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In the case of cancer immunotherapy, nanostructures are attractive
because they can carry all of the necessary components of a vaccine,
including both antigen and adjuvant. Herein, we explore how
spherical nucleic acids (SNAs), an emerging class of nanotherapeutic
materials, can be used to deliver peptide antigens and nucleic acid
adjuvants to raise immune responses that kill cancer cells, reduce (or
eliminate) tumor growth, and extend life in three established
mouse tumor models. Three SNA structures that are composition-
ally nearly identical but structurally different markedly vary in their
abilities to cross-prime antigen-specific CD8" T cells and raise sub-
sequent antitumor immune responses. Importantly, the most effec-
tive structure is the one that exhibits synchronization of maximum
antigen presentation and costimulatory marker expression. In the
human papillomavirus-associated TC-1 model, vaccination with this
structure improved overall survival, induced the complete elimina-
tion of tumors from 30% of the mice, and conferred curative pro-
tection from tumor rechallenges, consistent with immunological
memory not otherwise achievable. The antitumor effect of SNA vac-
cination is dependent on the method of antigen incorporation within
the SNA structure, underscoring the modularity of this class of nano-
structures and the potential for the deliberate design of new vaccines,
thereby defining a type of rational cancer vaccinology.

spherical nucleic acids | cancer vaccinology | structural design |
nanotechnology | immunotherapy

Fighting cancer through immunotherapy, by engaging and steer-
ing a patient’s immune system to attack cancer cells, is a
powerful therapeutic approach (1-5). In particular, the success
of adoptive cell transfer strategies and checkpoint inhibitors (targeting
PD-1, PD-L1, and CTLA4), especially for treating melanoma
and lung cancer, has revealed the power of unlocking the immune
system to attack tumors (6-8). Indeed, a dramatic response to
checkpoint inhibitors in a subset of patients with advanced cancer
has been documented. In addition to such approaches, injectable
vaccines are particularly attractive because, in principle, they do
not involve cell harvesting, and thereby provide a convenient, safe,
and low-cost way to boost a patient’s immune system (9, 10).

A major challenge in the development of vaccines is the design
and selection of the vehicle for delivering adjuvant and antigen
molecules (1). In principle, as with any therapeutic agent, the
structure could have a significant influence on safety, efficacy,
and potency (11-15). In the case of vaccines, the way in which
multiple molecular components are formulated could have a
major influence on the biodistribution and delivery to cells of the
immune system, and on the activation of immunostimulatory
pathways that ultimately lead to the priming and expansion of
antigen-specific T cells (16, 17). Nanoparticle vaccines, in particular,
provide a way to enhance the delivery of immunostimulatory
molecules to the immune system through benefits in biodistribution
and codelivery of adjuvant and antigen to immune cells (18).
Importantly, vaccine designs that use nanostructures, function-
alized with both adjuvant and antigen molecules, have shown the
ability to enhance the activation of antigen-presenting cells
(APCs) and priming of antigen-specific cytotoxic T lymphocytes
(CTLs) over that of mixtures of adjuvant and antigen molecules

WWww.pnas.org/cgi/doi/10.,1073/pnas.1902805116

(19). These developments underscore the need for vaccine de-
sign strategies that can effectively address multiple and specific
types of immune system cells and activate corresponding pathways
(e.g., antigen presentation, costimulatory molecular expression).
Furthermore, Gu and Mooney (20) and Koshy and Mooney (21)
have hypothesized that the timing of activation and intracellular
processing of vaccine components may also be crucial to creating
the most active vaccines, and Irvine and coworkers (22) have
shown the importance of the temporal programming of dendritic
cell (DC) activation by adjusting the order and dose of cytokine
injections. In addition, Rincon-Restrepo et al. (23) have shown
the effects of nanoparticle size and structure on the intracellular
distribution of protein antigens delivered by vaccine particles.
Designing vaccines that can control the intracellular spatial dis-
tribution of immunostimulatory molecules and the timing of
activation of these pathways may be promising for optimizing the
induction of antitumor immune responses. Exploiting this op-
portunity and, in the process, perhaps increasing the success of
clinical trials based upon vaccine candidate architectures, how-
ever, requires a structural scaffold and modularity that enable
the systematic study of the variables that can influence vaccine
performance, while conserving other features of the vaccine
formulation (e.g., selection, amounts, stoichiometric ratio of
antigen and adjuvant).

Significance

Although the role of adjuvant and antigen molecules in the
generation of adaptive immune responses is well known, the
development of vaccines remains an outstanding challenge,
particularly for cancer immunotherapy. We investigated a set
of spherical nucleic acids (SNAs) in which the adjuvant, antigen,
and overall architecture of the nanostructure are conserved but
are differentiated in a key feature: the position and conjuga-
tion chemistry of the peptide antigen. Comparison of these
compositionally equivalent yet structurally distinct SNAs led to
our identification of a structure with superior performance as a
therapeutic vaccine across several animal models and a mech-
anistic basis for the improvement in antitumor immune re-
sponses; these results indicate the potential for success in the
rational development of SNA vaccines.
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Spherical nucleic acids (SNAs) are clinically used nanoparticle
conjugates consisting of densely packed, highly oriented, thera-
peutic oligonucleotides (immune-modulatory, antisense, and
siRNA gene regulatory) surrounding a nanoparticle core (24-27).
SNAs, unlike their linear cousins, possess the ability to enter cells
without the need for auxiliary transfection reagents. In 2015, our
laboratory reported a class of immunostimulatory SNAs (IS-SNAs)
designed to activate the TLR9 pathway and concomitantly deliver a
surrogate antigen for the treatment of mouse lymphoma (28). What
remains unclear in the design of SNAs as cancer vaccines, however,
is how differences in the chemical linkages between the nanoparticle
core, oligonucleotide, and peptide can influence and provide
ways to improve antigen-specific immune responses. Although prior
work has looked at a range of compositionally different constructs
and has seen promising activity against simple mixtures of adjuvant
and antigen, no study has systematically looked at the consequences
of systematically controlling the presentation of antigen and
adjuvant at fixed compositional amounts (28). Since IS-SNAs are
well-defined nanostructures generated from chemically synthe-
sized and purified molecular components (liposomal cores,
chemically functionalized oligonucleotides, and peptides), they en-
able the systematic study of vaccine structure—activity relationships,
and allow one to rationally and iteratively design vaccines with
optimum immunostimulatory function.

Herein, we describe a comparison of three SNA structures
clearly differentiated in the chemistry of antigen incorporation,
and evaluate the ability of these structures to induce antigen-
specific immune responses in several mouse models of cancer.
We chose these designs to evaluate the importance of SNA
structure on their ability to (i) codeliver antigen and adjuvant to
individual APCs (and not just populations of APCs); (ii) control
the kinetics of release of adjuvant and antigen from the SNA, as
well as the timing of antigen presentation and DC activation; and
(iii) lead to intracellular processing of peptide antigen for ef-
fective presentation by the MHC-I pathway (cross-presentation).
These functions are essential for generating an antigen-specific
immune response and performing as vaccines. Orchestrating the
codelivery and timing of immunostimulatory pathways may lead
to successful induction of antigen-specific CTLs, while poor co-
ordination of these events (e.g., induction of costimulatory markers
but not of antigen presentation or of antigen presentation without
costimulatory markers) could lead to T cell fatigue or anergy.

In designing these three SNAs, our aim was to conserve com-
position (i.e., TLR9-agonist oligonucleotide, peptide antigen,
nanoparticle core) but to vary the position and conjugation chemistry
of the peptide antigen. Each of the three SNA structures consists
of a unilamellar liposome core (40—45 nm in diameter, dioleoyl-
sn-glycero-3-phosphocholine) that presents and orients TLR9
agonist oligonucleotides (3'-cholesterol-functionalized and “1826”
CpG sequence specific for the activation of murine TLRY) at the
surface. The three SNA architectures (E, A, and H) we examined
varied in the position and conjugation chemistry of the peptide
antigen in the following ways: (i) soluble antigen encapsulated
within the liposome core (“encapsulated” model, E), (if) antigen
located at the surfaces of SNAs by chemical conjugation to oli-
gonucleotides (functionalized at the 3’-terminus with cholesterol
groups) adsorbed to the liposome surface (“anchored” model,
A), and (iii) antigen located at the surfaces of SNAs by chemical
conjugation of the antigen to oligonucleotides hybridized to CpG
oligonucleotides adsorbed to the liposome surface (“hybridized”
model, H). For antigens chemically conjugated to oligonucleotides,
we used a biochemically labile linker for the traceless release of
antigen, as previously reported by our group (29). For each of the
three SNA structures, we used three different peptide antigens to
evaluate immune responses in vitro and in vivo: OVAL (C-
SIINFEKL), melanoma-derived antigen gpl00 (C-KVPRNQDWL),
and human papillomavirus-16 oncoprotein E6 antigen (VYD-
FAFRDLC). We evaluated the influence of these structural variations

10474 | www.phas.org/cgi/doi/10.1073/pnas. 1902805116

on the uptake, codelivery of CpG and antigen, intracellular
trafficking and retention of antigen, kinetics of activation and
antigen presentation, induction of antigen-specific CD8" T cell
responses, and, ultimately, in vivo antitumor efficacy. We also
compared these activities with those of “unformulated” vaccines:
mixtures of soluble TLR9-agonist and peptide antigen, without any
chemical conjugation.

Results

Design and Synthesis of SNAs with Variation in Antigen Incorporation.
Our approach to generating well-differentiated SNA structures E,
A, and H takes advantage of the modular nature and chemical
synthesis of SNAs (Fig. 14). Each of the molecular components of
these SNAs was synthesized and purified (chemically functional-
ized oligonucleotides, peptides, and liposomes) and incorporated
into the liposomal SNA structure through the initial formation of
liposomes, followed by the adsorption of the adjuvant to their
surface via hydrophobic anchoring groups (cholesterol). For SNA
E, antigen was loaded into the core during the liposome forma-
tion process. For SNA A, a peptide—oligonucleotide—3’-cholesterol
conjugate was coadsorbed to the liposomes along with 3’-cholesterol-
functionalized CpG. For SNA H, a peptide-oligonucleotide con-
jugate, with a nucleotide sequence complementary to CpG, was
hybridized with CpG oligonucleotides before adsorption to the
liposomes (SI Appendix, Table S1). Details of the synthetic
procedures and the characterization of the physical properties
and chemical composition of the SNAs are available in SI Ap-
pendix (SI Appendix, Fig. S1 A-D). To compare SNAs that
differ in structure, but not in composition, we prepared E, A,
and H SNAs that were similar in the stoichiometry of CpG and
antigen to liposome (75 molecules of each per liposomal
structure with an average diameter of 55-60 nm, including the
oligonucleotide shell) (ST Appendix, Fig. S1 E and F). We synthe-
sized SNAs E, A, and H with different antigens (OVA-1, gp100,
and E6), and subsequently compared their immunostimulatory
properties and explored their performance as therapeutic vaccines
in clinically relevant mouse tumor models (S Appendix, Table S2).

Codelivery of Immunostimulatory Oligonucleotides and Peptide
Antigens to DCs. We compared the ability of E, A, and H SNA
structures to enter DCs and deliver both CpG oligonucleotides
and peptide antigens to individual DCs. The delivery of both
types of molecules and the induction of signaling for the parallel
pathways of antigen presentation and costimulatory marker ex-
pression are essential steps for activating APCs and further
priming antigen-specific T cells. Upon treatment of bone
marrow-derived DCs (BMDCs) with each SNA structure func-
tionalized with CpG (labeled with Cy5) and OVAI antigen
[labeled with tetra-methyl-rhodamine (TMR)] and analysis of
cellular uptake, we found significant advantages for SNA H in
the uptake of both CpG and antigen (Fig. 1B). To investigate
these effects in vivo, we injected mice s.c. with the same set of
SNAs. Extraction of the draining lymph node (DLN) after 2 h
and analysis of the CD11c* DCs by flow cytometry showed a
wide range in the fraction of cells containing high levels of both
CpG and OVAL. The fraction of DCs with high levels of uptake
for both CpG and OVA1 depended on SNA structure and fol-
lowed the order of E < A < H. Indeed, SNA H remarkably led
to >60% of a DC population showing codelivered adjuvant and
antigen, far greater than that for SNAs E and A (Fig. 1C). In
contrast, for mixtures of CpG and OVALI (no coupling between
the components), the fraction of DCs showing codelivery was
negligible (<1.5%). The comparison of results for SNA H and
dsDNA conjugated to OVAL1 that is not formulated into an SNA
structure (<2% codelivery) establishes the critical influence of
SNA structure in achieving high levels of codelivered oligonu-
cleotide and peptide. Indeed, the observation that SNA H is
generated from dsDNA and liposomes, yet shows significantly

Wang et al.
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Fig. 1.

Evaluation of the dependence of CpG and antigen codelivery on SNA structure. (A) Scheme of three designs of SNA E, SNA A, and SNA H. (B) Uptake

of CpG (Cy5) and OVA1 (TMR) by BMDGs in vitro, measured by flow cytometry. MFI, medium fluorescence intensity. (C) Fraction of cells showing high levels of
both CpG and OVAT1, recovered from the DLNs of mice (n = 3) 2 h following s.c. injection with reagents as indicated, as determined by flow cytometry. Values
are an average of three replicates. Chol, cholesterol. (D) Images of cells recovered from DLNs from mice 4 h following immunization by s.c. injection, visualized
by confocal microscopy. OVA1 peptide labeled with TMR is shown in green, and CpG labeled with Cy5 is shown in red. (Scale bars, 1 um.) (E) Fluorescence
intensity for OVA1 peptide and CpG of the images. (F) Subcellular colocalization of peptide and CpG was quantified by Manders coefficient (values of r >
0.6 indicate strong colocalization). Data presented as mean + SEM (B, C, E, and F). ***P < 0.001; **P < 0.01; *P < 0.05. ns, not significant.

higher uptake and codelivery of CpG and antigen than dsDNA,
suggests that these components enter presumably as intact SNA
structures. Taken together, these data show that the dependence
of the codelivery of CpG and antigen on SNA structure and the
superiority of SNA H are amplified in vivo. The structural
features of SNA H that drive the enhancement of codelivery are
(i) the linkage of antigen to CpG by chemical conjugation and
nucleic acid hybridization and (ii) the enhancement of cellular
uptake of oligonucleotides by the SNA architecture. SNA H is
not susceptible to erosion in codelivery through the mecha-
nisms likely responsible for the separation of antigen and CpG in
SNAs E and A (i.e., leakage of peptide through liposome mem-
branes, desorption of antigen-functionalized oligonucleotides from
liposomes) (30).

We analyzed the codelivery of adjuvant and antigen molecules
by SNAs by imaging (by confocal microscopy) the DCs extracted
from mice immunized by SNAs with Cy5-labeled CpG and
TMR-labeled OVA. The images show comparable levels of CpG
delivered by each SNA structure, but higher levels of OVALl
codelivered by SNA H than those codelivered by SNAs A and E
(Figs. 1 D and E and SI Appendix, Fig. S1G). Manders coefficient
values (Fig. 1F) showed a decreasing r score for SNAs H (r =
0.68), A (r = 0.40), and E (r = 0.32), indicating that the highest
levels of subcellular colocalization of CpG and OVAL are ac-
complished by SNA H at an early time point (4 h after vaccina-
tion), when intracellular processing of antigen is at an early stage.

Trafficking of Peptide Antigens Within DCs, Delivered by Different
SNA Structures. We compared the uptake, trafficking, and retention
of peptide antigens delivered by SNAs E, A, and H. Upon
treatment of BMDCs with SNA structures formulated with

Wang et al.

OVAL labeled with Cy5 for 2 h, the cells were washed and incubated
in fresh medium and monitored by confocal fluorescence mi-
croscopy over a further 24-h period. The presence of OVAL in
the late endosomes (LEs) and endoplasmic reticulum (ER) was
determined by colocalization of Cy5 (red) and fluorescent
markers (green) for the LEs and ER, respectively, in confocal
microscope images (Fig. 2.4 and B). We found clear trends that
differentiate the SNA structures in the uptake of OVA1 (at the
earliest time points of 2 and 4 h) and in the retention of OVALI at
the late time points. The order in overall delivery of OVAL is
H > A > E at the early time point of 2 h. At 24 h, only SNA H
enabled substantial retention of peptide within the cells (57% of
the maximum levels observed at 2 h). Both SNAs E and A,
however, showed a rapid decline in the presence of peptide
(<8% of maximum levels observed at 2 h) (Fig. 2C). The sub-
sequent analysis of subcellular distribution of OVA1 indicated
that this effect was driven by the sustained retention of
OVAI1 delivered by SNA H in the endosome (Fig. 2D) and ER
(Fig. 2E), the site of MHC-1 peptide loading, through the 24-h
period following SNA treatment. The higher uptake of peptide
antigen delivered by SNA H, followed by retention at substantial
levels of these peptides in the endocytic pathway and ER for a
24-h period, is dependent on the structure of SNA H, and pro-
vides a major advantage in generating longer windows of time for
efficient cross-priming of antigen-specific T cells by DCs.

Activation of DCs and Cross-Priming of T Cells by SNAs. Antigen-
specific T cell responses depend upon the interaction between
activated DCs and T cells; the quality of this interaction, and of
the subsequent T cell response, is dependent upon the concerted
presentation of antigen and expression of costimulatory markers

PNAS | May 21,2019 | vol. 116 | no.21 | 10475
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Fig. 2. Evaluation of the time-dependent intracellular fate of antigens delivered by the three SNA structures by confocal microscopy. Images of
OVAT1 peptide (Cy5, red) colocalized with the LE (A; Alexa-568, green, Rab9) or ER (B; Alexa-568, green, PDI) delivered by SNA E, SNA A, and SNA H are shown.
(Scale bars, 2 pm.) (C) Peptide fluorescent intensity per cell over time. (D) Manders overlap coefficient (M) representing the fraction of endosomes in which the
Rab9 signal is colocalized with Cy5. (E) M representing the fraction of the ER in which the PDI signal is colocalized with Cy5. SNA H has a major advantage over
SNA A and SNA E in the temporal release of antigen, by way of increased retention of peptide within the endosomes of BMDCs throughout the 24-h period.
All analysis values are an average of 10-15 randomly selected images. Data presented as mean + SEM (C—E). ***P < 0.001; **P < 0.01; *P < 0.05.

by DCs upon vaccination (22). We therefore compared the kinetics
of the parallel pathways of presentation of SNA-delivered OVAL1
and the expression of the costimulatory marker CD86 in BMDC:s.
Following the treatment of BMDCs with SNAs for 1 h (2.5 pM in
OVAL and CpG) and subsequent washing to remove SNAs from
the cell culture medium, cells were resuspended and incubated in
fresh medium for up to 48 h. Although the maximum expression
of CD86 took place ~24 h after treatment for all three SNA
structures (Fig. 34), notably, the time at which OVAl pre-
sentation was maximized was different among the SNAs (~16 h
for SNA E, ~20 h for SNA A, and ~24 h for SNA H; Fig. 34). A
major consequence of the slower kinetics of antigen presentation
induced by SNAs A and H (compared with SNA E), due to the
processing and dissociation of OVA1 from these SNA structures,
was greater overlap in time where DCs present both antigen and
costimulatory markers. Importantly, the kinetic data for SNA H
showed synchronization of maximized antigen presentation and
costimulatory marker expression (Fig. 34). Taken together with
the superior ability of SNA H to codeliver CpG and peptide to
DCs, these data suggest that SNA H may be ideal for the priming
of antigen-specific T cells.

10476 | www.pnas.org/cgi/doi/10.1073/pnas. 1902805116

Immunization by s.c. injection of SNAs resulted in DC acti-
vation and antigen presentation in vivo. In all three SNA designs,
the DLNs of immunized C57BL/6 mice swelled and showed in-
creased cellularity (16 h following immunization), compared with
those of mice immunized with a mixture of CpG and OVAL (Fig.
3B). CD8O0 expression on CD11c¢™ DCs in DLNs was higher for
SNAs A and H than for SNA E or a mixture of CpG and OVAL
(Fig. 3C), while expression levels of CD86 and CD40 were com-
parable across all treatment groups (SI Appendix, Fig. S2 A and B).

We next examined the ability of DCs activated by SNAs in vivo
to cross-prime CD8* T cells. DCs from the DLNs were harvested
from immunized mice and cocultured with OT1 CD8* T cells for
2 d ex vivo. The secretion of proinflammatory cytokines (IL-
12p70, IL-1a, IL-6, and TNF-a) was highly dependent on SNA
structure. Although each SNA structure (E, A, and H) led to
greater levels of cytokine secretion than for mixtures of CpG and
OVAL (Fig. 3 D-G), SNAs H and A were superior to SNA E in
stimulating the secretion of IL-1a, IL-6, and TNF-a by OVALI-
specific T cells. In addition, we used an enzyme-linked immune
absorbent spot (ELISpot) assay to examine the number of IFN-
y-secreting T cells generated by coculturing with DCs from

Wang et al.
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Fig. 3. Kinetics of DC activation with SNAs. (A) Kinetics of antigen (OVA1) presentation and expression of costimulation marker (CD86) by BMDCs upon
treatment with SNAs, determined by flow cytometry. Data points are the average of three measurements of gating, and curves obtained by fitting the data to
Gaussian functions are to guide the eye. (B) Number of DLN cells from mice (n = 3) 16 h following immunization by s.c. injection with reagents as indicated. (C)
Expression of costimulatory marker CD80 by DLN DCs collected from immunized mice above. (D-G) DCs isolated from immunized mice above were cocultured
with purified OT1 CD8* T cells for 48 h. Secretion of IL-12p70, IL-1a, IL-6, or TNF-a in the culture supernatant was determined by ELISA. (H) Presence of IFN-
y-secreting CD8™" T cells was measured by ELISpot assay [representative images (Left) and counts from three replicate measurements (Right)]. Data presented

as mean + SEM (B-H). ***P < 0.001; **P < 0.01; *P < 0.05.

immunized mice. The DCs extracted from SNA H- and SNA A-
immunized mice showed a greater ability to induce IFN-y pro-
duction from OT1 CD8" T cells, compared with those extracted
from SNA E-immunized mice (Fig. 3H). Importantly, vaccina-
tion with oligonucleotides conjugated to OVAL not formulated
as SNAs had a negligible effect on non-antigen—specific DC ac-
tivation (SI Appendix, Fig. S2 C-E). These observations demon-
strate that differences in SNA structure ultimately lead to substantial
differences in the quality of antigen-specific T cell responses.

Antigen-Specific CTL Responses Generated by Vaccination with SNAs.
We evaluated the quality of antigen-specific CTL responses in-
duced by the vaccination of immunocompetent mice (C57BL/6)
by SNAs E, A, and H and, for comparison, mixtures of CpG and
antigen. We performed a comparison of SNA structures for
three different antigens (31, 32): OVAL (Fig. 4 A-D and [ and SI
Appendix, Fig. S34), E6 (Fig. 4 E-H and J), and gp100 (SI Ap-
pendix, Fig. S3B). We found that the influence of SNA structure
on raising antigen-specific T cells is not limited to OVA or re-
stricted by the selection of antigen. The data in Fig. 4 show that
SNA structures were superior to mixtures of CpG and peptide
antigen at generating cytotoxic and memory phenotypes in
antigen-specific CD8* T cells in vivo through the incorporation
of OVAL (Fig. 4 A and B) and E6 (Fig. 4 E'and F). The effector
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function of antigen-specific CD8* T cells raised in immunized
mice, as measured by IFN-y secretion via both ELISpot assay
and flow cytometry, was significantly increased for mice vacci-
nated with SNAs A and H, for both OVALI and E6 (Fig. 4 C, D,
G, and H). The comparable performance of SNAs A and H in
raising antigen-specific T cell responses is an outcome far
downstream of vaccination and the uptake of SNAs by APCs.
The advantage of SNA H over SNA A in codelivery of CpG and
antigen (as observed in Fig. 1) acts only as part of a mechanism
for enhancing antigen-specific T cell responses. Other factors
(e.g., kinetic profiles for processing of CpG and antigen, intra-
cellular trafficking of CpG and antigen, sensitivity to antigen
presentation levels for T cell priming) in which SNAs H and A
are similar may contribute to the overall similarity in SNAs H
and A in downstream T cell function. Vaccination with mixtures
of CpG and peptide yielded negligible numbers of IFN-
y-secreting T cells, as did vaccination with SNA E for E6 (Fig.
4 G and H).

For T cells raised by SNAs formulated with OVA1, SNA H led
to the greatest efficacy in killing target cells (EG.7-OVA) in a
dose-dependent fashion (Fig. 4I). Furthermore, the killing of
target cells showed a clear dependence on SNA structure, fol-
lowing the order of H > A > E > mixture of CpG and OVAL
For the targeted killing of TC-1 cells, vaccinations with SNAs H
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Fig. 4. Antigen-specific CTL responses induced by SNA vaccination. C57BL/6 mice (n = 3) were immunized by three s.c. injections of SNAs or a mixture of
OVA1 antigen (A-D and /) or E6 antigen (E-H and J) on days 0, 14, and 28. One week later, splenic T cells were analyzed by flow cytometry. Percentages of
CD8™ T cells that were positive for CD107a (marker for cytotoxic activity) (A and E), for CD447CD62L~ (effector memory phenotype) (B and F), and for IFN-y
(Cand G) are shown. The presence of IFN-y—secreting splenic CD8" T cells from immunized mice above was measured by ELISpot assay 48 h after restimulation
ex vivo with OVA1 (D) or E6 antigen (H) [representative images (Left) and counts from three replicate measurements (Right)]. A comparison of OVA1-specific
(/) or E6-specific (J) cytotoxicity induced by different SNAs is shown. Purified splenic CD8" T cells from immunized mice above were cocultured with corre-
sponding target tumor cells at the indicated ratios for 24 h, and tumor cell apoptosis was measured using annexin V and 7-aminoactinomycin D (7-AAD)
staining by flow cytometry. Data are presented as mean + SEM. ***P < 0.001; **P < 0.01; *P < 0.05. ns, not significant.

and A with E6 led to comparable CTL performances that were
far superior to that induced by SNA E or a mixture of CpG and
E6. These data indicate that the structure of SNA H, by way of
the advantages in its interaction with DCs, ultimately leads to
superior antigen-specific T cell responses in vivo. The effect of SNA
structure on CTL activity was, however, more emphatic for
E6 than for OVAIL. Whether the differences observed between
these two antigen systems are driven primarily by the intrinsic
immunogenicity of the E6 and OVAL antigens, or by the influ-
ence of the peptide antigens on the properties of SNAs, warrants
further investigation. Taken together, these experiments indicate
the potentially broad applicability of SNA structures, particularly
SNA H, in raising immune responses to different tumor-specific
antigens and, ultimately, their use in cancer immunotherapy.

SNA Structure-Dependent Antitumor Immune Responses. To evalu-
ate SNA structures as potential immunotherapeutic agents for
cancer, we tested three well-established tumor-bearing mouse
models with SNAs. TC-1 tumors were generated by s.c. im-
plantation of TC-1 cells in the flanks of C57BL/6 mice and then
allowing them to grow to ~50 mm° before treatment with SNA
structures E, A, and H, each formulated with the E6 antigen

10478 | www.pnas.org/cgi/doi/10.1073/pnas. 1902805116

(seven to 10 mice per group). Additional groups for untreated
mice and treatment with a mixture of CpG and E6 peptide
served as control and reference groups, respectively. Treatment
consisted of an initial vaccination followed by four boosts, with
7 d between each boost (Fig. 54, scheme). Treatment with SNA
H strikingly led to tumor regression and survival of 100% of the
animals in the group through 60 d (Fig. 5 4 and B). In contrast,
treatment with mixtures of CpG and E6 or SNA E failed to
deliver significant improvements in tumor burden or survival
over the untreated group, suggesting that the antitumor efficacy
of SNAs is highly dependent upon the SNA structure. Within the
SNA H treatment group, 30% of the animals were in a tumor-free
condition until 72 d. These tumor-free mice were subsequently
rechallenged (on day 72) with an inoculation of fresh TC-1 cells
into the flank opposing the initial tumor site, but were not given
any additional therapy. These mice rejected the implanted TC-
1 cells, while tumor growth was aggressive in a reference group
(naive mice that had received no prior vaccination) (Fig. SE). This
observation suggests that the immunological memory generated
by treatment with SNA H leads to long-term tumor protection.
The growth of TC-1 tumors was also significantly inhibited by
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nificance for survival analysis in B and G was calculated by the log-rank test.

treatment with SNA A (Fig. 54); 70% of the animals treated
with SNA A survived through 60 d.

The efficacy of SNA H and SNA E in tumor inhibition and
survival was consistent with the tumor antigen-specific CD8"
T cell responses raised by these vaccines. The percentages of
overall CD8" T cells and E6-specific CD8" T cells within WBCs
were highest for peripheral blood sampled (on day 40) from
animals treated with SNAs H and A (34.8% and 20.7%, re-
spectively, for CD8" T cells; 0.9% and 0.6%, respectively, for E6-
specific CD8" T cells). These percentages were significantly
lower for the other treatment groups (3.5% and 8.4%, respectively,
for CD8" T cells in the SNA E- and PBS-treated groups; 0.1%
and 0.2%, respectively, for E6-specific CD8" T cells) (Fig. 5 C
and D).

We also found that the quality of antitumor immune responses
in mice bearing LLC1-OVA tumors and E.G7-OVA tumors was
highly SNA structure-dependent. Treatment with SNAs H and A
functionalized with OVA peptide resulted in the best outcomes
in tumor growth inhibition and animal survival; 80% of animals
in these groups survived through day 31, a time point at which
100% of the animals had perished in groups of animals that were
untreated or treated with a mixture of CpG and OVA (Fig. 5 F
and G). The use of SNAs in prophylactic vaccination was capable
of delaying LLC1-OVA tumor initiation and growth. Animals
were vaccinated 21 d and 7 d (primary injection and boost, re-
spectively) before implantation of LLC1-OVA cells. Each SNA
structure was superior to a mixture of CpG and OVA peptide
in delaying the initiation of tumor growth and prolonging
survival (SI Appendix, Fig. S4 A-D). Prophylactic vaccination
with SNA H led to the best outcomes, resulting in a 15-d delay
in tumor initiation, longer than that|observed for vaccination
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with SNAs A (13 d) or E (11 d) (SI Appendix, Fig. S4C). With
E.G7-OVA tumor treatment, we used the same dosing and
treatment plan used in the treatment of mouse models of LLC1-
OVA tumors. Treatment with SNA H functionalized with OVA
peptide resulted in the best outcomes in tumor growth inhibition
(Fig. 5H), while SNAs E and A led to outcomes comparable to
those for mixtures of antigen and CpG.

Our examination of the effects of SNA structure on the three
different tumor models revealed that treatment with SNA H
leads to the best outcomes in tumor burden and animal survival.
Treatment with SNA A leads to significantly better outcomes
than those for SNA E or mixtures of CpG and antigen; in the
LLC1-OVA model, treatments with SNAs A and H led to
comparable outcomes, while the E.G7-OVA model revealed the
best outcomes for SNA H. These results also showed differences
in the efficacy of SNA vaccination and the dependence on SNA
structure between the TC-1 (E6), LLC1 (OVA), and E.G7 (OVA)
models, particularly in the elimination of TC-1 tumors upon
treatment with SNA H. These differences are likely due to the
immunogenicity of the antigens used (E6 and OVAL) and the
aggressiveness of the cells used to generate the tumor models.
These tumor models have been used to illustrate the antitumor
activity of vaccines using other materials (e.g., polymer-based
delivery of antigen and adjuvant). Our study of SNAs in this
study, however, shows efficacy using structures composed of US
Food and Drug Administration-approved classes of materials
(i.e., liposomes, oligonucleotides) and provides a potential way
to avoid the chronic liver toxicity that may arise from the use of
polymeric materials (33-35).
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Discussion

This study of compositionally equivalent yet structurally distinct
SNAs has determined that differences in SNA structure can lead
to major improvements in raising cellular immune responses and
outcomes in antitumor immunotherapy. A key lesson from this
study is that even within a single class of materials, the way in
which adjuvant molecules and tumor-associated antigens are
structured within a vaccine can profoundly influence the acti-
vation of immune responses. Numerous comparisons of uptake
and intracellular trafficking (Figs. 1 and 2), DC activation (Fig.
3), T cell activation (Fig. 4), and therapeutic outcomes in vivo
(Fig. 5) showed the inability of mixtures of CpG and peptide
antigen to boost effective immune responses, while consistently
resulting in the ability of SNA structures to invoke responses in a
manner clearly dependent upon how the SNA structures incor-
porate antigen and adjuvant molecules (H > A > E). These
differences are emphatic in the interaction of SNAs with DCs, by
controlling the codelivery of CpG and peptide, tuning the sub-
cellular trafficking and retention of peptides within individual
cells, and synchronizing the kinetics of processing of CpG and
antigen; these differences ultimately drive the quality of the effector
function of antigen-specific killing of tumor cells in vivo and range
from essentially ineffective to curative.

Vaccine immunotherapy for cancer has shown limited success
clinically, despite vaccines that have exploited the knowledge and
availability of adjuvants, tumor-associated antigens, and our un-
derstanding of APC-T cell interactions (36). The lack of out-
standing clinical responses to date may be due to the shortcomings
of previously examined vaccines in their ability to codeliver the
molecular components of vaccines to APCs and to control the
timing of multiple pathways required to generate high-quality
cellular immune responses, as well as to the absence of these
considerations in efforts to develop vaccines. The modularity of
SNAs in our study of vaccine designs here has enabled the
identification of SNA H as superior among SNAs nearly iden-
tical in composition but different in structure, and the mecha-
nistic basis for its higher performance. This structure-based
approach using SNAs, and analysis of mechanisms that correlate
improvements in APC activation and T cell priming to im-
provements to therapeutic outcomes in vivo, defines a rational
design approach that allows one to identify functional compo-
nents and systematically optimize vaccine effectiveness, in-
creasing their chances of being translated to the clinic. This is
especially true for the SNA system, where the core adjuvant has
been successfully taken into the clinic and is now being used in
patients who have cancer. Therefore, given the scalability and
clinical relevance of SNAs, this work defines a promising route to
creating effective vaccines, potentially for many conditions. The
improvements in vaccine performance demonstrated in multiple
tumor models under both preventive and therapeutic settings
suggest the promise of rationally designed SNAs in immunotherapy
for cancer. In addition, the combination of SNA vaccines and im-
mune checkpoint inhibitors may provide a route for further po-
tential improvement in therapeutic outcomes, given the suppressive
mechanisms engaged by the tumor microenvironment.

Materials and Methods

SNA Synthesis. DNA oligonucleotide synthesis, antigen conjugation, and li-
posome nanoparticle functionalization and characterization are discussed in
SI Appendix (S Appendix, Fig. S1).

In Vitro SNA Administration and Analysis. SNAs were added to the culture
medium for BMDCs at varying concentrations (100 nM-2.5 pM). To measure
SNA uptake, we incubated SNAs with BMDCs at 100 nM in both antigen and
adjuvant for 30 min. Cells were stained with markers for DCs (CD11c, catalog
no. 117308; Biolegend) and fixed (4% paraformaldehyde) before analysis by
flow cytometry. Gating parameters in the analysis of flow cytometry data
were established from cells that served as negative controls, which were
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treated with PBS or medium only. To analyze antigen presentation and
costimulatory molecule expression, SNAs were added to BMDCs for 1 h [the
antigen and adjuvant concentration was fixed at 2.5 pM (for both)] and
were subsequently removed (time points below) by washing the cells and
adding fresh media. At designated time points (Fig. 3A) from the start of
the experiment to 48 h, cells were stained with fluorescent antibodies for
CD11¢, OVA1-H-2kP, and CD86, and cell populations were characterized by
values for positive gating. Values from three repetitions of the kinetics
experiment were used to fit curves with Gaussian functions. To study the
priming and proliferation of T cells in vitro, SNAs functionalized with
OVAT1 or gp100 were added to the whole splenocytes of OT1 mice or pmel
mice, respectively. T cell proliferation was measured by flow cytometry 72 h
after treatment by analysis of the dilution of proliferation dye efluor 450
(S/ Appendix, Fig. S3 A and B).

Analysis of Intracellular Distribution of SNAs by Confocal Microscopy. To vi-
sualize SNA uptake and intracellular trafficking, we plated purified BMDCs
[selected using a kit from Stem Cell (catalog no. 18556)] on chamber slides and
treated them with SNAs for 2 h (2.5 pM in peptide and CpG). Cells were then
incubated with fresh medium for up to 24 h. Cells were then fixed (4%
paraformaldehyde) and permeabilized (0.5% Triton in PBS) before staining
with organelle markers (LE: Rab9, Abcam ab179815; ER: PDI, Abcam
ab31811) and DAPI (no. 1351303edu; Bio-Rad). Images of cells were collected
by a Zeiss LSM 800 microscope using the same parameters for image ac-
quisition for each sample (e.g., laser power, master gain, offset). For statis-
tical analysis of images, 10-15 separate images were randomly selected, and
the determination of Manders overlap coefficient (M) used the reconstruc-
tion of 10 Z-stack images of each cell. Detailed description of Manders
colocalization (r) and M calculations are described in ref. 37.

In Vivo T Cell Memory Response Analysis. For in vivo T cell memory response
analyses, C57BL/6 mice were vaccinated (on days 0, 14, and 28 with simple
mixtures or SNA structures composed of 6 nmol of peptide and 6 nmol of
CpG), and the spleens were collected on day 35. We used flow cytometry and
ELISpot assays to measure IFN-y expression level from the CD8* T cells of
vaccinated mice. Memory phenotype markers (CD62L and CD44) and T cell
degranulation markers (CD107a) were also measured by flow cytometry.
Antigen-specific T cells were expanded ex vivo by taking splenocytes from
vaccinated mice and coculturing them with y-irradiated, peptide-pulsed,
naive splenocytes for 5 d. Upon selection of CD8" T cells from these co-
cultures, the cytotoxicity of these cells was determined by coculturing
the T cells with target cells overnight. The apoptosis of target cells was
analyzed by annexin V and 7-aminoactinomycin D staining through flow
cytometry.

IFN-y ELISpot Assay. The ELISpot assay was performed as described previously
using the mouse IFN-y ELISpot Ready-SET-Go! Kit (no. 15531137; eBioscience)
(38, 39). Briefly, 2 x 10° splenocytes from each vaccinated mouse were in-
cubated with or without OVA1 or E6 peptide at 37 °C for 48 h. The IFN-y
spots were analyzed by an ImmunoSpot Microanalyzer (Cellular Technology
Limited).

Flow Cytometry. Antibodies were purchased from Biolegend. Surface stain-
ing, annexin V staining, and intracellular IFN-y staining were performed as
published previously (40). Samples were acquired on a BD LSR Il flow
cytometer (BD Biosciences) and analyzed using FlowJo software.

For the analysis of codelivery of OVA1 and CpG to DCs, “high” levels of
uptake were defined by identifying and counting double-positive cells and
comparing that population with cells only treated with PBS (used as the gate
in the analysis of flow cytometry data).

Tumor Inoculation and in Vivo Efficacy Studies. All animals were used under an
approved protocol of the Institutional Animal Care and Use Committee of
Northwestern University. To implant tumors, TC-1 (2 x 10%), LLC1-OVA (2 x
10°), or E.G7-OVA (5 x 10°) cells were injected s.c. into the right flank of
C57BL/6 mice (~8-12 wk old). To assess therapeutic efficacy, we vaccinated
with SNAs or simple mixtures of peptide and CpG by s.c. injection (doses
were 6 nmol of peptide and 6 nmol of CpG) once per week, starting on day 3
(LLC1-OVA and E.G7-OVA) or day 7 (TC-1), when the tumors are palpable.
Tumors were measured by calipers every other day. Animal health was
monitored by body weight and activity measurement.
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