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a b s t r a c t

The immune system is a powerful resource for the eradication of cancer, but to overcome the low
immunogenicity of tumor cells, a sufficiently strong CD8þ T cell-mediated adaptive immune response is
required. Nanoparticulate biomaterials represent a potentially effective delivery system for cancer vac-
cines, as they can be designed to mimic viruses, which are potent inducers of cellular immunity. We have
been exploring the non-viral pyruvate dehydrogenase E2 protein nanoparticle as a biomimetic platform
for cancer vaccine delivery. Simultaneous conjugation of a melanoma-associated gp100 epitope and CpG
to the E2 nanoparticle (CpG-gp-E2) yielded an antigen-specific increase in the CD8þ T cell proliferation
index and IFN-g secretion by 1.5-fold and 5-fold, respectively, compared to an unbound peptide and CpG
formulation. Remarkably, a single nanoparticle immunization resulted in a 120-fold increase in the
frequency of melanoma epitope-specific CD8þ T cells in draining lymph nodes and a 30-fold increase in
the spleen, relative to free peptide with free CpG. Furthermore, in the very aggressive B16 melanoma
murine tumor model, prophylactic immunization with CpG-gp-E2 delayed the onset of tumor growth by
approximately 5.5 days and increased animal survival time by approximately 40%, compared to PBS-
treated animals. These results show that by combining optimal particle size and simultaneous co-
delivery of molecular vaccine components, antigen-specific anti-tumor immune responses can be
significantly increased.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Recent years have brought an improved understanding of the
interplay between cancer and the immune system, increasing
clinical interest in immunotherapy [1]. The immune system pos-
sesses many unique advantages for targeted disease eradication
[2,3], mediated primarily by robust CD8þ cytotoxic T lymphocyte
(CTL) responses [4,5]. Strategies for therapeutic vaccination against
tumor-associated antigens (TAAs) have included administration of
whole protein antigen [6], mature peptide epitopes [7], cell lysate
Engineering and Materials
ing Tower, Irvine, CA 92697-
[8], and adoptive transfer strategies [9,10]. Peptide vaccines, in
particular, represent an attractive strategy by allowing for incor-
poration of multiple mature epitopes; however, suboptimal CTL
responses are typically observed in clinical trials, prompting the
need for enhanced approaches [11].

In contrast to peptide vaccines, viruses are effective inducers
of CTL immunity [12]. They are generally comprised of one or a
few protein monomers that self-assemble into symmetrical
hollow structures packaged with genetic material [13]. Dendritic
cells (DCs), perhaps the most potent antigen presenting cell
(APC) for induction of adaptive immunity, have evolved sensing
mechanisms (e.g., Toll-like receptors; TLRs) to recognize common
features of pathogens (e.g., viruses) for activation and orches-
tration of CTL responses [14]. In addition, DCs are effective cross-
presenters of exogenous antigens, such as those of viruses and
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cancers [15]. Therefore, mirroring the pathogenic features of vi-
ruses, sans virulence, with biomaterials represents a potentially
effective approach of delivering TAA-derived epitopes [13]. While
active targeting of DCs with biomaterials is an approach with
demonstrated potential [16], an advantage of virus mimicry is the
passive targeting and preferential accumulation within immu-
nologically rich regions (i.e. lymph nodes) and interaction with
DCs following immunization [17].

In particular, the viral size, repetitive structural features, and co-
delivery of immune-inducing viral components are characteristics
that have been attributed to the induction of an effective immune
response [17]. The weak immune responses to peptide (and pro-
tein) TAA vaccines may be related to physical size, in which these
components are typically well below the size range reported to be
optimal for efficient delivery to APCs [17]. Cancer vaccine delivery
vehicles such as synthetic nanostructured biomaterials (e.g., lipo-
somes, metals, and polymers) and natural systems (e.g., viruses and
exosomes) have been explored [18e20] as alternatives to tradi-
tional TAA peptide delivery platforms to enhance the efficacy of the
anti-tumor immune response.

Since the first clinically approved virus-like particle (VLP)-based
vaccine (Gardasil), many other nanoparticulate protein-based as-
semblies have been clinically developed as vaccines, primarily for
infectious diseases [13,21], and in particular for induction of
adaptive T cell responses. For example, VLP-based vaccines target-
ing influenza were previously shown to induce protective CD8þ T
cell responses following a single immunization [22]. In cancer
therapy, Qb VLPs have been undergoing clinical trials for vaccina-
tion against the Melan-A/MART1 melanoma-associated tumor an-
tigen [23]. Autologous tumor-derived heat shock proteins,
hypothesized to bind autologous TAAs, have been explored for
cancer vaccination as well, supporting clinical interest in natural
protein-derived nanoassemblies that carry antigens [24,25].

In this work, we examine the use of the E2 subunit of pyru-
vate dehydrogenase for cancer immunotherapy applications. The
E2 nanoparticle is a self-assembling hollow protein cage with an
approximately 30-nm diameter and high physical stability [26]. It
is also of non-viral origin and has been shown to be amenable to
functionalization in biomedical applications [26e29]. Our
research group has previously demonstrated significantly
enhanced activation and cross-presentation of a model antigen
using the E2 nanoparticle for delivery to and activation of DCs
[30]. This increased activation, mediated by virus-mimicking E2
nanoparticles, may allow the immune system to overcome the
low immunogenicity or tolerance to tumor antigens. Based on
this prior study with ovalbumin, we hypothesized that E2-
mediated co-delivery of a repetitive TAA epitope, together with
CpG packaged for endolysosomal release, would induce increased
antigen-specific anti-tumor responses following immunization
(relative to other tumor peptide vaccine formulations of the same
epitope).

Our target epitope in this current work is the gp100 mela-
nocyte differentiation protein, a TAA that is a tumor regression
antigen and a clinically-pursued target in humans [31]. The an-
tigen is highly conserved between human and mouse, enabling
testing of human vaccines in a murine model [5]. While the full
gp100 protein has been loaded to heat-shock proteins for
vaccination in murine melanoma models [32], to our knowledge,
clinically-applicable gp100 epitopes packaged with DC activators
have not been previously tested using non-viral protein nano-
particle systems. This study examines the induction of CD8þ T
cell and anti-tumor responses that are specific to a gp100 peptide
epitope and demonstrates that the viral-mimicking E2 nano-
particle platform may be a particularly effective delivery system
for tumor antigens.
2. Methods

2.1. Materials

All buffer reagents were purchased from Fisher Scientific, unless
otherwise noted. The oligodeoxynucleotide TLR9 ligand CpG 1826
(50-tccatgacgttcctgacgtt-30) (CpG) was synthesized with a phos-
phorothioated backbone and 50 benzaldehyde modification by
TriLink Biotechnologies. The KVPRNQDWL peptide (gp10025-33,
herein abbreviated as “gp100”) was fromGenscript, and the custom
gp100 peptide (for conjugation to E2) was synthesized with an N-
terminal cysteine by Thinkpeptides (Proimmune). Unless otherwise
noted, cell culture media was comprised of RPMI 1640 (Mediatech)
supplemented with 10% heat-inactivated fetal bovine serum
(Hyclone), 1 mM sodium pyruvate (Hyclone), 2 mM L-glutamine
(Lonza), 100 units/ml penicillin (Hyclone), 100 mg/ml streptomycin
(Hyclone), 50 mM 2-mercaptoethanol (Sigma), and 0.1 mM non-
essential amino acids (Lonza) (complete RPMI media). Carboxy-
fluorescein diacetate succinimidyl ester (CFSE), flow cytometry
antibodies, and recombinant murine GM-CSF were purchased from
eBioscience. Phytohemagglutinin (PHA-M) was from Gibco.

2.2. Mice and cell lines

All animal studies were carried out in accordancewith protocols
approved by the Institute for Animal Care and Use Committee
(IACUC) at the University of California, Irvine. Female C57BL/6 mice
and pmel-1 mice, which display transgenic T-cell receptors specific
for the gp10025-33 epitope in the context of H2-Db in a C57BL/6
background [5], were purchased from Jackson Laboratories and
used at 6e12 weeks of age, unless otherwise noted. The B16-F10
murine melanoma cell line was purchased from ATCC and cultured
in DMEM media supplemented with 10% FBS according to vendor
instructions.

2.3. E2 purification and characterization

The D381C E2 protein nanoparticle (E2) was prepared and
characterized as previously described [26,30]. D381C is an E2
mutant with a non-native cysteine introduced to the internal cavity
of the nanoparticle at amino acid location 381 for site-specific
conjugation. Briefly, proteins were expressed in E. coli and soluble
cell lysates were applied to a HiPrep Q Sepharose anion exchange
column (GE Healthcare) followed by a Superose 6 size exclusion
column (GE Healthcare) for purification. The hydrodynamic diam-
eter of the purified proteins was analyzed by dynamic light scat-
tering (DLS; Zetasizer Nano ZS, Malvern). Electrospray ionization
mass spectrometry and SDS-PAGE confirmedmolecular weight and
purity. Final protein preparations were stored in 50 mM potassium
phosphate at pH 7.4 with 100 mM NaCl (phosphate buffer) at 4 �C
for short-term and �80 �C for long-term storage. Residual LPS was
removed using Triton X-114, and endotoxin levels were checked as
previously described [30].

2.4. CpG and gp100 conjugation

Aldehyde-terminated CpG oligonucleotides were covalently
packaged within E2, and cysteine-terminated peptide epitopes
were displayed on the external surface of E2 as previously
described [30]. Briefly, the cysteines in the E2 internal cavity were
reduced with TCEP (Pierce), followed by incubation with N-(b-
maleimidopropionic acid) hydrazide (BMPH) linker (Pierce) and
removal of unreacted linker. Conjugation with the aldehyde-
modified CpG 1826 involved overnight incubation and excess CpG
removal. The number of conjugated CpG molecules was
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determined previously to average 22 CpGmolecules per E2 particle
[30]; this conjugation ratio was kept constant throughout this
study.

For peptide attachment, peptide was added to SMCC-
functionalized E2 at a 10-fold excess to E2 monomer. The nega-
tive control consisted of water (solvent for SMCC) combined with
E2 in the initial reaction step, and reactions were otherwise carried
out as described previously [30]. For measurement of peptide
conjugation ratios, gp100-conjugated E2 (gp-E2) was analyzed by
high performance liquid chromatography (HPLC, Shimadzu) with a
Zorbex C18 column using a water:acetonitrile gradient. Mixtures
were examined by HPLC, and the remaining unconjugated peptide
was quantified with a standard curve of free cysteine-terminated
gp100 peptide. The difference between gp-E2 and negative con-
trol reactions determined the number of conjugated peptides per
nanoparticle.

DLS was used to measure hydrodynamic diameters, and trans-
mission electron micrographs of 2% uranyl acetate-stained nano-
particle on Cu 150 mesh Formvar-carbon coated grids were
obtained on a JEM1200EX (JEOL) with a Bioscan600W digital
camera (Gatan) [26,30].

2.5. Bone marrow-derived dendritic cells

Bone marrow-derived DCs (BMDCs) were generated as previ-
ously described [30]. Briefly, red blood cell (RBC)-depleted C57BL/6
bone marrow cells were plated at 2 � 105 cells/ml (10 ml total) on
sterile bacteriological Petri dishes (Fisher) in complete RPMI media
supplemented with 20 ng/ml murine recombinant GM-CSF. Cells
were maintained at 37 �C and 5% CO2, and 10 ml fresh complete
RPMI with 20 ng/mL GM-CSF was added on day 3. On day 6, 50% of
the media was replaced, and the non-adherent cells were pelleted
and added back to the plates. Loosely and non-adherent cells were
collected and used as immature BMDCs on day 8.

2.6. T cell proliferation and IFN-g secretion assays

BMDCs (5 � 103 cells/well in 96-well plate) were incubated in
complete RPMI media with various combinations of vaccine ele-
ments, either as individual free elements or conjugated to E2
(Table 1). After 4 h, wells were washed twice with PBS to remove
excess antigen, free CpG, and/or E2, with fresh complete RPMI
added thereafter. We evaluated multiple gp100 peptide epitope
concentrations (10, 100, or 1000 nM); the peptide concentration
was maintained whether free or conjugated to E2. Similarly, the
concentration of CpG oligonucleotide was kept constant between
formulations. The amount of CpG packaged within the E2 nano-
particles was previously determined to be approximately 10% w/w
to E2 (i.e. 5 mg CpG per 50 mg E2) [30], and unconjugated, free CpG
control concentrations were based on this number.

To isolate CD8þ T cells, the spleens and lymph nodes from pmel-
1 mice were crushed through a 70-mm cell strainer in ice cold PBS
and centrifuged at 300� g for 5 min. RBCs were depleted with ACK
Table 1
List of various gp100 formulations used in this study and their respective abbrevi-
ations (gp100 peptide sequence: KVPRNQDWL).

Formulation Label

Free peptide (gp10025-33) gp100
Free peptide þ Free CpG gp100 þ CpG
Free peptide þ Free CpG þ Free E2 gp100 þ CpG þ E2
Free peptide þ CpG-conjugated E2 gp100 þ CpG-E2
Peptide-conjugated E2 þ Free CpG gp-E2 þ CpG
Peptide and CpG simultaneously conjugated to E2 CpG-gp-E2
lysing buffer and the cells were applied to the EasySep CD8 T cell
negative isolation kit from STEMCELL according to the manufac-
turer's instructions.

Briefly, for T cell proliferation assays, CD8þ T cells were sus-
pended at 2 � 107 cells/mL in PBS, diluted with an equal volume of
PBS containing 5 mM of the intracellular dye CFSE (1 � 107 cells/mL
and 2.5 mM CFSE final), and incubated at room temperature for
10 min. The reaction was quenched by 10-fold dilution in 37 �C
RPMI containing 10% FBS and cells were washed an additional time
with PBS. Freshly prepared CFSE-labeled pmel-1 CD8þ T cells were
added to the antigen-pulsed BMDCs at 5 � 104 cells/well (10:1 T
cells:DCs) and cultured at 37 �C for 72 h. Negative control wells
consisted of co-culture without any antigen stimulation and posi-
tive control included aCD3/aCD28 Dynabeads (Gibco) added at a
1:1 ratiowith Tcells. Cells were harvested, stainedwith APC-tagged
anti-CD8, and analyzed by an Accuri C6 flow cytometer for CFSE
dilution of CD8þ cells. Proliferation index (PI), a measure of cell
division, was calculated as

PI ¼
Pi

0 Ni
Pi

0
Ni
2i

where i is the number of divisions and N is the number of cells
within that division [33].

For IFN-g secretion measurements, culture supernatants were
collected prior to cell collection for proliferation assays and assayed
with the Mouse IFN-g ELISA Ready-Set-Go kit (eBioscience),
following the manufacturer's instructions. Data is reported as IFN-g
concentration relative to concentration obtained for BMDCs pulsed
with free gp100 peptide alone.
2.7. IFN-g ELISpot & CTL lysis assays

Mice (C57BL/6) were subcutaneously immunized with 100 ml
formulations containing 5 mg each of gp100 peptide and CpG in PBS
(either free or E2-bound; equivalent to 50 mg of E2-based nano-
particle formulations) bilaterally at the base of the tail. After
7 days, single cell suspensions were prepared from the spleen and
draining lymph nodes (inguinal, axillary, brachial, and iliac). Iso-
lated splenocyte and lymph node cells were analyzed by flow
cytometry to determine the percentages of various cell types pre-
sent following immunization. Cells were stained in PBSþ1% BSA for
30min on icewith antibodies against CD11c, F4/80, B220, CD3, CD4,
CD8, PD-1, and (intracellular) FoxP3. RBCs were depleted from
splenocytes with ACK lysing buffer.

For IFN-g ELISpot, cells were resuspended in complete RPMI and
added at 4 � 105 and 8 � 105 cells/well to ELISpot plates (PVDF
membrane 96-well plates, Millipore), pre-coated overnight with
anti-mouse IFN-g antibody from the Mouse IFN-g ELISpot Ready-
Set-Go kit (eBioscience). Cells were incubated for 24 h at 37 �C
with either 10 mg/mL (~10 mM) gp100 peptide or irrelevant peptide
(ovalbumin peptide, SIINFEKL). Negative control consisted of media
only and positive control wells contained 1.5% PHA-M. Spots were
developed according to the kit manufacturer's protocol and were
detected and analyzed by the Cellular Technology Ltd. ELISpot
reader and Immunospot Analysis Pack software, respectively.

To examine the specific lysis of cells bearing the gp100 TAA,
splenocytes were cultured in complete RPMI at 5 � 106 cells/mL
with 10 mg/mL free gp100 for 24 h, washed twice with PBS to
remove unbound peptide, and cultured in fresh complete RPMI for
an additional 48 h. B16-F10 melanoma cells (H-2Dbþ and gp100þ)
were plated at 5 � 103 cell/well in a round-bottom 96 well tissue
culture-treated plate along with the gp100-stimulated splenocytes
at a 50:1 effector-to-target ratio. Cytotoxicity was measured by



N.M. Molino et al. / Biomaterials 86 (2016) 83e9186
lactate dehydrogenase release with the CytoTox 96 non-radioactive
cytotoxicity assay (Promega) following the manufacturer's in-
structions. Data is reported as % lysis, calculated as:
% Lysis ¼ ðcoculture LDH releaseÞ � ðbackground LDH releaseÞ
ðmaximum B16 LDH releaseÞ � ðbackground B16 LDH releaseÞ � 100;
where “background LDH release” is the sum of LDH release from
B16-F10 and splenocyte cells each cultured alone, and “maximum
B16 LDH release” is from lysed B16-F10 cells using lysis buffer from
the kit.

2.8. Tumor challenge

C57BL/6 mice (6e10 week) were immunized subcutaneously,
bilaterally at the base of the tail with 50 mg CpG-gp-E2 in 100 ml PBS
or with an equivalent volume of PBS on days �28 and �14 (n ¼ 5
per treatment group). On day 0, 1 � 105 B16-F10 melanoma cells
were subcutaneously inoculated in the right flank, and tumor size
was measured daily with a caliper. Tumor volumewas calculated as
(0.5 � shortest diameter2 � longest diameter) and mice were
sacrificed when tumor volumes reached 500 mm3.

2.9. Statistical analysis

For in vitro and ex vivo studies, statistical analyses were carried
out using Microsoft Excel and GraphPad Prism. Data is reported as
mean ± standard error of the mean (S.E.M.) of at least three inde-
pendent experiments (unless otherwise noted), with each data
point from an independent experiment resulting from duplicate
measurements for each in vitro experiment and triplicate mea-
surements for each experiment requiring immunization. Statistical
significance was determined by performing a one-way analysis of
variance (ANOVA) followed by a Dunnett's test, comparing for-
mulations to the viral-mimicking CpG-gp-E2 protein nanoparticle
(hypothesized to induce the highest immune response, based on
prior results [30]), unless otherwise noted. P-values less than 0.05
were considered significant.

Statistical analyses for in vivo survival curves were carried out
using the log-rank (ManteleCox) test in GraphPad Prism. Data
presented are representative of two independent experiments,
with five mice per treatment group (n ¼ 5) in each independent
experiment. The elapsed time to the onset of palpable tumors for
the different treatment groups were compared using a two-tailed
Student's t-test, assuming unequal variances. P-values less than
0.05 were considered significant.

3. Results and discussion

3.1. Conjugation of CpG and gp100 peptide to E2 yields intact
nanoparticles

CpG and gp100 peptides were successfully conjugated to the E2
nanoparticle, and the results are consistent with those previously
published for conjugation of an ovalbumin peptide epitope (Fig. 1A)
[30]. The gp-E2 nanoparticle displayed a broad band on SDS-PAGE
in the molecular weight range of 30e35 kDa, consistent with
conjugation of multiple gp100 peptides (with linker) that each add
1592 Da to the E2monomer (which is 28105 Da). These comparable
results between different peptides demonstrate the ability to
successfully employ the same conjugation strategy [30]. CpG
attached to the internal E2 cysteine at site 381 yielded two distinct
bands, one at 28 kDa (28105 Da for unconjugated E2 monomer and
28288 for E2 monomer with linker) and one at 35 kDa (34879 Da
for E2 with CpG). Our previous study quantified this covalent
encapsulation to be 22 ± 3 CpG per E2 nanoparticle or ~10% w/w
(CpG-E2) [30]. CpG molecules are released from E2 under acidic
endolysosomal conditions, and the CpG-E2 particle facilitated
enhanced DC uptake and activation, compared to free CpG [30].

Simultaneous attachment of both CpG (internally) and gp100
peptide (externally) to the E2 monomers was also confirmed. Two
distinct broad bands in the molecular weight ranges of 30e35 kDa
(gp-E2) and 35e40 kDa (CpG-gp-E2) were observed (last lane of
Fig. 1A). HPLC analysis revealed that gp100 was linked to the E2
nanoparticle surface at a ratio of 3.9 ± 0.6 peptides/monomer or
~10% w/w (234 ± 36 peptides/nanoparticle), greater than what we
observed for the ovalbumin peptide [30].

DLS measurements (n ¼ 3) of the gp-E2 and CpG-gp-E2 nano-
particles measured a hydrodynamic diameter of 31.6 ± 1.3 nm and
30.2 ± 0.7 nm, respectively, consistent with short peptides attached
on the surface of an intact E2 core (Fig. 1B). TEM analysis further
confirmed intact non-aggregated CpG-gp-E2 nanoparticles (Fig. 1C)
that are within the reported optimal range for viral-based vaccines
[17]. These nanoparticle diameters are also consistent with sizes
observed for our conjugation with other peptides and guest mol-
ecules [26,29,30,34], further demonstrating the versatility of the E2
platform for attachment of various molecules (e.g., epitopes).
3.2. E2 co-delivery of gp100 and CpG increases CD8þ T cell IFN-g
secretion in vitro

The CpG-gp-E2 nanoparticle increased CD8þ T cell-specific IFN-
g secretion in vitro, compared to other formulations (Fig. 2). There
was a statistically significant increase in relative CD8þ T cell IFN-g
secretion over other formulation groups, when CD8þ T cells from
pmel-1 mice were co-cultured with BMDCs loaded with the CpG-
gp-E2 nanoparticle at both 100 nM and 1000 nM of gp100. While
differences between groups at 10 nM gp100 were not significant
(p > 0.05), the trend was similar between the formulations, with
the CpG-gp-E2 formulation exhibiting the highest average level of
IFN-g (Fig. S1). We also observed a dose response of cytokine
secretion, where increasing CpG-gp-E2 concentrations corre-
sponded to an increase in IFN-g levels (20 ± 10, 300 ± 70, and
11000 ± 4000 pg/mL for 10, 100, and 1000 nM of gp100,
respectively).

Viral infections are accompanied by increased Type II interferon
(i.e. IFN-g) [35], a cytokine that supports the effector functions of CTL
and is believed to be critical for anti-cancer immunity and tumor
suppression [36]. More specifically, IFN-g has been shown to play a
key role in gp100-positive melanoma sensitization to the lytic ac-
tivity of CTL [37]. Our results indicate that the combination of a
gp100 peptide epitope and CpG within the viral-mimicking E2
platform enhances the ability to induce in vitro antigen-specific IFN-
g secretion. Similar results have been observedwith other polymeric
nanoparticle systems in vitro as well, delivering a TLR4 agonist and
gp100 epitopes, where anti-tumor responses were observed in vivo



Fig. 1. Physicochemical characterization of functionalized nanoparticles. A) Functionalization of the E2 nanoparticle (E2; 28105 Da monomer) with the CKVPRNQDWL
peptide (gp-E2) shows a broad band in the 30e35 kDa range, supporting heterogeneous conjugation of the gp100 peptide to the external E2 lysines. Simultaneous conjugation of
gp100 peptide and CpG (lane CpG-gp-E2) shows two distinct broad signals in the 30e35 kDa and 35e40 kDa range. B) Representative DLS data reveal nanoparticle sizes within the
optimal reported vaccine size range. C) Transmission electron micrograph of CpG-gp-E2 stained with 2% uranyl acetate confirms monodisperse, intact nanoparticles. Scale bar is
100 nm.

Fig. 2. Pmel-1 CD8þ T cells show increased antigen-specific IFN-g secretion when stimulated by BMDCs loaded with the CpG-gp-E2 nanoparticle, compared to other formulations.
IFN-g levels measured with ELISA were normalized to the free gp100 peptide formulation (gp100) as baseline. Data are presented as mean ± S.E.M. (n ¼ 3) and were analyzed using
a one-way ANOVA followed by Dunnett's test comparing all means to CpG-gp-E2 within each concentration (*p < 0.05; **p < 0.01; ***p < 0.001).
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[38]. Therefore, our ability to drive increased antigen-specific IFN-g
secretion demonstrates the potential superiority of the E2 nano-
particle as a viral-mimicking melanoma peptide vaccine delivery
platform, compared to more conventional clinical trial formulations
(i.e. free gp100 peptide mixed with free CpG).

3.3. E2 co-delivery of gp100 and CpG increases DC-mediated CD8þ

T cell proliferation

Simultaneous conjugation of CpG (internally) and gp100
(externally) to the E2 nanoparticle resulted in increased DC-
mediated CD8þ T cell proliferation. We observed a significant in-
crease in pmel-1 CD8þ T cell proliferation over 72 h in response to
the CpG-gp-E2 formulation, where we were able to detect up to ~7
divisions, compared to all other formulations at the 100 nM peptide
concentration level (Fig. 3). The CpG-gp-E2 nanoparticle formula-
tion induced a stronger proliferative response, with a greater pro-
portion of CD8þ T cells observed in later divisions (Fig. 3A),
quantified by proliferation index (PI) (Fig. 3B). In contrast to our
IFN-g ELISA results (Fig. 2), the average CD8þ T cell PI did not in-
crease at higher antigen concentrations in the CpG-gp-E2 nano-
particle formulation (Fig. S2); in fact, statistically-significant
differences in relative PI between groups was observed only at
100 nM gp100. This data supports the possibility of antigen-specific
T cell dysfunction, exhaustion/overstimulation, and/or deletion at
high antigen doses [39], and suggests that there are optimal con-
centrations of the vaccine components (i.e. peptide and CpG), with
respect to CD8þ T cell proliferation, when packaged simultaneously
in the viral-mimicking E2.

3.4. E2 delivery of CpG increases antigen presenting cell (APC)
numbers in secondary lymphoid organs

A single immunization containing 5 mg CpG in the E2-bound for-
mulations (Table 1) resulted in an increase in the number of APCs
(responsible for antigen processing and activation of adaptive T cell
responses), including DCs, macrophages, and B cells in secondary
lymphoid tissues (Fig. 4). It is knownthatCpG inducesproliferationof
B cells inmice [40], and it is likely that E2 ismediatingmore efficient
delivery of the CpG activators to these cells as compared to free CpG.
While lymphocytes such as B and T cells undergo rapid expansion in
situ within secondary lymphoid organs following activation, APCs
such as DCs andmacrophages are not currently known to proliferate
at such rapid rates within these organs. Recruitment or infiltration
following expansion outside of secondary lymphoid organs may
explain the increase in CD11cþ cells (primarily DCs) and F4/80þ cells
(macrophages and LangerhansDCs), as cytokine signaling can induce
increases in systemic DC numbers [41].



Fig. 3. Pmel-1 CD8þ T cells exhibit increased proliferative capacity when cultured in
the presence of BMDCs loaded with the CpG-gp-E2 nanoparticle, compared to other
gp100 formulations (100 nM gp100 peptide, either free or E2-bound). (A) Represen-
tative flow cytometry histograms of CFSE-labeled CD8þ T cells show increased prolif-
eration in the CpG-gp-E2 group. (B) The CpG-gp-E2 nanoparticle induced the greatest
CTL proliferative capacity. Data represents mean proliferation index (PI) ± S.E.M.
(n ¼ 3) and is normalized to the free gp100 peptide formulation. Statistical analysis
used a one-way ANOVA followed by Dunnett's test comparing all groups to CpG-gp-E2
(**p < 0.01).

Fig. 4. Mice immunized with CpG-gp-E2 and gp100 þ CpG-E2 formulations exhibited
increased secondary lymphoid organ antigen presenting cell numbers in the A)
draining lymph nodes and B) spleens. Vaccine formulations with antigen contained
5 mg each of gp100 peptide and CpG ODN (either free or E2-bound). Cells measured in
the secondary lymphoid organs included natural killer cells (NK), dendritic cells (DC), B
cells, macrophages (Mac), T cells, CD8þ T cells, and CD4þ T cells. Data is presented as
average ± S.E.M. total cell numbers relative to the PBS control of at least 3 independent
experiments. Statistical significance was determined by one-way ANOVA followed by a
post hoc Tukey's test, with a pairwise comparison of all statistical means. *p < 0.05;
**p < 0.01 compared to the PBS background control.
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Interestingly, only the free gp100 þ CpG-E2 formulation
demonstrated significant increases in T cells (predominantly CD4þ)
in the draining lymph nodes (dLNs) and spleen. This observation
may be partially explained by homeostatic proliferation [42]
induced by TLR9-expressing, IL-7 producing cells of the lym-
phatics [43,44]. Elevated levels of CD8þ T cells in mice immunized
with free gp100 þ CpG-E2 may result from non-antigen-specific
proliferation, whereby the T cells are not directed to exit the lym-
phatics [45]. The high affinity CTL epitopes on the CpG-gp-E2 virus-
mimicking nanoparticle may mediate, via APCs, a cytokine envi-
ronment less conducive to homeostatic CD4þ T cell proliferation
and more favorable for the activation of antigen-specific CD8þ T
cells within the dLN and spleen [12]. The departure of these
antigen-specific CTL to the periphery, which happens during the
first week of cell-mediated immunity to viral infection [46], may
explain the apparent lack of elevated CD8þ T cell numbers in the
secondary lymphoid organs of mice immunized with CpG-gp-E2.
This absence of large increases in CD8þ T cell numbers in the dLN
and spleen in response to CpG-gp-E2, relative to gp100 þ CpG-E2
immunization, is not likely due to induction of FoxP3-expressing
regulatory CD4þ T cells (Fig. S3), or increased exhaustion over
other tested formulations, at least as measured by PD-1 expression
(Fig. S4). Some level of increased PD-1 expression by CD8þ Tcells, in
response to any formulation tested (as seen in Fig. S4), is expected
with homeostasis and the development of central memory,
following an acute response [47].

3.5. A single immunization with CpG-gp-E2 increases antigen-
specific CD8þ T cells

Immunization with CpG-gp-E2 nanoparticles resulted in
increased frequencies of gp100-specific IFN-g-producing CD8þ T
cells, as compared to other formulations of the peptide vaccine
components (Fig. 5). We observed large increases in the number of
gp100 peptide-specific spots in the IFN-g ELISpot analysis of dLN
cells (Fig. 5A) and splenocytes (Fig. 5B) from mice that received a
single immunization with the CpG-gp-E2 viral-mimicking antigen
formulation compared to all other formulations (either free or E2-
bound peptide), with the exception of gp100þ CpG-E2 in the dLNs.
In fact, frequencies of epitope-specific CD8þ T cells due to CpG-gp-
E2 were 30-fold and 120-fold higher in spleen and dLNs, respec-
tively, relative to numbers from free gp100 with free CpG. Addi-
tionally, the lack of spots observed for cells pulsed with the
SIINFEKL ovalbumin epitope confirmed that the immune response
was specific to gp100, rather than non-specific activation. We
observed spot frequencies among total cells that were comparable
to previously reported nanoparticle formulations delivering the
gp100 epitope [32]. However, when compared to this previous
report, we observed the expansion of gp100-specific CD8þ T cells
following only a single injection, rather than multiple immuniza-
tions. Our IFN-g ELISpot frequencies are also similar to previous
reports using nanoparticle formulations for melanoma-specific
TAAs (other than gp100) and which also demonstrated strong
anti-tumor activity [38,48,49].

Interestingly, the gp100 þ CpG-E2 nanoparticle formulation
exhibited similar spot frequencies to CpG-gp-E2 within the dLN,
implying that packaging CpG within the E2 nanoparticle enhanced
local APC activation and antigen presentation and CD8þ T cell



Fig. 5. Immunization with the CpG-gp-E2 nanoparticle increased the gp100-specific CTL response. Cells were isolated from the A) draining lymph nodes and B) spleens of mice
immunized with different formulations (5 mg gp100 peptide and 5 mg CpG; unbound or bound to E2) and were cultured ex vivo in the presence of KVPRNQDWL peptide (gp100) or
irrelevant SIINFEKL peptide (OVA) and analyzed for IFN-g-secreting cells by ELISpot. The lower panels show representative wells from the immunization groups for negative control
irrelevant peptide (OVA) and tumor antigen peptide (gp100). Data is presented as average ± S.E.M. spots per million cells from at least 3 independent experiments. Statistical
significance was determined by ANOVA followed by Dunnett's test, comparing all means to CpG-gp-E2 (*p < 0.05; **p < 0.01).

Fig. 6. Splenocytes from mice receiving a single immunization of the CpG-gp-E2
(50 mg) nanoparticle formulation exhibited enhanced lytic ability toward B16-F10
melanoma cells (measured by release of lactate dehydrogenase). Data is presented as
average ± S.E.M. % lysis of at least 3 independent experiments. Statistical significance
was determined by ANOVA followed by Dunnett's test, comparing all means to CpG-
gp-E2 (*p < 0.05).
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activation, even with unbound peptide. This local effect on APCs
may help explain the observed non-specific IFN-g secretion from
splenocytes and dLN cells of mice immunized with the
gp100 þ CpG-E2 formulation.

The increased number of gp100-specific spots in the spleen
compared to the dLNs from mice immunized with the CpG-gp-E2
formulation may be a result of the kinetics following a virus-
induced immune response, where lymphocytes in the initial dLNs
are known to respond earlier than those in the spleen [50]. It is
entirely possible that CD8þ T cell expansion peaked in the lymph
nodes and started to decline prior to our analyses, as CD8þ T cells
may have already exited the lymph nodes or have begun contrac-
tion into thememory pool. Although of some interest, the extensive
pharmacokinetic experiments and animal resources necessary to
definitively test this possibility are not warranted at this stage of
development of the E2 platform.

3.6. CpG-gp-E2 immunization enhances lytic capacity of CD8þ T
cells

CpG-containing E2 nanoparticles co-delivering surface-bound
gp100 epitopes induce increased TAA-specific lysis of syngeneic
tumor cells (Fig. 6). Splenocytes from CpG-gp-E2-immunized
animals had greater lytic activity toward the gp100þ metastatic
melanoma B16-F10 cell line, relative to other formulations. This
CpG-gp-E2 formulation gave statistically significant increased
lysis of the B16-F10 melanoma cells at a 50:1 effector-to-target
ratio over the gp100 þ CpG-E2 control formulation. Pairwise
comparisons of the gp100 þ CpG-E2 control formulation with all
the remaining formulations did not exhibit any statistical
differences.

Lysis of the gp100-expressing B16 cell line is an important
observation, as this particular melanoma is known to exhibit
low immunogenicity [51,52]. Similarly, while immunogenicity
may be low for the gp100 TAA, it is an effective immunothera-
peutic target antigen in humans, and therefore an attractive
vaccine target [31]. Further, gp100 is a self-antigen; therefore
our results indicate that we have broken central tolerance to
this antigen with a single immunization of a virus-mimicking
biomaterial platform. With antigens such as gp100, the formu-
lation of the antigen or the immunotherapeutic approach is
particularly critical to the successful elicitation of anti-tumor
immune responses [51].

These results are consistent with our ELISpot (Fig. 5) and in vitro
pmel-1 assays (Figs. 2 and 3) that demonstrate APC-mediated
increased gp100-specific CD8þ T cell activation in response to the
CpG-gp-E2 nanoparticle formulation. Importantly, with a single
immunization, we are able to overcome tolerance and achieve
specific lysis of the gp100þ melanoma cells at levels comparable to
that of previously reported heat shock protein complexes that were
given as an immunization followed by a booster (i.e., 2 immuni-
zations vs. our single immunization) [32]. This supports the
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importance and advantage of simultaneous packaging of TAA
epitope with danger-signal molecules (e.g., CpG). Qb VLP-mediated
delivery of antigens with CpG demonstrated strong CTL responses
against MHC I-restricted epitopes [53], and these particles are un-
dergoing clinical trials as an immunotherapy for melanoma in
humans [23,54], validating the potential of viral mimicry in cancer
immunotherapies. Remarkably, we have achieved comparable an-
tigen specific immune activity without the use of attenuated vi-
ruses and with a single administration.

3.7. CpG-gp-E2 immunization delays tumor growth

Based on the in vitro and ex vivo data described above, we
examined the therapeutic effects of the CpG-gp-E2 nanoparticle
immunization in mice challenged with B16-F10 melanoma tumor
cells. Our data shows that immunization with the CpG-gp-E2
nanoparticle formulation significantly delayed tumor growth
onset (15.0 ± 3.0 days), compared to PBS-treated mice (9.4 ± 0.9
days; p < 0.05). Tumor growth kinetic profiles further demonstrate
slower tumor progression in mice immunized with CpG-gp-E2
(Fig. 7A), which exhibited a median survival time of 18 days
(Fig. 7B), significantly greater than the PBS-treated median survival
time of 13 days (p < 0.002).

Our observed B16-F10 tumor growth kinetics following pro-
phylactic immunization with CpG-gp-E2 are similar to those re-
ported for PLGA and heat shock protein nanoparticle
immunotherapy studies delivering gp100 antigen/epitopes [32,38].
However, one major difference in our vaccination regimen,
compared to these previous studies, is our schedule of a prime
immunization followed by a single booster, in contrast to the two
boosters administered in these previous reports [32,38]. In fact, a
prime plus single booster of the heat shock protein did not
demonstrate the same protective capacity compared to our single
booster regimen of CpG-gp-E2, further demonstrating the advan-
tage of our approach to deliver antigen and immune activator
simultaneously in a viral-mimicking format [32]. Our anti-tumor
observations support the concept that the increased antigen-
specific CD8þ T cell numbers (Fig. 5) and induction of antigen
specific in vitro lytic activity (Fig. 6) following CpG-gp-E2 immu-
nization translates to a significant in vivo anti-tumor activity to-
ward a self-antigen expressed by an aggressive, poorly
immunogenic, syngeneic tumor [51,52]. These important results
render the E2 nanoparticle an attractive viral-mimicking platform
for further development and optimization to deliver tumor
A

Fig. 7. Immunization with the CpG-gp-E2 nanoparticle delayed B16-F10 tumor growth and
experiments. Mice (n ¼ 5 per group) were immunized subcutaneously with CpG-gp-E2 (5
Days �28 and �14, followed by tumor challenge at Day 0. A) Immunization with CpG-g
represents the tumor growth of a single animal. B) Immunization with CpG-gp-E2 significa
test).
antigens and adjuvant.

4. Conclusions

We have simultaneously packaged CpG within the interior of the
E2 nanoparticle and displayedmultiple copies of anMHC I-restricted
epitope from the melanocyte differentiation antigen gp100. These
multifunctional viral-mimicking E2 particles demonstrated signifi-
cantly higher in vitro CD8þ Tcell antigen-specific IFN-g secretion and
proliferation. Subcutaneous delivery of CpG within the E2 nano-
particle under the current immunization strategy increased the
number of APCs in the local lymph nodes and spleen. Furthermore,
the frequency of gp100-specifc CD8þ T cells in immunized mice was
significantly increased by the CpG-gp-E2 nanoparticle formulation,
and the CTL response yielded greater tumor cell lysis, compared to
control peptide formulations. We have achieved the ability to over-
come tolerance to a self TAA, without the need for using live or
attenuated pathogens and with a single-dose. Immunization of mice
with CpG-gp-E2 nanoparticles followed by challenge with the B16-
F10 melanoma tumor line resulted in a significant delay in tumor
growth and prolonged life, compared to PBS-treated controls, con-
firming the anti-tumor capabilities of the antigen-specific CD8þ T
cells generated with the viral-mimicking E2 formulation. Altogether,
this work supports the hypothesis that simultaneous delivery of
antigen and immune activator in a virus-mimicking format can
enhance cell-mediated anti-tumor antigen responses and, impor-
tantly, demonstrates the therapeutic potential of the virus-
mimicking E2 nanoparticle as a biomaterial-based vaccine plat-
form for delivering tumor associated antigens.
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