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Significance

Using DNA dendrons as a 
platform for vaccine design, we 
investigate the structure-function 
relationships that dictate 
molecular vaccine efficacy. By 
exploring how adjuvant and 
antigen placement and 
attachment chemistry affect 
biological properties, we 
uncovered key design 
parameters that impact cellular 
uptake, immune activation, and 
the ability to raise a specific 
immune response against a 
cancer target, in vitro and in vivo. 
Indeed, DNA dendrons 
successfully treated a mouse 
cervical cancer model where 
vaccine structure defined its 
overall efficacy, with one of the 
architectures dramatically 
reducing tumor burden and 
maintaining 100% animal survival 
throughout the duration of the 
study. Taken together, this work 
establishes the DNA dendron as 
a potentially generalizable 
approach to probe concepts in 
rational therapeutic design with 
molecular precision.
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A foundational principle of rational vaccinology is that vaccine structure plays a critical 
role in determining therapeutic efficacy, but in order to establish fundamental, effective, 
and translatable vaccine design parameters, a highly modular and well-defined plat-
form is required. Herein, we report a DNA dendron vaccine, a molecular nanostruc-
ture that consists of an adjuvant DNA strand that splits into multiple DNA branches 
with a varied number of conjugated peptide antigens that is capable of dendritic cell 
uptake, immune activation, and potent cancer killing. We leveraged the well-defined 
architecture and chemical modularity of the DNA dendron to study structure-function 
relationships that dictate molecular vaccine efficacy, particularly regarding the delivery 
of immune-activating DNA sequences and antigenic peptides on a single chemical 
construct. We investigated how adjuvant and antigen placement and number impact 
dendron cellular uptake and immune activation, in vitro. These parameters also played 
a significant role in raising a potent and specific immune response against target cancer 
cells. By gaining this structural understanding of molecular vaccines, DNA dendrons 
successfully treated a mouse cervical human papillomavirus TC-1 cancer model, in vivo, 
where the vaccine structure defined its efficacy; the top-performing design effectively 
reduced tumor burden (<150 mm3 through day 30) and maintained 100% survival 
through 44 d after tumor inoculation.

DNA dendrons | vaccines | DNA therapeutics

Immunotherapy has emerged as a powerful approach to treat cancer due to its ability to 
train the immune system to attack specific cancer cells and reduce off target effects (1–5). 
Cancer vaccines function via the delivery of two components: an adjuvant (an immune 
system activator) and an antigen (an immune system target) (6, 7). Nanomaterials are 
particularly attractive agents for the delivery of adjuvant and antigen components because 
they provide unprecedented control over vaccine chemistry and structure and hence their 
properties and functions (3, 6–13). Indeed, the rational design of nanoscale therapeutics 
allows one to tune the biodistribution, codelivery, kinetics of component processing, and 
temporal degradation of a vaccine, all of which are critical factors that determine its 
efficacy (14–19). These findings are the foundation for rational vaccinology (20) and 
underscore the importance of vaccine structure and architecture in dictating vaccine 
function.

The spherical nucleic acid (SNA), a nanoparticle core functionalized with a dense shell 
of radially oriented DNA, has emerged as a powerful platform to study concepts in rational 
vaccinology because it enables control over vaccine structure (20–25). Due to the chemical 
modularity of the SNA, key parameters such as adjuvant and antigen ratios, (25) antigen 
attachment chemistry, (20, 22), and SNA stability (23) can be modified independently, 
enabling the exploration of the impact of structure on function. As with many nanopar-
ticle-based systems however, achieving molecularly defined structural control over the 
SNA is a challenge due to the inherent chemical heterogeneity of many nanoparticle cores 
and the inability to control oligonucleotide placement on the surface of the particle with 
atom-scale precision. As a result, SNAs afford only moderate structural control, specifically 
with regard to DNA surface coverage, antigen conjugation, and nanoparticle size (26).

DNA dendrons are molecularly well-defined and can be used to access SNA-like prop-
erties as a result of the highly oriented, dense packing of DNA on the dendron branches (27, 
28). These dendritic architectures typically consist of a DNA stem that splits into multiple 
DNA branches. Similar to SNAs, these multivalent DNA constructs undergo rapid cellular 
uptake, are resistant to degradation, and can elicit an enhanced therapeutic effect of 
conjugated cargo (27). Herein, we hypothesize that by utilizing the DNA dendron as the 
basis for a cancer vaccine, structure-function relationships could be probed in a molecularly 
defined manner, providing novel insights into vaccine design and function.

Accordingly, we report the design, synthesis, and evaluation of DNA dendron-based 
molecular vaccines as cancer immunotherapies. Specifically, we investigated how adjuvant 
placement and attachment chemistry impact dendron uptake and adjuvant potency. By 
conjugating an antigenic peptide, derived from cervical cancer due to human 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chadnano@northwestern.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2215091120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2215091120/-/DCSupplemental
http://orcid.org/0000-0002-3750-5075
https://orcid.org/0000-0002-5300-4289
mailto:
https://orcid.org/0000-0002-6634-7627
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2215091120&domain=pdf&date_stamp=2023-1-24


2 of 8   https://doi.org/10.1073/pnas.2215091120 pnas.org

papillomavirus (HPV), to different positions on the dendron 
architecture, we used this system to investigate how antigen place-
ment impacts vaccine cellular uptake and immune activation. 
Finally, we utilized these structures to train immune cells to target 
and kill cancer cells, both in vitro and in vivo, demonstrating that 
vaccine efficacy is highly structure-dependent. Taken together, the 
data establish the DNA dendron as a powerful tool to study the 
fundamental structure-function relationships that govern cancer 
vaccine efficacy. Furthermore, the observation that DNA den-
drons themselves can behave as potent vaccines has important 
implications in the development of a new class of cancer 
immunotherapeutics.

Results

Design, Uptake, and Efficacy of Immune-Stimulating DNA 
Dendrons. The adjuvant is a key component of a vaccine because 
it leads to immune activation and cellular processing of the 
antigen target (29). Previous work has shown that increasing the 
valency of DNA dendrons (and thereby the number of adjuvant 
sequences) expectedly leads to increased immune activation; (30) 
however, important structural questions, such as the effects of 
steric hindrance and DNA hybridization are yet to be explored and 
can have a significant impact on adjuvant function (vide infra). 
When considering multivalent adjuvant delivery and efficacy, 
steric hindrance can play a crucial role in determining adjuvant 
potency.

To that end, we designed four different six-branched DNA 
dendrons that contain adjuvant CpG (cytosine-phosphate-gua-
nine) DNA sequences that behave as potent toll-like receptor 9 
(TLR-9) agonists: 1) a T10 sequence stem that branches into six 
CpG sequences (termed Dn6a, for dendron with six adjuvant 
strands); 2) a T10 sequence stem that branches into six CpG 
complementary sequences that hybridize the CpG sequences 
(termed Dn6aH, for dendron with six adjuvant strands hybrid-
ized); 3) a CpG sequence stem that branches into six T10 
sequences (termed Dn1a, for dendron with one adjuvant strand); 
and 4) a CpG complement strand that can hybridize the CpG 

strand and branches into six T10 sequences (termed Dn1aH, for 
dendron with one adjuvant strand hybridized) (Fig. 1A). T10 
sequences were chosen due to synthetic ease and lack of secondary 
structure formation (31–33). These designs enabled us to probe 
steric effects in detail. By comparing data from Dn6a and Dn1a, 
we can deduce whether multivalency improves or impairs adjuvant 
function as a result of steric hindrance from dense DNA packing 
on the branches. Comparing hybridized (Dn6aH and Dn1aH) 
and unhybridized structures (Dn6a and Dn1a) reveals whether 
the dendron molecule itself sterically inhibits proper TLR-9 bind-
ing and processing, and if a supramolecular dendron design is 
therefore necessary for potent activation.

For in vitro measurements via flow cytometry, all DNA den-
drons were synthesized with a cyanine 3 (Cy3) fluorescent dye in 
the middle of the structure, which not only allowed for a quanti-
tative assessment of dendron uptake, but also allowed for the facile 
tracking of the dendron throughout its synthesis and purification. 
The DNA dendrons were synthesized through solid-phase auto-
mated synthesis, purified by polyacrylamide gel electrophoresis 
(PAGE), and characterized by PAGE and matrix-assisted laser 
desorption/ionization-time of flight mass spectrometry (MALDI-
TOF MS) (SI Appendix, Table S1). To form the hybridized struc-
tures, CpG strands were mixed with Dn6aH and Dn1aH at 
stoichiometric amounts, annealed from 90 to 20 °C over 1 h, and 
characterized by native PAGE (SI Appendix, Fig. S1).

First, we determined how the structure of each dendron 
impacted the cellular uptake efficiency. To test this, murine bone 
marrow-derived dendritic cells (BMDCs) were treated with 250 
nM fluorophore-labeled DNA dendrons (1:1 ratio of dendron 
molecule to fluorescent tag) for 1 h in serum-containing media. 
Cellular uptake was assessed by measuring the median fluores-
cence intensity (MFI) of the Cy3 fluorophore in treated cells, via 
flow cytometry. After 1 h, we observed that Dn6aH and Dn1aH 
had significantly lower cellular uptake efficiencies compared to 
Dn6a and Dn1a (Fig. 1B), presumably due to a decrease in DNA-
scavenger receptor A recognition. The non-hybridized structures 
had MFIs over two orders of magnitude greater than those of the 
hybridized structures, indicating that dendron uptake is 

Fig. 1. Cellular uptake of immune-stimulating DNA dendrons. (A) Four different DNA dendron designs were investigated: 1) six CpG sequences as the branches 
and a T10 stem (Dn6a); 2) six CpG sequences hybridized to the branches and a T10 stem (Dn6aH); 3) T10 branches and a CpG stem (Dn1a); 4) T10 branches and 
a CpG sequence hybridized to the stem (Dn1aH). All DNA dendrons have a cyanine 3 fluorescent dye in the middle of the molecule. T10 sequences were chosen 
due to synthetic ease and lack of secondary structure formation. (B) Cellular uptake after 1 h incubation at 250 nM shows the unhybridized structures have 
preferential access to cells. (C) Cellular uptake after 15 h incubation at 1 μM shows this trend holds, with hybridized branches having lower cellular uptake. The 
MFI ± SD is shown for n = 3. ns = not significant; ***P < 0.001; ****P < 0.0001. Not all significances are shown for clarity.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
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maximized when the branches and stems are single-stranded 
DNA. The Dn6a-treated cells also had 1.2-fold greater MFI than 
those treated with the Dn1a. This observation can be attributed 
to the fact that longer DNA sequences can lead to increased 
uptake efficiencies (SI Appendix, Fig. S2) (27). We repeated this 
experiment with 1 μM of fluorescently labeled DNA dendron 
and an incubation time of 15 h. Even at this longer timepoint, 
we observe that the non-hybridized structures enter cells in greater 
quantity than the hybridized forms. Specifically, the Dn6aH 
structure suffers from low uptake indicating that the dou-
ble-stranded dendron branches significantly inhibit cellular 
uptake (Fig. 1C).

Next, BMDCs were treated with either linear CpG controls or 
one of the four dendron designs and immune activation was meas-
ured after 15 h incubation. Upon TLR-9 activation by CpG adju-
vant DNA, immune costimulatory markers, such as cluster of 
differentiation (CD) 86 and CD80, become up-regulated and 
presented on the dendritic cell surface (34). We can assess which 
dendrons elicit the greatest immune response by measuring the 
amount of CD80 and CD86 expressed. To address the fact that 
the Dn6a and Dn6aH structures deliver sixfold more CpG per 
dendron than the Dn1a and Dn1aH structures, this experiment 
was conducted in two different ways. First, cells were treated such 
that the total dendron concentration was held constant, meaning 
that the Dn6a- and Dn6aH-treated cells received sixfold more 
CpG than the Dn1a- and Dn1aH-treated cells but that the 
amount of dendron delivered was the same for each group 
(Fig. 2A). Due to the two different CpG concentrations between 
the Dn1a and Dn6a structures, two linear CpG controls were 
used to match those concentrations (CpG 1, to match Dn1a and 
Dn1aH, and CpG 6, to match Dn6a and Dn6aH). Expectedly, 
the linear CpG controls at either concentration had negligible 
cellular uptake and immune activation compared to the dendron 
treatment groups due to the rapid degradation of linear DNA 
sequences. For cells treated with DNA dendrons, we observed 
trends in CD86 and CD80 expression that match the uptake 
profile of the different groups—the Dn6a, Dn1a, and Dn1aH 
had no significant differences in CD86 and CD80 expression, 
while the Dn6aH structure produced significantly less CD86 and 
CD80 expression among murine CD11c+ dendritic cells. This 
trend held when the percent of cells positive for CD86 and CD80 
expression was measured. Specifically, Dn6a, Dn1a, and Dn1aH 
induced CD86 expression in nearly 100% of cells, while the 
Dn6aH structure induced expression in only 80% of cells (SI 
Appendix, Fig. S3). Expression of CD80 followed a similar trend. 
These observations can be attributed to the lower cellular uptake 
of the Dn6aH, as discussed above. Furthermore, these results 
indicated that although the Dn6a dendron delivered sixfold more 
CpG than the Dn1a and Dn1aH dendrons, the total immune 
activation was nearly identical.

To further investigate this observation, cells were treated such 
that the CpG concentration was held constant across treatment 
groups. Therefore, cells treated with Dn6a and Dn6aH received 
1/6th the amount of dendron molecule as those treated with Dn1a 
and Dn1aH (Fig. 2B and SI Appendix, Fig. S3B). Interestingly, 
when the CpG concentration was held constant, a different trend 
in immune activation emerged. The Dn6a and Dn6aH structures 
resulted in significantly lower immune activation, whereby CD86 
and CD80 levels were reduced by approximately 50% and 33% 
compared to the Dn1a and Dna1H responses, respectively 
(Fig. 2B). These data indicate that although the Dn6a dendron 
presented CpG multivalently, this multivalency did not lead to 
increased CpG processing and cell activation. This suggests that 
dendron valency does not impart the proper spatial requirements 

necessary for multivalent interactions with TLR-9 (35). Taken 
together, these data reveal that the Dn1a and Dn1aH designs are 
the most effective for adjuvant delivery. Due to synthetic ease and 
molecular precision, the non-hybridized Dn1a structure was used 
in subsequent experiments. Moreover, since the branches of the 
DNA dendron are no longer used as the CpG sequence, they can 
be leveraged as orthogonal handles to improve cellular uptake and 
immune activation (i.e., G-rich sequences) (SI Appendix, Fig. S4) 
or as secondary functional sequences (e.g., alternative TLR agonist 
sequences).

Antigen Conjugation and Its Effects on Immune Activation. 
Having established design rules for dendron-mediated adjuvant 
delivery, we next sought to understand how the placement 
of an antigenic peptide affects dendron vaccine efficacy. We 
hypothesized that antigen placement on the dendron would 
significantly impact dendron uptake and overall vaccine efficacy 
due to the hydrophobic nature of many peptide antigens (36). 
We further hypothesized that the antigen:adjuvant ratio would 
significantly affect vaccine efficacy (25). To begin exploring the 

Fig. 2. Immune activation after treatment of murine bone marrow-derived 
dendritic cells with immune-stimulating DNA dendrons. (A) MFI of CD86 (Left) 
and CD80 (Right) expression when the total dendron concentration was held 
constant. A similar trend was observed as that in the uptake experiment, 
whereby the unhybridized structures perform better than the hybridized 
constructs with no significant differences between Dn6a, Dn1a, and Dn1aH 
despite the sixfold increase in CpG delivered by the Dn6a dendron. CpG 1 
and CpG 6 represent CpG concentrations that correspond to Dn1a and Dn6a, 
respectively. (B) MFI of CD86 (Left) and CD80 (Right) expression when the total 
CpG concentration was held constant. Results indicate that the Dn1a dendron 
was the most efficient design to deliver functional DNA adjuvant. The MFI ± 
SD is shown for n = 3. ***P < 0.001; ****P < 0.0001. Not all significances are 
shown for clarity.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
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impact of antigen placement, three dendrons were designed based 
on the Dn1a architecture. The first contained a primary amine on 
the 3′ end of the dendron stem such that a single antigen could be 
added to each structure (Dn1E, dendron with 1 epitope, Fig. 3A). 
The second design included primary amines on the 5′ end of 
the dendron, thereby producing dendrons with six peptides on 
the ends of the branches (one peptide/branch) (Dn6Ee, dendron 
with six epitopes on the end, Fig. 3B). To test whether peptide 
conjugation to the 5′ end impacted dendron uptake (due to a 
potential loss of scavenger receptor A binding interactions), the 
third design had primary amines located in the middle of each 
branch, enabling the conjugation of six antigen molecules without 
blocking the multivalent DNA branches (Dn6Em, dendron with 
six epitopes in the middle, Fig. 3C). Interestingly, these dendrons 
on their own, without conjugated antigens, had distinct uptake 
properties. Specifically, the dendrons with more primary amine 
functional groups achieved nearly twofold increases in cellular 
uptake (SI Appendix, Fig. S5). This result is likely due to the 
positive charge of the primary amine under biological conditions, 
which can facilitate cellular uptake  (37). Nevertheless, upon 
peptide conjugation, the amine is converted to an amide and the 
positive charge is negated.

We utilized the peptide antigen E649–58 (V10C, sequence: 
VYDFAFRDLC, mw = 1.25 kDa, SI Appendix, Table S2) derived 
from the E6 protein, which is found in cervical cancer cells caused 
by HPV. The peptide contains a single terminal cysteine amino 
acid which is conjugated to the dendron through a reducible 
disulfide bond. Specifically, the heterobifunctional crosslinker, 

succinimidyl 3-(2-pyridyldithio)propionate (SPDP), was used, 
which contains an activated ester on one end, employed for pri-
mary amine functionalization, and a pyridyldithiol group on the 
other end, used for sulfhydryl functionalization. First, the acti-
vated ester was reacted with the primary amines on the DNA 
dendrons, producing pyridyldithiol functionalized dendrons. 
Second, the E6 peptide was reacted with the pyridyldithiol to form 
peptide conjugates. All conjugates were purified by PAGE. 
MALDI-TOF MS results indicate that for each of the dendron 
designs, the expected product was synthesized and purified suc-
cessfully because the expected mass shifts between unconjugated 
and conjugated DNA dendrons were observed (Fig. 3 A–C, Top 
and Bottom, respectively). Specifically, the Dn1E structure shows 
a mass shift of 1.2 kDa, while the Dn6E structures show a mass 
shift of 6.9 kDa, closely matching the expected changes in mass 
for dendrons conjugated with one or six peptides, respectively.

After synthesizing the dendron-peptide conjugates, we investi-
gated how peptide placement affects cellular uptake. We hypoth-
esized that the increased hydrophobicity of the conjugated 
peptides would facilitate uptake and lead to increased uptake 
frequency and fluorescence intensity. Using flow cytometry, we 
found that a similar percentage of cells were positive for each of 
the structures (% Dn+) (Fig. 3 D, Left); however, cells treated with 
dendrons with a greater number of conjugated peptides (Dn6Em 
and Dn6Ee) exhibited a nearly twofold higher MFI compared to 
those treated with Dn1E (Fig. 3 D, Right), demonstrating that 
more Dn6Em and Dn6Ee entered each cell when compared to 
the mono-conjugated Dn1E dendron.

Fig. 3. Antigenic peptide conjugation and its impact on cellular uptake and immune activation. (A–C) MALDI-TOF MS of dendron-peptide conjugates, post 
purification, reveal expected mass shifts for each of the synthesized conjugates: Dn1E, Dn6Ee, and Dn6Em. (D) Cellular uptake of the dendron-peptide conjugates 
after 1 h at 250 nM. An increase in cellular uptake for the conjugates that contain a greater number of hydrophobic antigenic peptides is observed. (E) Immune 
activation of dendritic cells after 15 h treatment with dendron-peptide conjugates at 1 μM. The trends observed are similar to that seen in the cellular uptake 
experiments; the Dn6E structures produced a stronger immune response than did the Dn1E structure. The MFI ± SD is shown for n = 3. ***P < 0.001; ****P < 
0.0001. Not all significances are shown for clarity.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
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A similar trend was observed when measuring immune  activation 
via CD86 expression (Fig. 3E). We observed a statistically signifi-
cant increase in the frequency of cells expressing CD86 (% CD86+) 
when Dn6Em or Dn6Ee was used when compared to Dn1E (75 
to 80%). When measuring the amount of CD86 expressed (MFI), 
we observed a similar trend as seen in the uptake experiments, 
wherein the Dn6E structures led to the expression of more CD86 
than the Dn1E dendron (Fig. 3 E, Right). A similar trend was also 
observed when measuring the CD80 costimulatory marker 
(SI Appendix, Fig. S6). These results confirm our hypothesis that 
increasing the number of peptides attached to the dendron leads 
to increased cellular uptake and immune activation. Due to the 
similarity in uptake and activity for the Dn6Em and Dn6Ee con-
structs, we chose to continue experimenting with the Dn6Em 
structure for synthetic reasons, finding that Dn6Em peptide con-
jugation consistently had a 30% yield while the Dn6Ee structure 
had a 15% yield.

We further explored the uptake mechanism of these materials 
by selectively inhibiting cellular uptake pathways (SI Appendix, 
Fig. S7). Specifically, cells were pretreated with either fucoidan 
(a scavenger receptor A inhibitor), methyl-β-cyclodextrin (choles-
terol/lipid raft depletion), or incubated at 4 °C (which inhibits all 
active transport mechanisms). We observed that inhibiting active 
transport through incubation at 4 °C resulted in the greatest 
decrease in uptake for each of the peptide conjugates, indicating 
that these peptides were not facilitating significant passive trans-
port across the cell membranes. After treatment with methyl-β-cy-
clodextrin, which abstracts hydrophobic cholesterol and lipid rafts 
from the cell surface, we observed a decrease in cellular uptake, 
which is likely due to decreased interactions between hydrophobic 
peptides and hydrophobic components of the cell membrane. 
Finally, we observed that by inhibiting scavenger receptor A medi-
ated endocytosis using fucoidan, the most significant drop (at least 
50% in each treatment group) in uptake was observed, indicating 
that the primary pathway of dendron uptake was through scav-
enger receptor A, regardless of where the antigenic peptide was 
located on the dendron. We further investigated if peptide con-
jugation impacts the complexation of serum proteins to the den-
dron, which may explain the observed differences in cellular 
uptake efficiencies. To test this assertion, Dn1a, Dn1E, and 
Dn6Em were incubated in fetal bovine serum and subsequently 
analyzed by gel electrophoresis. Based on shifts in electrophoretic 
mobility, the results suggest that there are mild differences in 
serum protein complexation to the dendrons depending on the 
amount of conjugated peptide (SI Appendix, Fig. S8). These dif-
ferences in protein complex formation may contribute to the 
observed uptake properties.

Investigating Vaccine Efficacy In  Vitro and In  Vivo. Before 
studying vaccine efficacy in vivo, we first confirmed that the DNA 
dendron vaccines elicited a potent and specific immune response 
against cervical cancer cells. Mouse peripheral blood mononuclear 
cells (PBMCs) were treated with the different vaccines. The 
resulting raised T cells were isolated from the PBMCs and co-
cultured separately with TC-1 mouse cervical cancer cells at a 10 
to 1 ratio of T cells to cancer cells. After incubation, cancer cell 
death was quantified by measuring 7-AAD (necrosis) and Annexin 
V (early apoptosis). We observed that all tested DNA dendrons 
produced a potent immune response against the target cancer cells. 
Specifically, ~30% of the cells treated with Dn1E and ~40% of the 
cells treated with Dn6Em induced TC-1 expression of markers for 
both apoptosis and necrosis (Fig. 4 A, Left). However, if the target 
cells that were expressing only apoptotic markers were included 
(indicating that they are undergoing early apoptosis but not yet 

full necrosis), both vaccines killed approximately 80% of the 
target cells (Fig. 4 A, Right). Since early apoptosis occurs prior 
to necrosis, these results suggest that the vaccines produce an 
immune response at different rates. Indeed, the Dn6Em vaccine 
seems to result in a potent immune response earlier than the Dn1E 
vaccine, leading to a greater number of necrotized target cells. 
This observation is likely due to the increase in antigen loading 
on the Dn6Em structure, as well as its increased cellular uptake. 
Representative scatter plots are provided in Fig. 4C.

To further assess the potential in vivo efficacy of the dendron 
vaccines, we studied how the dendron architecture facilitates effec-
tive uptake into the lymph nodes, the biological hub for immune 
cells responsible for producing immune responses (38). Female 
C57BL/6 mice (n = 3 per group) received either a saline control 
[phosphate-buffered saline (PBS)], Dn1E (6 nmol) or Dn6Em 
(6 nmol), subcutaneously. After 4 h, the mice were sacrificed, the 
lymph nodes were collected, and Cy3 fluorescence was quantified 
using an in vivo imaging system (IVIS). We observed that both 
vaccines localized to one or both of the proximal lymph nodes 
(SI Appendix, Fig. S9) and that the Dn6Em structure was taken 
up by the lymph nodes more than the Dn1E vaccine (P = 0.0566) 
(Fig. 4B). Negligible fluorescence was observed in the lymph nodes 
of the PBS treated mice, and importantly, there is no statistically 
significant difference between the fluorescence intensities of PBS 
and Dn1E treated mice. This indicates that peptide location and 
amount on the dendron structure can significantly impact vaccine 
accumulation at the desired immune centers when delivered 
in vivo. Previous research has shown that the hydrophobicity of 
the therapeutic can significantly enhance lymph node 
uptake (39–41). Since the Dn6Em structure has sixfold more 
peptides per dendron, those hydrophobic moieties likely play an 
important role in mediating vaccine trafficking and uptake.

To evaluate the in vivo therapeutic efficacy, we treated TC-1 
tumor-bearing female mice (n = 8 to 10) with the different dendron 
architectures and evaluated tumor growth and animal survival. TC-1 
tumor cells (2 × 105) were inoculated subcutaneously into the right 
flank of C57BL/6 mice and allowed to grow to ∼50 mm3 before the 
first of four treatments (schedule provided in Fig. 5A). Specifically, 
animals were treated once per week with Dn1E, Admix 1 (simple 
mixture corresponding to Dn1E adjuvant/antigen ratio), Dn6Em, 
Admix 6 (simple mixture corresponding to Dn6Em adjuvant/anti-
gen ratio), or PBS. Tumor growth was measured every 2 to 3 d, while 
survival was quantified; animals were sacrificed when tumor burden 
reached 1,500 mm3. Mice that were treated with Dn6Em exhibited 
potent suppression of tumor growth (Fig. 5 B and C and SI Appendix, 
Fig. S10). In fact, tumor growth inhibition was observed in 100% 
of animals treated with Dn6Em (on average <150 mm3 through day 
30), and they were protected from death through the 44 d study as 
their tumors did not reach the 1,500 mm3 cutoff during this time-
frame (Fig. 5D). In contrast, mice treated with the Dn1E dendron 
failed to exhibit a significant improvement in tumor burden, and 
only 56% survived to day 44. As expected, animals treated with saline 
all perished by the conclusion of the study (median survival—35 d), 
and animals treated with either of the admix controls were unable 
to mount a sufficient immune response to fight off tumor burden 
effectively. Spider plots for all groups are provided in SI Appendix, 
Fig. S10. This study illustrates the impact of precise structural 
changes to the dendron architecture on its ability to dramatically 
impact animal survival and tumor burden in vivo. At the conclusion 
of the study (after 44 d), mice with no measurable tumors were 
re-challenged with TC-1 tumor cells (Fig. 5E). Mouse health and 
tumor growth were monitored and measured for an additional 60 d. 
Naïve control mice experienced rapid increases in tumor size and 
required euthanasia by day 80 (36 d post challenge). Nevertheless, 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
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the Dn6Em re-challenged mice were protected from the cancer cells, 
showing no signs of tumor growth through the conclusion of the 
study (Day 100). These results demonstrate that the DNA dendron 
vaccines can impart an adaptive immune response capable of recog-
nizing targets for several weeks post-immunization.

Discussion

By leveraging the chemical addressability and structural modularity 
of the DNA dendron, this work explores concepts of rational vac-
cinology with molecular precision that underscore the importance 
of a well-defined vaccine architecture to elicit a potent immune 
response. Importantly, while these studies only explore a subset of 
all possible dendron valencies and adjuvant:antigen ratios, this 
investigation yielded several fundamental observations that should 
be broadly applicable to any DNA dendron-based vaccine. First, 
we learned that the placement and attachment chemistry of the 
adjuvant CpG sequence within the dendron was critical for elic-
iting efficient cellular uptake and a potent immune response. 
Specifically, the DNA dendron that contained a single CpG 
sequence as the stem proved to be the most effective design for the 
delivery of functional adjuvant to cells, while the small size of the 
DNA dendron prevented any benefit from adjuvant multivalency 
and adjuvant hybridization significantly inhibited cellular uptake. 
Next, we discovered that the number and placement of antigenic 
peptides along the dendron architecture affect dendron uptake, 
activation, and vaccine efficacy in vitro. Specifically, by increasing 

the amount of antigen conjugated to the dendron, cellular uptake 
and immune activation increased. It was also determined that the 
location of peptide placement was less important than the overall 
number in affecting vaccine properties. We observed that the num-
ber of peptide antigens conjugated to the dendron impacted the 
rate at which dendron vaccines prompted an immune response 
against TC-1 ovarian cancer cells. Indeed, Dn6Em resulted in an 
approximately 30% increase in the amount of tumor cells that 
were both apoptotic and necrotic, likely a result of the dendrons 
increased uptake, immune activation, and antigen presentation. 
Translation of these vaccine designs in vivo was supported by the 
observed trend that increased peptide conjugation results in 
Dn6Em preferentially draining to murine lymph nodes to a greater 
extent than the mono-functionalized Dn1E architecture. Finally, 
we observed that vaccine structure affects the overall immuno-
genicity of a cancer vaccine in vivo. Indeed, while highly immu-
nogenic Dn6Em effectively reduced tumor burden (<150 mm3 
through day 30), an additive mixture of its component adjuvant 
and antigen parts, as well as the Dn1E vaccine, failed to provide 
any significant benefit. While we expect the conclusions drawn 
from this work to be broadly applicable to DNA dendron-based 
molecular vaccines, extensive structure-function relationships will 
be required to adapt the DNA dendron for other therapeutic appli-
cations. Parameters such as receptor distribution in the cell and 
processing of therapeutic components must be considered. 
Nevertheless, by utilizing the DNA dendron as a platform to study 
such concepts, structure-function relationships can be determined 

Fig. 4. Ex vivo vaccine efficacy and in vivo vaccine uptake. (A) Murine PBMCs were treated with the dendron vaccines, raised T cells were then isolated and 
incubated in the presence of target TC-1 cancer cells at a ratio of 5:1, and cell death was quantified in terms of expression of both necrosis and early apoptosis 
markers (double positive, Left) or early apoptosis markers (double and single positive, Right). (B) Dendron vaccines were injected subcutaneously into female 
C57BL/6 mice (n = 3), and fluorescence intensity of the lymph nodes was measured after 4 h, using IVIS. Results indicate that the Dn6Em structure was taken 
up significantly more than the Dn1E structure in vivo. (C) Representative scatter plots that correspond to the data reported in A. ns = not significant; **P < 0.01; 
****P < 0.0001. Not all significances are shown for clarity.
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with molecular precision. Furthermore, although dendritic DNA 
architectures have been employed in the past for the delivery of 
therapeutic agents, many of these approaches are heterogenous 
and lack structural modularity. This DNA dendron-based vaccine 
consists of a single molecule, made using common oligonucleotide 
synthesis methods, with an easily modifiable structure. Taken 
together, this work establishes the DNA dendron as a powerful 
tool for studying fundamental structure-function relationships that 
govern vaccine efficacy with molecular precision, underscoring the 
importance of rational vaccinology and fine-tuned therapeutic 
design in the development of next generation medicines. Due to 
the modularity of this molecular vaccine, these design rules can 
be applied to develop vaccines that treat a variety of cancers.

Materials and Methods

Materials. TC-1 cells were kindly provided by Dr. Bin Zhang. All animals were 
used in accordance with approved protocols of the Institutional Animal Care and 
Use Committee of Northwestern University. Animals (female C57BL/6, 8 to 12 
wk old) were obtained from Jackson Laboratories.

Synthesis of Oligonucleotides. Oligonucleotide synthesis, purification, and 
characterization were conducted as reported previously. (27) Briefly, reagents and 
solid-phase supports were purchased from Glen Research. Linear oligonucleotides 
were synthesized using a MerMade 12 synthesizer (Bio Automation) on controlled 
pore glass (CPG) beads (Universal UnyLinker Support (1,000 Å)), using conditions 
recommended by the manufacturer. DNA dendrons were synthesized using a 
modified coupling protocol reported previously (27). Specifically, they were syn-
thesized using an ABI synthesizer on a dT CPG (2,000 Å) with 2× phosphoramidite 
concentration for bases on the branches of the dendron. Linear oligonucleotides 
were purified using reverse-phase high-performance liquid chromatography 
(RP-HPLC; Agilent), while the DNA dendrons were purified using denaturing 
PAGE. The samples were characterized using matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF; AutoFlex-III, Bruker) mass spectrometry 
(matrix: dihydroxyacetone phosphate). A complete list of synthesized oligonu-
cleotides can be found in SI Appendix, Tables S1 and S2. The concentrations of 
DNA dendrons and DNA-containing templates were determined by measuring 
the solution absorbance at λ = 260 nm (Cary 5000 UV–vis spectrophotometer, 

Varian) and using the extinction coefficients calculated by the OligoAnalyzer tool 
(Integrated DNA Technologies).

Cellular Uptake and Immune Activation of DNA Dendrons and Conjugates. 
BMDCs were harvested from C57BL/6 mice. Cells were flushed from inside the 
bone and then collected by centrifugation (1,200 rpm, 5 min). Cells were lysed 
using 2 mL of ACK lysing buffer for 4 min at room temperature to selectively lyse 
red blood cells. The remaining cells were washed once with PBS and cultured by 
incubating in dishes with Gibco Roswell Park Memorial Institute 1640 Medium 
(RPMI) containing 10% heat inactivated fetal bovine serum, 1% penicillin/strep-
tomycin (P/S), and 40 ng/mL granulocyte-macrophage colony-stimulating factor 
(GM-CSF) for 5 d. Media was added after 3 d to maintain appropriate nutrients. 
Cells were collected from the plate and transferred to microtiter tubes prior to 
addition of treatment.

Cells described above were treated with DNA for 1 h at 50 nΜ or 250 nM, or for 
15 h at 1,000 nM (by DNA) and stored in a 37 °C/5% CO2 incubator for the speci-
fied amount of time. At the completion of the timepoint, cells were washed with 
PBS and spun at 1,200 rpm for 5 min to remove supernatant and incubated with 
fluorophore-conjugated antibodies (Fixable Live/Dead—DAPI, Invitrogen #L34969; 
CD11c—Alexa Fluor 647, Biolegend #117312 and BV421, Biolegend #117330; 
CD80—FITC, Biolegend #104706; CD86—PerCP cy5.5, Biolegend #105028) for 
15 min at 4 °C. Then, cells were washed with PBS, resuspended in fixation buffer 
(Biolegend #420801), and incubated at 4 °C for at least 15 min or until analyzed 
by flow cytometry. All experiments have been conducted in triplicate and with at 
least three experimental replicates.

DNA Dendron Uptake Mechanism Experiments. Dendron uptake mecha-
nisms were tested by repeating the previously described uptake experiment in 
dendritic cells with minor modifications. The cells were pretreated with 50 µg/mL 
of fucoidan from fucus vesiculous (Sigma F8190), methyl-beta-cyclodextran 
(12.5 mg/mL), or at 4 °C for 30 min prior to DNA treatment. DNA was added to 
the cells at concentrations of either 50 nM or 250 nM (by DNA) and incubated for 
1 h and 6 h at either 37 °C/5% CO2 or 4 °C. At the completion of the timepoints, 
cells were washed with PBS and spun at 1,200 rpm for 5 min to remove the 
supernatant and incubated with fluorophore-conjugated antibodies (Fixable Live/
Dead—Ultra-Violet, Invitrogen #L34961and CD11c—Alexa Fluor 647, Biolegend 
#117312) for 15 min at 4 °C. Then, cells were washed with PBS, resuspended in 
fixation buffer (Biolegend #420801), and incubated at 4 °C for at least 15 min or 
until analyzed by flow cytometry (up to 3 d after collection).

Fig. 5. Treating tumor-bearing mice that were inoculated with cervical cancer cells. (A) Mice were treated with 2 × 105 cancer cells on day 0 and received treatment 
once/week for 4 wk, starting on day 7. Tumor measurements were taken every 2 to 3 d. (B) Tumor volumes at day 28, which demonstrate the significant tumor 
growth inhibition that results from Dn6Em treatment over the other groups. (C) Plots of the average tumor volumes show that the Dn6Em structure is the most 
effective vaccine for inhibiting tumor growth. (D) This inhibition in tumor growth led to a 100% survival rate for Dn6Em throughout the study (44 d). ns = not 
significant; *P < 0.05; **P < 0.01; ****P < 0.0001. Not all significances are shown for clarity. (E) Mice with no measurable tumors at the end of the study were 
re-challenged with TC-1 cancer cells. Mice that received the Dn6Em vaccine were protected against tumor growth.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215091120#supplementary-materials
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Lymph Node Uptake. Female C57BL/6 mice (8 to 12 wk old) were adminis-
tered a single subcutaneous injection into the abdomen. Treatment dose was 
maintained at 6 nmol. After 4 h, mice were euthanized and the skin containing 
the lymph nodes was resected. Fluorescence was assessed using an IVIS 200 
Spectrum (PerkinElmer) IVIS with a narrow band excitation of 535 and emission 
of 580. Quantitative analysis was performed using Living Image software.

Ex Vivo T Cell Killing. Murine PBMCs (BioIVT) were thawed from storage in 
liquid nitrogen, and 1 × 104 cells were added to a 96-well round bottom plate in 
1000 μL volume. Treatment was added to each well in 450 μL volume, and cells 
were left in a 37 °C in a 5% CO2 incubator for 48 h. The following procedures were 
modified from a previously established protocol (24). Briefly, CD8+ T cells were 
magnetically isolated using a murine CD8a Positive Selection Kit II (StemCell 
Technologies). Concurrently, TC-1 cells were collected from a passage and were 
stained with efluor450 (eBioscience) following the manufacturer’s protocol. TC-1 
cells were counted after staining and were plated in a new 96-well round bottom 
plate with 5,000 cells per well in a volume of 100 μL. Cells recovered while T cells 
were isolated and counted. T cells were added to be at a final ratio of 5:1 with 
TC-1 target cells in the 96-well plate. Cells were co-cultured together for ~24 h in 
a 37 °C/5% CO2 incubator. After the incubation time, all cells were collected into 
microtiter tubes using trypsin to detach adherent cells and media to neutralize the 
trypsin. Samples were washed once with PBS, centrifuged at 1,200 rpm for 5 min, 
aspirated, and resuspended in a solution of 100 μL Annexin V binding buffer 
(BioLegend) containing 0.5 μL each of 7-AAD (Fisher, 50169259) and Annexin V 
(BioLegend, 640906). This staining solution was left with cells for 15 min at room 
temperature in the dark prior to flow cytometry.

In Vivo Therapeutic Efficacy. Female C57BL/6 mice aged 8 to 12 wk (Jackson 
Laboratory) were inoculated with 2 × 105 TC-1 tumor cells subcutaneously into 
the right flank and were allowed to grow to ∼50 mm3 (7 d) prior to treatment. 
Treatments were administered at a dose of 6 nmol (60 μM in 100 μL volume) by 
subcutaneous injection into the abdomen once per week, following the schedule 

provided. Tumor growth was measured every 2 to 3 d, and volume was calculated 
using the following equation: tumor volume = length × width2 × 0.5. Animals 
were euthanized when tumor volumes reached 1,500 mm3 or when animal health 
necessitated them to be sacrificed for humane reasons.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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