MHC. 0.5% was defined as the cut-off for ‘strong’ MHC-I 
binders while 2% was defined as the cut-off for ‘weak’ MHC-I binders. Any peptides that had a rank score >2% 
were assumed to not bind to MHC-I. 2% was defined as the cut-off for ‘strong’ MHC-II binders while 10% was 
defined as the cut-off for ‘weak’ MHC-II binders. Any peptides that had a rank score >10% were assumed to not 
bind to MHC-II.  
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Infectious disease 
MHC-I strong 
binders 

MHC-I weak 
binders 

MHC-II strong 
binders 

MHC-II weak 
binders 

SARS-CoV-2 6 >8 0 4 

HIV 2 >8 0 0 

Ebola 0 1 0 0 

 
Supplementary Table 10 | Summary Table of ‘strong’ and ‘weak’ MHC binding epitopes for various HR2 
peptides. NetMHCpan-4.1 was used to predict the top eight murine MHC-I and MHC-II epitopes of each HR2 
peptide. The default cutoff for MHC binders was used as described by NetMHCpan59. A lower rank score for the 
peptide is associated with stronger binding to MHC. 0.5% was defined as the cutoff for ‘strong’ MHC-I binders 
while 2% was defined as the cutoff for ‘weak’ MHC-I binders. Any peptides that had a rank score >2% were 
assumed to not bind to MHC-I. 2% was defined as the cutoff for ‘strong’ MHC-II binders while 10% was defined 
as the cutoff for ‘weak’ MHC-II binders. Any peptides that had a rank score >10% were assumed to not bind to 
MHC-II.  
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Antibody Fluorophore Catalog Number Supplier 

CD1c BV421 331526 Biolegend 

CD14 BUV395 563561 BD 

CD86 BV605 305430 Biolegend 

CD40 APC/Fire™ 750 334345 Biolegend 

HLA-DR PE-Cy7 307616 Biolegend 

CD83 FITC 305306 Biolegend 

ViaKrome 808 Fixable 
Viability Dye ViaKrome 808 C36628 Beckman Coulter 

 
Supplementary Table 11 | Antibodies used for human monocyte-derived dendritic cells (DCs) flow 
cytometry. These antibodies were grouped into different panels depending on the experimental goals.  
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Antibody Fluorophore Catalog Number Supplier 

CD3 PerCP Cy5.5 317336 Biolegend 

CD4 BV650 317436 Biolegend 

CD8 AF700 344724 Biolegend 

IFN𝜸 BV421 506538 Biolegend 

TNF⍺ FITC 502906 Biolegend 

IL2 PE-Cy7 500326 Biolegend 

Mouse IgG1, κ Isotype 
Ctrl Antibody BV421 

400158  
Biolegend 

Mouse IgG1, κ Isotype 
Ctrl Antibody FITC 

400108 
Biolegend 

Rat IgG2a, κ Isotype Ctrl 
Antibody PE-Cy7 

400522 
Biolegend 

ViaKrome 808 Fixable 
Viability Dye ViaKrome 808 C36628 Beckman Coulter 

 
Supplementary Table 12 | Antibodies used for human intracellular cytokine staining flow cytometry. 
These antibodies were grouped into different panels depending on the experimental goals.  
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Protein Name Supplier Catalog Number 
Number of 
Lysines 

Molecular Weight 

HBsAg 
Advanced 
Immunochemical 
Inc. 

7-HbADW 4 
25,394.7 g/mol 
 

E8L Sino Biological 40890-V08B 21 35,750 g/mol 

H3L Sino Biological 40893-V08H1 22 33,690 g/mol 

M1R Sino Biological 40904-V07H 10 21,590 g/mol 

 
Supplementary Table 13 | Protein sources and relevant properties. The number of lysines for each protein 
is relevant to the protein-oligonucleotide conjugation reaction, as the oligonucleotide is conjugated to lysine 
residues via an NHS ester reaction with the amino group on the lysines, followed by a DBCO-azide click chemistry 
reaction. 
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HLA-A or HLA-
DRB 

Start End Length Peptide 
Core peptide 
region 

Rank 

HLA-A*02:01 19 27 9 RLNEVAKNL 
RLNEVAKN
L 

0.16 

HLA-A*02:01 26 34 9 NLNESLIDL NLNESLIDL 0.18 

HLA-A*02:01 30 37 8 SLIDLQEL SLID-LQEL 0.37 

HLA-A*02:01 25 34 10 KNLNESLIDL KLNESLIDL 0.66 

HLA-A*02:01 24 34 11 AKNLNESLIDL ALNESLIDL 1.1 

HLA-A*02:01 5 13 9 GINASVVNI GINASVVNI 1.1 

HLA-A*02:01 15 23 9 KEIDRLNEV KEIDRLNEV 1.5 

HLA-A*02:01 13 23 11 IQKEIDRLNEV IQIDRLNEV 1.5 

HLA-DRB1*01:11 1 15 15 
GDISGINASVVNIQ
K 

ISGINASVV 12 

HLA-DRB1*01:11 14 28 15 
QKEIDRLNEVAKN
LN 

IDRLNEVAK 26 

HLA-DRB1*01:11 2 16 15 
DISGINASVVNIQK
E 

INASVVNIQ 28 

HLA-DRB1*01:11 3 17 15 
ISGINASVVNIQKE
I 

INASVVNIQ 29 

HLA-DRB1*01:11 13 27 15 
IQKEIDRLNEVAK
NL 

IDRLNEVAK 32 

HLA-DRB1*01:11 10 24 15 
VVNIQKEIDRLNE
VA 

IQKEIDRLN 34 

HLA-DRB1*01:11 12 26 15 
NIQKEIDRLNEVA
KN 

IDRLNEVAK 35 

HLA-DRB1*01:11 8 22 15 
ASVVNIQKEIDRL
NE 

VNIQKEIDR 38 

Supplementary Table 14 | Predicted human HLA epitopes of the SARS-CoV-2 HR2 peptide and 
associated HLA binding. NetMHCpan-4.1 was used to predict the top eight human HLA-A*02:01 and HLA-
DRB1*01:11 epitopes of each HR2 peptide. The default cutoff for HLA binders was used as described by 
NetMHCpan59. A lower rank score for the peptide is associated with stronger HLA binding. 0.5% was defined as 
the cutoff for ‘strong’ HLA-A*02:01 binders while 2% was defined as the cutoff for ‘weak’ HLA-A*02:01 
binders. Any peptides that had a rank score >2% were assumed to not bind to HLA-A*02:01. 2% was defined as 
the cutoff for ‘strong’ HLA-DRB1*01:11 binders while 10% was defined as the cutoff for ‘weak’ HLA-
DRB1*01:11 binders. Any peptides that had a rank score >10% were assumed to not bind to HLA-DRB1*01:11. 
HLA-A*02:01 and HLA-DRB1*01:11 were chosen as representative human HLAs, as they are the most well-
studied HLAs of each class. 
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HLA-A or HLA-
DRB 

Start End Length Peptide 
Core peptide 
region 

Rank 

HLA-A*02:01 38 47 10 LLELDKWASL LLLDKWASL 1.2 

HLA-A*02:01 16 23 8 YTSLIHSL YTS-LIHSL 2.7 

HLA-A*02:01 37 47 11 ELLELDKWASL ELLELDASL 3.2 

HLA-A*02:01 16 24 9 YTSLIHSLI YTSLIHSLI 3.9 

HLA-A*02:01 18 26 9 SLIHSLIEE SLIHSLIEE 4.1 

HLA-A*02:01 18 27 10 SLIHSLIEES SLIHSLIES 4.3 

HLA-A*02:01 22 30 9 SLIEESQNQ SLIEESQNQ 4.7 

HLA-A*02:01 15 23 9 NYTSLIHSL NYTSLIHSL 4.9 

HLA-DRB1*01:11 13 27 15 INNYTSLIHSLIEES YTSLIHSLI 4.2 

HLA-DRB1*01:11 12 26 15 EINNYTSLIHSLIEE YTSLIHSLI 5.7 

HLA-DRB1*01:11 14 28 15 
NNYTSLIHSLIEES
Q 

YTSLIHSLI 9 

HLA-DRB1*01:11 11 25 15 REINNYTSLIHSLIE YTSLIHSLI 12 

HLA-DRB1*01:11 17 31 15 
TSLIHSLIEESQNQ
Q 

IHSLIEESQ 29 

HLA-DRB1*01:11 16 30 15 
YTSLIHSLIEESQN
Q 

IHSLIEESQ 33 

HLA-DRB1*01:11 15 29 15 
NYTSLIHSLIEESQ
N 

YTSLIHSLI 33 

HLA-DRB1*01:11 10 24 15 DREINNYTSLIHSLI YTSLIHSLI 34 

Supplementary Table 15 | Predicted human HLA epitopes of the HIV HR2 peptide and associated 
HLA binding. NetMHCpan-4.1 was used to predict the top eight human HLA-A*02:01 and HLA-DRB1*01:11 
epitopes of each HR2 peptide. The default cutoff for HLA binders was used as described by NetMHCpan59. A 
lower rank score for the peptide is associated with stronger HLA binding. 0.5% was defined as the cutoff for 
‘strong’ HLA-A*02:01 binders while 2% was defined as the cutoff for ‘weak’ HLA-A*02:01 binders. Any 
peptides that had a rank score >2% were assumed to not bind to HLA-A*02:01. 2% was defined as the cutoff 
for ‘strong’ HLA-DRB1*01:11 binders while 10% was defined as the cutoff for ‘weak’ HLA-DRB1*01:11 
binders. Any peptides that had a rank score >10% were assumed to not bind to HLA-DRB1*01:11. HLA-
A*02:01 and HLA-DRB1*01:11 were chosen as representative human HLAs, as they are the most well-studied 
HLAs of each class. 
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HLA-A or HLA-
DRB 

Start End Length Peptide 
Core peptide 
region 

Rank 

HLA-A*02:01 13 22 10 KIDQIIHDFV KIDQIIHFV 0.71 

HLA-A*02:01 13 21 9 KIDQIIHDF KIDQIIHDF 1.4 

HLA-A*02:01 9 17 9 NITDKIDQI NITDKIDQI 1.6 

HLA-A*02:01 10 18 9 ITDKIDQII ITDKIDQII 3.2 

HLA-A*02:01 8 17 10 KNITDKIDQI KITDKIDQI 4.5 

HLA-A*02:01 10 17 8 ITDKIDQI ITD-KIDQI 9.2 

HLA-A*02:01 12 22 11 DKIDQIIHDFV KIDQIIHFV 9.5 

HLA-A*02:01 13 23 11 KIDQIIHDFVD KIDQIIHFV 11 

HLA-DRB1*01:11 3 17 15 
PHDWTKNITDKID
QI 

WTKNITDKI 8.6 

HLA-DRB1*01:11 2 16 15 
EPHDWTKNITDKI
DQ 

WTKNITDKI 9.7 

HLA-DRB1*01:11 1 15 15 
IEPHDWTKNITDK
ID 

WTKNITDKI 17 

HLA-DRB1*01:11 4 18 15 
HDWTKNITDKID
QII 

WTKNITDKI 20 

HLA-DRB1*01:11 7 21 15 
TKNITDKIDQIIHD
F 

ITDKIDQII 35 

HLA-DRB1*01:11 10 24 15 
ITDKIDQIIHDFVD
K 

IDQIIHDFV 36 

HLA-DRB1*01:11 6 20 15 
WTKNITDKIDQII
HD 

ITDKIDQII 38 

HLA-DRB1*01:11 5 19 15 
DWTKNITDKIDQI
IH 

WTKNITDKI 43 

Supplementary Table 16 | Predicted human HLA epitopes of the Ebola HR2 peptide and associated 
HLA binding. NetMHCpan-4.1 was used to predict the top eight human HLA-A*02:01 and HLA-DRB1*01:11 
epitopes of each HR2 peptide. The default cutoff for HLA binders was used as described by NetMHCpan59. A 
lower rank score for the peptide is associated with stronger HLA binding. 0.5% was defined as the cutoff for 
‘strong’ HLA-A*02:01 binders while 2% was defined as the cutoff for ‘weak’ HLA-A*02:01 binders. Any 
peptides that had a rank score >2% were assumed to not bind to HLA-A*02:01. 2% was defined as the cutoff 
for ‘strong’ HLA-DRB1*01:11 binders while 10% was defined as the cutoff for ‘weak’ HLA-DRB1*01:11 
binders. Any peptides that had a rank score >10% were assumed to not bind to HLA-DRB1*01:11. HLA-
A*02:01 and HLA-DRB1*01:11 were chosen as representative human HLAs, as they are the most well-studied 
HLAs of each class. 
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Infectious disease 
HLA-A strong 
binders 

HLA-A weak 
binders 

HLA-DRB strong 
binders 

HLA-DRB weak 
binders 

SARS-CoV-2 3 >8 0 0 

HIV 0 1 0 3 

Ebola 0 3 0 2 

 
Supplementary Table 17 | Summary Table of ‘strong’ and ‘weak’ HLA binding epitopes for various HR2 
peptides. NetMHCpan-4.1 was used to predict the top eight human HLA-A*02:01 and HLA-DRB1*01:11 
epitopes of each HR2 peptide. The default cutoff for HLA binders was used as described by NetMHCpan59. A 
lower rank score for the peptide is associated with stronger HLA binding. 0.5% was defined as the cutoff for 
‘strong’ HLA-A*02:01 binders while 2% was defined as the cutoff for ‘weak’ HLA-A*02:01 binders. Any peptides 
that had a rank score >2% were assumed to not bind to HLA-A*02:01. 2% was defined as the cutoff for ‘strong’ 
HLA-DRB1*01:11 binders while 10% was defined as the cutoff for ‘weak’ HLA-DRB1*01:11 binders. Any 
peptides that had a rank score >10% were assumed to not bind to HLA-DRB1*01:11. HLA-A*02:01 and HLA-
DRB1*01:11 were chosen as representative human HLAs, as they are the most well-studied HLAs of each class. 
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Supplementary Fig. 1 | HR2-functionalized DoriVac large scale TEM image. a, Negative stain TEM 

image of DoriVac nanoparticles demonstrated that the nanoparticles were monodispersed, further supporting 

the agarose gel results. b, Negative stain TEM image of HIV nanoparticles demonstrated that the nanoparticles 

were majority monodispersed, with some dimers observed, further supporting the agarose gel results. c, Negative 

stain TEM image of Ebola nanoparticles demonstrated that the nanoparticles were majority monodispersed, with 

some dimers observed, further supporting the agarose gel results.  
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Supplementary Fig. 2 | B cell gating strategies. B cells were analysed using flow cytometry. This figure 

demonstrates the gating strategy to analyse B cells from frozen PBMC samples.  
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Supplementary Fig. 3 | Additional data demonstrating robust humoral responses for B cells. a, The 

CD19+ B cell population in the blood on Day 21, as determined by flow cytometry, showed no significant 

difference after bolus vaccine treatment compared with DoriVac treatment. b, The B220+ B cell population in 

the blood on Day 21, as determined by flow cytometry, showed minimal difference after bolus vaccine treatment 

compared with DoriVac treatment. Data are represented as mean ± SD. The flow data were analyzed by multiple 

unpaired t-tests and significance was defined as a two-tailed p value less than 0.05. ‘*’ refers to p ≤ 0.05; ‘****’ 

refers to p ≤ 0.0001. 
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Supplementary Fig. 4 | Additional data demonstrating robust IgG antibody production. a, DoriVac 

treatment enhanced SARS-CoV-2 peptide-specific IgG antibody production in the plasma, as determined by 

ELISA assay, after two doses of the vaccine (on Day 35) compared to a bolus vaccine of free peptide and free 

CpG. b, DoriVac treatment enhanced HIV-peptide-specific IgG antibody production in the plasma, as 

determined by ELISA assay, after two doses of the vaccine (on Day 35) compared to a bolus vaccine. c, DoriVac 

treatment enhanced Ebola-peptide-specific IgG antibody production in the plasma, as determined by ELISA 

assay, after two doses of the vaccine (on Day 35) compared to a bolus vaccine. Data has been normalized. Data 

are represented as mean ± SD. The ELISA data was analyzed by one-way ANOVA (with correction for multiple 

comparisons using a Tukey’s test) and significance was defined as a multiplicity-adjusted p value less than 0.05 

(n=8). ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01. ‘***’ refers to P ≤ 0.001. 
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Supplementary Fig. 5 | DC gating strategies for lymph node samples. Dendritic cells were analyzed using 

flow cytometry. This figure demonstrates the gating strategy to analyze dendritic cells collected from the lymph 

nodes. 
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Supplementary Fig. 6 | Additional data demonstrating DC responses in the splenocytes on Day 21. 

Spleens were collected on Day 21 after two doses of treatment and processed into single-cell suspensions for 

flow cytometry. a, Percentages of CD11c+ CD86+, as determined by flow cytometry, in the splenocyte 

population (n=4). DoriVac demonstrated a significant increase in this activated DC population compared to 

bolus-vaccine treatment. b, Percentages of CD11c+ Gr-1+ DCs, as determined by flow cytometry, in the 

splenocyte population (n=4). DoriVac treatment demonstrated an increase in this plasmacytoid DC (pDC) – like 

subpopulation compared to bolus-vaccine treatment. c, Percentages of CD40+ DEC205+ DCs, as determined by 

flow cytometry, in the splenocytes (n=4). DoriVac treatment demonstrated an increase in this activated, 

endocytic subpopulation compared to bolus-vaccine treatment. d, Percentages of MHC-II+ DCs, as determined 

by flow cytometry, in the draining lymph node (n=4). DoriVac treatment demonstrated a significant increase in 

this activated DC population compared to bolus-vaccine treatment. e, DoriVac treatment led to a notable 

increase in the CD11c+ dendritic-cell population, as determined by flow cytometry. f, The lymphocytes were 

more activated (as indicated by upregulation of CD40+) after DoriVac treatment compared to bolus vaccine 

treatment, as determined by flow cytometry. g, An increase in the PD-L1+ subpopulation was observed after 

DoriVac treatment, compared to bolus-vaccine treatment, as determined by flow cytometry. Data are 

represented as mean ± SD. The flow data were analyzed by multiple unpaired t-tests and significance was 

defined as a two-tailed p value less than 0.05. ‘*’ refers to p ≤ 0.05; ‘**’ refers to p ≤ 0.01; ‘***’ refers to p≤ 

0.001; ‘****’ refers to p ≤ 0.0001. 
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Supplementary Fig. 7 | Co-delivery of CpG and peptide on SQB is critical to robust DC responses. Half 

of the mice were sacrificed on Day 21 and draining lymph nodes were collected. a, Percentages of human pDC-

like (CD11c+ Gr-1+) DCs in the draining lymph node (n=4), as determined by flow cytometry. DoriVac 

treatment demonstrated a significant increase in this plasmacytoid DC (pDC) – like subpopulation compared to 

treatment with the CpG SQB and HIV peptide, administered as a solution. b, Percentages of activated cDCs 

(CD11c+ CD86+) in the draining lymph node, as determined by flow cytometry. DoriVac treatment showed 

significant activation compared to the bolus vaccine and slightly more than the DNA origami SQB and HIV 

peptide administered as separate components. c, Percentages of CD40+ DEC205+ DCs in the draining lymph 

node (n=4), as determined by flow cytometry. The DoriVac treatment demonstrated a significant increase in this 

activated, endocytic subpopulation compared to bolus vaccine treatment and more than the DNA origami SQB 

and HIV peptide administered as separate components. d, Percentages of human pDC-like DCs in the 

splenocytes on Day 21 (n=4), as determined by flow cytometry. DoriVac treatment shows a significant increase 

compared to the bolus control. e, Percentages of activated cDCs in the splenocyte population, as determined by 

flow cytometry. DoriVac induced a significant increase in this population compared to the bolus control. f, 

Percentages of activated, endocytic DCs in the splenocytes population, as determined by flow cytometry. 

DoriVac showed significant increase in this population compared to the DNA origami SQB and HIV peptide 

delivered separately. Data are represented as mean ± SD. The flow data was analyzed by one-way ANOVA (with 

correction for multiple comparisons using a Tukey’s test) and significance was defined as a multiplicity-adjusted 

p value less than 0.05 (n=4). ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01; ‘***’ refers to P ≤ 0.001; ‘****’ refers 

to P ≤ 0.0001. 
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Supplementary Fig. 8 | Additional data on antigen-specific T cell responses on Day 21 and 28. a, 

Interferon-gamma (IFNγ) ELISpot demonstrating frequency of antigen-specific splenocytes on Day 21. Minimal 

difference is observed between the bolus-vaccine treated group and the DoriVac-treated group. b, IFNγ 

ELISpot demonstrating frequency of antigen-specific PBMCs on Day 28. There is a notable increase in the 

frequency of SARS-CoV-2 antigen-specific T cells.  
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Supplementary Fig. 9 | T cell gating strategies. T cells were analyzed using flow cytometry. This figure 

demonstrates the gating strategy to analyze T cells in lymph nodes and spleen. Images shown are from the lymph 

nodes. 
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Supplementary Fig. 10 | Co-delivery of CpG and antigen peptide is essential to robust T cell responses. 

a, IFN-γ+ CD8+ T cells in the lymph node (LN) were upregulated on Day 21 in the DoriVac treatment group, 

compared to the bolus vaccine or the DNA origami SQB with HIV peptide groups, as determined by flow 

cytometry. b, CD107a+ CD8+ cytotoxic T cells in the LN were upregulated on Day 21 in the DoriVac treatment 

group, compared to the bolus vaccine or the DNA origami SQB with HIV peptide groups, as determined by 

flow cytometry. c, CD69+ CD8+ activated T cells in the LN showed upregulation on Day 21 after treatment with 

DoriVac, as determined by flow cytometry. d, IFN-γ+ CD4+ T cells in the LN were upregulated in the context of 

DoriVac treatment group on Day 21, compared to the DNA origami SQB with HIV peptide group, as 

determined by flow cytometry. e, PD-1+ CD4+ T cells in the LN were upregulated in the context of the DoriVac 

treated group on Day 21, compared to the bolus vaccine and DNA origami SQB with HIV peptide group, as 

determined by flow cytometry.  Data are represented as mean ± SD. The flow data was analyzed by one-way 

ANOVA (with correction for multiple comparisons using a Tukey’s test) and significance was defined as a 

multiplicity-adjusted p value less than 0.05 (n=4). ‘*’ refers to P ≤ 0.05; ‘**’ refers to P ≤ 0.01. 
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Supplementary Fig. 11 | Activation of human monocyte-derived dendritic cells (moDCs) analysis using 

flow cytometry. This figure demonstrates the gating strategy to analyse cells collected from moDCs after 

treatment with DNA origami vaccines. 

 

 

 

 

 

 

 

 

 

 

 

 

203



 

 

Supplementary Fig. 12 | Intracellular cytokine staining analysis using flow cytometry for cells from LN 

organ-on-a-chips. This figure demonstrates the gating strategy to analyse cells collected from LN organ-on-a-

chips. 
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Protein Sequence 

CD40L dimer 

GDEDPQIAAHVVSEANSNAASVLQWAKKGYYTMKS
NLVMLENGKQLTVKREGLYYVYTQVTFCSNREPSSQ
RPFIVGLWLKPSSGSERILLKAANTHSSSQLCEQQSVH
LGGVFELQAGASVFVNVTEASQVIHRVGFSSFGLLKL
GGGGSGGGGSGGGGSGDEDPQIAAHVVSEANSNA
ASVLQWAKKGYYTMKSNLVMLENGKQLTVKREGL
YYVYTQVTFCSNREPSSQRPFIVGLWLKPSSGSERILL
KAANTHSSSQLCEQQSVHLGGVFELQAGASVFVNVT
EASQVIHRVGFSSFGLLKLHHHHHH 

 
Supplementary Table 1 |CD40L dimer sequence. The CD40L dimer, purchased from Dr. Zhirui Wang of 
the University of Colorado Anschutz Medical Campus Protein Core, was designed with two CD40L monomers, 
a glycine-serine flexible linker and a 6X histidine tag at the C terminal. This sequence was deduced from 
Hermanrud et al, Protein Expression and Purification, 2010.  
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 Single point attachment Multi-point attachment 

Advantages Ease of fabrication 
More sophisticated; less rotational 
freedom so more precise spatial control 

Disadvantages 
CD40L is free to rotate which 
may limit the precision of the 
spatial arrangements 

Far more challenging to design and 
fabricate with precision 

Supplementary Table 2|Comparing single-point attachment and multi-point attachment of the CD40L-
oligonucleotide to the DNA origami nanoparticle.  
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Conjugation Chemistry Site Specific Conjugation? Comments 

N terminal labeling 
(2PCA) 

Yes 
Site specific and relatively straightforward, 
but has never been demonstrated with 
protein-oligo conjugation 

C terminal labeling Yes 
Has not been demonstrated with oligo 
protein conjugation 

Lysine labeling No, 9 lysines Not site specific enough to warrant trying 

Cysteine labeling (SMCC) No, 2 cysteines 
Possible but may interfere with CD40L 
binding to CD40 

His-tag labeling 
Yes, although 2XHis-tag is 
more specific than 6X His-tag 

Demonstrated attachment of oligos to 
proteins using this chemistry, we know 
that N terminal conjugation does not 
affect CD40L bioactivity 

SNAP tag, yBBR tag, Sor-
tag conjugation 

Yes 
Possible, but requires recombinant 
production of protein 

Supplementary Table 3 |Potential CD40L protein-oligonucleotide conjugation schemes. The ideal 
conjugation scheme would be site-specific and relatively easy to perform with high-yield. 
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Supplementary Figure 1 |Many different CD40L structures were tested before pursuing the CD40L 
dimer construct. A) The cyclic CD40L peptide mimic, synthesized by Genscript, with a lysine for facile click 
chemistry modification (Fournel et al, Nature Chemical Biology, 2005). B) Various DNA-nanotechnology-based 
structures were designed in-house to present the KGYY CD40L minimal peptide epitope in a trimer formation 
that closely mimicked the actual CD40L structure. C) Multiple-point attachment of three CD40L monomers to 
three distinct oligonucleotides, with subsequent hybridization to the DNA origami nanoparticle, was also 
considered. D) Single-point attachment of a CD40L protein to a single oligonucleotide was decided to be the 
most robust and straightforward method for patterning CD40L on the DNA origami nanoparticles. 
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Supplementary Figure 2|CD40L dimer structure. The CD40L dimer protein, purchased from Dr. Zhirui 
Wang of the University of Colorado Anschutz Medical Campus Protein Core, was designed by Dr. Wang and 
colleagues to contain two CD40L monomers, a glycine-serine flexible linker and a 6X histidine tag at the C 
terminal. This figure is taken from Hermanrud et al, Protein Expression and Purification, 2010.  
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Supplementary Figure 3|Optimizing CD40L-oligonucleotide ratio in bis-sulfone chemical conjugation 
for optimal production of CD40L-oligonucleotide with one oligonucleotide per protein. The fold excess 
of oligonucleotide was varied from 1X, 2X and 5X to determine the optimal ratio. A) SDS-PAGE gel with silver 
stain demonstrating the products of the CD40L-oligonucleotide conjugation reactions. B) ImageJ analysis of 
each band intensity to determine the optimal ratio of protein and oligonucleotide for robust production of 
CD40L with one attached oligonucleotide. 
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Supplementary Figure 4|CD40L trimer-oligonucleotide conjugation via bis-sulfone chemical 
conjugation was not successful. Reaction occurred for 96 hours, followed by SDS-PAGE gel analysis with 
silver stain of the protein and protein-oligonucleotide products. Even though the CD40L trimer is more 
physiologically relevant than the CD40L dimer, we could not achieve efficient conjugation and therefore, did not 
move forward with further optimization and testing of the trimer on the DNA origami nanoparticles. 
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Supplementary Figure 5|Purification of CD40L-oligonucleotide via Amicon filtration. A) SDS-PAGE gel 
coupled with silver stain, demonstrating successful conjugation of CD40L protein to oligonucleotide, as well as a 
comparison of 30K and 10K Amicon filtration. B) Yield of purification was estimated based on the band 
intensity of the purified product as quantified via ImageJ analysis, compared to the unpurified CD40L-
oligonucleotide band. Note the excess oligonucleotide which is still present after filtration through the 10K 
Amicon filter, as the 7.8 kDa oligonucleotide is very close to the 10 kDa molecular weight cutoff of the filter. 
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