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Highly heterogenous cancers, such as triple-negative breast cancer
(TNBC), remain challenging immunotherapeutic targets. Herein,
we describe the synthesis and evaluation of immunotherapeutic
liposomal spherical nucleic acids (SNAs) for TNBC therapy. The
SNAs comprise immunostimulatory oligonucleotides (CpG-1826) as
adjuvants and encapsulate lysates derived from TNBC cell lines as
antigens. The resulting nanostructures (Lys-SNAs) enhance the
codelivery of adjuvant and antigen to immune cells when com-
pared to simple mixtures of lysates with linear oligonucleotides
both in vitro and in vivo, and reduce tumor growth relative to
simple mixtures of lysate and CpG-1826 (Lys-Mix) in both Py230
and Py8119 orthotopic syngeneic mouse models of TNBC. Further-
more, oxidizing TNBC cells prior to lysis and incorporation into
SNAs (OxLys-SNAs) significantly increases the activation of den-
dritic cells relative to their nonoxidized counterparts. When ad-
ministered peritumorally in vivo in the EMT6 mouse mammary
carcinoma model, OxLys-SNAs significantly increase the population
of cytotoxic CD8+ T cells and simultaneously decrease the population
of myeloid derived suppressor cells (MDSCs) within the tumor micro-
environment, when compared with Lys-SNAs and simple mixtures of
oxidized lysates with CpG-1826. Importantly, animals administered
OxLys-SNAs exhibit significant antitumor activity and prolonged survival
relative to all other treatment groups, and resist tumor rechallenge.
Together, these results show that the way lysates are processed
and packaged has a profound impact on their immunogenicity and
therapeutic efficacy. Moreover, this work points toward the potential
of oxidized tumor cell lysate-loaded SNAs as a potent class of immu-
notherapeutics for cancers lacking common therapeutic targets.
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Mobilizing the immune system against tumors is a central
goal of personalized cancer treatments. Indeed, the iden-

tification of tumor-associated antigens (TAAs) and the advent of
cell-based therapies represent significant progress toward achiev-
ing this aim (1–5). However, these approaches, including the use
of dendritic cell (DC) vaccines (6) and chimeric antigen receptor
T cell therapies (7), are expensive and labor intensive, as they
require the extraction of immature immune cells from patients,
expansion of cells ex vivo, incubation with TAAs, and reinfusion to
the patient. Furthermore, these therapies are restricted to the
subset of patients whose tumors express known TAAs (8), and
raising an immune response with single-antigen vaccines may ul-
timately have limited efficacy due to tumor heterogeneity and loss
of antigen expression over time (9–11).
An attractive alternative to single-antigen vaccines is to use

lysates isolated from a patient’s own tumor as the TAA source
(12–18). Exploiting tumor cell lysates as antigens broadens the
set of proteins that can be processed and targeted by immune
cells—in principle, the entire tumor proteome can be accessed
(18). Therefore, this also addresses several potential limitations

of using a finite set of well-defined TAAs, including 1) the challenge
of identifying immunogenic epitopes from tumors, 2) epitope re-
striction by only one of the major histocompatibility complexes
(MHC class I or class II), and 3) loss of targeted antigens in tumors.
However, direct vaccination using tumor lysates has been met with
limited success, due to low cellular uptake and bioavailability after
injection, resulting in minimal immunogenicity (19). Oxidizing tu-
mor cells prior to lysate isolation and preparation significantly in-
creases immunogenicity when the lysates are utilized as the antigen
source in DC vaccines (19–21). Importantly, protein chlorination by
hypochlorous acid (HOCl), an oxidant produced by neutrophils as
part of the adaptive immune response, increases the immunoge-
nicity of antigens severalfold (22), potentially due to their increased
proteolytic susceptibility (23). In addition, HOCl oxidation gener-
ates aldehyde-modified antigens that are more immunogenic than
their unmodified counterparts (24). However, the underlying
mechanism of how these changes facilitate antigen presentation and
alter the tumor microenvironment (TME) remains unclear. More-
over, a major challenge in immunotherapeutic development is the
selection of the appropriate vehicle for delivering both adjuvant and
antigen (25), as the way components are formulated can signifi-
cantly influence delivery to the immune system and thus activation
of immunostimulatory pathways (26, 27). Nanoscale therapeutics
have shown promise in this regard, by enhancing antigen-presenting
cell (APC) activation over mixtures of adjuvant and antigen (28).

Significance

In mouse models of triple-negative breast cancer, we show
that the oxidation of tumor cells prior to lysate generation,
coupled with their compartmentalization in the core of lipo-
somal spherical nucleic acids (SNAs) comprised of adjuvant
DNA, yields a powerful immunotherapeutic that significantly
inhibits tumor growth, dramatically extends survival, and
promotes a tumoricidal immune cell population within the tu-
mor microenvironment. Specifically, this work points toward
the importance of properly packaging and presenting the ad-
juvant and antigens such that biodistribution, dendritic cell
activation, and therapeutic efficacy can be controlled.
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Spherical nucleic acids (SNAs) are a class of nucleic acids that
exhibit completely different behavior from their linear analogs
(29), including rapid cellular uptake without the use of ancillary
transfection reagents (30). The SNA architecture is defined by a
dense, highly oriented packing of nucleic acids into a spherical
morphology, which imparts new chemical, biological, and phys-
ical properties to the nucleic acids from which SNAs are derived.
To date, SNAs have been formed from a variety of nanoparticle
cores, including gold and other inorganic nanoparticles (29–36),
liposomes (37–41), polymers (42–44), and proteins (45). Liposomes
are an especially attractive scaffold for SNA templating because the
resulting systems are biodegradable and biocompatible, and lipo-
somes are a validated, Food and Drug Administration-approved
nanoscale formulation for drug delivery (46). In addition, the
hollow core of liposomal SNAs can encapsulate TAAs and other
cargo. Liposomal SNAs have been previously observed to initiate
antigen presentation, activate immune cells, and induce produc-
tion of proinflammatory cytokines for cancer treatment and other
applications (39, 40, 41, 47, 48). In many of these examples, the
sequence of the oligonucleotide shell comprises an unmethylated
cytosine−guanosine sequence called CpG-1826. CpG-1826 mimics
microbial genomes and acts as a pathogen-associated molecular

pattern (49), which is recognized by Toll-like receptor 9, a com-
ponent of the innate immune system located in the endosome of
APCs, including DCs (50).
Given these facts, we reasoned that SNAs containing tumor

cell lysates could be used to develop potent nanoscale immu-
notherapeutics for the treatment of highly heterogenous cancers,
such as triple-negative breast cancer (TNBC). Accounting for the
majority of all breast cancer-related mortality (51, 52), TNBC is
a highly heterogeneous and aggressive disease that lacks func-
tional expression of both estrogen and progesterone receptors
and no overexpression of human epidermal growth factor re-
ceptor 2 protein (51–54). Paradoxically, TNBC primary tumors
often initially respond well to chemotherapy; yet, there is a high
incidence of relapse and metastasis. The early and aggressive
nature of TNBC recurrence is exemplified by significantly de-
creased rates of progression-free and 3-y overall survival vs.
other breast cancer subtypes (52, 55, 56), necessitating the de-
velopment of new and effective treatment options. In an effort
to explore the potential of SNAs as a therapeutic for treating
TNBC, we synthesized liposomal SNAs that encapsulate lysates
derived from TNBC cell lines in their core and present CpG-1826
on their surfaces (Lys-SNAs; Fig. 1), as well as analogs that

Fig. 1. A lysate-loaded, immunostimulatory SNA (Lys-SNA). (A) A schematic of a Lys-SNA. TNBC lysates (orange) from either oxidized or nonoxidized TNBC
cells are encapsulated in the core of a liposome (purple), which is functionalized with cholesterol-modified nucleic acids (green) to generate the SNA. (B) Cryo-
TEM of Lys-SNAs. (C) Gel electrophoresis of free CpG-1826 (left lane), Lys-SNAs (middle lane), and Lys-SNAs after exposure to Triton-X to break apart liposomes
(right lane). (D) Hydrodynamic diameter of lysate-loaded liposomes and SNAs, as measured by DLS, where “d” represents hydrodynamic diameter and “PDI”
represents polydispersity index.

Fig. 2. Delivery of FITC-labeled lysate within Cy5-labeled SNAs. (A) Confocal microscopy images of BMDCs incubated with dual fluorophore-labeled Lys-SNA
and Lys-Mix for 1 and 24 h. (Scale bar, 10 μm.) (B) Codelivery of lysate and DNA by Lys-SNA (n = 3, black bars) and Lys-Mix (n = 3, green bars) to BMDCs in vitro
after 1- and 24-h incubations as assessed via flow cytometry. (C) Codelivery of lysate and DNA by Lys-SNA (n = 3, black bars) and Lys-Mix (n = 3, green bars) to
lymphoid cells in vivo 2 and 24 h following s.c. injection. Lymph nodes were isolated, and CD11c+ lymphoid cells were analyzed by flow cytometry. Statistical
analysis was performed using an ordinary one-way ANOVA, where “**” represents a P value of <0.01, “***” represents a P value of <0.001, and “****”
represents a P value of <0.0001.

17544 | www.pnas.org/cgi/doi/10.1073/pnas.2005794117 Callmann et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.2005794117


contain lysates from TNBC cells that were oxidized with HOCl
prior to lysis (OxLys-SNAs), and evaluated their immunomod-
ulatory activity and antitumor properties in syngeneic, orthotopic
mouse models of TNBC.

Results
Lysates from TNBC Cell Lines Can Be Compartmentalized in Lys-SNAs.
To assess the feasibility of using TNBC lysates as antigen sour-
ces, we utilized three murine mammary carcinoma cell lines to
recapitulate the heterogeneity of TNBC (57, 58). Toward this
end, we utilized Py230, a luminal cell line (59–61), and Py8119, a
basal cell line (59–61), derived from the mouse mammary tumor
virus−polyoma middle tumor antigen mouse model of breast
cancer, which loses expression of estrogen and progesterone as it
progresses (62). We chose the EMT6 cell line as a third model,
as this syngeneic line has been recently recognized as a valuable
model to study immune response in TNBC (63, 64). Cells were
grown to confluency in monolayer cell culture, dissociated and
subjected to several freeze−thaw cycles to induce cell necrosis and
rupture cell membranes, and centrifuged to remove cellular debris,
producing “whole” tumor lysate (65). The lysate was encapsulated
in ∼70-nm liposomes prepared from 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC). After purification to remove unencap-
sulated lysate, the liposomes were incubated with 3′-cholesteryl-
modified CpG-1826 (SI Appendix, Fig. S1) to generate Lys-SNAs
(Fig. 1A), whose single-lamellar spherical morphologies were vali-
dated by cryogenic transmission electron microscopy (cryo-TEM;
Fig. 1B). The average ratio of protein to DNA was determined
to be 1.1 ± 0.7 mg of protein per micromole of DNA from three
independent batches of EMT6 Lys-SNAs. Analysis via gel elec-
trophoresis (Fig. 1C) and the observed increase in hydrody-
namic diameter, as measured by dynamic light scattering (DLS;
Fig. 1D), are consistent with DNA functionalization and SNA
generation.

Lys-SNAs Increase Codelivery of Lysates and CpG DNA to DCs In Vitro
and In Vivo. Codelivery of antigen and adjuvant to the same APC
is vital for maximal antigen processing and presentation, as well
as inducing the most potent antigen-specific immune response
(66). Thus, we investigated the codelivery of lysate and DNA to
APCs in vitro and in vivo. Toward this end, Lys-SNAs containing
fluorophore-labeled lysate (fluorescein and Oregon Green 488)
and CpG-1826 (Cy5) were synthesized. Purified lysates were
incubated with an Oregon Green 488 succinimidyl ester (OR488-
NHS) dye and fluorescein isothiocyanate (FITC)-5-maleimide
dye to label both the free amines and thiols in the bulk protein
solution. Following removal of any unreacted dye, FITC/OR488-
labeled lysates and Cy5-modified DNA were used to generate
dual fluorophore-labeled Lys-SNAs. Bone marrow-derived DCs

(BMDCs) were isolated from C57BL/6 mice and incubated with
either fluorophore-labeled Lys-SNAs or a mixture of fluorophore-
labeled lysate and CpG-1826 (Fig. 2) at the same protein and
DNA concentrations as Lys-SNAs. At set time points, cells were
collected and analyzed by both confocal microscopy (Fig. 2A) and
flow cytometry (Fig. 2B) to determine the number of cells positive
for both FITC/OR488 and Cy5. At all time points, Lys-SNAs
showed higher codelivery to immune cells in vitro than the simple
mixture of lysate with CpG-1826 (Lys-Mix), showing a threefold
and 2.5-fold enhancement in codelivery after 2 and 24 h incuba-
tion, respectively. To evaluate codelivery of antigen and adjuvant
in vivo, C57BL/6 mice were subcutaneously (s.c.) administered
Lys-SNA or Lys-Mix containing fluorophore-labeled lysate and
CpG-1826 (n = 3 per group). At 2 and 24 h postinjection, animals
were killed, and inguinal lymph nodes were isolated and dissociated
into single-cell suspensions, and then analyzed by flow cytometry
(Fig. 2C). In agreement with the in vitro data, codelivery to CD11c+
immune cells in vivo was enhanced fourfold when lysates and
adjuvant DNA were formulated as Lys-SNAs at 2 h postinjection,
with over 2.3-fold enhancement still observed at 24 h.

Lys-SNAs Show Antitumor Activity in Multiple TNBC Models. To as-
sess the antitumor activity of Lys-SNAs in vivo, we established
orthotopic syngeneic models of TNBC by inoculating mice with
∼106 TNBC cells (Py230, Py8119, or EMT6) in the left inguinal
mammary fat pad. At days 6, 10, and 15 postinoculation, animals
were peritumorally administered Lys-SNA, Lys-Mix, or saline as
a negative control at a dose of 10 nmol of CpG-1826 and 20 μg of
lysate. In the Py230 and Py8119 models, animals administered
Lys-SNAs showed a 42% and 53% reduction in tumor volume,
respectively, relative to animals administered Lys-Mix at day 30
of the study (Fig. 3 A and B), suggesting that packaging lysates
and adjuvant DNA into an SNA architecture increases the observed
antitumor efficacy, as compared to administration of mixtures of
individual components. In the EMT6 model, administration Lys-
SNA stalled tumor growth relative to saline, showing a 73% re-
duction in tumor growth at day 25; however, no significant differ-
ence in tumor growth was observed between animals administered
Lys-SNA and Lys-Mix (Fig. 3C). Based on previous reports of using
tumor lysates as antigen sources (22–24), we hypothesized that the
lysates generated in the EMT6 model were poorly immunogenic,
thus leading to suboptimal T cell priming and subsequent antitumor
activity. Therefore, we investigated the use of lysates derived from
oxidized tumor cells in this model.

Oxidizing Tumor Cells prior to Lysis Increases Observed Immunogenicity.
Since it has been reported that oxidation increases the immuno-
genicity of tumor lysates, we sought to determine whether lysates
derived from oxidized tumor cells could be utilized as potent

Fig. 3. Antitumor effects of Lys-SNA and Lys-Mix in vivo. (A) Antitumor efficacy of mice bearing orthotopic syngeneic (A) Py230 tumors, (B) Py8119 tumors, or
(C) EMT6 tumors when administered Lys-SNA (black circles), Lys-Mix (green squares), or saline (white diamonds). Treatment initiation began at day 6 post-
inoculation and was repeated on days 10 and 15. Statistical analysis was performed using an ordinary one-way ANOVA, where “**” represents a P value of <
0.01, “***” represents a P value of < 0.001, and “n.s.” represents a P value > 0.05, which is considered not significant.
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antigen sources following incorporation into SNAs. We gener-
ated oxidized tumor cell lysates by incubating EMT6 cells in
60 μM HOCl for 1 h to ensure complete cell death (67). Oxidized
lysates were then prepared by subjecting the cells to several
freeze−thaw cycles and centrifugation to remove cellular debris.
The total amount of protein lysate collected from oxidized tumor
cells (herein referred to as “oxidized lysate”) was similar to that of
protein lysate collected from nonoxidized tumor cells (herein re-
ferred to as “nonoxidized lysate”); however, the bulk protein
population of oxidized lysate differed from that of nonoxidized
lysate, with larger protein bands appearing in the oxidized sample
(SI Appendix, Fig. S2).
To determine whether oxidation prior to lysate generation in-

creases the immunogenicity of the isolated lysate, we incubated
BMDCs (Fig. 4 and SI Appendix, Fig. S3) with CpG-1826 (0.1 nmol)
and either nonoxidized lysate or oxidized lysate at equivalent pro-
tein concentrations (1 μg of total protein). The expression of mat-
uration markers CD40, CD80, and CD86 was significantly elevated
in BMDCs incubated with oxidized lysates (Fig. 4 A–C) relative to
treatment with nonoxidized lysates alone, showing a 75%, 20%, and
34% increase in CD40, CD80, and CD86 marker expression over
nonoxidized lysates, respectively, as well as a 160%, 47%, and 98%
increase over CpG-1826 alone. Furthermore, expression of the
MHC-II was elevated nearly fourfold in BMDCs incubated with
oxidized lysate as compared to those incubated with CpG-1826
alone (Fig. 4D).

OxLys-SNAs Significantly Inhibit Tumor Growth and Extend Survival In
Vivo. To evaluate the function of OxLys-SNAs as cancer immu-
notherapeutics, the in vivo antitumor activity of OxLys-SNAs was
compared to Lys-SNAs and mixtures of oxidized lysate with
CpG-1826 (OxLys-Mix) in the EMT6 model of TNBC. Balb/C
mice were inoculated with ∼106 tumor cells in the left inguinal
mammary fat pad, and, at day 6 postinoculation, treatment was
initiated via peritumoral s.c. injection of OxLys-SNA, Lys-SNA,
or OxLys-Mix (n = 9 per group) at a dose of 5 nmol of DNA
(50% dose as compared to the studies shown in Fig. 3) and 20 μg
of protein. Saline-treated animals were used as a negative con-
trol. Injections were repeated at days 10 and 15. Tumor mass and
animal survival were monitored for 100 d postinoculation. Ani-
mals administered OxLys-SNA responded remarkably well to
treatment as compared to all other treatment groups (Fig. 5A),
with seven out of nine OxLys-SNA treated animals experiencing
complete tumor remission at day 20 (SI Appendix, Fig. S4A).
Furthermore, animal survival was significantly extended when
administered OxLys-SNA (Fig. 5B), with six out of nine OxLys-
SNA−treated animals surviving beyond day 100 postinoculation.
Indeed, the first OxLys-SNA−treated animal to succumb to tumor
burden (tumor volume exceeding 1,500 mm3) survived longer than
all saline-treated animals (SI Appendix, Fig. S4B). To assess the
ability of OxLys-SNAs to induce an immunological memory
response, a small cohort of animals administered OxLys-SNAs
were rechallenged by implanting ∼106 EMT6 cells in the inguinal

Fig. 4. Activation of BMDCs in vitro following incubation. Cells isolated from C57BL6 mice were purified and cocultured with CpG-1826 and oxidized lysates
(yellow bars), nonoxidized lysates (black bars), or no lysate (gray bars). After 2 d, DC activation was measured by flow cytometry for expression levels of (A)
CD40, (B) CD80, (C) CD86, and (D) MHC-II. Statistical analysis was performed using an ordinary one-way ANOVA, where “*” represents a P value of <0.05, “**”
represents a P value of <0.01, “***” represents a P value of <0.001, and “n.s.” represents a P value of >0.05, which is considered not significant. “MFI”
denotes median fluorescence intensity.

Fig. 5. OxLys-SNA in vivo analyses. (A) Antitumor efficacy and (B) corresponding survival curve of BALB/c mice (n = 9 per group) bearing orthotopic syngeneic
EMT6 tumors when administered OxLys-SNA (yellow circles), OxLys-Mix (gray squares), Lys-SNA (black circles), or saline (white diamonds). Treatment initiation
began at day 6 postinoculation and was repeated on days 10 and 15. (C) Full tumor growth curve of animals administered OxLys-SNA (yellow circles) or saline
(white diamonds). A subset of animals that had been administered OxLys-SNAs (n = 3) were rechallenged by inoculation with ∼106 EMT6 cells in the right
inguinal mammary fat pad at day 65 (red arrow), and tumor growth was monitored out to day 100. Population of (D) cytotoxic CD8+T cells and (E) MDSCs
isolated from the TME of EMT6-bearing mice at day 11 postinoculation, following treatment on days 6 and 15 with OxLys-SNA (yellow bars), Lys-SNA (black
bars), OxLys-Mix (gray bars), or saline (white bars). Statistical analysis was performed using an ordinary one-way ANOVA, where “**” represents a P value
of <0.01, “***” represents a P value of <0.001, and “****” represents a P value of <0.0001.
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mammary fat pad on day 60 following initial tumor implantation
(Fig. 5C). All animals (n = 3) remained tumor free following
rechallenge with EMT6 cells, indicating that vaccination with
OxLys-SNAs not only eradicates existing tumors but also prevents
new tumors from forming.

OxLys-SNAs Alter the Immune Cell Population within the TME. To
determine the effect of OxLys-SNA administration on the im-
mune cell population at the tumor site, BALB/c mice were in-
oculated with EMT6 cells in the left inguinal mammary fat pad.
At days 6 and 10 postinoculation, animals were administered
OxLys-SNA, Lys-SNA, OxLys-Mix, or saline (n = 3 per group)
via peritumoral s.c. injection. On day 11, animals were killed.
Tumors were dissociated into single-cell suspensions and split
into two fractions. One cell fraction was incubated with anti-
bodies against CD45, CD3, and CD8 to identify CD8+ (cyto-
toxic) T cells present in the TME. The second cell fraction was
incubated with CD45, CD11b, and Gr1 to identify myeloid-
derived suppressor cells (MDSCs) present in the TME. Follow-
ing antibody incubation, cells were fixed and analyzed via flow
cytometry. Excitingly, the population of CD8+ T cells at the
tumor site was significantly elevated in animals administered
OxLys-SNAs (Fig. 5D) relative to all other treatment groups,
showing a 2.3-fold increase relative to saline-treated controls.
Concurrently, the population of MDSCs in animals administered
OxLys-SNAs (Fig. 5E) was decreased 2.5-fold relative to saline-
treated controls.

Discussion
Encapsulating tumor cell lysates into the core of liposomal SNAs
increases the codelivery of lysate and adjuvant DNA to immune
cells relative to simple mixtures, both in vitro and in vivo. This
highlights the importance of structural arrangement in the design
of immunotherapeutics, as the maximal immune response is
achieved when both adjuvant and antigen are delivered to the
same target cell (66). Indeed, formulation of lysate and CpG-1826
into SNAs leads to higher codelivery of both immunomodulatory
components to the same CD11c+ cells in the draining lymph node
in vivo at 2 h postinjection, as compared to a simple mixture of
linear CpG-1826 and bare liposomes containing lysate. Impor-
tantly, the percent of CD11c+ cells staining positive for both Cy5-
labeled DNA and fluorophore-labeled lysate is maintained up to
24 h after in vivo delivery with Lys-SNAs, whereas the percentage
of double-positive cells increased when treated with the simple
mixture, but not to the level of Lys-SNAs.
Furthermore, generating lysates from cells that have been sub-

jected to oxidative stress with HOCl to induce cell death results in
protein populations of higher molecular weight than those isolated
from cells that have not been subjected to oxidative stress. This
finding confirms that cellular oxidation prior to lysate generation
changes the available antigen pool, which is in agreement with
published studies on the use of oxidized lysates in DC vaccines (20,
68). When incubated with BMDCs in vitro, oxidized lysates enhance
DC maturation over both nonoxidized lysates and CpG-1826. This
finding suggests that inducing cell death via oxidation leads to lysate
populations that have elevated adjuvant behavior as well as anti-
genic behavior, as DC maturation is primarily dictated by activation
with adjuvants (69).
In the EMT6 model of TNBC, OxLys-SNAs show significant

antitumor activity, with six out of nine animals experiencing
complete tumor remission by day 20. Intriguingly, the first ani-
mal administered OxLys-SNA does not succumb to tumor bur-
den (day 32 postinoculation) until 5 d after the last saline-treated
animal (day 27 postinoculation). Thus, OxLys-SNAs act as potent
immunotherapeutics, with superior performance to both Lys-SNAs
and OxLys-Mix. Excitingly, animals who received OxLys-SNAs
resisted rechallenge with EMT6 cells at 60 d postinoculation,
indicating that this treatment regime has the potential to offer

protective immunity. Moreover, OxLys-SNAs significantly increase
the populations of cytotoxic CD8+ T cells and simultaneously de-
crease the population of MDSCs in the TME, relative to all other
treatment groups. High levels of cytotoxic T cells in the microen-
vironment of breast tumors have been shown to be correlated with
positive antitumor effects (70, 71), while high levels of MDSCs
promote immune evasion (72). Therefore, this finding provides
insight on the mechanism responsible for the observed antitumor
efficacy of OxLys-SNAs.
This work is important because it describes a class of potent

vaccines based upon the compartmentalization of antigens in the
form of oxidized lysate within a nanotherapeutic. These struc-
tures, in three TNBC tumor models, show very promising activity
with respect to codelivery of lysate and adjuvant and DNA, an-
titumor efficacy, extended animal survival, and alteration of the
immune cell population within the TME. Importantly, this is
only one way to compartmentalize lysates in SNA-type archi-
tectures, and, when one considers recent work that shows single
antigen presentation on the outside of SNAs can increase vac-
cine performance (73), there is a path forward for identifying
new structures with vaccine performance superior to those pre-
sented herein. Indeed, if one could present the lysate compo-
nents on the outside of such structures, even better responses
may be possible. Moreover, owing to the modularity and pro-
grammability of the SNA architecture, the rapid development of
translationally relevant systems may be possible through the in-
corporation of human TNBC lysates and human-specific CpG
adjuvants, such as CpG-7909 (40). Taken together, these results
show that the method in which tumor cell lysates are generated,
as well as the way adjuvant and antigen(s) are packaged and
delivered to the immune system, has a profound impact on the
resulting antitumor efficacy. Therefore, these results have impor-
tant implications in the development of personalized, transla-
tionally relevant immunotherapies for TNBC and other cancers.

Materials and Methods
Generation and Characterization of Cell Lysates. All animal protocols were
approved by the Institutional Animal Care and Usage Committee at North-
western University. EMT6 cell lines were obtained from ATCC and grown in
Minimum Essential Media supplemented with 10% heat-inactivated fetal
bovine serum (FBS) and 1% penicillin−streptomycin. Py230 and Py8119 were
grown in F-12K Medium (ATCC), 5% FBS, 0.1% MITO+ serum extender
(Corning), 2.5 μg/mL amphotericin B (Gibco), and 50 μg/mL gentamycin
(Gibco). All lysates were prepared from cells under passage number six. For
lysate preparation, cells were trypsinized, washed, collected, and resus-
pended at 106 cells per milliliter in Dulbecco’s phosphate-buffered saline
(DPBS), then subjected to five freeze−thaw cycles in liquid nitrogen and a
37 °C water bath. Cellular debris was removed by centrifugation at 10,000
relative centrifugal force (RCF) units for 10 min, and the supernatant was
then collected as the protein lysate. Total protein concentration was mea-
sured using the bicinchoninic acid (BCA) assay with albumin as the protein
standard (Pierce, ThermoFisher Scientific). Protein content was characterized
using 4 to 12% sodium dodecyl sulfate (SDS)/ polyacrylamide gel electro-
phoresis at 100 V for 1 h and loading 20 μg of total protein.

To prepare oxidized lysates, EMT6 cells were grown to confluence in a Petri
dish. Cells were washed with DPBS (3×) and then incubated with 60 μM HOCl
in DPBS for 1 h at 37 °C. Following the incubation, cells were collected and
washed with DPBS to remove any unreacted HOCl. Following centrifugation
at 500 RCF for 5 min, cells were resuspended in DPBS at a density of 1 × 107

cells per mL. Cells were subjected to five freeze−thaw cycles using liquid
nitrogen and a 37 °C water bath, followed by centrifugation for 10 min at
10,000 RCF. The soluble fraction was collected as the oxidized lysate.

Purified cell lysates were fluorophore-labeled for in vitro and in vivo
uptake experiments. One milligram each of Oregon Green 488-NHS (Thermo
Fisher) and FITC-maleimide (Thermo Fisher) dye were incubated with 1 mg/
mL lysate in PBS (pH 7.5) for 16 h at 4 °C. The unreacted dye was removed by
washing the lysate with 10 mL of PBS 10 times using 50 kDa cutoff centri-
fugation filters (4,000 × g, 10 min). Fluorophore-labeled lysate was subse-
quently used to make lysate-SNAs.
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DNA Synthesis. Cholesteryl-modified CpG-1826 (5′-TCC ATG ACG TTC CTG
ACG TT (Sp18)2 Chol-3′) and Cholesteryl-Cy5-modified CpG-1826 (5′-TCC ATG
ACG TTC CTG ACG TT -Cy5-(Sp18)2 Chol-3′) were synthesized with phos-
phorothioate backbones via automated solid-phase DNA synthesis using an
MerMade 12 Synthesizer (Bioautomation), using 4,5-dicyanoimidazole as an
activator and 3-((Dimethylamino-methylidene)amino)-3H-1,2,4-dithiazole-3-
thione as the sulfurizing agent. Following synthesis, DNA strands were
cleaved from solid support via overnight incubation with 30% ammonium
hydroxide at room temperature (RT). Excess ammonia was removed through
evaporation under nitrogen, and oligonucleotides were purified using an
Agilent high-pressure liquid chromatography system using a C4 or C18 col-
umn, using a gradient of triethylammonium acetate and acetonitrile (10 to
100% acetonitrile) over 30 min. Purified oligonucleotides were collected and
lyophilized. Powdered oligonucleotides were reconstituted in 5 mL of acetic
acid and incubated at RT for 1 h, then extracted with ethyl acetate (7 mL,
3×). The purified, deprotected DNA was then lyophilized, resuspended in
1 mL of deionized water, and analyzed by matrix-assisted laser desorption
ionization time-of-flight and native gel electrophoresis.

Synthesis of Lysate-Loaded SNAs. Tumor cell lysate (either oxidized or not) was
encapsulated within DOPC liposomes using the thin-film rehydration method
(55). Solutions were adjusted to 1 mg/mL (with respect to protein concen-
tration) in PBS, which was used to rehydrate 5 mg of DOPC for 1 h at RT.
After the rehydration period, liposomes were formed through five
freeze−thaw cycles, using liquid nitrogen and sonication in a 37 °C water
bath. Liposomes were then diluted with PBS such that the highest concen-
tration of lipid was no greater than 2 mg/mL lipid for extrusion, as measured
by the commercially available phosphotidylcholine (PC) assay (Sigma). Lipo-
some size was controlled through sequential high-pressure extrusion using
polycarbonate filters (T&T Scientific) with pore sizes of 200, 100, 80, and 50
nm. Liposomes were passed through each filter size 10 times. Following the
final extrusion, tangential flow filtration with a pore size of 500 kDa
(Spectrum) was used to remove any nonencapsulated proteins, and the
sample was repeatedly washed with PBS until no protein was detected in the
flow-through, as monitored by measuring the absorption of the flow-
through at 280 nm with ultraviolet visible (UV-vis) spectroscopy (Cary) and
BCA assay. The amount of protein encapsulated within the liposomes was
measured using the BCA assay after disruption of the liposome with 1% SDS
to release encapsulated protein. The phospholipid concentration was mea-
sured using a commercially available PC assay kit.

To form SNAs, cholesterol-terminated oligonucleotides (3′) were em-
bedded into the outer membrane of the liposomes by mixing 20 μM oligo-
nucleotides with a solution of liposomes at 1.63 mM lipid at 25 °C overnight.
The oligonucleotide concentration was determined by measuring the ab-
sorption at 260 nm with UV-vis. The resulting SNAs (both OxLys-SNAs and
Lys-SNAs) were then concentrated to 20 μM by DNA using centrifugation
filter units (Millipore), which also removed any unbound DNA. The resulting
structures were analyzed by zeta potential (Malvern Zetasizer), gel electro-
phoresis, and DLS (Fig. 1).

Characterization of Lysate-Loaded SNAs. Lysate-loaded SNAs were charac-
terized using cryo-TEM, gel electrophoresis, DLS (Fig. 1D), and zeta potential
(SI Appendix, Table S1). Cryo-EM samples were prepared by FEI Vitrobot
Mark III by dropping 4 μL on a 200-mesh copper TEM grid with lacey carbon
film, blotted for 5 s and then plunged into liquid ethane before transfer to a
cryo-holder and storage in liquid nitrogen prior to imaging. Cryo-EM im-
aging was performed using a Hitachi HT7700 transmission electron micro-
scope with a Gatan cryo-transfer holder under 120-kV accelerating voltage,
and images were taken with a Gatan imaging camera at 30,000× magnifi-
cation. Confirmation of DNA loading was done using gel electrophoresis,
DLS, and zeta potential measurements. Cy5-labeled, cholesteryl-modified
oligonucleotides, Cy5-labeled Lys-SNAs, and Cy5-labeled Lys-SNAs that had
been incubated with Triton-X to dissociate liposomes (50 pmol each) were
loaded into a 1% agarose gel on ice and run at 100 V for 45 min (Fig. 1C).

Uptake of Lys-SNAs and Lys-Mix by BMDCs In Vitro. Bone marrow was isolated
from femurs of Balb/C or C57BL/6mice and cultured in Roswell ParkMemorial
Institute (RPMI)-1640 media, supplemented with 10% heat-inactivated FBS,
1% penicillin−streptomycin, and 20 ng/mL granulocyte-macrophage colony-
stimulating factor. Media was replenished on day 3, and cells were harvested
on day 6. SNAs were prepared by encapsulating AlexaFluor488-labeled ly-
sate within the liposomal core and functionalizing Cy5-labeled DNA using
the same methods as described above. Fluorophore-labeled SNAs were used
to measure the uptake of particles in BMDCs. BMDCs were added to 24-well
plates at 500,000 cells per well, and immediately treated with 1 μM Cy5-labeled

DNA and AlexaFluor488-labeled lysate, or doubly labeled SNAs, for 1 or 24 h.
Cells were washed, fixed with 4% paraformaldehyde for 10 min at RT, and either
resuspended in DPBS for flow cytometry (BD LSRFortessa) or stained with
4′,6-diamidino-2-phenylindole and imaged with confocal microscopy (Zeiss LSM
800) using a 63× objective.

Uptake of Lys-SNAs and Lys-Mix by Lymphoid Cells In Vivo. Female C57BL/6
mice (n = 3, 8 wk to 10 wk old) were injected s.c. (flank) with 200 μL of 50 μM
fluorophore-labeled Lys-SNAs or a mixture of CpG-1826 and lysate (Lys-Mix).
Mice were killed 2 h or 24 h postinjection, and draining lymph nodes were
excised. Lymph nodes were dissociated into single cells using a cell strainer.
Single-cell suspensions were stained with antibodies for CD11c (PE-Cy7) as
well as a live/dead stain, and analyzed using flow cytometry.

Lys-SNA Antitumor Efficacy. Female mice (age 8 wk to 10 wk) were inoculated
with 1 × 106 TNBC cells (C57BL/6 mice for Py230 and Py8119; Balb/C mice for
EMT6) via s.c. injection into the right inguinal mammary fat pad. On days 6,
10, and 15, animals were administered Lys-SNA, Lys-Mix, or saline (n = 5 per
group) via peritumoral injection (50 μM, 200 μL). Tumor volumes were cal-
culated by measuring the length and width with calipers and applying the
formula V = L × W × W/2. Studies were stopped and animals killed when
tumor burden of saline-treated animals exceeded 1,200 mm3.

OxLys-SNA Antitumor Efficacy. Female Balb/C mice (age 8 wk to 10 wk) were
inoculated with 1 × 106 EMT6 cells via s.c. injection into the right inguinal
mammary fat pad. On days 6, 10, and 15, animals were administered OxLys-
SNA, OxLys-Mix, Lys-SNA, or saline (n = 9 per group) via peritumoral at a
dose of 5 nmol DNA and 20 μg of protein. Tumor volumes were calculated by
measuring the length and width with calipers and applying the formula V =
L × W × W/2. Animal survival was monitored up to 100 d, and animals were
killed when tumor burden exceeded 1,500 mm3. At day 60 postinoculation, a
subset of surviving OxLys-SNA animals (n = 3) was rechallenged by inocu-
lation with ∼106 EMT6 cells in the right inguinal mammary fat pad, and
monitored for evidence of tumor growth for an additional 40 d.

BMDC Activation. BMDCs were isolated and cultured as described above.
On day 6, BMDCs were harvested and incubated (100,000 BMDCs/sample)
with CpG-1826 (0.1 nmol) plus oxidized lysates, nonoxidized lysates, or saline
(1 μg of total protein) to induce BMDC maturation. After 48 h incubation,
cells were washed with DPBS (3×) and stained with antibodies against CD40,
CD80, CD86, and MHC-II, as well as with a live/dead stain, by incubation with
the appropriate antibodies for 20 min at RT. Cells were then washed with
DPBS (3×) and fixed with paraformaldehyde prior to analysis using flow
cytometry. Immune cells were identified by gating for CD11b+/CD11c+
double-positive cells, followed by gating for the appropriate marker (CD40,
CD80, CD86, or MHC-II).

Analysis of Immune Cell Populations at EMT6 Tumor Site. Female Balb/C mice
(age 8 wk to 10 wk) were inoculated with ∼106 EMT6 cells via injection into
the right inguinal mammary fat pad. At days 6 and 10 postinoculation, an-
imals (n = 3 per group) were administered OxLys-SNA, OxLys-Mix, Lys-SNA,
or saline via peritumoral injection. On day 11, animals were killed, and tumors
were harvested for immune cell population analysis. Tumors were washed
with DPBS and dissociated into single-cell suspensions using a cell strainer.
Tumor cells were then split into two samples. One sample was stained with
antibodies against CD45, CD3, and CD8 to identify CD8+ cytotoxic T cells. The
second sample was incubated with CD45, CD11b, and Gr1 to identify MDSCs.
After incubation for 20 min at RT, cells were washed with DPBS (3×) and fixed
with paraformaldehyde prior to analysis via flow cytometry. CD8+ T cells were
identified by first gating for CD45+ cells, followed by gating for CD3+/CD8+
double-positive cells (SI Appendix, Fig. S5). MDSCs were identified by first
gating for CD45+ cells, followed by gating for CDllb+/Gr1+ double-positive
cells (SI Appendix, Fig. S6).

Data Availability Statement. All data are available in the manuscript and
SI Appendix.
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