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Abstract

Safe and effective vaccines offer the best intervention for disease control. One strategy to
maximize vaccine immunogenicity without compromising safety is to rationally design molecular
complexes that mimic the natural structure of immunogenic microbes, but without the disease-
causing components. Here we use highly programmable DNA nanostructures as platforms to
assemble a model antigen and CpG adjuvants together into nanoscale complexes with precise
control of the valency and spatial arrangement of each element. Our results from immunized mice
show that compared to a mixture of antigen and CpG molecules, the assembled antigen-adjuvant-
DNA complexes induce strong and long-lasting antibody responses against the antigen without
stimulating a reaction to the DNA nanostructure itself. This result demonstrates the potential of
DNA nanostructures to serve as general platforms for the rational design and construction of a
variety of vaccines.
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The goal of developing safer and more effective vaccines has been a priority since human
beings began fighting disease through vaccination over 1000 years ago!. Many of the
vaccines that are currently administered were derived from live attenuated organisms, killed
whole organisms, or subunit vaccines!-2. Although live vaccines have the advantage of
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inducing a strong immune response, there is a risk that the attenuated organism will revert
back to a virulent form, which is detrimental to the public health. Killed or inactivated whole
organisms and subunit vaccines do not pose the same serious health risk; however, they tend
to induce weaker or ineffective immune responses and often require multiple doses for
enhanced efficacy?. Recombinant DNA technology has facilitated the assembly of subunit
proteins into virus-like particles (VLPs)3# that resemble the structure of natural viruses but
without containing their genetic materials, representing a major breakthrough in vaccine
development. Immunogenic epitopes displayed from the VLPs were shown to induce a
strong immune response and thus, VLPs have been extensively explored as an effective and
safe platform to assemble the epitopes of interest against many pathogens and tumor

cells 3. However, sometimes, it is challenging to incorporate antigenic epitopes into VLPs
at defined positions and configurations because of the inherent uncertainties in engineering
epitope-VLP fusion proteins?.

Alternatively, nanotechnology provides researchers with a robust platform for the assembly
of subunit vaccines. In particular, biodegradable polymers such as poly (D,L-lactide-co-
glycolide) (PLGA)? have been used to encapsulate vaccine antigens and adjuvants. These
subunit vaccines have been shown to increase antigen delivery and antigen presenting cell
(APC) targeting, thereby enhancing the immunogenicity of the antigen®’. Today, DNA
nanotechnology is recognized as a highly programmable and robust way to self-assemble
heterogeneous nanostructures. A variety of different two- and three- dimensional DNA
nanostructures®~!4 have been constructed and used for precisely organizing biochemical
molecules!5~18 and targeted cellular transport and delivery!%-22. Gaining control over
structural features such as particle size and shape, epitope valency, and configuration is
highly desirable and long sought after in vaccine development and DNA nanostructures
present an opportunity to exert such control. Several research groups have assembled
multiple adjuvant elements on a DNA nanostructure and found increased
immunostimulation 7n vitro*3-2* and ex vivo®. Here we provide the first evidence that
antigens and adjuvants assembled by DNA nanostructures induce strong antibody responses
in vivo, highlighting the potential of DN A-nanostructures to serve as new platforms for
vaccine construction.

We used a tetrahedral DNA nanostructure26=28 as a scaffold to assemble a model antigen,

streptavidin (STV), and a representative adjuvant, CpG oligo-deoxynucleotides (ODN)2?
(mouse-specific ODN-1826), into a synthetic vaccine complex (Figure 1). This vaccine
complex resembles a natural viral particle in both size and shape?’-39, where the STV and
CpG ODN elements are located at particular positions (Figures 1 and Figure S1). The
complex was tested both in vitro and in vivo for its immunogenicity, particularly its ability
to elicit an antibody response against the model antigen, STV.

Targeted delivery of the antigen to antigen presenting cells (APC), including macrophages,
dendritic cells (DCs) and B cells, is a vital first step in initiating an effective immune
response. Previous studies have shown that the size, shape, surface charge, hydrophobicity,
hydrophilicity, and receptor interactions of an antigen can influence its uptake by APCs30.
After internalization, the targets are processed and presented to T cells for T cell activation.
It has been demonstrated that co-localization of antigens and adjuvants within the same
APCs can augment antigen presentation and T cell activation®. Finally, activated T cells
assist in the differentiation of antigen-specific B cells and the production of the antibodies
that are specific to the target antigen, as illustrated in Figure 1. Given the recent report that
DNA nanostructures increase the amount of CpG adjuvant molecules that are internalized by
APCs2425 we speculated that DNA nanostructures would also increase the amount of
antigen taken by APCs, thereby promoting co-delivery of the antigen and CpG to the same
APC population.
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To test this hypothesis we loaded fluorescently labeled model antigen, phycoerythrin
conjugated streptavidin (PE-STV), onto the DNA tetrahedron and used flow cytometry to
track the internalization of the complex in a mouse macrophage-like cell line (RAW 264.7).
As shown in Figures 2a and 2c, internalization of the tetrahedron-PE-STV complex occurs
quickly (within 15 minutes) in the RAW 264.7 cells. Confocal microscope analysis
(Supplementary Information) of the sample confirmed that the PE fluorescent signal was
present inside the cells (Figure 2b) and that the antigens localized to the lysosomes after
incubating for 2hrs (Figure S4). The fluorescent signal in the tetrahedron-PE-STV group
continued to increase up to 6 hours, while no fluorescent increase was observed in the
control group treated with only PE-STV (Figure 2c). This result indicates that the DNA
scaffold enhances cellular uptake of the antigen. This finding was further substantiated in
primary DCs (Figures 2d, details in SI), but not in a mouse B cell line that lacked the
specific antibody required to bind STV (Figure S5). Furthermore, after an incubation time of
5 hrs with fetal bovine serum (FBS) at room temperature, the tetrahedron scaffold remained
stable, as more than 88.7% of the DNA band was still retained (Figure S3), which may be
sufficient for in vivo capture by APCs. Our in vitro study, together with previous reports of
DNA assemblies facilitating adjuvant uptake!%-2425-31.32 quggest that DNA nanostructures
can promote delivery of both assembled antigens and adjuvant to APCs, which is a
prerequisite for induction of an effective immune response.

We next compared the immunogenicity of the fully assembled tetrahedron-STV-CpG ODN
vaccine complexes in inducing anti-STV antibody responses in a BALB/c mouse model to
those of an unassembled mixture of STV and CpG ODN, or STV alone. Specifically, we
followed the antibody response in three groups of mice injected with different combinations
of CpG ODN and STV: 1) STV only; 2) free STV mixed with CpG; and 3) tetrahedron-
STV-CpG ODN complex (Supplementary Information, Figure S1). The directly linked
STV-CpG complex was included as a positive control (Figure S6). As outlined in Figure 3a,
after two immunizations with the DNA scaffolded vaccine complex followed by a challenge
of STV protein only, serum was collected from each mouse group and the level of anti-STV
IgG antibodies was assessed using an enzyme-linked immunosorbent assay (ELISA). Over a
period of 70 days, we found that mice immunized with the fully assembled tetrahedron-
STV-CpG ODN complex developed a much higher level of anti-STV IgGs than the free
CpG+STV (Figure 3b). This reflects the development of long-term immunity against the
antigen, presumably due to the persistence of long-lived antibody secreting plasma cells and/
or generation of STV-specific memory B cells.

To directly evaluate the long-term immunity induced by various immunization regimes, we
applied an enzyme-linked immunosorbent spot (ELISPOT) assay that allows numeration of
STV-specific memory B cells present in the spleen cells of immunized mice. Specifically,
after in vitro stimulation with STV, memory B cells are converted into antibody-secreting
cells (ASCs) which are detected by the ELISPOT assay. As shown in Figure 3c,
significantly elevated levels of specific ASCs were found in mice immunized with the
tetrahedron-STV-CpG ODN complex compared to those immunized with free CpG+STV
and STV only. Thus, the tetrahedron scaffolded-STV-CpG ODN complexes induce a
stronger and longer lasting anti-STV antibody response, due in part to the generation of
STV-specific memory B cells.

Beyond the tetrahedral DNA nanostructure described above, we also constructed a branch-
shaped structure3!=33 for antigen-adjuvant co-assembly (Supplementary Information, Figure
S1). The antigen assembled by this branched DNA structure (designated as Branch-CpG,
Figure S1) induces an antibody response at a level intermediate between that of free CpG
+STV and the tetrahedron-STV-CpG ODN complex (Figure S7b). Interestingly, in the in
vitro experiment antigen internalization for the branch-STV complex is lower than that for
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the tetrahedron-STV complex, but higher than that for free STV (Figure S7a). Taken
together, the different DNA nanostructures appear to influence both the in vitro cellular
uptake of the antigen, and the 7n vivo induction of antigen-specific antibody responses. This
is likely because of differences in the size, shape or stability of the DNA nanostructures
which may affect their ability to deliver the attached antigen and adjuvant to APCs. While
the actual mechanisms still remain to be elucidated, the observed correlation between an
elevated level of antigen internalization and a stronger antibody response may provide us
with a screening tool to predict or identify the optimal DNA nanostructures for subsequent
vaccine construction and test in vivo.

In addition to efficacy, the safety of a vaccine platform is another important parameter in
vaccine design. Any non-targeted immune responses, including those against the platform
itself, should be minimized. We should point out that the amount of antigen and CpG ODN
used in our antigen-adjuvant-DNA complex to induce a specific immune response is lower
than reported elsewhere3*, implying the reduced chance of this complex to cause overt non-
specific activation often associated with injection of free adjuvant. Furthermore, any
immune reaction mounted against the double stranded DNA scaffold could result in tissue
damage and trigger autoimmunity; for example, anti-double stranded DNA (anti-dsDNA)
antibodies are implicated in the pathogenesis of many autoimmune diseases including
systemic lupus erythematosus3>. We measured the level of anti-dsDNA antibodies in the
mouse serum 18 days post secondary immunization, a time when the anti-STV antibody
level was still very high and anti-dsDNA antibodies, if present, would be detected with the
highest sensitivity. Using two independent methods, we observed no detectable level of anti-
dsDNA antibodies in the tetrahedron-STV-CpG ODN group (Figure 4).

In addition to evaluating the level of anti-dsDNA antibody production, we performed ELISA
analysis to determine whether there are antibodies generated against the tetrahedron-shaped
structure. Similarly, no antibodies were detected in the mouse serum 18 days post secondary
immunization (Figure S8). Taken together, these results indicate that the antigen-adjuvant-
DNA complex is relatively safe and that the response induced by the vaccine complex is
specific to the antigen and not the DNA platform.

In summary, we demonstrated that a DNA scaffold can be used to construct an antigen-
adjuvant complex that elicits a strong and specific antibody response in vivo, without
inducing an undesirable response against the scaffold itself. The close proximity of the
antigen and adjuvant is critical to enhance the immunogenicity of a vaccine; directly linking
CpG ODN to an antigen has been shown to induce a strong B cell response>* (Figure S6),
however, such direct linkages may be subject to certain limitations when constructing more
complex vaccines. The ability to construct multivalent and multi-specific antigen-adjuvant
complexes remains a challenge. Programmable DNA nanostructures provide an excellent
platform for construction of vaccines with multivalency and three-dimensional
configuration, mimicking VLPs. With well-established protein-DNA conjugation
techniques, it is now feasible to attach a single antigen or adjuvant on a DNA strand. Thus,
multivalent and multispecific vaccine complexes can be easily achieved by incorporating
multiple antigen- or adjuvant-loaded single stranded DNAs into the same structure. The
three dimensional arrangement of each of the immunogenic components can be readily
controlled through the rational design of the scaffold sequences. With the rapid development
of protein-DNA and small molecule-DNA conjugation techniques, it may be possible to
construct even more complex vaccines in which many different immunogenic epitopes,
“danger signals” that stimulate immune cells, or various therapeutic components such as
siRNA!? can be assembled on the same DNA scaffold to enhance the efficacy of the
complex vaccines. Our work demonstrates the potential of DNA nanostructures to serve as
general platforms for vaccine development.
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Figure 1.

Schematic design of the DNA scaffolded adjuvant-antigen vaccine complex. The CpG ODN
adjuvant molecules (Supplementary information and Figure S1) are depicted as curved
purple ribbons in the model. The model antigen (streptavidin) is shown in red and the
tetrahedral DNA scaffold is represented by green helices. The injected vaccine complexes
bind specifically to B cells and non-specifically to dendritic cells and macrophages. The
complexes are internalized by the three types of antigen-presenting cells, disassembled, and
the individual peptide antigens are subsequently presented to T cells to activate B cell
response and antibody production.
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Figure 2.

Antigen internalization in RAW 264.7 cells and primary DCs. (a) Representative flow
cytometry result showing the cellular PE fluorescence in RAW 264.7 cells after 30 minute
incubation with PE-STV and/or DNA scaffolds. The red, green, and blue traces correspond
to STV, directly linked ODN-STV and tetrahedron-STV (Supplementary Information),
respectively. (b) Representative confocal microscopy images showing internalization of PE-
STV in RAW 264.7 cells measured from the flow cytometry intensity. The insets show
zoom-in images of representative cells. The cartoons below each panel represent STV,
directly linked ODN-STV and tetrahedron-STV, respectively. (c) Histogram showing time-
dependent cellular internalization of PE-STV in RAW 264.7 cells. The mean fluorescent
intensity (MFI) of PE is plotted against the length of incubation time. Each column
represents the average of three parallel measurements, and error bars are generated from the
standard deviation. (d) Histogram showing the cellular internalization of PE-STV in primary
DCs after 2 hour incubation. Each column represents the average of two parallel
measurements and error bars are generated from standard error of the mean value. The
cartoons shown below each panel represent free DNA + STV, directly linked ODN-STV and
tetrahedron-STV, respectively.
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Figure 3.

Antibody response in BALB/c mice. (a) Immunization protocol. The time intervals between
the primary and secondary immunization and the antigen challenge are 28 days and 24 days,
respectively. Details see Supporting Information. (b) Anti-STV IgG level after antigen
challenge. The average antibody level was determined from the results of at least eight mice
per group and is plotted here. The error bars are generated from the standard deviation. (c)
Specific memory B cell response in mice assessed by ELISPOT. The average was calculated
from results of at least eight mice per group and the asterisk indicates a p value of less than
0.05 as determined by an unpaired student ¢ test.
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Figure 4.

Response against the double-stranded DNA scaffold. (a) Results analyzed by anti-dsDNA
antibody ELISA kit. Relative OD indicates the ratio between the measured OD405 for each
sample and that of a standard calibrator provided by the manufacture. (b) Confocal
microscopy images assessing the anti-dsDNA antibody by ANA kit. i) and ii) slides
incubated with positive and negative control serum provided by manufacture; iii) and iv)
slides incubated with mouse serum from the Free CpG + STV group; v) and vi) slides
incubated with mouse serum from Tetrahedron-CpG—STV group
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