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Abstract

Cancer vaccines targeting patient-specific tumor neoantigens have recently emerged as a
promising component of the rapidly expanding immunotherapeutic armamentarium. However,
neoantigenic peptides typically elicit weak CD8" T cell responses, and so there is a need for
universally applicable vaccine delivery strategies to enhance the immunogenicity of these peptides.
Ideally, such vaccines could also be rapidly fabricated using chemically synthesized peptide
antigens customized to an individual patient. Here we describe a strategy for simple and rapid
packaging of peptide antigens into pH-responsive nanoparticles with endosomal escape activity.
Electrostatically-stabilized polyplex nanoparticles (nanoplexes) can be assembled instantaneously
by mixing decalysine-modified antigenic peptides and poly(propylacrylic acid) (pPAA), a
polyanion with pH-dependent, membrane destabilizing activity. These nanoplexes increase and
prolong antigen uptake and presentation on MHC-I (major histocompatibility complex class I)
molecules expressed by dendritic cells, resulting in enhanced activation of CD8* T cells. Using an
intranasal immunization route, nanoplex vaccines inhibit formation of lung metastases in a murine
melanoma model. Additionally, nanoplex vaccines strongly synergized with the adjuvant a-
galactosylceramide (a-GalCer) in stimulating robust CD8* T cell responses, significantly
increasing survival time in mice with established melanoma tumors. Collectively, these findings
demonstrate that peptide/pPAA nanoplexes offer a facile and versatile platform for enhancing
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CD8* T cell responses to peptide antigens, with potential to complement ongoing advancements in
the development of neoantigen-targeted cancer vaccines.
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1. Introduction

Cancer vaccines have long held promise as an immunotherapeutic modality, but their clinical
efficacy over the past several decades has been largely disappointing [1]. However, the
discovery that effective anti-tumor immunity is typically mediated by tumor-infiltrating
CD8™ T cells that recognize neoantigens [2-7] — peptides generated by tumor-specific
mutations and presented on major histocompatibility complex class I (MHC-I) molecules
expressed by cancer cells — has rejuvenated interest in cancer vaccines that target patient-
specific mutanomes [8, 9]. With advances in exome sequencing, epitope prediction
algorithms, and immunopeptidomic techniques, patient-specific peptide neoantigens can
now be identified, synthesized, and administered in a personalized therapeutic cancer
vaccine [10-12]. Indeed, this emergent cancer vaccine paradigm has sparked a new wave of
clinical trials with promising early results [13, 14].

While synthetic peptide vaccines offer practical advantages over cell and biologic vector-
based vaccine approaches, including lower cost, increased safety, and rapid and scalable
methods for GMP production [15], peptide antigens are typically weakly immunogenic
when delivered alone, and are particularly inept at generating CD8* T cell responses [16].
The weak immunogenicity of peptide antigens can largely be ascribed to several
interconnected delivery barriers, including poor cellular uptake by antigen presenting cells,
inadequate activation of innate immunity, and, for induction of robust CD8* T cell
responses, low and/or transient antigen presentation on MHC-I by dendritic cells (DCs) [17,
18]. To achieve class | antigen presentation, administered antigen must be endocytosed by
specialized cross-presenting DC subsets or delivered to the classical cytosolic MHC-I
antigen processing pathway [19, 20]. However, the predominant fate of soluble endocytosed
antigen is degradation in endolysosomes and presentation on MHC-I1, with minimal or
inefficient presentation on MHC-1 [21, 22]. To circumvent this challenge, a variety of
synthetic particle- based antigen delivery systems, including polymeric nano- and
microparticles, liposomes, and inorganic nanoparticles, have been developed to enhance
CD8* T cell responses to protein- and peptide-based vaccines with varying degrees of
efficacy in pre-clinical animal models [21, 23, 24] An additional design consideration
important for neoantigen-targeted vaccines is that the vast majority of neoantigens are
unique for an individual patient, and cancer vaccination regimens typically comprise
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multiple prime and boost administrations with pools of peptide antigens [11]. For example,
in a recent landmark phase I clinical trial of personalized peptide vaccines, Wu and
colleagues immunized melanoma patients with pools of 13-20 peptides using a series of five
priming and two booster vaccinations [13]. Time is of the essence for patients with advanced
disease who are receiving personalized cancer vaccines, and the time between tissue
acquisition and vaccine administration can take several months [13]. Therefore, particle-
based delivery systems for personalized neoantigen vaccines should ideally be amendable to
rapid and scalable “on demand” formulation [25, 26], a shortcoming for the majority of
particulate vaccine formulations, which often require labor intensive, time consuming,
and/or non-scalable processing and manufacturing steps. In light of these challenges, we
sought to complement ongoing advancements in personalized neoantigen-targeted vaccines
through the development of a facile and versatile platform for enhancing CD8* T cell
responses to peptide antigens.

While most particulate vaccines have leveraged physicochemical (e.g., size, surface
chemistry) or formulation properties (e.g., co-encapsulation of an adjuvant) to harness
endogenous mechanisms of cross-presentation by specific DC subsets [22], another
promising strategy has been to design antigen carriers that exploit endosomal escape
mechanisms to “short circuit” endo/lysosomal antigen trafficking and actively enhance
delivery of antigenic cargo to the cytosol for processing via the classical MHC-I presentation
pathway [27-30]. One such carrier with pH-dependent membrane destabilizing activity is
poly(propyl acrylic acid) (pPAA), a linear amphiphilic polyanion with a pKa of 6.7 that has
been previously explored as a carrier to enhance cytosolic delivery of protein antigens and
peptide therapeutics [31-35]. Inspired by the simplicity, speed, and scalability achieved via
electrostatic self-assembly of polyplexes used commonly in nucleic acid-based vaccines [36,
37], we postulated that peptide antigen-loaded nanoparticles with endosome-destabilizing
activity could be generated through facile mixing of polyanionic pPAA and peptide antigens
synthesized with a cationic oligolysine tail (Fig. 1a,b).

Here, we demonstrate feasibility and provide an initial evaluation of this versatile “mix and
go” approach for generating nanoparticles that enhance cytosolic delivery and MHC-I
presentation of peptide antigens. Polyplex nanoparticles (nanoplexes) are formed
instantaneously upon mixing decalysine-modified peptides and pPAA, resulting in enhanced
and sustained MHC-I antigen presentation by DCs and increased CD8* T cell activation in
vitro. Using an intranasal immunization route, polymer-peptide nanoplexes also dramatically
enhanced antigen-specific CD8* T cell responses in the lung when combined with the
vaccine adjuvant a-galactosylceramide (a-GalCer). Finally, using a model peptide antigen,
we demonstrate nanoplex vaccine formulations can prevent lung colonization and inhibit
tumor growth in murine melanoma models. Collectively, these studies provide the
foundation for a simple, rapid, and more universally applicable strategy for enhancing
cellular immunity to peptide antigens. This offers potential as a platform technology for
enhancing the efficacy of personalized neoantigen-targeted cancer vaccines.
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2. Materials and Methods

Materials

Peptides containing the mouse MHC-I (H-2KP)-restricted ovalbumin (OVA) epitope
OVA,57_264 (SIINFEKL) modified with a cationic oligolysine (Kp) tail (K{gOVA:
K1oQLESIINFEKL and K5OVA: KsQLESIINFEKL) were synthesized and HPLC purified
by EZBiolab (Carmel, IN). K;oOVA labeled with TAMRA at the N-terminus (TAMRA-
K10OVA) was purchased from Biomatik (Wilmington, DE). The purity of all peptides was
above 95% as certified by HPLC and MS analyses. SIINFEKL peptide was purchased from
Invivogen.

Synthesis of poly(propylacrylic acid)

Propylacrylic acid (PAA) was synthesized as described previously using diethyl
propylmalonate (Sigma Aldrich) as the precursor [38]. Poly(PAA) was synthesized by
reversible addition-fragmentation chain transfer (RAFT) polymerization as previously
described [34]. Briefly, 4-cyano-4-(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (Boron
Molecular, Raleigh, NC) was used as the chain transfer agent (CTA), azobisisobutyronitrile
(AIBN) was used as the initiator (1), and a monomer to CTA to initiator ratio of 175:1:1 was
used. The reaction was performed in bulk under a nitrogen atmosphere for 72 h at 60°C.
Following polymerization, the reaction mixture was dissolved in acetone and purified by
dialysis (3 kDa MWCO) against deionized water, followed by lyophilization. Samples were
dissolved in deuterated dimethyl sulfoxide (DMSO-d6) (Sigma-Aldrich) and INMR
spectroscopy (Bruker AV400) was used to validate polymer purity and quantify the degree
of polymerization (DP = 82) based on monomer conversion (47%). A INMR spectrum of
the purified pPAA used in these investigations is provided in Supporting Information (Fig.
S1). All purified polymers were prepared as 10 mg/mL stock in PBS (pH 7.4.) for further
use.

Preparation and characterization of polyplex nanoparticles

K,OVA/pPAA polyplex nanoparticles were prepared by mixing peptide and polymer stock
solutions at various negative to positive charge ratios (N:P) in PBS at room temperature,
where N:P was defined as the ratio between carboxyl groups on pPAA and the number of
lysine residues in the oligolysine tail. The hydrodynamic diameter and €-potential of
resultant particles were measured using a Malvern Zetasizer Nano ZS (Malvern, UK).
Particle size and morphology were also characterized using transmission electron
microscopy (TEM). Nanoparticles were stained with 2% methylamine tungstate solution
(Ted Pella, Inc.) and images were collected with a FEI Tecnai Osiris TEM (FEI, USA). A
gel retardation assay was used to assess the efficiency of peptide complexation at different
charge ratios. Nanoplexes were prepared with TAMRA-labeled K;oOVA to allow for band
visualization, and free peptide and complexes prepared at various charge ratios were loaded
into lanes of a horizontal 15% polyacrylamide gel and run at 80 V for 6 h. Gels were imaged
(Gel Doc EZ, Bio-Rad) to assess migration of TAMRA-labeled K1oOVA.
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Erythrocyte hemolysis assay

Cell culture

The ability of free peptide, free polymer, and polyplex nanoparticles to disrupt lipid bilayer
membranes in a pH-dependent manner was assessed by a hemolysis assay, as previously
described [28]. Human blood from anonymous donors was obtained from Vanderbilt
Technologies for Advanced Genomics (VANTAGE). Red blood cells (RBCs) were incubated
with peptide, polymer, or polyplex nanoparticles at 5 ug/ml pPAA (2.5 pM) in 100 mM
sodium phosphate buffer (supplemented with 150 mM NacCl) in the pH range of the
endosomal processing pathway (7.4, 7.0, 6.6, 6.2, and 5.8). Extent of cell lysis (i.e.,
hemolytic activity) was determined spectrophotometrically by measuring the amount of
hemoglobin released (abs = 541 nm) and normalized to a 100% lysis control (1% Triton
X-100). Samples were run in quadruplicate.

The mouse dendritic cell line DC2.4 (H-2KP-positive) was kindly provided by K. Rock
(University of Massachusetts Medical School) and cultured in RPMI 1640 (Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco), 2 mM L-glutamine, 100 U/mL
penicillin/100 pg/mL streptomycin (Gibco), 50 uM 2-mercaptoethanol (Gibco),
1xnonessential amino acids (Cellgro), and 10 mM HEPES (Invitrogen). B3Z T hybridoma, a
lacZ-inducible T cell hybridoma specific for the SIINFEKL-H-2KP complex, were a
generous gift from Nilabh Shastri (UC Berkeley) and cultured in RPMI 1640 supplemented
with 10% FBS, 100 U/mL penicillin/100 pg/mL streptomycin, 50 UM 2-mercaptoethanol,
and 1 mM sodium pyruvate (Gibco). B16-OVA cells [39] were generously provided by
Amanda Lund (Oregon Health Sciences University) cultured in DMEM (Gibco)
supplemented with 2 mM L-glutamine, 10% FBS, 100 U/mL penicillin/100 pg/mL
streptomycin, and 2.5 mg/mL G418. RAW264.7 cells (ATCC) were cultured in DMEM
(Gibco) supplemented with 2 mM L-glutamine, 10% FBS, 100 U/mL penicillin/100 ug/mL
streptomycin, and 2.5 mg/mL. All cell types were grown in a humidified atmosphere with
5% CO» at 37°C. Viability of DC2.4 and RAW264.7 cells was evaluated using MTS
(CellTiter 96, Promega).

Uptake and retention of peptide in dendritic ceils

DC2.4 cells were plated at 2x10° cells/well in a 12-well plate and allowed to adhere
overnight. Cells were washed and medium was replaced by fresh FBS-free medium
containing TAMRA-K,0VA or TAMRA-K;700VA/pPAA polyplexes at a charge ratio of 2:1
and a peptide concentration of 10 UM peptide. After 4 h of incubation, cells were washed
twice with PBS, followed by incubation in complete medium for 0, 1, 2, 4, 8, 12, 18 or 24 h.
At each time point, the cells were collected via treatment with 0.05% trypsin-EDTA and re-
suspended in PBS containing 2% FBS for flow cytometric analysis using a Guava
easyCyte™ 8HT flow cytometer (EMD Millipore). Data were analyzed using FlowJo
software (version 10; Tree Star, Inc.). For fluorescent microscopy, cells were prepared as
described above and images were gathered on a Leica DMi8 microscope using the Leica
Application Suite X Software.
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Flow cytometric analysis of MHC-I antigen presentation

DC2.4 cells were plated at 2x10° cells/well in 12-well plate and allowed to adhere
overnight. Cells were washed and medium was replaced by fresh FBS-free medium
containing K1gOVA, K1oOVA/pPAA polyplexes at a charge ratio of 2:1, or SIINFEKL
peptide at a concentration of 10 uM. After 4 h of incubation, cells were washed twice with
PBS followed by incubation in complete medium for 0, 1, 2, 4, 8, 12, 18 or 24 h. At each
time point, the cells were collected, resuspended in PBS containing 2% FBS, and incubated
with anti-mouse CD16/32 antibody (TruStain FcX™:; Biolegend) at 4°C for 10 min,
followed by staining with PE-conjugated SIINFEKL/H-2KP-reactive monoclonal antibody
(clone 25-D1.16; eBioscience) for 20 min. After staining, cells were washed twice in PBS
containing 2% FBS, and the relative levels of SIINFEKL/H-2KP presentation was measured
by flow cytometry (Guava easyCyte™ 8HT: EMD Millipore).

For the protease and transport inhibition study, DC2.4 cells were cultured as described
above. Thirty minutes before adding K19OVA/pPAA polyplexes at 10 UM peptide, cells were
treated with 10 pM lactacystin (Sigma-Aldrich), 100 nM epoxomicin (Sigma-Aldrich), 10
ug/mL Brefeldin A (Sigma-Aldrich), 15 uM leucinethiol (Sigma-Aldrich), or left untreated.
Following incubation with K1gOVA/pPAA polyplexes and inhibitors for 4 h, DC2.4 cells
were washed twice with PBS and incubated in complete medium for 0, 4, or 24 h. Cells
were processed and stained for flow cytometric quantification of SIINFEKL/H-2KP
presentation as described above.

In vitro cross-presentation assay

To assess cross-presentation of antigen by DCs to CD8* T cells, DC2.4 cells were incubated
with K19OVA, K19OVA/pPAA polyplexes or SIINFEKL at 1-50 uM peptide as described
above. After 4 h of incubation, cells were carefully washed 3x in Dulbecco’s PBS (DPBS),
followed by addition of 1x10° B3Z CD8* hybridoma T cells, induce produce p-
galactosidase expression upon TCR recognition of SIINFEKL epitope presented on H-2KP.
After 22 hours of co-culture in complete medium, cells were pelleted via centrifugation (7
min, ~500 rcf), medium was carefully aspirated, and 150 ul of CPRG/lysis buffer (0.15 mM
chlorophenol red-p-d-galactopyranoside (CalBiochem), 0.1% Triton-X 100, 9 mM MgCl,
100 pM mercaptoethanol) was added. Plates were incubated at 37°C in the dark for 90 min,
and the absorbance of released chlorophenol red was measured at 570 nm using a plate
reader (Biotek Synergy HT) [28, 40, 41].

Intranasal immunization

Male C57BL/6 mice (6—8 weeks old) were purchased from The Jackson Laboratory (Bar
Harbor, ME) and maintained at the animal facilities of Vanderbilt University Medical Center
under conventional conditions. All animal experiments were approved by the Vanderbilt
University Institutional Animal Care and Use Committee (IACUC). Free K{oOVA or
K10OVA/pPAA polyplexes were freshly prepared at a peptide concentration of 250 pM in
PBS from 0.2 um filter sterilized stocks of pPAA and peptide. To prepare adjuvanted
formulations, a-GalCer (Funakoshi) was mixed into peptide or polyplex solutions from a 1
mg/ml stock in DMSO to a final concentration of 12.5 pg/mL. Mice were anesthetized with
ketamine/xylazine (10 mg/mL ketamine hydrochloride injection, Vedco; 1 mg/mL xylazine
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hydrochloride injection; Vanderbilt University Pharmacy) by intraperitoneal (IP) injection
(100 pL anesthesia/18 g mice). Groups of anesthetized mice were immunized intranasally
(IN) on days 0 and 14 with formulations containing 50 pg peptide and/or 47 pg pPAA with
or without 1 pg a-GalCer. Vaccine formulations were delivered through the nostrils into the
lungs at 80 uL/mouse. Animals were monitored daily for weight loss and signs of distress,
and all mice were euthanized on day 23 by CO, asphyxiation.

Analysis of SIINFEKL-specific CD8* T cell response

On day 23, mice were euthanized with CO, and lungs were harvested and processed as
previously described [42]. In brief, organs were passed through a 70 um cell strainer and
were lysed with ACK lysis buffer (Gibco) to form single cell suspensions. Prior to
processing, lung samples were minced with a scalpel and incubated for 1 h at 37°C in
complete RPMI medium supplemented with 2 mg/mL collagenase (Sigma-Aldrich) and 50
nM dasatinib (LC Laboratories). Single cell suspensions from lungs were stained at 4°C
with anti-B220-FITC (BD Biosciences), anti-CD4-FITC (BD Biosciences), anti-CD11b-
FITC (Tonbo Biosciences), anti-CD11c-FITC (Tonbo Biosciences), anti-CD8a-PacificBlue
(BD Biosciences), and 1.5 pg/mL PE-labeled OVA,57_s64 (SIINFEKL)-H-2KP tetramer
prepared according to a previously reported procedure [43]. After 1 h, cells were rinsed with
PBS supplemented with 2% FBS and 50 nm dasatinib and stained with propidium iodide
(BD Biosciences) to discriminate live from dead cells. Flow cytometry (BD LSRII) was used
to determine the frequency of SIINFEKL-specific CD8" T cells (tetramer-positive, CD8-
positive population) and all data were analyzed using FlowJo software.

Tumor Studies

To evaluate the ability of vaccine formulations to prevent lung colonization by tumor cells,
male C57BL/6 mice (7 weeks old) were immunized IN as described above. Seven days after
booster immunization, mice were intravenously (IV) challenged with 2 x 10° B16-OVA
melanoma cells in 200 pL sterile PBS via a caudal vein injection. Mice were euthanized
with CO, 3.5-4 weeks post-challenge, lungs were excised and formalin fixed, and visible
surface metastases were enumerated.

To evaluate the ability of vaccine formulations to inhibit growth of established tumors, 5 x
10% B16-OVA cells in 100 uL sterile PBS were injected subcutaneously (SC) in the right
flank of 7-week old male C57BL/6 mice. At 3 and 13 days post-injection, mice were
administered vaccine formulations IN as described above. Tumor volume was measured
every other day via caliper measurements, and tumor volume calculated using the following

equation v = % x L x W x H. [44] Animals were euthanized when tumor volume reached

1500 mm3.

Statistical Analysis

Statistical analysis performed are indicated in the figure legends. All statistical analyses
were performed by using GraphPad Prism software, version 7.0.
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3. Results and Discussion

Assembly of pPAA/peptide polyplex nanoparticles-

To facilitate electrostatic complexation between peptide antigen and poly(propylacrylic acid)
(pPAA; 9.4 kDa), a synthetic long peptide [16] containing the MHC-I-restricted epitope,
SIINFEKL, from the model antigen ovalbumin (OVA) was designed with a cationic N-
terminal decalysine tail (K1g) and a three amino acid spacer (QLE) to support intracellular
peptidase cleavage [45, 46]. This peptide, K1o(QLE)SIINFEKL (hereinafter K;oOVA) was
mixed with pPAA over a range of charge ratios (defined as the ratio of COOH in pPAA to
NH, groups in Kqg tail). After complexation, particle size was evaluated via dynamic light
scattering (DLS) and peptide complexation efficiency via native PAGE. At charge ratios
between 16:1 and 1:1, complete complexation of peptide was achieved, as evidenced by
abrogated migration of cationic peptide towards the anode or reversed migration to the
cathode due to electrostatic interaction with pPAA (Fig. 1c). However, stable nanoplexes
<100 nm diameter were only observed at charge ratios of 4:1 and 2:1 (Fig. 1d); charge ratios
of 1:1 and 1:2 resulted in micron-scale aggregates that quickly precipitated, while
complexation at 16:1 and 8:1 resulted in only modest increases in apparent particle size (~5—
10 nm by DLS) and could not be confirmed to generate nanoparticles via transmission
electron microscopy (TEM; data not shown). Similarly, complexation of analogous peptides
synthesized with a K tail at a 2:1 charge ratio failed to form nanoscale polyplexes (Fig. S2),
suggesting that a critical oligolysine tail length may be necessary for efficient particle
assembly. To obtain a suitable particle size (Z-average = 78 nm) and polydispersity index
(0.41£0.01) for nanoparticle vaccination, a charge ratio of 2:1 was utilized for generating
nanoplexes for further analysis and investigation. TEM characterization of nanoplexes
confirmed the assembly of polyplex nanoparticles with a size distribution consistent with
DLS data (Fig. 1e, f). Additionally, zeta potential measurements revealed a negative surface
charge at neutral pH (Fig. 1h), suggesting neutralization and sequestration of Ky tails with
colloidal stability imparted by negatively charged pPAA chains localized on the particle
surface. In the presence of 10% serum, particle size increased slightly but remained stable
for at least 3.5 h (Fig. S3).

The ability of pPAA to mediate endosomal escape arises from its ability to undergo a switch
from a hydrophilic soluble conformation at physiologic pH to a hydrophobic and membrane
interactive state upon protonation of carboxylic acid groups within acidic environments.
Because electrostatic complexation neutralizes a fraction of the carboxylate groups and
alters chain conformation, we sought to verify that pPAA/peptide nanoplexes retained pH-
dependent, membrane-destabilizing activities. Using a red blood cell hemolysis assay that
has been shown to correlate strongly with endosomal escape [47], nanoplexes demonstrated
hemolytic activity at endosomal pH of 6.2-5.8 and negligible activity at higher pH values of
6.6—7.4 (Fig. 1g). This is also consistent with zeta potential measurements (Fig. 1h)
demonstrating a steady increase in surface charge of polyplexes from =22 mV at pH 7.4 to 0
mV at pH 5.8.

Therefore, simple mixing of pPAA with decalysine-modified peptides enables instantaneous
assembly of antigen-loaded nanoparticles with pH-responsive, membrane-destabilizing
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activity. In principle, this approach can be extended to virtually any decalysine-modified
peptide as well as pools of modified peptides, though further investigation into the
dependence on the epitope composition and properties (e.g., charge, hydrophobicity) on
nanoplex formation is necessary to validate the generalizability of this approach.
Additionally, while Ks modified peptides failed to form polyplexes, the optimal number,
density, and type of basic amino acid residues in the cationic peptide tail remain to be
investigated.

Nanoplexes enhance antigen uptake and intracellular retention-

Nanoplexes

The weak immunogenicity of peptide antigens is in part attributable to low cellular uptake,
rapid exocytosis, and/or degradation [22], and so we investigated the capacity of nanoplexes
to increase antigen uptake and prolong intracellular retention. To evaluate this, a pulse-chase
study was performed in which DC2.4 cells, a murine dendritic cell line, were treated with
TAMRA-labeled soluble K1gOVA or K1oOVA/pPAA nanoplexes for 4 h, followed by
washing and quantification of peptide uptake using flow cytometry. Despite having a
negative zeta potential, nanoplexes enhanced peptide uptake ~4.5-fold over free peptide (Fig.
2a). The free peptide was nonetheless internalized to a considerable extent, likely due to its
cationic properties. Uptake of K;gOVA/pPAA nanoplexes was reduced slightly in the
presence of 10% serum, but nonetheless remained significantly higher than free K;oOVA
(Fig. S4). Additionally, incubation at 4°C, where endocytosis is inhibited, nearly completed
abrogated fluorescent intensity (Fig. S5), indicating that the vast majority of fluorescent
peptide was internalized versus cell-surface associated. This was further corroborated by
fluorescent microscopy (Fig. S6), which demonstrated significantly higher levels of
intracellular TAMRA-labeled K17oOVA with nanoplexes relative to free peptide. Upon
washing of cells, the change in median fluorescence intensity (MFI) relative to the initial
MFI measurement after pulsing with peptide, defined here as the retention ratio, was
determined using flow cytometry. Free peptide was rapidly cleared, with >50% of
internalized peptide lost within 2 h and completely eliminated within a day, whereas
assembly of the peptide into nanoplexes significantly extended intracellular antigen
retention, with >20% of internalized peptide remaining after 24 h (Fig. 2b). This is
consistent with previous reports demonstrating that pPAA, and other endosomolytic
polymers, can enhance intracellular retention of associated cargo, likely through a
combination of reduced endosomal recycling, stalling of endosomal trafficking, and
sustained endosomal release into the cytosol [32, 33, 47].

enhance and sustain MHC-I antigen presentation-

Both the magnitude and duration of antigen presentation by APCs play an important role in
generating CD8* T cell responses [16, 48-50]. Therefore, we investigated whether the
enhanced intracellular uptake and endosomolytic properties of the polyplexes could enhance
and prolong antigen presentation on MHC-1. DC2.4 cells were pulsed with indicated antigen
formulations for 4 h, followed by flow cytometric quantification of class | antigen
presentation using an antibody against the H-2KP/SIINFEKL complex (Fig. 3a). Nanoplexes
significantly increased antigen presentation relative to free K;gOVA while also sustaining
enhanced antigen presentation for 24 h. Pulsing of DC2.4 cells with nanoplexes in the
presence of serum did not appear to have a significant effect on initial levels SIINFEKL
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presentation, though resulted in reduced levels after 24 h, potentially due to reduced
intracellular uptake (Fig. S7). While incubation with the exact epitope SIINFEKL, which
does not require intracellular processing and can directly bind MHC-I on the cell surface,
initially resulted in ~4-fold higher levels of antigen presentation relative to nanoplexes,
SIINFEKL presentation rapidly declined. Within 8 h, SIINFEKL presentation levels fell
below that achieved with nanoplexes and was undetectable by 18 h, whereas nanoplexes
enhanced antigen presentation up to 24 h. These findings are consistent with the increased
antigen retention achieved using nanoplexes, and demonstrate the importance of maintaining
an intracellular reservoir for sustained antigen presentation.

To gain insight into the mechanism of antigen processing, DC2.4 cells were pre-treated with
epoxomicin and lactacystin, proteasome inhibitors; leucinethiol, a leucine aminopeptidase;
and brefeldin A, which inhibits transport of membrane proteins — including assembled p/
MHC-I complexes — from the endoplasmic reticulum to the cell membrane (Fig. 3b).
Brefeldin A almost completely prevented antigen presentation, suggesting a requirement for
intracellular loading of peptide onto MHC-I. Proteasome inhibition did not decrease antigen
presentation, whereas leucinethiol inhibited presentation by ~30%, indicating that K;oOVA
processing is mediated endoplasmic reticulum-associated aminopeptidases associated with
antigen processing (ERAPS) and not by proteasomal cleavage. The incomplete inhibition of
SIINFEKL presentation in response to treatment with leucinethiol likely indicates that
additional intracellular proteases (e.g., insulin-regulated aminopeptidase; IRAP) [51] are
involved in trimming of peptides delivered using nanoplexes. However, it should be noted
the degree of pPAA-mediated antigen presentation and the mechanism of antigen processing
may be different for primary dendritic cells or between dendritic cell subsets, and further
investigation is necessary to elucidate this.

We next sought to demonstrate whether the ability of nanoplexes to increase and prolong
antigen presentation would result in improved CD8* T cell activation. This was evaluated
using a co-culture model comprising DC2.4 cells and a B3Z T cell hybridoma that produces
B-galactosidase upon recognition of SIINFEKL/H-2KP (Fig. 3c). As expected, nanoplexes
enhanced B3Z T cell activation ~2.5-fold over soluble K17OVA and modestly but
significantly over SIINFEKL. Additionally, a mixture of pPAA and KsOVA, which did not
assemble into particles (Fig. S2), did not enhance the B3Z T cell response, reinforcing the
importance of oligolysine length and assembly of polyplexes in enhancing peptide
presentation on MHC-1. We further compared B3Z T cell responses at peptide
concentrations ranging from 1-50 uM, and found that nanoplexes consistently enhanced
B3Z T cell activation relative to free K1gOVA (Fig. 3d). Additionally, at concentrations
above 10 um, nanoplexes improved T cell activation relative to soluble SIINFEKL, despite
increased initial levels of antigen presentation. This may be a consequence of the prolonged
antigen presentation achieved with nanoplexes, resulting in increased probability and/or
stability of pMHC/TCR interactions during DC-T cell co-culture [49]. This could also
reflect a higher affinity between peptide/MHC complexes associated with intracellular
processing of synthetic long peptides relative to extracellular epitope binding, which can be
low affinity with potential to induce tolerance instead of immunity [52].
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Pulmonary delivery of peptide/pPAA nanoplexes enhances CD8* T cell responses-

The lungs are one of the most common sites of metastasis for many cancer types [53].
However, most cancer vaccines are delivered intramuscularly or SC, injection routes that
often fail to elicit pulmonary T cell responses optimal for eliminating lung metastases [54,
55]. Hence, we investigated the ability of IN administered nanoplex vaccines to generate
antigen-specific CD8* T cell responses in the lung. Mice were administered soluble
K10OVA or K1gOVA/pPAA nanoplexes IN on day 0, boosted IN on day 14, and p/MHC-I
tetramer staining was used to evaluate SIINFEKL-specific CD8* T cell responses in the
lungs on day 23 (Fig. 4). Nanoplex vaccines were well tolerated, as no weight loss or
adverse effects were observed (Fig. S8). This outcome is consistent with the low cytotoxicity
of nanoplexes observed /n vitro (Fig. S9). IN administration with nanoplexes resulted in a
modest antigen-specific CD8* T cell responses in the lung (~2% SIINFEKL-specific CD8*
T cells), whereas free K1oOVA failed to elicit a response above the limit of detection
(~0.1%). Notably, nanoplexes were generated immediately prior to administration (5-10 min
before immunization) by simply mixing pre-made, filter-sterilized stock solutions of
K10OVA and pPAA at the appropriate ratio and concentration, a testament to the ease and
speed with which nanoplex vaccines can be fabricated.

In addition to class | antigen presentation by DCs, generating a robust CD8* T cell response
also requires engagement of costimulatory molecules and cytokine signaling that provide
context to T cell priming and enhance T cell activation and effector function [17]. We
therefore postulated that CD8™ T cell responses using nanoplex vaccines could be further
augmented through addition of an immunostimulatory adjuvant [56]. To evaluate this, we
mixed nanoplexes with a-galactosylceramide (a-GalCer), a glycolipid adjuvant that has
been widely explored for applications in cancer immunotherapy and mucosal vaccination, in
part owing to its ability to potently stimulate CD8* T cell responses in the absence of CD4*
T cell help.[42, 54, 57] Combining nanoplexes with a-GalCer resulted in an ~10-fold
increase in the CD8™ T cell response in the lungs relative to the non-adjuvanted nanoplex
(18% vs. 2%). Interestingly, the addition of a-GalCer to soluble K1oOVA elicited a nearly
identical response as non-adjuvanted nanoplexes, a further indication of the ability of the
nanoplex platform to enhance immunogenicity of peptide antigens. The dramatic
enhancement in CD8" T cell response achieved by combining nanoplexes with a-GalCer
suggests synergy between delivery systems that enhance and sustain MHC-I antigen
presentation and molecular adjuvants that stimulate Th1-biased inflammatory responses.
Whether similar or greater enhancement in cellular immunity can be achieved through
addition of other immunostimulatory adjuvants (e.g., TLR agonists) remains to be
investigated. Furthermore, there is significant evidence demonstrating that co-loading of
antigen and adjuvant into a common particle can significantly enhance immune responses
[28, 58, 59]. While this possibility was not explored herein, the nanoplex approach offers
potential for generation of ternary electrostatic complexes between oligolysine-modified
peptides, pPAA, and immunostimulatory nucleic acids (e.g., CpG, poly(I:C)). The
development of nanoplexes for dual-delivery peptide and nucleic acid adjuvants may further
augment CD8* T cell responses and anti-tumor efficacy and will be the focus of future
investigations.
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Nanoplex vaccines protect against lung metastasis and inhibit tumor growth-

As a demonstration of T cell effector function, we next evaluated the ability of nanoplex
vaccines to protect against lung metastases following IV administration of B16 murine
melanoma cells expressing OVA protein as a model antigen (B16-OVA; Fig. 5a) [39].
Immunization with K1gOVA/pPAA nanoplexes significantly reduced the number of surface
lung metastases relative to soluble K;gOVA, which failed to provide significant protection
relative to mice receiving only PBS (Fig. 5b,c). This is consistent with the weak
immunogenicity of peptide antigens when delivered alone and further supports the ability of
nanoplexes to elicit functional effector CD8* T cell responses in the absence of an
exogeneous adjuvant and without incorporation of an MHC class 1l (MHC-I1) restricted
epitope for generating CD4* T cell help.

Though the lung is common site of metastasis for many cancers, motivating our
investigation into a pulmonary delivery route, an effective cancer vaccine would optimally
inhibit tumor growth at other sites as well. We therefore further evaluated the ability of IN
administered nanoplexes to inhibit growth of a subcutaneous B16-OVA tumor established
three days prior to vaccine administration. IN immunization of non-adjuvanted nanoplexes
was unable to significantly inhibit tumor growth or extend survival in this model, reflecting
an insufficient number and/or functionality of peripheral CD8* T cells for treatment of
established distal disease. The addition of a-GalCer to nanoplexes resulted in a moderate,
but statistically insignificant, reduction in the number of surface lung tumor nodules (Fig.
5¢), but a significant reduction in tumor growth (Fig. S10) and improvement in overall
survival of mice with established B16-OVA tumors relative to all other formulations tested
(Fig. 5e,f).

Collectively, these data demonstrate the ability of the peptide/pPAA nanoplex vaccine
platform to enhance the immunogenicity of peptide antigens, potentially in synergy with co-
administered molecular adjuvants, resulting in more effective anti-tumor immunity,
particularly in the lung when administered IN. In these proof-of-concept investigations, we
have explored only the use of a model MHC-I restricted epitope (SIINFEKL) and, therefore,
it will be important in future work to validate that this approach can be used to enhance the
immunogenicity of neoantigenic peptides, such as the established M27 and M30 epitopes
generated by B16.F10 melanoma cells [60]. Additionally, increasing evidence suggests that
many neoantigens are MHC-I1 epitopes, which can stimulate anti-tumor CD4* T cell
responses that support CD8* T cells and/or have direct anti-tumor effects [60, 61]. While the
cytosolic delivery of antigen is typically associated with enhanced MHC-I1 presentation, a
cohort of antigen likely remains in endo/lysosomal compartments [27, 33]. This, combined
with the increased cellular uptake and prolonged intracellular retention achieved using
nanoplex vaccines, may also bolster MHC-I1 presentation and CD4* T cell responses.
Indeed, increased CD4* T cell responses have been previously noted using endosomolytic
antigen carriers.[28] Therefore, evaluating and optimizing the ability of nanoplexes to
increase the immunogenicity of both MHC-1 and MHC-I1 restricted epitopes will be an
important next step in the development of this approach for personalized cancer vaccination.
Likewise, combining cancer vaccines with other immunotherapeutic modalities that reverse
immunosuppression in the tumor microenvironment [62], in particular CTLA-4 and
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PD-1/PD-L1 checkpoint blockade, has significantly enhanced therapeutic efficacy, and so
exploring such combinations in the context of nanoplex vaccines merits future investigation.

5. Conclusion

The recent revival of cancer vaccines as a promising strategy for personalized
immunotherapy has generated a need for strategies to enhance the immunogenicity of
peptide neoantigens. While a wide diversity of particle-based antigen delivery platforms
have been explored, the vast majority are not readily amenable to rapid and facile loading of
neoantigenic peptides that must be custom synthesized for each patient. Here, we describe a
versatile “mix and go” approach for instantaneous fabrication of peptide antigen-loaded,
endosomolytic nanoparticulate polyplexes via facile mixing of oligolysine modified peptide
antigens and poly(propylacrylic acid). This work builds upon and corroborates previous
studies utilizing pPAA and other endosome-destabilizing polymers to achieve cytosolic
delivery and enhanced MHC-I presentation of covalently linked antigens; however, it is
distinguished by the simplicity and speed with which antigen-loaded, endosomolytic
nanoparticles can be assembled via electrostatic interactions. Relative to soluble peptides,
nanoplex vaccines enhance intracellular antigen uptake and retention, increase and prolong
MHC-1 antigen presentation, elicit CD8* T cell responses that can protect against lung
metastasis, and can synergize with molecular adjuvants to further enhance cellular immunity
and anti-tumor efficacy. Therefore, peptide/pPAA nanoplexes offer a versatile, scalable, and
more universally applicable delivery platform for enhancing immunogenicity of peptide
antigens with potential to complement continued advancements in individualized,
neoantigen-targeted vaccines for cancer immunotherapy.
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Figure 1. Fabrication and characterization of poly(propylacrylic acid)/peptide nanoplexes for
enhancing MHC-I antigen presentation.

(a) Assembly of antigen-loaded nanoplexes via simple and rapid mixing of decalysine-
modified antigenic peptides and pPAA, which generates electrostatically-stabilized
nanoparticles. (b) Schematic representation of nanoplexes promoting cytosolic antigen
delivery via endosomal escape, resulting in enhanced levels of antigen presentation on class
I major histocompatibility complex (MHC-I). (c) Horizontal, native PAGE of TAMRA-
labeled K19OVA and mixtures of K;1oOVA with pPAA at various COOH:NHj> ratios. White
box outlines lanes for gel loading. (d) Z-average diameter of indicated formulations as
measured by dynamic light scattering (DLS). (€) Representative size distribution (volume
average) measured by DLS of soluble pPAA, soluble K1gOVA, or K1oOVA/pPAA polyplex
generated at 2:1 COOH:NHo,. (f) Transmission electron micrograph of K1gOVA/pPAA
polyplex generated at 2:1 COOH:NHs>. (g) Erythrocyte lysis assay demonstrating pH-

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Qiu et al.

Page 19

dependent membrane destabilizing activity of pPAA and K1qOVA/pPAA polyplex. (h) &-
potential of K;oOVA/pPAA polyplexes as a function of pH.
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Figure 2. Nanoplexes enhance uptake and prolong intracellular

antigen retention.

(a) Representative flow cytometry histograms of DC2.4 cells treated for 4 h with TAMRA-
labeled K1oOVA or K;1oOVA/pPAA polyplexes at a concentration of 10 uM K1gOVA. (b)
Change in median fluorescence intensity (MFI) at indicated time points relative to that
measured after initial 4 h incubation with TAMRA-labeled K1¢oOVA or nanoplexes.
***n<0.001 between K1oOVA and K1oOVA/pPAA at all time points between 4 and 24 h by

two-tailed t-test.
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Figure 3. pPAA/peptide nanoplexes enhance and prolong antigen presentation on class| MHC.
(a) Representative flow cytometry histograms (left) and MFI over time of DC2.4 cells

treated for 4 h with K1oOVA, K19OVA/pPAA polyplexes, or the exact class | epitope
SIINFEKL at 10 uM peptide, followed by washing, culture for time indicated, and staining
with an antibody (25-D1.16) specific to the SHINFEKL/H-2KP complex. ****p<0.0001 by
one-way ANOVA with Tukey post-hoc analysis for multiple comparison. Statistical
comparison between K;1oOVA/pPAA and SIINFEKL are shown; K1gOVA/pPAA is
significantly lower than SIINFEKL between 0 and 4 h and significantly higher between 8
and 24h. (b) Thirty minutes prior to 4 h treatment with K;oOVA/pPAA polyplexes at 10 uM
peptide, DC2.4 cells were treated with the indicated inhibitor of antigen processing or
presentation followed by staining with 25-D1.16 and quantification of relative levels of
SIINFEKL presentation by flow cytometry. Treatment with brefeldin A and leucinethiol
inhibited antigen presentation. Dashed line represents baseline MFI of untreated DC2.4 cell;
****n<0.001, **p<0.01 relative to no inhibitor group. (c) DC2.4 were treated with the
indicated formulation for 4 h at 10 uM peptide and subsequently co-cultured for 24 h with
B3Z hybridoma T cells. ****p<0.001 relative to all other groups by one-way ANOVA with
Tukey post-hoc test. (d) B3Z T cell response to DC2.4 cells treated with indicated
formulation at different peptide concentrations. Statistical significance between K;oOVA/
pPAA and SIINFEKL are shown; **p<0.01, ****p<0.001 by one-way ANOVA with Tukey
post-hoc test.
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Figure 4. Intranasal administration of nanoplex vaccines augments antigen-specific CD8" T cell
responsein thelungs.

(a) Mice were immunized intranasally (IN) on d0 and 14 and peptide/MHC tetramer staining
was used to quantify the SIINFEKL-specific CD8* T cell response on d23. (b)
Representative flow cytometry dot-plots and (c) quantification of the frequency of
SIINFEKL-specific CD8* T cells in the lung elicited by immunization with the indicated
formulation. ****p<0.0001 by one-way ANOVA with Tukey post-hoc analysis for multiple
comparison.
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Figure 5. Nanoplex vaccines enhance anti-tumor immunity.
(a) Mice were immunized IN with indicated formulations on d0 and d14, followed by

intravenous challenge with ovalbumin (OVA)-expressing B16 melanoma cells (B16-OVA)
and quantification of surface lung colonies. (b) Representative images (scale bar = 0.5 cm)
and (c) enumeration of surface lung metastases of mice immunized with indicated
formulation. *p<0.05, ****p<0.0001 by one-way ANOVA with Tukey post-hoc analysis for
multiple comparison. (d) To evaluate efficacy in a therapeutic setting, mice were inoculated
with B16-OVA cells subcutaneously (SC) 3 days prior to IN administration of indicated
formulations. (€) Kaplan-Meier curves (****p<0.0001 vs. all other groups by Mantel-Cox
test) and (f) survival time are shown comparing the indicated vaccine formulations,
determined based on a tumor volume of 1500 mm3. *p<0.05, **p<0.01,****p<0.0001 by
one-way ANOVA with Tukey post-hoc test.
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